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RÉSUMÉ 
La spectroscopie proche infrarouge fonctionnelle (SPIRf) est une technique de neuro-imagerie 

noninvasive permettant de mesurer les changements de concentration d’hémoglobine oxygéné 

(Δ[HbO]) et désoxygéné (Δ[HbR]). Au cours des deux dernières décennies, notre groupe (et 

d’autres) ont combiné la SPIRf avec l'électroencéphalographie (EEG) pour effectuer des 

enregistrements chez des patients avec épilepsie réfractaire afin d’évaluer son potentiel comme 1) 

technique de cartographie cérébrale noninvasive (par exemple, localisation des aires impliquées 

dans le langage et localisation du foyer épileptique) et 2) comme approche noninvasive pour 

étudier le couplage neurovasculaire pendant les pointes épileptiques interictales ainsi que lors des 

crises épileptiques. Malgré des résultats prometteurs, de nombreux enjeux demeurent avant que la 

EEG-SPIRf puisse être implantée en pratique clinique. En effet, l’installation de l’équipement 

prend encore trop de temps, l’obtention de signaux de qualité nécessite encore une surveillance 

serrée et un certain inconfort apparaît au fur et à mesure que les enregistrements progressent dans 

le temps. C’est d’ailleurs pourquoi les enregistrements EEG-SPIRf ont, jusqu’à maintenant, été 

généralement de courte durée (c. à d. rarement plus de deux heures) avec une couverture limitée 

du cortex cérébral (c. à d. généralement une ou deux aires corticales) et dans un milieu contrôlé de 

recherche (plutôt qu’au chevet dans un milieu clinique).  

 

Compte tenu de son potentiel clinique, il y a lieu de poursuivre les efforts pour développer la EEG-

SPIRf pour usage clinique. Notamment, un grand potentiel est pressenti pour la EEG-SPIRf aux 

soins intensifs neurologiques. D’une part, les patients qui y sont admis étant souvent comateux 

et/ou sous sédation, l’inconfort relié au port d’électrodes et d’optodes n’est plus en enjeu. D’autre 

part, ces patients présentent généralement des pathologies graves souvent associées à des 

anomalies épileptiformes fréquentes à l’EEG (décharges périodiques, crises subcliniques, état de 

mal non convulsif) dont l’impact hémodynamique sur cerveau tout comme leur prise en charge 

demeurent controversés. Les techniques actuellement utilisées aux soins intensifs (moniteur de 

pression intracrânienne, sonde de saturation veineuse jugulaire en oxygène, doppler transcrânien, 

EEG seul sans SPIRf) présentant des limitations, l’ajout d’une composante de SPIRf à l’EEG 

permettrait possiblement d’élucider l’impact de certaines de ces anomalies épileptiformes, guider 

leur traitement et en améliorer leur surveillance. 
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Ainsi, cette thèse visait à 1) développer et valider un système d’EEG-SPIRf compact, sans fil et 

couvrant toute la tête, destinée à une surveillance à long terme de patients souffrant de divers 

troubles neurologiques; 2) évaluer la faisabilité et le potentiel d’une surveillance vidéo-EEG-SPIRf 

(vEEG-SPIRf)  à long terme auprès de patients comateux admis aux soins intensifs neurologiques 

présentant des décharges périodiques, des crises ou un patron électrophysiologique de bouffées-

suppression; et 3) étudier la dynamique neurovasculaire associée à l'état de mal épileptique non 

convulsif chez des patients comateux. 

 

La première et la deuxième partie du projet décrivent le développement et la validation d'un 

système EEG-SPIRf hybride et de "casques" EEG-SPIRf personnalisés destinés à surveiller 

l'hémodynamique corticale entière chez les patients neurologiques. Nous avons d'abord démontré 

sa performance globale chez des participants sains effectuant deux tâches cognitives spécifiques 

(c.-à-d. des tâches linguistiques et visuelles) en position assise (pour la première) et en pédalant 

sur une bicyclette (pour la seconde). Les mesures électrophysiologiques et hémodynamiques ont 

été validées à l'aide de deux systèmes commerciaux et ont montré, chez tous les participants, une 

sensibilité et une spécificité spatiotemporelle élevées. Nous avons ensuite démontré le potentiel 

clinique de notre système chez quatre patients souffrant de divers troubles neurologiques (par 

exemple, épilepsie réfractaire et maladies vasculaires cérébrales). Nous avons ainsi réalisé avec 

succès des enregistrements prolongés vEEG-SPIRf au chevet de tous ces patients et observé des 

changements hémodynamiques cliniquement pertinents et en concordance avec d’autres modalités 

de neuro-imagerie fonctionnelle. Une originalité particulière de ce projet réside dans sa capacité à 

"personnaliser" une technique d’imagerie fonctionnelle prometteuse à un environnement clinique 

(c.-à-d., à l’étage de neurologie et à l’unité de soins intensifs dans notre cas). Cette étude est la 

première à rapporter avec succès des changements hémodynamiques sur l’ensemble du cortex chez 

des patients neurologiques à l'aide d’une surveillance vEEG-SPIRf prolongée au chevet. 

 

Par la suite, nous avons évalué la faisabilité de la surveillance vEEG-SPIRf à long terme dans un 

environnement plus ardu : les soins intensifs neurologiques. Nous avons réalisé avec succès de 

multiples sessions de surveillance vEEG-SPIRf de très longue durée auprès de 11 patients 

comateux présentant différentes anomalies épileptiformes. Une augmentation significative de 

[HbO] et une diminution de [HbR] était présentes lors des crises. De plus, ces changements étaient 
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relativement proportionnels à la durée des crises. Bien qu’elles étaient de moins grande amplitude, 

de similaires Δ[HbO] et de Δ[HbR] était présents durant les bouffées lors de patrons de bouffées-

suppression et lors de décharges périodiques de basses fréquences (i.e., < 2Hz).  

 

Finalement, dans une étude subséquente, nous avons exploré l'hémodynamique corticale chez 11 

patients comateux en état de mal épileptique non convulsif. Nous avons observé dans la majorité 

des cas, une augmentation de [HbO], du volume sanguin cérébral et du débit sanguin cérébral, 

mais avec des changements variables de [HbR] lors de courtes crises (inférieure à 100s). 

Cependant, lors de longues crises (plus de 100s), une augmentation de [HbR] était observée.  Ces 

résultats préliminaires suggèrent que les mécanismes de couplage neurovasculaire pendant l’état 

de mal épileptique peuvent être dysfonctionnels chez certains patients et induire un état hypoxique, 

notamment lors de crises prolongées. 

 

En conclusion, les observations rapportées dans cette thèse confirment le potentiel clinique de la 

vEEG-SPIRf chez l'adulte, notamment pour la surveillance des patients admis aux soins intensifs 

neurologiques à haut risque de décharges épileptiformes. La poursuite de son développement 

pourrait éventuellement fournir aux neurologues et intensivistes un autre outil de surveillance 

neurologique.  

 

Mots-clés : spectroscopie proche-infrarouge fonctionelle, électroencéphalographie, crise 

épileptique, état de mal épileptique, décharges périodiques, bouffée-suppression, neuro-imagerie 

fonctionnelle,  surveillance cérébrale, soins intensifs neurologiques, couplage neurovasculaire. 

 

 

 

 

 

 

 

 

 



4 
 

ABSTRACT 
Functional near-infrared spectroscopy (fNIRS) is a noninvasive neuroimaging technique that 

measures concentration changes in oxy- and deoxyhemoglobin (Δ[HbO] and Δ[HbR]) associated 

with brain activity. Over the past two decades, our group (and others) have combined fNIRS with 

electroencephalography (EEG) to record patients with refractory epilepsy and evaluate its potential 

as 1) a noninvasive brain mapping technique (e.g., language area localization and localization of 

epileptic foci) and 2) as a noninvasive approach to study neurovascular coupling during interictal 

spikes as well as during seizures. Despite promising results, many challenges remain before the 

EEG-fNIRS can be implemented in clinical practice. Indeed, installing the equipment still takes 

too much time, obtaining and maintaining good signal quality still requires close monitoring, and 

the appearance of discomfort as the recordings progress in time. For those reasons, EEG-fNIRS 

recordings to date have generally been of short duration (i.e., rarely more than two hours) with 

limited coverage of the cerebral cortex (i.e., typically one or two cortical areas) and in a controlled 

research setting (rather than at the bedside in a clinical setting). 

 

Given its clinical potential, there is a need for continued efforts to develop fNIRS-EEG for clinical 

use. In particular, fNIRS-EEG has great potential in neurological intensive care. On the one hand, 

since patients admitted to the ICU are often comatose and/or sedated, the discomfort of wearing 

electrodes and optodes is no longer an issue. On the other hand, these patients generally present 

serious pathologies often associated with frequent epileptiform abnormalities on the EEG (periodic 

discharges, nonconvulsive seizures and status) whose hemodynamic impact on the brain, as well 

as their management remain controversial. The techniques currently used in intensive care units 

(intracranial pressure monitor, jugular venous oxygen saturation probe, transcranial Doppler, EEG 

alone without fNIRS) have limitations. Adding an fNIRS component to the EEG could perhaps 

elucidate the impact of some of these epileptiform abnormalities, guide their treatment and 

improve their monitoring. 

 

Thus, this thesis aimed to 1) develop and validate a compact, wireless, whole-head EEG-fNIRS 

system for long-term monitoring of patients with various neurological disorders; 2) to evaluate the 

feasibility and potential of long-term video EEG-fNIRS (vEEG-fNIRS) monitoring of comatose 

patients admitted to the neurological intensive care unit with periodic discharges, seizures or an 
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electrophysiological pattern of burst-suppression; and 3) to study the neurovascular dynamics 

associated with nonconvulsive status epilepticus in comatose patients. 

 

The first and second parts of the project describe the development and validation of a hybrid EEG-

fNIRS system and personalized EEG-fNIRS "caps" to monitor whole cortical hemodynamics in 

neurological patients. We first demonstrated its overall performance in healthy participants 

performing two specific cognitive tasks (i.e., language and visual tasks) while sitting (for the 

former) and pedalling a bicycle (for the latter). Electrophysiological and hemodynamic 

measurements were validated using two commercial systems and showed, in all participants, high 

sensitivity and spatiotemporal specificity. We then demonstrated the clinical potential of our 

system in four patients suffering from various neurological disorders (e.g., refractory epilepsy and 

cerebrovascular diseases). We successfully performed prolonged vEEG-fNIRS recordings at the 

bedside of all these patients and observed clinically relevant hemodynamic changes* in agreement 

with other functional neuroimaging modalities. A particular originality of this project is its ability 

to "customize" a promising functional imaging technique specific clinical settings (i.e., neurology 

ward, epilepsy monitoring unit, and intensive care unit in our case). This study is the first to 

successfully report hemodynamic changes across the cortex in neurological patients using 

extended bedside vEEG-fNIRS monitoring. 

 

Subsequently, we evaluated the feasibility of long-term vEEG-fNIRS monitoring in a more 

challenging environment: the neurological intensive care unit. We successfully performed multiple 

sessions of very long-term vEEG-fNIRS monitoring in 11 comatose patients with different 

epileptiform abnormalities. During seizures, a significant increase in [HbO] and a decrease in 

[HbR] were present. Moreover, these changes were relatively proportional to the duration of the 

seizures. Although they were of lesser magnitude, similar changes in [HbO] and [HbR] were 

present during bursts in burst-suppression patterns and with low-frequency (i.e., < 2Hz) periodic 

discharges.  

 

Finally, in a subsequent study, we explored cortical hemodynamics in 11 comatose patients in 

nonconvulsive status epilepticus. We observed in the majority of cases an increase in [HbO], CBV 

and CBF, but with variable changes in [HbR] during short seizures (less than 100s). However, 

* Throughout this thesis, we commonly referred to “cortical” hemodynamic changes simply as “hemodynamic changes”. That latter terminology 

might be confusing clinically, as it might intuitively misguide the reader to “systemic” hemodynamic changes such as blood pressure and heart 

rate. Therefore, unless the word “systemic” or “cardiovascular” was used, “hemodynamic changes” represent the measurement obtained by fNIRS 

and correspond to “cortical” hemodynamic changes in the brain. 
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during prolonged seizures (more than 100s), an increase in [HbR] was seen. These preliminary 

results suggest that neurovascular coupling mechanisms during status epilepticus may be 

dysfunctional in some patients and induce a hypoxic state, especially during protracted seizures.  

 

In conclusion, the observations reported in this thesis confirm the clinical potential of vEEG-

fNIRS in adults, especially for monitoring patients admitted to neurological intensive care units at 

high risk of epileptiform discharges. Further development could eventually provide neurologists 

and intensivists with another tool for neurological monitoring. 

 

Keywords: functional near-infrared spectroscopy, electroencephalography, seizures, status-

epilepticus, periodic discharges, burst-suppression, functional neuroimaging, neuromonitoring, 

neurocritical care, neurovascular coupling. 
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STATEMENT OF ORIGINALITY 
• In order to facilitate the long-term acquisition of simultaneous electrophysiological and 

hemodynamic brain activity in the clinical setting, we developed and validated a compact and 

wearable hybrid EEG-fNIRS system, including customizable EEG-fNIRS caps. 

 

• This fairly unique system (even by today's standards) enabled us to conduct for the first time 

long-term whole-head bedside vEEG-fNIRS measurements in several neurological patients. 

Patients’ symptoms and electrophysiological disturbances were associated with relatively 

specific hemodynamic changes. 

 

• Further pushing the limits of conducting long-term vEEG-fNIRS monitoring, we used our 

hybrid vEEG-fNIRS system to monitor patients in the neuroICU, non-invasively capturing for 

the first time in adults, continuous hemodynamic changes associated with critical care seizures. 

Additionally, we also captured cortical hemodynamics during periodic discharges, and burst-

suppression patterns highlighting the ability to employ vEEG-fNIRS to assess the 

neurovascular coupling associated with various abnormal epileptiform patterns in critically ill 

adult patients.  

 

• We integrated collodion and systemic physiological monitoring into our methodology and 

performed long-term whole-head vEEG-fNIRS monitoring to assess the cortical 

hemodynamics of critically ill patients presenting clinically silent recurrent and/or prolonged 

seizures (i.e., nonconvulsive status epilepticus).  

 

• Finally, we report for the first time continuous hemodynamic changes over the entire cortex 

during electrographic (i..e, nonconvulsive) status epilepticus. 
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CHAPTER 1 - INTRODUCTION 
 

1.1 Background and motivation 

 

In healthy individuals, the brain is a highly vascularized organ in which cerebral blood flow (CBF) 

is tightly regulated to brain activity, ensuring that it constantly receives enough oxygen and 

glucose. The macroscopic and microscopic regulatory mechanisms that tightly link neuronal 

activity and changes in CBF are called neurovascular coupling mechanisms (Iadecola, 2017). 

Under normal physiological condition, neuronal activity, either due to an external or internal 

stimulus, lead to an increase in neuronal metabolism (i.e., cerebral metabolic rate of oxygen and 

cerebral metabolic rate of glucose) and, consequently, to an increase in brain hemodynamics (e.g., 

brain tissue oxygen concentration, oxyhemoglobin – [HbO], total hemoglobin – [HbT], cerebral 

blood volume – CBV, and CBF). It is by this feed-forward mechanism that our “brain” attempts 

to perfuse active neurons with “fresh” blood (Iadecola, 2017). At the microscopic level, neuronal 

activity generates changes at the neurovascular unit comprised of the contractile vasculature’s 

elements (i.e., smooth muscle cells in the arterioles and pericytes in capillaries), endothelial cells, 

neurons and glial cells (i.e., astrocytes) (Philips et al., 2016; Iadecola, 2017). The release of 

glutamate, which acts on both neurons and astrocytes, further releases chemical signals necessary 

to regulate CBF. In addition to the close temporal link between neuronal activity and cerebral 

hemodynamics, a spatial relationship also exists, where brain regions with higher activity receive 

higher blood flow (i.e., functional hyperemia) (Philips et al., 2016; Iadecola, 2017). 

 

Researchers investigating the neurovascular coupling rely on a wide range of techniques in 

neuroscience to explore the structure and function of the brain in health and disease. While 

microscopic modalities used in animal studies (e.g., patch-clamp, calcium imaging, two-photon 

imaging) remain essential to our understanding of brain electrophysiology, metabolism and 

hemodynamics, other methods enable a more direct investigation of the living human brain. 

Among those methods are functional brain imaging techniques such as positron emission 

tomography (PET), single-photon emission computerized tomography (SPECT) and functional 

magnetic resonance imaging (fMRI). These methods are attractive as surrogates of neuronal 
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activity (i.e., metabolism and hemodynamics) can be measured directly in in-vivo with little (i.e., 

PET, SPECT) to no (i.e., fMRI) invasiveness. 

 

Seizures are transient clinical manifestations related to abnormal and excessive neuronal 

discharges. Symptoms and signs vary according to the location, extent, propagation and duration 

of the ictal discharge. As such, several types of seizures exist, the most commonly known being 

bilateral tonic-clonic seizures (i.e., convulsions). Seizures are said to be “acute” when occurring 

in an acute context (acute brain hemorrhage or acute brain infection) or “spontaneous” when 

occurring outside of an acute context (e.g., six months after an acute brain hemorrhage due to 

residual brain scarring). While most seizures last less than five minutes, some may be more 

prolonged (> 5 minutes) or are repetitive without return of consciousness in between, a condition 

called status epilepticus (SE). In general, patients presenting seizures also have interictal 

epileptiform discharges (IEDs) (aka “spikes”) which are brief (20-200 milliseconds) discharges 

clearly identifiable on EEG but are not sustained or strong enough to generate symptoms. 

Furthermore, particularly in patients with acute brain injury, a wide range of abnormal epileptiform 

patterns have been described based on their appearance on EEG including periodic discharges (aka 

PDs) which are brief discharges recurring every second or more, stimulus-induced rhythmic, 

periodic, or ictal-like/appearing discharges (aka SIRPIDs) which are longer discharges brought 

about or exacerbated by an alerting stimulus (e.g., sternal rub, nail bed pressure), brief ictal-like 

rhythmic discharges (aka BIRDs) which are epileptiform discharges lasting less than 10 seconds, 

nonconvulsive seizures (aka NCS) which are epileptic discharges lasting more than 10 seconds 

but without clinical manifestations, and nonconvulsive status epilepticus (aka NCSE) which are 

NCS lasting > 10 minutes or repetitive NCS. Lastly, during the pharmacological management of 

patients with NCSE, a burst-suppression pattern (aka BS) is commonly induced which is 

characterized by periods of high-voltage brain activity (i.e., burst) alternating with periods of low 

amplitude activity or isoelectric quiescence (i.e., suppression). 

 

Unlike “normal” (physiological) cortical processing, seizures are abnormal (pathological) brain 

events characterized by a massive increase in neuronal metabolism, placing cerebral 

autoregulation in a supranormal state. Whether the mechanisms that govern the neurovascular 

response during physiological brain activity can adapt to meet the heightened demand of the 
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“seizing” brain, or not and consequently contribute to neuronal injury is a matter of ongoing 

research (Schwartz, 2007; Baruah et al., 2020). Over the years, several animal and human studies 

have reported contradicting results regarding brain hemodynamics during seizures and, indirectly, 

the integrity of neurovascular coupling mechanism during seizures (Schwartz, 2007). Seizure-

induced hyperperfusion has been widely observed by brain perfusion studies (Gibbs, 1933; 

Penfield, 1933, 1939; Zhao et al., 2009). Meanwhile, PET studies have been less consistent, with 

some researchers observing ictal hypometabolism, suggesting inadequate perfusion and altered 

neurovascular coupling (Savic et al., 1997; Lamusuo et al., 2001) and others reporting 

hypermetabolism suggesting the opposite (Bansal et al., 2016; Schur et al., 2018). As for human 

studies employing EEG-fMRI, they have favored a preserved neurovascular coupling during IEDs 

and seizures (i.e., adequate CBF perfusion) (Aghakhani et al., 2004; Salek-Haddadi et al., 2002, 

2006) although negative blood-oxygen-level-dependent (BOLD) activations have also been 

observed during IEDs in up to 40% of patients with epilepsy (Pittau et al., 2013; Jacob et al., 2014). 

Only a few number of studies have looked at the brain hemodynamics of acute seizures in critically 

ill patients; the number of studies assessing the hemodynamic impact of other abnormal 

epileptiform patterns are even fewer.  During NCS (including NCSE), heterogeneous changes in 

brain metabolism (Doherty et al., 2004; Siclari et al., 2013; Vespa et al., 2016) and oxygen levels 

have been reported (Claassen et al., 2013). Regarding PDs, the hemodynamic changes and 

potential risk of neuronal injury seem to depend upon their frequency, with higher frequency 

discharges being possibly associated with hypoxia and a greater risk of neuronal damage (Witsch 

et al., 2017). As for BS patterns, animal studies using EEG-fMRI (Mäkiranta et al., 2002) and 

optical imaging (Sutin et al., 2014) have reported an increase in BOLD and CBV, respectively, 

during burst activity. Clearly, additional studies are required to improve our understanding of the 

neurovascular coupling during spontaneous/chronic seizures in patients with epilepsy as well as 

acute seizures and other abnormal epileptiform discharges commonly seen in the critically ill. 

  

While functional neuroimaging techniques such as SPECT, PET, and fMRI can capture whole-

brain metabolism and hemodynamics, one major limitation is their low temporal resolution. 

Seizures are a highly dynamic process that constantly changes over time. Similarly, the various 

mechanisms involved during neurovascular coupling are also dynamic. Therefore, in order to fully 

appreciate the neurovascular coupling dynamics involved during seizures, it is crucial to have 
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continuous electrophysiological, metabolic and hemodynamic measurements, and ideally at 

different spatial scales (Yang et al., 2021). None of the above-mentioned techniques are suited for 

prolonged recordings (necessary to capture and study seizures). Moreover, none can be performed 

at the bedside (a must to study critically ill patients). Functional near-infrared spectroscopy 

(fNIRS) is a relatively novel noninvasive neuroimaging and neuromonitoring technique. Since its 

introduction in the late 70s (Jöbsis, 1977), fNIRS have shown great potential in various subfields 

of neurology including epilepsy (Obrig et al., 2014; Peng et al., 2016). It is currently the only 

technique that offers the possibility of investigating widespread cortical hemodynamics and 

metabolism with high temporal and relatively high spatial resolutions (on the cortex). In addition, 

it can easily be combined with video-EEG (i.e., vEEG-fNIRS), enabling to capture 

electrophysiological brain activity simultaneously. 

 

Unfortunately, few studies have applied vEEG-fNIRS to investigate seizures in patients with 

epilepsy, and even fewer to investigate acute seizures and other abnormal epileptiform patterns in 

the critically ill. These have primarily been performed in a pediatric population, mostly in single 

patients or small series, with a small number of seizures captured, and with limited spatial 

coverage. This is primarily due to the numerous challenges researchers face when performing 

long-term whole-head vEEG-fNIRS monitoring in the clinical setting.  
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1.2 Problem statement, hypothesis and objectives 

 

The general objective of this Ph.D. is: 

To perform bedside long-term whole-head vEEG-fNIRS monitoring in order to assess the neurovascular dynamics of seizures and other epileptiform 

discharges in patients admitted with an acute neurological condition. 

 

Three specific objectives are stated below with corresponding hypotheses. 

 

Objective 1: To develop and validate an integrated high-channel wireless, compact and wearable EEG-fNIRS system intended for neurological 

clinical settings. 

- Hypothesis 1.1: We believe that we can build a system with enough optodes (i.e., at least 50 optodes) to cover the entire head while at the same 

time be worn comfortably by a patient, and compact enough to facilitate its clinical integration at the bedside. 

- Hypothesis 1.2: We believe that it will be able to retrieve relatively similar hemodynamic responses as commercial EEG and fNIRS systems, as 

well as clinically relevant brain hemodynamic changes in neurological patients. 

 

ARTICLE 1: Ali Kassab, Jérôme Le Lan, Julie Tremblay, Phetsamone Vannasing, Mahya Dehbozorgi, Philippe Pouliot, Anne Gallagher, Frédéric 

Lesage, Mohamad Sawan, and Dang Khoa Nguyen., Multichannel wearable fNIRS‐EEG system for long‐term clinical monitoring., Hum Brain 

Mapping (2018) Jan; 39(1): 7–23. 

ARTICLE 2: Ali Kassab, Julie Tremblay, Alexandre Y. Poppe, Laurent Létourneau-Guillon, Anne Gallagher, Dang Khoa Nguyen., Cerebral 

hemodynamic changes during limb-shaking TIA: A near-infrared spectroscopy study., Neurology (2016) March 22;86(12):1166-8. 

 



39 
 
Objective 2: To evaluate the feasibility of performing vEEG-fNIRS monitoring in an adult critical care setting. 

- Hypothesis 2.1: We expect to be able to record long (i.e., ≥ 4h) vEEG-fNIRS sessions in the neurointensive care unit (neuroICU). 

- Hypothesis 2.2: We believe that these prolonged recordings in the neuroICU will facilitate the capture of various and diverse abnormal EEG 

patterns (i.e., increase the probability of capturing abnormal electrophysiological patterns, such as seizures). 

- Hypothesis 2.3: For EEG patterns reflecting increase in neuronal activity such as seizures, high-frequency periodic discharges and burst patterns, 

we believe that an increase in [HbO], CBV, and a decrease in [HbR] should be observed; an opposite hemodynamic response should occur during 

suppression patterns. Also, we expect to find some level of hemodynamic heterogeneity in the time course and spatial distribution of the 

hemodynamic changes, particularly for burst-suppression patterns. 

 

ARTICLE 3: Ali Kassab, Dènahin Hinnoutondji Toffa, Manon Robert, Frédéric Lesage, Ke Peng, Dang Khoa Nguyen., Hemodynamic changes 

associated with common EEG patterns in critically ill patients: Pilot results from continuous EEG-fNIRS study., Neuroimage Clinical (2021); 

32:102880. 
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Objective 3: To investigate the hemodynamic change associated with recurrent and/or prolonged seizures in the critically ill. 

- Hypothesis 3.1: We believe that for the majority of seizures recorded, an increase in cortical hemodynamics will be observed during the ictal 

period, while a decrease in hemodynamics will be present in the post-ictal period. 

- Hypothesis 3.2: We expect to find a positive relationship between seizure duration and amplitude of changes in hemodynamics. 

- Hypothesis 3.3. With prolonged seizures, a gradual increase in reduced hemoglobin will be seen (suggesting that the neurovascular response is 

insufficient to meet the metabolic demand during prolonged seizures).  

 

ARTICLE 4: Ali Kassab, Dènahin Hinnoutondji Toffa, Manon Robert, Frédéric Lesage, Ke Peng, Dang Khoa Nguyen., Cortical hemodynamics of 

nonconvulsive status epilepticus in the critically ill., submitted to Neurology. 

 

A timeline for this thesis is presented below (Figure 1). 

 

 

 

 

 

 



41 
 

 
 Figure 1 – Thesis timeline. 
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1.3 Thesis order 

 

This thesis is organized as follows. Chapter 2 gives an overview of epilepsy, acute seizures, and 

additional epileptiform patterns commonly encountered in the critically ill. Chapter 3 will review 

the neurometabolic and neurovascular coupling mechanisms during “normal” and “abnormal” 

(i.e., seizures, periodic discharges, burst-suppression patterns) brain activity. Chapter 4 provides 

a focused technical and clinical overview of functional neuroimaging and neuromonitoring 

techniques commonly used to investigate seizures and other abnormal epileptiform patterns. 

Chapter 5 will focus on the main modality of this thesis: fNIRS. First, it will provide a brief 

historical background, early applications, and progress in the field of fNIRS. The theoretical (i.e., 

biophysical) principles underlying fNIRS and image reconstructions will be discussed. Then, the 

current application of fNIRS in neuroscience will be described, including a more detailed review 

of its application in epilepsy, seizures in the critically ill, periodic discharges, and burst-

suppression patterns. The challenges imposed by long-term whole-head vEEG-fNIRS monitoring 

at the patient’s bedside are also discussed. Chapter 6 describes the methodology of this body of 

work in detail, including hardware, monitoring setup and data analysis. Chapters 7 and 8 provide 

two published manuscripts (Kassab et al., 2016, Kassab et al., 2018) describing the development, 

validation and application of a compact and hybrid EEG-fNIRS system for whole-head long-term 

bedside monitoring in patients presenting with various neurological disorders. Chapter 9 presents 

our latest published manuscript (Kassab et al., 2021). For this body of work, we successfully 

performed long-term vEEG-fNIRS monitoring in critically ill adults and captured large-scale 

cortical hemodynamic changes associated with seizures, periodic discharges, and burst-

suppression. Then, in the following chapter (i.e., chapter 10), we focused on performing long-

term whole-head vEEG-fNIRS on several critically ill patients presenting with clinically silent 

prolonged and/or repetitive refractory seizures to investigate the neurovascular changes associated 

with NCSE. This body of work will constitute the last article of this thesis, to be submitted before 

the oral defense (Kassab et al., in preparation). Finally, Chapter 11 concludes by discussing the 

contributions of this work, its limitations, and future directions. 
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CHAPTER 2 – SEIZURE, EPILEPSY, AND 

EPILEPTIFORM DISCHARGES 
 

2.1 Terminology 

 

2.1.1 A brief overview on critical care seizures 

Seizures in the critically ill are frequent, especially those with acute neurologic injury (Claassen 

et al., 2004). Indeed, it is estimated that 8-10% of general ICU patients and 34-64% of patients in 

the neuroICU will have seizures at some point during their hospitalization (Claassen et al., 2004; 

Oddo et al., 2009). Those seizures can either be the motive for ICU admission (i.e., uncontrolled 

seizures requiring aggressive treatment) or develop secondarily after the patient has been admitted 

to the ICU for other reasons. In those settings, seizures can result from numerous etiologies (e.g., 

acute systemic illness, primary neurologic pathology, medication side effect) and manifest in a 

wide array of symptoms ranging from a generalized convulsive activity to coma (Towne et al., 

2000; Claassen et al., 2004). Nevertheless, they increase the risk of brain damage, prolonged ICU 

stays, ventilator dependency, and overall ICU-acquired infections (Trieman et al., 1981; Lothman, 

1990; Young and Jordan, 1998; Vespa et al., 2010). Untreated, isolated seizures in the critically ill 

can quickly escalate to recurrent and/or prolonged seizure activity (i.e., SE) that can take the form 

of generalized convulsive activity (i.e., CSE) or, more frequently, as NCSE, which is associated 

with high morbidity and mortality (DeLorenzo et al., 1996; Logroscino et al., 2005, 2008). Finally, 

the clinical management of SE in the ICU can be quite complex, and a portion of SE patients will 

become refractory (i.e., refractory SE – RSE and super-refractory SE – SRSE), requiring more 

aggressive treatment with opioids and anesthetics (Dham et al., 2014; Mirski and Varelas, 2008). 

 

2.1.2 Seizures 

A seizure is a transient abnormal, excessive, and hypersynchronous discharge in a population of 

cortical neurons due to an imbalance in excitatory and inhibitory brain mechanisms (Bromfield et 

al., 2006; Badawy et al., 2009; Stafstrom, 2015). This abnormal discharge can be visualized using 

surface electrodes that can record the brain’s electrical activity in the form of a rhythmic electrical 
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discharge evolving in amplitude, frequency and distribution, typically for 10 seconds to a few 

minutes (Niedermeyer et al., 2009). 

 

Seizures are usually divided into two main categories, based on the “acuteness” and the underlying 

etiology. The term “acute symptomatic seizure” refers to seizures provoked by an acute brain 

insult or injury such as a stroke, subarachnoid hemorrhage, trauma, infection or metabolic 

encephalopathy (e.g., alcohol consumption or withdrawal, drug use). These seizures are generally 

“isolated” and cease once the underlying cause is treated. 

 

Some individuals with acute seizures will continue to have seizures long after the initial brain 

insult (e.g., when the brain infection has been treated or intraparenchymal blood has cleared). 

These seizures are termed: “unprovoked” or “spontaneous” seizures. When these “unprovoked” 

or “spontaneous” seizures become recurrent, the term epilepsy is generally employed. It describes 

an individual with a chronic predisposition to epileptic seizures, impacted by its neurobiological, 

cognitive, psychological and social consequences. While the traditional definition of epilepsy 

required someone to have at least two unprovoked seizures (to confirm the idea of recurrency), the 

new practical definition established by the International League Against Epilepsy states that even 

someone with only one unprovoked seizure can be diagnosed with epilepsy if it is estimated that 

he has > 60% of having another seizure. 

 

Most seizures are associated with clinical manifestations that will vary according to various factors 

including the localization of the abnormal excessive discharge, its duration, and how it propagates. 

Symptoms may range from minor experiential sensations (déjà vu, anxiety, fear, flashing lights, 

etc.) to more disabling manifestations such as transient impaired awareness and tonic-clonic 

convulsions. Note that some seizures are said to be only “electric” (or “electrograhic”, or 

“nonconvulsive”) because, while visible on the EEG, there are no obvious clinical manifestations. 

This can occur either because the discharge is limited to a part of the brain that is relatively ‘silent’ 

(non-eloquent) or that is no longer able to generate symptoms because it is dysfunctional. 
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2.1.3 A brief overview on epilepsy 

Epilepsy is the second most common neurological disorder affecting nearly 60 million people 

worldwide (Leonardi and Ustun, 2002; GBD 2016 Epilepsy Collaborators, 2019). According to 

the Public Health Agency of Canada and the Center for Disease Control and Prevention, it is 

estimated that ~300 000 Canadians and ~3.5 million Americans live with epilepsy (Gilmour et al., 

2016; Zack and Kobau, 2017). Individuals living with epilepsy have a lower quality of life, higher 

comorbidity (medical and psychological) rates, and higher medication use than the general 

population (Berto, 2002). Numerous conditions, usually related to the patient’s age, can cause 

epilepsy. For example, childhood epilepsies are usually caused by hypoxia (during conception or 

birth), congenital lesions, or genetic mutations. In contrast, epilepsies seen in the elderly are 

usually related to vascular and degenerative disease as well as brain tumours. Therefore, 

identifying the cause of epilepsy is essential as it is a significant determinant of the clinical course 

and prognosis (Shorvon, 2011). Regarding the pharmacological treatment of epilepsy, the main 

goal when treating patients with epilepsy is achieving seizure freedom with minimal side effects 

(Kubota and Awaya, 2010). While there is no “cure” for epilepsy, clinicians rely on various 

antiseizure medications, which have various mechanisms of action that all lead to re-establishing 

the balance between neuronal excitation and inhibition (Kwan et al., 2001). These antiseizure 

medications are effective in controlling seizures in ~60% of patients with epilepsy (Kwan and 

Brodie, 2000; Chen et al., 2018). However, around 30% of patients will continue to have seizures 

despite various combinations of antiseizure medications. A small percentage of these patients with 

drug-resistant epilepsy are candidates for epilepsy surgery (Rathore and Radhakrishnan, 2015). 

 

2.1.4 Interictal epileptiform discharges (IEDs) 

In between seizures (or ‘ictus’), patients with epilepsy often have IEDs (also known as “spikes”) 

that are brief (70-200 msec) sharp/spiky discharges that are not strong/sustained enough to 

generate symptoms but are visible on the EEG (Tatum et al., 2018). Common types of IEDs are 

summarized in Table 1. 
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Table 1 – Spikes, sharp waves, spike-and-wave, polyspikes, and polyspike and waves.  

IEDs Morphology Duration Example 

Spikes 

 

sharply contoured 

 

20-70 msec 
 

Sharp waves 

 

sharply contoured 

 

70-200 msec 
 

Spike-and-waves 

 

spike followed by a slow wave 

(usually spike with larger amplitude) 

 

≥90 msec 
 

Polyspikes ≥2 spikes ≥40 msec  

Polyspike and waves 

 

≥2 spikes associated with ≥1 slow 

waves 

 

≥110 msec 

 

 

IEDs: interictal epileptiform discharges, msec: milliseconds 

 

Pathophysiologically, they reflect a “paroxysmal depolarizing shift” characterized by a sequence 

of sustained depolarization resulting in a burst of action potentials, a plateau-like depolarization 

associated with another action potential, followed by rapid repolarization and finally, 

hyperpolarization occurring in a group of neurons (Ayala et al., 1973).  

 

2.2 Electroencephalography (EEG) 

 

EEG has been used for over a century and remains the most employed electrophysiological 

technique to date, allowing to visualize abnormal neuronal activity (e.g., interictal discharge, brief 

asymptomatic paroxysmal EEG transient, seizures) from background or normal 

electrophysiological brain activity (for further information on normal electrophysiological brain 
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activity and how the EEG electrodes are positioned on the head, please refer to Britton et al., 

2016). As it was previously pointed out, the EEG is essential for identifying seizures and IEDs, 

especially when the former are “clinically silent”. Figure 2 shows an example of EEG electrodes 

positioned according to the international 10-20 system (Jasper, 1958). 

 

  
Figure 2 – 10-20 system EEG electrode placement. Left two figures shows a healthy subject before placing the EEG 

electrodes. Right two figures shows the same subject after installating the EEG electrodes. 

 

There are several types of continuous EEG recordings. “Short-term EEG recordings” (i.e., routine, 

sleep, or ambulatory EEG, with or without video) (~30-60 min) are usually performed to confirm 

the diagnosis and further manage the seizure condition (Pillai and Sperling, 2006; Adams and 

Knowles, 2007). Because seizures occur randomly, they are rarely captured by short-term EEG 

recordings because of their short duration unless seizure frequency is very high. Longer (for days 

or weeks) EEG recordings are required to record seizures, as it is sometimes required for diagnostic 

purposes or epilepsy surgery evaluation. In such instances, a patient is generally admitted to an 

epilepsy monitoring unit and antiseizure medication frequently reduced or weaned. Moreover, 

longer EEG recordings are required in patients during the management of seizures and SE in the 

neuroICU. In these settings, continuous EEG monitoring is typically combined with simultaneous 

video recordings (i.e., vEEG) for electroclinical correlation (i.e. correlating EEG activity with 

clinical symptomatology to establish the diagnosis of epilepsy, to localize the epileptic focus, to 

distinguish the different types of seizures etc.). While certain abnormal EEG patterns are well 

described and recognized by clinicians, others can be clinically challenging. 
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2.3 Clinically challenging EEG patterns in the critically ill  

 

The introduction of continuous vEEG recordings in the neuroICU has greatly improved the way 

patients are cared, allowing intensivists to determine if some abnormal movements are epileptic in 

nature, accurately detect seizures for appropriate treatment, monitor treatment response, gauge the 

level of sedation, etc. The use of continuous vEEG recordings in this particular population has 

shown us that subtle or even asymptomatic (aka “electrical”, “nonconvulsive”) are common and 

that NCSE are not rare. While all recognize the need to treat convulsive seizures as they are 

clinically disabling and lead to brain hypoxia, it is less clear how aggressive we should be in the 

treatment of NCS as treatment itself may sometimes generate adverse events. 

 

The increasing use of continuous vEEG in this population has also revealed to clinicians the 

existence of several abnormal EEG patterns distinct from the typical IEDs and seizures. Indeed, 

while the classical sporadic millisecond brief sharp/spikish wave of IEDs or the sustained (10 s to 

5 min) evolving rhythmic activity of seizures can still be found in criticall ill patients, other 

epileptiform-like patterns have been reported that are not clear-cut sporadic spikes nor seizures 

and are said to be on the interictal-ictal continuum. Because their significance and impact are 

largely unknown, their management also remains quite controversial (Ch’ang and Claassen, 2017). 

 

In the following subsections, common clinically challenging EEG patterns are detailed. 

 

2.3.1 Nonconvulsive seizures (NCS) and nonconvulsive status epilepticus (NCSE) 

Nonconvulsive seizures (NCS) are electrographic seizures without overt clinical manifestations. 

Nonconvulsive status epilepticus (NCSE), also referred to as electrographic status epilepticus, is 

defined by electrographic seizures for ≥ 10 continuous minutes or for a total duration of ≥ 20% of 

any 60-minute period of recording (Figure 3) (Hirsch et al., 2021). 
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Figure 3 – Criterias for NCS and NCSE (Inspired by Hirsch et al., 2021). 1There is currently no consensus on whether to maintain or eliminate the “10 second rule”. 2NCS (including 

NCSE) do not have any definite time-locked clinical correlate nor do antiseizure medication improve, both, the EEG and clinical manifestations. s: seconds. 
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NCS (including NCSE) are the most common type of seizure in comatose ICU patients, accounting 

for nearly 90% of seizures (Claassen et al., 2004). In comatose patients with NCSE, more than 

60% had either hypoxic/anoxic brain injury (≈ 40%) or stroke (≈ 20%), with the remaining cases 

occurring in a relatively similar proportion (i.e, ≈ 5%) in patients with brain tumors, metabolic 

encephalopathy, infection, head trauma (unknown etiology ≈ 10%) (Towne et al., 2000).  

 

As NCS/NCSE do not have overt clinical signs, diagnosis requires continuous EEG monitoring. 

Another topic of debate, previously pointed out, is regarding the urgency and aggressiveness of 

treating NCS and NCSE. Currently, the treatment of these conditions follows that of generalized 

convulsive status epilepticus (i.e., immediate and aggressive treatment). This comes from the fact 

that many studies have shown that generalized convulsive status epilepticus is associated with a 

(time-dependent) reduction in cerebral oxygenation, cerebral glucose levels and CBF culminating 

in neuronal injury, increased morbidity and mortality (Lowenstein and Alldredge, 1998; Treiman 

et al., 1998; Treiman and Walker, 2006;). However, there is a paucity of data for the treatment of 

NCS and NCSE (Cascino, 1993). This practice may be leading to over-treatment with intravenous 

sedating medications and potentially adverse outcomes. Some believe that NCS and NCSE are less 

damaging to the brain than CSE and, therefore, may not need to be treated similarly. On the other 

hand, this idea has been challenged, as patients with NCSE have been found to have elevated serum 

neuron-specific enolase (maker of brain injury) (Robinowicz et al., 1995). Thus, without knowing 

the degree of ongoing neuronal injury for patients with varying degrees of NCSE (as well as NCS), 

it is likely that a “one-size fits all” treatment paradigm is not justified and may even be 

inappropriate/detrimental. With increasing evidence that intravenous antiseizure medications and 

anesthetics may even be detrimental (i.e., prolonged intubation, delirium, drug-induced 

hypotension, propofol infusion syndrome) for patients with NCS and NCSE (Jordan and Hirsch, 

2006; Hwang et al., 2013; Allen and Vespa, 2019), clinicians must consider “appropriately 

aggressive therapy” in regards to the electroencephalographic end-point (seizure suppression vs. 

burst suppression or even complete background suppression) and when to decide if additional 

medication is futile (Jordan and Hirsch, 2006; Perks et al., 2012). Available studies have shown 

conflicting results regarding the ideal depth of EEG “suppression”. Most clinicians aim for a burst-

suppression pattern in controlling refractory status epilepticus but it is still controversial whether 

this approach can effectively prevent brain damage. 
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2.3.2 Interictal-ictal continuum 

In addition to NCS, critically ill patients often (i.e., >25% of patient) often present other abnormal 

EEG patterns that do not meet the criteria for definitive seizures or IEDs, lying along a spectrum 

referred to as the “ictal-interictal continuum”. First introduced by Pohlmann-Eden and his 

colleagues in 1996, the ictal-interictal continuum was defined as “an EEG signature of a dynamic 

pathophysiological state arising from an unstable neurobiological process, with the nature of the 

underlying neuronal injury, the patient's pre-existing propensity to have seizures, and the 

coexistence of any acute metabolic derangements all contributing to whether seizure occurs or not” 

(Pohlmann-Eden et al., 1996; Chong and Hirsch, 2005; Claassen, 2009). In order to standardize 

their reporting in clinical practice and facilitate research on these abnormal patterns, the American 

Clinical Neurophysiology Society (ACNS) proposed a ‘Standardized Critical Care EEG 

Terminology’ for ICU EEG recordings first published in 2012 (Hirsch et al., 2013), and recently 

updated in 2021 (which are summarized in Figure 4). In sum, these abnormal patterns are currently 

divided into 3 categories: 1) periodic discharges (PDs) (Figures 5), 2) rhythmic delta activity 

(RDA) (Figures 6), and 3) spike-and-wave (SW) (Figures 7). 
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Figure 4 – Criterias for patterns falling in the “ictal-interical continuum” (Inspired by Hirsch et al., 2021). PDs: periodic discharges, RDA: rhythmic delta activity, SW: spike-and-

wave or sharp-and-wave. 
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Figure 5 – Electrographic characteristics of periodic discharges (PDs) (Inspired by Hirsch et al., 2021). 

 

 
Figure 6 – Electrographic characteristics of rhythmic delta activity (RDA) (Inspired by Hirsch et al., 2021). 
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Figure 7 – Electrographic characteristics of spike-and-wave (top) and sharp-and-wave (bottom) (Inspired by Hirsch et al., 2021). msec: 

milliseconds. 
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PDs, RDAs, and SW can be characterized further. For example, periodic patterns (e.g., PDs) can 

occur as 1) one single pattern in both brain hemispheres synchronously and symmetrically (i.e., 

generalized PDs or GPDs) (Figure 8A), 2) one single pattern only (or mainly) in one hemisphere 

(i.e., lateralized PDs or LPDs) (Figure 8B), 3) two independent lateralized patterns, each in one 

hemisphere, and occurring simultaneously (i.e., bilateral independent PDs or BIPDs) (Figure 8C), 

4) two independent lateralized patterns, in the same hemisphere, and occurring simultaneously 

(i.e., unilateral independent PDs or UIPDs) (Figure 8D), or 5) three or more lateralized 

independent patterns, in both hemispheres, and occurring simultaneously (i.e., multifocal PDs or 

MfPDs) (Figure 8E). In addition, when periodic or rhythmic patterns are reproducibly induced or 

exacerbated by an alerting stimulus (e.g., sound, touch, pain), they are referred to as “stimulus-

induced” (i.e., stimulus-induced rhythmic or periodic discharges or SIRPDs). Lastly, a “plus” or 

“+” feature can also be added when periodic or rhythmic patterns occur with a superimposed 1) 

“fast” activity (i.e., lateralized periodic discharges PLUS F or LPDs + F) (Figure 8F – top), 2) 

rhythmic activity (i.e., lateralized periodic discharges PLUS R or LPDs + R) (Figure 8F – middle), 

or 3) sharp waves or spike (i.e., generalized rhythmic delta activity PLUS S or GRDA + S) (Figure 

8F – bottom), all features rendering the pattern more ictal-appearing (i.e., more closely resembling 

an EEG pattern seen during seizures). 

 

The recently proposed terminology is an essential first step in allowing researchers to have a 

common language to study the underlying pathophysiology, impact and management of the 

myriads of abnormal EEG patterns seen in the ICU. However, in previous decades, studies trying 

to understand these patterns have often lumped together many subtypes of EEG patterns whose 

recognition were not based on universally recognized criteria. Possible mechanisms evoked by 

these studies to explain such discharges have included: metabolic derangement, hypoxia/ischemia, 

aberrant synchronization with extensive refractory periods secondary to damage to cortical and/or 

subcortical networks of neurons, large-scale synchronization secondary to abnormally connected 

networks of neurons, and spectral condensation of neuronal activity leading to synchronization of 

neuronal oscillations (Pohlmann-Eden et al., 1996; Chong and Hirsch, 2005; Claassen, 2009). 
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Figure 8 – EEG example illustrating PDs with different caracteristics (Inspired by Hirsch et al., 2021). A) generalized periodic 

discharges (GPDs), B) lateralized periodic discharges (LPDs), and C) bilateral independent periodic discharges (BIPDs). 
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Figure 8 (continued) – EEG example illustrating PDs with different caracteristics (Inspired by Hirsch et al., 2021). D) unilateral 

independent periodic discharges (UIPDs), E) multifocal periodic discharges (MfPDs). 
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Figure 8 (continued) –  EEG example illustrating PDs with different caracteristics (Inspired by Hirsch et al., 2022). F) (top) lateralized 

periodic discharges + fast activity (yellow arrows) (LPDs + F) , (middle) lateralized periodic discharges + rhythmic acitivity (black 

arrows) (LPDs + R), and (bottom) generalized rhythmic delta activity + spike (orange arrows) (GRDA + S).
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2.3.3 Burst-suppression EEG pattern 

Burst-suppression is an EEG pattern in which periods (or epochs) of high voltage (150–350 μV) 

brain activity (“burst”) alternate quasi-periodically with periods of low amplitude (< 25 μV) 

activity or isoelectric quiescence (“suppression”) (Figure 9). Clinically, burst-suppression is 

associated generally with a state of unarousable unresponsiveness and is often considered, 

although disputed, as a global state of profound brain inactivation (Lewis et al., 2013; Amzica, 

2015). 

 

 
Figure 9 – EEG example illustrating a burst-suppression pattern (Inspired by Hirsch et al., 2021). s: seconds. 

 

While burst-suppression patterns are frequently seen in the critically ill, they are not specific to 

any particular etiology as they can occur in the context of anesthesia (Ma et al. 2022), trauma 

(Stockard et al., 1975), metabolic encephalopathy (Scher, 2001; Niedermeyer et al., 2007) and 

hypoxic-ischemic brain injury (Bauer et al., 2013), SE (Treiman et al., 1990) and coma (Young, 

2000). Burst-suppression can also be iatrogenic, induced voluntarily using sedative agents to offer 

transient brain protection by decreasing brain metabolism and CBF (Doyle and Matta, 1999) 

and/or directly inhibiting seizure activity (Hunter and Young, 2012). Therefore, it is commonly 

used as an electrophysiological endpoint for critical care and surgical patients. Well-known 

indications include therapeutic hypothermia after cardiac arrest (Marion et al., 1997; Stecker et al., 

2001; Westover et al., 2015), medically-induced coma during surgery (Schwartz et al., 1989; 

Ravussin et al., 1993; Akrawi et al. 1996; Brown et al. 2010), treatment for refractory intracranial 

hypertension (Doyle and Matta, 1999) and refractory/super-refractory status epilepticus (Van Ness 

1990; Doyle and Matta, 1999; Rossetti et al. 2005; Kalviainen et al., 2007; Hunter and Young, 

2012; Phabphal et al. 2018). 
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Prognosis and outcomes associated with burst-suppression are highly dependent on whether they 

are 1) associated with an underlying pathology (spontaneous burst-suppression), and 2) generated 

by treatment (medically-induced burst-suppression) (Sekar et al. 2019). Spontaneous burst-

suppression signals a state of agony and is associated with a high mortality and poor outcome 

(Niedermeyer et al., 2009; Cloostermans et al., 2012; Rossetti et al., 2017). In contrast, medically-

induced BS and spontaneous post-treatment burst-suppression are understandably associated with 

better neurological outcomes (Niedermeyer et al., 2009; Sekar et al., 2019). 

 

Despite clear clinical benefits (e.g., cerebral protection, prognosis improvement), the biophysical 

mechanisms responsible for burst-suppression genesis and its effects on the brain remains poorly 

understood (Liley and Walsh, 2013). Possible reasons include the etiological heterogeneity of this 

pattern, the significant degree of electroencephalographic variations (i.e., morphology, frequency, 

duration) (Lamblin et al., 2013), and the limited number of studies investigating the 

neurophysiological foundations of this pattern in the living human brain (Amzica, 2015).  

 

In this chapter, we have defined the concept of seizures and epilepsy, introduced the technique of 

EEG to investigate patients with seizures and epilepsy, and described the different type of 

abnormal epileptiform discharges that can be found in patients with seizures in the neuroICU EEG. 

The next chapter will examine the metabolic and brain hemodynamic changes associated with 

these clinically challenging EEG patterns. 
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CHAPTER 3 – NEUROVASCULAR COUPLING 
 

As we briefly mentioned in the first chapter, seizures and other epileptiform discharges induce 

brain metabolism and hemodynamics changes. However, it is still unclear whether or not the 

increase in brain hemodynamics can compensate for the excessive neuronal activity seen during 

seizures. A better understanding of neurovascular coupling mechanisms will allow us to better 

understand the neurometabolic and neurovascular dynamics associated with abnormal EEG 

patterns. In time, this could potentially guide us in the management of these abnormal epileptiform 

discharges found both in critically ill and non-critically ill patients. 

 

Despite its relatively small size, the brain receives approximately 15-20% of total cardiac output 

(i.e., CBF = ≈1/5th total cardiac output) and consumes around 1/5th (20%) of the body's total energy 

production. Unlike other organs (e.g., liver, muscles) that can store macronutrients (e.g., 

carbohydrates/glycogen), the brain is dependent on a constant input of oxygen and nutrients 

(mainly glucose) in order to produce adenosine triphosphates (ATP) and function. 

 

The mechanism by which CBF is linked to neuronal activity is known as neurovascular coupling. 

Indeed, increased neuronal activity increases CBF and, consequently, greater delivery of glucose 

and oxygen to meet the increased demand for ATP by neurons. This continuous supply of energy 

substrate is “dynamic” providing a constant basal level to maintain its baseline activity and 

increase supply at times of higher brain activity (i.e., functional hyperemia). 

 

3.1 Physiological (“normal”) neurometabolic and neurovascular coupling 

 

3.1.1 Brain metabolism and neurometabolic coupling 

The primary source of energy in the healthy brain is ATP, which is produced mainly from the fast 

oxidative (i.e., aerobic) metabolism of glucose which occurs in the mitochondria (Siesjo, 1978). 

Brain activity is closely coupled with energy metabolism. Indeed, the close relationship between 

neuronal activity and the main supportive substrates of glucose and lactate defines 

“neurometabolic coupling” (Li and Freeman, 2015). 
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Physiological brain activity (e.g., motor processing, somatosensory processing, learning/memory) 

involves several specific cellular and molecular signalling processes at the level of neurons. 

Therefore, neuronal activity involves several signal transduction steps, including generating a 

postsynaptic action potential (excitatory or inhibitory). For simplicity, we will only focus on the 

action potential in general. However, it is essential to remember that while the postsynaptic action 

potential is the one consuming most of the energy, other essential steps involved in signal 

transduction (e.g., maintaining resting potential, reversing ionic fluxes, transmitter release and 

recycling) are also energy-dependent (Hall et al., 2012; Engl and Attwell, 2015). 

 

Neuronal activity is associated with a transient change in the ionic permeability of the cell 

membrane resulting in local changes in the transmembrane ion gradient (i.e., intracellular ↑ [Na+] 

/ ↓ [K+] and extracellular ↓ [Na+] / ↑ [K+]). These transmembrane flows of ions produce an 

electrical spike called action potential (Hodgkin and Huxley, 1952). Following an action potential, 

Na+/K+ pumps are responsible for “resetting” intracellular and extracellular ionic concentration 

back to its pre-action potential levels, enabling neurons to generate future action potential (i.e., 

physiological or pathological neuronal activity). The Na+/K+ pump is an electrogenic 

transmembrane ATPase, also referred to as Na+-K+ATPase (Pivovarov et al., 2018). 

 

As neurons use ATP, the intracellular [ATP] decrease, and intracellular concentration of adenosine 

di- and monophosphate increase. These changes in adenylate concentration have immediate 

consequences on neurons’ energy regulation mechanism, which can be summarized in the figure 

below (Figure 10). Usually, the increase in glycolytic activity exceeds the increase in aerobic 

metabolism, and the excess pyruvate is exported in the form of lactate (Berndt et al., 2015). More 

interestingly is the fact that the increase in cerebral metabolic rate of glucose (and cerebral 

metabolic rate of oxygen) remains lower than the increase in CBF (Fox and Raichle, 1986; Fox, 

2012). This disproportional increase in CBF is responsible for the washout/dilution effect (i.e., 

decrease in oxygen extraction fraction– associated with neuronal activity) (Hoge et al., 1999a,b). 
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Figure 10 – Physiological metabolism regulation in neurons (Inspired by Kovac et al., 2018). White colored: occurring 

in the cytoplasm; orange colored: occurring in the mitochondria; red frame: initial metabolic changes; green frame: 

activation; yellow frame: metabolic endpoints following neuronal activation. α-KGDH: α-ketoglutarate 

dehydrogenase, ANT: adenine nucleotide translocator, CS: citrate synthase, ETC: electron transport chain, GCK: 

glucokinase, IDH: Isocitrate dehydrogenase, NADH: nicotinamide adenine dinucleotide + hydrogen, PDH: Pyruvate 

dehydrogenase, PFK: phosphofructokinase, PK: pyruvate kinase, TCA: tricarboxylic acid, []: concentration. 
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3.1.2 Brain circulation and neurovascular coupling 

In order to meet the high metabolic demand of the brain, continuous delivery of oxygen and energy 

substrates to each neuron is needed (Siesjo, 1978). This delivery is achieved by a collective work 

of unique, well structured, and physiologically regulated angioarchitecture composed of pial 

arteries and venules, penetrating arterioles and venules, and the subsurface microvascular network 

(Zlokovic, 2005). 

 

Oxygen and glucose are transported via the bloodstream to the brain through the arterial system. 

Oxygen transport is mainly bound to an iron-containing protein hemoglobin in red blood cells 

(98% vs. 2% dissolved in blood plasma). The vascular system of the brain is composed of the 

internal carotid arteries (anterior circulation), vertebral arteries (posterior circulation), their 

anastomotic connection (i.e., circle of Willis), from which large cerebral arteries (MCA) emerge 

and give rise to pial arterioles, penetrating or intracerebral arterioles, and capillaries. Once 

hemoglobin reaches the capillaries, oxygen dissociates from hemoglobin and can diffuse toward 

brain parenchyma (i.e., neurons). This is due to the particular affinity of hemoglobin for oxygen 

which strongly depends on the difference in partial pressure of oxygen between the vessels and 

brain tissue. Once hemoglobin is dissociated from oxygen, it becomes deoxyhemoglobin; feeding 

back into the venous system returning the deoxygenated blood to the heart. 

 

3.1.3 Macrovasculature (cerebral autoregulation) 

The large cerebral arteries are responsible for 60% of total vascular resistance. The 

microvasculature is mainly involved in the process of cerebral autoregulation. When changes in 

cerebral perfusion pressure occur, generally due to changes in mean arterial blood pressure, 

neurogenic and myogenic regulation mechanism maintain a stable blood flow (~50 ml/min/100g) 

by changing the diameter of large blood vessels. However, when the mean arterial blood pressure 

is too low (<40 mmHg) or too high (>160 mmHg), hypoperfusion (and ischemia) and 

hyperperfusion (and vasogenic edema) occur respectively (Figure 11) (Paulson et al., 1990; 

Lidington et al., 2021). 
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Figure 11 - Cerebral autoregulation (Adapted from Lidington et al., 2021). 

 

3.1.4 Microvasculature (neurovascular unit) 

On the other hand, pial arteries, penetrating arterioles, capillaries and postcapillary venules are 

responsible for the remaining vascular resistance (i.e., 40%). The microvasculature is directly 

involved, although contributing differently, in the neurovascular coupling. The relative uniqueness 

in the structural composition for each of these vascular segments is what will strongly influence 

the hemodynamic response (i.e., shape and amplitude of the neurovascular coupling) (Table 2). 

 
Table 2 – Structural difference between pial arteries, arterioles and capillaries. 

 Pial arteries Penetrating arterioles Capillary bed 

Anatomy subarachnoid space perivascular space 

Smooth muscle cells Thick layer Thin layer No 

Innervation 
+++ 

(mainly PNS) 

+ 

(mainly CNS) 

Cell contact No 
Yes 

(astrocyte > neurons, pericyte) 

Yes 

(astrocyte < neurons, pericyte) 

CNS: central nervous system, PNS: peripheral nervous system 
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The capillaries represent the primary site where oxygen, nutrients, and metabolic waste are 

exchanged. It is estimated that the total length of capillaries in the human brain is ~400 miles 

(Begley and Brightman, 2003) and that nearly every neuron in the brain has its “own” capillary 

(Zlokovic, 2005), demonstrating the critical relationship between the neuronal and vascular 

compartments. However, the blood flow within the capillaries is highly dependent on the 

intravascular pressure gradient between precapillary arteriole and postcapillary venule. Capillaries 

are not composed of smooth muscle cells, unlike pial, penetrating arterioles, and postcapillary 

venules. Therefore, the regulation of capillary blood flow is mainly dependent on vascular 

resistance of precapillary arteries and vascular tonus of postcapillaries venules. For example, a 

decrease in precapillary resistance (i.e., dilatation) will increase precapillary microvascular 

pressure, increasing the intravascular pressure gradient between the precapillary arteriole 

postcapillary venule and consequently increase capillary blood flow. It is also important to note 

that even the flow velocity of red blood cells plays an essential role in the efficiency of oxygen 

transport, as it is remarkably high (~1mm/sec) and heterogeneous (0.3-3.2 mm/sec) (Wei et al., 

1993).  

 

3.1.5 Neurovascular coupling (feed-forward mechanism) 

A feed-forward mechanism mainly responsible for the different steps involved during 

neurovascular coupling as solid evidence suggests that the excessive increase in CBF is directly 

related to the release of synaptic vasoactive mediators during neural activity (Logothetis, 2001; 

Attwell et al., 2010; Cauli and Hamel, 2010; Magistretti and Allaman, 2015; Lecrux and Hamel, 

2016; Iadecola, 2017). 

 

Neuronal activity is associated with changes in ionic concentration and the synthesis and release 

of various mediators such as glutamate. Glutamate binds to its postsynaptic receptor and causes an 

increase in the intracellular concentration of calcium in the postsynaptic neuron. Consequently, 

the increase in intracellular concentration of calcium activates specific enzymes (e.g., nitric oxide 

synthase, and cyclooxygenase-2) (Hosford et al., 2019). Activation of those enzymes leads to the 

production and diffusion of critical potent vasodilators (e.g., nitric oxide), which will lead to 

smooth muscle cells relaxation and vasodilatation in the precapillary vascular system. Another 

vasodilatory molecule is lactate which is produced during anaerobic metabolism. Additionally, the 
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increase in the extracellular concentration of K+ can also lead to smooth muscle cells relaxation 

and vasodilatation (Iadecola et al., 2017). Lastly, neurons also release potent vasoconstrictor 

molecules, such as neuropeptide Y, mainly released by interneurons. 

 

Like neurons, astrocytes can produce vasoactive agents (i.e., vasodilator and vasoconstrictor). 

Glutamate release by neurons can also activate glutamate receptors on astrocytes. Once activated, 

these receptors lead to an increased intracellular concentration of calcium (in astrocytes) and 

activation of phospholipases A2, an enzyme responsible for releasing arachidonic acid and 

lysophosphatidic acid. Arachidonic acid is further broken down into several potent vasodilators 

and vasoconstrictors. The increased intracellular calcium concentration also opens smooth muscle 

cells K+ channels which favours vasodilatation. 

 

Another important player in the neurovascular coupling is the endothelial cells of capillaries. 

Endothelial cells can mediate the hemodynamic response through either slow diffusion of 

vasodilatory molecules (e.g., nitric oxide, proteinoids, endothelin) or cause direct vasodilatation 

by retrograde electrical propagation through gap junction. 

 

Finally, pericytes are contractile cells surrounding the capillaries and are extremely sensitive to 

the nitric oxide and prostaglandin E2 concentration. Neuronal activity releases nitric oxide and 

prostaglandin, which activates and leads to vasodilatation, increasing capillary blood flow. 

 

As we can see neurovascular coupling is complex, involving different molecular and cellular 

components. In addition, the amplitude or spatial extent of the neurovascular response are also 

largely influenced by different factors, such as stimulus intensity or amplitude (Devor et al., 2003), 

cortical depth (e.g., superficial vs. deeper cortical layers) (Uhlirova et al., 2016), and brain state 

(e.g., sleep/anesthesia vs. wakefulness) (Lecrux et al., 2019). 

 
3.1.6 Neurovascular coupling (feedback mechanism) 

A feedback mechanism also contributes to neurovascular coupling to a lesser degree (Powers et 

al., 1996; Devor et al., 2008; Lindauer et al., 2010). In other words, a decrease in O2 or glucose is 
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more likely to play a secondary role by adjusting the CBF delivery to meet the metabolic need of 

neuronal tissue more closely (Ngai et al., 1988; Drew et al., 2011; Freeman and Li, 2016). 

 

3.2 Metabolism during seizures 

 

Seizures are associated with an increased in metabolism (i.e., cerebral metabolic rate of oxygen) 

(Chapman et al., 1977, Freund et al., 1989, Ingvar, 1986). However, in contrast to “normal” 

neuronal activity, seizures reflect a state of “abnormal”, “excessive”, and “hypersynchronous” 

discharge in pathological neurons (Bromfield et al., 2006). Consequently, neurons are expected to 

adapt metabolically to sustain the high metabolic rate associated with seizures (Plum et al., 1974; 

Yang et al., 2013).  

 

Several studies have suggested a shift in the primary pathway involved in energy production during 

seizures (Sacktor et al., 1966; Acharya et al., 2005; Folbergrova et al., 2007; Yang et al., 2013). A 

decrease in aerobic enzymes (i.e., aconitase, malate dehydrogenases, and succinate 

dehydrogenases) (Acharya et al., 2005; Folbergrova et al., 2007) and an increase in anaerobic 

kinases (i.e., phosphofructokinase and glucose kinase) (Sacktor et al., 1966) have been reported in 

neurons involved in seizure activity. This shift from primary aerobic metabolism to anaerobic 

metabolism is responsible for the increase in lactic acid concentration (Kuhr et al., 1988a,b; During 

et al., 1994; Fornai et al., 2000; Neppl et al., 2001; Darbin et al., 2005). The increased production 

of lactic acid from the anaerobic pathway, as well as from other sources (e.g., astrocytic glycogen 

reserve, astrocyte-neuron lactate shuttle, inter-astrocytic gap junction) (Dalsgaard et al., 2007; 

Pellerin et al., 2007; Rouach et al., 2008) is thought to compensate for the increase in energy 

demand by providing brain cells with an alternative supply of energy further sustain the 

exaggerated firing observed during seizures (Schurr et al., 1988; Schurr et al., 1997, Schurr et al., 

1999; Solaini et al., 2010; Farrell et al., 2016). Additionally, the relative hypoxic state sometimes 

seen during seizures also contributes to the metabolic pathway shift through the pro-anaerobic and 

anti-aerobic effects of “hypoxia-inducible factors”, which are usually produced by “hypoxic” 

neurons (Solaini et al., 2010; Farrell et al., 2016). Finally, more recently, it was also reported that 

seizures can also be associated with an enhanced oxidative metabolism (i.e., enhanced aerobic 
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metabolism) maintaining the primary source of energy production oxygen dependent (Foster et al., 

2005; Ivanov et al., 2015; Schoknecht et al., 2017). 

 

Similarly, a state of hypermetabolism can also be observed in neurons involved in recurrent 

seizures (i.e., SE) (Ingvar et al., 1983; Ingvar et al., 1986; Pereira de Vasconcelos et al., 2002). In 

humans, PET studies can indeed show hypermetabolism in brain regions involved during recurrent 

seizures (Doherty et al., 2004). More recently, Vespa et al. (2016) showed, using cerebral 

microdialysis, elevated cerebral lactate/pyruvate ratio during seizure activity in patients with SE 

suggesting a state of “metabolic crisis” during which oxygen delivery could not meet the 

abnormally high demand of neuronal activity, and consequently, shifting neuronal metabolism 

toward the anaerobic pathway.  

 

While hypermetabolism is seen during seizures, the period after seizures usually shows a decrease 

in metabolism (Meyer, 1994; Foldvary et al., 1999; Kim and Mountz, 2011; Burneo et al., 2015). 

Similarly, hypometabolism is also usually seen in chronic epileptic brains. Several hypotheses 

have been proposed to explain the hypometabolic state during the interictal period in chronic 

epileptic brain such as depressed functionality and/or tissue/neuronal loss (Hong et al., 2002; 

Koutroumanidis et al., 2000) 

 

3.3 Hemodynamics and neurovascular coupling during seizures 

 

It is well established that a seizure usually induces a reversible regional vasodilation and, 

subsequently, a disproportional and transient increase in CBF and CBV (Penfield et al., 1939; Zhao 

et al., 2009, 2011), which is responsible for the overshooting supply of oxygenated hemoglobin  

(Raichle, 2001) (Tyvaert et al., 2009; Thornton et al., 2010). This observed increase in 

hemodynamics (i.e., CBF, CBV, and local oxygen levels) seem to result from a “restorative 

process” (i.e., increasing blood supply to underperfused areas) (Doman and Pelligra, 2003,2004; 

Kovács et al., 2018). In vivo studies in anesthetized mice have found that seizures can lead to 

vasodilatation of cortical penetrating arterioles at the epileptic focus (Gómez-Gonzalo et al., 2011; 

Zhang et al., 2019) and vasoconstriction in areas remote from the epileptic focus (Girouard et al., 

2010; Zhang et al., 2019). This increase in hemodynamics (i.e., CBF, CBV, and local oxygen 
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levels) can sometimes be preceded by a very brief period of decreased CBF and hypoxia (aka as 

the initial pO2 “dip”),  suggesting a brief period of uncompensated increase in metabolic activity 

or delayed oxygen extraction pending a sufficient neurovascular response. More preoccupying is 

the demonstration of relative hypoxia observed in some seizures (Zhao et al., 2009, 2011; Bahar 

et al., 2006; Suh et al., 2006; Ma et al., 2013; Harris et al., 2014) which can be long in some cases 

of SE (Claassen et al., 2013). Following seizure offset, a sustained period of hypoxia has been 

reported using continuous oxygen detection in rodents (Farrell et al., 2016).  

 

These findings have been supported by recent observations indicating the presence of altered 

blood-brain barrier resulting in a disturbed neurovascular unit, especially during SE (Gorter et al., 

2015; Bar-Klein et al., 2017). This disturbance in neurovascular coupling mechanisms appears to 

be spatially heterogeneous (Fabene et al., 2007; Harris et al., 2018). For example, following 

pilocarpine-induced SE, Fabene and his colleagues observed an expected and normal 

neurovascular coupling (i.e., CBF increase) in superficial arteries and veins (e.g., pial arterial and 

proximal portion penetrating arterioles). In contrast, deeper arterioles (e.g., the distal portion of 

penetrating arterioles and capillaries) showed vasoconstriction, resulting in ischemia (Fabene et 

al., 2007). Another possible cause of neurovascular coupling dysfunction is pericytic injuries. 

Significant redistribution of pericytes has been shown after SE (Milesi et al., 2014), and more 

recently, pericyte-mediated capillary vasospasm following seizure onset was observed in a genetic 

and kainic acid model of epilepsy (Leal-Campanario et al., 2017). Several studies have shown the 

vulnerability of pericytes in several conditions associated with the formation of oxygen and 

nitrogen-derived free radicals (Yemisci et al., 2009; Hall et al., 2014). Similarly, both in vivo 

(Folbergrová et al., 2012) and in vitro studies (Kovács et al., 2002, 2009) are also associated with 

an increase in those same free radicals, particularly during SE. Finally, vascular remodeling during 

SE might also occur, as observed during lasting epileptiform activity (Morin-Brureau et al., 2011). 

 

3.4 Metabolism during periodic discharges 

 

PET hypermetabolism and hypometabolism have been reported with periodic discharges and may 

change over time owing to treatment/resolution of periodic discharges, recent seizure activity, and 

surrounding brain injury. In a study by Franck and his colleagues, 3 (12%) out of 25 patients with 
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seizures had lateralized periodic discharges. Interictal PET hypometabolism was found in 20 

patients (80%), while PET hypermetabolism and an increase in CBF were found, both during 

seizures and lateralized periodic discharges (Franck et al., 1986). More recently, Struck and his 

colleagues analyzed 18 patients with patterns falling on the ictal-interictal continuum. Fourteen 

patients (78%) had periodic discharges (74% lateralized periodic discharges, 36% generalized 

periodic discharges), and four patients (22%) had rhythmic delta activity (all generalized). In 

patients with lateralized periodic discharges (10 patients), focal hypermetabolism was observed in 

7 (71%) and hypometabolism in 3 (29%). As for patients with generalized periodic discharges (5 

patients), hypermetabolism was observed in 80% (3 patients). In addition, patients with 

generalized rhythmic delta activity were divided into those with a frequency > 3Hz (1 patient) and 

those with a frequency < 3Hz (3 patients). Only generalized rhythmic delta activity with a 

frequency >3Hz was associated with focal PET hypermetabolism (Struck et al., 2016). Similarly, 

resolution of PET hypermetabolism and clinical improvement after cessation of lateralized 

periodic discharges were observed by others (Handforth et al., 1994; Kim et al., 2012; Sakakibara 

et al., 2014).  

 

Using cerebral microdialysis and electrocorticography in patients with traumatic brain injury 

Vespa et al. (2007; 2016) suggested that periodic discharges could also be associated with signs 

of metabolic crisis (i.e., lactate/pyruvate ratio increase, decrease in extracellular glucose, glutamate 

increase, brain tissue hypoxia) same as during seizures and SE. Authors suggested that in patients 

with traumatic brain injury, periodic discharges should be managed similarly (as aggressively) as 

seizures (Vespa et al., 2016). Similar findings (i.e., a state of metabolic crisis) were also reported 

by Harting et al. (2011) in traumatic brain injury patients with prolonged cortical spreading 

depression associated with periodic discharges (Harting et al., 2011). 
 

3.5 Hemodynamics and neurovascular coupling during periodic discharges 

 

Periodic discharges associated with hyperperfusion on SPECT (Lee et al., 1988; Assal et al., 2001; 

Ali et al., 2001; Bozkurt et al., 2002; Ergun et al., 2006; Claassen et al., 2009) and MR perfusion 

(Venkatraman et al., 2017) was observed by several authors. In one study of 18 patients, SPECT 

hyperperfusion was associated and co-localized with lateralized periodic discharges (Assal et al., 
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2001). Resolution of lateralized periodic discharges resulted in SPECT hypoperfusion (Assal et 

al., 2001), suggesting that the increase in CBF probably resulted from abnormal vasodilation 

secondary to a decrease in oxygen extraction fraction. Other studies have reported similar findings 

with SPECT (Lee et al., 1988; Ali et al., 2001; Bozkurt et al., 2002; Ergun et al., 2006). Conversely, 

cases of SPECT hypoperfusion during periodic discharges have also been reported (Kan et al., 

1992; Hisada et al., 2000; Aye et al., 2013; Fushimi et al., 2003). Similarly, no changes in blood 

flow during SIRPIDs have been reported (Zeiler et al., 2011; Smith et al., 2014). 

 

More recently, a retrospective study employed invasive methods capable of continuously 

monitoring brain hemodynamics, such as partial brain tissue oxygenation (PbtO2), thermal-

diffusion flowmetry (to measure regional CBF), and depth EEG (i.e., electrocorticography) in 90 

comatose patients with high-grade subarachnoid hemorrhage, in order to determine whether 

distinct periodic discharges patterns can cause, similar to electrographic seizures, brain tissue 

hypoxia. In their study, Witsch and his colleagues observed an association between high-frequency 

periodic discharges (i.e., ≥ 2 Hz), increase regional CBF and reduced PbtO2 suggesting that higher-

frequency periodic discharges may reflect inadequacies in brain compensatory mechanisms and 

might lead to additional damage after acute brain injury (Witsch et al., 2017). 

 

3.6 Metabolism during burst-suppression 

 

Metabolism during burst-suppression has mainly been studied in anesthesia-induced burst-

suppression and very little in burst-suppression induced by acute brain injury.  

 

It has been proposed that burst-suppression results from the interaction of two distinct (but 

interrelated) processes operating at different time scales (Ching et al., 2012). First, a fast 

(millisecond timescale) dynamic process is responsible for the fast-neuronal oscillations seen in 

the EEG background activity (i.e., “resting” EEG activity present before the onset of burst 

suppression) and reappearing during bursts. Second, a slow (seconds-to-minutes timescale) 

dynamic process linked to neuronal metabolism serves as a gating (or modulating) mechanism for 

the first process. According to this model, each period of burst-suppression is associated with a 

cyclic change in cerebral metabolic rate of oxygen and ATP depletion/recovery in cortical and 
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subcortical networks. Fast neuronal activity is responsible for the increase in ATP consumption. 

Consequently, ATP concentration depletion reduces ATP-gated K+ channels function, which is 

required for membrane depolarization and burst termination (i.e., suppression initiation). During 

suppression, slow ATP regeneration begins, leading to a recovery of function of ATP-gated K+ 

channels and consequently fast neuronal activity or burst activity (i.e., suppression termination). 

Differences in metabolic state and energetic demand in local circuits might explain the spatially 

inhomogeneous pattern observed during medically-induced burst-suppression (Ching et al., 2012; 

Lewis et al., 2013; Westover et al., 2015). Indeed, in the study performed by Lewis and his 

colleagues, they reasoned that local variation in cerebral metabolism (i.e., different regions of the 

brain with different cerebral metabolic rate of oxygen rates) might be responsible for different 

probability periods of burst or suppression in distinct networks of neurons which could recruit the 

heterogeneous population of neurons into going into burst or suppression. 

 

3.7 Hemodynamics and neurovascular coupling during burst-suppression 

 

Unfortunately, few studies have investigated the neurovascular dynamics during burst-suppression 

patterns. Animal studies using EEG-fMRI (Mäikiranta et al. 2002, Liu et al. 2011) and optical 

imaging (Sutin et al., 2014) have observed a strong presence of neurovascular coupling during 

spontaneous EEG burst activity, which was characterized by the presence of a BOLD response, 

increase in CBF and [HbO]. In humans, only one study reported direct hemodynamic changes 

occurring during burst-suppression (Chalia et al., 2016). In this study, heterogeneous spatial 

changes in [HbO] and [HbR] were present during burst activity. More specifically, burst activity 

was associated with characterized by an initial decrease in [HbO], followed by a pronounced 

increase in [HbO] that reaches a peak 10-12s after the burst onset (Chalia et al., 2016). These 

observations are concordant with previous a report of intracranial pressure changes (i.e., increase) 

seen during bursts in two critically ill patients, most likely suggesting an increase in CBV 

secondary to an increase of CBF associated with burst (Connolly et al., 2015). 

 

In summary, this chapter described what is know about neurovascular and metabolic changes 

associated with seizures, periodic discharges and burst-suppression. Better characterizing the 

spatial and temporal hemodynamic changes during these EEG events, especially in pathological 
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contexts, could better help determine if (or when) these patterns lead (or could lead) to neuronal 

injury (Lewis et al., 2013), which is the topic of the following chapter. 
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CHAPTER 4 – CURRENT TECHNIQUES TO 

INVESTIGATE AND MONITOR EPILEPTIFORM 

DISCHARGES IN CRITICALLY ILL PATIENTS 
 

Critically ill patients have a high risk of secondary brain injuries such as (or caused by) seizures 

and brain ischemia. In order to determine brain function, clinicians have long relied on serial 

bedside neurologic examination and neuroimaging exams. However, neurological or imaging 

exam changes reflecting cerebral ischemia may occur long after catastrophic and irreversible brain 

damage is clinically or radiographically apparent (Korbakis and Vespa, 2017; Yang et al., 2020). 

Thus, while these serial bedside approaches are still performed in the critical care setting, clinicians 

now rely on different functional neuroimaging and neuromonitoring modalities to understand brain 

physiology and guide therapeutic interventions to prevent secondary brain injury (LeRoux et al., 

2014). This chapter reviews the most common functional neuroimaging and neuromonitoring 

techniques used to detect (i.e., monitor), as well as investigate (i.e., assess the neurophysiological 

impact) of epileptiform discharges in critically ill patients.   

 

4.1 Positron emission tomography (PET) 

 

PET is a semi-invasive functional neuroimaging technique that indirectly measures neuronal 

activity by measuring its metabolism (i.e., cerebral glucose metabolism) (Fougère et al., 2009; Lee 

et al., 2001). After a radioactive glucose analogue (i.e., tracer) such as 18Ffluorodeoxyglucose (i.e., 
18FDG-PET) is injected, it travels through the vascular system and is taken up by cells. This uptake-

fixation period can take anywhere from >30 min (Fougère et al., 2009). In the brain, 18FDG is 

captured by active neurons and phosphorylated into FDG-6-phosphate. FDG-6-phosphate cannot 

be metabolized further in the glycolytic pathway and remains within neurons for a significant 

amount of time (i.e., 15-30 min) to perform the scan. During this period, fluorine decays emit 

positrons, which releases high energy photons (i.e., gamma rays) detected and reconstructed in 3D 

by the tomograph (Bailey et al., 2005). In patients with chronic epilepsy, 18FDG-PET usually 

captures the interictal period due to its long uptake-fixation period (Kim et al., 2011; Sager et al., 
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2011); the epileptogenic zone usually shows interictal hypometabolism (Engel, 1991; Savic et al., 

1997).  

 

Limitations include its low temporal resolution i.e., it can only provide a single snapshot of brain 

metabolism and cannot be used for continuous monitoring (Duncan et al., 2016). Moreover, PET 

is costly, relies on radioactive substances, requires specialized facilities and cannot be performed 

at the bedside continuously. 

 

4.2 Single-photon emission computerized tomography (SPECT) 

 

Similar to PET, SPECT is a semi-invasive functional neuroimaging imaging that also uses a 

gamma-emitting radiotracer to measure dynamic perfusion changes (i.e., regional CBF) in 3D 

(Groch and Erwin, 2000). 99mTc-hexamethyl-propyleneamine oxime (99mTc-HMPAO) is 

commonly used as the radiolabeled tracer. 99mTc-HMPAO crosses the blood-brain barrier and 

becomes trapped in tissue within the first passage of blood for a few hours. This very short uptake-

fixation time allows the tomograph (Anger gamma camera) to measure and reconstruct in 3D the 

distribution of regional CBF, which is proportional to its distribution (Fougère et al., 2009; Kim et 

al., 2011). The very short uptake-fixation time and long retention (i.e., few hours) of the tracers 

offer the ability to measure regional CBF associated with seizures (ictal SPECT) even after they 

have ceased. However, the timing of the injection is critical and, ideally, must be short prior to 

seizure offset. Furthermore, SPECT sensitivity can be further improved by more advanced 

subtraction and coregistration methods (i.e., subtraction ictal SPECT coregistered to MRI) 

(Foiadelli et al., 2020). During a seizure, the epileptic focus usually shows the maximal site of 

increase in regional CBF from the baseline (i.e., hyperperfusion), while the interictal period shows 

a decrease in regional CBF (i.e., hypoperfusion) (Van Paesschen, 2004, 2007; Goffin et al., 2008;).  

 

Limitations are similar to PET i.e., low temporal resolution, high cost, semi-invasiveness, and no 

possibly for continuous measurements at the bedside.  
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4.3 EEG-fMRI 

 

EEG-fMRI provides the opportunity to study hemodynamic changes (i.e., BOLD response) 

associated with transient epileptiform activity captured on the scalp EEG (e.g., IEDs) (Faro and 

Mohamed, 2006; Goebel, 2009) with a great spatial (3-5mm) and relatively good temporal 

resolution (1s) (Cunningham et al., 2008; Moeller et al., 2013; van Graan et al., 2015). The 

principles of BOLD-fMRI are founded on the different magnetic properties of the HbR and HbO 

molecules and the basis of neurovascular coupling (i.e., ↑ neuronal activity → ↑ CBF → ↑ [HbO] 

+ ↓ [HbR] = ↑ BOLD signal – activation, and vice versa, although the physiological interpretation 

of deactivation remains debated) (Cohen and Bookheimer, 1994; Gaillard et al., 2000; Stefanovic 

et al., 2004; Berman et al., 2006). Despite several reports demonstrating that the shape of the 

hemodynamic response during IEDs and seizures might defer from the predicted canonical 

response, time-series EEG-fMRI data still relies on linear regression employing a canonical 

general linear model (GLM) (Benar et al., 2002; Bagshaw et al., 2004,2005,2006; Lu et al., 2006; 

Lemieux et al., 2007; Masterton et al., 2010; Grouiller et al., 2010, 2016; Beers et al., 2015; Salek-

Haddadi et al., 2006). In patients with refractory epilepsy, EEG-fMRI shows great sensitivity in 

localizing the epileptogenic zone based on IEDs (Gotman et al., 2006; Moeller et al., 2009a,b; 

Lemieux et al., 2011; Pittau et al., 2012), and predicting surgical outcome (Thornton et al., 2010; 

van Houdt et al., 2013; An et al.,2013; Coan et al., 2016). Additionally, EEG-fMRI has also been 

used in patients with epilepsy to investigate epileptic networks and map seizure-related 

hemodynamic changes (Gotman, 2008; Kobayashi et al., 2009; Leite et al., 2013). 

 

Unfortunately, EEG-fMRI has several limitations, including short scanning time (generally less 

than two hours) and immobility constraints since motion can profoundly impact data quality. 

While few studies involving electrographic seizures or seizures with minimal motion have been 

reported (Kobayashi et al., 2009; Tyvaert et al., 2009; Chaudhary et al., 2013), investigating 

seizures or any other abnormal EEG pattern with EEG-fMRI is impractical, especially in 

challenging patient populations (e.g., children with epilepsy, patients with intellectual disabilities, 

critically ill patients). Similar to PET and SPECT, EEG-fMRI requires specialized facilities, 

cannot be performed at the bedside and cannot be used for continuous monitoring. 
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4.4 Noninvasive continuous electrophysiological monitoring 

 

EEG is the most widely used monitoring tool and represents the gold standard in seizure 

monitoring (Korbakis and Vespa, 2017). Thus, the main indication for continuous EEG monitoring 

in the ICU is detecting and managing seizures (Vespa et al. 1999, Jette et al., 2006; Claassen et al. 

2006, 2007). In the critical care setting, up to 92% of these seizures are nonconvulsive (Claassen 

et al., 2004). Therefore, a rapid diagnosis is vital to start treatment quickly. In patients with NCS 

or NCSE, continuous EEG recordings has proven to be a crucial monitoring technique, 

successfully allowing clinicians to properly manage critical care patients presenting with seizures. 

 

Other indications for continuous EEG monitoring in the ICU include 1) clarifying the nature of 

abnormal movements (e.g., myoclonus, posturing, eye deviation), 2) grading the severity of 

encephalopathy (Young et al., 1992a,b; Vespa et al., 2016), 3) medication titration (Mecarelli et 

al. 2001; Bewernitz et al., 2012; Kasab et al., 2016), 4) for prognostication purposes, especially in 

patients with anoxic-ischemic encephalopathy (Young, 2009; Perera et al., 2022), subarachnoid 

hemorrhage (Claassen et al., 2007) and stroke (Tzvetanov et al., 2005; Claassen et al., 2006; 

Zandbergen et al., 2006), and 5) for ischemia detection (Friedman et al., 2009). 

 

In regards to brain ischemia, this is due to the close association between relatively specific 

electrophysiological (i.e. EEG) patterns and CBF levels (Sharbrough et al., 1973). Indeed, as CBF 

decrease, a decrease in oxygen and glucose leads to changes in cortical neuron metabolism (Nagata 

et al., 1989; Powers, 1991) and electrophysiological activity (i.e., oscillation frequency) (Evans, 

1976; Jordan, 1999,2004). When CBF reaches the infarction threshold (~10-12 ml/100g/min), 

irreversible neuronal damage becomes inevitable. Thus, clinicians rely on a narrow window before 

irreversible damage occurs to act and restore perfusion as quickly as possible. Continuous EEG 

monitoring in the setting of brain ischemia has been employed to prevent primary (e.g., 

clamping/cardiovascular surgery, refractory hypotension, sepsis-associated encephalopathy) 

(Herrschaft, 1977) or secondary ischemic brain injury (i.e., ischemic stroke) (Sharbrough et al., 

1973).  
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Over the years, advances in computational methods have made it possible to transform extended 

periods of raw EEG into a numerical value (i.e., quantitative EEG, qEEG). Like continuous EEG 

monitoring, qEEG is becoming more utilized in critical care seizures, mainly for seizure detection 

(Haider et al., 2016). qEEG is also capable of reflecting changes in blood flow and metabolism 

(Laman et al., 2001) and has been used in stroke patients (i.e., correlating with stroke severity, 

radiographic findings, and response to treatment (van Putten MJ et al., 2004a,b), prognostication 

(Hebb et al., 2007; Rossetti et al., 2010a,b) and, more recently, in the early detection of delayed 

cerebral ischemia (Vespa et al., 1997; Gollwitzer et al., 2015). For similar reasons as continuous 

EEG, qEEG is currently not used for ischemia detection in critical care seizures. 

 

Despite its importance, continuous EEG monitoring remains a laborious monitoring method, 

requiring a certified electrophysiology technician to apply and maintain electrodes on the head and 

an expert physician capable of interpreting the EEG in a timely fashion (Gavvala et al., 2014; 

Trinka et al., 2015,2022). EEG is also prone to motion and other sources of artifacts in the ICU 

(e.g., electronic equipment, ventilator). Finally, in critical care seizures, EEG does not provide any 

information on cerebral hemodynamic status (e.g., oxygenation, metabolism, CBF). 

 

4.5 Invasive neuromonitoring modalities 

 

4.5.1 Invasive continuous EEG monitoring 

Intracortical seizures are frequent in patients with acute brain injury, and very often, these seizures 

have no corresponding ictal activity on scalp EEG (Waziri et al., 2009; Claassen et al., 2013; Vespa 

et al., 2016). Subdural strip electrodes or intracortical depth electrodes have been used for detecting 

seizures that are not visible by traditional noninvasive continuous EEG monitoring (Claassen and 

Vespa, 2014). While intracranial EEG monitoring may provide higher sensitivity for detecting 

seizures and improve the signal-to-noise ratio compared to surface electrical activity, this 

technique comes with non-negligible risks (hemorrhage, infection) and provide only limited 

spatiotemporal sampling, which explains why it is used only in rare instances (Blount et al., 2008; 

Parvizi et al., 2018).  
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4.5.2 Intracranial pressure monitoring (ICP) 

ICP measurements may be achieved via pressure sensors located within the fluid-filled ventricles 

(i.e., external ventricular drain), the brain parenchyma (i.e., intraparenchymal intracranial pressure 

monitor), subarachnoid (i.e., subarachnoid intracranial pressure monitor), or epidural (i.e., epidural 

intracranial pressure monitor) space. ICP monitoring can also estimate cerebral perfusion pressure 

which can be calculated by subtracting the intracranial pressure from the mean arterial blood 

pressure, and cerebral autoregulation, better known as the pressure-reactivity index. 

 

The most accurate ICP monitoring is through external ventricular drain. Clinical indications 

include 1) cerebral edema with suspicion of elevated ICP (e.g., traumatic brain injury, 

subarachnoid hemorrhage, ischemic stroke), 2) hydrocephalus, 3) surgery (e.g., subarachnoid 

hemorrhage, resection of Chiari malformation, brain tumour), and 4) direct pharmacological 

administration in the ventricular system of the brain (e.g., ventriculitis, brain tumour) (Czosnyka 

et al., 2017). Concerns with intracranial pressure monitoring devices include deep venous 

thrombosis (including catheter-related septic thrombophlebitis), bleeding (especially in patients on 

antiplatelet or anticoagulant therapy), and technical difficulties and malfunctioning and the need 

for frequent calibration (for intraparenchymal ICP monitors). Moreover, ICP dressing (or dressing 

change) requires an experienced user. 

 

4.5.3 Jugular venous bulb oximetry (SjvO2) 

Jugular venous bulb oximetry or cerebral venous oxygen saturation is a continuous global measure 

of cerebral oxygenation. After inserting a specialized catheter into the dominant internal jugular 

vein, jugular venous saturation (SjvO2), which reflects the balance between cerebral oxygen supply 

and cerebral metabolic demand, can be measured (Chieregato et al., 2003). An oxygen extracting 

ratio can also be calculated by comparing SjvO2 with systemic oxygen delivery (i.e., arterial blood 

oxygenation, SaO2). 

 

Indications for SjvO2 monitoring include traumatic brain injury (most common), subarachnoid 

hemorrhage, and hyperventilation therapy in patients with high ICP (Coles et al., 2002). Normal 

jugular venous oxygen saturation (SjvO2) ranges from 55 to 75 %. Values below and above this 

range reflect cerebral ischemia and hyperemia, respectively. Low SjvO2 is associated with poor 
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outcomes in neurologically injured patients (Gupta et al., 1999). In patients with traumatic brain 

injury, an elevation of SjvO2 is thought to reflect either reduced cerebral metabolic rate or 

hyperemia with impaired autoregulation (Fortune et al., 1994) and has been associated with poor 

outcomes (Cormio et al., 1999). On the other hand, low SjvO2 may indicate cerebral ischemia 

(Cormio et al., 2001). 

 

Limitations include 1) the need for a lateral skull scan (to confirm catheter placement), 2) infection 

and non-occlusive jugular vein thrombosis (Coplin et al., 1997), 3) the underestimation of the 

degree of regional brain ischemia (especially when SjvO2 values are below 60%), and 4) the need 

to regular (every 8h-12h) calibration. In addition, several potential confounding sources of low 

(low cardiac output, anemia, severe vasoconstriction, systemic hypoxia, increased oxygen 

utilization) and high (hyperemia, significant sedation, neuronal hypometabolism, and cell death 

and high cardiac output, caudal displacement of the catheter) SjvO2 values must be considered. 

 

4.5.4 Intraparenchymal cerebral oxygenation monitoring (PbtO2) 

Intraparenchymal cerebral oxygen monitoring or PbtO2 is the partial pressure of oxygen in the 

extra-cellular fluid of the brain and reflects the availability of oxygen for oxidative metabolism. In 

comparison to SjvO2, PbtO2 monitors local cerebral changes in oxygen concentration. It requires 

the insertion of a probe into the brain parenchyma. It allows for continuous monitoring of absolute 

brain oxygen concentration. Index of tissue oxygen reactivity and cerebral autoregulation can also 

be assessed with intraparenchymal cerebral oxygen monitoring (Jaeger et al., 2007). Normal values 

for PbtO2 are still a topic of debate. However, strong clinical evidence shows a clear correlation 

between low PbtO2 values and poor outcomes in traumatic brain injury and subarachnoid 

hemorrhage patients (Ramakrishna et al., 2008; Narotam et al., 2009; Spiotta et al., 2010; Oddo et 

al., 2014; Eriksson et al., 2012). 

 

Limitations of this monitoring include 1) the necessity to place the probe in a normal-appearing 

brain region, which is technically demanding and needs an experienced operator, 2) the effect of 

contusions or perilesional edema on PbtO2 values, 3) the need for CT-scan to confirm probe 

positioning, 4) the long calibration time (up to 1h), 4) the risk of bleeding and infection, and 5) the 

ability to only measure a limited and small region of the brain (Ponce et al., 2012). 
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4.5.5 Cerebral microdialysis  

Cerebral microdialysis is an invasive monitoring technique that allows for continuous 

quantification of brain metabolism at the bedside. A thin catheter with a semipermeable membrane 

tip is placed into the white matter of the brain parenchyma through a borehole or a bolt system. 

Molecules within the brain interstitial system diffuse across the semipermeable membrane and are 

collected into a portable analyzer that determines analytes concentrations. The concentration of 

molecules in the dialysate is proportional to the interstitial molecule concentration in the brain 

(Tisdall and Smith, 2006). 

 

Standard molecules of interest include glucose, lactate, pyruvate, and markers of excitotoxicity or 

cell damage (e.g., glutamate and glycerol) (Tisdall and Smith, 2006). They provide essential 

information regarding neuronal integrity and signs of metabolic distress. Other measurements 

include the lactate-pyruvate ratio, which reflects the intracellular redox state, and mitochondrial 

function. Compared to lactate or pyruvate concentration alone, lactate-pyruvate ratio is a more 

specific marker of cerebral ischemia (Enblad et al., 1996). Isolate increases in lactate-pyruvate 

ratio reflect an increase in brain metabolism. However, it does not suggest the presence or absence 

of neuronal damage (Tisdall and Smith, 2006; Zeiler et al., 2017). An elevated lactate-pyruvate 

ratio and low interstitial brain glucose can be indicative of hypoxia or ischemia and has been shown 

to correlate with poor outcome in patients with traumatic brain injury (Timofeev et al., 2011) and 

subarachnoid hemorrhage (Kett-White et al., 2002a,b; Sarrafzadeh et al., 2004). Inversely, patients 

with subarachnoid hemorrhage (Oddo et al., 2008, 2018) or spontaneous intracerebral hemorrhage 

(Nikaina et al., 2012) who present with a decrease in lactate-pyruvate ratio have better outcomes. 

 

Glycerol and glutamate are potential markers of cell loss and metabolic distress, respectively. 

Although normal concentration ranges for glycerol and glutamate are not well established, elevated 

concentration of glycerol has been associated with ischemia and poor outcome in patients with 

traumatic brain injury (Paraforou et al., 2011). Similarly, a high glutamate concentration can 

indicate delayed cerebral ischemia in patients with subarachnoid hemorrhage (Nilsson et al., 1999) 

and ischemic and non-ischemic secondary brain injury in traumatic brain injury and subarachnoid 

hemorrhage patients (Zauner et al., 1996; Chamoun et al., 2010). 
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While the insertion of the probe is considered safe (Tisdall and Smith, 2006; Hutchinson et al., 

2000), cerebral microdialysis remains an invasive technique (i.e., risk of infection and 

hemorrhage) with limitations. First, fluid analysis is generally (at most institutions) performed 

every hour (i.e., semi-continuous measurements), which may be a limitation when cerebral 

microdialysis parameters have to be compared to other monitoring modalities with higher time 

resolution or when monitoring or investigating dynamic processes such as seizures. Second, probe 

calibration takes time, and analyte concentration collected within the first two hours after catheter 

placement may demonstrate abnormalities and thus are usually discarded. Third, a CT scan is 

required to confirm the correct probe placement. Finally, before cerebral microdialysis monitoring, 

antibiotic prophylaxis is commonly used, and cerebral microdialysis is generally not performed in 

critically ill patients with significant platelet deficiency and/or coagulation problems. 

 

4.5.6 Laser Doppler Flowmetry and Thermal Diffusion Flowmetry 

Laser Doppler and thermal diffusion flowmetry are two continuous and invasive techniques 

capable of measuring very local (i.e., (~3 cm3) changes in CBF (i.e., regional CBF), by utilizing 

the Doppler shift of laser light for the first (Tamura, 2014) or by using a temperature gradient, as 

the tracer for the later (Carter, 1996). Both techniques have been used for in patients with traumatic 

brain injury or subarachnoid hemorrhage for early detection of vasospasm or ischemia, and 

prognostication (Zeiler et al., 2018; Mauritzon et al., 2022). 

 

4.7 Additional modalities 

 

4.7.1 Pupillometry 

Light can be used to stimulate the retina in critically ill patients and assess brainstem function. A 

standard measurement of the diameters of the eyes' pupils using a penlight is simple and 

inexpensive but qualitative (i.e., prone to subjectivity) (Olson et al., 2015). To overcome such 

limitation, the use of automatic pupillometry has been favoured over standard pupillometry in 

recent years (Sandroni et al., 2022) to detect intracranial hypertension (Papangelou et al., 2018) 

and as a prognostic tool in patients with acute brain injury (Sandroni et al., 2021). Limitations 

include the need for an intact mechanism of vision and afferent/efferent visual pathways, a 
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decreased sedation drug measurement sensitivity, and interindividual variability in pupil size and 

reactivity (Sandroni et al., 2022). 

 

4.7.2 Transcranial Doppler 

TCD ultrasound is a non-invasive technique that allows the assessment of cerebral hemodynamics 

at the bedside. A probe insonates the major cerebral arteries and measures the peak systolic, end-

diastolic, and mean flow velocities, pulsatility index, hemispheric index, and TCD flow velocity 

(Naqvi et al., 2013). TCD ultrasound is a reliable technique and is strongly recommended by the 

International Multidisciplinary Consensus Conference of Multimodality Monitoring in 

Neurocritical Care for predicting, detecting and monitoring angiographic vasospasm and delayed 

cerebral ischemia in patients with aneurysmal and traumatic subarachnoid hemorrhage (SAH) 

(LeRoux et al., 2014). Calculated resistive and pulsatility index by TCD ultrasound can also be 

used as a non-invasive surrogate of ICP in patients with severe TBI (Naqvi et al., 2013). Although 

less common, TCD ultrasound can detect microemboli during acute ischemic stroke. Progress in 

TCD ultrasound technology (i.e., Power M-Mode TCD, TC colour-coded duplex, contrast agent-

TCD) has extended its application in the ICU to monitor arterial occlusion in acute ischemic stroke 

and detection of microembolic signals in carotid stenosis and cardioembolic disease (Naqvi et al., 

2013). 

 

TCD monitoring also has limitations (Naqvi et al., 2013). First, it is operator-dependent. An 

experienced physician is required to perform the exam at the bedside and interpret the results. In 

addition, only semi-continuous data can be acquired (i.e., continuous monitoring is currently not 

possible). Second, TCD cannot be performed in 5-20% of patients due to the absence of a temporal 

window (essential to obtaining a reliable Doppler signal). TCD is also insensitive to detecting 

distal vasospasm. 

 

4.7.3 Brain ultrasound 

Brain ultrasound or ultrasonography can be employed in critical care patients to evaluate brain 

anatomy and pathology (e.g., hemorrhage, hydrocephalus) (Robba et al., 2019). However, it can 

also be used to non-invasively assess cerebral circulation (i.e., cerebral blood flow velocity) at the 

bedside. It shares similar limitations as TCD (Robba et al., 2019). 
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In summary, there are techniques which can be used to monitor patients at risk of secondary brain 

injury such as seizures, study the associated hemodynamic responses, and assess the impact of 

such events on the brain. As pointed out throughout this chapter, each have significant limitations 

when applied in hospital and critical care settings. In the following chapter, we present a relatively 

novel functional neuroimaging and neuromonitoring technique, fNIRS, which has the potential to 

be useful in the monitor at the bedside patients at high risk of epileptiform activity, study the 

neurovascular response to such activity, and determine its impact on the brain. The next chapter 

will first cover essential background aspects of this modality such as its origin and physical 

principles, before focusing on the applications of fNIRS in neuroscience, particularly in epilepsy 

and critical care seizures, as well as the numerous clinical challenges currently facing this 

community. 
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CHAPTER 5 – FUNCTIONAL NEAR-INFRARED 

SPECTROSCOPY FOR THE STUDY OF EPILEPTIFORM 

DISCHARGES 
 

5.1 Functional near-infrared spectroscopy 

 

5.1.1 Terminology 

The term “biophotonics” can be defined as integrating the field of biology and photonics (Popp 

et al., 2011). It is a large body in science where scientific and technological methods are applied 

in biomedicine to generate, manipulate, and detect photons. In other words, biophotonics is the 

"development and application of optical techniques, particularly imaging, to the study of biological 

molecules, cells and tissue" (Goda et al., 2019). Over the years, there has been a growing interest 

in applying optical techniques for studying different biological systems. When the organ 

investigated by optical methods is the brain, a more specific term can be used: “neurophotonics”. 

The field of neurophotonics is constantly growing. It applies a range of optical methods to probe 

the structure and function of the healthy and diseased brain at a multi-scale level. 

 

Spectroscopy refers to the interaction between matter and radiated energy. On the other hand, 

spectrophotometry is “a branch of spectroscopy concerned with the quantitative measurement of 

the reflection or transmission properties of a material as a function of wavelength”. In 

neuroscience, fNIRS is when “NIRS” is applied to measure cortical hemodynamics in response to 

normal or abnormal neuronal activity. 

 

Finally, the terms diffuse optical topography and tomography (DOT) refer to, respectively, the 

projection (2D) or reconstruction (3D) of hemodynamic changes onto the cortex. Other acronyms 

commonly used for DOT are:  diffuse optical spectroscopy (DOS), near-infrared imaging 

(NIRI), diffuse optical imaging (DOI), near-infrared optical tomography (NIROT), and high-

density tomography (HD-tomography). 
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5.1.2 Brief historical overview and early application 

The idea that continuous light could be used to investigate human tissue noninvasively dates back 

as early as the 19th century (Bright, 1831; Curling, 1856; Cutler, 1931). Later, in Germany, Hoppe-

Seyler (1862) described the spectrum of oxyhemoglobin (HbO) and, two years later, a British 

named Stokes (1864) described the spectrum of deoxyhemoglobin (HbR) and stressed the 

importance of hemoglobin for the transport of oxygen (Perutz, 1979, 1980, 1995). In 1876, Karl 

von Vierordt (1876) was the first to measure the spectral changes of light penetrating tissues (von 

Vierordt, 1876; Severinghaus, 1986, 2007), and two decades later, in vitro determination of the 

absolute and relative [HbO] and [HbR] was achieved by Hüfner (Gorelov, 2008). 

 

Following these early works, no significant report in that field was published. It was not until the 

1930s that Kramer (1934) and Nicolai (1932) successfully reproduced von Vierordt work in animal 

and human tissues, respectively (Kramer, 1934; Nicolai, 1932). During the same period, two 

Germans by the name of Matthes and Gross used two separate wavelengths in the near-infrared 

spectrum to determine the spectroscopic properties of HbO and HbR in human tissues (Matthes 

and Gross, 1939a,b,c). 

 

Those studies subsequently led to the development of the first muscle and peripheral oxygen 

saturation monitors (Matthes, 1935; Squire, 1940; Millikan, 1941; Wood and Geraci, 1949), and 

later in 1951, the development of the first brain oximeter (Zijlstra, 1953). Unfortunately, these 

monitors never made it into the clinical setting due to the relative hardware bulkiness and the 

complex calibration it required. It was not until 1972 that enough progress was made, leading to a 

breakthrough in clinical monitoring as Aoyagi invented the first pulse oximeter (Miyasaka et al., 

2021). 

 

However, applying optical methods to the living brain had to wait until 1977, when F. Jöbsis, a 

Professor of Physiology at Duke University (USA) and regarded today as the founding father of 

cerebral oximetry, demonstrated for the first time the possibility to measure tissue oxygenation 

and metabolism directly through the skin and skull in vivo in animals (i.e., rats' heart, and cats' 

brain) and humans (Jöbsis, 1977). During a hyperventilation experiment in healthy participants, 

he was able to continuously and noninvasively monitor brain oxygenation simply by 
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transillumination and measuring the attenuation of light in the NIR (Jöbsis, 1977) (for a detailed 

historical review on this topic, please refer to Bale et al.2016 and Piantadosi, 2007). 

 

From there on, it was possible to monitor noninvasively and in real time the concentrations of 

different chromophores due to 1) the presence of an “optical window” in the brain (i.e., 650–900 

nm NIR range), and 2) the relative specificity in the absorption spectra of each chromophore 

(Delpy and Cope, 1997). Soon after, several groups, including Jöbsis and his colleagues, used this 

technique in the clinical setting to monitor cerebral oxygenation in specific populations (i.e., sick 

neonates and adults) (Brazi et al., 1985; Ferrari et al., 1986; Wyatt et al., 1986), which eventually 

led to name this technique as “medical NIRS”. This breakthrough incited further research and 

development, leading by 1995 to nine companies manufacturing different systems. Early 

applications of medical NIRS was to monitor brain oxygenation in critical ill neonates and during 

cardiovascular surgery in adults (Madsen and Secher, 1999; Murkin and Arango, 2009; Green et 

al., 2017). As of today, there are five manufacturers of medical NIRS system in the US alone (Tosh 

and Patteril, 2016). 

 

5.1.3 Technological progress 

Since the first commercial continuous wave (CW) “NIRS” instrument was developed in 1989, 

numerous technological achievements in this field have been made (for a complete review on these 

developments, please refer to Ferrari and Quaresima, 2012 and Quaresima and Ferrari, 2019). 

 

Over the years, “NIRS” systems have evolved from single-channel systems (Chance 1993, 

Villringer 1993, Hoshi 1993, and Kato 1993) to multi-channel topographic imaging systems 

(Watanabe et al., 1996; Maki and Koizumi, 1999; Miyai et al., 2001), thanks to the progress in 

high dynamical range and low inter-channel crosstalk systems. Today, several commercial and in-

house systems allow whole-head and high-density fNIRS measurements (White and Culver, 

2010; Eggebrecht et al., 2014). At the same time, advances in image reconstruction allowed the 

transition from topographic brain activity imaging to 3D tomographic imaging (Hoshi et al., 2016; 

Lee et al., 2017; Fantini et al., 2018; Zhao et al., 2021). 
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Another significant progress was the development of hybrid EEG-fNIRS systems due to the 

growing interest in simultaneous EEG and fNIRS acquisitions for multimodal assessment of brain 

function in neuroscience and clinical neurology (Obrig et al., 2014; Chiarelli et al., 2017). 

 

Over the years, our group has developed several hybrid EEG-fNIRS systems (Chénier and Sawan, 

2007; Lareau et al., 2011; Sawan et al., 2013; Kassab et al., 2018). Technological refinements in 

hardware size and weight, including optical fibre and optodes technology, battery-powered and 

wireless capability, were achieved, enabling the “integration” of each multimodal circuitry into 

one physical system (Safaie et al., 2013; Sawan et al., 2013; von Luhmann et al. 2015,2017; Kassab 

et al. 2018; Lee et al. 2019). More recently, the implementation of microchip-based technology 

(i.e., Complementary Metal Oxide Semiconductor - CMOS, integrated circuits and system on a 

chip - SoC) enabled “fusing” the circuitry of both modalities into a single microchip, further 

reducing the size and weight of hybrid EEG-fNIRS system (Chua et al., 2011; Ha et al., 2016) (for 

a detailed review of commercial and in-house development of hybrid EEG-fNIRS systems, please 

refer to Chapter 7). In addition to EEG, simultaneous use of functional MR (fMRI)-fNIRS 

(Huppert et al., 2017; Scarapicchia et al., 2017), magnetoencephalography (MEG)-fNIRS 

(Huppert et al., 2017), and more recently with transcranial Doppler (TCD)-fNIRS (Cho and Jang 

et al., 2017) and transcranial magnetic stimulation (TMS)-fNIRS (Curtin 2018, 2019; Cai et al., 

2022) have also been reported. 

 

Other active areas in fNIRS research includes probe development (Kassab et al., 2015), and data 

analysis (Tak et al., 2014; Yucel et al., 2016; Tachtsidis et al., 2016, Pinti et al., 2019). More 

recently, further hardware development and clinical integration of tide-domain fNIRS were also 

reported (Torricelli et al., 2014; Yamada et al. 2019; Lange et al., 2018,2019; Sudakou et al., 2021; 

Ortega-Martinez et al., 2022). Probe development and data analysis are further discussed in 

Chapter 6. 
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5.1.4 Instrumentation type 

 

Pulse oximetry vs. “NIRS” vs. “fNIRS” 

“Pulse oximetry” and “NIRS” are often mistakenly used interchangeably. Despite a close 

historical and fundamental proximities, they greatly differ in 1) the number of spectroscopic 

wavelengths, 2) tissue penetration depth, and 3) vascular compartment specificity (Table 3, Figure 

12) (Al-Rawi, 2006; Samraj and Nicolas, 2015). Briefly, pulse oximetry uses light in the infrared 

and red regions to measure hemoglobin derived arterial oxygen saturation. In contrast, NIRS uses 

light in the near-infrared region (NIR) to measure hemoglobin-derived oxygen saturation from all 

microvascular compartments (arterioles, capillaries and venules). 

 
Table 3 – Comparison between pulse oximetry and NIRS. 

 Pulse oximetry “NIRS” 

# wavelength ≤ 2 ≥ 2 

Tissue penetration depth Low High 

Vascular compartments discrimination 
Yes 

(arterial compartment only) 

No 

(all vascular compartments) 

NIRS: near-infrared spectroscopy 

 

 
Figure 12 – Principles of pulse oximetry. [HbO]: oxyhemoglobin concentration, [HbR]: deoxyhemoglobin 

concentration. 
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Another important distinction is between “cerebral oximetry” and “fNIRS”, as both have been 

used in the field of neurology (including epilepsy) and critical care (Table 4). 

 

As previously mentioned, “medical NIRS” systems are essentially cerebral oximeters. Cerebral 

oximeters are all CW-type instruments that essentially monitor regional tissue oxygen saturation 

(rSO2, %) which is derived from the [HbO]/[HbT] ratio, and reflects the index of changes in tissue 

O2 saturation relative to “rest” (or baseline). In other words, cerebral oximeters essentially measure 

the balance between O2 delivery and tissue O2 consumption. Depending on the position of the light 

source and detector, cerebral oximeters can measure rSO2 by transmission (light detectors 

positioned contralateral to light sources – transmission mode) or reflectance (i.e., light detectors 

positioned ipsilateral to light sources – reflectance mode). In addition to rSO2, the Masimo system 

(e.g., Masimo O3™ Regional Oximetry System) can measure and display relative changes in 

[HbO], [HbR], and [HbT] (Shaaban-Ali et al., 2021; Calderone et al., 2022). Among all available 

commercial cerebral oximeter, the NIRO system (e.g., NIRO 300 SRS Hamamatsu Photonics) is 

the only cerebral oximeter that is capable to measure absolute the tissue oxygenation index (TOI) 

by spatially resolved spectroscopy (SRS) technique to estimate photon pathlength. TOI provides a 

similar measurement as blood arterial gas. More specifically, it represents the average [HbT] 

saturation in small vessels within the photon path, accounting for changes proportional to the 

volume of [HbO] and [HbT] in a small region of tissue.  

 

Cerebral oximetry is used both in research and clinically, where it has become a common 

neuromonitoring tool in pediatric ICUs (Hoffman et al., 2017; Hansen et al., 2022) and, in adults, 

during cardiovascular and general surgery (Green and Kunst, 2017; Hansen et al., 2022).  

 

On the other hand, fNIRS focuses on capturing several hemodynamic parameters (e.g., Δ[HbO], 

Δ[HbR], Δ[CcO], rSO2, TOI). In addition, when multiple channels are used, it is possible to apply 

a complex image reconstruction algorithm to convert these hemodynamic changes into 2D and 3D 

images, mapping hemodynamic changes onto the brain with relatively high temporal resolution. 

However, due to some limitations such as its relative complexity (i.e., to operate), higher cost (i.e., 

fNIRS: > 40,000$ vs. cerebral oximeter: < 20,000$), and lack of medical accreditation (e.g., Food 
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and Drug Administration, Canadian Food Inspection Agency), fNIRS remains only a research 

modality in the field of neuroscience. Nonetheless, the unique advantages of fNIRS over cerebral 

oximetry have led, similarly to the early days of medical NIRS systems, to the emergence of 

several companies manufacturing various commercial fNIRS systems to meet the increasing 

demands of fNIRS users. 
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Table 4 – Comparison between cerebral oximetry and fNIRS. 

 Cerebral oximetry fNIRS 
 

# channels 
 

Low 
(usually < 8) 

Variable 
(usually ~ 8-16 to >100) 

 
Hemodynamic parameters 

(relative or absolute) 
 

rSO2* 
(mainly relative) * 

 
Δ[HbO], Δ[HbR] 
Δ[HbT] or CBV 
Δ[HbD] or CBF 

Δ[CcO], rSO2, TOI 
BFIICG, ICGfluo, EROS 
(relative or absolute) 

 

Light detector position 
(mode) 

 
Contralateral 

(transmission more) 
or 

Ipsilateral 
(reflectance mode) 

 

Ipsilateral 
(reflectance mode) 

 
Hemodynamic brain 

mapping 
 

No Yes 

 
Research applications 

 
+++ ++++ 

 
Clinical applications 

(available clinical 
guidelines) 

 

Yes 
(Yes**) 

No 
(No) 

*With the exception for the NIRO-300TM system (Hamamatsu, Japan) and O3TM Regional Oxymetry system (Masimo, 

USA) which allow additional measurements. **Yoshitani et al., 2019. BFIICG: blood flow index using near-infrared 

spectroscopy and indocyanine green, CBF: cerebral blood flow, CBV: cerebral blood volume, [CcO]: cytochrome c 

oxidase concentration, EROS: event-related optical signal, [HbD]: difference in hemoglobin concentration, [HbO]: 

oxyhemoglobin concentration, [HbR]: deoxyhemoglobin concentration, [HbT]: total hemoglobin concentration, 

ICGfluo: indocyanine green fluorescent imaging, rSO2: regional oxygen saturation, TOI: tissue oxygen index. 
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NIRS spectrophotometry devices can be divided into three main categories depending on their 

level of sophistication, ease of application, algorithms used and number of wavelengths employed 

(Ferrari et al., 2004, 2011) (Table 5).  

 

Continuous-wave NIRS (CW-NIRS systems) 

The first NIRS systems functioned on CW technology. CW technology measures the attenuation 

of light emitted at a constant intensity from an arbitrary start (i.e., rest/baseline). In other words, 

CW systems measure the relative change in light intensity passing through tissues. Therefore, they 

provide only semiquantitative changes in oxygenated and deoxygenated hemoglobin within small 

blood vessels. This largely explains why they are currently only suitable as trend oxygen monitors 

in the clinical setting (Brazy et al., 1985; Ferrari et al., 1986). However, measurements of absolute 

changes in [HbO] and [HbR] are also possible using CW technology when second derivative 

(Wray et al., 1988; Matcher et al., 1994; Delpy and Cope, 1997) and thought SRS (Valipour et al., 

2002; Ali et al., 2001; Murkin et al., 2007; Owen-Reece et al., 1994,1999; Al-Rawi et al., 2005) 

strategies are applied. Compared to other NIRS instruments, CW systems are less expensive, have 

a higher temporal resolution (i.e., faster sampling rate), and are the most versatile, as they can 

easily be combined with other modalities (e.g., EEG), as well as miniaturized, enabling portability, 

wearability and deployment outside the laboratory environment. Because of all these advantages, 

most manufactured spectrometer systems today (i.e., cerebral oximeters and fNIRS) are CW-type 

instruments. 

 

Frequency-domain NIRS (FD-NIRS systems) 

Frequency-domain are also called frequency-resolved or intensity-modulated NIRS systems. FD-

NIRS system emits a modulated light intensity (~100-200 MHz) and measures the attenuation, 

phase delay (or phase shift), and light modulation depth. Light emitters rely on laser diodes or 

modulated white light technologies, while light detectors usually rely on photon-counting or gain-

modulated technologies (Delpy and Cope, 1997). FD technology can compute the optical 

properties of tissues (i.e., light scattering and absorption coefficients) from frequency and phase 

shifts (Duncan et al., 1996; Madsen et al., 1999) and, therefore, can measure absolute estimates 

for [HbO] and [HbR]. Several configurations exist (e.g., single wavelength and fixed interoptode 
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distance, multiple wavelengths and fixed interoptode distance, single wavelength and multiple 

interoptode distances) (Davies et al., 2017). 

 

Time-domain NIRS (TD-NIRS systems) 

Time-domain NIRS systems are also called time-of-flight or time-resolved NIRS systems. TD-

systems emit very short pulses of light (at the picoseconds time scale) through the tissue and 

measure the arrival times of detected photons using either a synchroscan streak camera or a time-

correlated single-photon counting detector (Torricelli et al., 2014; Delpy and Cope, 1997; Wray et 

al., 1988). TD systems generally rely on semiconductors or solid-state lasers for light sources. 

Similar to FD-NIRS systems, TD technology can also distinguish between light absorption and 

scattering effect and estimates absolute [HbO] and [HbR] (Lange et al., 2018, 2020; Kovacsova et 

al., 2021). While TD technology yields the highest and most accurate amount of information, it is 

also the most expensive and most complex type of NIRS instrument. Few commercial TD-NIRS 

systems are currently available and they are not used routinely in NIRS research due to additional 

limitations: low sampling rate, bulky, and lack of stabilization. 

 

Other systems 

It is also possible to measure quantitative changes in CBF by combining NIRS with a light-

absorbing tracer (e.g., indocyanine green, ICG) (Boushel et al., 2000). This technology relies on 

the Fick principle, where a ratio between tissues and arterial ICG is calculated using NIRS (i.e., 

photodensitometry). This method is invasive, but less invasive alternatives exist (Guennette et al., 

2011). Finally, diffuse correlation spectroscopy, another noninvasive optical imaging modality 

close to NIRS, can also estimate CBF by measuring the intensity fluctuations in blood cells within 

vessels (for further information on this topic, please refer to Buckley et al., 2014). 
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Table 5 – fNIRS techniques comparison. 

 CW FD TD 
[HbO / HbR / 

HbT] Relative Absolute* Absolute 

rSO2 Yes* Yes* Yes 

Cortical 
reconstruction Yes Yes Yes 

# channels Variable 

(typically 16-1000) 
Variable 

(typically 8-500) 
Low 

(usually 1-30) 

Sampling rate Up to 100 Hz Up to 50 Hz Up to 10 Hz 

Depth 

sensitivity 
Low** Deep** Deep 

Commercially Yes 

(>15 compagnies) 
Yes 

(1-2 compagnies) 
Yes 

(1-2 compagnies) 

Instrument 
size 

Variable 

(can be portable/wearable) 
Bulky 

(can be transportable) 
Bulky 

(can be transportable) 

Cost Variable*** High Very high 

Biophysical 
principles 

 

 
 

*requires multi-distance measurements. **depends on source-detector position. *** Low channels (low cost) vs. high-density 

multichannel channels systems (high cost). CW: continuous-wave, d: thickness of the medium, FD: frequency-domain, [HbO]: 

oxyhemoglobin concentration, [HbR]: deoxyhemoglobin concentration, [HbT]: total hemoglobin concentration, I0: incident light signal, 

Ix: transmitted light signal at different distance “x”, I(t): temporal point spread function of the transmitted light signal, rSO2: regional 

cerebral oxygen saturation, TD: time-domain, μa: absorption coefficient, μs: scattering coefficient, φ: phase delay. Yellow vertical 

rectangle: biological tissue. 
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5.1.5 Physical principles and principle of diffuse optical tomography 

 

Theoretical basis 

It is essential to understand how light, at a given wavelength, interacts with biological tissues (e.g., 

the brain) as it forms the underlying physical principles of all CW-NIRS measurements. These 

principles are described below and summarized in Figure 13 (for all equations, wavelength 

dependence was ignored for clarity purposes). 

 

 
Figure 13 – Theoretical principles of fNIRS measurements. A: light intensity or optical density attenuation, a: 

extinction or absorption coefficient of a specific compound, c: concentration of the absorbing compound, d: optical 

pathlength, DPF: differential pathlength factor, G: additional factors responsible for light attenuation, I0: incident light 

intensity, I: transmitted light intensity, Δ: relative changes/differences. 

 

In a clear, non-scattering or purely absorbing medium, attenuation of light intensity is determined 

by the optical path length (i.e., the average distance travelled by the beam of light through the 

medium), the concentration of chromophores (which is usually assumed homogeneous in the 

medium), and the absorption coefficient (i.e., “absorption potential”) of chromophores. This 

relationship between “light absorption” and “chromophore concentration” is a simple exponential 

relationship stated by the Beer-Lambert law (BLL) (Equation 1) (Boas et al., 2001; Kocsis et al., 

2006). 

 

Equation 1:     A = log(I0/I) = a ⋅ c ⋅ d 
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Where A is the attenuation of light intensity or optical density (OD); I0 is the incident light 

intensity; I is transmitted light intensity; a is the specific extinction or absorption coefficient of the 

compound (µmol-1 cm-1); c is the concentration of the absorbing compound, and d is the optical 

pathlength (i.e., the distance travelled by the light beam in tissue) (cm). 

 

Biological tissues usually contain several chromophores, which contribute to OD total attenuation. 

In the brain, these chromophores are water, lipids, melanin, myoglobin, HbO, HbR, and 

cytochrome c oxidase (CcO). The absorption contribution of each chromophore can be linearly 

summed to calculate the total attenuation of OD in the tissue (Equation 2). 

 

Equation 2:     [a1c1 + a2c2 + a3c3 + … ancn] ⋅ d 

 

As we mentioned earlier, these principles can be applied to non-scattering mediums (i.e., non-

biological tissue). However, the brain is a high scattering biological tissue. Indeed, 

approximately 80% of the total light attenuation in the brain is due to scattering (compared to only 

20% due to absorption). The scattering effect of the brain is greatly responsible for increasing the 

distance travelled by photons and consequently increase the absorption of light in the tissue. 

 

Hence, in the brain, attenuation of light is not purely due to absorption but a mixture of absorption, 

scattering, and reflection. Moreover, additional factors, such as the angle at which the beam of 

light is emitted, brain structure/geometry, and the selected wavelength, can also influence OD 

pathlength trajectory and attenuation. To account for the scattering properties of the brain and the 

loss due to other factors responsible for light attenuation, we must modify the Beer-Lambert law 

(mBLL) by adding two additional variables: 1) a differential pathlength factor (DPF) and 2) a G 

factor (Equation 3). 

 

Equation 3:     A = log(I0/I) = a ⋅ c ⋅ d ⋅ DPF + G 

 

The differential path-length factor may be calculated using FD- and TD-NIRS technology (Delpy 

et al., 1988). Over the years, several studies have measured the differential path-length factor 
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taking into consideration the type of biological tissue (i.e., muscle vs. brain), age (i.e., children vs. 

adults), wavelength specificity (Scholkmann and Wolf, 2013) and the geometrical head shape 

(Zhao et al., 2005; Strangman et al., 2013). The differential path-length factor measurements are 

publicly available and used by CW-type instruments. However, it is essential to accurately select 

a DPF (or directly estimate it when possible), as a wrong value can strongly affect the quantitative 

accuracy of fNIRS measurements and give rise to crosstalk errors between ∆[HbO] and ∆[HbR] 

measurements. 

 

Another variable is the partial volume factor which is often added to the modify the Beer-Lambert 

law to consider the partial volume effect commonly encountered in various neuroimaging 

techniques. In fNIRS, the partial volume effect is caused by the non-uniform distribution of 

hemoglobin changes along the illuminated tissue, which are spatially more sensitive in the cortical 

region of the brain, as well as the areas involved in the hemodynamic response to given stimuli. 

Like the differential path-length factor, the partial volume effect can have severe implications in 

estimating hemoglobin concentration changes (Boas et al., 2001; Strangman et al., 2003). While it 

is possible to add a partial volume factor to adjust for the effective pathlength of light through the 

region where absorption changes occur, the partial volume effect remains an important issue in 

fNIRS, limiting comparisons between studies and, consequently, the clinical validity of fNIRS 

measurements when compared with other functional neuroimaging techniques (e.g., fMRI).  

 

It is essential to highlight that the BLL and mBLL only reflect changes occurring in small blood 

vessels (i.e., arterioles, capillaries, venules) since minimal light absorption and multiple complete 

passages of photons occur in those vessels, as opposed to large vessels (e.g., arteries and veins), 

where the molar quantity of blood is too high resulting in near-total light absorption (i.e., light is 

completely absorbed). 

 

Assuming that all the chromophores in the brain have the same G factor and that I0, d, and DPF all 

remain constant (i.e., are time-invariant, which is generally true when small physiological changes 

occur), we can eliminate the unknown variable from the modify the Beer-Lambert law and 

calculate the relative changes in chromophore concentration by subtracting the continuous changes 
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in OD (at a specific wavelength or for a specific chromophore) at two different time points (i.e., 

baseline state vs. non-baseline state) (Equation 4). 

 

Equation 4:     Δ (A2 – A1) = Δ (c2 – c1) ⋅ a ⋅ d ⋅ DPF  

 

As depicted in Figure 14, the brain has an optical window in the NIR region (650-900 nm) where 

photons can penetrate the different layers of head tissues to reach the cerebral cortex. 
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Figure 14 – Schematic arrangement of light sources and light detectors. A) light absorption, scattering, and diffusion 

(visualized on a patient MRI). B) different layers of the human head (visualized on the Colin27 template). AM: 

arachnoid mater, CSF: cerebrospinal fluid, DM: dura mater, FPL: fronto-parietal lobe, PM: pia matter, TL: temporal 

lobe. 
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Within the optical window, the most significant absorbers are water, lipids, melanin found in 

integuments, myoglobin mainly found in the frontalis and temporalis muscles, HbO, HbR, and 

CcO. Regarding fNIRS, chromophores of interest are HbO, HbR, and CcO, as the other 

chromophore normally do not vary between different brain states. HbO, HbR, and CcO have a 

spectrum range of absorption, which allows us to distinguish them, and, consequently, measure 

each ∆OD (or concentration ∆) by using at least two wavelengths (within a specific spectrum 

range) for HbO and HbR, and at least three for CcO. 

 

Ideally, when measuring Δ[HbO] and Δ[HbR], one wavelength should be ~830 nm while the other 

<760 nm, as several studies have shown that this combination reduces the influence of 

measurement noise drastically (Uludag et al., 2004; Sato et al., 2004). As for Δ[CcO], >3 

wavelengths are generally needed (i.e., broadband NIRS systems) due to their low concentration 

in tissue (Uludag et al., 2004). Additional wavelengths can also be considered in order to provide 

more robust estimates of Δ[HbO], Δ[HbR], and Δ[CcO] (Arifler et al., 2015). 

 

Once Δ[HbO] and Δ[HbR] are measured, it is possible to calculate Δ[HbT] and Δ[HbD] by, 

respectively, adding Δ[HbR] or subtracting Δ[HbR] from Δ[HbO]. Assuming that the hematocrit 

in small vessels remains constant, Δ[HbT] is directly proportional to ∆CBV (Wyatt et al., 

1985,1990). As for Δ[HbD], it represents a biomarker of cerebral oxygen delivery (Mitra et al., 

2016, 2020), although few studies have shown that it was correlated with CBF, assuming oxygen 

consumption does not change (Tsuji et al., 1998; Soul et al., 2000). However, its pure sensitivity 

to CBF remains debated and, therefore, less often reported than Δ[HbT] in fNIRS studies (Pham 

et al., 2019). 

 

Image reconstruction:  Diffuse Optical Tomography (DOT) 

Measurements from multichannel fNIRS can yield meaningful spatial information (5-10 mm) and 

allow mapping of changes in optical properties or, by proxy, changes in hemoglobin concentration. 

The process of image reconstruction can be divided into three steps which are detailed below 

(Figure 15) (for an in-depth detailed mathematical description of each step, please refer to 

Dehghani et al., 2009). 
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Figure 15 – Functional near-infrared spectroscopy (fNIRS) forward and inverse problems. In the forward problem, a 

well-posed model maps the true sources activation to the fNIRS measurement vector. In the inverse (and ill-posed) 

problem, an inverse operator maps the measurement vector to the estimated sources activation. 

 

1st step – solving the forward problem 

The first step requires modelling light propagation throughout the different head structures (i.e., 

solving the "well-posed" forward problem) (Arridge, 1999). This can be performed by 1) 

calculating the photon density at every point in a 3D volume or 2) simulating the photon trajectory 

within the tissue (Boas et al., 2002). While the first method (i.e., calculating the photon density at 

every point in a 3D volume) is computationally expensive, two alternative strategies can be used. 

 

The first strategy utilizes a diffusion equation (or diffusion approximation) and solves the equation 

by exploiting the Green's method (Culver et al., 2003), the finite element method (FEM) (Arridge 

et al., 1993), or the boundary element method (Elisee et al., 2011).  

 

The second strategy uses advanced statistical methods to solve the forward model. The Monte 

Carlo method (Figure 16) is a widely used approach for simulating photons trajectories (Fang et 

al., 2010). 
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Figure 16 – Monte Carlo photon propagation simulation (Estimated in MATLAB using MCXLAB – Fang  and Boas, 

2009). A) Light transport in a in a full-head atlas template (USCBrain Atlas), B) Time-resolved simulation (Colin 27 

Average Brain). 

 

In terms of photon trajectory modelling, it is considered the gold standard as it is not dependent 

on the assumption of light diffusivity and therefore tends to be more accurate than other methods 

(Fang and Boas, 2009; Fang et al., 2010). However, this statistical approach is computationally 

demanding (Fang and Boas, 2009; Fang et al., 2010). 
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An important prerequisite for solving the forward model requires accurate modelling of the object 

(under investigation) (Gibson et al., 2005; Brigadoi et al., 2015). Concerning the human head, two 

approaches are commonly employed (i.e., generic homogenous model vs. specific heterogeneous 

head model). The latter (i.e., head model based on the subject-specific structural image) is 

considered, at the current moment, the most accurate method in fNIRS image reconstruction. 

While attributing a specific attenuation or scattering baseline value for each tissue remains an 

issue, several softwares can segment the structural anatomy into accurate subject-specific and 

multi-layered head meshes. Additionally, photogrammetric, electromagnetic, and 3D digitization 

techniques can accurately determine sensors and detectors’ location on the scalp.  

 

Using these light propagation modelling methods, several studies demonstrated a “banana-shaped” 

flux density profile (i.e., absorption change over the volume) with a maximal value near sources 

and detectors, as well as toward the superficial layers of the head (Gibson et al., 2005; Brigadoi et 

al., 2015). The distance between sources and detectors affects the cortical sensitivity of fNIRS 

measurements. In adults, sources and detectors are typically spaced 3-4cm. 

 

2nd step – calculating the sensitivity matrices 

The sensitivity matrix defines how the optical intensity for each channel will be affected by a 

change in chromophore concentration at a specific location. The sensitivity matrix can be 

estimated by combining several methods (i.e., the Monte Carlo method and linearization methods 

such as the Rytov approximation) (Boas et al., 2004; Madsen, 2000; Gibson et al., 2005; Brigadoi 

et al., 2015). Sensitivity matrices are not uniform but vary substantially around the head, with the 

occipital pole and central regions exhibiting the highest sensitivity (Strangman et al., 2013,2014). 

Sensor placement can also influence sensitivy matrices. Additionally, anatomical factors such as 

skull and cerebrospinal fluid (CSF) thickness, distortion caused by the arachnoid trabeculae, and 

the presence of large extracerebral blood vessels can all affect sensitivity measurement. 

 

3rd step – solving the inverse problem 

Compared to the forward problem, the inverse problem is ill-posed for two main reasons. First, 

there are significantly more unknowns than there are measurements. Secondly, the errors in the 

reconstructed image are disproportionally sensitive to small changes in the data, systemic errors 
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caused by motion (for example), surface effects such as sweating, and skin hemodynamics. 

Therefore, inverting the sensitivity matrix perfectly to obtain our image is nearly impossible. A 

standard method to solve the inverse problem is regularization, such as the Markov random field 

method (Doerschuk et al., 1994), the most common form of regularization used in medical 

imaging, or by Tikhonov (Nguyen et al., 2001). Since the scale of the reconstructed image is 

strongly influenced by regularization methods, careful and consistent selection of the 

regularization parameters is essential to obtain accurate and comparable reconstructions. Selection 

of the regularization parameters can be done subjectively or objectively (e.g., discrepancy 

principle, L-curve approach) (Correia et al., 2009). Due to the limited depth sensitivity of near-

infrared light, image reconstruction with fNIRS is limited to the superficial structures of the brain 

(i.e., cortices), although the use of non-linear methods can significantly improve spatial resolution 

(Cai et al., 2021, 2022). Finally, it is essential to mention that spatial overlap between 

measurements is crucial to promote accurate DOT and overcome simple cortical image projection. 

 

5.2 Brief overview on the current applications of fNIRS in neuroscience 

 

Ever since the early application of NIRS in the ‘90s, the use of fNIRS in neuroscience has been on 

an exponential rise (Chen et al., 2020). Even more fascinating is the pace at which various subfields 

in neuroscience have adopted this functional neuroimaging technique, which can be attributed to 

the numerous advantages offered by fNIRS compared to more common functional neuroimaging 

(fMRI, PET, SPECT) and electrophysiological (MEG, EEG) techniques (Table 6). 

 

In neuroscience today, fNIRS is used in several fields of applications 

(including psychology/linguistics (e.g., cognition, neurodevelopment, emotion), economics (i.e., 

neuroeconomics), neuroergonomics, basic research (e.g., brain–computer interface, walking, 

driving, hyperscanning) and medicine (e.g., neurology, psychiatry) (for a recent and detailed 

review on the current application in each field mentioned above, please refer to Quaresima and 

Ferrari, 2019) 

 

While fNIRS remains a research modality in neuroscience, progress in real-time 

analysis, spatial resolution (e.g., high-density montages, 3D optodes digitization, anatomical co-
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registration), neurovascular sensitivity/specificity (i.e., short-channel, multi-dimensional signal), 

and integration with other modalities will undoubtedly increase its use as a wide-spread clinical 

tool similar to its older cousin (i.e., cerebral oximetry) (Quaresima and Ferrari, 2019; Chen et al., 

2020).
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Table 6 – Comparison of fNIRS with other functional neuroimaging modalities. 

 fNIRS fMRI PET/SPECT MEG EEG 
Signal measured [HbO], [HbR] * [HbR] / BOLD CMRglu, CBF Electrophysiology Electrophysiology 

Penetration depth 
(brain structure) 

Low 
(superficial) 

High 
(whole brain 

measurement) 

High 
(whole brain 

measurement) 

High 
(whole brain 

measurement) 

Close to MEG 
(superficial) 

Spatial resolution High 
(2-3 cm) 

Very high 
(1-2 mm) 

Very high 
(4 mm) 

Very high 
(2-6 mm) 

Low 
(7-10 cm) 

Temporal resolution High 
(up to 10 Hz) 

Low 
(1-3 Hz) 

Very low 
(0.1 Hz) 

Very high 
(> 1000 Hz) 

Very high 
(> 1000 Hz) 

Robustness to motion Yes 
(very good) 

No 
(very poor) 

No 
(very poor) 

No 
(very poor) 

No 
(better than MEG) 

Potential for naturalistic 
recording 

Very high 
(almost any settings) 

No 
(specialized environment) 

No 
(specialized environment) 

No 
(specialized environment) 

Very high 
(almost any settings) 

Potential in various 
populations and groups 

Very high 
(almost anyone) 

 
No contraindication 

Limited 
(challenging in children, 

and in any individual with 
special needs, e.g., 

claustrophobic, intellectual 
disability) 

 
Several contraindications 
(e.g., metallic implants) 

Limited 
(challenging in children, 

and in any individual with 
special needs, e.g., 

claustrophobic, intellectual 
disability) 

 
Several contraindications 

(e.g., contrast allergy) 

Limited 
(challenging in children, 

and in any individual with 
special needs, e.g., 

claustrophobic, intellectual 
disability) 

 
Several contraindications 
(e.g., metallic implants) 

Very high for EEG 
(almost anyone) 

 
No contraindication 

Potential for 
portability/wearability Very high None None None Very high 

Potential for 
simultaneous multimodal 

recording 
(require compatible 

device) 

Yes ** 
EEG/fMRI/TCD/TMS 

(no) 

Limited 
mainly EEG 

(yes) 

Limited 
mainly EEG 

(yes) 

Limited 
mainly EEG 

(yes) 

Yes ** 
EEG/fMRI/TCD/TMS 

(no) 

Systemic physiological 
contamination Yes Yes Yes No No 

Comfortability Very high 

Low 
(physical 

constraints/supine 
position, noisy 
environment) 

Low 
(physical 

constraints/supine 
position, semi-invasive) 

Low 
(physical 

constraints/sitting downs, 
noisy environment) 

Very high 

Cost 10K-100K > 2M > 2M > 2M 10K-100K 
CBF: cerebral blood flow, CMRglu: cerebral metabolic rate of glucose, EEG: electroencephalography, fMRI: functional magnetic resonance imaging, fNIRS: functional near-infrared 

spectroscopy, [HbO]: oxyhemoglobin concentration, [HbR]: deoxyhemogliobin concentration, K: one thousand dollars, M: one million dollars, MEG: magnetoencephalography, 

PET: positron emission tomography, TCD: transcranial Doppler, TMS: transcranial magnetic stimulation, SPECT: single-photon emission computerized tomography
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5.3 Applications in non-critical care seizures and epilepsy 

 

EEG-“NIRS” has slowly but increasingly been used to assess the neurovascular coupling 

associated with seizures in patients with epilepsy (a visualization of the typical hemodynamic 

response measured in fNIRS is depicted in Figure 17). Indeed, with the notable exception of EEG, 

fNIRS is the only other modality that is suited for long-term recording (Peng et al., 2016). 
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Figure 17 – Signals contributing to the measured fNIRS signal during increased neuronal activity (e.g., seizure). CBF: 

cerebral blood flow, CBV: cerebral blood volume, CMRO2: cerebral metabolic rate of oxygen, CO: carbon monoxide, 

[HbO]: oxyhemoglobin concentration, [HbR]: deoxyhemoglobin concentration, HR: heart rate, MABP: mean arterial 

blood pressure. 
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In the early 90s, Arno Villringer, one of the first pioneers in the applications of medical NIRS, 

assessed for the first time the utility of combined EEG and cerebral oximetry to investigate the 

brain hemodynamics and oxygenation during spontaneous epileptic seizures in three patients with 

focal epilepsy (with presumably extratemporal epilepsy). In his study, he observed, in two patients, 

a significant increase in [HbO] and CBV during complex partial seizures with mixed distribution 

(ipsilaterally only in the first, bilaterally in the second). However, in the third patient, he observed 

a large drop in [CcO] without significant changes in [HbO] and [HbR] (Villringer et al., 1993). 

However, opposing results were observed three years later in a study by Steinhoff and his 

colleagues. The authors investigated brain oxygenation changes over the frontal areas in two 

patients with intractable epilepsy of mesial temporal origin. They observed an ipsilateral 

desaturation (i.e., a decrease in rSO2) during the seizures reaching a peak during the postictal phase 

(Steinhoff et al., 1996). Later, it was revealed that the increase or decrease in brain oxygenation 

might have been related to the type of seizures (Sokol et al., 2000). Indeed, assessing the utility of 

EEG-“NIRS” in distinguishing between different types of seizures, Sokol and his colleagues 

observed a frontal increase in brain oxygenation in patients with complex partial seizures, while 

secondarily generalized complex partial seizures were associated with frontal lobe deoxygenation 

(Sokol et al., 2000). 

 

Similar to the observations made by Sokol et al. (2000), generalized epileptic activity induced by 

electroconvulsive therapy resulted in a significant pattern of deoxygenation (↓[HbO], ↓[HbT], 

↑[HbR], ↓[CcO]) in 90 patients with drug-resistant depression (Saito et al., 1995). Similar 

observations were also reported in three adults with absence seizures (i.e., deoxygenation during 

seizures) (Buchheim et al., 2004), while a frontal hyperoxygenation was observed during 

generalized spike-and-wave discharges in six children with absence epilepsy (hyperoxygenation 

in the preictal phase, deoxygenation just prior seizure onset, hyperoxygenation during seizure) 

(Roche-Labarbe et al., 2008). However, the deoxygenation reported by only few studies was often 

associated (even possibly caused by) with important systemic deoxygenation, often associated 

with generalized tonico-clonic seizures (Saito et al., 1995; Sokol et al., 2000), stressing the 

importance of controlling the impact of systemic factors when interpreting brain hemodynamics. 
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Similarly, different changes in brain hemodynamics associated with different seizure types were 

observed in a study performed on children with various types of epilepsy (Haginoya et al., 2002).  

 

Early studies laid down the potential fundamental value of fNIRS in investigating the 

neurovascular coupling during various seizures. However, these studies generally relied on a small 

number of patients, single or low number of channels and coverage was generally limited to 

hairless regions (e.g., forehead). 

 

Therefore, later studies decided to apply multichannel and image projection EEG-fNIRS. This not 

only allowed to investigate hemodynamic changes associated with seizures and IEDs over a large 

portion of the head but also assess the clinical potential for fNIRS as a seizure focus 

lateralization/localization technique during presurgical planning of patients with drug-resistant 

epilepsy. 

 

Watanabe and his colleagues were the first to measure hemodynamic changes bilaterally over a 

larger region by using multichannel (i.e., 8 and 24 channels) fNIRS system in patients with drug-

resistant epilepsy (Watanabe et al., 2000; Watanabe et al., 2002). After inducing the seizures (with 

bemegride injection), they observed in all patients (n=12) a rapid increase in regional CBV at 

seizure onset, which lasted ~ 1 min (Watanabe et al., 2000). Similar observations (i.e., significant 

hyperperfusion) associated with unprovoked seizures were also observed in a later study in 29 

patients (out of 32) with pharmacologically intractable epilepsy (Watanabe et al., 2002). More 

interestingly was the ability of multichannel fNIRS to facilitate the identification of seizure focus 

by the observation of a localized increase in hemodynamics (increases in [HbO] and [HbR], 

increase in CBV) in some channels only (Watanabe et al., 2000), and the higher sensitivity (i.e., 

96%) of focus lateralization compared to other functional neuroimaging methods, such as SPECT 

(Watanabe et al., 2002). 

 

Later in a series of studies, our group has also applied multichannel (> 100 channels) whole-head 

vEEG-fNIRS monitoring and reconstructed 2-dimensional (2D) topography in a large number of 

patients suffering from nonlesional temporal (n=9) (Nguyen et al., 2012), frontal (n=18) (Nguyen 

et al., 2013), and occipital (n=9) lobe epilepsy (Pouliot et al., 2014) whose focus was defined by 
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separate intracranial EEG recordings. Temporal lobe seizures were associated with an increase in 

[HbO], CBV and triphasic changes in [HbR] (initial decrease followed by an increase, and then 

prolonged decrease). Spatially, these hemodynamic changes were bilateral, and heterogenous 

hemodynamic changes also occurred in frontal and/or parietal areas. Frontal lobe seizures were 

associated increase in [HbO], CBV and a less consistent decrease in [HbR] (i.e., usually decreased, 

but sometimes unchanged or increased). While these hemodynamic changes occurred locally (i.e., 

over the seizure focus), a spread of activation to homologous areas in the contralateral hemisphere 

was also noted. Similar observations were also observed for posterior seizures showing relatively 

good sensitivity (i.e., ~78%) in localizing the epileptic focus. More recently, EEG-fNIRS have 

also been used to investigate blood volume and neurovascular coupling in infantile spasms 

(Bourel-Ponchel et al., 2017). 

 

Our group and others have also investigated the hemodynamic response to IEDs (Machado et al., 

2011; Pouliot et al., 2014; Peng et al., 2014; Peng et al., 2016; Pelligrino et al., 2016). Using more 

sophisticated analysis (i.e., canonical GLM based approach) to improve the detection of 

hemodynamic changes associated with epileptic activity using fNIRS, early studies observed a 

focal significant increase in [HbO] and decrease in [HbR] associated with IED concordant with 

the seizure focus in one child with frontal epilepsy (Machado et al., 2011) and three adults with 

occipital epilepsy (Pouliot et al., 2014). Later the same methodology was applied to a larger cohort 

of adults (n=18) with neocortical epilepsies (Peng et al., 2014). However, in the latter study, 

significant changes in hemoglobin concentration change were not observed in 11 patients and only 

showed changes in the epileptic focus in 28% (for ↑[HbO]) and 21% (for ↓ [HbR]). The limited 

sensitivity and specificity to localize the epileptic focus during fNIRS presurgical evaluation of 

IEDs have brought several studies to reconsider the non-specific modelling hemodynamic 

response function (HRF) of IEDs to a more patient-specific approach (Peng et al., 2016; Pelligrino 

et al., 2016) which have shown an increase in the number of hemodynamic response detected by 

fNIRS during IEDs (compared to other methods, e.g., EEG-fMRI), as well as in the sensitivity and 

specificity in focus localization based on the hemodynamic response of IEDs (Peng et al., 2016; 

Pelligrino et al., 2016). 
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EEG-fNIRS has also been widely used during presurgical evaluation to map higher brain 

functions, such as areas involved in language production (Watanabe et al., 1998; Watson et al., 

2004; Gallagher et al., 2007; Gallagher et al., 2008a, b, Gallagher et al., 2012) and comprehension 

(Gallagher et al., 2007; Gallagher et al., 2008, Gallagher et al., 2012). Additionally, fNIRS has 

been used for other purposes such as the study of functional connectivity (Sato et al., 2012; Sirpal 

et al., 2019), in the context of rehabilitation (Honda et al., 2009; Visani et al., 2014), and, more 

recently, for seizure detection (Sirpal et al., 2019) and prediction (Sirpal et al., 2021). 

Methodological improvements have also been achieved, particularly with the use of collodion to 

reduce motion artifacts during seizures and recover the hemodynamic response (Yücel et al., 

2014), data-based filtering techniques in the analysis of prolonged fNIRS data (Vinette et al., 

2015), the development of an algorithm for automatic generation of an optimal montage to 

maximize the spatial sensitivity over a specific epileptic focus region (Machado et al., 2014, 2018) 

and more recently the use of deconvolution based approach on DOT for accurately estimating the 

hemodynamic response during abnormal epileptic activity (Machado et al., 2021).  

 

In summary, ~ 50 studies conducted over the past three decades have demonstrated the clinical 

potential of “EEG-NIRS” as a multimodal functional neuroimaging technique to investigate 

seizures in the non-critically ill patients (i.e., patients with epilepsy). These studies have shown 

how complex the hemodynamic changes can be during epileptic events (i.e., IEDs, seizures) and 

highlighted limitations encountered during focus localization. 

 

Unfortunately, several important drawbacks have limited its widespread application, especially in 

the clinical setting. These limitations are summarized in Figure 18 and further discussed in the 

following sections, as some are shared by the use of fNIRS in critical care seizures. 
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Figure 18 – Main drawbacks of vEEG-fNIRS in clinical neurology. DOT: diffuse optical tomography, fNIRS: functional near-infrared spectroscopy, IEDs: interictal epileptiform 

discharges, NVC: neurovascular coupling, vEEG-fNIRS: simultenous video-electroencephagropahy and functional near-infrared spectroscopy acquisition, ↑: increase. 
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5.4 Investigating seizures, periodic discharges, and burst-suppression in the critically ill with 

fNIRS: a critical review 

 

Functional neuroimaging techniques such as SPECT, PET and fMRI are not frequently performed 

in critically ill patients due to technical, logistic or ethical reasons. Therefore, over the years, few 

groups have employed “NIRS”-based neuroimaging to investigate hemodynamic changes 

associated with critical care seizures (Wallois et al., 2009; Cooper et al., 2011; Singh et al., 2014; 

Sokoloff et al., 2015), SE (Adelson et al., 1999; Haginoya et al., 2002; Arca Diaz et al., 2006; 

Giorni et al., 2009; Monrad et al., 2015; Mitra et al., 2016a,b; Martini et al., 2019) (Table 7, Figure 

19), BS patterns (Roche-Labarbe et al., 2007; Chalia et al., 2016) (Figure 19), and more recently 

periodic discharges (Winslow et al., 2021) (Figure 19).  

 

Over the past two decades, nine case reports (Adelson et al., 1999; Haginoya et al., 2002; Arca 

Diaz et al., 2006; Giorni et al., 2009; Wallois et al., 2009; Singh et al., 2014; Monrad et al., 2015; 

Mitra et al., 2016a,b; Martini et al., 2019), one case series (Cooper et al., 2011), and one correlation 

study (Sokoloff et al., 2015) have used “NIRS” to investigate seizures in the critically ill. Among 

those study, seven case reports (Adelson et al., 1999; Haginoya et al., 2002; Arca Diaz et al., 2006; 

Giorni et al., 2009; Monrad et al., 2015; Mitra et al., 2016a,b; Martini et al., 2019) have focused 

on SE. In all of these studies, the population investigated ranged from neonates to teenagers 

(youngest patient: 38 weeks; oldest patient: 13 years of age) with various forms of acute seizures 

and SE. Despite some variability between studies in the hemodynamic results obtained, an increase 

in hemodynamic (↑ rSO2, ↑ [HbO], ↑ CBV) was mainly observed during acute seizures in the 

critically ill.  

 

Regarding burst-suppression, a biphasic change in HbO (i.e., a decrease followed by an increase)  

was observed during spontaneous bursts in premature neonates presenting with neurological 

distress (Roche-Labarbe et al., 2007). Later, using simultaneous EEG-DOT, various hemodynamic 

changes was reported during hypothermia-induced burst-suppression in critically ill neonates with 

hypoxic-ischemic encephalopathy (Chalia et al., 2016). Two years later, an extended cohort study 

in 16 patients with cardiac arrest investigated the relationship between real-time changes in 

cerebral oxygenation (rSO2) and various EEG patterns, including voltage suppression (78% of 
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patients), theta (8%) and delta (5%) background activity, bilateral periodic discharges (4%), burst-

suppression (2%), and spike and wave EEG activity (1%) (Reagan et al., 2018). Burst-suppression 

patterns were associated with a rSO2 > 20% (over the forehead). Similarly, an rSO2 > 20% was 

also present during bilateral periodic discharges. In contrast, rSO2 values ≤ 19% and > 40% were 

associated with voltage suppression and theta and delta background activity, respectively, 

suggesting that distinct EEG patterns may correlate with the quality of cerebral resuscitation and 

oxygen delivery (Reagan et al., 2018; Maciel and Hirsch, 2018). More recently, cerebral oximetry 

was used to investigate hemodynamic changes associated with lateralized periodic discharges 

(Winslow et al., 2021). In their study, Winslow and his colleagues reported an ipsilateral (to the 

lateralized periodic discharges) increase and contralateral decrease in rSO2 in most patients. In 

addition, the % changes in rSO2 were also dependent on the frequency of lateralized periodic 

discharges, with higher frequencies exhibiting lower rSO2 values ipsilaterally (Winslow et al., 

2021). 

 

While these studies have been among the first to use optical imaging technique to investigate 

seizures, periodic discharges and burst-suppression patterns in the critically ill, important 

limitations found in those studies have to be highlighted. While these studies are among the first 

to apply NIRS for investigating seizures in the critically ill, they nevertheless had several 

methodological limitations. 
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Figure 19 – Historical timeline of “NIRS” studies investigating abnormal EEG pattern in the critically ill. DOT: diffuse optical tomography, fNIRS: functional near-infrared 

spectroscopy
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Drawback #1: NIRS as pure cerebral oximeters and extracerebral signal contamination 

With the notable exception of the NIRO300 systems (Hamamatsu Photonics, Hamamatsu City, 

Japan), most commercial NIRS systems, including the INVOS series 

(Somanetics/Covidien/Medtronic, Inc., Boulder, USA), function solely as a cerebral oximeter, 

focusing on monitoring regional tissue oxygen saturation (i.e., rSO2). While rSO2 is a sensitive 

index of tissue hypoxia or ischemia, pure cerebral oximeters do not offer a more detailed 

quantitative assessment (i.e., Δ[HbO], Δ[HbR], Δ[CcO], CBV, TOI) of cortical hemodynamics 

during seizures and SE. In addition, while most commercial oximeters can reduce signal 

components originating from the extracerebral layer by employing multidistance measurements 

(Scholkmann et al., 2014), it has been shown that changes in scalp tissue oxygenation can still 

affect the accuracy of commercial cerebral oximeters (Sørensen et al., 2015; Davie and Grocott, 

2012). 

 

Drawback #2: NIRS systems variability (validation, precision, accuracy) 

While most NIRS systems used in those studies share a similar technology (i.e., CW-type 

instruments), they are different in several ways, such as the 1) computational algorithm, 2) 

wavelengths values and numbers, 3) optode (i.e., light sources and detectors) technology, and 4) 

distance between optodes. These methodological differences can cause substantial measurement 

inaccuracy. Indeed, numerous adult and neonate studies have compared several commercial 

cerebral oximeters to establish clinical guidelines for cerebral oximetry in various clinical settings. 

Significant differences were observed between systems for both relative and absolute 

measurements in human studies (Dix et al., 2017) and even in phantom studies (Kleiser et al., 

2018). In addition, the lack of absolute rSO2 value and inaccuracies in estimating the optical path 

length of light within biological tissues are additional factors that can further contribute to 

measurement inaccuracy. Therefore, caution must be taken when comparing hemodynamic 

changes obtained with different NIRS systems. Another common issue is the validation of cerebral 

oximeters (i.e., the ability to detect valid tissue oxygen alteration), usually achieved by comparing 

measurements obtained with the cerebral oximeter with a gold standard or via ICG. While the use 

of invasive oxygen measuring modalities can be complex (i.e., impossible to correctly quantity 

how each vascular compartment contributes to the overall light attenuation), it is also unethical 
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(not feasible) in healthy and vulnerable populations (e.g., neonatal patients) due to the risk 

associated with it. Alternatively, optical phantoms can be used, or well-known tasks on healthy 

can be used but have limitations. Studies employing “NIRS” to investigate seizures in the critically 

ill do not always clearly state how the in-house or commercial system was validated. Finally, the 

precision of commercial oximeters can largely vary (Dullenkopf et al., 2003; Sorensen and 

Greisen, 2006; Hyttel-Sorensen et al., 2011), in addition to the need to control for potential 

extracranial sources of brain desaturation (Denault et al., 2007), which can be unsuitable for 

clinical use. 

 

Drawback/limitation #3: Small head coverage 

Cerebral oximeters usually have one or two optical patches. Most studies install these optical 

probes over the hairless forehead. While the forehead provides an easy installation method to 

monitor brain oxygenation in patients rapidly, hemodynamic changes measured over the frontal 

cortices do not necessarily reflect changes in other cortical areas. Indeed, seizures, including focal 

seizures, are known to induce changes in oxygenation and blood flow ipsilaterally and 

contralaterally (Chaudhary et al., 2012; Harris et al., 2014). The case report by Singh et al. (2014) 

clearly illustrates the importance of whole-scalp coverage when investigating seizures with 

noninvasive optical monitoring (Singh et al., 2014). In their study, they captured several seizures 

in a neonate. Spatial variability in the hemodynamic changes was observed despite not having a 

focal onset. In addition, there were able first to report DOT images of the cortical hemodynamic 

response in neonatal seizures since multiple channels were used (Singh et al., 2014).     

 

Drawback/limitation #4: No simultaneous EEG 

The use of EEG (or brain electrophysiology) in epilepsy and seizure research is crucial. 

Simultaneous EEG is important not only to precisely determine seizure onset and offset and 

characteristics (e.g., duration, spatial distribution), which is essential when investigating the 

neurovascular dynamics associated with seizures, but also to confirm if a clinical manifestation is 

indeed related to a seizure. Furthermore, it is essential to electrographic (nonconvulsive) seizures. 

 

Drawback/limitation #5: Short recordings and a small number of seizures recorded 
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Similar to fNIRS in epilepsy, the duration for most "NIRS" recordings performed to investigate 

the hemodynamic changes associated with seizures and SE in the critically ill is generally ~1h. 

This is dramatically less than the typical duration using continuous EEG monitoring in the same 

population. While longer recordings have important challenges to consider, especially in the adult 

population, long-term whole-head monitoring in neonates is generally easier to perform. In 

addition, more extended monitoring techniques (e.g., continuous EEG monitoring, PbtO2) 

generally yield more seizures being studied. To understand the neurovascular changes and 

compare hemodynamic changes between modalities, a large number of recorded seizures is 

warranted. 

 

Despite these drawbacks, these studies are remarkable by providing the first evidence that NIRS 

could be applied to investigate and monitor SE in the neonatal intensive care unit. In addition to 

showing that the shape of the hemodynamic response in neonates/children experiencing seizures 

might be different than what can be observed during normal somatosensory stimuli in the same 

age group (or even adults), they provided clinically relevant observations for understanding some 

pathophysiological mechanisms associated with acute seizures and SE (e.g., neuronal damage) and 

the potential for "NIRS" to become a brain monitoring technique in the critically ill presenting 

with seizures (i.e., seizure diagnostic, cerebral ischemia detection, pharmacological management). 
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Table 7 – Studies employing NIRS to investigate seizure in the critically ill (Kassab et al., in preparation). 

 Adelson et al. 
(1999) 

Haginoya et al. 
(2002) 

Alfonso et al. 
(2004) 

Arca Diaz et al. 
(2006) 

Giorni et al. 
(2009) 

Study purpose Pathophysiology Pathophysiology Pathophysiology Treatment Diagnositc 

Study design Case-series 
(n = 3) 

Cohort / prospective 
(n = 15) 

Case-report 
(n = 1) 

Case-report 
(n = 1) 

Case-report 
(n = 1) 

# critically ill / SE 
(sex, age) 

n = 1 
(M, 4 months) 

n = 1 
(F, 13 year-old) 

n = 1 
(M, 3 week-old) 

n = 1 
(M, 2.5 months) 

n = 1 
(F, 2.5 months) 

Clear seizures  (#) Yes  (NR) Yes  (15) Yes  (7) Yes  (15) Yes  (NR) 
Clear SE diagnosis 

(SE category) 
Yes 

(CSE) 
Yes 

(TSE) 
Yes 

(MSE, NCSE/coma) 
Yes 

(FMSE) 
Yes 

(NCSE/coma) 
Clinical manifestations Yes Yes Yes Yes No 

x̄ seizures duration NR < 1min 32-45min 1-2min “several minutes” 
x̄ inter-seizure-interval 180s to 60min 2-3min NR 30s to 1.5min NR 

Management Multiple ASMs Multiple ASMs Multiple ASMs Multiple ASMs Multiple ASMs 
Underlying pathology TBI LGS HME, TSC FCD HIBI 

NIRS device 
(technology / SR / #WL) 

INVOS3100A 
(CW / NA / 2) 

NIRO300 
(CW-SRS / NR / 4) 

INVOS5100 
(CW / NA / 2) 

INVOS300 
(CW / NA / 2) 

INVOS300 
(CW / NA / 2) 

NIRS biomarkers 
(absolute) 

rSO2 
(no) 

[HbT/HbO/HbR] 
(no) 

rSO2 
(no) 

rSO2 
(no) 

rSO2 
(no) 

# channels 
(cortical coverage) 

4 
(forehead U) 

12 
(forehead B) 

4 
(forehead U) 

4 
(forehead B) 

4 
(forehead B) 

NIRSm duration 
(simultaneous EEG / 
systemic monitoring) 

≈ 30h 
(Yes / No) 

< 1h 
(Yes / No) 

24h 
(Yes / No) 

< 1h 
(Yes / No) 

“several days” 
(Yes / Yes) 

Results/analysis Continuous 
measurements 

Continuous 
measurements 

Continuous 
measurements 

Continuous 
measurements 

Continuous 
measurements 

Pre-ictal changes ↑ rSO2 ↓ [all] NR NR NR 

Ictal changes ↑ < ↓ rSO2 

↑ [HbO] > [HbT] > 
[HbR] 

↓ amplitude [all] 
(over Sz course) 

↑ [HbR], ↓↓ [HbO] 
and [HbT] 

(as Sz repeated) 

↓ rSO2 
↑↓ rSO2 

(correlating with 
69% of Sz) 

↑↓ rSO2 

Post-ictal changes NR NR 
↑↓ rSO2, delayed 
baseline return 

↓ rSO2 rSO2 normalization 

Anatomical MRI 
collected 
(findings) 

No 
Yes 

(cerebral atrophy) 
Yes 

(Right HME) 

Yes 
(B frontoparietal 

FCD) 
No 

aEEG: amplitude EEG, ASMs : antiseizure medications, B: bilateral,  [CcO]: cytochrome c-oxidase concentration, CSE: convulsive SE, 

CW: continuous-wave, DRE : drug-resistant epilepsy, ESES: electrical status epilepticus of slow-wave sleep, F: female, FM: frequency 

multiplexed, FCD: focal cortical dysplasia, FMSE : focal motor SE, FTOE: fractional tissue oxygen extraction, HME : 

hemimegalencephaly, HIBI: hypoxic-ischemic brain injury, HIE: hypoxic-ischemic encephalopathy, [HbO]: oxyhemoglobin 

concentration, [HbR]: deoxyhemoglobin concentration, [HbT]: total hemoglobin concentration, [HbD]: difference between oxy- and 

deoxyhemoglobin concentration, ICH: intracranial hemorrhage, LGS: Lennox-Gastaut syndrome, M: male, NCSE : nonconvulsive SE, 

NIRSm: NIRS monitoring, NR: not reported, MSE: myoclonic SE, rSO2: regional cerebral oxygen saturation, SE : status-epilepticus, 

SR : sampling rate, SRS: spatially-resolved spectroscopy, SVT: sinus venous thrombosis, Sz: seizure, TOI: tissue oxygen index, TSC : 

tuberous sclerosis complex, TSE : tonic SE, U: unilateral, WL : wavelength, # : number, x̄ : average, ≈: approximately, ↑↓ : fluctuation. 
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Table 7 (continued) – Studies employing NIRS to investigate seizure in the critically ill (Kassab et al., in preparation). 

 
Wallois et al. 

(2009) 
Cooper et al. 

(2011) 
Silas et al. 

(2012) 
Singh et al. 

(2014) 
Monrad et al. 

(2015) 
Study purpose Pathophysiology Pathophysiology Pathophysiology Pathophysiology Pathophysiology 

Study design 
Case-report 

(n = 1) 
Cohort / prospective 

(n = 4) 
Case-report 

(n = 1) 
Case-report 

(n = 1) 
Case-series 

(n = ) 
# critically ill / SE 

(sex, age) 
n = 1 

(M, 10 day-old) 
n = 4 

(NR, 8 day-old) 
n = 1 

(M, < 4 day-old) 
n = 1 

(F, 10 day-old) 
n = 1 

(M, 10 year-old) 
Clear seizures  (#) No (12) No (NR) Yes (13) Yes (7) Yes () 
Clear SE diagnosis 

(SE category) 
No No Yes 

(NCSE/coma) 
No Yes 

(ESES) 
Clinical manifestations No No No No NR 

x̄ seizures duration ≈ 28s NR ≈ 8min 54.3s NR 
x̄ inter-seizure-interval 407s 393.6s 15min-20h 441.3s NR 

Management Phenobarbital Multiple ASMs 

Therapeutic 
hypothermia and 
phenobarbital or 

phenytoin or 
midazolam 

Multiple ASMs NR 

Underlying pathology Acute fetal distress 
Stroke, sepsis, 
hypoglycemia  

HIE HIE NR 

NIRS device 
(technology / SR / #WL) 

Imagent 
(CW-FM / NR / 2) 

UCL OT 
SystemTM 

(CW-FM / 10Hz / 
2) 

NIRO200 
(CW-SRS / NR / 4) 

UCL OT 
SystemTM 

(CW-FM / 10Hz / 
2) 

INVOS 
(CW / NA / 2) 

NIRS biomarkers 
(absolute) 

 [HbT/HbO/HbR] 
TOI, FTOE 

(no) 

[HbT/HbO/HbR] 
(no) 

TOI 
(yes) 

[HbT/HbO/HbR] 
(no) 

rSO2 
(no) 

# channels 
(cortical coverage) 

8 
(parietal B) 

60 
(whole-head) 

NR 
(frontoparietal U) 

58 
(whole-head) 

2 
(forehead U) 

NIRSm duration 
(simultaneous EEG / 
systemic monitoring) 

1.5h 
(Yes / Yes) 

1.5h 
(Yes / No) 

20-24h 
(Yes / Yes) 

1h 
(Yes / No) 

< 1h 
(Yes / No) 

Results/analysis 
Continuous 

measurements and 
mean changes 

Continuous 
measurements 

Continuous 
measurements 

Continuous 
measurements 

Continuous 
measurements 

Pre-ictal changes NR NR NR 
↑ [HbO] + ↑ [HbR] 

+ ↑ [HbT] 
NR 

Ictal changes 

↑ [HbR] → ↓ [HbR] 
+ ↑ [HbO] + ↑ 

[HbT] 
 

↓ TOI 
(slightly) 

 
↑ FTOE 

 
Some variability 
between events 

↑ [HbO] + ↑ [HbR] 
+ ↑ [HbT] → ↓ 

[HbO] + ↓ [HbR] + 
↓ [HbT] 

 
[HbR] not 

significative 
 

[HbO] and [HbR] 
out of phase 

8 Sz (62%): ↑ TOI 
in 5 Sz, decrease in 
3 Sz – ↑ MABP in 7 
Sz, ↓ MABP in 1 Sz 

 
5 Sz (38%): no 

change in TOI – ↑ 
MABP in 1 Sz 

↑ [HbO] + ↑ [HbR] 
+ ↑ [HbT] 

(until max, then) 
↓ [HbO] + ↓ [HbR] 

+ ↓ [HbT] 
 

Significant spatial 
variability 

↑ rSO2 

Post-ictal changes NR NR NR 
↓ [HbO] + ↓ [HbR] 

+ ↓ [HbT] 
(prolonged) 

NR 

Anatomical MRI collected 
(findings) 

No No 
Yes 

(acute hypoxic-
ischemic changes) 

No Yes 
(normal) 
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Table 7 (continued) – Studies employing NIRS to investigate seizure in the critically ill (Kassab et al., in preparation). 

 
Sokoloff et al. 

(2015) 
Mitra et al. 

(2016) 
Mitra et al. 

(2016) 
Martini et al. 

(2019) 
Parcella et al. 

(2020) 
Study purpose Treatment Pathophysiology Pathophysiology Pathophysiology Prognostic 

Study design 
Cohort / prospective 

(n = 20) 
Case-report 

(n = 1) 
Case-report 

(n = 1) 
Case-report 

(n = 1) 

Cohort / 
retrospective 

(n = 62) 

# critically ill / SE 
(sex, age) 

n = 11 
(10M, “fully term 

neonates”) 

n = 1 
(NR, 9.5 day-old) 

n = 1 
(NR, 10 day-old) 

n = 1 
(NR, 9 day-old) 

38 
(18M, < 3 day-old) 

Clear seizures  (#) Yes (40) Yes (4) Yes (16) Yes (10) 23/38 patients (NR) 
Clear SE diagnosis 

(SE category) No 
Yes 

(NCSE/coma) No 
Yes 

(TSE) No 

Clinical manifestations NR No No Yes NR 
x̄ seizures duration ≈ 120s ≈ 5min ≈ 90s ≈ 10min NR 

x̄ inter-seizure-interval NR 3-8min NR 15-30min NR 

Management Phenobarbital 
Therapeutic 
hypothermia Multiple ASMs 

Therapeutic 
hypothermia and 
multiple ASMs 

Therapeutic 
hypothermia 

Underlying pathology 
HIE, neonatal 

epilepsy, stroke, 
sepsis, ICH, SVT 

HIE Stroke HIE HIE 

NIRS device 
(technology / SR / #WL) 

INVOS5100 
(CW / 0.2Hz / 2) 

Homemade system 
(CW / NR / NR) 

Homemade system 
(CW / NR / NR) 

NR 
(NR) 

INVOS 
(CW / NA / 2) 

NIRS biomarkers 
(absolute) 

rSO2, FTO2 
(no) 

[HbO/HbR 
/HbT/HbD/CcO] 

[HbO/HbR 
/HbT/HbD/CcO] 

rSO2 
(no) 

rSO2 
(no) 

# channels 
(cortical coverage) 

4 
(parietal B) 

6 
(forehead B) 

6 
(forehead B) 

NR 
(NR) 

2 
(forehead U) 

NIRSm duration 
(simultaneous EEG / 
systemic monitoring) 

1h 
(Yes / Yes) 

1.5h 
(Yes-quantitative / 

Yes) 

3h 
(Yes-quantitative / 

Yes) 

6h 
(Yes-quantitative / 

Yes) 

72h 
(Yes / Yes) 

Results/analysis 
Continuous 

measurements and 
mean changes 

Continuous 
measurements 

Continuous 
measurements and 

mean changes 

Continuous 
measurements 

Continuous 
measurements and 

mean changes 
Pre-ictal changes x̄ rSO2 ≈ 79.4 % NR NR NR NR 

Ictal changes 

↓ rSO2, ↑ FTOE 
 

(within 
physiological range) 

(↑ with ↑ 
phenobarbital dose) 

 
Independent from 
systemic changes 

 
↑ [CcO] → ↓ [CcO] 

→ ↑ [CcO] 
(after aEEG peak) 

 
↓ [HbT] + ↓ [HbD] 

→ ↑ [HbT] + ↑ 
[HbD] 

(after aEEG peak)** 
 

No systemic 
changes 

Asymmetric ↓ 
[HbO], [HbR], and 

[CcO] 
(↓ stroke 

hemisphere > non-
stroke hemisphere) 

 
No systemic 

changes 

↑↓ rSO2 
→ delayed ↓ rSO2 
→ ↑ rSO2 close to 

the end 
(correlating with ↑ 

Sz amplitude) 
 

rSO2 baseline 
increased with each 

subsequent Sz 

rSO2 was higher in 
severe group (i.e., 

patients with 
seizures) 

Post-ictal changes rSO2 normalization NR 

↓ [HbO] + ↓ [HbR] 
+ ↓ [CcO] → slow ↑ 
[HbO] + ↑ [HbR] + 

↑ [CcO] 

rSO2 normalization NR 

Anatomical MRI collected 
(findings) 

No 
Yes 

(abnormal + ↓ 
signal intensity) 

Yes 
(↓ signal intensity + 
restriction diffusion) 

No 
Yes 

(all abnormal) 
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5.5 Current clinical challenges of EEG-fNIRS 

 

The last two subsections highlighted the potential for EEG-fNIRS in epilepsy and the investigation 

of acute seizures and SE in the pediatric population. Similarly, recently, researchers have used 

optical methods for investigating periodic discharges and burst-suppression patterns unlocking a 

new methodological approach for investigating those EEG patterns in patients. Unfortunately, and 

despite the numerous advantages of fNIRS, no study in any field of clinical medicine (i.e., stroke, 

epilepsy, headaches) has yet combined fNIRS and EEG as a continuous whole-head bedside long-

term monitoring technique. This has been mainly due to several important challenges still imposed 

by performing such complex patient monitoring. These difficulties can be divided into three broad 

categories. 

 

Clinical factor # 1: Installation time 

With the exception of using a cerebral oximeter, or low-channel fNIRS systems, the time required 

to prepare a proper EEG-fNIRS setup at the bedside, and install the electrodes and optodes on the 

patient’s head is considerable and affected by several factors (Figure 20). 

 

 
Figure 20 – Main factors affecting the installation time. EEG-fNIRS: simoutenous electroencephalography combined 

with functional near-infrared spectroscopy. 



126 
 

 

While whole-head EEG-fNIRS recording has been performed previously in neonates (Cooper et 

al., 2011; Singh et al., 2014; Chalia et al., 2016), whole-head EEG-fNIRS recordings in adults 

have only been reported by our group (Nguyen et al., 2012, Nguyen et al., 2013). From past 

experiences, the installation time for whole-head vEEG-fNIRS recording in a patient with epilepsy 

is ~1 hour. For these recordings, patients were generally transferred to a dedicated optical imaging 

room (i.e., laboratory setting), where the monitoring modalities were already set up (i.e., 

positioned, connected and running). After positioning the patient in a conformable chair, electrodes 

and optodes are installed using a rigid helmet. Afterwards, registration and system calibration were 

performed, usually taken ~30-45 min, before vEEG-fNIRS monitoring began, typically lasting for 

~1-2 hours. In contrast, in our recent experiments (Kassab et al., 2016; Kassab et al., 2018; Kassab 

et al., 2021; Chapter 10), bringing the vEEG-fNIRS set-up to the patient's bedside and modifying 

our methodology to enable long-term monitoring significantly increased the installation time 

anywhere from 4-5 hours (whole-head bedside vEEG-fNIRS monitoring in the epilepsy 

monitoring unit using a personalized cap) to 8-10 hours (whole-head bedside vEEG-fNIRS 

monitoring in the neuroICU using a collodion). However, this methodology enables long-term 

whole-head monitoring lasting >24 hours. Nevertheless, as we can see, the current installation time 

for typical vEEG-fNIRS monitoring in the clinical setting is still longer than a typical EEG 

installation (e.g., 30-60 minutes). 

 

Clinical factor # 2: Patient comfort 

Another critical factor stalling the clinical integration of vEEG-fNIRS is patient comfort. Usually, 

as the number of optodes increases, so does the weight and the amount of pressure. While comfort 

is subjective and varies from one individual to another, healthy subjects and patients can tolerate 

whole-head coverage generally up to ~1-2 hours (i.e., average duration usually found in the 

literature when a large head coverage is performed). Beyond that time, patients generally start to 

experience pain, which increases as time goes on. At some point, the pain becomes unbearable, 

and the recording needs to stop. Additional factors that can potentially increase patients' discomfort 

are 1) long installation time, 2) optodes geometry (e.g., flat optodes with a large surface area vs. 

straight optodes with small surface area, 3) headgear characteristics (e.g., rigid helmet vs. soft cap). 
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Once again, this contrasts with long-term continuous EEG monitoring, where it rarely causes any 

discomfort or pain, at least for the first few days. 

 

Clinical factor # 3: Technician expertise and safety consideration 

Cerebral oximeters are user-friendly and usually do not require an expert user. In contrast, a typical 

whole-head EEG-fNIRS study usually requires someone with experience. In addition, the user 

is also required to remain at the patient's bedside throughout the monitoring period. While 

fNIRS is considered a safe modality and usually does not require constant surveillance, such as 

during brain oxygenation monitoring using a cerebral oximeter in a patient undergoing 

cardiovascular surgery, the situation is different in patients experiencing seizures in the epilepsy 

monitoring unit or the ICU. During complex partial or generalized (convulsive) seizures, the 

patient might move uncontrollably. This might lead to significant tension on the patient's head and 

neck, which might potentially cause injuries and damage the delicate equipment (e.g., optical 

fibres, electrical cable). Moreover, when performing vEEG-fNIRS monitoring in the ICU, constant 

care is provided by the medical personnel, which might require the user to make essential 

adjustments in order to maintain or improve the quality of the signal (e.g., turning off the lights, 

readjust the cap). Medical complications might occur requiring urgent care (e.g., resuscitation) or 

an exam (e.g., CT scan) to be performed quickly. In those situations, it is necessary that vEEG-

fNIRS monitoring be stopped promptly to reduce any interference with proper care or allow the 

patient to be transported for further evaluation. These challenges will need to be addressed in the 

near future, as they can limit the number of studies applying long-term whole-head vEEG-fNIRS 

monitoring in the clinical setting and, consequently, the clinical integration of this cost-effective 

multimodal monitoring modality not only in patients with epilepsy or in the critically ill, but for 

neurological patients in general. 
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CHAPTER 6 – METHODOLOGY AND 

INSTRUMENTATION 
 

6.1. Multichannel vEEG-fNIRS system for long-term whole-head monitoring 

 

As we have also pointed out previously, multimodal EEG-fNIRS recordings are achieved by 

integrating each modality into one system (i.e., hybrid EEG-fNIRS system) or recording each 

modality simultaneously and separately (from each other). While hybrid systems can collect data 

simultaneously and synchronously without requiring external synchronization, the latter requires 

external synchronization to alight both signals temporally (i.e., vEEG and fNIRS). 

 

In this thesis, two separate fNIRS systems (both CW-type instruments) have been used. While 

they differ in several aspects (technology, portability/wearability, hybrid EEG integration), they 

are composed of a main hardware platform from which optic fibres or electric wires project to light 

sources (i.e., emitting optodes or emitters) and light detectors (i.e., receiving optodes, receivers) 

which are mounted on the scalp. The sources emit light into the head at a known intensity (at two 

or more wavelengths), and the detectors capture the light (after it has traveled through the human 

head), transferring it back to the main hardware. A software integrated into the main hardware 

(i.e., all in one system) or independent (i.e., installed on a separate computer) saves the optical 

signal data. Additionally, some software also offers the possibility to preprocess and analyze the 

optical signal in real-time. 

 

The first system has been detailed extensively in Chapter 7. Briefly, it is a homemade hybrid 

EEG-fNIRS system. It comprises 32 light sources, 32 light detectors, and 32 EEG channels, 

allowing up to 128 NIRS channels and 32 EEG to be sampled simultaneously. It is compact (12 × 

9 × 7 cm3) and lightweight (< 700 g), allowing it to be worn during recordings. Additionally, it is 

battery powered (~24 h autonomy) and can transmit the signal wirelessly (up to 10 m) through 

Bluetooth® Wireless Technology, enabling higher portability and motion freedom during long 

monitoring sessions at the bedside. 
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The second system is the Brainsight® CW NIRS system from Rogue Research (Rogue Research 

Inc., Canada) (Figure 21, Figure 22). 

 

The technology used in this system is laser diodes for light sources, avalanche photodetectors 

(APDs) for “high-sensitivity” detectors, and standard photodiodes for “proximity” detectors. Laser 

diodes allow for coherent light emission with a narrower bandwidth and have a higher-power 

emission (10 mW) (compared to more traditional light-emitting diodes, < 10 mW). Avalanche 

photodiodes have a high sensitivity (< 0.5 pW for high-sensitivity” detectors and < 1 pW for 

“proximity” detectors). In addition, they have moderate to high gains in the order of 100 and a 

dynamic range of ~ 60 (i.e., > 100 dB for the Brainsight® CW NIRS system). These characteristics 

are essential for acquiring signals from sources positioned at different distances (i.e., overlapping 

measurements). In addition, compared to other types of detectors, they are more robust to ambient 

light and faster, allowing them to be modulated with frequencies exceeding 100 MHz. Taking 

advantage of this feature, the Brainsight® CW NIRS system can minimize the demodulation 

crosstalk and distinguish the origin of each source detected; light emitters are modulated at 

different frequencies using a Frequency Division Multiple Access (FDMA) method. 
 

Light is conveyed from or to the main hardware using lightweight and long (3 m) optical fibres 

(single core optic fibres for light sources and bundles of tiny glass fibres for light detectors). The 

distal extremity of each optic fibre is composed of a low profile optode (optode height ~7 mm), 

ideal for gluing the optodes on the scalp with collodion. This low-profile optode configuration is 

obtained by fusing the distal portion of the optic fibres to a 90° coated prism sitting on a plano-

convex lens. 

 

The main hardware consists of 4 bays, each containing one optical module and totaling four optical 

modules. Each module allows up to 4 dual-wavelength (685 nm, 830 nm) light sources, 4 

“proximity” detectors, and 8 “high-sensitivity” detectors for a total of 16 light sources and 48 light 

detectors. The hardware is mounted on a mobile trolley and has a telescopic 180° rotating arm 

providing stable optical fibre support and easy maneuverability of the system at the patient's 

bedside. Optical data collected from the main hardware is transmitted to the Brainsight® computer 
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using an ethernet connection. A user-friendly proprietary software manages data acquisition setup 

and collection from the Brainsight® system. The sampling rate is adjustable (1-100 Hz). 

 

To digitize the optodes, the Brainsight® CW NIRS system uses its integrated Brainsight® 

neuronavigation software to communicate with an optical position sensor (Polaris Vicra®, NDI, 

Canada). Digitalization of each optode and common registration points (noise tip, nasion, inion, 

left periauricular, right periauricular) is performed using a subject tracker and a pointer affixed 

with retro-reflective spheres. Mapping the optode coordinates back to an MRI template or the 

subject-specific MRI space is done by calculating the spatial transformation from the subject's 

head to his or her MRI image (Insight Toolkit software – 

https://itk.org/ITKSoftwareGuide/html/Book2/ITKSoftwareGuide-Book2.html – Yoo et al., 

2002). 

 

In order to capture both optical and electrophysiological signals, we combined the Brainsight® CW 

NIRS system with a commercial EEG system from BrainProducts® (Brain Products GmbH, 

Gilching, Germany). The main parts of the EEG system are the amplifiers (BrainAmp Standard, 

Brain Products GmbH, Gilching, Germany) and its proprietary EEG software for data collection 

(BrainVision Recorder, Brain Products GmbH, Gilching, Germany). We used traditional wet gold 

cup EEG electrodes (Grass® Reusable Gold Cup EEG Electrodes, Natus Medical Incorporated, 

USA).  

 

Between 25 and 29 electrodes were usually employed. In case where 29 electrodes were employed, 

25 were dedicated to the scalp according to the 10-20 (reference FCz) (Jasper, 1958) and 10-10 

(F9, T9, P9, F10, T10, P10) systems (Acharya et al., 2016), two for the electrocardiography and 

two for electrooculography. Systemic hemodynamic monitoring, such as heart rate, SpO2, and 

blood pressure, were acquired using the Finapres® NOVA SpO2 system (Finapres Medical 

Systems, Enschede, the Netherlands).  

 

Physiological data was fed directly into the BrainVision Recorder, allowing synchronized EEG 

and systemic physiological data collection. Synchronization of vEEG and fNIRS data was 

performed using E-Prime® 2.0 software (Psychology Software Tools, Pittsburgh, PA). 
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Figure 21 – Simultaneous video electroencephalography and functional near-infrared spectroscopy (vEEG-fNIRS) setup in the lab. 
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Figure 22 – Simultaneous video electroencephalography and functional near-infrared spectroscopy (vEEG-fNIRS) setup in the neuroICU at the CHUM. 
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6.2 The brain-optode interface for long-term whole-head vEEG-fNIRS monitoring 

 

The “coupling” between the scalp and the optodes strongly influences the quality of the NIRS 

signal. While fNIRS is less susceptible to movement artifacts than other neuroimaging techniques, 

poor stability between the optodes and the scalp will lead to displaced optodes and motion artifacts. 

Therefore, carefully “securing” the optodes on the head is a crucial step for any fNIRS experiment. 

Indeed, over the years, several private companies and research groups, including us, have worked 

on developing several methods that can secure the optodes on the scalp. 

 

These methods can be divided into two broad categories (for a detailed review on this topic, please 

refer to Kassab et al., 2015). 

 

6.2.1 “Optode probe” 

“Optode probes”, or simply “probe”, is a general term that refers to any non-adhesive headgear or 

headwear used to secure the optodes on the head through the use of sockets (optode holder). Probes 

can take various shapes and sizes. The most common include straps, patches, helmets, headbands 

and caps.  

 

Straps, patches and helmets are usually made from rigid or semi-rigid polymer (i.e., plastic) 

material (e.g., polyethylene or polystyrene), with or without semi-rigid Velcro© straps. In contrast, 

headbands and caps are usually made of soft elastic fabric. Therefore, soft caps are usually lighter, 

more comfortable, and convenient (i.e., easier to transport, install, and wash). However, as these 

caps are lighter and more flexible, they tend to move over time, especially when motion is required 

(e.g., during a walking task) or unavoidable (e.g., during seizures) 

 

Displacement of the optodes from their original position can lead to data misinterpretation, 

especially when multichannel fNIRS is used for localization purposes. Some companies and 

groups have relied on adding additional strapping support (e.g., chin or chest strap) to reduce the 

likelihood of optode moving. However, these stabilizing alternatives increase pressure, cause 

discomfort, and limit recording time. Finally, and except when a premanufactured standard cap is 

used (e.g., Easycap® EEG recording caps), the manufacturing process of personalized soft caps is 
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long, as these require careful stitching in order to precisely “mould” the cap into the shape and size 

of a specific population or age group. 

 

A trade-off is usually made between 1) comfort, 2) optode stability, 3) usability/convenience, 4) 

head coverage and 5) signal quality. Over the years, several sophisticated commercial fNIRS 

optode probes have been developed, trying to meet all of the essential goals of an “ideal” fNIRS 

caps (i.e., comfortable, stable, usability, whole-head coverage, signal quality). However, these 

caps have been developed mainly for cognitive studies (i.e., typically short duration (~20-30 min) 

experiments that do not require whole-head coverage). In those settings, comfort and signal quality 

become less of an issue but become problematic when recording time increases and more optodes 

are added. Therefore, in the context of long periods of recordings exceeding two hours in the 

clinical setting (such as in long-term vEEG-fNIRS monitoring), these commercial solutions are 

not ideal. Moreover, very few commercial fNIRS caps integrate EEG in their design, leading to 

additional issues for multimodal EEG-fNIRS studies. 

 

In order to tackle some of these limitations, several groups, including us, have been developing in-

house probes (Ishikawa et al., 2011; Giacometti and Diamond, 2013; Kassab, 2014; Nguyen et al., 

2016; Kassab, 2018). In our latest development of EEG-fNIRS cap described in Chapter 8, we 

used a combination of breathable elastic fabric and specialized comfort “pads” of various shapes 

and sizes to create personalized caps. Our caps were easy to install and operate, and provided 

comfort while maintaining good signal quality and relatively adequate stability. This 

individualized approach enabled us to perform long-term whole-head vEEG-fNIRS monitoring in 

the clinical setting (Kassab, 2016; Kassab, 2018; Kassab, 2021). However, our caps still have some 

limitation related to the issue of optode stability, which is why regular surveillance is necessary 

with adjustments required every couple of hours to ensure that the optode positioning remained 

constant throughout the monitoring period. 

 

As we can see, the development of probes remains a challenge. While we are currently addressing 

this issue by developing a new generation of more stable EEG-fNIRS caps, another solution, in 

the meantime, is the use of collodion. 
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6.2.2 “Adhesive techniques” 

The use of adhesives is not new. Indeed, commercial cerebral oximeters have been using self-

adhesive optode pads/patches ever since they were commercially available. Using self-adhesive 

pads allows easy installation by any user without experience. However, it limits their positioning 

(and therefore the cortical coverage) to hairless regions (e.g., forehead) since hair can strongly 

impact adhesion, uncouples the optodes and affects the optical signal.  

 

More recently, the use of collodion (e.g., Collodion, Mavidon, FL), a clinical adhesive commonly 

used to apply EEG electrodes for long-term vEEG monitoring, has shown to be extremely useful 

in providing comfort, optode stability and signal quality during long periods of recordings (~6 h 

in one patient and ~18 h in another patient) (Yücel et al., 2014). In their study, the authors 

compared this method to a standard Velcro-based probe array of optical fibres and reported 1) an 

increase in the signal-to-noise ratio by six and three-fold at 690 and 830 nm wavelengths, 

respectively, 2) a 90% reduction in signal change due to movement artifacts, and 3) statistically 

lower Δ[HbO] and Δ[HbR] during motion artifacts. These advantages, provided by collodion, 

allowed the authors to capture three epileptic seizures with good quality and despite excessive 

motion in two patients with epilepsy. Indeed, this method was also used in a later study 

investigating the hemodynamic response to IEDs in 9 patients with epilepsy (Pellegrino et al., 

2016). 

 

Thus, we decided to consider this approach in our latest study. After carefully covering the patient 

shoulder (to protect their clothing or any medical equipment nearby from collodion), we gently 

move away the hair using a cotton-tipped stick, apply the optode or electrode on the scalp, and 

cover it with a square (~3 cm2) of collodion impregnated gauze before drying it using compressed 

air. Once dried, the gauze forms a tight seal around the optode or electrode, preventing any possible 

displacement (Figure 23). Our own experience (Chapter 10) confirms the benefits of collodion for 

long-term EEG-fNIRS monitoring reported previously by Yücel and her colleagues regardless of 

head shape variation we had in our population. However, this approach has two significant 

limitations. 

 



136 
 

 
Figure 23 – Multiple optodes installed using gauzes impregnated with collodion on a subject in our lab. 

 

First, the optodes must be compatible with collodion (and the solvents used to remove it, e.g., 

acetone or collodion remover). Optode must be of low-profile and composed of materials resistant 

to collodion and at least one of its solvents. In our case, the optodes manufactured by Brainsight® 

are low-profile and are resistant to collodion and collodion remover. Second, and probably the 

most crucial aspect for the long-term whole-head monitoring at the bedside (and the eventual 

integration of multichannel fNIRS in the clinical setting), is the long installation time. In the study 

performed by Yücel and her colleagues, there were no details regarding the time it took to install 

six optodes with collodion. However, from our experience, installing numerous optodes takes a 

considerable amount of time.  

 

While installing the first optodes is relatively quick (~1 min max each), it usually gets tougher and 

longer to apply the next optodes, with the last ones taking as much as 5 min each. This is mainly 

because the head becomes “crowded” with optodes, electrodes, gauzes, and even fibre-optic cables 

that can obstruct the view, further extending the installation of an optode. Additional factors (e.g., 

unresponsive patients, patients with long and curly hair) can also significantly increase the 

installation time. From our experience with whole-head coverage, the time required to install, with 

collodion, 48 optodes and at least 19 electrodes can take anywhere from 4 hours (e.g., bald/very 

short hair patient in the epilepsy monitoring unit) to 6 hours (i.e., long or very curly hair patient in 

the neuroICU). For this main reason, we focused on a whole-head sparse and double-density 

montage (i.e., optode distribution) in our studies instead of more high-density montages, which 

are currently not realistic for long-term whole-head bedside monitoring in the clinical setting. 
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6.2.3 Optode profile 

In addition to the method used to install the optodes, the design of the optode itself (i.e., optode 

geometry or optode profile) also contributes directly and indirectly to the overall performance and 

quality of fNIRS experiments. 

 

Several types of optode profiles exist analogous to NIRS instruments and caps. The most common 

are high-profile optodes, including “still” or straight vertical optodes and “recoilable” or spring-

loaded optodes. More recently, several companies have developed low-profile optodes. In contrast 

to high-profile optodes, low-profile optodes are lighter, less prone to motion (and sliding), and 

improve the optode holder's overall stability. In addition, they are generally faster to install and 

induce less discomfort during fNIRS experiments (Table 8). 

 

In conclusion, there is currently no “universal” brain-optode interface solution that can be applied 

to all types of fNIRS experiments. For now, the study characteristics will strongly impact or dictate 

which brain-optode interface technique would be more suited (Figure 24). 
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Figure 24 – Factors impacting the different features of the brain-optode interface. 
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Table 8 – Summary of the advantages and limitation of high- and low- profile optodes. 

 

 

High-profile 

 

Low-profile 

 

Usability* 

 

 

+ (still) / ++ (recoilable) 

 

+++ 

 

Comfortability* 

 

 

+  (still) / ++ (recoilable) 

 

+ (pointy tip) / +++ (flat tip) 

 

Probe stability* 

 

 

+ (still) / ++ (recoilable) 

+++ 

(pointy tip < flat tip) 

 

Signal quality* 

 

variable variable 

 

Multimodal compatibility 

(i.e., EEG, fMRI, MEG) 

 

+ +++ 

Commercial examples 

 

© NIRx 

 

© Artinis 

 

© Rogue Research 

 
© Lumo/Gower Labs 

*are also affected by the type of optode holder, and optodes sockets (when used). EEG: electroencephalography, 

fMRI: functional magnetic resonance imaging, MEG: magnetoencephalography. 
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6.3 Toolboxes for NIRS data: statistical analysis and image reconstruction 

 

Currently, there is no gold standard preprocessing pipeline for the analysis of fNIRS data. 

However, some analytical methods (i.e., preprocessing, processing, statistical test) are usually 

recommended and applied within the fNIRS community (Yücel et al., 2021). This thesis's main 

preprocessing steps followed as much as possible the best practices for conducting fNIRS studies 

(Yücel et al., 2021).  

 

In addition, several open-source softwares are available for analyzing and projecting fNIRS 

data. In Chapter 7 (Manuscripts 1) and Chapter 8 (Manuscript 2), an earlier version of the LIONirs 

toolbox was used. In Chapter 9 (Manuscript 3), we adopted an in-house version of 

Homer2/AtlasViewer toolboxes for the analysis. Finally, in Chapter 10 (Manuscripts 4), an in-

house version of NIRStorm was also added to our analysis. For any additional information about 

each toolbox, please refer to: 

 

https://github.com/JulieTremblay3/LIONirs  (LIONirs toolbox) 

 

 

https://github.com/BUNPC/Homer3   (Homer toolbox) 

https://github.com/BUNPC/AtlasViewer  (AtlasViewer toolbox) 

 

 

https://github.com/Nirstorm/nirstorm   (NIRSTORM toolbox) 

 

This section presents an overview of the main steps, most of which have been applied in this thesis, 

involved in fNIRS analysis and image reconstruction. For a more detailed description of the 

analysis and statistical methods used in this thesis, we kindly refer the reader to the methodology 

section of each Manuscript (Chapters 7 to 10) as well as a review by Tak and Ye (2014). 

 

 

 

https://github.com/BUNPC/Homer3
https://github.com/BUNPC/AtlasViewer
https://github.com/Nirstorm/nirstorm
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6.3.1 Video-EEG analysis 

As in most signal analysis pipelines, the first step in EEG analysis obtains a “clean” signal in order 

to reduce the probability of identifying false events. Cleaning the EEG usually involves 

preprocessing the EEG signal by applying a band-pass filter (high-pass filter: 0.5-1Hz, low-pass 

filter: 35-70Hz), re-referencing (optional), and manual and/or automatic artifact removal using 

specialized algorithms such as Infomax Independent Component Analysis (i.e., infomax ICA) 

(Bell & Sejnowski, 1995; Makeig et al., 1995). Once cleaned, a simultaneous inspection of the 

video-EEG, electrocardiogram (EKG) and electrooculogram (EOG) is done to identify abnormal 

EEG events accurately (e.g., spikes or seizures). 

 

In this thesis, these steps were performed using BrainVision Analyzer (BrainVision Analyzer, 

Version 2.2.0, Brain Products GmbH, Gilching, Germany) or Brainstorm (Tadel et al. 2011). 

 

6.3.2 Preprocessing and statistical analysis of fNIRS data 

Analysis of fNIRS data can be divided into six steps described below. These steps are essential in 

order to extract accurate hemodynamic changes in response to a specific stimulus (e.g., visual 

stimulation) or event (e.g., seizures). 

 

Step 1 – channel pruning 

The raw signal is checked to identify channels containing instrumental noise (i.e., channels 

contaminated by non-physiological noise, such as external light, electrical interference, 

instrumental degradation or instability) (Huppert al., 2009), channels containing confounding 

noise (i.e., channels contaminated by systemic physiological artifacts, such as respiration or non-

physiological artifacts such as head or body motion), including channels displaying a negative 

signals (Scholkmann et al., 2014; Tachtsidis and Scholkmann, 2016; Janani and Sasikala, 2017). 

 

Channels containing significant and non-filterable instrumental noise are removed (pruned) since 

they contain insufficient data quality (Sappia et al., 2020). The pruning can be performed 

subjectively by visual inspection (channel intensity and presence of heartbeats) or objectively by 

measuring a signal-to-noise ratio, a scalp coupling index, a coefficient of variation, or the power 

spectral density (and visualizing “cardiac peak” around 0.1 Hz) (Eggebrecht et al., 2012; Piper et 
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al., 2014). While the latter is usually more favoured, the former can be as good when employed by 

experienced users. As for channels containing systemic physiology and/or motion artifacts, 

additional steps (described below) can remove or reduce their contribution. 

 

In this thesis, we used visual inspection and automatic channel pruning. 

 

Step 2 – motion artefact rejection or correction 

Several sources of motion (e.g., head, body, fibre-optic tension, slow shifting of cap) can occur 

during fNIRS recordings. These motion sources eventually lead to optode displacement, which 

can cause motion artifacts in the form of spikes or baseline shifts. These artifacts can seriously 

affect the functional hemodynamic responses and distort any statistical inferences. 

 

While motion artifacts can be expected when performing a language or walking task, it can also 

occur unexpectedly in specialized populations (e.g., children, patients with epilepsy, patients with 

Parkinson's disease). Additionally, the shape, frequency (i.e., components) and duration of these 

artifacts can vary depending on the studied population (e.g., neonates vs. adults, noncompliant vs. 

complaint subject). 

 

Similar to channel pruning, motion artifact identification can be performed subjectively or using 

different motion artifact detection algorithms that take advantage of several characteristics within 

the fNIRS signal (e.g., amplitude, frequency, and time). 

 

Several strategies are possible once motion artefacts are identified (Brigadoi et al., 2014). They 

include: 1) removing the whole channel from the rest of the analysis, 2) discarding the period 

where the motion artifacts occur from the rest of the analysis, or 3) attempting to correct the motion 

period using common motion artifacts correction methods (Table 9). The selection of one 

particular method over another will largely depend on the type of fNIRS experiment and 

population (Cooper et al., 2012). In recent years, additional algorithms have been developed, such 

as autoregressive prewhitening filtering (Barker et al., 2013), empirical mode decomposition (Gu 

et al., 2016), hybrid combination of spline interpolation method and Savitzky–Golay filtering 

(Jahani et al., 2018), and the use of temporal derivative (Fishburn et al., 2019). 
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These motion artifact correction methods rely on fNIRS signals for motion artifacts removal. 

Alternatively, it is also possible to take advantage of an input signal highly correlated with the 

motion artifacts (but not with the functional NIRS response) and remove motion artifacts using 

linear regression, adaptive and Wiener filtering approaches (Izzetoglu et al., 2005; Zhang et al., 

2009; Robertson et al., 2010), and more recently regression within a GLM framework (von 

Lühmann et al., 2019). Such signal can be obtained via an external motion detector (e.g., an 

accelerometer) (Blasi et al., 2010; Izzetoglu et al., 2010; Virtanen et al., 2011) or using an 

additional “reference” NIRS channel (Robertson et al., 2010). 

 

This thesis used visual inspection and automatic motion detection algorithms (in Homer2). We 

mainly applied principal component analysis (Zhang et al., 2005) and spline interpolation 

(Scholkmann et al., 2010) methods for motion correction. Other methods were also evaluated but 

did not significantly improve the motionlessness quality in our data. 

 

Step 3 – conversion (intensity → OD → concentration) 

Usually, the conversion of raw signal from intensity to optical density is performed after channel 

pruning (i.e., after step 1), while the conversion from OD into changes in hemoglobin species is 

done after motion artifacts have been dealt with (i.e., after step 2). Changes in hemoglobin are 

obtained by applying the modified Beer-Lambert law (Delpy et al., 1988). When multiple 

separations are used during an fNIRS experiment, especially when comparing information from 

channels of different separations, it is recommended to also include a differential path-length factor 

during this step-in order to take into account the wavelength and source-detector distance effects 

on the pathlengths of light through the tissues. 

 

In this thesis, we converted the raw signal after channel pruning. Optical density to hemoglobin 

concentration was calculated, with a differential path-length factor (Duncan et al., 1995), just 

before the step 6 was usually applied.  
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Table 9 – Examples of motion artefact correction methods used in fNIRS processing. 

Method References Advantages Limitations 

Principal 

Component 

Analysis  

 

Zhang et al. 

(2005) 

 

• Very efficient in infants 

(where motion is the main 

source of variance) 

• Requires multiple channels 

• Assumes that motion is the 

dominant source of variance 

• Tends to remove too much 

activation in adults 

Targeted, 

recursive PCA  

Yücel et al. 

(2014) 

• Avoid over-correction 

(applies principal component 

analysis only to pre-identified 

MAs segments) 

• Performs well in studies 

where MAs are temporally 

independent from stimuli 

• Requires multiple channels 

Correlation-

Based Signal 

Improvement  

Xu et al. 

(2010) 

• Simple 

• On-line correction possible 

• Performs well in studies 

where MAs are temporally 

dependant from stimuli 

(e.g., speech studies) 

• Relies on the assumption of a 

normal HRF 

• Can introduce artifacts in the 

HRF 

Spline 

interpolation 

Scholkmann et al. 

(2010) 

• Simple/fast 

• Corrects signal offset 

• Correct only MA segment 

• Performs well in studies 

where MAs are temporally 

independent from stimuli 

• Require a reliable technique to 

identify MAs segment 

• Fixed parameters may not be 

optimal for all MAs segments 

• Overfitting replaces MAs 

segment with constant values 

(resulting in lost information) 

Kalman 

filtering 

Izzetoglu et al. 

(2010) 

• Simple 

(↑ signal-to-noise ratio) 

• On-line correction possible 

• Accumulation of error over 

time 

Wavelet 

transformation 

or filtering 

Molavi and 

Dumont 

(2012) 

• Better at maintaining the 

frequency content 

(keeps cardiac and respiration 

fluctuations) 

• Very slow 

• Does not correct signal offsets 

• Outlier parameter varies for 

each population 

fNIRS: functional near-infrared spectroscopy, HRF: hemodynamic response function, MAs: motion artifacts, PCA: 

principal component analysis. 
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Step 4 – removing confounding systemic physiological signals 

Extracerebral tissues, particularly the scalp, is vascularized and innervated. Therefore, changes in 

partial pressure of CO2 (PaCO2), systemic blood pressure, heart rate, respiration rate and vascular 

tone/scalp blood flow systemically can be reflected within extracerebral layers and lead to 

overestimating or underestimating the actual hemodynamic response (i.e., a hemodynamic 

response associated with neuronal activity, and not systemic changes) (Scholkmann et al., 2013; 

Kirilina et al., 2013). Additionally, systemic changes can also impact the vascularization of 

neurons, which can also lead to misinterpretation of the fNIRS signal (Scholkmann et al., 2013, 

2020; Kirilina et al., 2013; Tachtsidis and Scholkmann, 2016; Caldwell et al., 2016). Finally, any 

head movement, including speaking or raising the eyebrows, can also lead to changes in CBF and 

brain oxygenation since the brain itself initiates them and, therefore, can induce unwanted 

hemodynamic changes in the fNIRS signal (Schecklmann et al., 2017; Novi et al., 2020). 

 

Several strategies are usually employed for separating and removing these confounding signals, 

including digital filtering (Liu et al., 2015; Pinti et al., 2019), and prewhitening/precoloring 

(Barker et al., 2013). Additional methods such as principal component analysis and short-

separation channel within a GLM framework are discussed in the next step. 

 

Prefiltering the data. It is usually recommended to use a low-pass filter (e.g., Butterworth filter 

or Chebyshev filter or 0.2 Hz, 0.5 Hz or higher) (Scholkmann et al., 2013), which can quickly 

reduce or remove unwanted components in the signal such as high-frequency instrumental noise 

and heart activity (~0.5 to 2 Hz) (Huppert et al., 2009). A high-pass filter of 0.01 Hz can also be 

added to remove lower unwanted frequency components in the signal (Huppert et al., 2009). 

However, it must be added with caution as it can remove the actual desired brain signal, especially 

when the duration of the task is comparable to the frequency threshold of the filter. As for 

respiration and blood pressure fluctuations (0.08 to 0.12 Hz) (i.e., Mayer wave oscillations), these 

confounders cannot simply be removed by bandpass filtering, as their frequencies fall into the 

same frequency range of the hemodynamic response (Huppert et al., 2009). Additionally, it is 

worth mentioning that even the resting state heart rate can, in some cases, overlap with the 

hemodynamic response (Huppert, 2016). 
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A finite impulse response filter may be used (instead of an infinite impulse response such as the 

Butterworth filter). Selection between the two types of filters will largely depend on the type of 

data. Finite impulse response and infinite impulse response filters can safely be applied to online 

and offline data. In contrast, online data can only be processed with FIR filters. It is also important 

to distinguish digital filtering from adaptive filtering, which uses a system of linear functions 

within either an open or closed-loop control model to reduce the amount of physiological noise 

present in fNIRS (Pinti et al., 2019). Finally, an alternative approach to digital filtering is to add a 

drift factor into the GLM as a regressor to model the low-frequency oscillations in the data (e.g., 

third-order polynomial drift). 

 

In this thesis, we used a Butterworth low-pass filter of 0.5Hz. A high-pass filter 0.01 was also 

added mainly for the first study with healthy participants. 

 

Noise prewhitening and precoloring. Another alternative to digital filtering is through 

prewhitening and precoloring. Prewhitening and precoloring remove temporally autocorrelated 

signals, such as heart rate, by decorrelating physiologic signals not associated with the task. This 

is achieved in the prewhitening method using an iterative autoregressive approach (Barker et al., 

2013; Blanco et al., 2018). In contrast, precoloring methods use a temporal filter (smoothing) 

matrix to estimate the temporal correlation of fNIRS data (Huppert et al., 2016). In both cases, 

careful inspection and removal/correction of motion artifact is required as they can strongly affect 

the accuracy or prewhitening / precoloring algorithms (Blanco et al., 2018). These methods were 

not used in our studies. 

 

Step 5 – enhancing the reliability of brain activity signals 

It is possible to reduce further the possibility of confounding systemic physiological change in the 

detected fNIRS signal using three additional strategies. 

 

Short-separation regression. The first strategy is to include the parallel usage of short- (ideally 

~8 mm in adults and ~ 5 mm in infants) and long- (ideally ~3-5 cm in adults and ~ 2-3 cm in 

infants) separation channels (Brigadoi et al., 2015). This approach enables “short-separation 

regression” (i.e., regresses out the signal changes in the extracerebral layer from the long-
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separation channel) and maximizes sensitivity to the cerebral cortex while minimizing the 

sensitivity to the extracerebral layers, therefore improving the recovery of the estimated 

hemodynamic response (Saager and Berger, 2005; Gagnon et al., 2012a,b; Saager and Berger, 

2011; Gagnon et al., 2014; Funane et al., 2014,2015). Several methods have been developed to 

perform the regression (e.g., least-squares algorithms, Kalman filtering, a combination of the GLM 

approach with temporally embedded canonical correlation analysis) (Scholkmann et al., 2014; von 

Lühmann et al., 2020a,b). 

 

The strongest advantage of using short-separation strategies over the following two approaches is 

the lower risk of removing brain activity or failing to properly remove systemic physiological 

components due to the heterogeneity of the vasculature within the scalp. However, this method 

requires a specially designed optode holder capable of source-detector arrangement with multiple 

separations. Such optode holder designs are often heavier and more expensive to manufacture. 

These drawbacks can limit the use of short-channel separations in the clinical setting. 

 

Alternatively, other approaches that take into consideration the depth sensitivity of the optical 

signal when measuring cortical hemodynamic changes include 1) multidistance measurement 

methods (i.e., diffusion theory) (Franceschini et al., 2006), 2) image reconstruction (i.e., DOT) 

(Hoshi et al., 2016), and 3) the use of TD-fNIRS systems (Wabnitz et al., 2010; Torricelli et al., 

2014). 

 

Data-driven approaches. Principle Component Analysis (PCA), and Independent Component 

Analysis (ICA) can decompose fNIRS into brain activity and physiological confounds. By 

analyzing the fNIRS components in the spatial and time domain, respectively, these approaches 

have been shown to separate confound components (e.g., global blood flow in the scalp) from 

components containing the signal of interest (functional hemodynamic response in neurons) 

(Kohno et al., 2007; Hu et al., 2011; Santosa et al., 2013; Zhang et al., 2016). These methods 

require multiple fNIRS channels (Zhang et al., 2016). 

 

Systemic physiological augmented fNIRS. Systemic physiological augmented fNIRS refers to 

the simultaneous measurement and analysis of fNIRS and system physiological signals (Pfeifer et 
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al. 2018). Measuring peripheral physiological measurements such as heart rate, respiration rate, 

respiration volume, arterial (CO2) concentration, SpO2, blood pressure, and skin conductance 

enables researchers to account for the systemic components and regress them from fNIRS signals 

(Ferrari et al., 2014; Meester et al., 2014; Caliandro et al., 2015; Undina et al., 2019). Additionally, 

it allows to investigate in detail the relationships of these signals with the fNIRS signals (i.e., heart 

rate variability and autonomic nervous status, mean arterial pressure and origin of oxygenation 

changes, the influence of electrodermal activity and respiration on fNIRS data) (Hautala et al., 

2009; Tachtsidis and Scholkmann, 2016; Quaresima and Ferrari, 2016). 

 

In this thesis, we used several strategies (i.e., short-separation, global PCA, DOT) enhance the 

reliability of fNIRS signal. 

 

Step 6 – extraction of the hemodynamic response and statistical analysis 

In fNIRS, one of the most common methods for extracting the HRF is the GLM (Tak and Ye, 

2014). Borrowed from the field of fMRI, the GLM consists of fitting the recorded optical signal 

with a linear combination of regressors (i.e., explanatory variables) that reflect the events of a 

particular stimulus during a specific task (e.g., visual task) (or in our case, events captured on 

vEEG such as seizures). 

 

Regarding fNIRS, it assumes a linear relationship between changes in hemoglobin concentration 

changes (i.e., symmetrical or opposite changes in hemoglobin) and each block of a specific task. 

In addition, the time interval between each block must be sufficiently long (i.e., > 2 s) for this 

assumption to hold (Dale and Buckner, 1997; Pouliot et al., 2012). Modelling the unknown HRF 

with the GLM can be performed using a model-strict strategy (i.e., canonical HRF or convolution) 

(Friston et al., 1998; Glover, 1999) or a model-free strategy (e.g., linear estimation models such as 

Gaussian basis functions, or using a deconvolution approach such as modelling using consecutive 

impulse function) (Henson and Friston, 2007; Monti et al., 2011; Santosa et al., 2019). While the 

first approach is the more accessible and most popular, it is less flexible, as it does not take into 

account inter and intrasubject variability (Aguirre et al., 1998; Handwerker et al., 2012) or any 

difference in shape and timing (i.e., duration) of [HbO] and [HbR]. In comparison, more flexible 

approaches allow for to extract of a more realistic HRF, especially in conditions where the 
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neurovascular coupling is believed to be altered (e.g., epilepsy) (Glover et al., 1999; Pouliot et al., 

2012; Lin et al., 2014; Machado et al., 2021). A significant advantage of the GLM is its strong 

statistical power (i.e., considers the entire high temporal resolution of the whole fNIRS signal). 

 

Other approaches commonly used to extract the HRF are simple block averaging or, when more 

statistical power is needed, PCA (Strangman et al., 2003; Zhang et al., 2005, 2021), and 

independent component analysis (Leung et al., 2005; Kohno et al., 2007). 

 

Once the HRF is extracted, additional statistical tests can be performed (i.e., first-level and second-

level analysis). For example, a simple t-statistics (for single contrast) or F-statistics (for multiple 

contrasts) can be calculated (i.e., first-level analysis). As for the second-level analysis, the choice 

of analysis (i.e., fixed-effects, random-effects, or mixed-effects analysis) will depend on whether 

inferences on the study population are made (ÇiftÇi et al., 2008; Tak et al., 2016). Finally, 

statistical tests should be applied when assessing channel-specific effects. When only a few 

channels are employed, statistical inference can be made based on an uncorrected p-value (i.e., Z 

scores calculated using t- or F-statistic). On the hand, when multichannel fNIRS is used, statistical 

inference should be adjusted to reduce the risk of the type I error by correcting for multiple 

comparisons (i.e., Bonferroni correction, Holm correction, false discovery rate control, effective 

multiplicity correction, random field theory, or permutation tests) (Plichta et al., 2006; Singh et 

al., 2006; Tak et al., 2016; Uga et al., 2015). 

 

In this thesis, extraction of the hemodynamic response was performed by trial-averaging method 

(mainly in the first study on healthy participants) and model-free GLM analysis. Additionally, 

changes in hemodynamics were also assessed directly (i.e., direct analysis of the time course). Due 

to the imposed heterogeneous nature of our clinical studies, only first-level statistical analysis was 

performed, which is considered appropriate in our clinical context (Yücel et al., 2021). 

 

6.3.3 Cortical reconstruction 

Cortical reconstruction of changes in hemoglobin concentration can be performed on an MRI 

template, such as the Colin 27 average brain (Holmes et al., 1998) or the patient-specific MRI, and 

these changes are usually constrained along the cortical surface (Huppert et al., 2017). This thesis, 
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a structural MRI was obtained, when possible, for each patient. Once an MRI is selected, it must 

be further processed. The first step is head segmentation, which allows segmenting it into five or 

six layers (i.e., air, skin, skull, cerebrospinal fluid, grey matter, white matter). Once segmented, a 

co-registration between the optodes coordinates and the MRI is performed, positioning the optodes 

precisely on the patient MRI. Therefore, this step requires accurate optode digitization. At this 

stage, some minor corrections can be applied to the segmentation and/or co-registration if needed.  

 

These preprocessing steps on the MRI are essential to obtain a sensitivity matrix (i.e., solving the 

forward problem) and inverse the sensitivity matrix (i.e., solving the inverse problem). The 

sensitivity profiles for each source-detector measurement can be estimated by modelling the light 

transport in tissue using Monte Carlo simulations offered by different packages or by diffusion 

approximation. Then, the inverse problem can be solved by regularization methods such as 

Tikhonov (e.g., depth weighted minimum Norm Estimate) (Hämäläinen & Ilmoniemi, 1994). 

 

Several software support image reconstructions (Schweiger and Arridge, 2003; Gibson and 

Dehghani, 2009; Aasted et al., 2015; Cai et al., 2021). 

 

This thesis used the image reconstruction pipelines offered in AtlasViewer and NIRSTORM. 
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This article addresses the first objective of this thesis, which was to develop and validate a hybrid 

whole-head compact and portable EEG-fNIRS system for long-term monitoring in the 

neurological clinical setting. This article was published in Human Brain Mapping in 2018 (Kassab 

et al., 2018). 
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7.1 Abstract 

 

Continuous brain imaging techniques can be beneficial for the monitoring of neurological 

pathologies (such as epilepsy or stroke) as well as neuroimaging protocols involving movement. 

Among existing ones, functional near infrared spectroscopy (fNIRS) and electroencephalography 

(EEG) have the advantage of being non-invasive, non-obstructive, inexpensive, yield portable 

solutions and offer complementary monitoring of electrical and local hemodynamic activities. This 

paper presents a novel system with 128 fNIRS channels and 32 EEG channels with the potential 

to cover a larger fraction of the adult superficial cortex than earlier works, is integrated with 32 

EEG channels, is light and battery-powered to improve portability, and can transmit data wirelessly 

to an interface for real-time display of electrical and hemodynamic activities. A novel fNIRS-EEG 

stretchable cap, two analog channels for auxiliary data (e.g., electrocardiogram), eight digital 

triggers for event-related protocols and an internal accelerometer for movement artifacts removal 

contribute to improve data acquisition quality. The system can run continuously for 24h. Following 

instrumentation validation and reliability on a solid phantom, performance was evaluated on 1) 12 

healthy participants during either a) a visual (checkerboard) task at rest or while pedalling on a 

stationary bicycle; or b) a cognitive (language) task; and 2) 4 patients admitted either to the 

epilepsy (n=3) or stroke (n=1) units. Data analysis confirmed expected hemodynamic variations 

during validation recordings and useful clinical information during in-hospital testing. To the best 

of our knowledge, this is the first demonstration of a wearable wireless multichannel fNIRS-EEG 

monitoring system in patients with neurological conditions.  

 

7.2 Introduction 

 

Functional neuroimaging techniques such as positron emission tomography (PET), single-photon 

emission computed tomography (SPECT) and functional magnetic resonance imaging (fMRI) 

have allowed significant advances in our understanding of the brain and its disorders. Each has its 

methodological strengths and limitations. Limitations include their bulkiness, high cost, exposure 

to radiation (PET, SPECT), high sensitivity to movement, complex statistical analysis (fMRI), 

need for the participant to lie down in a confined area and inability for continuous monitoring. 

Functional near-infrared spectroscopy (fNIRS) is an emerging non-invasive, non-ionizing and 
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relatively low-cost neuroimaging technique that uses the ability of light in the near-infrared 

spectrum (700-1000 nm) to penetrate biological tissue to assess changes in oxyhemoglobin 

(HbO2), deoxyhemoglobin (Hb), blood volume, and tissue oxygen availability with high temporal 

resolution [Jöbsis et al., 1977; Ferrari et al., 1985; Villringer and Chance, 1994]. Technical and 

methodological advances have allowed fNIRS to become a relevant research tool in neuroscience 

[Wolf et al., 2007; Leff et al., 2011; Ferrari and Quaresima, 2012; Torricelli et al. 2014; Ehlis et 

al., 2014; Boas et al., 2014; Kopton and Kenning, 2014; Naseer and Hong, 2015; Mihara and 

Muyai, 2016] and as a clinical tool in the evaluation and monitoring of critically ill neonates and 

infants notably during cardiac surgeries [Edmonds et al., 2004; Denault et al., 2007; Murkin and 

Arango, 2009; Cerbo et al. 2012]. 

 

Briefly, near-infrared light is projected onto the scalp by optical fibers (sources) and transmitted 

through the skull [Lloyd-Fox et al., 2010; Scholkmann et al., 2014]. Photons penetrate and 

propagate diffusely into superficial brain tissue. While some photons are absorbed by 

chromophores (mainly hemoglobin), others are reflected back and captured by sensor probes 

(detectors) placed at a certain distance from transmitting optical fibers [Gratton et al., 1994].  By 

using one wavelength more sensitive to Hb (e.g. 735 nm) and another more sensitive to HbO2 (e.g. 

830 nm), variations in amplitude of backscattered light can be used to infer on local changes in 

blood oxygenation [Delpy et al., 1988; Cooper et al., 1996]. Furthermore, assuming a constant 

hematocrit, changes in total hemoglobin (HbT = HbO2 + Hb) can be used as a proxy of cerebral 

blood volume (CBV) variations [Madsen and Secher, 1999]. In essence, fNIRS is a neuroimaging 

technique based on the same fundamental principles underlying the pulse oximeter. However, 

while the latter is a tool now widely used in hospitals to monitor peripheral blood oxygenation, 

brain fNIRS has had only timid penetration in clinical research and practice [Obrig, 2014]. This is 

partly explained by certain limitations of current fNIRS systems: a) many  have a small number of 

channels that limits spatial sampling; b) some restrict optodes to the forehead to avoid hair 

contamination due to the low acquisition chain sensitivity ; c) the majority are neither truly 

compact (weareable), nor wireless, hampering its use at the bedside or in fields requiring mobility 

(e.g. rehabilitation); d) all do not seamlessly integrate simultaneous electroencephalography (EEG) 

monitoring (the only other technique that can monitor brain activity for long duration at the 

bedside) when required.   
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The current  paper presents a safe and robust high-channel-count combined fNIRS-EEG prototype 

composed of 32 infrared light sources, 32 photodetectors, and up to 32 EEG channels. Each source 

can be coupled to four detectors, offering a total of 128 fNIRS channels. In addition to standard 

measurements on a tissue-equivalent phantom, we present the validation and performance of our 

prototype through a series of mobile and stationary tasks on healthy subjects as well as preliminary 

experience with the prototype in diverse clinical settings.  

 

7.3 Material and Methods 

 

7.3.1 General Description of the Portable fNIRS-EEG Prototype and Headgear 

Our system is composed of a full head cap with optodes and a control module, linked together with 

light electrical wires. Three lightweight (~ 200 g) NIRS-EEG caps were designed to accommodate 

different head sizes to allow the sensor elements to maintain an orthogonal orientation to the scalp: 

small (head circumference ~53 cm), medium (53-58 cm) and large (~58 cm). These full-head caps 

were made of elastic bands and integrated 3D-printed round plastic sockets (separated ~3 cm) 

designed to maintain probes and electrodes in place in close contact with the skin. A hole within 

sockets allowed users free access to move hair aside from the light path before fastening the 

optodes. A dark woolen fabric worn over the optical probes served to improve probe-tissue-contact 

and shield ambient light. A questionnaire was used to assess subject comfort during installation 

and recording. 

 

NIRS emitter and detector circuits fit on 0.95 cm2 round printed-circuit boards (PCB) that are 

packaged in a 3D-printed plastic housing to plug into cap connectors. Inside the housing, a smooth 

spring pushes the sensor towards the head, providing improved light coupling between scalp and 

optode, limiting infrared light scattering between the cap and the scalp, while connector design 

prevents ambient light pollution. Furthermore, we developed a separate connector and socket that 

can combine both emitter and detector for short distance (1 cm) channels. This optode is meant to 

measure extracortical hemodynamics.  
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The prototype can retrieve information from the 128 fNIRS channels and 32 EEG channels 

(Figure 25). 

 

 
Figure 25 – NIRS-EEG prototype parts including fNIRS-EEG caps. (A), control module (B), double optodes to gather 

signal from superficial layers (C) and optode design (D). Yellow arrow shows the integration of EEG electrodes 

between NIRS sockets (red arrows). Opening (wholes) in the cap (green arrows) allow better removal of dense long 

hair. 

 

During an acquisition, the control module gathers 8 EEG and 4 NIRS data samples at a time, then 

proceeds with data packing and sends them on a serial port towards a computer through a universal 

serial bus (USB) cable or a Bluetooth bridge device. A graphical user interface (GUI) developed 

with LabVIEW retrieves data packets for real-time processing. The GUI can display a total of 294 

curves (256 NIRS curves for 128 channels times 2 wavelengths, 32 EEG curves, one curve for the 

digital triggers, 3 accelerometer curves and 2 auxiliary analog curves) and record them for post-

processing. The power consumption during an acquisition using 32 emitters and 32 detectors at 

full illumination is 2.4 W when a USB cable is used, and 2.6 W with the Bluetooth link. In the 
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worst-case scenario, with the 7.4 V, 10 Ah battery, the prototype can run an acquisition 

uninterrupted over a period of 24 hours (Figure 26). 

 

 
Figure 26 – Global architecture of NIRS-EEG prototype. 

 

7.3.2 EEG and NIRS Circuitry 

The EEG acquisition chain consists of amplification and filtering of the difference between 

measurement and reference electrodes. An instrumentation amplifier at the front-end cuts the 

common mode interference and noise while amplifying the signal by 100, then a bandpass filter is 

applied between 0.1 and 100 Hz, and the signal is once again amplified by 100. A reference circuit 

places the head at a potential of 2.5 V which contains feedback signals from two electrodes placed 

on the left and right mastoids for common mode interference rejection. The EEG acquisition chain 

is separated as much as possible from the NIRS chain for crosstalk elimination and parallelism 

implementation. Located in the control module, the four 8-channel analog-to-digital converter 

(ADCs) dedicated to EEG signals digitize data in parallel with the NIRS signals through their own 

serial peripheral interface (SPI) bus, recording 320 samples per second for each channel with a 

resolution of 16 bits. 

 

The NIRS emitter is a small size two-wavelength (735 & 850 nm) light-emitting diode (LED) from 

Epitex, and the detector is an avalanche photodiode (APD) S2384 from Hamamatsu coupled with 

a transimpedance amplifier (TIA) circuit, embedded on the round PCB; the current-voltage gain is 
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set at 10 MV/A, with a measured 3 dB frequency cut-off of 28 kHz. A negative high voltage 

(around -150V), generated on the control module by a high-voltage direct current (DC)-to-DC 

converter regulator (EMCO, CA02-5N), biases all the APDs to provide enough sensitivity to detect 

diffused infrared light and is current-limited for patient protection. 

 

On the control module, eight 8-channel digital-to-analog converters (DAC) set the illumination 

intensity for both wavelengths of each emitter, while four 8-channel ADCs, preceded by anti-

aliasing filters, digitized amplified TIA measurements with a resolution of 16 bits. As the light 

sources are not modulated, but only time-multiplexed to decrease power consumption and increase 

safety, the duration of light emission and detection has to be as short as possible to allow sampling 

from all 128 channels in 1/20th of a second (20 Hz). This was made possible by maximizing the 

frequency cut-off value of the TIA. For each wavelength of every emitter, a stabilizing period of 

time precedes the sampling of the four coupled detectors. For each detector, 8 samples are 

averaged, and 8 other samples taken in the dark are subtracted to reject ambient lighting and 

interchannel crosstalk, improving SNR.  

 

LED power consumption is drastically decreased by time-multiplexing: the pulse duration is equal 

to 390 µs. At maximal LED illumination, the equivalent total illumination power is 140 µW for 

each wavelength, reducing the risks of tissue heating. The duty cycle of the gathered emitters is 

0.5, meaning that the light emission is equivalent to one LED emitting 50 % of the time. Sensitivity 

was, furthermore, improved by maximizing the gain of APDs: the bias voltage is set separately for 

each APD through potential dividers adapting the unique high voltage signal coming from the 

regulator.  

 

7.3.3 Digital Architecture 

The embedded circuitry consists of three stacked PCBs and battery for a total size of 12 x 9 x 7 

cm3 and a weight of 650 g. The first PCB contains an Altera Cyclone III low-power Field-

Programmable Gate Array, flash memory and random-access memory to control through SPI buses 

the acquisition chains of different modules. It also contains the high-voltage regulator and its 

controlling circuitry, several regulators for different voltage supplies (5 V for analog parts and 3.3 

V for digital parts), and the protection and low-power-detection circuits for a rechargeable Li-Ion 
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7.4 V, 10 Ah battery. An accelerometer is included on this same PCB, providing movement 

information along the three axes at a rate of 50 Hz for each axe. Two additional external 3D 

accelerometers can be added on the subject’s head if necessary. This data can be used to quantify 

movement during a task (e.g. gait), and help distinguish, after an acquisition, artifact movement 

from hemodynamic variations. Also, two Bayonet Neill–Concelman (BNC) connectors can be 

used to plug an external analog signal for simultaneous digitalization at 340 Hz with 12-bit 

resolution, for example, electrocardiogram or analog trigger. An optical isolation on SPI lines 

prevents the prototype from being possibly connected to the power grid, protecting the patient 

from leakage path. Eight digital triggers complete the additional features; these help identify and 

synchronize with data 256 different events during event-related potential protocols. The two other 

PCBs are identical and contain the 32 EEG acquisition chains (16 on each board), and the DACs 

and ADCs for infrared light illumination and detection, the anti-aliasing filters, and the connectors 

towards the sensors and electrodes. 

 

The link between the control module and the computer is either a UART RS-232 serial port 

emulated on a USB cable by a FTDI chip, or a Bluetooth serial port module (OBS421 from 

connectBlue), able to transmit the required 328 kbps bit rate during an acquisition. The developed 

communication protocol includes transfer error detection and allows ulterior interpolation of data 

if packets are lost during their transmission. Through USB cable, the number of lost data is 

negligible, contrary to Bluetooth communication, where interferences and set-up modifications 

can alter signal quality; in this case, the protocol can support signal loss for three seconds without 

the need to start over an acquisition. The data is sent to a LabVIEW-based interface which provides 

a user-friendly GUI for interaction with the hardware allowing easy configuration of important 

system parameters and data acquisition. Prior to an acquisition, the user is invited to configure 

specific parameters: for each emitter, its illumination power, and its four associated detectors, and 

the APD common bias voltage. These parameters and comments are recorded in a configuration 

file along with data, and can be imported from a previous acquisition. A calibration window helps 

detect if one curve is saturating or does not receive enough light, indicating a need to change a 

parameter or verify optode installation. In addition to manual calibration, the software has an auto-

calibration function that can increase or reduce the emitted light in order to obtain adequate SNR. 
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The curves are recorded in real-time in a LabVIEW format. A Matlab script imports data towards 

HomER format [Huppert et al., 2009] for further in-depth data processing. 

 

7.3.4 Phantom studies 

For phantom validation studies, we used a solid optical phantom made of polyester resin, to which 

India ink was added as an attenuation agent and TiO2 as a diffusive agent (coefficient at a 

wavelength of λ = 758 nm = 0.017 mm−1 and diffusion coefficient = 0.7 mm−1). After coupling 

one single detector to one single light source at 4 cm of distance, we first applied different light 

intensities and avalanche gains to study the influence of these factors on baseline value and noise 

amplitude to DC level ratio. Then a 1 Hz sinusoidal light signal similar to in vivo signals was 

injected in the phantom to compute the SNR with different avalanche gains. 

 

7.3.5 Patient Population 

We then conducted signal validation experiments on 12 healthy (6 males, age: 13-27 years) adults 

and children using either a visual task or two standard language paradigms. The prototype was 

subsequently tested in four distinct clinical scenarios on patients: a) a patient with limb-shaking 

transient ischemic attacks admitted to the stroke unit; b) a patient admitted at the epilepsy 

monitoring unit (EMU); c) a patient admitted to the intensive care unit for status epilepticus; d) a 

patient undergoing language lateralization assessment in the neuropsychology department. 

Experiments were approved by our ethics committee and informed consent was obtained from all 

participants. 

 

7.3.6 Validation and Performance Studies 

Preferential coverage allowing higher spatial sampling of certain areas of interest was privileged 

for these experiments: bilateral occipito-parieto-precentral regions for visual experiments (Figure 

27A) and bilateral fronto-temporo-parietal regions for language experiments (Figure 28A).  To 

ensure that the same brain areas were measured in each subject, optodes localization was 

determined in relation to the 10-20 system. We further measured the distance from three fiducial 

points (nasion, left and right pre-auricular) to the horizontal level at Fp1/Fp2, T3 and T4 

respectively, and took front and side pictures before and after to verify if any shifting had occurred. 

To account for installation time and constant probe installation across participants, all installations 
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were done by the same individuals (AK, PV). Visual and language stimuli were presented 

electronically using E-Prime 2.0 software (Psychology Software Tools, Pittsburgh, PA) and a BNC 

digital output cable was used to send trigger signals directly to our prototype.  

 

To evaluate the mobility of our system, a modified version of the experiment performed in Piper 

et al. (2004) was done during the first validation protocol (Figure 27A). It consisted of a visual 

pattern reversal task (subject B1 to B8) while participants were sitting on a training bicycle that 

was installed in an acoustically shielded and dimmed room. The task was performed twice: 1) a 

first time while the participants were sitting still on the bicycle and 2) a second time while the 

participants were pedalling at an average pace of 15 km/h (10-20 km/h). To evaluate the quality 

of our EEG (and ERPs), we used stackable jumper/linker cables to simultenous recording 

electrophysiological signals with a commercial EEG system (Neuroscan SynAmps2 EEG/EP, 

Compumedics Ltd.). The signals were amplified by Neuroscan Synamp amplifiers (Compumedics, 

Charlotte, NC, USA), digitized at a rate of 500 Hz and recorded by Neuroscan Scan 4 Acquire 

Software (Compumedics, Charlotte, NC, USA). 
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Figure 27 – Channel layout and description of the visual paradigm. (A). P100 time course and topography over the visual cortex averaged 

along every stimulation blocks while sitting still (upper row) and pedalling (bottom row) for participant B4. Black line/dot: Neuroscan 

system. Red line/dot: fNIRS-EEG prototype (B). Results from the Bland–Altman analysis for the P100 amplitude changes at rest (left) 

and while pedalling (right) between our prototype and Neuroscan. Doted red line: limits of agreement. Solid blue line: bias (C). Δ[HbO2] 

(red line) / Δ[Hb] (blue line) time courses over the visual cortex and Δ[HbO2] topography (15 sec), with color-coded t-value after 

Bonferroni-Correction for multiple comparison (p < 0.0004), averaged over 8 visual stimulation periods in subject B4 obtained from 5 

channels over the visual cortex while sitting still (upper row) and pedalling (bottom row). Red and blue shaded area: standard error of 

the mean for Δ[HbO2] and Δ[Hb] respectively. Green shaded area: stimulation period (D). Average P100 time course from all 8 

participants obtained with our system (solid red line) and the Neuroscan system (solid black line) while sitting still (first row) and 

pedalling (second row) (E). 
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The second validation protocol consisted of a language study (Figure 28A). The handedness of all 

participants was assessed using the Edinburgh Inventory [Oldfield, 1971]. Four French-speaking 

participants (subjects L1 to L4) underwent one session of fNIRS recording. The language 

experimentation included expressive (verbal fluency) and receptive (passive story listening) 

language tasks in a block design paradigm [Gallagher et al. 2007]. To evaluate the quality of the 

fNIRS component, we performed for each participant a second recording within 4-6 weeks using 

a well-established multi-channel frequency-domain device spectrometer (Imagent Tissue 

Oxymeter, ISS Inc., Champlain, Illinois, USA) composed of 50 laser diodes (690 nm and 830 nm) 

modulated at 110.0 MHz and 16 photomultiplier tube detectors. Optical intensity (DC), modulation 

amplitude (AC), and phase data were acquired with a sampling rate of 15 Hz by its own software 

(ISS Corporations ‘’Boxy’’). 
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Figure 28 – Channel layout and description of the language paradigm. (A). Δ [HbO2] topography (15 sec), with color-coded t-value 

after Bonferroni-Correction, and Δ[HbO2] (straight line) / Δ[Hb] (dotted line) time courses over the Broca area along all stimulation 

blocks during the listening task in subject L3 and results from the linear regression and Bland–Altman analysis for Δ [HbO2] (B). Δ 

[HbO2] topography (15 sec), with color-coded t-value after Bonferroni-Correction, and Δ[HbO2] (straight line) / Δ[Hb] (dotted line) 

traces over the Wernicke area averaged along all stimulation blocks during the naming task in the same subject and results from the 

linear regression and Bland–Altman analysis for Δ [HbO2] (C). Black dot / 1st row: ISS system. Red dot / 2nd row: fNIRS-EEG prototype. 

Left side: blue line. Right side: red line. Doted red line: limits of agreement. Solid blue line: bias.
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An anatomically specific montage was created based on a normalized structural template from the 

Montreal Neurological Institute or the patient’s own MRI to ensure that optical fibres were placed 

over the region(s) of interest (ROI). This was done using a stereotaxic system (Brainsight TM 

Frameless39, Rogue Research, Canada), which enables the transfer of ROI, determined by MRI, 

onto the cap. This procedure allowed us to obtain the best possible montage in terms of source-

detector number and locations of the targeted regions for each participant. 

 

7.3.7 Data Processing and Signal Analysis 

Processing of the EEG signal: Offline analysis of the raw EEG data was done using with Brain 

Vision Analyzer 2.0 (Brain Products Gmbh, Munich). The pre-processing of the EEG data 

obtained from the visual task was done in five steps. First, we re-referenced to both linked mastoids 

and down-sampling to 256 Hz. Then, the data was filtered (1-50 Hz) to remove high- and low-

frequency waves and was visually inspected to check for artifacts. We performed an independent 

component analysis to correct for eye movement artifacts, before segmenting starting at -100 ms 

before the stimulus onset and ending at 500 ms after the stimulus onset, resulting in 600 ms 

segments. In a next step, we used the semiautomatic artifact rejection tool to exclude segments 

having a minimum and maximum amplitude difference of more than 100 µV. Visually evoked 

potentials (VEPs) were obtained by averaging times series from -200 to 500 ms of pattern reversal 

presentations. As for the clinical EEG, a careful examination for interictal spikes and seizures was 

performed by an expert electroencephalographer (DKN). 

 

Comparison of EEG signals between systems: To quantitatively assess the EEG data obtained from 

our prototype, an unpaired t-test (p < 0.05) was performed against the EEG data acquired by the 

commercial EEG system (i.e. Neuroscan SynAmps2) after averaging all VEPs obtained while a) 

sitting still or b) pedalling. Furthermore, to visualize the agreement between the VEPs (fNIRS-

EEG prototype vs. Neuroscan), we used the Bland-Altman method with 95% limits of agreement 

(SD ± 1.96) [Bland and Altman, 1986, 1996].  

 

Processing of the fNIRS signal: All NIRS data were first processed with the toolbox HomER 

[Huppert et al., 2009]. Every channel was bandpass-filtered between 0.05 and 0.1 Hz to retrieve 

the slow hemodynamic variations while eliminating slower drifts. Channels with a raw DC 
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intensity at the level of the equipment noise or with a standard deviation higher than 20 % were 

considered as artefactual and excluded from the analysis. Relative changes in HbO2 and Hb for 

each measurement position were calculated from the raw light intensity by applying the modified 

Beer-Lambert law [Kocsis et al., 2006]. For each healthy participant, concentration changes in 

HbO2 and Hb were averaged across the blocks. A differential path length factor correction was 

also applied to generate concentration values. All concentrations represent a variation during 

activation relative to baseline values, thus are expressed as delta concentrations. Significant 

activation (i.e., delta concentration amplitude > baseline noise) in the regions of interest (ROIs) 

for visual (i.e. visual cortex) and language (i.e. Broca’s area, Wernicke's areas, and contralateral 

homologous regions) tasks, as well as for clinical monitoring (e.g. epileptic focus) were identified 

by computing a two-tailed paired t-test and were further used to qualitatively assess the results. To 

account for multiple comparisons, p-values were Bonferroni-corrected, setting the significance 

level after correction to p = 0.05. The t-values of the significant ΔHbO2 channels were color-coded 

and partially projected onto the gray matter surface of the MNI standard brain model or own MRI 

scan. 

 

Comparison of fNIRS signals between systems: For the visual task, we used an unpaired 

(student’s) t-test (p < 0.05) to test for differences in the mean value of HbO2 and Hb between 10 s 

and 30 s after activation onset between the two conditions (i.e. sitting vs. pedalling) during visual 

stimulation. Group averages for each condition were also calculated. Time course of ΔHbO2 and 

ΔHb are displayed with their standard error of mean (SEM). The Dice similarity coefficient (DSC) 

was used to compare visual mapping obtained with each condition [Dice LR, 1945]. Based on the 

literature [Zijdenbos et al., 1994; Fleiss JL, 1982] a DSC ≥ 0.80 was deemed to reflect very good 

concordance between maps, a DSC ≥ 0.70 was deemed to reflect good concordance between maps, 

and a DSC < 0.70 was associated with poor concordance. Finally, a one-way ANOVA on DSC 

values was performed to compare fNIRS visual mapping concordance between the two conditions.  

For the language tasks, we performed an unpaired (student’s) t-test (p < 0.05) to compare mean 

values of HbO2 and Hb (10 s to 30 s and 5 s to 20 s after activation onset for the fluency and 

listening task respectively) between our prototype and ISS. Group averages for each language task 

and for each system were also calculated. We also calculated a language lateralization index (LI) 

in the left (LH) and right (RH) hemisphere ROIs [Pujol et al., 1999; Seghier, 2008]: (LH − RH) / 
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(LH + RH)), where L is the maximal increase in HbO2 associated with the naming or semantic 

language task, obtained from an averaged curve of all channels covering left Broca’s and 

Wernicke’s areas and R is the HbO2 value obtained from an average curve of all channels covering 

the right mirror regions of left Broca’s and Wernicke’s areas measured at the same time as the 

maximal left increase in HbO2. A value < - 0.10 indicates right hemisphere language dominance, 

a value > 0.10 indicates left hemisphere language lateralization and a value close to zero (- 0.10 ≤ 

LI ≤ 0.10) reveals a bilateral language distribution. Concordance between individual language 

lateralization (or LI) results was computed from both systems using unweighted kappa statistics, 

which consists of comparing the results of HbO2 LIs from our prototype and HbO2 LIs from ISS. 

Quantitative comparison of hemodynamic changes between our system and ISS was done using 

the same Blant-Altman method previously described. Under the assumption of independence of 

measurements, we took every 25th measurement of ΔHbO2 and ΔHb [Chandrasekeran B. 1971; 

Cox and Wermuth, 1996]. Qualitative comparison of maps of language activations between the 

two systems was performed qualitatively.  

 

7.4 Results 

 

7.4.1 Phantom validation 

We first carried out some long acquisitions on polyester resin phantom mimicking tissue to 

confirm software and prototype capability to maintain signal quality over time.  Beyond slow drifts 

associated with LED heating that can be filtered out in post-processing, the system was able to 

record low level signal without significant change in SNR over time. Over 24 continuous hours, 

the software was able to record every curve with no data loss. The standard deviation of the signal 

on phantom (calculated on periods of 60 seconds) was constant and equal to 1.2 mV (for a 5 V 

ADC input range) from the beginning to the end of the recording.  

 

7.4.2 Physiological Validation 

Table 10 shows the demographic characteristics, recording information, comfort scores and results 

for each participant. Five adults (2M) and three children (3M) were recorded using simultaneously 

our prototype and the commercial EEG system. As expected, the checkerboard protocol showed a 

clear and significant (p < 0.05) VEP and fNIRS activations over the visual areas in all participants 
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during both conditions (i.e., sitting still and pedalling). No significant electrophysiological (VEP) 

or hemodynamical (fNIRS) responses were seen over the precentral and parietal regions.  

 

During the non-pedalling condition, our system recorded a mean P100 peak amplitude of 5.80 ± 

0.44 µV (time = 109 ms) while a peak amplitude of 5.96 ± 0.43 µV (time = 109 ms) was recorded 

with Neuroscan. During the pedalling condition, mean P100 peak amplitudes of 6.49 ± 0.48 µV 

(time = 109 ms) and 6.74 ± 0.49 µV (time =109 ms) were recorded with our system and the 

Neuroscan, respectively. Individual and group comparison showed no statistical differences for 

both P100 peak amplitudes and latencies measured by the two systems. Linear regression comparing 

our device to the commercial one showed a group average correlation coefficient of r = 0.99 (p < 

0.0001) during the non-pedalling condition and r = 0.99 (p < 0.0001) during the pedalling 

condition. Bland-Altman plot showed a group average difference of -0.01 µV (limits of agreement 

were -0.34 to 0.31 µV) during the non-pedalling condition and -0.02 µV (limits of agreement were 

-0.38 to 0.33 µV) during the pedalling conditions (Figure 27B-E). On an individual basis, 

statistical comparison of the time course between the two conditions (i.e. sitting vs. pedalling) 

while performing the visual-task showed, for both systems, a statistically significant difference in 

three participants (B01, B02, B08) (Supplementary Figure 1).  

 

Both sitting still and pedalling generated a positive HbO2 and negative Hb response over visual 

areas (V1 and V2) during visual stimulation. In the absence of pedalling, we observed a mean peak 

hemodynamic response average across all participants of 0.71 ± 0.08 µmol/L for HbO2 and -0.34 

± 0.04 µmol/L for Hb. During pedalling, a mean HbO2 increase of 0.69 ± 0.08 µmol/L and a Hb 

decrease of -0.28 ± 0.04/L µmol was observed. For the channels reaching a significant level of 

activation, individual-level analysis between the two conditions showed a significant difference 

for the mean ΔHbO2 time courses in all participants, while the mean Hb time courses showed a 

significant difference in 50 % of participants. Activation maps comparison between the two 

conditions showed very good concordance (DSC ≥ 0.80) for cortical visual mapping in seven out 

of eight (88%) participants (mean DSC = 0.89 ± 0.04). The one-way ANOVA results showed no 

statistical differences between groups for DSC (p = 0.074).  
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Table 10 – Average electrophysiological and hemodynamic changes during the visual task. 

Participant 
(sex, age, 

profession) 

Screen distance 
(cm) Hair description Installation time 

(min) 
Comfort 

scale 
VEPProt. 

(µV) 
VEPNeuroscan 

(µV) 

ΔHbO2 
ΔHb 

(µmol) 
# rejected trials Dice 

(HbO2) 

     Ss P Ss P Ss P Ss P  

B1 
(F, 21, 

student) 
155 

Straight, 
redheaded, 

medium 
48 9 4.31 4.83 4.53 5.2 0.95 

-0.34 
0.95 
-0.45 1 1 0.87 

B2 
(M, 24, 

engineer) 
138 Straight, black, 

short 40 6 3.27 5.48 3.74 6.35 0.64 
-0.39 

1.12 
-0.17 1 2 1.00 

 

B3 
(M, 28, 

engineer) 
142 Curly, black, short 51 8 4.63 5.99 5.16 6.24 0.32 

-0.17 
0.31 
-0.14 2 2 1.00 

 

B4 
(F, 22, 

student) 
155 Dreads, black, 

long 77 10 9.89 9.89 10.54 10.39 0.86 
-0.32 

0.84 
-0.32 1 0 0.82 

 

B5 
(M, 17, 
student) 

153 Straight, blond, 
medium 53 9 8.06 8.3 7.51 9.03 0.65 

-0.40 
0.82 
-0.31 0 0 0.72 

 

B6 
(M, 13, 
student) 

150 Straight, black, 
medium 61 7 5.92 5.58 5.86 5.4 1.04 

-0.39 
1.21 
-0.34 2 2 0.90 

 

B7 
(M, 15, 
student) 

150 Straight, black, 
short 47 8 4.59 4.53 4.99 4.55 0.77 

-0.37 
0.86 
-0.20 2 3 0.82 

 

B8 
(F, 26, 

student) 
134 Curly, black, long 63 9 6.03 6.63 5.91 6.46 0.73 

-0.09 
1.06 
-0.22 0 1 0.82 

 

F: female, Hb: deoxy-hemoglobin, HbO2: oxy-hemoglobin, M: male, Neuroscan: commercial EEG system, P: pedalling, Prot.: prototype, Ss: sitting still, VEP: visually evoked potential. 
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For language tasks, all participants were right-handed and spoke French as their first language. 

Participant demographics, setup time and comfort scale are presented in Table 11. During the 

passive listening task, our prototype recorded over posterior temporal regions a significant [HbO2] 

increase and [Hb] decrease, larger on the left (Wernicke) (x Δ[HbO2]L = 0.85 ± 0.07 µmol/L, x 

Δ[Hb]L = -0.45 ± 0.04 µmol/L) than the right (Δ[HbO2]R = 0.41 ± 0.04 µmol/L, Δ[Hb]R = -0.25 

± 0.03 µmol/L) in three participants (L1, L3, L4). Subject L2 exhibited a larger [HbO2] increase 

(Δ[HbO2]L = 0.10 ± 0.02 µmol/L vs. Δ[HbO2]R = 0.72 ± 0.02 µmol/L) and [Hb] decrease ([Hb]L 

= -0.18 ± 0.06 vs. Δ[Hb]R = -0.45 ± 0.04) over the right posterior temporal region.  In comparison, 

the ISS also recorded a significantly larger [HbO2] increase (x Δ[HbO2]L = 0.84 ± 0.07 µmol/L 

vs. x Δ[HbO2]R = 0.51 ± 0.03 µmol/L) and [Hb] decrease (x Δ[Hb]L = -0.34 ± 0.04 µmol/L vs. x 

Δ[Hb]R = -0.25 ± 0.03 µmol/L) over the left posterior temporal area in L1, L3, L4 and a larger 

[HbO2] increase (Δ[HbO2]L = 0.85 ± 0.06 µmol/L vs. Δ[HbO2]R = 1.72 ± 0.02 µmol/L) and [Hb] 

decrease ([Hb]L = -0.21 ± 0.04 vs. Δ[Hb]R = -0.69 ± 0.06) over the right posterior temporal area 

in L2. For both systems, laterality index (LI) computed from the maximum [HbO2] peak over 

Wernicke's area and the contralateral homologous region showed left hemisphere dominance for 

receptive language in participant L1, L3 and L4 and right dominance for participant L2 (κ = 1.0, 

p < 0.0001). Mean time to peak for HbO2 was 16 ± 3 s with our system and 15 ± 3 s with ISS (p > 

0.05). 

 

During the naming task, our system recorded a significantly larger [HbO2] increase (x Δ[HbO2]L 

= 1.53 ± 0.15 µmol/L vs. x Δ[HbO2]R = 0.69 ± 0.08 µmol/L) and [Hb] decrease (x Δ[Hb]L = -

0.24 ± 0.07 µmol/L vs. x Δ[Hb]R = -0.28 ± 0.06 µmol/L) over the left inferior frontal area (Broca) 

in all four participants. A significantly larger [HbO2] increase (x Δ[HbO2]L = 2.67 ± 0.26 µmol/L 

vs. x Δ[HbO2]R = 1.74 ± 0.13 µmol/L) and [Hb] decrease (x Δ[Hb]L = -0.32 ± 0.15 µmol/L vs. x 

Δ[Hb]R = -0.28 ± 0.09 µmol/L) over the left Broca area in all participants was also observed with 

ISS. Calculated LIs for both systems showed left hemisphere dominance for expressive language 

for all participants (κ = 1.0, p < 0.0001). Mean time to peak for HbO2was 22 ± 3 s (vs. 26 ± 2 s for 

ISS) (p > 0.05). 

 

A strong correlation (0.7 < r ≤ 1.0) for left Δ[HbO2] between the two systems was obtained during 

the passive listening task for L1, L3 and L4. Right Δ[HbO2] showed a strong correlation for L1, 
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L2 and L4 and a weak correlation (0.2 < r < 0.4) for L3. A strong or moderate (0.4 < r < 0.7) 

correlation was found for left or right Δ[Hb] for L1, L2 and L4, while a weak correlation was 

found for right Hb in L3 (data not shown). For the naming task, a strong correlation for left and 

right Δ[HbO2] was obtained for all participants, except for L4 in which a weak correlation was 

observed for left Δ[HbO2]. A strong correlation for left or right Δ[Hb] was found in tree 

participants (L2, L3, L4) and a weak one for L1 (data not shown). Bland-Altman analysis of left 

and right Δ[HbO2] for each participant can be found in Table 11. For the listening task, an overall 

mean difference of 0.19 ± 0.17 µmol/L (limits of agreement: -0.38 to 0.75 µmol/L) was calculated 

for left Δ[HbO2] and 0.32 ± 0.14 µmol/L (limits of agreement: -0.21 to 0.85 µmol/L) for its right 

counterpart. For the naming task, an overall mean difference of 0.81 ± 0.21 µmol/L (limits of 

agreement: -0.26 to 1.87µmol/L) was calculated for left Δ[HbO2] and 0.69 ± 0.16 µmol/L (limits 

of agreement: -0.30 to 1.68 µmol/L) for right Δ[HbO2]. Figure 28 shows the hemodynamic curves 

and language maps during language tasks, as well as the linear regression analysis and Bland-

Altman analysis for a representative participant (L3). 
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Table 11 – Average hemodynamic changes during the language task. 

Participant 
(sex, age, profession) 

L1 
(F, 26, student) 

L2 
(M, 22, musician) 

L3 
(F, 18, student) 

L4 
(F, 30, student) 

Screen distance (cm) Prot. / ISS 150 142 147 147 
Hair description Prot. / ISS straight, black, long straight, black, medium straight, brown, long straight, black, long 

Installation time (min) Prot. / ISS 55 / 86 49 / 92 53 / 87 50 / 85 
Comfort scale Prot. / ISS 5 / 2 9 / 2 8 / 4 8 / 4 

N
am

in
g 

ta
sk

 

L – ΔHbO2 / ΔHb (µmol) 
Prot. 0.75  ± 0.08 

-0.42 ± 0.04 
2.28 ± 0.24 
-0.48 ± 0.09 

1.53 ± 0.12 
-0.05 ± 0.07 

1.54 ± 0.15 
-0.55 ± 0.07 

ISS 1.67  ± 0.15 
0.26  ± 0.03 

3.57 ± 0.35 
0.33 ± 0.23 

2.40 ± 0.25 
-1.04 ± 0.16 

3.06 ± 0.28 
-0.85 ± 0.19 

R – ΔHbO2 / ΔHb (µmol) 
Prot. 0.32  ± 0.05 

-0.34 ± 0.03 
0.91 ± 0.05 
-0.01 ± 0.05 

0.63 ± 0.03 
-0.23 ± 0.05 

0.89 ± 0.08 
-0.55 ± 0.06 

ISS 1.08  ± 0.12 
0.05  ± 0.02 

2.20 ± 0.18 
0.09 ± 0.16 

1.51 ± 0.13 
-0.68 ± 0.09 

2.17 ± 0.10 
-0.61 ± 0.09 

# words Prot. / ISS 16 / 20 13 / 16 20 / 23 16 / 21 
# rejected trials Prot. / ISS 1 / 3 2 / 3 3 / 2 3 / 3 

 
Correlation coefficient 

 
L HbO2 

 
R HbO2 

 

r = 0.93 (p < 0.001) 
 

r = 0.76 (p < 0.001) 

r = 0.98 (p < 0.001) 
 

r = 0.73 (p < 0.001) 

r = 0.99 (p < 0.001) 
 

r = 0.92 (p < 0.001) 

r = 0.11 (p < 0.001) 
 

r = 0.70 (p < 0.001) 

Differences (µmol): mean ± SD 

 
L HbO2 

 
R HbO2 

 

0.59 ± 0.13 (0.02-1.15) 
 

0.56 ± 0.16 (-0.13 – 1.25) 

1.05 ± 0.31 (0.04-2.01) 
 

0.82 ± 0.14 (-0.39 – 2.03) 

0.46 ± 0.22 (-0.27-1.19) 
 

0.57 ± 0.22 (-0.15 – 1.30) 

1.14 ± 0.19 (-0.81 - 3.10) 
 

0.80 ± 0.13 (-0.53 – 2.13) 

HbO2 LI (dominance) Prot. / ISS 0.39 (L) / 0.21 (L) 0.43 (L) / 0.24 (L) 0.41 (L) / 0.23 (L) 0.27 (L) / 0.17 (L) 

Pa
ss

iv
e 

lis
te

ni
ng

 ta
sk

 

L – ΔHbO2 / ΔHb (µmol) 
Prot. 1.28  ± 0.10 

-0.62 ± 0.05 
0.01 ± 0.02 
-0.18 ± 0.06 

0.50 ± 0.04 
-0.28 ± 0.03 

0.76 ± 0.07 
-0.47 ± 0.05 

ISS 0.83  ± 0.06 
-0.25 ± 0.04 

0.85 ± 0.06 
-0.21 ± 0.04 

0.46 ± 0.04 
-0.33 ± 0.02 

1.23 ± 0.10 
-0.45 ± 0.07 

R – ΔHbO2 / ΔHb (µmol) 
Prot. 0.59  ± 0.05 

-0.47 ± 0.04 
0.72 ± 0.02 
-0.45 ± 0.04 

0.28 ± 0.03 
0.04  ± 0.01 

0.37 ± 0.05 
-0.32 ± 0.05 

ISS 0.55  ± 0.02 
-0.25 ± 0.02 

1.72 ± 0.02 
-0.69 ± 0.06 

0.26 ± 0.03 
-0.15 ± 0.02 

0.71 ± 0.04 
-0.36 ± 0.04 

# rejected trials Prot. / ISS 4 / 4 5 / 5 4 / 4 5 / 5 

 
Correlation coefficient 

 
L HbO2 

 
R HbO2 

 

 
r = 0.80 (p < 0.001) 

 
r = 0.66 (p < 0.001) 

 

r = 0.17 (p < 0.001) 
 

r = 0.94 (p < 0.001) 

r = 0.80 (p < 0.001) 
 

r = 0.02 (p < 0.001) 

r = 0.88 (p < 0.001) 
 

r = 0.96 (p < 0.001) 

 
Differences (µmol): mean ± SD 

 
L HbO2 

 
R HbO2 

 

-0.22 ± 0.17 (-0.76 – 0.31) 
 

-0.05 ± 0.04 (-0.54 – 0.43) 

0.31 ± 0.17 (-0.23 – 0.85) 
 

0.60 ± 0.22 (-0.12 – 1.33) 

0.46 ± 0.22 (-0.27 – 1.19) 
 

0.57 ± 0.22 (-0.14 – 1.30) 

0.21 ± 0.14 (-0.25 - 0.66) 
 

0.17 ± 0.05 (-0.01 – 0.34) 

HbO2 LI (dominance) Prot. / ISS 0.37 (L) / 0.20 (L) -0.98 (R) / -0.34 (R) 0.28 (L) / 0.28 (L) 0.35 (L) / 0.26 (L) 
F: female, Hb: deoxy-hemoglobin, HbO2: oxy-hemoglobin, ISS: Commercial fNIRS system, L: left, M: male, Prot.: prototype, R: right.
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7.4.3 Prototype Validation in Clinical Conditions 

fNIRS-EEG testing in the stroke unit: The prototype was used to investigate a 61 year-old patient 

admitted to the stroke unit for daily brief episodes of right upper limb shaking and leg weakness, 

more often while standing up for a prolonged period [Kassab et al., 2016]. Recording was started 

as the patient was in supine position then in a sitting position. As the patient stood up, his blood 

pressure decreased gradually from 134/70 to 90/54 after 10 minutes at which point he experienced 

tremor of the right forearm and hand as well as weakness of both legs and mild dysarthria. fNIRS 

showed a progressive bilateral decrease in CBV, [HbO2] and an increase in [Hb] over a one-minute 

period prior the beginning of the limb-shaking (Table 12, Supplementary Figure 4 left). These 

changes rapidly normalized 15 seconds after the patient sat down and ceased to have any 

symptoms. Averaging the first 10s of symptom onset, hemodynamic changes were found to be 

most profound in bilateral right more than left dorsolateral prefrontal cortex and motor area. 

Similar findings were found in three other episodes of limb shaking triggered by orthostatic 

hypotension. In all recordings, peripheral oxygen saturation (pulse oximetry) was carefully 

monitored and remained above 95 %. Simultaneous EEG monitoring showed no epileptiform 

abnormalities, and only brief diffuse slow (i.e. 6-7 Hz) theta activity more predominantly over the 

left parasagittal regions at the moment of limb shaking. Supplementary Figure 4 left shows blood 

pressure, hemoglobin concentration curves and EEG while the patient was sitting down and 

standing up of two episodes during the first monitoring session.  

 

fNIRS-EEG testing in the epilepsy monitoring unit: A 23-year-old female with refractory epilepsy 

was admitted to the EMU to better assess her condition. During her stay, fNIRS-EEG monitoring 

was performed at the bedside for several hours over 2 days.  A 2 minute-long subtle dyscognitive 

seizure was recorded starting in the right temporal region with subsequent propagation to the left 

temporal region based on surface EEG. Hemodynamically, fNIRS revealed an initial brief dip in 

HbO2 at seizure onset followed by a larger increase over the middle and posterior portions of the 

right temporal area (Table 12, Supplementary Figure 4 right). A smaller HbO2 increase in the 

anterior part of the left temporal region was also seen. A slight decrease in Hb was observed in the 

right temporal region but more evident over the left temporal region as the seizure evolved 

(approximately 40 s after the beginning of the seizure). A normalization of HbO2 and Hb to 

approximately pre-seizure values occurred 80 s after seizure offset. Peripheral oximetry was above 
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98% throughout the event. No significant hemodynamic changes were seen elsewhere. SPECT 

images following the injection of Tc-99m ethyl cysteinate dimer 34 seconds after seizure onset 

revealed increased cerebral flood flow maximal over the middle and posterior portions of the right 

temporal lobe as well. 

 

fNIRS-EEG testing in the intensive care unit: A 30-year-old patient with pharmacoresistant right 

fronto-insular epilepsy was admitted in status epilepticus manifesting as multiple brief (~10s) 

asymmetrical tonic seizures. Treatment included intravenous lorazepam and phenytoin load, 

intubation and admission to the intensive care unit. fNIRS-EEG performed at the bedside for 24h 

recorded 15 brief seizures (without clinical manifestations as the patient was curarized). During 

these electrical seizures, fNIRS revealed fluctuations in hemoglobin concentration characterized 

by an in increase [HbO2] in over both dorsolateral frontal (right more than left) and right lateral 

temporal regions (Table 12, Supplementary Figure 5 left). These changes were associated with 

a small bilateral increase in [Hb] over the dorsolateral frontal cortices. In the posterior part of the 

lateral temporal lobe, [Hb] increased on the right, but decrease on the left. Blood pressure and 

systemic oxygen saturation were stable throughout the monitoring.   

 

fNIRS-EEG testing during neuropsychological evaluation: The prototype was used to assess 

language hemispheric lateralization in a 51-year-old left-handed patient as part of the 

neuropsychological work-up done prior to epilepsy surgery. The patient had a past history of 

hemiconvulsion-hemiplegia-epilepsy (HHE) at the age of 9 months that left her with right spastic 

hemiparesis and refractory epilepsy. Brain MRI revealed left hippocampal sclerosis and left 

periventricular gliosis. Neuropsychological evaluation showed significant visuospatial memory 

impairment compatible with non-dominant hemisphere impairment. Bedside fNIRS performed 

during expressive language tasks showed right greater than left hemodynamic activations over 

both Broca and Wernicke’s areas(LI over Broca’s areas of – 0.36) (Table 12, Supplementary 

Figure 5 right). For validation, language fMRI was also obtained, confirming right hemisphere 

dominance.  The patient subsequently underwent a left temporo-insular resection with no language 

complications. 
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Table 12 – Clinical data and average changes in HbO2 concentration during the clinical recordings. 

Patient Age 
(sex) 

Handiness 
(profession) 

Recording duration 
(# blocs) Technical issues Diagnosis Additional neuroimaging modalities Δ [HbO2] 

(µmol/l) 

C1 63 (M) R 
(retired) 2 x 1 h None LS-TIA MRA: L occlusion of M1, R severe supraclinoid ICA stenosis 

ASL: decrease rCBF within the L MCA territory 

 
LH* = -1.50 
RH* = -1.50 

 

C2 23 (F) R 
(educator) 10 h None 

 
Bi-temporal lobe 

epilepsy 
 

iSPECT: increase CBF over the middle and posterior portions 
of the right TL 

LT = 29.75 
RT = 71.09 

C3 30 (F) R 
(student) 24 h Helmet not 

ICU-friendly 
Refractory SE 

 

 
iiSPECT: R posterior temporal seizure focus 

MEG: temporal spikes from the posterior portion of the insula 
and R temporal opercula 

 

LF** = 0.49 
RF** = 1.63 
RT** = 0.51 

C4 51 (F) Right 
(retired) 

8 h 
(N= 7) None 

 
Stroke, refractory 

epilepsy 
 

fMRI: R language dominance 
BL = 0.40 
BR = 0.85 

(LIN = - 0.36) 

ASL: arterial spin labeling, BL: Broca left, BR: Broca right, F: female, HbO2: Oxyhemoglobin, ICU: intensive care unit, iSPECT: ictal single position emission computed tomography, iiSPECT: Interictal single positron emission 

computed tomography, L: left, LF: left frontal, fMRI: functional magnetic resonance imaging, LH: left hemisphere, LI: laterality index, LT: left temporal, M: male, MEG: magnetoencephalography, MRA: magnetic resonance 

angiography, rCBF: regional cerebral blood flow, R: right, RF: right frontal, RH: right hemisphere, RT: right temporal, TL: temporal lobe, *: one session of recording, **: one burst of seizure. 
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7.5 Discussion 

 

In this paper, we describe a portable multichannel wireless fNIRS-EEG system (32 EEG channels; 

32 NIR emitters and 32 detectors, for a total of 128 channels) that allows rapid installation and 

prolonged simultaneous monitoring of superficial brain electrical and hemodynamic activities at 

the bedside in various settings. After a first validation on an optical phantom, we successfully 

demonstrated the performance of our wearable high-channel diffuse optical NIRS-EEG system in 

both static and mobile conditions using visual and language tasks on healthy individuals.  

 

In regard to the EEG component, expected VEPs were identified in all participants with both the 

prototype and the commercial EEG system, at rest or during motion, with a good level of 

agreement and no substantial difference in P100 latencies and amplitudes. Interestingly, with both 

systems, a significant change in P100 amplitude was observed in 3 participants during motion versus 

rest. The effect of exercise on the VEP is beyond the scope of this paper, but prior studies have 

noted as well that acute and regular exercise can affect the amplitude and/or latency of the different 

components of VEPs [Delpont et al., 1991; Ozkaya et al., 2003; Ozmerdivenli et al., 2005; Zhao 

et al., 2009]. In regard to the fNIRS, visual stimulation elicited in all participants the expected 

activation in visual areas during both non-pedalling and pedalling conditions [Kleinschmidt et al., 

1996; Strangman et al., 2002; Hoge et al., 2005; Huppert et al., 2006]. Measured Δ[HbO2] and 

Δ[Hb] was significantly different in terms of amplitude between the resting and pedalling periods 

at the individual level in all eight participants for Δ[HbO2] and in four subjects for Δ[Hb]. The 

heterogeneous response in Hb between both conditions may be due to the fact that HbO2 is more 

prone to be influenced by changes in global hemodynamics (e.g. heart rate) than Hb [Obrig et al., 

2000; Boas et al., 2004; Huppert et al., 2009; Leff et al., 2011; Kirilina et al., 2012]. In a recent 

publication, motor-task associated Δ[HbO2] were also found to be affected more than Δ[Hb] by 

pedalling [Piper et al., 2014].  

 

Naming and passive listening tasks elicited an expected increase in [HbO2] and decrease in [Hb] 

respectively over the inferior frontal and posterior temporal regions predominantly in the left 

hemisphere [Pujol et al., 1999; Springer et al. 1999] except for one subject with an atypical 

response [Knecht et al. 2003] during the listening task seen with both our prototype and the 
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commercial system.  In comparison to the latter, our system performed relatively well by showing 

similar activation maps, no significant difference in the time to peak for [HbO2] and [Hb] and a 

good kappa agreement for language dominance. Although heterogeneity in amplitude changes 

were noted (amplitude differences > 10 %), there was a strong correlation between for left and 

right Δ[HbO2] and Δ[Hb] [13/16 (81%) pairs of measurements in each language task]. It must be 

noted that a range of acceptable concentration variations for cognitive tasks, such as language 

paradigms, have not yet been reported and concentration values may significantly differ from one 

system to another [Colier et al.1995; McKeating et al., 1997; Gomersall et al., 1998; Grubhofer et 

al., 1999; Cho et al., 2000; Yoshitani et al., 2002; Thavasothy et al., 2002; Fellahi et al., 2013; 

Luengo et al., 2013; Dix et al., 2013; Gunadi et al., 2014; Schneider et al., 2014; Hessel et al., 

2014]. Such variability in concentration values between systems have been attributed to device 

technology (e.g. light source type, quantification method, level of sensitivity to superficial layer, 

sampling rate) [Wahr et al., 1996; Lloyd-Fox et al., 2010; Gunadi et al., 2014], exact location of 

optodes, cap differences, as well as performance of each participant. 

 

In regard to in-hospital utilization, initial tests confirmed the feasibility of bedside recordings on 

patients and revealed potential clinical usefulness. In the neurovascular unit, fNIRS-EEG was able 

to demonstrate progressive decline in regional cerebral blood volume during postural hypotension 

in a patient with steno-occlusive disorder leading to transient ischemic attacks. In the epilepsy unit, 

fNIRS-EEG was able to visualize regional hemodynamic changes throughout a temporal lobe 

seizure while SPECT could only provide a single snapshot of hemodynamic changes during this 

seizure. In the intensive care unit, fNIRS-EEG was capable of monitoring seizures in a patient with 

non-convulsive status. During neuropsychological assessment, adequate language lateralization 

could be achieved at the bedside with the system in a left-handed patient.  

 

7.5.1 Comparison with other ‘portable’ fNIRS systems:  

To our knowledge, this is the only compact wireless high-channel count EEG-fNIRS device which 

has undergone such diverse in-lab and in-hospital testing. The growing need to study cortical 

function outside a tightly controlled laboratory environment without the restrictions of tabletop 

instruments has led in recent years to the development of wearable and/or wireless fNIRS 

homemade systems (Tables 14). Vaithianathan et al. (2004) were the first to design a semi-
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portable fNIRS system for imaging the neonatal brain. However, it was Bozkurt et al. (2005) who 

performed the first fNIRS recording on an infant with a portable device. Later, a series of motion 

resistant and multimodal (i.e. ECG, respiration, accelerometers, pulse oximetry, actigraphy) fNIRS 

devices was developed by the Neural System Group at Harvard [Zhang et al. 2009; Zhang et al., 

2011; Zhang et al., 2014]. More recently, the mobility of the prototype version of what is now the 

NIRSport device was evaluated by Piper et al. (2014) with eight healthy participants performing a 

hand-gripping task at rest and during pedalling. Moreover, for many years, simultaneous fNIRS 

and EEG recordings have been done by combining two independent and non-portable systems 

[Leamy et al.,2011; Flazi et al., 2012, Kaiser et al, 2014, Khan et al., 2013, Putze et al., 2014; 

Mutalib et al., 2014; Khan and Hong 2017]. Apart from our group (Lareau et al., 2011a,b; Sawan 

et al., 2012, 2013), only two other groups have designed a true hybrid fNIRS-EEG system albeit 

testing was limited to only a few healthy participants and with fewer channels (Safaie et al., 2013; 

von Luhmeann et al., 2016).  

 

Parallel progress on homemade fNIRS systems, improvements have been made on commercially 

available wearable fNIRS systems with now the possibility to measure brain activity on two or 

more people simultaneously (e.g. fNIR100AW), outdoors or during physical activity (e.g. 

PortaLite, LIGHTNIRS, NIRSport), with very high spatial sampling (e.g. WOT-100), and/or with 

cytochrome c oxidase values (e.g. B&W Tek, Avantes, Ocean Optics) (Table 15). In comparison 

to these devices, our system can support a higher number of NIRS optodes that allow sampling of 

a large portion of the superficial cortex. Furthermore, while several of these companies have made 

their system compatible with other instruments (ex. EEG), these additional physiological signals 

come with longer setup time, decrease wearability/mobility and require complex synchronization. 

 

While not the focus of this work, an important feature of our system was the design of an fNIRS-

EEG cap. The challenge here was threefold, 1) to provide a stable optical contact with the scalp, 

2) to ensure comfort during long-term monitoring and 3) to allow simultaneous fNIRS-EEG signal 

acquisition. After testing several prototypes using different stretchable material and different form 

of sockets and optodes housing, we were able to build an easy to use, motion-resistant and 

comfortable cap (Table 10-15). The large socket opening and the space between holes allow 

pushing hair aside to improve signal quality (Idelson et al., 2015).  
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7.5.2 Limitations 

Some limitations in our study need to be pointed out. First, the portable system was tested on a 

small number of hospitalized patients and larger clinical studies are obviously required.  Second, 

although a small number of short distance optodes were planned in our original design to assess 

the contribution of extracerebral superficial layers to the signal, they were not yet available in our 

first-generation caps. Future recordings will include this component. Third, our prototype only 

allowed each source to be coupled to a maximum of four detectors. Albeit this allowed for quasi-

full head coverage, raising the number of detected per source could provide denser coverage. 

Fourth, the current optode design do not allow for occipital recording while the participant is in 

supine position.  

 

7.5.3 Future perspectives 

Case studies provided in this paper represent only a few potential applications of a portable 

multichannel fNIRS-EEG system for long-term monitoring in a hospital environment. Other areas 

that may benefit from such neuroimaging technology include the operating room (ex. cardiac and 

vascular surgeries) [Maldonado et al. 2014; Kato et al. 2015], the neurosurgical critical care unit 

(ex. monitoring of seizures or vasospasm) [Yokose et al., 2010; Keller et al., 2015; Seule et al., 

2015; Tanaka et al., 2015] and rehabilitation centers (ex. study of brain plasticity after injury) 

[Strangman et al., 2006; Arenth et al., 2007; Mihara et al., 2007, 2010; Yoshino et al., 2013; Khan 

et al., 2013]. These clinical avenues will obviously need to be explored in larger series. 

In terms of technical development, incorporating other improvements made by other groups can 

be explored such as probe miniaturization [Kanayama and Niwayama, 2014], computer-free 

systems [Si et al., 2015], broadband devices [Chitnis et al., 2016], wireless fNIRS probes [Abtahi 

et al., 2016], portable diffuse optical topography [Atsumori et al., 2007; Kiguchi et al. 2012; 

Flexman et al., 2012], and integration of smartphone technology [Yurtsever et al., 2006; Bunce et 

al., 2006; Sharieh et al., 2014; Watanabe et al., 2016a]. 

 

7.6 Conclusions 
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To answer the need of portability to monitor electrical and hemodynamic brain activities in clinical 

settings, we developed a novel high channel (128 NIRS and 32 EEG) count and lightweight 

instrument that can display real-time changes in HbO2, Hb, HbT and EEG on a portable personal 

computer through a wireless wearable module. Using visual and language tasks, we established 

that haemodynamic activations can be retrieved. In-hospital testing on patients with various 

neurological conditions demonstrated the portability of the device and the potential to provide 

useful clinical information.  
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7.8 Appendix 

 

 
Supplementary Figure 1 – 1st and 2nd row: P100 time course and topography over the visual cortex averaged along every stimulation 

blocks while sitting still (upper row) and pedalling (bottom row) for each participant. Black line/dot: Neuroscan system. Red line/dot: 

fNIRS-EEG prototype. 3rd and 4th row: Time course of Δ[HbO2] (red line) and Δ[Hb] (blue line) over the visual cortex and Δ[HbO2] 

topography, averaged over 6 to 8 visual stimulation periods for each participant obtained from 2-6 channels over the visual cortex while 

sitting still (upper row) and pedalling (bottom row). Red and blue shaded area: standard error of the mean for Δ[HbO2] and Δ[Hb] 

respectively. Green shaded area: stimulation period. 5th row: Results from the Bland–Altman analysis for the P100 amplitude changes at 

rest (left) and while pedalling (right) between our prototype and Neuroscan. Doted red line: limits of agreement. Solid blue line: bias. 
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Supplementary Figure 1 (continued) – 1st and 2nd row: P100 time course and topography over the visual cortex averaged along every 

stimulation blocks while sitting still (upper row) and pedalling (bottom row) for each participant. Black line/dot: Neuroscan system. 

Red line/dot: fNIRS-EEG prototype. 3rd and 4th row: Time course of Δ[HbO2] (red line) and Δ[Hb] (blue line) over the visual cortex and 

Δ[HbO2] topography, averaged over 6 to 8 visual stimulation periods for each participant obtained from 2-6 channels over the visual 

cortex while sitting still (upper row) and pedalling (bottom row). Red and blue shaded area: standard error of the mean for Δ[HbO2] and 

Δ[Hb] respectively. Green shaded area: stimulation period. 5th row: Results from the Bland–Altman analysis for the P100 amplitude 

changes at rest (left) and while pedalling (right) between our prototype and Neuroscan. Doted red line: limits of agreement. Solid blue 

line: bias. 
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Supplementary Figure 2 – 1st and 2nd column: Δ [HbO2] topography and time course of Δ[HbO2] (straight line) and Δ[Hb] (dotted 

line) over the Broca area along all stimulation blocks during the listening task in the other three participants. 3rd and 4th column: results 

from the linear regression and Bland–Altman analysis for Δ [HbO2]. Doted red line: limits of agreement. Solid blue line: bias. 
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Supplementary Figure 3 – 1st and 2nd column: Δ [HbO2] topography and time course of Δ[HbO2] (straight line) and Δ[Hb] (dotted 

line) over the Wernicke area along all stimulation blocks during the passive listening task in the other three participants. 3rd and 4th 

column: results from the linear regression and Bland–Altman analysis for Δ [HbO2]. Doted red line: limits of agreement. Solid blue line: 

bias. 
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Supplementary Figure 4 – Left - patient C1. Montage configuration (A). Topographic uncorrected T-stats views of [HbO2], [Hb] and 

CBV averaged between time 40s to 50s during the first recording session (B). Hemodynamic variations over the DLFC and motor areas 

during two recording sessions. The first part (green) of these hemodynamic changes are representative of the first 10 minutes while the 

patient was sitting and the second part (red) represent the hemodynamic changes when the patient was standing up prior to limb shaking. 

The black line indicates the period during which the patient experienced limb shaking and lower limb weakness. The yellow line 

indicates the period during which we averaged hemodynamic changes over the frontal, temporal and parietal cortices for topographic 

representation (C). Dotted line: [Hb]. Solid line: [HbO2]. Red: Right hemisphere activations. Blue: Left hemisphere activations.  Right 

- patient C2. Montage configuration (A). Hemodynamic variations (left) over the temporal regions before, during and after the seizure 

and EEG time course (right) showing the beginning of the seizure in the right temporal lobe and further propagation to the left 

contralateral side. (B). Topographic uncorrected T-stats views of [HbO2], and [Hb] during the course of the seizure (C). ictal SPECT 

34s after seizure onset showing an increase in CBF most importantly over the middle and posterior portion of the right temporal lobe 

(D). Dotted line: [Hb]. Solid line: [HbO2]. Blue: Left hemisphere activations. Red: Right hemisphere activations. 
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Supplementary Figure 5 – Left - patient C3. Montage configuration (A). Hemodynamic variations over the right lateral temporal 

region (epileptogenic region) during each brief seizures (short black line) (B). Averaged hemodynamic variations over the dorsolateral 

frontal region (left) and right lateral temporal region (right) (C). Blow-out of EEG showing a representative brief seizure over the 

temporal area (D). Topographic uncorrected T-stats views of [HbO2], and [Hb] during the course of one brief seizure (E). Dotted line: 

[Hb]. Solid line: [HbO2]. Red: Right hemisphere activations. Blue: Left hemisphere activations. Right - patient C4. Left and right NIRS 

activations in a female patient with probable language reorganization (A). Haemodynamic response in region of interest averaged along 

every stimulation blocks during the naming task showing a clear activation (↑ HbO2 & ↓ Hb) in the Broca and Wernicke’s area in the 

right hemisphere (B). fMRI was also obtained, confirming right hemisphere dominance (C). Dotted line: [Hb]. Solid line: [HbO2]. Blue: 

Left hemisphere activations. Red: Right hemisphere activations. 

 



186 
 

 

Table 13 – Headgear comfort questionnaire 

 
Discomfort 

(yes, no) 
Headache 
(yes, no) 

Neck pain 
(yes, no) 

Tolerance 
(< 1h, 1-2h, > 2h) 

Overall appreciation 
(0-5) Total 

NIRS-EEG ISS NIRS-EEG ISS NIRS-EEG ISS NIRS-EEG ISS NIRS-EEG ISS NIRS-EEG ISS 

B1 No - No - No - > 2h - 4 - 9 - 

B2 Yes - No - No - 1-2h - 3 - 6 - 

B3 No - No - No - 1-2h - 4 - 8 - 

B4 No - No - No - > 2h - 5 - 10 - 

B5 No - No - No - 1-2h - 5 - 9 - 

B6 Yes - Yes - No - > 2h - 4 - 7 - 

B7 No - No - No - > 2h - 3 - 8 - 

B8 No - No - No - > 2h - 4 - 9 - 

L1 Yes Yes Yes Yes No Yes > 2h < 1h 3 2 5 2 

L2 No Yes No No No Yes > 2h < 1h 4 1 9 2 

L3 No Yes No Yes No Yes 1-2h 1-2h 4 3 8 4 

L4 Yes No No Yes No No > 2h 1-2h 4 1 8 4 

C1 - - - - - - - - - - - - 

C2 No - No - No - > 2h - 4 - 9 - 

C3 No - No - No - 1-2h - 4 - 8 - 

C4 No - No - No - > 2h - 5 - 10 - 

Average  7.6 3 
 

0 (very uncomfortable)           10 (very comfortable) 
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Table 14 – Main in-house compact portable NIRS system for brain studies. 

Authors 
(year) Goal Validation 

[# subjects] 
Technique 
[S, D type] 

# channels 
[# S, # D] 

Wavelengths 
(nm) 

SR (Hz) / 
SNR (dB) 

Degree of 
wearability Mobility 

Battery 
powered 

[h] 

Simultaneous 
multimodality 

Commercial 
comparison 

Yurtsever et al. 
(2003, 2006) 4 

 
Design a miniaturized, wearable 

system for cognitive activity 
monitoring. 

 

Phantom 
Single distance 

CW 
[LEDs, MPDs] 

16 
[4, 10] 730, 850 3.3 / N/R High 2 NE Yes 

[N/R] No No 

Vaithianathan et 
al. 

(2004) 

 
Design a portable topographic 

system to image brain activity in 
preterm and term babies. 

 

Phantom 
 

Pressure cuff measurements 
[6M, 6F] 

Single distance 
CW 

[LEDs, SiPDs] 

56 
[24, 14] 780, 880 3 / 3 Low NE No No No 

Bozkurt et al. 
(2005) 

 
Rosen et al. 

(2005)1 

Design a portable system to 
monitor newborn brain 

metabolism. 

 
Phantom 

 
Hearing screening test 

[1 newborn male] 
 

Single distance 
CW 

[LEDs, MPDs] 

2 
[1, 2] 730, 850 10 / 67 Low Yes Yes 

[30] No No 

Bunce et al. 
(2006) 

 
Design a portable and wireless 

neuroimaging system. 
 

Target categorization and 
deception detection task 

[32M, 4F] 

Single distance 
CW 

[LEDs, MPDs] 

16 
[4, 10] 730, 805, 850 2 / N/R High 2 NE Yes 

[N/R] EEG No 

Chénier and 
Sawan 
(2007) 

 
Design a portable brain imaging 

system. 
 

 
Phantom 

 
Measurements of signal 

physiology 
[2M, 1F] 

 

Single distance 
CW 

[LEDs, SiPDs] 

1 
[1, 1] 730, 805, 850 23 / 47 Low NE Yes 

[N/R] No No 

Atsumori et al. 
(2007, 2009) 6 

 
Design a multi-channel, portable 
and fibreless optical topography-

NIRS based system. 
 

Word fluency task 
[1M] 

Single distance 
CW 

[VCSELs, SiPDs] 

22 
[8, 8] 790, 850 12.5 / 65.3 High 2 NE Yes 

[2-3] No No 

 
Muehlemann et 

al. 
(2008) 

 
Holper et al. 

(2010, 2014a) 1 

 

Design a palm-size wireless 
system. 

Phantom 
 

Pressure cuff measurements 
and motor task 

[1M] 

Single distance 
CW 

[LEDs, SiPDs] 

12 
[4, 4] 760, 870 100 / 32-37 High 2 NE Yes 

[3] No No 

 
Zhang et al. 

(2009) 

 
Design of a portable system for 

tissue oxygenation measurement. 
 

 
Pressure cuff measurements 

[1M] 

 
Single distance 

CW 
[LED, MPD] 

2 
[2, 1] 760, 850 40 / N/R Low NE Yes 

[N/R] No No 

 
Lareau et al. 

(2011a,b) 

 
Design a system that can operate 

for 24 h on a single battery charge. 
 

 
Phantom 

 
Visual task 

[5M] 

 
Single distance 

CW 
[LD, APD] 

32 
[8, 8] 735, 850 20 / 19 Low NE Yes 

[24] 
EEG 3 

(8 channels) No 
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Table 14 (continued) – Main in-house compact portable NIRS system for brain studies. 

Authors 
(year) Goal(s) Validation 

[# subjects] 
Technique 
[S, D type] 

# channels 
[# S, # D] 

Wavelengths 
(nm) 

SR (Hz) / 
SNR (dB) 

Degree of 
wearability Mobility 

Battery 
powered 

[h] 

Simultaneous 
multimodality 

Commercial 
comparison 

Zhang et al. 
(2011) 5 

 
Developing wearable ambulatory 

neuromonitoring system. 
 

Phantom 
 

Valsalva test and parabolic 
flight test 

[1M] 

Multi distance 
CW 

[LEDs, MPDs] 

4 
[1, 2] 660, 905 250 / 55 Very high 2 Yes Yes 

[14] 

3ECG 3, 
respiration 3, 

accelerometers 
3 

No 

Hemmati et al. 
(2012) 

 
Design a miniaturized system for 

real-time monitoring in the 
prefrontal cortex. 

 

Phantom 
Single distance 

CW 
[LEDs, MPDs] 

16 
[10, 4] 730, 850 N/R / N/R Low NE Yes 

[N/R] No No 

Kiguchi et al. 
(2012)6 

 
Design a wearable optical 

topography-NIRS based system for 
brain region covered by hair. 

 

Finger tapping task 
[6M] 

Single distance 
CW 

[VCSELs, SiPDs] 

22 
[8, 8] 790, 850 12.5 / 65.3 High 2 NE Yes 

[2-3] No No 

Flexman et al. 
(2012) 

 
Design a wireless system that 
perform DOT measurements. 

 

Phantom 
Multi distance 

CW 
[LDs, SiPDs] 

8 
[4, 2] 

780, 808, 
850, 904 2.3 / 50 High 2 NE Yes 

[N/R] No No 

Sharieh et al. 

(2012) 4 

 
Design a fully mobile smartphone 

controllable system. 
 

Breathing 
[N/R] 

Single distance 
CW 

[LEDs, SiPDs] 

4 
[4, 4] 730, 830 100 / N/R High 2 NE Yes 

[3-6] No No 

Sawan et al. 
(2012, 2013) 

 
Design of a system for monitoring 

epileptic and stroke patients. 
 

Finger tapping  
and visual task 

[1M] 

Single distance 
CW 

[LEDs, APDs] 

32 
[8, 8] 735, 850 20 / 112 High 2 NE Yes 

[24] 
EEG 3 

(8 channels) No 

Ayaz et al. 
(2013) 4, 6 

 
McKendrick et al. 

(2015) 1 

 
Design a system capable of 

measurements in brain 
hemodynamics during air traffic 

control. 
 

Phantom 
Single distance 

CW 
[LEDs, MPDs] 

16 
[4, 10] 730, 850 2 / 75 High 2 NE Yes 

[3] No No 

Safaie et al. 
(2013) 5 

 
Design an integrated wireless and 

wearable NIRS-EEG system to 
study the neuro-hemodynamic 

interaction. 
 

Phantom 
 

Pressure cuff measurements 
and somatosensory test 

[3M] 

Single distance 
CW 

[LEDs, MPDs] 

64 * 
[32, 4] * 760, 850 8 / 46 High 2 NE Yes 

[5] 
EEG3 

(16 channels) * Yes 

Piper et al. 
(2014) 6 

 
Design of a portable system 

capable of measurements in brain 
hemodynamics in freely moving 

subjects. 
 

Hand gripping task at rest 
and during indoor and 

outdoor pedalling 
[6M, 2F] 

Single distance 
CW 

[LEDs, SiPDs] 

20 
[8, 8] 760, 850 6.25 / N/R Very high 2 Yes Yes 

[8] No No 
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Table 14 (continued) – Main in-house compact portable NIRS system for brain studies. 

Authors 
(year) Goal(s) Validation 

[# subjects] 
Technique 
[S, D type] 

# channels 
[# S, # D] 

Wavelengths 
(nm) 

SR (Hz) / 
SNR (dB) 

Degree of 
wearability Mobility 

Battery 
powered 

[h] 

Simultaneous 
multimodality 

Commercial 
comparison 

Kotozaki et al. 
(2014) 

 
Design a system capable of 
investigating the anatomical 

correlated of biofeedback effect. 
 

Biofeedback experiment 
[30] 

Multi distance 
CW 

[N/R] 

1 
[1, 2] 810 10 / N/R High 2 NE N/R No No 

Kanayama and 
Niwayama 

(2014) 6 

Design a finger-mounted fetal 
tissue oximeter. 

Neonatal and fetal cerebral 
oxygen saturation during labor 

[3 newborns] 

Single channel 
SRS 

[LEDs, N/R] 

1 
[1, 1] 770, 810 NA N/R NE Yes 

[N/R] No No 

Zhang et al. 
(2014) 

 
Evaluate of a wearable ambulatory 
neuromonitoring system for long-

term recording. 
 

24-h normal daily activities 
[1M] 

Multi distance 
CW 

[LDs, MPDs] 

4 
[1, 2] 660, 905 250 / 55 Very high Yes 

Yes 
[24] 

 

ECG 3, pulse 
oximetry 3, 

actigraphy 3, 
respiration 3, 

accelerometers 
3 

No 

 
Agrò et al. 

(2014, 2016) 
 

 
Design of a portable multichannel 

system. 
 

Breath-holding measurements 
[1M] 

Single distance 
CW 

[LEDs, SiPMs] 

> 128* 

[64, 128] 735, 850 NA / 45 High No Yes 
[N/R] No No 

 
von Lühmann et 

al. 
(2015) 

 

Design an open source 
multichannel stand-alone system. 

Mental arithmetic BCI 
experiment 

[12M] 

Single distance 
CW 

[LEDs, SiPDs] 

4 
[4, 1] 750, 850 Variable / 

28 High Yes Yes 
[N/R] No No 

Si et al. 
(2015) 4 

 
Design a self-contained, computer-

free system. 
 

Phantom 
 

Finger tapping task 
[5M, 2F] 

Single channel 
CW 

[LEDs, APDs] 

8 
[4, 4] 690, 830 NA / NA High NE Yes 

[N/R] No No 

Hallacoglu et al. 
(2016) 

Design a compact high-density 
DOT system for cerebral 

oxygenation and perfusion imaging 
on the bedside. 

Phantom 
Multi distance 

CW 
[LEDs, N/R] 

180 
[10/18] 

690 to 850 
(5 

wavelengths) 
N/A High2 NE No No No 

Liang et al. 
(2016) 

Design of a multichannel system 
for measuring frontal 

hemodynamics during anesthesia. 

Valsalva maneuver task and 
anesthesia monitoring 

[7M, 4F] 

Single distance 
CW 

[LEDs, SiPDs] 

12 
[3, 8] 760, 850 100 / NA Low NE No No No 

Watanabe et al. 
(2016) 

 
Design a portable tissue 

oxygenation monitoring system. 

Phantom 
 

Pressure cuff and breath-holding 
measurements 

[1M] 

Single distance 
CW 

[LEDs, SiPDs] 

2 
[3, 1] 735, 810, 850 60 / 60 High 2 NE Yes 

[N/R] No No 
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Table 14 (continued) – Main in-house compact portable NIRS system for brain studies. 

Authors 
(year) Goal(s) Validation 

[# subjects] 
Technique 
[S, D type] 

# channels 
[# S, # D] 

Wavelengths 
(nm) 

SR (Hz) / 
SNR (dB) 

Degree of 
wearability Mobility 

Battery 
powered 

[h] 

Simultaneous 
multimodality 

Commercial 
comparison 

Chitnis et al. 
(2016) 

 
Design of a wearable device for 

simultaneous NIRS and 
EEG monitoring of neurovascular 

and metabolic physiology. 
 

Phantom  
 

Visual task 
[1M] 

Multi distance 
CW 

[LEDs, SiPDs] 

16 
[8, 4] 

778, 808, 
814, 841, 
847, 879, 
888, 898 

5.56 / > 40 Low NE No No No 

von Lühmann et 
al. 

(2016) 

 
Design a hybrid wireless bio-

optical and bio-electrical 
instrument for BCI application 

 

Phantom 
 

Deep breathing measurements 
 [1M] 

Single distance 
CW 

[LEDs, SiPDs] 

8-10 * 
[5, 5] 750, 850 16.66 / 40-66 High 2 NE Yes 

[N/R] 

EEG 3, ECG 3, 
EMG 3, 

accelerometers 
3 

No 

Abtahi et al. 
(2016) 

 
Design a low-cost, wearable and 

wireless fNIRS path 
 

Phantom 
 

Pressure cuff measurements 
[1M] 

Single distance 
CW 

[LEDs, MPDs] 

10 
[4, 4] 770, 930 5 /NA High 2, 4 NE Yes 

[6-11] No No 

Wyser et al. 
(2017) 

Design a fibreless system to 
reliably and accurately capturing 

brain hemodynamics. 

Phantom 
 

Pressure cuff and finger 
tapping  

measurements 
[1M] 

Multi distance 
CW 

[LEDs, SiPM] 

4 
[4, 1] 

770, 810, 
850, 885 100 / 31-64 High 2 NE Yes 

[NA] No No 

Funane et al. 
(2017) 

Design of a system-on-chip 
fiberless wearable fNIRS system. 

Language 
measurements 

[1M] 
[LEDs, APDs] N/R 

[12, 23] 730, 855 10 / NA High 2 NE No 
[NA] No No 

1Same prototype used, 2Wireless system, 3Integrated modality, 4Smartphone or PocketPC controllable system, 6Early prototype of a commercial system, * Number of potential channels, APD: avalanche photodiode, CW: continuous wave, LDs: laser diodes, 

LEDs: light-emitting diode, MPD: monolithic photodiode, NE: not evaluated, N/R: not reported, SiPD: silicon photodiode, VCSEL: vertical-cavity surface-emitting laser. 
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Table 15  – Main commercial compact portable NIRS system for brain studies. 

Product, 
[software] 

HEO-100/200 
[built-in] 

fNIR100AW/200-
W 

[fNIRSoft, COBI] 

WOT-100 
[POTATo] 

OEG-16H 
[NIRS-SPM] 

LIGHTNIRS 
[fNIRS] 

NIRSport 
[NIRStar, 

nirsLAB, NAVI] 

PortaLite / 
OctaMon 
[Oxysoft] 

NIRSIT 
[built-in mobile 

app] 

Toccare KN-15 
[built-in] 

NA 
[NIRS-SPM] 

 
Company 
[country] 

 

Omron Ltd. Inc. 
[Japan] 

fNIR Devices 
[USA] 

Hitachi 
[Japan] 

Spectratech Inc. 
[Japan] 

Shimadzu 
[Japan] 

NIRx 
[Germany] 

Artinis 
[The Netherlands] 

OBELAB Inc. 
[South Korea] 

Astem Co. Ltd. 
[Japan] 

BioExplorer 
[USA] 

 
Technology 

[tS, tD] 
 

CW 
[LEDs, N/A] 

CW 
[LEDs, SiPDs] 

CW 
[LDs, SiPDs] 

CW 
[LEDs, SiPDs] 

CW 
[LDs, APDs] 

CW 
[LEDs, SiPDs] 

CW 
[LEDs, SiPDs] 

CW 
[LDs, N/A] 

SRS 
[LEDs, N/A] 

CW 
[LEDs] 

 
Number of 
channels 
[#S, #D] 

 

2 
[2S, 1D] 

2-4 
[2-4S, 1-2D] 

16 
[8S, 8D] 

16 
[6S, 6D] 

22 
[8S, 8D] 

64*** 
[8S, 8D] 

3 (PortaLite) – 8 
(OctaMon) 

[3-8S, 1-2D] 

204 
[24S, 32D] 

1 
[NA] 

1 
[1S, 1D] 

 
Wavelengths 

(nm) 
 

760, 840 730, 850 750, 830 770, 840 780, 805, 830 760, 850 760, 850 780, 850 770, 830 660, 850 

 
Time resolution 

(Hz) 
 

0.5-120 2 5 0.76-6.1 13.3 2.5-62.5 50 8.13-16.27 0.5 100 

 
Range 

(m) 
 

10-30 
[handheld] 

10-50 
[fanny pack belt] 

50 
[fanny pack belt] 

not wireless 
[backpack] 

4 
[messenger bag] 

30  
[backpack] 

80-120 
[fanny pack belt] 

NA 
[headheld] 

not wireless 
[handheld] N/A 

 
Battery life 

(h) 
 

6 3 2 1 2-4 6 6-16 8 15 N/A 

 
Hyperscanning 

 
No Yes 

(up to 3) 
Yes 

(up to 4) 
Yes 

(up to 5) 
Yes 

(up to 4) 
Yes 

(up to 2) 
Yes 

(up to 7) 
Yes 

(N/A) no N/A 

 
Real-time 

(online) display 
 

Yes Yes Yes No Yes Yes Yes Yes Yes N/A 

 
Measurable 

hemodynamic 
parameters 
[forehead 
limited] 

 

ΔHbO2/Hb/HbT 
 
 

[yes] 

ΔHbO2/Hb/HbT 
 
 

[yes] 

ΔHbO2/Hb/HbT 
 
 

[yes] 

ΔHbO2/Hb 
 
 

[yes] 

ΔHbO2/Hb/HbT 
 
 

[no] 

ΔHbO2/Hb/HbT 
 
 

[no] 

ΔHbO2/Hb/HbT 
TSI 

 
[yes] 

ΔHbO2/Hb/HbT 
 
 

[yes] 

rSO2, TSI 
 
 

[no] 

N/A 
 
 

[yes] 

 
System weight 

(g) 
[Size] (cm) 

 

340 g (w/o B) 
[8.5 x 4.2 x 16] 

200 g (w B) 
[83 x 2 x 10.5] 

1 300 g (w B) 
[15 x 11.5 x 6.2] 

1 000 g (w/o B) 
[18 x 17 x 40] 

1600 g (w/o B) 
[25.3 x 22.2 x 6.8] 

660 (w B) 
[10.5 x 17 x 4] 

88-230 (w B) 
[8.4 x 5.4 x 2] 

550 (w B) 
[21.5 x 19.5 x 7.5] 

100 
[6 x 2.6 x 8.2] 

N/A 
[N/A] 

 
Publications 

(year) 
 

Shiga et al. 
(1995)  

* 

Ayaz et al. 
(2013) 

** 

Pinti et al. 
(2015) 

* 

Oboshi et al. 
(2014) 

* 

Yoshino et al. 
(2013a, b) 

** 

Piper et al. 
(2014) 

** 

Burtscher and Koch 
(2015) 

* 

Trakoolwilaiwan,et 
al. (2016) 

 

Watanabe et al. 
(2017) 

 

Holper et al. 
(2014b) 

 

 
Average price  

(US $) 
 

1000 (LED based, single-channel) – 100 000 (Laser based, multi-channel) 

*Many publications, **Studies done on an erlier version or commercial prototype, ***Up to 128 channels (16S and 16D) in a tandem configuration, APDs: avalanche photodiodes, CW: continuous-wave, Hb: deoxyhemoglobin, HbO2: oxyhemoglobin, HbT: 

total hemoglobin, LEDs: light emitting diodes, LDs: laser diodes, N/A: not available, rSO2: regional oxygen saturation, S: sources, D: detectors, SiPDs: silicon photodiodes, TSI: tissue saturation index, w/o B: without batteries, w B: with batteries. 
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CHAPTER 8 – MANUSCRIPT #2 
 

Cerebral hemodynamic changes during limb-shaking TIA: a near-infrared spectroscopy 

study 

 

Ali Kassab1,2, Julie Tremblay3, Alexandre Y. Poppe1,4, Laurent Létourneau-Guillon5,  Anne 

Gallagher3,6, Dang Khoa Nguyen1,2,4 
 

1Département de neurosciences, Université  de Montréal, Montréal, Québec, Canada, H3T 1J4; 
2Centre de Recherche du CHUM, Université  de Montréal, Montréal, Québec, Canada; 3Centre de 

Recherche de l’Hôpital Sainte-Justine, Université de Montréal, Montréal, Québec, Canada, H3T 

1C4; 4Service de Neurologie, Hôpital Notre-Dame du CHUM, Université de Montréal, Montréal, 

Québec, Canada, H2L 4M1; 5Département de Radiologie,  Hôpital Notre-Dame du CHUM, 

Université de Montréal, Montréal, Québec, Canada, H2L 4M1; 6Centre de Recherche en 

Neuropsychologie et Cognition, Université de Montréal, Montréal, Québec, Canada, H3C 3J7 

 

This article also addresses the first objective of this thesis, further focusing on assessing brain 

hemodynamics in the clinical setting by monitoring a patient with limb-shaking transient ischemic 

attacks. This article was published in Neurology in 2016 (Kassab et al., 2016). 
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8.1 Introduction 

 

Limb-shaking TIA (LS-TIA) is a rare form of TIA manifesting as involuntary movements 

involving one or more limb(s). Cerebral ischemia in the context of hemodynamic failure has been 

incriminated [1]. Indeed, LS-TIAs are associated with severe carotid steno-occlusive disease and 

often precipitated by a decrease in blood pressure [1]. A limited number of studies using 

transcranial Doppler [2], 133xenon SPECT [3] or 15O-H2O-PET [4] have shown reduced regional 

cerebral blood flow (CBF) and diminished vasomotor reactivity. The latter techniques can only 

provide a single snapshot of regional CBF and do not allow for continuous assessment of cerebral 

hemodynamic changes during an actual LS-TIA. Functional near-infrared spectroscopy (fNIRS) 

is a neuroimaging technique that can non-invasively monitor at the bedside cortical changes in 

oxyhemoglobin ([HbO2]), deoxyhemoglobin ([HbR]) and total hemoglobin ([HbT], as a proxy to 

cerebral blood volume, CBV) [5]. We report the hemodynamic changes observed throughout the 

course of LS-TIAs using a simultaneous multichannel fNIRS-EEG system. 

 

8.2 Case report 

 

A 61-year-old man was admitted for daily episodes of right upper limb shaking (LS) and leg 

weakness for the last three weeks, more often while standing up. The patient had previously been 

hospitalized 12 years ago for a left hemispheric stroke in association with a 60% stenosis of the 

M1 segment of the left middle cerebral artery (MCA), which subsequently became occluded later 

that same year. He recovered well until two months prior to admission at which time he 

experienced right-sided amaurosis fugax. CT angiography at that time showed a 30% stenosis of 

the supraclinoid right internal carotid artery (ICA) without any significant stenosis of the external 

carotid artery. On admission, neurological examination was normal. MRI disclosed no acute 

lesions. Magnetic resonance angiogram revealed interval progression of the right supraclinoid ICA 

narrowing to a severe stenosis of more than 70% (Supplementary Figure 6A). Dynamic 

susceptibility contrast T2*-weighted perfusion (Supplementary Figure 6B) and arterial spin 

labeling perfusion (Supplementary Figure 6C) both confirmed decreased relative CBF to the left 

MCA territory while relative CBF within the right carotid artery territory appeared maintained 

despite the aforementioned stenosis. A homemade portable fNIRS-EEG system was used to record 
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in real-time [HbO2], [HbR] and [HbT] over the fronto-temporo-parietal regions bilaterally. This 

system has been described previously in details [7]. Briefly, our system includes 32 light sources 

and 32 photodetectors offering a total of 128 NIRS channels with an average interoptode distance 

of 3 cm. As the patient stood up, blood pressure gradually decreased from 134/70mmHg to  90/54 

after 10 minutes at which point he experienced tremor of the right forearm and hand associated 

with weakness of both legs and mild dysarthria (video e-1). fNIRS showed over bilateral (left more 

than right) dorsolateral frontal cortices a progressive decrease in [HbO2] and [HbT] as well as an 

increase in [HbR] over a one-minute period prior to the onset of LS (Figure 29). These changes 

normalized within 15 seconds after the patient sat down, and LS subsided. Three additional LS 

episodes were recorded which revealed similar hemodynamic changes starting 20-60 seconds prior 

LS and weakness. Simultaneous EEG monitoring showed diffuse slow (3-50μV, 4-6Hz theta) 

activity (more predominantly over the left parasagittal regions) at the moment of LS.  
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Figure 29 – fNIRS findings during the second episode of LS-TIA. (A) Channel configuration. (B) Hemodynamic 

variations over the DLFC and motor areas: no significant variations in [HbT], [HbO2] and [HbR] are found during a 

period of 10 minutes after standing up (condensed in light-shaded blue); progressive decrease in [HbT] and [HbO2] 

and rise in [HbR] at t = 0s (light-shaded purple). The black line indicates the period during which the patient 

experienced LS and lower limb weakness. The yellow line indicates the period during which we averaged 

hemodynamic changes over the frontal, temporal and parietal cortices for topographic representation. Solid color line: 

[HbO2]. Red: Right. Blue: Left. Black dots: Blood pressure. (C) Topographic views of [HbO2], [HbR] and [HbT] 

averaged from all ipsilateral channels between time 40s to 50s. 

 

8.3 Discussion 

 

In this patient with baseline decreased relative CBF in the left MCA territory from carotid stenosis, 

fNIRS recording showed during postural hypotension gradual brain hypoperfusion (as reflected 

by the [HbT] decrease) and hypoxia (as suggested by the increase in [HbR]) predominantly over 

the dorsolateral frontal cortex and motor areas prior to LS. While the relative decrease in [HbT] 

and [HbO2] were quasi-similar bilaterally, these changes may have had more impact over the left 

hemisphere as the baseline CBF was much lower there. Overall, our findings are in line with the 

prevalent “hypoperfusion theory” [1]. The presence of late diffuse EEG slow waves is not 

unexpected since the EEG becomes abnormal only when CBF declines to 20-30 ml/100g/min [7]. 

Although our observations stem from a single patient, the fact that we observed similar 

hemodynamic changes in four different spells is compelling. One potential point of criticism is the 

unknown influence of the skin and extracerebral tissue on cerebral fNIRS signal. Because our 

patient had no significant stenosis of the external carotid artery, the contribution from superficial 

layers in the observed hemodynamic changes was most likely minimal. Another important 

limitation that must be reminded is that fNIRS is unable to assess hemodynamic changes in deeper 

brain structures such as the basal ganglia, which might also be implicated in the genesis of LS.  

In conclusion, this fNIRS case study provides further evidence that LS-TIAs are associated with 

dynamic cerebral cortical hypoperfusion with resulting hypoxia in dorsolateral frontal and motor 

cortices. 
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8.4 Appendix 

 

 
Supplementary Figure 6 – MRI, angiogram and ASL findings associated with LS-TIA. (A) Maximum intensity 

projection of a time-of-flight MR angiography demonstrating an occlusion of the left M1 segment (arrows) and severe 

stenosis of the right supraclinoid ICA (asterisks). (B) Dynamic contrast-enhanced T2* perfusion revealing decreased 

relative CBF to the left middle cerebral artery territory (and anterior aspect of the anterior cerebral territory). (C) 

Arterial spin labeling showing similar decreased relative CBF mainly within the left middle cerebral artery territory 

as well as arterial transit artifacts at the periphery. 
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This article addresses the second objective of this thesis, which was to evaluate the feasibility and 

potential of long-term vEEG-fNIRS monitoring in the adult critical care setting. This article was 

published in NeuroImage: Clinical in 2021 (Kassab et al., 2021). 
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9.1 Abstract 

 

Functional near-infrared spectroscopy (fNIRS) is currently the only non-invasive method allowing 

for continuous long-term assessment of cerebral hemodynamic. We evaluate the feasibility of 

using cEEG-fNIRS to study the cortical hemodynamic associated with status epilepticus (SE), 

burst suppression (BS) and periodic discharges (PDs). Eleven adult comatose patients admitted to 

the neuroICU for SE were recruited, and cEEG-fNIRS monitoring was performed to measure 

concentration changes in oxygenated (HbO) and deoxygenated hemoglobin (HbR). Seizures were 

associated with a large increase HbO and a decrease in HbR whose durations were positively 

correlated with the seizures' length. Similar observations were made for hemodynamic changes 

associated with bursts, showing overall increases in HbO and decreases in HbR relative to the 

suppression periods. PDs were seen to induce widespread HbO increases and HbR decreases. 

These results suggest that normal neurovascular coupling is partially retained with the 

hemodynamic response to the detected EEG patterns in these patients. However, the shape and 

distribution of the response were highly variable. This work highlighted the feasibility of 

conducting long-term cEEG-fNIRS to monitor hemodynamic changes over a large cortical area in 

critically ill patients, opening new routes for better understanding and management of abnormal 

EEG patterns in neuroICU. 

 

9.2 Introduction 

 

Continuous scalp electroencephalography (cEEG) monitoring is routinely used in the neurological 

intensive care unit (neuroICU) for diagnostic purposes, especially when suspecting nonconvulsive 

seizures (NCS) or nonconvulsive status epilepticus (NCSE) (Young and Mantia, 2017). The 

addition of functional neuroimaging techniques in clinical monitoring can further aid the diagnosis 

of NCSE (Hauf et al., 2009; Kutluay et al., 2005), as well as improving the understanding of the 

underlying pathophysiology (Siclari et al., 2013; Shimogawa et al., 2017). For example, animal 

studies of SE have reported increases in cerebral blood flow (CBF), oxygen pressure and 

metabolism (Lee et al., 2018; Wolff et al., 2020), which showed that epilepsy or SE is not just an 

electrical disorder but also a vascular disorder. Unfortunately, in humans, only few reports have 

reported relative increase in cerebral blood flow (CBF) and cerebral blood volume (CBV) during 
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SE using computer tomography perfusion (CTP) (Hauf et al., 2009), arterial spin labelling 

(Shimogawa et al., 2017), and single photon emission computed tomography (SPECT) (Kutluay 

et al., 2005). 18Fluorodeoxyglucose positron emission tomography (18FDG-PET) have shown both 

hypermetabolism (Siclari et al., 2013) and hypometabolism during SE (Strohm et al., 2019). 

Severe metabolic crisis has been described during SE (Vespa et al., 2007), and more recently, in 

new-onset refractory NCSE (Hurth et al., 2020).  

 

In patients with refractory status epilepticus (RSE), EEG is also used to evaluate seizure control 

and anesthesia-induced background suppression (i.e. isoelectric or burst-suppression patterns) 

(Brophy et al., 2012). Achieving such patterns is commonly sought as an electrophysiological 

endpoint in RSE (Brophy et al., 2012) and intracranial hypertension (Marshall et al., 2010). 

However, the neuroprotective role of pharmacologically induced BS in the setting of acute brain 

injury remains debated. Some studies have suggested that BS lowers brain metabolism, which 

could be beneficial in situations where CBF and oxygen delivery are compromised such as during 

prolonged seizures (Ching et al., 2012; Doyle and Matta, 1999). Conversely, other studies have 

found that the brain is in a state of relative hyperexcitability during BS because inhibitory post-

synaptic potentials are completely suppressed while excitatory potentials are only partially 

diminished. In this state of relative cortical excitability, even subliminal stimuli can elicit bursts 

of whole-brain activity in animal studies, a phenomenon closely resembling SIRPIDS (stimulus-

induced rhythmic, periodic, or ictal discharges), a common EEG phenomenon in the critically ill 

(Ferron et al., 2009). Whichever the case may be, there is little doubt that functional neuroimaging 

techniques provide valuable information regarding the neurophysiological dynamics of medically 

induced BS patterns. The study of vascular changes and neurovascular coupling during BS reveals 

the ability of the brain in responding to spontaneous or externally stimuli, which may help further 

delineate the putative neuroprotective role in critically ill patients (Berndt et al., 2021). 

 

The increased use of cEEG in the neuroICU has also led clinicians to recognize EEG patterns 

belonging to the ictal-interictal continuum (IIC) (Pohlmann-Eden et al., 1996), including 

generalized periodic discharges (GPDs) and lateralized periodic discharges (LPDs). While both 

GPDs and LPDs are commonly observed in the neuroICU, their clinical significance remains 

controversial as to whether they truly represent an ictal phenomenon or not (Cormier et al., 2017). 
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Specifically, LPDs were reported to be usually associated with hypermetabolism (Struck et al., 

2016), however, both hypo- and hypermetabolism have been observed during GPDs (Bansal et al., 

2016). Clinical functional neuroimaging monitoring of the hemodynamic changes during IIC 

patterns may serve as an adjunct modality for clinicians to identify potential oxygen undersupply 

and neuronal damage, which necessitate more aggressive treatment to the patients (Herlopian et 

al., 2018).  

 

Despite these potentials, conventional non-invasive neuroimaging approaches (e.g., PET, SPECT) 

are limited by practical aspects in this context and by their temporal resolution whereas invasive 

methods (e.g., invasive brain tissue oximetry, invasive monitoring of cerebral perfusion pressure) 

carry risks of medical complications and provide a limited spatial view. Functional near-infrared 

spectroscopy (fNIRS) is a non-invasive optical neuroimaging technique that reconstructs cortical 

hemodynamic conditions (in terms of concentration changes of oxyhemoglobin, HbO and 

deoxyhemoglobin, HbR) from attenuation of near-infrared light during its propagation within the 

cortex (Scholkmann et al., 2014). Compared with other functional neuroimaging modalities, 

fNIRS provides long-term continuous measurement of cortical oxygenation at a relatively high 

temporal resolution (up to the order of 0.01s), making it suitable as a low-cost portable 

neuromonitoring technique in the neuroICU (Pisano et al., 2020). The use of fNIRS to investigate 

SE (Haginoya et al., 2002; Diaz et al., 2006; Giorni et al., 2009; Martini et al., 2019; Monrad et 

al., 2015) has been limited to a few cases reports conducted in young children with thin skull. 

Moreover, most of those studies have only employed a couple of optodes covering the forehead. 

Simultaneous EEG was not always present, and recording sessions were typically short in duration 

(< 1h). To date, investigation of BS with fNIRS has only been performed in neonates (Chalia et 

al., 2016; Connolly et al., 2015; Roche-Labarbe et al., 2007) and no study has yet investigated PDs 

using fNIRS or other optical imaging methods. 

 

In this work, we conducted for the first time prolonged cEEG-fNIRS recordings over a large 

cortical area in critically ill patients admitted to the neuroICU. We extracted the cortical 

hemodynamic response to each type of the recorded EEG events, which included NCSE, PDs and 

pharmacologically induced BS patterns. The goals of this study were twofold: we aimed to 1- 

assess the feasibility of performing long-term cEEG-fNIRS in comatose patients in neuroICU; and 
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2- to provide first evaluation of the hemodynamic responses associated with each electroclinical 

condition, relating the characteristics of those changes to the type or duration of the events. 

 

9.3 Material and methods 

 

9.3.1 Patients 

This study was approved by the Institutional Review Board at the University of Montreal Hospital 

Center (CHUM). Eleven neuroICU patients (seven males, age range: 31 to 61 years) with seizures 

or SE were recruited. At admission, the patients were diagnosed with SE (n=7) or acute 

encephalopathy (n=4). Written informed consent was obtained from legally authorized 

representatives. An overview of our study procedures is depicted in Figure 30. 
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Figure 30 – Sketch plot of the patient evaluation, continuous encephalography and functional near-infrared 

spectroscopy data acquisition, and data analysis procedures. 

 

9.3.2 cEEG-fNIRS data acquisition 

A portable EEG-fNIRS system previously developed and validated by our group (Kassab et al., 

2018) was used  in this study. 19 EEG electrodes were mounted following the International 10-20 

layout. For the fNIRS part, the system allows the installation of up to 32 light emitters and 32 

detectors, which form a maximum of 128 fNIRS channels operating at 735 nm and 850 nm. Three 

previously validated full-head EEG-fNIRS caps (small, medium and large) (Kassab et al. 2018) 
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were utilized in this study to fit different sizes of patient’s head. A base optode montage consisting 

of rows of sources alternating with rows of detectors was designed for neuroICU patients kept in 

a supine position which covered most of the frontal lobe, the central areas, the bilateral temporal 

lobe and the anterior portion of posterior regions. Depending on the actual head shape, size, the 

presence of skin lesions on the scalp and the location of observed epileptiform activities, the optode 

layout for each patient was modified from the base montage to maintain an optimal coverage. The 

distance between an fNIRS light emitter and a light detector that formed a channel was kept within 

2.5 cm to 5 cm. If needed, a dark elastic woolen fabric was placed over the cap to improve probe-

tissue contact and to reduce ambient light. The acquired EEG data and fNIRS data were sampled 

at 500 Hz and 20 Hz respectively. 

 

9.3.3 Data processing and analysis 

EEG identification of seizures, PDs and BS and EEG data analysis 

EEG data were independently reviewed by two epileptologists (DHT and DKN) to label and 

confirm interictal epileptiform discharges, PDs, as well as electrical onsets and offsets of seizures, 

bursts and suppression periods. The American Clinical Neurophysiology Society’s (ACNS) 

diagnostic criteria were used for the diagnosis of electrographic and electroclinical seizures 

(Hirsch et al., 2013). The diagnosis of NCSE was based on both EEG and clinical data following 

the modified Salzburg Consensus Criteria (mSCNC) (Leitinger et al., 2019). Quantitative EEG 

analysis was performed offline for the whole EEG recording using Persyst 13 EEG software 

(Persyst Systems, Arizona, USA), including rhythmicity spectrogram, fast Fourier transform 

(FFT) spectrogram, asymmetry relative spectrogram, and amplitude EEG spectrogram (for 

parameters, see Table 16). 

 

fNIRS data pre-processing 

For each patient, an analysis period representative of the whole recording was selected based on 

the type and number of presented events, number of valid channels and noise levels. The selected 

fNIRS data were processed with open-source toolbox Homer2 (Huppert et al., 2009) and in-house 

developed scripts. fNIRS channels with an intensity of less than 100 (AU) or a signal-to-noise ratio 

of less than 2 were excluded from further analysis. For the remaining channels, raw optical data 

were first converted into optical density changes. A principal component analysis (PCA) filter that 
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removed 90% of the global variance across channels was applied to mitigate motion artifacts and 

the interferences from superficial layers (e.g., scalp, skin and skull) (Zhang et al., 2005; Virtanen 

et al. (2009). For comatose patients in the neuroICU, motion artifacts may come from mattress air 

pressure fluctuations and routine care procedures performed by medical staff. A Homer2 automatic 

algorithm based on signal standard deviation and amplitude change was then used to further check 

for remaining motion artifacts. Any EEG event within the time period from 30s prior to a motion 

artifact to 30s after the artifact was rejected. The remaining EEG events were then manually 

inspected to ensure no event mislabeling. The fNIRS optical density time courses were passed to 

a 3rd order Butterworth bandpass filter with cutoff frequencies at 0.01 Hz and 0.20 Hz, and were 

then transformed into concentration changes in HbO and HbR using the modified Beer-Lambert 

Law with a partial pathlength factor of 6. The concentration changes in HbT were calculated by a 

direct sum of HbO and HbR changes. 

 

Extraction of hemodynamic response functions 

The estimation of hemodynamic response function (HRF) to each type of EEG patterns/event was 

conducted through an event-related general linear model (GLM) analysis. We employed a bin 

approach similar to that used by Chalia et al. (Chalia et al., 2016), which was to group each type 

of EEG event into 5-second width bins of different durations. For instance, seizures lasted less 

than 20 seconds were divided into four bins: [0 to 5s], [5s to 10s], [10s to 15s] and [15s to 20s]. 

These bins were treated as distinct conditions in the following GLM analysis, allowing their 

associated responses to vary freely from the others. Considering the intrinsic delay of 

hemodynamic changes relative to the underlying electrical activity, we modeled the hemodynamic 

response to a particular bin of events from 5 seconds before the EEG onset to 15 seconds after the 

EEG offset of the longest possible event within the bin (e.g., the response to the bin of seizures 

from 15 to 20s was modeled from 5 seconds before the seizure onset shown on EEG to 35 seconds 

after the EEG onset, i.e., 15 seconds after the offset of the longest 20-sec seizure). The functions 

used in the GLM were consecutive Gaussian functions with a standard deviation of 1 second and 

a step size of 1 second as well. After the extraction, each HRF was normalized using the mean 

amplitude from 2 seconds before the event EEG onset to the event onset as the baseline level. 
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To enable comparisons between conditions, we generated a representative HRF corresponding to 

each bin and each event type of each patient. This was conducted by performing a PCA on the 

HRFs of all available channels, reconstructing the HRFs with the components that accounted for 

at least 80% of global variance, and averaging new HRFs across channels. Including only the 

principal components allows us to focus on the hemodynamic changes that were most prominent 

across brain regions, as well as to reduce the possibility of including spurious local signals in the 

representative HRF. A similar PCA-based extraction method was used by (Chalia et al., 2016). 

More specifically, the original HRFs were first pre-centered to zero-mean, and were aligned as an 

t × p HRF matrix H where t is the number of time points in the HRF and p is the number of 

available channels. PCA was conducted by performing an eigen decomposition on the covariance 

matrix C = HTH/(t-1), i.e. 

 
C = VLVT 

 
where V is a matrix of eigenvectors with each column being one eigenvector, L is a diagonal matrix 

with eigenvalues λi, i = 1, 2, …, p, on the diagonal in descending order. The principal components 

R of matrix H were given by: 

 
R = HV 

 
In this study, we only kept the principal components that accounted for ≥ 80% of the variance, i.e. 

we created a new 𝑅𝑅′: 

 

�
𝑅𝑅𝑗𝑗,𝑘𝑘
′ = 0, 𝑓𝑓𝑓𝑓𝑓𝑓 𝑗𝑗 = 1, 2, … , 𝑡𝑡 𝑎𝑎𝑎𝑎𝑎𝑎 𝑘𝑘 = 𝑠𝑠, 𝑠𝑠 + 1, … ,𝑝𝑝

𝑅𝑅𝑗𝑗,𝑘𝑘
′ = 𝑅𝑅𝑗𝑗,𝑘𝑘,                                                           𝑓𝑓𝑡𝑡ℎ𝑒𝑒𝑓𝑓𝑒𝑒𝑒𝑒𝑠𝑠𝑒𝑒 

 
where s was determined by  

 
∑ 𝜆𝜆𝑖𝑖
𝑝𝑝
𝑖𝑖=𝑠𝑠 

∑ 𝜆𝜆𝑖𝑖
𝑝𝑝
𝑖𝑖=1 

≤ 0.2  𝑎𝑎𝑎𝑎𝑎𝑎 
∑ 𝜆𝜆𝑖𝑖
𝑝𝑝
𝑖𝑖=𝑠𝑠−1 
∑ 𝜆𝜆𝑖𝑖
𝑝𝑝
𝑖𝑖=1 

> 0.2  

 
A new HRF matrix 𝐻𝐻′ was then generated by: 
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𝐻𝐻′ =  𝑅𝑅′𝑉𝑉𝑇𝑇 
 
Finally, we added each channel’s DC component that was removed in data pre-centering back to 

the new channel HRF (i.e., each column of 𝐻𝐻′). The representative HRF was then obtained by a 

simple averaging of the new HRFs (with DC) across available channels. 

 

To ensure that the extracted representative HRFs were synchronized with the EEG events and to 

assess the strength of the responses, we presented a confidence level for each representative HRF 

by employing a surrogate timecourse approach (Peng et al., 2016). Briefly, we took the 

hemoglobin concentration change time courses of all available fNIRS channels of a patient, 

performed a fast Fourier Transform on each channel time course, and randomized the phases of 

the frequency components. Specifically, the same set of randomized phases for frequency 

components was applied to all the channels. The frequency components with randomized phases 

of a channel were then re-transferred to the time domain to generate a surrogate time course. Note 

that by using the phase randomization method (Maiwald et al., 2008), we aimed to maintain the 

same signal autocorrelation of a channel as in the original timecourse, and by applying the same 

set of randomized phase set to all the channels, we intended to keep similar covariance structure 

among different channels. The surrogate timecourses of all channels were then passed to the GLM 

model and the PCA procedures to produce a spurious representative HRF. The same randomization 

and extraction process was repeated 100 times for each true representative HRF. The peak 

amplitude (PA) of the true representative HRF was then compared to the amplitude values during 

the same time period of all 100 spurious representative HRFs to evaluate the possibility of the peak 

being generated by chance or noise. More specifically, we approximated the 100 amplitude values 

of the spurious representative HRFs with a normal distribution, and reported the confidence level 

of the true representative HRF by calculating the ratio of the tail area marked by the PA of the true 

representative HRF on the normal distribution relative to the entire area of the distribution. 

Therefore, the ratio is a scalar value between 0 and 1, and a smaller ratio indicated higher response 

strength and a less chance of the true representative HRF being generated by pure noise or other 

artifacts in data processing. For a representative HRF of a bin, the PA was defined as the mean 

value averaged from 1s before the maximum value of a main peak following the EEG onset of the 

event (or the minimum value if a nadir was detected) to 1s after the maximum value. 
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Cortical projection of hemoglobin concentration changes 

The projection of hemoglobin concentration changes back onto the cortical surface was carried out 

using the toolbox AtlasViewer (Aasted et al., 2015) integrated in Homer2. For each patient, the 

included optical sources and detectors were first co-registered onto the Colin27 five-layer brain 

atlas. A forward model was computed using the Monte-Carlo algorithm that simulated the 

migration of 100 million photons at each optical source and detector. The produced sensitivity 

matrix was used to solve the regularized inverse problem and to generate voxel-wise concentration 

changes (Custo et al., 2010). For each bin of events, the time period of concentration changes to 

be displayed on the cortex was selected to be the PA of the HbO representative HRF. We chose 

HbO over HbR in this study as previous work has generally reported a much higher signal-to-noise 

ratio in HbO responses than HbR responses (Obrig et al., 2000; Yennu et al., 2016). A threshold 

of extent was imposed to the generated spatial concentration change images to only keep the 

cortical areas where the detection sensitivity was high than -2dB. It should be noted that the 

projections of fNIRS-measured hemoglobin concentration changes were limited by the imaging 

depth, cortical coverage and the detection sensitivity. Therefore, our interpretation of the 

hemodynamic response spatial features was only based on the brain areas where a relatively high 

sensitivity was obtained (see Supplementary Figure 8 for examples of sensitivity map). 

 

Statistical analysis 

To further explore the relationship between detected EEG events and the characteristics of the 

corresponding hemodynamic responses, we established a linear mixed-effect regression model 

modeling event duration with fixed effect for response peak amplitude (PA) or response full-width-

at-half-maximum (FWHM) and uncorrelated random effect for intercept (grouped by patients) and 

residual: 

 
𝑦𝑦 = 𝛽𝛽0 + 𝛽𝛽1 ∗ 𝑎𝑎 +  𝑧𝑧 ∗ 𝑢𝑢 + 𝜀𝜀 

 
where y is an N by 1 vector containing the PAs or FWHM extracted from bin representative HRFs 

of a certain type of EEG event across all M patients where the type of event was detected; d is an 

N by 1 vector of the maximum event duration of the bins, z is an N by M random effect design 

matrix where  
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�
𝑧𝑧𝑛𝑛,𝑚𝑚 = 1,            𝑒𝑒𝑓𝑓 𝑦𝑦𝑛𝑛 𝑒𝑒𝑠𝑠 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑝𝑝𝑎𝑎𝑡𝑡𝑒𝑒𝑒𝑒𝑎𝑎𝑡𝑡 𝑓𝑓;
𝑧𝑧𝑛𝑛,𝑚𝑚 = 0,            𝑓𝑓𝑡𝑡ℎ𝑒𝑒𝑓𝑓𝑒𝑒𝑒𝑒𝑠𝑠𝑒𝑒                            

 
u is the corresponding M by 1 random effect variable vector, and ε is the uncorrelated N by 1 

model residual vector. We assume 𝑢𝑢𝑚𝑚~𝑁𝑁(0,𝜎𝜎𝑢𝑢2)  and 𝜀𝜀𝑛𝑛~𝑁𝑁(0,𝜎𝜎𝜀𝜀2). For a representative HRF of 

a bin, the PA was defined as mentioned in the above section, and the FWHM was defined as the 

length of the time during which the response was larger than half of the PA (or during which the 

response was smaller than half of the nadir amplitude). In this study, PA was used to assess the 

hemodynamic response intensity and the FWHM was chosen to assess the duration of the response.  

 

The goodness of fit of the regression models was evaluated through the calculation of the p-value 

of an F-test on the fixed effect regression coefficients, as well as the R-squared and the adjusted 

R-squared values. Specifically, 

 

𝑅𝑅2 =
𝑆𝑆𝑆𝑆𝑅𝑅
𝑆𝑆𝑆𝑆𝑆𝑆

= 1 −
𝑆𝑆𝑆𝑆𝑆𝑆
𝑆𝑆𝑆𝑆𝑆𝑆

, 𝑎𝑎𝑎𝑎𝑎𝑎 

 

𝑎𝑎𝑎𝑎𝑗𝑗𝑢𝑢𝑠𝑠𝑡𝑡𝑒𝑒𝑎𝑎 𝑅𝑅2 = 1 −
𝑆𝑆𝑆𝑆𝑆𝑆/(𝑁𝑁 − 𝑙𝑙 − 1)
𝑆𝑆𝑆𝑆𝑆𝑆/(𝑁𝑁 − 1)

 

 

where SST is the total sum of squares 𝑆𝑆𝑆𝑆𝑆𝑆 =  ∑ ∑ �𝑦𝑦𝑛𝑛𝑚𝑚 − 𝑦𝑦�𝑚𝑚�
2𝑁𝑁𝑚𝑚

𝑛𝑛𝑚𝑚=1
𝑀𝑀
𝑚𝑚=1 , SSR is the regression sum 

of squares 𝑆𝑆𝑆𝑆𝑅𝑅 =  ∑ ∑ �𝑦𝑦�𝑛𝑛𝑚𝑚 − 𝑦𝑦�𝑚𝑚�����
2𝑁𝑁𝑚𝑚

𝑛𝑛𝑚𝑚=1
𝑀𝑀
𝑚𝑚=1 , and SSE is the error sum of squares SSE = SST - 

SSR. 𝑦𝑦� contains the predicted conditional PA or FWHM values using both fixed and random effects 

of the model. l = 1 is the number of fixed effect variable in the model. 
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9.4 Results 

 

9.4.1 Patient clinical information 

Four patients were excluded at the initial quality assessment stage due to the use of intracranial 

probes (n=1), a recent craniotomy/cranioplasty (n=1), and poor optical signal quality (n=2). The 

clinical information of the remaining seven patients (five men, age = 44 ± 10 years) is included in 

Table 16. Figure 31 presents structural and electrophysiological findings with structure image 

slices and representative EEG clips selected from each patient. Table 17 summarizes the main 

electrophysiological and optical findings. The details of the neuroICU care and the collected vital 

sign signals are shown in Supplementary Figure 7. 
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Table 16 – Study characteristics and clinical details for each patient 

Patient 
(sex, age, BMI) 

Admission Dx 
(cEEG-fNIRS MNT 

start) 

# cEEG-fNIRS MNT 
sessions 

(analyzed time) 
Neurologic status Cardio-respiratory status Vital signs MNT 

(mean ± SD) AEDs, anesthetics Anatomical 
neuroimaging 

 
Outcome 

P1 
(F, 31, 40.7) 

PSE 
(5 days) 

4 sessions, 31.5 h 
(68 min) Comatose ACV 

(on inotropes) 

MAP: 92 ± 15 mmHg 
T°: 37 ± 1°C 

SpO2: 100 ± 0 % 
EtCO2: 34 ± 1 mmHg 

Glycemia: 7.0 ± 0.7 mmol/L 
RASS: -2 ± 1 

Propofol, MDZ, TP, 
CTP, CBZ, PHT Surgical cavity 

 
Discharged at 15 days 

 
Mild clinical 
improvement 

(refractory epilepsy) 

P2 
(M, 50, 23.7) 

Pneumonia, CPA, 
RCSE 

(same day) 

2 sessions, 5.5 h 
(49 min) Comatose ACV 

(on inotropes) 

MAP:82 ± 5 mmHg 
T°: 37.6 ± 0.2°C 
SpO2: 99 ± 0 % 

EtCO2: 44 ± 2 mmHg 
Glycemia: 13.4 ± 1 mmol/L 

RASS: -5 ± 0 

Propofol, MDZ, LEV T2/FLAIR 
hyperintensities 

 
Discharged at 9 days 

 
IHT 

P3 
(F, 52, 33.4) 

NCSE 
(4 days) 

1 session, 4.5 h 
(99 min) Comatose ACV 

(no inotropes) 

MAP: 103 ± 6 mmHg 
T°: 36.8 ± 0.2°C 
SpO2: 98 ± 2 % 

EtCO2: 34 ± 2 mmHg 
Glycemia: 5.0 ± 0.3 mmol/L 

RASS: -5 ± 0 

Propofol, MDZ, LSM, 
LEV, PHT 

Surgical cavity, 
hypodensity 

 
Discharged at 4 days 

 
IHT 

P4 
(M, 57, 35.5) 

GI bleeding, TME, 
CSE, NCSE 

(7 days) 

2 sessions, 7 h 
(97 min) Comatose ACV 

(on inotropes) 

MAP: 88 ± 9 mmHg 
T°: 36.7 ± 0.3°C 
SpO2: 100 ± 0 % 

EtCO2: 34 ± 1 mmHg 
Glycemia: 7.0 ± 0.7 mmol/L 

Propofol, LEV, LSM 
Restricted diffusion, 

T2/FLAIR 
hyperintensities 

 
Decd at 22 days 

P5 
(M, 40, 23.1) 

SE, HE/SREAT 
(26 days) 

3 sessions, 8 h 
(197 min) Comatose ACV 

(no inotropes) 

MAP: 76 ± 4 mmHg 
T°: 37.5 ± 0.1°C 
SpO2: 99 ± 1 % 

EtCO2: 35 ± 2 mmHg 
Glycemia: 5.4 ± 0.6 mmol/L 

RASS: -5 ± 0 

Propofol, MDZ, LEV, 
PHT Normal 

 
Discharged at 155 days 

 
VS 

P6 
(M, 45, 17.6) 

CSE, RNCSE 
(2 days) 

5 sessions, 10.5 h 
(261 min) Comatose ACV 

(on inotropes) 

MAP: 70 ± 4 mmHg 
T°: 37.5 ± 0.2°C 
SpO2: 97 ± 3 % 

EtCO2: 37 ± 3 mmHg 
Glycemia: 7.7 ± 1.2 mmol/L 

RASS: -5 ± 0 

Propofol, MDZ, LSM, 
LEV, TP, CBZ, CLB 

Cortical and sub-
cortical thickening, 

T2/FLAIR 
hyperintensities 

Discharged at 87 days 
 

Mild clinical 
improvement 

(persistence of short 
seizures) 

P7 
(M, 34, 21.3) 

R hemiparesis, global 
aphasia, NCSE 

(3 days) 

3 sessions, 8.5 h 
(140 min) Comatose ACV 

(on inotropes) 

MAP: 75 ± 7 mmHg 
T°: 37.5 ± 0.2°C 
SpO2: 100 ± 0 % 

EtCO2: 41 ± 3 mmHg 
Glycemia: 4.7 ± 0.5 mmol/L 

RASS: -5 ± 0 

Propofol, MDZ, LSM, 
LTG, LEV, PHT 

Surgical cavity, 
restricted diffusion, 

T2/FLAIR 
hyperintensities 

 
Discharged at 50 days 

 
Significant clinical 

improvement (strength 
and speech) 

Abbreviations. ACV: assisted controlled ventilation, AEDs: antiepileptic drugs, BMI: body mass index, CBZ: carbamazepine, CLB: clobazam, CMB: cerebral microbleed, CPA: 

cardio-pulmonary arrest, CT: cortical thickness, CSE: convulsive status epilepticus, CTP: citalopram, DCA: diffuse cerebral atrophy, Decd: deceased, EtCO2: mean end-tidal carbon 

dioxide, F: female, HE: Hashimoto encephalopathy, IHT: inter-hospital transfer, LCM: lacosamide, LEV: levetiracetam, LTG: lamotrigine, M: male, MAP: mean arterial pressure, 

MDZ: midazolam, MNT: monitoring, N/A: not available, NCSE: nonconvulsive status epilepticus, PHT: phenytoin, PSE: partial status epilepticus, R: right, RASS: mean Richmond 

Agitation and Sedation Scale value, RCSE: refractory convulsive status epilepticus, RNCSE: refractory nonconvulsive status epilepticus, SD: standard deviation, SE: standard error, 

SK: skull thickness, SpO2: mean oxygen saturation, SREAT: steroid-responsive encephalopathy associated with autoimmune thyroiditis, T°: mean temperature, TME: toxico-

metabolic encephalopathy, TPM: topiramate, VS: vegetative state. 
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Table 17 – Summary of electrophysiological and optical findings for each of the seven neuroICU patients 

Patient 
ID 

Events on cEEG Events on qEEG Events on fNIRS 

Main events (number) Duration 
(Inter-event-interval) Localization Rhythmicity FFT Amplitude EEG Representative HRF Cortical Areas 

(HbO changes)* 

P1 Burst of spikes/ 
Burst of fast activities (82) 

1.5 ± 0.6 s 
(45.5 ± 58.4 s) 

Bi FCT 
(R > L) 

 
Bi ↑ / 1-16 Hz 

 

Bi ↑ / 1-9 Hz 
(R > L) 

Bi ↑ 
(R > L) 

↑ HbO ↑ HbT 
↔ ↓ HbR 

 
Bi MFG, SFG 

 

P2 NCSE seizure (102) 24.3 ± 25.9 s 
(4.6 ± 3.8 s) 

Bi FC 
(L > R) Bi ↑ / 1-25 Hz Bi ↑ / 1-25 Hz (L 

> R) 
Bi ↑ 

(L > R) 
↑ HbO ↑ HbT 

↓ HbR 

 
Bi AntPFC, SFG, PreCG, L STL 

 

P3 

 
BS burst (693) 

 
5.9 ± 8.2 s 

(2.7 ± 1.3 s) 

 
Generalized 

 
Bi ↑ / 1-16 Hz 

 

 
Bi ↑ / 1-4 Hz 

(R > L) 
 

 
Bi ↑ 

(R > L) 
 

 
↑ HbO ↑ HbT 

↓ HbR 

 
L IFG, TL Bi AntPFC, SFG, MFG, PreCG (diffuse) 

 

BS suppression (693) 2.7 ± 1.3 s 
(5.9 ± 8.2 s) Generalized Bi ↓ Bi ↓ Bi ↓ ↓ HbO ↓↑ HbT 

↑ HbR 

 
L IFG, Bi PTL 

 

 
LPD (1573) 

 
(1.7 ± 4.3 s) 

Bi FCT 
(R > L) 

Bi ↑ / 1-9 Hz 
(R > L) 

Bi ↑ / 1-4 Hz 
(R > L) 

Bi ↑ 
(R > L) 

↑ HbO ↑ HbT 
↓ HbR 

 
Bi AntPFC, PreCG, MFG, IFG, L TL (diffuse, R > L) 

 

P4 

NCSE seizure (64) 10.3 ± 4.4 s 
(77.1 ± 148.6 s) 

Bi CPTO 
(R > L) Bi ↑ / 1-9 Hz Bi ↑ / 1-4 Hz 

(R > L) Bi ↑ ↑ HbO ↑ HbT 
↓ HbR 

 
R PreCG, SMG, AntPFC ** 

 

 
GPD (4649) 

 
(1.2 ± 0.9 s) 

 
Generalized 

 
Bi ↑ / 1-9 Hz 

Bi ↑ / 1-4 Hz 
(R > L) 

 
Bi ↑ 

↓ HbO ↓ HbT 
↓ HbR 

 
R PreCG, SMG, AntPFC, IFG, MFG, SFG ** 

 

P5 

BS burst (206) 55.5 ± 55.9 s 
(2.2 ± 0.7 s) Generalized Bi ↑ / 1-16 Hz Bi ↑ / 1-4 Hz Bi ↑ ↑ HbO ↑ HbT 

↓ HbR 

 
Bi AntPFC, IFG, SFG, TL (diffuse) 

 

BS suppression (205) 2.2 ± 0.7 s 
(55.5 ± 55.9 s) Generalized Bi ↓ Bi ↓ Bi ↓ ↓ HbO ↓ HbT 

↑ HbR 

 
Bi AntPFC, IFG, SFG, TL (diffuse) 

 

P6 

 
NCSE seizure (33) 

5.1 ± 2.3 s 
(370.7 ± 489.2 s) 

Bi FC 
(L > R) 

 
Bi ↑ / 1-25 Hz Bi ↑ / 1-16 Hz  

Bi ↑ 
↑ HbO ↑ HbT 

↓ HbR 

 
L SFG, IFG, R MFG, Bi PreCG, SMG (L > R) 

 

BS burst (3333) 2.2 ± 1.3 s 
(2.5 ± 1.6 s) Generalized Bi ↑ / 1-25 Hz Bi ↑ / 1-9 Hz Bi ↑ ↑ HbO ↑ HbT 

↓ HbR 

 
Bi diffuse FL, L SMG, R PTL 

 

BS suppression (3330) 2.5 ± 1.6 s 
(2.2 ± 1.3 s) Generalized Bi ↓ Bi ↓ Bi ↓ ↓ HbO ↓ HbT 

↑ HbR 

 
Bi diffuse FL, L SMG, R PTL 

 

GPD (1970) (3.9 ± 3.7 s) Generalized Bi ↑ / 4-16 Hz Bi ↑ / 1-16 Hz Bi ↑ ↑ HbO ↑ HbT 
↓ HbR 

 
Bi AntPFC, MFG, IFG, SMG, PTL 

 

P7 

BS burst (845) 4.6 ± 1.8 s 
(5.2 ± 2.3 s) 

Generalized 
(R > L) 

Bi ↑ / 1-4 Hz 
(R > L) 

Bi ↑ / 1-4 Hz 
(R > L) 

Bi ↑ 
(R > L) 

↑ HbO ↑ HbT 
↓ HbR 

 
Bi AntPFC, PreCG, R MFG, PTL (R > L) 

 

BS suppression (844) 5.2 ± 2.3 s 
(4.6 ± 1.8 s) Generalized Bi ↓ Bi ↓ Bi ↓ ↓ HbO ↓ HbT 

↑ HbR 

 
Bi AntPFC, PreCG, R MFG, PTL 

 

*Approximate locations based on the main HbO response. HbR responses were seen to be more heterogeneous. **Only right hemisphere signal was obtained. Abbreviations. AntPFC: 

anterior prefrontal cortex, Bi: bilateral, CPTO: centro-parieto-temporo-occipital, FC: fronto-central, FCT: fronto-centro-temporal, IFG: inferior frontal gyrus, L: left, MFG: middle 

frontal gyrus, PreCG: precentral gyrus, PTL: posterior temporal lobe, R: right, SFG: superior frontal gyrus, SMG: supramarginal gyrus, STL: superior temporal lobe, TL: temporal 

lobe.
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Figure 31 – Qualitative EEG findings for each neuroICU patient included in the analysis (quantitative EEG, qEEG, 

results are not show, but representative qEEG results for each patient is described below). For each patient, a selected 

EEG clips demonstrating the detected abnormal events is presented. EEG clip legend: In patients identified with non-

convulsive seizures, the seizure period was shown with red shadowed blocks; in patients with burst-suppression 

patterns, green vertical bars indicated the onsets of bursts and red vertical bars indicated offsets of bursts; in patients 

presenting periodic discharges, the timing of the discharges was marked with yellow vertical bars. Patient P1: qEEG 

analysis during each seizure revealed bilateral increase in rhythmicity, frequency and amplitude (R > L). Patient P2: 
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qEEG analysis during seizures revealed a bilateral increase (L > R) in rhythmicity, frequency and amplitude. Patient 

P3: qEEG analysis revealed an increase in rhythmicity, frequency and amplitude during bursts with a strong tendency 

toward the right hemisphere. Patient P4: qEEG analysis during non-convulsive seizures revealed an increase in 

rhythmicity, frequency and amplitude (R > L). Patient P5: qEEG analysis during bursts revealed a bilateral increase 

in rhythmicity, frequency and amplitude. Patient P6: qEEG analysis during seizures (above figure) and bursts (bottom 

figure) reveal a bilateral increase in rhythmicity, frequency and amplitude. Patient P7: qEEG analysis revealed 

increases in rhythmicity, frequency and amplitude (R > L) during burst. 

 

9.4.2 Hemodynamic changes associated with NCS in NCSE 

NCSE was identified from EEG in three patients (P2, P4 and P6). In addition, Patient P1 showed 

seizure-like activities including bursts of spikes and bursts of fast activities. The representative 

HRFs to bursts of spikes, bursts of spikes plus and bursts of fast activities all showed large 

increases in HbO and HbT, and a delayed HbR increase (Figure 32A). The associated HbO/HbT 

increases and HbR decreases were seen to be relatively short which was as expected considering 

the briefness of the bursts (mostly < 2s). In Patients P2, P4 and P6, a total of 199 seizures with a 

mean duration of 16.6s and a standard deviation of 20.4s were recorded and analyzed. Among 

them, over 88% of the seizures lasted less than 25s. These seizures formed bins that contained at 

least three samples in our event-related analysis. In this section, we present the representative 

HRFs and the cortical projections of hemoglobin concentration changes from bins of seizures less 

than 25s. On the other hand, bins of seizures with durations > 25s usually did not contain many 

samples for analysis (i.e. < 3) and were not always present across patients. These bins of longer 

seizures were treated as events of non-interest in each patient’s GLM to control their potential 

confounding effect in the estimation of the hemodynamic response to other events that were 

temporally overlapped or adjacent. The results of long seizures are therefore not shown here. In 

all of the three patients, the representative HRFs showed an overall increase in HbO concentration 

with mean PA of 0.067 ± 0.026μM averaged across patients, an increase in HbT (mean PA = 0.061 

± 0.029μM) and a decrease in HbR (mean nadir amplitude = -0.028 ± 0.021μM) following the 

onset of an NCS (Figure 32B, 32C, 32D). These changes returned to baseline at around 10 seconds 

after the offset of the NCS. Linear mixed-effects models modelling seizure duration with fixed 

effects for response PA failed to report significant correlation for any of the hemoglobin types at 

α = 0.05 (Figure 33A). However, the relation between seizure duration and response FWHM was 

statistically significant for HbO with p = 0.021 and adjusted R-squared value = 0.569 and for HbT 
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with p = 0.034 and adjusted R-squared value = 0.403 (Figure 33B), showing a positive correlation 

between the lengths of EEG evidence of seizures and the durations of associated hemodynamic 

changes. An initial dip characterized mainly by a large decrease in HbO at the beginning of the 

response was observed in Patients P4 (Figure 32C, see orange arrows on the representative HRF 

plots) and P6 (Figure 32D, see black arrows).  
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Figure 32 – Hemodynamic changes associated with NCS: (A) Patient P1; (B) Patient P2; (C) Patient P4; (D) Patient P6. Please refer to Figure S2 for optodes distribution montage 

and cortical sensitivity profile. The top right panel shows the extracted representative HRFs of HbO, HbR and HbT for each of the seizure bins. Note that no error bar was given as 

the representative HRF was generated from a PCA analysis of the HRFs of individual channels. Instead, a confidence level represented by the ratio of tail area divided by the PA of 

the representative HRF relative to the entire distribution area of the amplitudes of spurious HRFs generated from surrogate timecourses was shown. The black horizontal bars indicate 

the timing of seizures observed on EEG. The bottom right panel depicts the cortical projections of PA (averaged within a 2-sec window around the maximum value, or the minimum 

value if a nadir was detected). The PA time periods averaged are also highlighted with gray shaded bars directly on the representative HRF plots. For Patient P4, only the right-side 

projections are shown, as cortical coverage was limited on the left side due to the patient’s position during the scan.
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Figure 33 – Regression plots of linear mixed effect regression models relating (A) PA and (B) peak FWHM of 

representative HRFs to seizures to the duration of seizures identified on EEG. Statistically significant results were 

obtained for HbO Peak FWHM vs. Seizure duration (p = 0.021) and HbT Peak FWHM vs. Seizure duration (p = 

0.034). The black lines depicted the predicted values using only the fixed effect regression coefficients for 

demonstration purposes. 

 

For each patient, cortical projection of the hemoglobin concentration changes revealed brain 

regions that showed a highest level of magnitude in the HbO response to NCS. These regions were 

in most cases concordant with structural findings and electrophysiological results (Table 17, 

comparison of electrophysiological and optical findings). Moreover, hemodynamic activity in the 

contralateral region was also noticed in our patients. Examples included Patient P1 whose burst of 

spikes and fast activities were mostly identified in the right fronto-centro-temporal area on scalp 

EEG but showed large HbO increases in the left frontal, central and temporal regions together with 

right side activations (Figure 32A - Cortical Projections), as well as Patients P2 and P6 on whom 

seizures affected more the EEG signals over the left frontocentral area but were seen to be 
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associated with hemodynamic activations with nearly symmetrical spatial profiles in the 

corresponding regions of both hemispheres (Figure 32B and Figure 32D - Cortical Projections). 

 

9.4.3 Hemodynamic changes associated with BS  

BS patterns were observed in four patients (Patients P3, P5, P6, P7). Using the hemoglobin 

concentration during suppression periods as baseline, we observed increases in HbO (mean PA = 

0.079 ± 0.058μM) and HbT (mean PA = 0.067 ± 0.046μM) and decreases in HbR levels (mean 

nadir amplitude = -0.027 ± 0.019μM) following the onset of bursts in the representative HRFs of 

all those patients, see Figure 34. Similar to NCS-related responses, the duration and amplitudes 

of these changes were positively correlated with the lengths of the bursts (Figure 35), with p = 

0.000078 and p = 0.0096 and for the HbO PA and FWHM, p = 0.00017 and p = 0.000089 for HbR 

nadir amplitude and FWHM, and p = 0.00023 and p = 0.00024 for HbT PA and FWHM.FWHM, 

and p = 0.018 for a negative correlation between HbR nadir amplitude and burst duration. An HbO 

decrease prior to the main HbO increase, with its nadir at around 10 seconds after the burst onset 

time, was observed in Patients P3 (Figure 34A purple arrows) and P5 (Figure 34B pink arrows). 
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Figure 34 – Hemodynamic changes associated with BS bursts: (A) Patient P3; (B) Patient P5; (C) Patient P6; (D) Patient P7. Please 

refer to Figure S2 for optodes distribution montage and cortical sensitivity profile. The top right panel shows the extracted representative 

HRFs of HbO, HbR and HbT for each of the burst bins. A confidence level represented by the ratio of tail area divided by the PA of the 

representative HRF relative to the entire distribution area of the amplitudes of spurious HRFs generated from surrogate timecourses was 

shown for each representative HRF. The black horizontal bars indicate the timing of bursts observed on EEG. The bottom right panel 

depicts the cortical projections of PA. The PA time periods averaged are also highlighted with gray shaded bars directly on the 

representative HRF plots. For Patient P3 and P5, the last set of projections showed the spatial profile of hemodynamic changes around 

the initial HbO “dipping” period (highlighted in cyan on the HRF plots).  



219 
 

 

 

 
Figure 35 – Regression plots of linear mixed effect regression models relating (A) PA and (B) peak FWHM of 

representative HRFs to BS bursts to the duration of bursts identified on EEG. Statistically significant results were 

obtained for HbO PA vs. Burst Duration (p = 0.0000078), HbR PA vs. Burst Duration (p = 0.00017), HbT PA vs Burst 

Duration (p = 0.00023), HbO FWHM vs. Burst Duration (p = 0.0096), HbR FWHM vs. Burst Duration (p = 0.000089), 

and HbT FWHM vs. Burst Duration (p = 0.00024). Peak FWHM vs. Seizure duration (p = 0.021) and HbT Peak 

FWHM vs. Seizure duration (p = 0.034). The black lines depicted the predicted values using only the fixed effect 

regression coefficients. 

 

When using the burst period as the comparison baseline, suppression periods were seen to be 

associated with a large HbO decrease (mean nadir amplitude = 0.019 ± 0.014μM) and HbR 

increase (mean PA = -0.050 ± 0.039μM) in all four patients (Figure 36), indicating a global 

reduction in oxygen supply during suppression. Unlike the bursts, the main nadir time of the 

hemodynamic response to suppression periods seemed to be always around 10 seconds after the 

suppression onset regardless of how long the suppression lasted on EEG (with only one exception 

in Patient 3, bin of 5s suppression, see Figure 36A blue arrow).
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Figure 36 – Hemodynamic changes associated with BS suppressions: (A) Patient P3; (B) Patient P5; (C) Patient P6; 

(D) Patient P7. Please refer to Figure S2 for optodes distribution montage and cortical sensitivity profile. The top 

panel shows the extracted representative HRFs of HbO, HbR and HbT for each of the suppression bins. A confidence 

level represented by the ratio of tail area divided by the PA of the representative HRF relative to the entire distribution 

area of the amplitudes of spurious HRFs generated from surrogate timecourses was shown for each representative 

HRF. The black horizontal bars indicate the timing of suppression observed on EEG. The bottom panel depicts the 

cortical projections of PA. The PA time periods averaged are also highlighted with gray shaded bars directly on the 

representative HRF plots.   

 

 
Figure 37 – Hemodynamic changes associated with PDs: (A) Patient P3; (B) Patient P4; (C) Patient P6; (D) Patient 

P7. Please refer to Figure S2 for optodes distribution montage and cortical sensitivity profile. The top panel shows the 

extracted representative HRFs of HbO, HbR and HbT for PD bins. A confidence level represented by the ratio of tail 

area divided by the PA of the representative HRF relative to the entire distribution area of the amplitudes of spurious 

HRFs generated from surrogate timecourses was shown for each representative HRF. The black vertical bars indicate 

the timing of PDs observed on EEG. The bottom panel depicts the cortical projections of PA. The PA time periods 

averaged are also highlighted with gray shaded bars directly on the representative HRF plots. For Patient P4, note that 

the highlighted window for “interictal” GPDs was selected to be around 4.4s (minimum value of the initial HbO 

decrease) instead of 13.35s. The main HbO response of “interictal” GPDs, similar to that of “ictal” GPDs, was 

identified to be the first nadir. The HbO increase peaking at 13s was likely part of the overshoot following the initial 

HbO decrease. 

 

Cortical projections of the hemodynamic response to bursts confirmed that the increase in HbO 

and the decrease in HbR were bilateral, and usually affected a large portion of the cortex. However, 

regions such as the anterior frontal and the central areas were seen to respond more significantly 

than the others, exhibiting the largest changes in HbO in all of our four patients (e.g., see Figure 
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35A, 35B, 35C Cortical projections). Moreover, decreases in HbO were also noticed, especially 

in the left temporal lobe (e.g., see Patients P3, Figure 35A, P5, Figure 35B, P7, Figure 35D). 

Short suppression periods (< 5s) were associated with a general HbO decrease across the cortex 

(Figure 36, bins of suppression less than 5s). Interestingly, as suppressions went longer, some 

hemodynamic “re-activities” were seen, commonly in areas such as temporal and medial prefrontal 

regions (e.g., see Figure 36A bin of suppression 5-10s, Figure 36C bin of suppression 10-15s, 

Figure 36D bin of suppression 10-15s). 

 

9.4.4 Hemodynamic changes associated with PDs 

Three patients presented PDs in our cEEG-fNIRS scan. In Patient P3, 1573 right LPDs were 

identified during bursts of ongoing BS patterns. For Patient P4, we identified 4649 GPDs, 

including 363 GPDs occurring during NCS (denoted as “ictal PDs”), and 4286 GPDs during 

interictal periods (i.e. “interictal PDs”). Patient P6 presented patterns of NCSE, continued BS and 

GPDs throughout the recording. The detected 1970 GPDs only occurred during interictal bursts 

and not during seizures. 

 

The representative HRFs to PDs showed hemodynamic response with an expected shape in 

Patients P3 (Figure 37A) and P6 (Figure 37C), characterized by a major increase in HbO (mean 

PA = 0.012μM) and HbT (mean PA = 0.011μM) as well as a decrease in HbR (mean nadir 

amplitude = -0.004μM), followed by an undershoot. The peaking time of HbO response was 

around 1.6s and 3.8s for Patient P3 and P6 respectively, which was earlier than that seen in adult 

canonical HRFs (peaking around 5-6 s). The representative HRF to PDs showed an inverted shape 

in Patient P4 with a notable decrease in HbO (PA = -0.007μM) and in HbT (PA = -0.007μM) for 

ictal PDs (Figure 37B). These decreases were much less significant with interictal PDs, showing 

a lower nadir amplitude (-0.002μM for HbO and HbT) and a lower nadir FWHM, e.g., 3.5s for 

HbO compared with 8.6s associated with ictal PDs. 

 

Cortical projection of hemoglobin concentration changes showed bilateral and widespread HbO 

and HbR responses in Patients P3 (Figure 37A) and P6 (Figure 37C). Furthermore, in those two 

patients, the cortical areas that exhibited the strongest changes were seen to highly overlap the 

regions responding to bursts or seizures in the previous analysis (e.g., for Patient P3, see Figure 
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36A Cortical Projections of Burst bins 15-20s and 20-25s). For Patient P3, we observed more 

significant HbO increase (with regards to response magnitude) in the right side relative to the left 

side (Figure 37A), which was concordant with the EEG finding of LPDs lateralized to the right 

hemisphere. For Patient P4, simultaneous decreases in HbO and HbR were identified in the frontal 

regions. However, the central areas showed distinct responses to GPDs, with an HbO decrease 

following ictal GPDs but a more canonical HbO increase following interictal PDs (see the 

projected regions marked with black arrows in Figure 37B). 

 

9.4.5 Case studies 

Below, we provide two case studies to illustrate our study procedures and results in details. 

 

Illustrative case 1, patient P3 

A 52-year-old woman with right frontal lobe glioblastoma multiforme (partially resected and 

treated with radiation four years prior) was admitted for clinical seizures followed by NCSE 

successfully treated with antiseizure medications and anesthetics towards a burst-suppression 

pattern. Brain CT showed mild right frontal vasogenic edema (Supplementary Figure 8C, right).  

cEEG-fNIRS monitoring was conducted for a total of 4.5 hours, from which 100 minutes of 

recording were selected for analysis. During that time period, she presented 693 episodes of burst 

and suppression (average duration: 5.9 ± 8.1s, average frequency: 0.1 Hz) and 1573 right frontal 

LPDs spreading to the left frontal region (average frequency: 0.6 Hz). While BS patterns were 

generalized, they were observed to be more predominant over the left hemisphere 

(Supplementary Figure 8C).  

 

Fifty-five valid fNIRS channels covered the bilateral anterior prefrontal cortex, medial prefrontal 

and central regions, and part of the temporal regions (Supplementary Figure 8C, left). In the bin 

analysis, the 693 bursts were grouped into 12 bins. Figure 34A depicts the representative HRFs to 

bursts for bins from [0 to 5 s] to [20 s to 25 s], which contained a total of 670 bursts (≈ 97%). 

These HRFs of the five bins showed that, relative to the suppression periods, bursts were generally 

associated with an increase in HbO and HbT as well as a decrease in HbR. Moreover, the durations 

of the hemodynamic responses were seen to be longer and the magnitudes of the main peak were 

larger for bursts that lasted longer (Figure 34A). Early decreases, or reductions in the increases 
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for some bins, of HbO and HbT were also observed, which reached the nadir at around 10 s after 

the onset of the bursts. However, such “inverted” changes were not observed for HbR. For this 

patient, cortical projections revealed inhomogeneous pattern of hemoglobin concentration changes 

in different parts of the brain (Figure 34A - Cortical Projections). With shorter bursts, the area 

with the highest level of responsivity was seen to be within the left inferior frontal gyrus. With 

longer bursts, the increases in HbO were found to be larger across the fNIRS-covered cortex. 

Consistent with EEG findings, the amplitude of the response was larger for channels located in the 

left hemisphere than those in the right hemisphere. For example, for the bin of bursts between 20 

s and 25 s, the mean PA of HbO response (averaged across a 2-sec window centered at 23.85s) 

was 0.232μM for left hemisphere channels and 0.216μM for right hemisphere channels. The HRF 

analysis of suppression periods relative to bursts showed a decrease in HbO and an increase in 

HbR for both the [0 to 5s] bin (containing 541 suppression periods) and the [5 s to 10s] bin (27 

suppression periods). Unlike the bursts, longer suppression periods (> 5 s) seemed to elicit a much 

higher HbR increase but an overall weaker HbO decrease for this patient (Figure 36A). Consistent 

with the representative HRFs, cortical projection maps revealed several brain regions that elicited 

a HbO increase with long suppression periods (while short suppression was associated with a more 

or less global HbO decrease), including the left anterior temporal lobe and the bilateral precentral 

areas (Figure 36A - Cortical Projections). These results suggested that, despite continued 

suppression of neuronal activity, rapid changes in the level of oxygen consumption blood supply 

might still take place in some brain regions towards the end of long suppression periods. 

 

Due to the briefness of the LPDs, the 1519 right frontotemporal LPDs were grouped into a single 

bin of [0 to 5 s]. These LPDs were present only within the bursts, with an overall mean IPDI of 

1.7 s (frequency = 0.6 Hz). The representative HRFs showed an expected increase in HbO and 

HbT as well as a decrease in HbR following the LPDs (Figure 37A). The HbO and HbT increases 

were seen to peak at around 1.6 s, followed by an undershoot with its nadir at around 9.45s after 

the LPD. The decrease in HbR reached the minimum value 2.6s after the HbO peak, at around 4.2s 

post-LPD. Cortical projections revealed bilateral HbO increases in most of the cortical areas 

covered by fNIRS, showing widespread hemodynamic response to LPDs (Figure 37A - Cortical 

Projections). The mean HbO PA across channels was seen to be larger in the right hemisphere 

(0.013μM) than in the left hemisphere (0.011μM). These observations potentially implied a 
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retained neurovascular coupling process for the generation of LPDs in this patient, albeit of a 

shorter hemodynamic response time.   

 

Illustrative case 2, patient P4 

A 57-year-old male patient with hepatic cirrhosis was admitted to the neuroICU for gastrointestinal 

bleeding, melena and metabolic encephalopathy. On admission day 1 the patient presented 

myoclonus, which later evolved, from day 2 and 3 to generalized tonico-clonic seizures, 

convulsive SE and eventually NCSE on day 4. Two sessions of cEEG-fNIRS was performed 7 

days after admission (total duration: 7h), of which a period of 97 minutes was selected for analysis. 

MRI revealed T2/FLAIR hypersignal and restriction diffusion bilaterally in parietal, temporal, 

insular and cingulate, and thalami regions (Supplementary Figure 8D, right). Sixty-four bilateral 

seizures (maximum over the right centro-parieto-temporo-occipital regions) with an average 

duration of 10.3 ± 4.4 s and an averaged interictal period of 77.1 ± 148.6 s, as well as 4649 GPDs 

(mean IPDI = 1.2 s and mean frequency = 0.8 Hz) were identified from the EEG data 

(Supplementary Figure 8D). 

 

Forty-one valid fNIRS channels were distributed over the bilateral anterior prefrontal cortex, the 

right medial prefrontal cortex and the right precentral areas (Supplementary Figure 8D, left). 

Unfortunately, due to the patient’s position during the scan, fNIRS channels covering the left 

medial prefrontal and central areas yielded a low SNR and had to be excluded. Based on their 

durations, 53 NCS were grouped into four different bins with ranges from [5s to 10s] to [20s to 

25s], for which the representative HRFs are shown in Figure 32C. From the HRFs, we identified 

an increase in HbO and HbT, and a decrease in HbR (relative to the interictal period) that were 

associated with the seizures in all of the four bins. Similar to the bursts observed in the previous 

case study, seizures with longer durations seemed to elicit hemodynamic responses that were also 

longer in duration and higher in peak magnitude. The initial decrease in HbO and HbT and the 

increase in HbR prior to the main response (i.e. the “initial dip”) were also noticed, especially for 

seizures that lasted longer. Cortical projections of the concentration changes in the right 

hemisphere highlighted distinct regions that showed the largest HbO response magnitude within 

the right central and the right frontocentral areas (Figure 32C - Cortical Projections, Orange 

arrows).  



226 
 

 

 

Among the 4177 included GPDs, 3827 GPDs were recorded during the interictal periods (denoted 

as the “interictal GPDs” in this section) while the rest 350 GPDs were captured during seizures 

(denoted as the “ictal GPDs”). These two types of GPDs were treated as separate conditions in our 

HRF analysis to further explore the potential differences in the mechanism. Unlike the other two 

patients who also presented PDs (Patients F3 and F6), the representative HRFs to the ictal GPDs 

in this patient were characterized mainly by a large decrease in HbO and HbT along with a small 

decrease in HbR concentration (Figure 37B). The HbO decrease reached its nadir at around 6.95s 

after the GPD onset. Cortical projection of the HbO concentration revealed that the negative 

response was seen over a large portion of the covered right hemisphere, including the right anterior 

prefrontal, the medial prefrontal and the central areas (Figure 37B Cortical Projections). On the 

other hand, representative HRFs to interictal GPDs showed overall much lower HbO and HbT 

decreases, while the HbR level stayed almost unchanged. In fact, interictal GPDs were observed 

to elicit a similar HbO decrease in the right anterior prefrontal cortex. However, in the right central 

area where the large magnitude of hemodynamic response to seizures was located in the previous 

NCSE analysis, we observed an HbO increase and an HbT increase following interictal GPDs with 

an expected shape (Figure 37B black arrows). These results suggested that the neurovascular 

coupling for GPDs might be disrupted in some cases. For this particular patient, potential risk 

factors included the co-presence of seizures and a higher PD frequency (0.8 Hz as opposed to 0.6 

Hz in Patient F3 and 0.3 Hz in Patient F6). The hemodynamic response with an expected shape, 

i.e. increases in HbO and decreases in HbR, to interictal GPDs in the right central area indicated 

less stress on local oxygen supply for GPDs when seizure activities were not continued. 

 

9.5 Discussion 

 

To the best of our knowledge, this study is the first to report simultaneous electrophysiological 

and hemodynamic changes observed in critically ill adults patients presenting with SE, PDs and 

pharmacologically induced BS patterns using cEEG-fNIRS. Through the analysis of seven 

patients, we assessed the feasibility and the clinical value of cEEG-fNIRS for long-term 

monitoring in the neuroICU.  
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9.5.1 Increased blood oxygenation during seizures in status epilepticus 

SE represents an extreme ictal phenomenon, in which “normal” mechanisms responsible for 

seizure termination fail. Among those mechanisms, hypoxia has been proposed (Zubler et al., 

2014). Animal models of SE generally showed an increase in cortical blood oxygenation due to 

higher metabolism of the ictal state (Lee et al., 2018). In humans, both states of hyper and 

hypometabolism have been reported in patient with NCSE (Siclari et al., 2013). For example, 

EEG-fMRI acquisition in focal motor status epilepticus cases (epilepsia partialis continua) shows 

a BOLD signal increase in the focus combined with a widespread BOLD signal deactivation 

(Lazeyras et al., 2000). This dynamic reflects the redistribution of CBF and extreme focal 

modulation of oxygen extraction in the benefit of the hyperactive ictal focus. Indeed, despite the 

increase in CBF, anaerobic metabolic distress (increase in lactate/pyruvate ratio) and glutamate 

excitotoxity have been documented during focal NCSE in patients with TBI (Vespa et al., 2007). 

Our findings are in line with previous studies in which ictal metabolism level during SE is 

associated with an increase in CBF and brain oxygenation. In all three patients, an increase in HbO, 

generally of larger amplitude, and a decrease in HbR, generally of lower amplitude were observed 

during seizures. These changes most likely suggested an increase in CBF and CBV that 

overcompensated the ictal increase in neuronal oxygen needed. In addition, these changes were 

proportional to seizure duration with shorter seizures manifesting with lower relative HbO increase 

and HbR decrease, showing potentially sufficient oxygen supply even towards the end of the 

seizures. Overall, our data do not seem to support the hypothesis that hypoxia is the main cause of 

seizure termination in SE. 

 

Another important finding is that the fNIRS-measured hemodynamic responses were generally the 

largest in the focal cortical areas involved in seizures. This is clinically important as fNIRS have 

the potential to not only help in the diagnosis of NCS and NCSE, but also in improving seizure 

localization.  

 

9.5.2 Non-uniform cortical hemodynamic profile during burst-suppression 

The traditional perception of BS, as a uniform and global state of brain activity, has been 

challenged over the last decade (Ferron et al., 2009; Lewis et al., 2013). In vivo studies in the 
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anesthetized cat have shown that neuronal activity in subcortical structures can be increased during 

suppression, which may elicit bursts sequences in the hyperexcitable cortex (Amzica, 2009). More 

recently, intracranial EEG recordings performed in anesthetized patients undergoing epilepsy 

surgery revealed the asynchronous nature of burst-suppression patterns across the cortex (i.e. burst 

and suppression not occurring at the exact same time and in all regions alike) (Lewis et al., 2013). 

Neurovascular dynamics and cerebral metabolism seem to be among critical processes underlying 

the genesis of BS patterns (Ching et al., 2012; Lewis et al., 2013). Using fMRI, spontaneous 

multifocal fluctuation in CBF and BOLD signals during BS has been observed in anesthetized 

swine and rats (Liu et al., 2011; MÄkiranta et al., 2002). Optical imaging (NIRS and diffuse 

correlation spectroscopy) with simultaneous scalp-EEG have also been used in anesthetized rats 

and showed an increase in metabolism and CBF associated with each burst (Sutin et al., 2014). In 

humans, transient stereotypic changes characterized by an initial HbO decrease followed by a 

pronounced HbO increase during spontaneous bursts was reported in premature neonates 

presenting with neurological distress (Roche-Labarbe et al., 2007), and during hypothermia-

induced BS in infants with hypoxic-ischemic encephalopathy (Chalia et al., 2016). The shape of 

the response was seen to be highly variable across different brain regions and different patients. 

 

This pilot study is the first to assess hemodynamic features of BS in comatose adults. Our results 

were largely consistent with these previous reports, showing an overall but spatially 

inhomogeneous increase in HbO and a less significant overall decrease in HbR during bursts 

relative to the suppression period in all of the four patients in whom BS patterns were identified. 

The relationship between the amplitude and the duration of the HbO increase and burst length seen 

on EEG suggested that the neuronal metabolism was adequately compensated. The initial decrease 

in HbO as noted in previous studies (Chalia et al., 2016; Roche-Labarbe et al., 2007), or an initial 

reduction in HbO increase, was also noticed in most of our patients. On the other hand, short 

suppression periods were followed by a more global (but also spatially inhomogeneous) reduction 

in HbO, suggesting an acute drop in neuronal activity and oxygen supply. Interestingly, the spatial 

profile of the HbO decrease in the HRF to suppression periods was seen to highly overlap with the 

spatial profile of the initial HbO decrease in the HRF to bursts (e.g., see the similarity between the 

spatial profiles of projected hemoglobin concentration changes between Figure 34A Projection 

of initial dip and Figure 36A bin of 0-5s, as well as between Figure 34B Projection of initial 
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dip and Figure 36B). This suggest that the initial HbO decrease seen in the response to bursts, 

which usually reached its nadir at around 5-10 sec after the burst onset, could possibly be part of 

a delayed hemodynamic effect of the suppression periods preceding the bursts. An alternative 

interpretation is that the initial mismatch between oxygen demand and blood supply at the 

beginning of bursts occurs at cortical sites that have been mostly suppressed in the suppression 

periods. Nevertheless, our results provide further evidence for non-uniform hemodynamic changes 

during BS patterns, and highlight the potential of using fNIRS to study the spatial distribution of 

this response.  

 

9.5.3 Potential factors associated with hemodynamic response to PDs 

Clinical management of critically ill patients presenting with EEG patterns falling within the IIC 

still poses a significant challenge to physicians. In addition to considering clinical factors (e.g., 

response to treatment), researchers have resorted to multimodal neuroimaging techniques to better 

understand the “ictal vs. interictal nature” of these patterns, their impact on the brain and improve 

the management of the critically ill presenting with IIC patterns (Claassen, 2009). Both FDG-PET 

hypermetabolism and hypometabolism have been observed in patients with PDs patterns 

(Sakakibara et al., 2014; Struck et al., 2016). In another study by Vespa et al., PDs displayed a 

metabolic crisis similar to what has been previously seen during seizures by the same authors 

(Vespa et al., 2016). More recently, Witsch et al. used invasive EEG recordings, brain tissue 

oxygen tension (PbTO2), and rCBF in patients presenting with subarachnoid haemorrhage (SAH) 

(Witsch et al., 2017). In their study, PDs (GPDs and LPDs) > 2 Hz were associated with a decrease 

in PbTO2, while an increase in PbTO2 was observed for 0.5 < PDs < 2 Hz. Based on these 

observations, the authors suggested a metabolic decompensation was most likely to occur when 

PDs > 2 Hz, and, therefore, would require more aggressive treatment. 

 

In our study, two of the three patients with PDs presented an overall increase in HbO and HbT as 

well as a decrease in HbR (one with GPD and one with LPD), potentially suggesting a normal 

neurovascular coupling process and sufficient compensation of oxygen following the PDs. These 

findings are in line with the features reported by Witsch et al. (Witsch et al., 2017) in PDs ≤ 2Hz. 

The hemodynamic mapping of these changes was widely spread in patients with GPDs, and more 

focalized in LPDs. However, in the other patient (Patient P4), we observed an inverted shape of 
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HbO and HbT responses to GPDs. This might be due to a higher PD frequency detected in the 

patient (0.8 Hz compared with 0.6 Hz in Patient P3 and 0.3 Hz in Patient P6) or the co-presence 

of seizures. In particular, the GPDs occurring during the seizures (ictal GPDs) showed a prominent 

HbO decrease over a large portion of the right hemisphere, while the GPDs within the interictal 

periods were associated with similar HbO decreases in the prefrontal cortex but a weak HbO 

increase around the presumed epileptic focus area. These observations implied a possible change 

CBF and blood oxygenation from the other portion of the cortex towards the focus area during 

PDs. Moreover, the hemisphere-wise HbO and HbT decrease following ictal PDs revealed 

inadequate oxygen reserve for PDs during seizures, leading to a potential hypoxic-ischemic state. 

While further confirmation of our results is needed, these data showcase the advantages of cEEG-

fNIRS in delineating the full dynamic profile of the hemodynamic response associated with PDs 

and its potential to be used to assist in the process of clinical management. 

 

9.5.4 Feasibility of conducting cEEG-fNIRS in the neuroICU 

The current work represents the first study of using combined cEEG-fNIRS in the adult neuroICU 

to monitor hemodynamic changes associated with abnormal EEG events, including SE, medically-

induced BS and PDs. We were able to place a large number of fNIRS optodes (> 50) to enable 

coverage of nearly the full head (except occipital and posterior temporal/parietal areas), and 

performed long-term EEG-fNIRS recordings in 11 comatose patients (for up to 32h). These 

progresses are important in showing the feasibility of conducting continuous hemodynamic 

monitoring in the neuroICU. The results revealed specific and dynamic patterns associated with 

brief and ongoing EEG events over a long period of time. However, special arrangements in both 

the data acquisition and analysis had to be made to accommodate the complex data collection 

environment of the neuroICU. While the patients are comatose, their bodies are normally kept in 

a supine position and their heads tilted towards a certain direction by a pillow. This can complicate 

the process of installing optodes and maintaining good skin contact in the back and left posterior 

side of the head. In addition, the presence of stitches, invasive probes and edema may also 

complicate optode installation. The continuity of fNIRS measurements can be affected by routine 

clinical care (e.g., examination, blood sampling, suctioning, clapping), imaging needs (e.g., CT, 

MRI), and some forms of medical interventions (e.g., bronchoscopy). Moreover, examination and 

care provided by the medical staff and nurses, as well as the use of low air loss beds in the critically 
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ill, for pressure wounds prevention, can affect the quality of fNIRS measurement by creating 

significant motion artifacts during the monitoring. In our pilot study, many fNIRS channels had to 

be excluded due to loss of contact, low SNR or excessive motion artifacts. The exclusion of 

channels led to reduced coverage of brain areas and inhomogeneous sensitivity in cortical 

detection, which limited our ability in delineating the spatial features of the hemodynamic 

responses. One possible way to reduce motion artifacts and prevent optode from sliding during the 

monitoring would be to glue optodes with collodion (Yücel et al., 2014) directly on the scalp in 

the same way EEG electrodes are glued for long-term monitoring in epilepsy units. Finally, 

performing long-term continuous cEEG-fNIRS recording provides huge amount of recorded data. 

Rather than the offline GLM analysis employed in this study, clinical monitoring using cEEG-

fNIRS will almost certainly require online data processing. Recent advances in real-time analysis 

methods such as those developed for brain-computer interfaces (Lührs and Goebel, 2017) may be 

considered for a faster feedback of the patient’s brain electrophysiological and hemodynamic 

condition. Nevertheless, the review of EEG/fNIRS data, the identification of abnormal EEG events 

of interest and their alignment under an offline GLM or online data processing may pose 

significant practical challenges.  

 

9.5.5 Limitations 

This study has several limitations. First is the small sample size for each type of EEG patterns 

(despite a larger number of patients compared to previous studies). The results presented in this 

paper mostly involve short-duration events e.g., < 25s for SE seizures and < 35s for bursts in BS 

patterns. Our findings will have to be validated in a larger cohort of patients. Second, substantial 

heterogeneity (e.g., regarding age, sex, anatomical differences, type of brain injury, co-morbidities, 

treatment) exist in our population, which can potentially impact brain hemodynamic signals. Third, 

systemic physiological factors can also affect cerebral blood flow (Lührs and Goebel, 2017). While 

we used clinical records of different systemic physiological measurements to “grossly” exclude 

periods characterized by abnormal or fluctuating vital signs, it was not possible to use these 

measurements as covariates in our analysis due to their low temporal resolution. Fourth, short-

distance optodes were not used to quantify and subtract the contribution of superficial layers (e.g., 

scalp, skin and skull) to the fNIRS signal. While there are currently no guidelines or gold standard 

for removing physiological contamination from the fNIRS signal, we decided in this study to use 
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a PCA filter removing 90% of the global variance. However, some residuals may remain. Finally, 

while our previous studies revealed significant nonlinear suppression effect in the hemodynamic 

response to epileptic events that might happen in rapid succession (Pouliot et al., 2012; Peng et al., 

2016) (which was the case in many of our patients included in this study, e.g., patients who had 

PDs with a high frequency), nonlinearity was not specifically modeled in the GLM for the sake of 

model simplicity and data processing time. The neglect of the nonlinear component in the model 

may partially account for the relatively low amplitudes of representative HRFs seen in this study 

compared with previous work (e.g., see Figure 37 where the amplitudes of HRF to PDs were of 

the order of 0.01µM). Other factors that may affect the representative HRF amplitudes include the 

averaging of HRFs across all channels instead of targeting at a particular activated region, the 

empirical choice of the partial pathlength factor, the relatively low low-pass filter cutoff frequency 

(0.2Hz), and the loss of elasticity of cortical tissue in eliciting hemodynamic responses after 

repetitive, excessive neuronal firing (Arango-Lievano et al., 2018). Future studies further 

delineating the effects of these physiological or analytical factors may be needed to develop an 

analysis method that is a more suitable for this type of long and complex neuroICU data. 

 

9.6 Conclusions 

 

In conclusion, we conducted long-term cEEG-fNIRS recordings in the neuroICU, and analyzed 

the hemodynamic response to abnormal EEG patterns identified from seven comatose patients. In 

most cases, the electrical activity in seizures, bursts and PDs was associated with an overall 

increase in HbO and a decrease in HbR, with the amplitudes and durations of the hemodynamic 

changes positively correlated to the EEG length of the events. These responses were seen to be 

spatially inhomogeneous and specific to patients. Our results suggested that normal neurovascular 

coupling might be partially retained during these abnormal EEG patterns, while highlighting the 

highly varying nature of these changes across conditions and patients. This pilot work shows the 

feasibility of conducting cEEG-fNIRS in the neuroICU, however more extensive studies with a 

larger patient cohort and more advanced data collection and analysis methods (e.g., to further 

enlarge cortical coverage, reduce motion artifacts, and establish real-time online assessment of 

cortical responses) are needed to straighten our conclusions, as well as to encourage clinical 
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hemodynamic and electrophysiological monitoring which may help rethink strategies for patient 

care and treatment in the neuroICU. 
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9.8 Appendix 

 

 
Supplementary Figure 7 – Left Panel: Detail procedures of neuroICU care during cEEG-fNIRS recordings. Right Panel: Vital signals collected from patient’s hospital records 

during cEEG-fNIRS recording. (A) Patient P1; (B) Patient P2; (C) Patient P3; (D) Patient P4; (E) Patient P5; (F) Patient P6; (G) Patient P7. 
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Supplementary Figure 8 – Optical montage (i.e., probe layout) and structural neuroimaging for each neuroICU patients included in the analysis. For each patient, left panel: selected 

brain slices from MRI imaging; right panel: distribution of optical emitters (red dots), optical detectors (blue dots) and channels (yellow lines) included in the analysis and the 

corresponding cortical sensitivity profile. Patient P1: MRI image showed surgical cavity (white arrow) from right post-temporal lobectomy. Patient P2: Diffuse cerebral atrophy and 

peri-ventricular white matter T2/FLAIR hyperintensity (white arrows) suggested microhemorrhage changes. Patient P3: Positron emission tomography image showed right frontal 

surgical cavity (white arrow). Patient P4: T2/FLAIR MRI showed multifocal and bilateral white matter (white arrow) and cortical hyperintensity lesions (orange arrow). Patient P5: 

MRI was normal. Patient P6: MRI scan showed cortico-subcortical change in the frontal lobe (R > L) (white arrow) associated with oedema and T2/FLAIR hypersignal in the 

thalamus (R > L). Patient P7: MRI image showed surgical cavity (white arrow) following oligodendroglioma resection in the right frontal lobe. 
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10.1 Abstract 

Status epilepticus (SE) can result in neuronal damage. While the pathophysiological mechanisms 

leading to brain damage are presumably multifactorial, it remains unclear whether cerebral and 

systemic hemodynamics are able to match neuronal activity during recurring and/or prolonged 

seizures, as observations from animal and human studies have been conflictual. fNIRS is currently 

the only modality that can continuously and safely monitor brain hemodynamics in terms of the 

variations of oxyhemoglobin (HbO) and deoxyhemoglobin concentrations (HbR) concentrations, 

which can be used to infer changes in cerebral blood volume (e.g., with the sum of the two 

hemoglobin concentrations -HbT) and cerebral oxygenation (e.g., with the difference of the two 

concentrations -HbD). For over two decades, fNIRS has been combined with simultaneous video 

electroencephalography (i.e., vEEG-fNIRS) in epilepsy research. However, its use in exploring 

critical care seizures (including SE) has been limited to only a few case studies in the pediatric 

setting. Moreover, there are no reports of long-term vEEG-fNIRS monitoring in critically ill 

patients with a large cortical coverage, in part due to the fact that recordings remain a considerable 

clinical and technical challenge. In order to overcome this issue and to clarify the neurovascular 

coupling and cerebrovascular changes occurring during recurrent and/or prolonged electrographic 

SE, we performed whole-head long-term vEEG-fNIRS recordings in the intensive care unit in 

eleven adult patients. A total of > 200h of monitoring and > 1000 seizures were recorded (seizure 

duration ranged from ~ 10s to ~2h, and inter-ictal interval ranged from ~1s to ~45 min). For most 

of the patients, we observed an increase in HbO, HbT, and HbD and a decrease in HbR associated 

with short-duration seizures (e.g., seizures < 100s). While a similar response could also be seen 

initially for long-duration seizures (e.g., > 100s), such hemodynamic change was often followed 

by a progressive decline in HbO, HbT, and HbD concentration and an increase in HbR, suggesting 

an insufficient oxygen supply and a hypoxic brain state during prolonged seizures, but also for 

some recurrent short duration seizures. At the systemic level, no significant changes in peripheral 

oxygenation occurred during seizures and only small changes in mean arterial blood pressure (∆max 

= +4 mmHg, ∆min = -3 mmHg) and heart rate (∆max = +3 bpm, ∆min = -2 bpm) occurred in 57% and 

29% of patients, respectively. 
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10.2 Introduction 

Status epilepticus (SE) is “a condition resulting either from the failure of the mechanisms 

responsible for seizure termination or from the initiation of mechanisms which lead to abnormally 

prolonged seizures” (Trinka et al., 2015). In the critically ill, SE can be the reason for admission 

to the intensive care unit (ICU) or develop, secondarily, in patients already admitted for other 

critical conditions such as an encephalitis or a brain hemorrhage. These recurrent and/or prolonged 

seizures can manifest with overt jerking movements (i.e., electroclinical status epilepticus, ECSE) 

or without any prominent motor activity (i.e., electrographic status epilepticus, ESE). ESE 

represents the form of SE most frequently seen (i.e., ≈ 90% of cases) and can only be identified 

using electroencephalography (EEG) (Claassen et al., 2004). 

 

It is well established that ECSE can cause wide-scale acute neuronal injury and death (Covolan et 

al., 2000; McKhann et al., 2003; Sloviter et al., 2003) even in the absence of systemic 

complications (Meldrum and Horton, 1973; Meldrum and Brierley, 1973; Meldrum et al., 1973a,b; 

Fernández et al., 2019). Key mechanisms of ECSE-induced neuronal injury (and death) are 

multifactorial (Walker et al., 2018), including hypoxia, overproduction of reactive oxygen species 

caused by excessive activation of N-methyl D-aspartate receptors (Abele et al., 1990; Deshpande 

et al., 2008; Kovac et al., 2012) and overaccumulation of calcium intracellularly (Camello-

Almaraz et al., 2006). In contrast, fewer studies have focused on cerebral hemodynamics and 

systemic changes during ESE (Vespa et al., 2007; Claassen et al., 2013; Ferlini et al., 2021). 

Notably, it remains unclear how “clinically silent” recurrent and/or prolonged seizures influence 

cerebral perfusion, oxygen delivery, and cardiovascular stability. 

 

Functional near-infrared spectroscopy (fNIRS) noninvasive imaging technique that uses near-

infrared light to assess cortical hemodynamics. Compared to more commonly used functional 

neuroimaging techniques in patients with SE (i.e., single-photon emission computed tomography 

– SPECT, and positron emission tomography – PET), fNIRS has a higher temporal resolution and 

is currently the only modality capable of continuously monitoring cerebral hemodynamics over a 

large cortical surface (Scholkmann et al., 2014). Like EEG-fMRI, the simultaneous fusion of EEG 

and fNIRS allows capturing both sides of the neurovascular response, giving EEG-fNIRS the 

unique opportunity to investigate neurovascular coupling mechanism safely during interictal 
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epileptiform discharges (Peng et al., 2014, 2016) and seizures in patients with refractory epilepsy 

(Nguyen et al., 2012; Nguyen et al., 2013). However, using simultaneous video-EEG and fNIRS 

(i.e., vEEG-fNIRS) is challenging, especially when long recordings over the entire head are 

performed at the patient’s bedside (Kassab et al., 2018; Kassab et al., 2021). Indeed, only a few 

pediatric cases have documented cerebral hemodynamics during seizures (including SE) in the 

critically ill using fNIRS (Adelson et al., 1999; Arca Diaz et al., 2006; Martini et al., 2019). 

 

Over the past decade, our group has been focusing on using vEEG-fNIRS for long-term bedside 

monitoring in various clinical settings (Kassab et al., 2016; Kassab et al., 2018; Kassab et al., 

2021). In our latest study, we demonstrated the feasibility of performing long-term vEEG-fNIRS 

recordings in critically ill adults presenting with diverse electrographic patterns (i.e., seizures, 

periodic discharges, and burst-suppression). However, we could not fully explore the 

neurovascular dynamics associated with ESE as only two patients had a limited number of 

recurrent seizures during the monitoring period. In this study, we document more extensively the 

systemic and cortical hemodynamic changes associated with ESE by performing long-term whole-

head vEEG-fNIRS recordings while simultaneously monitoring systemic physiology in a larger 

cohort of critically ill comatose patients. 

 

10.3 Materials and methods 

 

10.3.1 Study design and clinical data collection 

We recruited 11 patients (nine men, two women, 30-75 years) admitted to the ICU of the 

University of Montreal Hospital Center (CHUM). Inclusion criteria were: 1) patients admitted with 

a confirmed or suspected diagnosis of ESE, or 2) any patients in the ICU with at least one 

confirmed “electrical” seizure on scalp EEG. All included patients underwent continuous long-

term whole-head vEEG-fNIRS monitoring. Patients who were clinically suspected of having ESE 

but whose subsequent EEG did not demonstrate any ictal findings were excluded. We recorded 

demographic data (sex, age, body mass index), medical history (epilepsy, neurological and non-

neurological comorbidities), and clinical characteristics (SE classification, duration and etiology, 

use of mechanical ventilation, length of hospitalization, discharge disposition). Additionally, all 

anesthetics, anti-seizure medications, catecholamines, and neuromuscular blocking agents were 
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documented. Brain MRIs (Phillips, 3 Tesla) were performed during the management of these 

patients at the discretion of the attending physicians. This study was approved by the ethics 

committee of the research center of the CHUM; written informed consent was obtained from 

legally authorized representatives before starting any research study procedure. 

 

10.3.2 EEG interpretation and event marking 

Two board-certified neurologists with epilepsy expertise (DHT, DKN) independently reviewed 

the vEEG recording. Abnormal patterns or discharges were identified and subcategorized using 

the standardized critical care EEG terminology of the American Clinical Neurophysiology Society 

(Hirsch et al., 2021). The 10s-period prior to seizure onset and after seizure offset were selected 

as the pre- and postictal periods.  

 

10.3.3 Long-term whole-head vEEG-fNIRS monitoring protocol 

 

Patient head inspection and whole-head probe coverage estimation 

Before any vEEG-fNIRS recording, a careful inspection of the patient's head was performed for 

any signs of skin changes lesions that could limit recordings. Different head measurements and 

photographic images were taken in order to design a preliminary whole-head montage based on 

the international 10–20 EEG system. 

 

vEEG-fNIRS data collection and synchronization 

EEG data were recorded using the BrainAmp EEG amplifier and BrainVision Recorder software 

(BrainVision Recorder, Version 1.2.2.0 Brain Products GmbH, Gilching, Germany). The 

BrainVision system was used to capture video simultaneously. Video data was transferred into 

BrainVision Recorder software using a firewire cable. Twenty-one gold cup EEG electrodes 

(Grass, Natus Medical Incorporated, USA) were positioned following the International 10–20 

layout (Jasper, 1958) and 10-10 (FT9/FT10) systems (Acharya et al., 2016). Two additional 

electrodes were used for EKG, and two for EOG. Electrodes on the scalp were glued using 

collodion (Collodion, Mavidon, FL). EEG data were sampled at 500Hz. 
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fNIRS data were recorded using the Brainsight CW-NIRS system (Rogue Research Inc., Montreal, 

Canada). A total of 48 optodes, 16 laser diode emitters (wavelength: 685nm and 830nm; average 

power: ~20mW), 16 standard photodiodes for short-distance detectors, and 32 avalanche 

photodetectors for long-distance detectors, were used in all patients. The 48 optodes provided a 

minimum of 100 channels covering the whole-head (Supplementary Figure 9). The optodes were 

glued using collodion in order to minimize sensitivity to motion artifacts and to improve fNIRS 

signal to noise ratio (Yücel et al., 2014; Machado et al., 2018; Cai et al., 2022) The average distance 

between the sources and long-distance detectors and sources and short-distance detectors was ~3-

4 cm and ~0.8-1.0 cm, respectively. fNIRS data were sampled at 20Hz. In order to synchronize 

vEEG and fNIRS data, we used E-Prime 2.0 software (Psychology Software Tools, Pittsburgh, 

PA) to design and run a custom written script. 

 

Electrodes and optodes digitization 

Digitization was performed using an optical position sensor (Polaris Vicra®, NDI, Canada) 

communicating with the integrated Brainsight neuronavigation software through a BNC to USB 

cable. Each optode and electrode was carefully digitized. In addition, common fiducials (i.e., noise 

tip, nasion, inion, left periauricular, right periauricular) and an additional 50-100 random points 

throughout the head were also digitized in order to increase the location sensitivity for each optode. 

 

Preparation time and recording duration 

On average, the preparation and installation time for one vEEG-fNIRS monitoring session was 

~8h (range: 6h-10h). Except on rare occasions (e.g., medical emergency), each monitoring session 

consisted of at least one continuous (i.e., non-stop) run of 4h. An experienced fNIRS operator 

(AK) was present at the patient's bedside during the entire monitoring session, ensuring the 

patient's safety in case of emergency and signal quality dropout. 

 

10.3.4 fNIRS data analysis 

 

fNIRS data pre-processing 

The recorded fNIRS data were pre-processed with the open-source MATLAB toolbox Homer2 

(Huppert et al., 2009) and in-house developed scripts. A first visual inspection was performed on 
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each dataset to remove any non-short distance fNIRS channels without clear cerebral origin (i.e., 

negative raw amplitude channels, saturating channels, channels without clear heartbeats) (Huppert 

et al., 2009; Piper et al., 2014). Additionally, fNIRS channels with an intensity of < 1000 photon 

counts or a signal-to-noise ratio of < 2 were classified as low-quality and excluded from further 

analysis. Motion artifacts were identified with both visual identification and a Homer2 automatic 

motion detection algorithm based on signal standard deviation and amplitude changes 

(Scholkmann et al., 2010). For comatose patients in the ICU, motion artifacts may come from 

several sources (i.e., mattress air pressure fluctuations, routine care procedures performed by 

medical personnel, and movements associated with clinical seizures). Once all motion artifacts 

were marked, they were reassessed by visual inspection simultaneously to the video feed to 

confirm (i.e., clear or probable motion artifact) or reject (i.e., not motion artifact) motion artefacts. 

Recording segmentation was performed to remove time periods affected by significant motion 

artifacts (e.g. artifacts that were long or affected a large number of channels). Any EEG event 

within the period from 30s prior to a motion artifact to 30s after the artifact was not studied. The 

remaining EEG events were then manually inspected to avoid event mislabelling. 

 

For each channel, the fNIRS optical data were first transformed into optical density changes (i.e., 

ΔOD) by taking the logarithm of the time course. A third-order Butterworth low pass filter with 

the cutoff frequency at 0.20Hz were then applied to remove high frequency signal components 

(Zhang et al., 2015; Yücel et al., 2016). The filtered optical density time courses were transformed 

into concentration changes in HbO and HbR using the modified Beer-Lambert Law (Matcher et 

al., 1995) with a partial pathlength factor of 6 for both wavelengths (Cope et al., 1991; Duncan et 

al., 1995). Systemic physiological changes in the extracerebral layers (Kirilina et al., 2013) were 

then regressed out from all fNIRS channels within a general linear regression model framework 

(Zeff et al., 2007; Gagnon et al. 2012; Tak and Ye, 2014) by using short-separation channel data 

that had the highest correlation as a regressor (Saager and Berger, 2005). Signal detrending was 

conducted by adding polynomial regressors up to the 3rd order to the model. In addition, 

concentration changes in total hemoglobin (HbT, calculated as HbO + HbR), and hemoglobin 

difference (HbD, calculated as HbO - HbR) were calculated and serve as representative markers 

of cerebral blood volume (CBV) (Wyatt et al., 1990; Villringer and Chance, 1997) and cerebral 

oxygenation respectively (Mitra et al., 2016a,b, Bale et al., 2020). 
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Extraction of hemodynamic response functions 

Due to the large number of seizures and duration variability in our recordings, the estimation of 

the hemodynamic response function (HRF) was performed using a bin analysis approach that is 

based on the duration of the seizures. For each patient, seizures of comparable durations were 

grouped into a same bin. We selected the width of each bin to be 10s due to the large range of 

seizure durations in this study. For instance, seizures lasting < 20 seconds were divided into two 

bins (i.e., [0 to 10s] and [10 to 20s], and seizures lasting < 80 seconds were divided into 8 bins: 

(i.e., [0 to 10s], [10 to 20s], [20 to 30s], …, [60 to 70s], and [70 to 80s]). For each seizure, we 

estimated the hemodynamic response (HbO, HbR, HbT and HbD) to each seizure of a patient from 

10s before the onset of the seizure to 10s after its offset. We applied a spatial principal component 

analysis (PCA) to the extracted hemodynamic response functions of all remaining fNIRS channels 

(after exclusion for motion artifacts and low signal-to-noise ratio, see above) to generate a 

representative HRF for each bin using principal components that accounted for 80% of global 

variance. Lastly, biphasic changes in the direction of the HRF were defined as a change in 

amplitude of relative hemoglobin concentration of ≥20% for at least half the duration of the 

corresponding seizure. 

 

To enable comparisons of the representative HRFs between different bins, we extracted two HRF 

characteristics for each bin: the Full-Width-at-Half-Maximum (FWHM) that assesses response 

duration and the normalized Area-Under-the-Curve (AUC) that evaluates response intensity. The 

FWHM was defined as the length of the time during which the response was larger than half of 

the peak amplitude (or during which the response was smaller than half of the nadir amplitude), 

while the normalized AUC was defined as the integral of the HRF with respect to time divided by 

the total HRF duration. We established a linear mixed-effects model to model seizure duration 

with fixed effects for response FWHM or normalized AUC and uncorrelated random effect for 

intercept (grouped by patients) and residual. The goodness-of-fit was evaluated by examining the 

p-values from F-tests on the fixed-effect regression coefficients, as well as the adjusted R-squared 

values of the fit. 
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Prediction of response directionality based on seizure duration 

While the bin analysis focused on the relationship between response characteristics and seizure 

bins of fixed durations, we further made attempts to explore the directionality of the hemodynamic 

response at any time point during a seizure (i.e., the possibility of getting a positive/negative 

response at a particular time during a seizure of any length) with a logistic regression model. More 

specifically, the representative HRFs of recorded seizures of all patients were pulled together as 

the training set of the model. Considering that the typical response time of a canonical HRF is 

around 5 seconds, we first downsampled all HRFs of individual seizures to 0.2Hz (one data point 

every 5 seconds with a random start point) to mitigate the serial correlation in the signal (Upham, 

2012). We assumed that, with a time gap of 5s, the value of the HRF at a certain time point is free 

to vary from its value at the previous time point, and therefore these values could be considered as 

being independent from each other.  

 

The logistic function is of the form: 

𝐷𝐷(𝑡𝑡) =  
1

1 + 𝑒𝑒−(𝛽𝛽0+𝛽𝛽1𝑡𝑡) 

where t is the time, and D(t) is the response direction at time point t: 

𝐷𝐷(𝑡𝑡) =  � 1,    𝑒𝑒𝑓𝑓 𝐻𝐻𝑅𝑅𝐻𝐻(𝑡𝑡) ≥ 0
−1,   𝑒𝑒𝑓𝑓𝐻𝐻𝑅𝑅𝐻𝐻(𝑡𝑡) < 0  

 

After estimating the regression coefficients β0 and β1, we predicted the probability of getting a 

positive hemodynamic response at any time point from 0s to 4500s during an ongoing seizure. 

 

10.3.5 Systemic physiology and sedation level 

Semi-continuous collection of vital signs, including mean arterial blood pressure (scMABP, 

mmHg), oxygen saturation (scSpO2, %), heart rate (scHR, bpm), end-tidal carbon dioxide (scEtCO2, 

mmHg), temperature (scT, °C) and Richmond Agitation-Sedation score (RASS) were taken every 

15-30 min. Additionally, continuous noninvasive systemic hemodynamic monitoring was 

collected using the Finapres® NOVA system (Finometer MIDI, TNO Biomedical Instrumentation, 

Amsterdam, Netherlands). Measured parameters included 1) mean arterial blood pressure (MABP, 

mmHg) obtained by finger photoplethysmography (set at heart level); 2) peripheral arterial oxygen 

saturation (SpO2, %) and heart rate (HR, bpm) via finger pulse oximetry; and 3) respiration rate 
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(RR) through a respiration monitoring belt. For continuous measurements, two periods were 

selected: 1) the preictal period (i.e., 30s before each seizure), and 2) the ictal period (i.e., period 

starting from seizure onset and ending with its respective offset). If the interval between two 

consecutive seizures was < 60s, both seizures were discarded (Ferlini et al., 2021). Finally, arterial 

blood gas, hemoglobin, lactic acid, sodium, and glucose concentrations were retrospectively 

collected from medical records. 

 

We compared systemic physiological changes using a paired-t-test. A p-value < 0.05 was 

considered statistically significant. Data are presented as median ± median absolute deviation or 

median [range, min/max]. Statistical analysis was performed using GraphPad Prism version 9.0 

(GraphPad Software, Inc., San Diego, CA). 

 

10.4 Results 

 

10.4.1 Patient clinical and monitoring information  

Among the 11 patients recruited and monitored, four were excluded from the analysis due to the 

absence of seizures during the monitoring period (n = 1) and low signal quality (n = 3). The clinical 

and vEEG-fNIRS monitoring profile for the remaining patients (n = 7, two women, age = 50 ± 13) 

are summarized in Table 18 and Table 19 respectively. Three patients eventually succumbed to 

their illnesses. 
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Table 18 – Patient demographics. 

 

Patient 
Sex, age 

(BMI) 

SE classification 

(etiology) 

Admission 

Complications Co-morbidities 

Mechanical 

ventilation 

(mode) 
Dx STESS GCS 

P01 
M, 63 

(26.7) 

ECSE → SRSE/NORSE 

(cryptogenic) 

Graft-

versus-host 

disease 

6 3 
Yes 

(hypotension, HIT, MED) 

Yes 

(hepatic surgery/cirrhosis, 

HTN, anemia) 

Yes 

(VAC) 

P02 
M, 34 

(22.7) 

ECSE → ESE with 

impaired consciousness 

(cryptogenic) 

Altered 

mental status 
1 6 

Yes 

(postictal behavioral 

changes) 

Yes 

(epilepsy, behavior 

disorder) 

Yes 

(VAC) 

P03 
M, 33 

(23.0) 

SRSE/NORSE 

(cryptogenic) 
Seizure 3 3 

Yes 

(AP) 

No 

(no) 

Yes 

(VAC) 

P04 
M, 40 

(28.5) 

ESE with impaired 

consciousness 

(postanoxic/hypoxia) 

Altered 

mental status 
3 3 

Yes 

(AP, UTI) 

Yes 

(epilepsy, HTN, 

hypothyroidism, asthma) 

Yes 

(VAC) 

P05 
M, 56 

(34.5) 

RSE with impaired 

consciousness 

(hepatic encephalopathy) 

Altered 

mental status 
3 3 

Yes 

(anemia, metabolic 

acidosis) 

Yes 

(HTN, T2D, DLP, 

cirrhosis) 

Yes 

(VAC) 

P06 
M, 48 

(24.7) 

RSE with impaired 

consciousness 

(postanoxic/hypoxia) 

Cardiac 

arrest 
2 3 

Yes 

(AP) 

Yes 

(T2D, COPD) 

Yes 

(VAC) 

P07 
M, 68 

(24.9) 

RSE with impaired 

consciousness 

(drug toxicity) 

Altered 

mental status 
0 6 

Yes 

(rhabdomyolysis, ARF) 

Yes 

(brain tumor, epilepsy, 

hypothyroidism) 

Yes 

(VAC) 

AI: adrenal insufficiency, AP: aspiration pneumonia, ARF: acute renal failure, BMI: body mass index, COPD: chronic obstructive pulmonary disorder, Dx: diagnosis, ECSE: 

electroclinical status epilepticus, ESE: electrographic status epilepticus, F: female, GCS: Glasgow Coma Scale, HIT: heparin-induced thrombocytopenia, HTN: hypertension, M: 

male, MED: multiple electrolyte disorders, NORSE: new-onset refractory status-epilepticus, RSE: refractory status epilepticus, SRSE: super-refractory status epilepticus, STESS: 

Status Epilepticus Severity Score, T2D: type 2 diabetes, UTI: urinary tract infection, VAC: volume assisted control. 
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Table 18 (continued) – Patient demographics. 

 

Patient # ASMs # Anesthetics Vasopressors MRI abnormalities 
Outcome 

(mortality) 

P01 3 2 yes leukoaraiosis yes 

P02 3 2 no multiple siderosis foci no 

P03 4 3 yes ↑ DWI / ↓ ADC, ↑ T2 / FLAIR yes 

P04 2 3 no no no 

P05 2 1 yes 
encephalomalacia 

↑ DWI / ↓ ADC, ↑ T2 FLAIR 
yes 

P06 1 1 yes 
diffuse atrophy 

↑ T2 / FLAIR, ↓ T2 
no 

P07 3 2 yes ↑ DWI / ↓ ADC, ↑ T2 / FLAIR no 

ADC: apparent diffusion coefficient, ASMs: antiseizure medications, DWI: diffuse weighted imaging, FLAIR: fluid attenuated inversion recovery, GSC: Glasgow Coma Scale, IHT: 

inter-hospital transfer, NA: not available. 
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Table 19 – Patient monitoring profile. 

 

Patient 
vEEG-fNIRS monitoring time 

(days after ICU admission) 

vEEG-fNIRS 

monitoring 

duration 

# vEEG-fNIRS 

monitoring 

session 

# Sz 

(% included) 

Avg duration 

(min – max) 

Avg I-Sz-I 

(min – max) 
Localization 

Additional 

EEG 

patterns 

P01 21 144 hours 11 
973 

(94%) 

48.9s 

(5.9s – 82.1s) 

193.1s 

(7.4s – 2109.3s) 
Generalized 

Yes 

(PDs) 

P02 2 5 hours 1 
60 

(98%) 

68.5 

(9.6s – 429.0s) 

81.8s 

(5.5s – 3616.3s) 
Focal 

Yes 

(TWs) 

P03 14 36 hours 4 
73 

(90%) 

1311.7s 

(52.0s – 8189.3s) 

414.0s 

(5.2s – 5555.0s) 
Generalized No 

P04 2 4 hours 1 
16 

(100%) 

112.5s 

(19.9s – 732.0) 

112.9s 

(7.3s – 236.6s) 
Focal No 

P05 6 8 hours 1 
19 

(95%) 

13.1s 

(5.5s – 29.9s) 

844.8s 

(12.3s – 6396.7s) 
Generalized 

Yes 

(PDs) 

P06 10 10 hours 1 
278 

(95%) 

23.5s 

(4.8s – 263.1s) 

30.3s 

(4.0s – 3260.6s) 
Generalized 

Yes 

(PDs) 

P07 7 8 hours 1 
19 

(90%) 

13.9s 

(5.6s – 27.6s) 

784.5s 

(5.1s – 3689.3s) 
Generalized 

Yes 

(PDs) 

F: frontal, I-Sz-I: inter-seizure-interval, L: left, Mu: multi, PDs: periodic discharges, R: right, Sz: seizure, TWs: triphasic waves. 
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10.4.2 Temporal changes of cortical hemodynamic 

Table 20 presents an overview of the bins of seizures for each patient and qualitative assessments 

of the representative HRFs for each bin in terms of increases (↑) or decreases (↓) of HbO, HbR, 

HbT and HbD changes.  

 

From most of the HRFs, an overall increase in HbO (~83% of the bin HRFs) and HbT (~71%) 

and a decrease in HbR (~70%) and HbD (~68%) occurred during seizures. In patients where an 

initial increase in HbO, HbT, and HbD was observed, a second decreasing phase in HbO, HbT, 

and HbD was observed in 34%, 37%, and 35% among all bin HRFs, respectively. Similarly, for 

patients exhibiting an initial decrease in HbR, a second phase of HbR increase was observed in 

approximately one-third of all bins, especially with seizures of longer durations. For example, bins 

longer than 60s included a significantly higher proportion of seizures exhibiting the second phase 

of HbO decrease and HbR increase than seizures shorter than 60s (64% vs. 28%, p = 0.027) under 

a two-sample z-test of population proportions. 

 

In the following sections, we present two case studies (i.e., patients P01 and P03) who showed 

typical uniphasic and biphasic hemodynamic responses to seizures. As for the other patients 

monitored (i.e., P02, P04, P05, P06 and P07), the HRFs for each bin can be visualized 

in Supplementary Figure 10 to Supplementary Figure 14. Quantitative concentration changes 

for each hemoglobin biomarker are detailed in  Table 20 and summarized in Supplementary 

Figure 15. 
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Table 20 – Changes in directions for HbO, HbR, HbT and HbD (for each seizure duration bins). 

 
 
 0-10s 10-20s 20-30s 30-40s 40-50s 50-60s 60-70s 70-80s 90-

100s 
100-
200s 

200-
300s 

1000-
2000s 

2000-
3000s 

3000-
4000s 

4000-
5000s 

P01 HbO ↑ ↑ ↑ ↑ ↑↓ ↑↓ - - - - - - - - - 
P02 HbO - ↓ ↑ ↑ ↑↓ ↑ - ↑ - - - - - - - 
P03 HbO - - - - - ↑ ↑ ↑↓ ↑↓ ↑↓ ↑↓ ↑↓ ↑↓ ↑↓ ↑↓ 
P04 HbO - - - ↑ ↑↓ - ↑ - ↓ - - - - - - 
P05 HbO ↑ ↑↓ ↓ - - - - - - - - - - - - 
P06 HbO ↑ ↑ ↑ ↓ ↑↓ ↑↓ ↓ - ↓ - - - - - - 
P07 HbO ↑↓ - ↑↓ - - - - - - - - - - - - 

 
 

 
 0-10s 10-20s 20-30s 30-40s 40-50s 50-60s 60-70s 70-80s 90-

100s 
100-
200s 

200-
300s 

1000-
2000s 

2000-
3000s 

3000-
4000s 

4000-
5000s 

P01 HbR ↓ ↓ ↓ ↓ ↑↓ ↑↓ - - - - - - - - - 
P02 HbR - ↑ ↑ ↑ ↑↓ ↓ - ↓ - - - - - - - 
P03 HbR - - - - - ↓ ↓ ↑↓ ↑↓ ↑↓ ↑↓ ↑ ↑ ↑ ↑ 
P04 HbR - - - ↑ ↑↓ - ↓ - ↑ - - - - - - 
P05 HbR ↓ ↑↓ ↑ - - - - - - - - - - - - 
P06 HbR ↓ ↓ ↓ ↑ ↑↓ ↑↓ ↓ - ↓ - - - - - - 
P07 HbR ↑↓ - ↑↓ - - - - - - - - - - - - 

Graphical table depicting the direction of changes for each Hb biomarkers. A single arrow signifies a uniphasic increase (↑) or decrease (↓), while double arrows (↑↓) refer to 

bi-phasic changes (i.e., an initial increase, followed by a decrease or an initial decrease followed by an increase). Green colour refers to an overall positive change relative to the 

baseline (i.e., overall increase in HbO for example), while a red colour refers to an overall negative change relative to the baseline (i.e., overall decrease in HbO for example). 
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Table 20 (continued) – Changes in directions for HbO, HbR, HbT and HbD (for each seizure duration bins). 

 
 
 0-10s 10-20s 20-30s 30-40s 40-50s 50-60s 60-70s 70-80s 90-

100s 
100-
200s 

200-
300s 

1000-
2000s 

2000-
3000s 

3000-
4000s 

4000-
5000s 

P01 HbT ↑ ↑ ↑ ↑ ↑↓ ↑↓ - - - - - - - - - 
P02 HbT - ↓ ↑ ↑ ↑↓ ↑ - ↑ - - - - - - - 
P03 HbT - ↓ ↑ ↑ ↑↓ ↑ - ↑ - - - - - - - 
P04 HbT - - - ↑↓ ↑↓ - ↑↓ - ↓ - - - - - - 
P05 HbT ↑ ↑↓ ↓ - - - - - - - - - - - - 
P06 HbT ↑ ↑ ↑ ↑ ↓ ↑↓ ↓ - ↓ - - - - - - 
P07 HbT ↑ - ↑↓ - - - - - - - - - - - - 

 
 
 0-10s 10-20s 20-30s 30-40s 40-50s 50-60s 60-70s 70-80s 90-

100s 
100-
200s 

200-
300s 

1000-
2000s 

2000-
3000s 

3000-
4000s 

4000-
5000s 

P01 HbD ↑ ↑ ↑ ↑ ↑↓ ↑↓ - - - - - - - - - 
P02 HbD - ↓ ↑ ↓ ↑↓ ↑ - ↑ - - - - - - - 
P03 HbD - - - - - ↑ ↑ ↑↓ ↑↓ ↑↓ ↑↓ ↑↓ ↑↓ ↑↓ ↑↓ 
P04 HbD - - - ↑↓ ↑↓ - ↑↓ - ↓ - - - - - - 
P05 HbD ↑ ↑↓ ↓ - - - - - - - - - - - - 
P06 HbD ↑ ↑ ↑ ↓ ↓ ↑↓ ↑↓ - ↑↓ - - - - - - 
P07 HbD ↓ - ↑↓ - - - - - - - - - - - - 

Graphical table depicting the direction of changes for each Hb biomarkers. A single arrow signifies a uniphasic increase (↑) or decrease (↓), while double arrows (↑↓) refer to 

bi-phasic changes (i.e., an initial increase, followed by a decrease or an initial decrease followed by an increase). Green colour refers to an overall positive change relative to the 

baseline (i.e., overall increase in HbO for example), while a red colour refers to an overall negative change relative to the baseline (i.e., overall decrease in HbO for example). 



 

 

Case study 1 

A 63-year-old male patient with a long-term history of hypertension and severe cirrhosis was 

admitted to our institution for a scheduled surgery (i.e., liver transplant). Following the transplant, 

the patient developed a graft-versus host syndrome associated with refractory seizures. He was 

diagnosed with new-onset refractory ECSE evolving into ESE with a STESS of 3. In the ICU, the 

patient remained under three antiseizure medications, two anesthetics, and mechanical ventilation 

(Supplementary Figure 16A). Despite all clinical efforts, his overall medical condition 

deteriorated and he died 52 days later. 

 

A total of 21 vEEG-fNIRS sessions were performed for two weeks (total duration ~144h). During 

the first sessions (duration ~4h), we were able to record 181 seizures with an average duration of 

85.2s [34.1s – 136.3s] and an average interictal interval of 60.4s [17.1s – 103.7s]. Seizures were 

mainly characterized by diffuse rhythmic activity with slight left-hemispheric predominance. 

Additional EEG patterns observed during the vEEG-fNIRS monitoring were periodic discharges 

with an average frequency of ~1.5Hz. 

 

In the fNIRS data analysis, all 181 seizures were grouped into six different bins with durations 

ranging from [0-10s] to [50s-60s] (Figure 38). However, the majority of recorded seizures were 

short, lasting between 10s and 30s (170 seizures, 95%). We observed a uniphasic HbO increase 

and an HbR decrease associated with the seizures of all the six bins. Such HbO and HbR 

concentration changes were consistent from the onset of the seizure until a few seconds after the 

seizure offset before gradually returning to baseline. Specifically, the comparison of HRFs 

between bins showed an increment in the FWHM of both HbO and HbR response with the increase 

of seizure durations ([0-10s]: 11.4s/15.2s for HbO/HbR; [10s-20s]: 18.0s/17.0s; [20s-30s]: 

20.6s/21.4s; [30s-40s]: 31.4s/32.5s; [40s-50s]: 41.6s/33.2s; [50s-60s]: 57.1s/57.8s), as well as 

increased normalized AUC for HbO and decreased normalized AUC for HbR ([0-10s]: 

0.0075μM/-0.0033μM for HbO/HbR; [10s-20s]: 0.010μM/-0.0055μM; [20s-30s]: 0.0111μM/-

0.0060μM; [30s-40s]: 0.0178μM/-0.0092μM; [40s-50s]: 0.0118μM/-0.0061μM; [50s-60s]: 

0.0207μM/-0.0126μM). Similarly, as seizure duration increased, we observed an increment in the 

FWHM and the AUC (positive increase) for HbT and HbD (Table 20). 
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Figure 38 – fNIRS results, patient P01: bin analysis of 181 seizures. Each subplot of the figure shows the 

hemodynamic response functions (HRFs) of oxy- (HbO), deoxy- (HbR) (A), total (HbT) hemoglobin concentration 

and difference between HbO and HbR (HbD) (B) associated with the seizures. Shadowed area indicates the average 

(mean) length of the seizures within a bin. 
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Case study 2  

A 33-year-old man without any significant past medical history was admitted to the ICU for 

recurrent seizures in the context of fever, which started from a recent upper respiratory tract 

infection and later evolved into SRSE. On admission, GCS and STESS were both measured at 3. 

He later had aspiration pneumonia which was treated with antibiotics. He was kept on mechanical 

ventilation, a minimum of four antiseizures medications, three anesthetics, and one vasopressor 

throughout his entire ICU stay (Supplementary Figure 16B). Despite extensive investigations, a 

specific cause for the seizures could not be found. The patient's global condition did not improve, 

and in spite of all treatments, he eventually passed away 28 days later. 

 

Four sessions of vEEG-fNIRS were performed over ten days in the ICU (total duration ~36 h). 

During the first two sessions, which lasted ~ 17h, 30 seizures were recorded. Four seizures were 

excluded in the preprocessing step. The 26 remaining seizures had an average duration of 841.6s 

[57.2s – 4283.3s] and an average interictal interval of 813.7s [101.3s – 5555.0s]. Seizure 

distribution was mainly widespread, with an abrupt onset and offset. No pattern falling in the ictal-

inter-ictal continuum was identified during the same period.  

 

A total of 228 channels were used to cover the entire head. Unfortunately, only 159 channels (70%) 

yielded high SNR throughout the monitoring session and were kept for further analysis. The 26 

"full" seizures recorded during the session were divided into 10 categories ("bins") based on their 

duration from [50s-60s] to [4000s-5000s] (Figure 39). The hemodynamic responses were twofold. 

For relatively short-duration seizures from 50s to 130s, we observed a uniphasic HbO increase 

along with an HbR decrease during the entire duration of the seizures. Specifically, the FWHM 

and the normalized AUC seemed to increase with the increasing duration of seizures within this 

range (FWHM of [50s-60s]: 55.6s/52.0s for HbO/HbR; [60s-70s]: 63.6s/52.5s; [70s-80s]: 

51.8s/50.5s; [90s-100s]: 87.8s/73.4s; [120s-130s]: 120.4s/127s. Normalized AUC of [50s-60s]: 

0.0266μM/-0.0107μM; [60s-70s]: 0.0205μM/-0.0083μM; [70s-80s]: 0.0108μM/-0.0045μM; [90s-

100s]:0.0240μM/-0.0104μM; [120s-130s]:0.0251μM/-0.0099μM).  

 

On the other hand, HRFs to more prolonged seizures from 240s to 5000s of this patient showed a 

more complicated biphasic shape. While the first phase of HbO increase and HbR decrease could 
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still be seen after seizure onset, these changes were followed by a second phase of response, most 

notably shown as a long reduction in HbO concentration and a long augmentation of HbR 

concentration, which persisted until the end of the seizures. Interestingly, the responses to long 

seizures showed an opposite trend to responses to short seizures, whose FWHM or normalized 

AUC seemed to decrease with the increase of seizure durations (FWHM of HbO increase/HbR 

decrease for [240s-250s]: 95.2s/117.9s; [1000s-2000s]: 45.1s/42.4s; [2000s-3000s]: 33.1s/93.3s; 

[3000s-4000s]:59.2s/27.2s; [4000s-5000s]:0s/85.8s. Normalized AUC of HbO/HbR response for 

[240s-250s]: 0.0133μM/-0.0060μM; [1000s-2000s]: -0.0218μM/0.0086 μM; [2000s-3000s]: -

0.0105μM/0.0070μM; [3000s-4000s]: -0.0110μM/0.0139μM; [4000s-5000s]: -

0.0419μM/0.0123μM). Similarly, we observed an increment in the FWHM, and the AUC (positive 

increase) for HbT and HbD as seizure duration increased until 240s; after that, a decrease in both 

HbT and HbD was observed (Table 20). 
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Figure 39 – fNIRS results, patient 5: bin analysis of 26 seizures. Each subplot of the figure shows the hemodynamic 

response functions (HRFs) of oxy- (HbO), deoxy- (HbR) (A), total (HbT) hemoglobin concentration and difference 

between HbO and HbR (HbD) (B) associated with the seizures. Shadowed area indicates the average (mean) length 

of the seizures within a bin. The black arrows indicate the second phase of the response characterized by a long decline 

of HbO concentration and a long increase of HbR concentration. 
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Figure 39 (continued) – fNIRS results, patient 5: bin analysis of 26 seizures. Each subplot of the figure shows the 

hemodynamic response functions (HRFs) of oxy- (HbO), deoxy- (HbR) (A), total (HbT) hemoglobin concentration 

and difference between HbO and HbR (HbD) (B) associated with the seizures. Shadowed area indicates the average 

(mean) length of the seizures within a bin. The black arrows indicate the second phase of the response characterized 

by a long decline of HbO concentration and a long increase of HbR concentration. 
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10.4.3 Group analysis of cortical hemodynamic changes and seizure duration 

We established a linear mixed-effect model to further explore the relationship between seizure 

duration and response characteristics. All 39 bins from the seven patients were first divided into 

two bin groups, with the shorter seizure group containing the bins of the short-length seizures of 

the patients who had a uniphasic response (i.e., HbO ↑ and HbR ↓) and the longer seizure group 

consisting of the bins of long-duration seizures of the patients which had a biphasic response (i.e., 

HbO ↑-↓ and HbR ↑-↓). The results were consistent with the case studies, showing a positive 

correlation of seizure length with response duration (assessed with the FWHM) in the shorter 

seizures of each patient for both HbO increase (p <0.00001, adjusted R-squared = 0.94) and HbR 

decrease (p = 0.00073, adjusted R-squared = 0.95) (Figure 40A, Figure 40C). A positive 

correlation was also obtained between seizure length and response intensity, showing a higher 

normalized AUC for HbO (p = 0.000072, adjusted R-squared = 0.72) and a more significant 

negative AUC for HbR (p = 0.0062, adjusted R-squared = 0.83) with the increase of seizure length 

(Figure 40B, Figure 40D).  

 

However, such correlations were found to be inverted in the longer seizure group that had a 

biphasic response. We observed a negative correlation between the FWHM of the initial HbO 

increase (p = 0.00068, adjusted R-squared = 0.77) and the normalized AUC (p = 0.00019, adjusted 

R-squared = 0.56 for HbO and p = 0.0016, adjusted R-squared = 0.43 for HbR) of the HRF and 

the seizure duration, which revealed a shorter HbO increase period (phase 1) followed by a more 

prolonged and more significant HbO decrease and HbR increase period (phase 2) with the further 

increase of seizure duration in this longer seizure group (Figure 40) 
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Figure 40 – Group analysis: correlation of seizure duration with (A) bin oxyhemoglobin concentration (HbO) 

response duration (FWHM of HbO increase), (B) bin HbO response intensity (normalized AUC), (C) bin 

deoxyhemoglobin concentration (HbR) response duration (FWHM of HbR decrease) and (D) bin HbR response 

intensity (normalized AUC). Left panel: shorter-duration seizures; Right panel: longer-duration seizures. 
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10.4.4 Prediction of response directionality based on seizure duration 

Extending from the above bin analysis, we set up a logistic regression model on the recorded 243 

individual seizures to predict the hemodynamic response directionality using the seizure duration 

at a particular time point. From the regression, we obtained a significant negative correlation 

between the binary response directionality (i.e. +1/-1) and seizure time for HbO as well as a 

significant positive correlation between response directionality and seizure time for HbR (p < 

0.00001 for both models) (Figure 41). For HbO, the prediction results showed a 55% probability 

of getting an HbO increase at 10s after the seizure onset; a 50% probability at 75s after the onset; 

a 25% probability at 462s after onset and a less than 5% possibility for seizures longer than 1113s. 

For HbR, the prediction results indicated a 65% probability of getting an HbR decrease at 10s after 

seizure onset, a 50% probability at 91s after onset, a 25% probability at 235s after onset (i.e. a 75% 

probability of getting an HbR increase at t = 235s) and a less than 5% probability for seizures 

longer than 477s (i.e. more than 95% probability of getting an HbR increase at t = 477s). 

 

 
Figure 41 – Prediction of hemoglobin concentration change directionality with a logistic regression model. Top: 

Prediction of the possibility of getting an oxyhemoglobin concentration (HbO) increase at a particular time point 

during a seizure. Bottom: Prediction of the possibility of getting a deoxyhemoglobin concentration (HbR) increase at 

a particular time point during a seizure. The dotted curves show the (downsampled) hemodynamic response functions 

(HRFs) of all recorded individual seizures used in model training.  
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10.4.5 Systemic physiological monitoring and laboratory results 

Following seizure onset, mild significant changes in MABP and HR occurred in four (57%) and 

two (29%) patients, respectively (Figure 42A and 42B). However, no significant SpO2 changes 

occurred during seizures for all patients (Figure 42C). Sedation level, semi-continuous systemic 

and laboratory monitoring were obtained in all seven patients and did not reveal any significant 

desaturation, anemia, acidosis, hyper/hyponatremia, nor any significant differences between 

patients. 

 

 
Figure 42 – Ictal changes in systemic parameters (i.e., MABP – mean arterial blood pressure, HR – heart rate, and 

SpO2 - peripheral oxygen saturation) for each patient. Data are presented as median ± minimum and maximum values. 

* Standard error of the difference between the preictal and ictal SpO2 values was “0”. The most considerable 

significant positive change in MABP occurred in patient P04 (+4 mmHg). A non-significant decrease (-3 mmHg) and 

increase (+3 mmHg) in MABP occurred in patient P07 and P04, respectively. In three patients (P05, P06, and P07), a 

non-significant decrease of 2 bpm occurred with seizure. A tendency of SpO2 changes following seizure onset occurred 

in patient P07 (highest increase by 1 % and lowest decrease by -3%). 

 

10.5 Discussion 

 

10.5.1 Summary of findings 

This study reports for the first time large-scale electrophysiological and hemodynamic (cortical) 

brain activity and systemic physiological changes during ESE in critically ill adult patients using 

long-term multimodal vEEG-fNIRS monitoring in the ICU. Overall, recurrent short (i.e., < 100s) 

electrographic seizures were associated with a sustained increase in HbO, HbT, and HbD and a 

decrease in HbR. These changes contrasted with recurrent longer (i.e., ≥ 100s) electrographic 

seizures which were frequently associated with an HbR increase, while other Hb biomarkers 

decreased. These cerebral hemodynamic changes could not be attributed to systemic hemodynamic 

changes as no significant or only mild changes in MAPB, HR and SpO2 were found in all patients. 
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These observations suggest that neurovascular coupling mechanisms can provide sufficient 

compensation of oxygen consumption with short seizures but appear insufficient with longer 

seizures. 

 

10.5.2 Cortical oxygen dynamics during recurring short and/or prolonged electrographic 

seizures 

Previous studies employing diverse neuromonitoring (e.g., oxygen sensing probes, intrinsic optical 

imaging) and neuroimaging techniques (e.g. SPECT, PET), in animals and humans, have shown, 

using wide range of functional neuroimaging and neuromonitoring technique, that the heightened 

metabolic demand and oxygen consumption usually associated with self-limiting (i.e., non-

recurring, non-prolonged) seizures, including electrographic seizures, leads to an overall increase 

in CBF and brain oxygen levels, owing to a relatively well-preserved neurovascular coupling 

mechanism (Schwartz, 2007; Patel et al., 2013; Kovács et al., 2018). In contrast, fewer studies 

have employed high temporal resolution neuroimaging methods to investigate brain 

hemodynamics during ESE, despite in vivo signs of metabolic impairment (Duffy et al., 1975; 

Kovács et al., 2002; Malinska et al., 2010; Zsurka and Kunz, 2015) and in vitro evidence of blood-

brain barrier (BBB) dysfunction following recurrent and/or prolonged seizures (Abbott and 

Friedman, 2012; Heinemann et al., 2012; Gorter et al., 2015; Bar-Klein et al., 2017; Prager et al., 

2019). 

 

An important finding our study was the influence of seizure duration on the hemodynamic 

response. While a “classical” cortical hemodynamic response (i.e., decrease in HbR, and increases 

in HbO, CBV and cerebral oxygenation) was associated with recurrent short duration seizures, 

prolonged seizures exhibited an opposite hemodynamic response (i.e., HbR increase, and 

decreases in HbO, CBV and cerebral oxygenation). Moreover, we also observed the presence of a 

biphasic hemodynamic response (i.e., initial increase or decrease followed by a decrease or 

increase, respectively, before seizure offset) for a significant number of seizures recorded. 

However, the biphasic response remained overall positive (i.e., initial amplitude and duration of 

increase > final decrease) for the majority of short duration recurrent seizures, while prolonged 

seizures mainly displayed an overall negative biphasic response (i.e., initial amplitude and duration 

of increase < final decrease). 
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Our findings for short-duration recurrent seizures align with previous experimental studies 

performed in rodents (Choy et al., 2010; Hayward et al., 2010; Lee et al., 2018; Harris et al., 2018; 

Farrell et al., 2018; Wolff et al., 2020). In a recent study, an increase in partial brain tissue 

oxygenation was reported in sheep during recurring electrographic seizures lasting between 17.5s 

and 59.6s (average duration = 36.5s) (Ferlini et al., 2021). In contrast, the cortical hemodynamic 

changes we observed for prolonged seizures diverge from early in vivo animal studies on status-

epilepticus (Meldrum et al., 1973; Blennow et al., 1979; Kreisman et al., 1983). For example, an 

increase in CBF and brain oxygenation was reported during spontaneous long-duration ictal 

episodes in anesthetized rats (Kreisman et al. 1983). Although no information or definitions was 

specified for the duration, the authors, nevertheless, did highlight how the increase in brain 

hemodynamics contrasted the negative response (i.e. a decrease in CBF and brain oxygenation) 

seen with short-duration seizures (Kreisman et al. 1983). 

 

In humans, multimodal invasive brain monitoring during ESE was performed in patients with TBI 

(Vespa et al., 2007) and SAH (Ko et al., 2011; Claassen et al., 2013; Fernández-Torre et al., 2022). 

Claassen et al. (2013) used intracortical electroencephalographic (EEG) and multimodality 

physiological recordings in 48 comatose subarachnoid hemorrhage patients to better characterize 

the physiological response to seizures after acute brain injury. While very few details regarding 

seizure duration or even the number of seizures recorded were provided in that study employing 

invasive techniques, a characteristic bi-phasic hemodynamic response characterized by a brief rise 

in PbtO2 followed by a pronounced and persistent drop in brain oxygenation was observed in 27 

patients with prolonged electrographic seizures (i.e., >10 min) (Claassen et al., 2013). 

 

A more detailed account regarding the impact of seizure duration on brain hemodynamics has been 

provided by non-invasive optical neuromonitoring studies in neonates during ESE (Alfonso et al., 

2004; Giorni et al., 2009; Silas et al., 2012; Mitra et al., 2016a). Alfonso et al., (2004) was the first 

to capture rSO2 changes during seven electrographic seizures in a 3-week-old newborn with 

tuberous sclerosis complex and found a decrease in rSO2 during (or shortly) after seizures that 

lasted more than 100s, contrasting with seizures < 63s which exhibited an rSO2 increase (Alfonso 

et al., 2004). Silas et al. (2012) showed a similar decrease in brain oxygenation during four 
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seizures; all lasting more than 7 min in a newborn boy (≈ 4 day-old) with hypoxic ischemic 

encephalopathy (Silas et al., 2012). A decrease in CBV and cerebral oxygenation was reported in 

all four seizures recorded (all lasting 6-7 minutes) in another newborn (≈ 10 day-old) with hypoxic-

ischemic injury (Mitra et al., 2016a). These observations are in contrast with optical 

neuromonitoring studies performed in neonates with short-lasting seizures without status 

epilepticus (i.e., not recurrent) reporting an increase in brain hemodynamic (Wallois et al., 2009; 

Cooper et al., 2011; Singh et al., 2014; Sokoloff et al., 2015; Mitra et al., 2016b; Parcella et al., 

2020). Similarly, in adults, our group has previously shown using fNIRS that patients with 

pharmacoresistant epilepsy also revealed a dichotomic hemodynamic response, with isolated focal 

electroclinical seizures lasting 1-2 minutes typically displaying (after an initial decrease in HbR) 

a relative increase in HbR as seizures progressed in time, as opposed to seizures lasting less than 

a minute (Nguyen et al., 2012;2013). 

 

Overall, our findings combined with previous work appear to suggest that NVC mechanisms 

function properly or at least partially, as reflected, respectively, by the “positive” uniphasic or 

biphasic changes during recurring short-duration seizures. With longer seizures, the partially 

preserved mechanisms involved in NVC endures until it seems it reaches a certain “critical 

duration”, after which it decompensates (i.e., neurovascular decoupling) and leads to tissue 

hypoxia.  

 

Alternatively, or, most likely concurrently in critically ill cases, a rise in intracranial pressure 

resulting from the increase in CBF, as seen during recurrent electrographic seizures (Vespa et al., 

2007; Ko et al., 2011; Claassen et al., 2013), might also alter NVC mechanism leading to brain 

hypoxia during recurrent electrographic seizures (Moir et al., 2021). Similarly, SE-associated BBB 

dysfunction and vascular leakage (Bar-Klein et al., 2017; Prager et al., 2019) can also lead to an 

intracranial pressure or have a direct effect of NVC mechanisms (Bankstahl et al., 2018). Certain 

brain pathology such as subarachnoid hemorrhage are known to alter NVC mechanisms (Balbi et 

al., 2017) which can lead to insufficient/impaired vascular response during recurrent seizures (Ko 

et al., 2011; Claassen et al., 2013). 
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10.5.3 Potentials of vEEG-fNIRS monitoring in critical care seizures 

This study provides some lessons for future clinical applications, as we were able demonstrate the 

ability to replicate in the clinical setting findings previously made in highly controlled laboratory 

experiments or using invasive monitoring technique. We reported significant cortical 

hemodynamic changes associated with recurrent and/or prolonged seizures. While a relative state 

of brain hypoxia occurred mainly during prolonged seizures, a decrease in cortical oxygenation 

was also seen with shorter recurrent seizures and vice versa (i.e., increase in cortical 

hemodynamics with prolonged seizures). These observations, as well as humans reports from 

previous studies using invasive (Vespa et al., 2007; Ko et al., 2011; Claassen et al., 2013; 

Fernández-Torre et al., 2021) and noninvasive (Adelson et al., 1999; Alfonso et al., 2004; Arca 

Diaz et al., 2006;Giorni et al., 2009; Silas et al., 2012; Mitra et al., 2016; Martini et al., 2019; 

Kassab et al., 2021) monitoring techniques highlight the importance of 1) favoring continuous 

EEG (cEEG) monitoring (as opposed to discontinuous or routine EEG recordings) during status-

epilepticus, and 2) complementing cEEG with another modality capable of measuring, ideally in 

real-time, brain metabolism and/or hemodynamics. In contrast to invasive neuromonitoring and 

functional neuroimaging modalities, fNIRS can safely capture brain metabolism and 

hemodynamics during seizure (both electroclinical and electrographic) at the bedside (cotside) and 

over the entire cortex (Peng et al., 2016). Moreover. it can easily be combined with vEEG enabling 

long-term neurovascular brain monitoring (Nguyen et al., 2012, 2013; Kassab et al., 2018, 2021). 

We are aware that more development is needed to enable faster and easier, and more reliable 

personalized long-term whole-head recording. Technological and methodological advancement in 

vEEG-fNIRS will certainly allow easier use of this modality in the critical care patient presenting 

with seizure which could allow in a nearby future a “real-time” window on brain neurometabolic 

and neurovascular changes, allowing to perform outcome studies and extract/determine a cutoff 

level  that could be clinically important and help in the management of those patients (Peacock et 

al., 2018; Alkhachroum et al., 2022).  

 

10.5.5 Limitations 

While this study was conducted and reported according to the best practice for fNIRS publications 

(Yücel et al., 2021), it has some limitations. First, while this study includes more patients and 

seizures than any previously published work, it still represents a small sample study (7 patients) 
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with regards to the critically ill and SE population. Specifically, the 11 seizures longer than 1000s 

came from one single patient (patient P03). Therefore, the estimation of the correlation and the 

prediction of response directionality of seizures might be biased. Second, most of the analyses 

carried out in this study were still based on a bin approach that applied averaging to the 

hemodynamic response to multiple seizures within a certain range of durations. This reduced the 

temporal resolution of our study to investigate the effect of seizure duration on the brain response. 

While the choice of using a linear model and short-separation regression to filter out systemic 

physiological interferences (as applied in this study) is essential (Tak and Ye, 2014), this method 

has been primarily validated in short NIRS recording (e.g., 10 min) (Chalia et al., 2016; Kassab et 

al., 2021) and its effectiveness has not been evaluated in datasets with the lengths comparable to 

our study (i.e. > 6 hours or even several days of continuous recording). Third, we did not directly 

quantify brain temperature, metabolism, cerebral blood flow or intracranial pressure (Vespa et al., 

2007; Ko et al., 2011; Claassen et al., 2013; Fernández-Torre et al., 2021). Forth, while most 

seizures are usually <100-120s, we decide to use the 100s cut-off to define short (< 100s) and long 

(≥ 100s) seizures in our study. Despite the lack of a clear definition to determine short versus long 

seizures, we are aware that our cut-off is somehow "arbitrary", and our results should be carefully 

interpreted, especially when compared with previous experimental animal studies or human 

reports. Fifth, we did observe significant changes in MABP and HR during seizures in some 

patients. Cardiovascular changes are known to influence brain hemodynamics potentially 

(Tachtsidis et al., 2009; Lucas et al., 2010) and, consequently, seizure-induced cortical 

oxygenation changes (Silas et al., 2012). However, we did not have continuous measurement of 

cardiac output which are more reliable than MABP and HR to estimate cerebral perfusion. In 

addition, the effect of central venous pressure on the brain such as during right heart dysfunction 

was not assessed (Jarry et al., 2023). Nevertheless, we believe changes observed in our population 

are unlikely to have a significant influence on the direction of the hemodynamic response function, 

as changes observed in our population were closer to values commonly seen during cognitive tasks 

in healthy individuals (i.e., ~2 to 5 mmHg) (Tachtsidis et al., 2008; Minati et al., 2009), and far 

less than what has been reported in neonates (range ∆MABP: -3 to 4 mmHg vs. 8-17 mmHg) (Silas 

et al., 2012). A final limitation was the heterogeneity of our population and the lack of seizure-free 

"control" for our data. Our population is heterogeneous (e.g., age, sex, anatomical differences, type 

of brain injury, comorbidities, number and type of antiseizure medication and anesthetics, 
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inotropic support). For example, anesthetics can influence neuronal metabolism (Hernandez-Meza 

et al., 2015); however, their influence on NVC and brain perfusion remains unclear (Franceschini 

et al., 2010; Zeiler et al., 2016).  

 

10.6 Conclusions 

In conclusion, brain electrophysiology and large-scale cortical hemodynamics were monitored 

concurrently with systemic cardiovascular physiology during ESE. NVC seemed to be relatively 

preserved for short-duration recurrent seizures which were associated with increased cortical 

hemodynamics. In contrast, neurovascular coupling might be disrupted with increased duration of 

seizures associated with a higher likelihood of inducing insufficient oxygen supply and a hypoxic 

state. Further studies are required to see if such seizure-induced hypoxic mechanisms play a role 

in neuronal damage associated with ESE.  
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10.8 Appendix 

 
Supplementary Figure 9 – Patient-specific whole-head fNIRS measurement montage and sensitivity profile for 

patients P01 (A) and P03 (B). The spatial sensitivity profile (i.e., the summation of the sensitivity map of all channels 

along the cortical surface) was generated using the Brainstorm NIRSTORM plugin (https://github.com/Nirstorm) and 

performed on the patient individual volume space (i.e., patients own MRI). Red and green dots represent sources and 

detectors. Yellow lines represent channels. 

https://github.com/Nirstorm
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Supplementary Figure 10  – fNIRS results, patient P02: bin analysis of 18 seizures. Each subplot of the figure shows 

the hemodynamic response functions (HRFs) of oxy- (HbO), deoxy- (HbR) (A), total (HbT) hemoglobin concentration 

and difference between HbO and HbR (HbD) (B) associated with the seizures. Shadowed area indicates the average 

(mean) length of the seizures within a bin. 
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Supplementary Figure 11 – fNIRS results, patient P04: bin analysis of 10 seizures. Each subplot of the figure shows 

the hemodynamic response functions (HRFs) of oxy- (HbO), deoxy- (HbR) (A), total (HbT) hemoglobin concentration 

and difference between HbO and HbR (HbD) (B) associated with the seizures. Shadowed area indicates the average 

(mean) length of the seizures within a bin. 
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Supplementary Figure 12 – fNIRS results, patient P05: bin analysis of 13 seizures. Each subplot of the figure shows 

the hemodynamic response functions (HRFs) of oxy- (HbO), deoxy- (HbR) (A), total (HbT) hemoglobin concentration 

and difference between HbO and HbR (HbD) (B) associated with the seizures. Shadowed area indicates the average 

(mean) length of the seizures within a bin. 
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Supplementary Figure 13 – fNIRS results, patient P06: bin analysis of 63 seizures. Each subplot of the figure shows 

the hemodynamic response functions (HRFs) of oxy- (HbO), deoxy- (HbR) (A), total (HbT) hemoglobin concentration 

and difference between HbO and HbR (HbD) (B) associated with the seizures. Shadowed area indicates the average 

(mean) length of the seizures within a bin. 
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Supplementary Figure 14 – fNIRS results, patient P07: bin analysis of 7 seizures. Each subplot of the figure shows 

the hemodynamic response functions (HRFs) of oxy- (HbO), deoxy- (HbR) (A), total (HbT) hemoglobin concentration 

and difference between HbO and HbR (HbD) (B) associated with the seizures. Shadowed area indicates the average 

(mean) length of the seizures within a bin. 
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Supplementary Figure 15 – Group fNIRS bin results. Mean (average) AUC with standard deviation for all HbO (A), 
HbR (B), HbT (C), and HbD (D) bins. 
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Supplementary Figure 16 – vEEG-fNIRS monitoring profile and pharmacological management during the first 

session for patients P01 (A) and P03 (B). 
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CHAPTER 11 – GENERAL DISCUSSION AND 

CONCLUSION 
 

11.1 Summary of main contributions 

 

This thesis reports results and progresses in performing long-term whole-head vEEG-fNIRS 

recordings to assess cerebral hemodynamic responses during seizures and other epileptiform 

discharges in non-critical and critical care settings. 

 

In this regard, we decided to tackle the considerable challenges imposed by performing such 

complex monitoring in the clinical setting instead of opting for the habitual experimental set-up 

and methodology (i.e., short recordings, reduced cortical coverage, recording performed in a 

laboratory setting). We believe our approach is essential to determine the feasibility of long-term 

whole-head vEEG-fNIRS monitoring in the adult clinical setting, take full advantage of fNIRS 

and demonstrate its clinical potential as a neuromonitoring and functional neuroimaging modality, 

notably in the critically ill. In addition, it allowed us to emphasize some limitations, stressing the 

need for further technological development. 

 

We achieved our main objective by, first, developing a methodology aiming to capture EEG and 

fNIRS signals simultaneously over a long period at the patient’s bedside. Second, we validated our 

methodology in neurological and critically ill patients. Finally, we assessed the neurovascular 

coupling during SE in critically ill comatose patients. 

 

In sum, four papers addressed these challenges and provided significant contributions to heir 

respective field. 
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11.1.1 Objective 1 

The first objective of this thesis was to develop and validate a hybrid multichannel EEG-fNIRS 

intended for whole-head monitoring of neurological patients at their bedside. This objective was 

addressed in two chapters (i.e., Chapter 7 and Chapter 8) and motivated by 1) the difficulty of 

performing simultaneous and long-term vEEG and fNIRS recording at the bedside using 

commercially available systems and 2) the clinical potential of assessing whole-head 

hemodynamics in neurologically compromised patients at their bedside. 

 

In Chapter 7, harnessing the advantages of different fNIRS hardware components (i.e., embedded 

processor, LEDs, APDs), we were able to build a compact (12x9x7 cm3), wearable (< 700 g) and 

wireless (up to 10 m) multichannel (~128 NIRS channels, 32 EEG channels) EEG-fNIRS system. 

The wireless option utilized Bluetooth® technology with signal loss protection (up to 3s), ensuring 

data recovery and timing accuracy (msec order). 

 

We also manufactured several personalized EEG-fNIRS caps. These caps were carefully designed 

for our hybrid system, comfortable enough to be worn over an extended period (>24 h), and stable, 

allowing a good EEG and fNIRS signal to be captured throughout the monitoring. Even in today's 

standard, our hybrid system remains relatively unique in small size and whole-scalp coverage 

(Zhao and Cooper, 2018; Kassab et al., 2018). Similarly, our caps remain distinctive (compared to 

commercially available caps and with proof-of-concept), enabling comfortable long-term 

recordings. 

 

After developing our hybrid system and personalized caps, the second important step was 

validation. As for any neuromonitoring or neuroimaging modality, a qualitative and quantitative 

evaluation must ensure that the observations (i.e., results) are valid (Lobiondo-Wood and Haber, 

2014). 

 

Several strategies can be used to validate a compact hybrid EEG-fNIRS. Most commonly, the use 

of a phantom (Yurtsever et al., 2003) or a well-established task (e.g., motor task) conducted on 

one healthy individual (Kiguchi et al., 2012) is employed. These methods have the advantage of 

being relatively simple to perform, providing quick results. However, the validity and power of 
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these methods are low as they neither reflect proper hemodynamic changes of a brain (i.e., 

phantom) nor cannot be generalized to a larger healthy or clinical population (i.e., low number of 

subjects and all healthy). Therefore, to increase the validity of a neuroimaging system, a particular 

task, a series of different tasks, or a particular brain event should be evaluated on a more significant 

number of subjects (or patients). Additionally, these measurements should be compared ideally 

with a gold standard (often an invasive brain oxygen technique) or, when the context does not 

permit (such in our case), with commercial systems and additional functional neuroimaging 

techniques. 

 

When reviewing the literature regarding the methods employed for validating hybrid fNIRS 

systems, we found that commercial or in-house systems are usually validated using simple 

methods. However, in our case, we decided to demonstrate a strong validation and precision by 

evaluating the performance of our system in two groups of subjects during repeated tasks/events. 

We first asked 12 healthy participants to perform two very different tasks, and we compared the 

results with two well-established commercial EEG and fNIRS systems. In all participants, 

constant, repeatable measures (i.e., precision) and firm agreement with commercial devices (i.e., 

validity and accuracy) were obtained with our hybrid system. As for the performance in a clinical 

setting, we monitored four patients with diverse neurological conditions and compared our 

observations with results obtained with different functional neuroimaging techniques, such as 

single-photon emission computerized tomography, functional MRI, and arterial spin labelling. 

Similarly, in each patient, our system reported at the bedside the same observations on multiple 

occasions with respect to the specific conditions and were concordant with other neuroimaging 

methods (i.e., validity and accuracy).  

 

In addition to contributing significantly to the field of hybrid EEG-fNIRS systems, we were also 

able to monitor patients at their bedside and obtain relevant hemodynamic changes (i.e., both 

fundamentally and clinically). As an example, detailed in Chapter 8, the ability to continuously 

monitor brain hemodynamics during limb-shaking TIA allowed us, for the first time, to shed light 

on the pathophysiology of this condition by capturing in real-time the full-time course of the 

decrease in hemodynamics along with associated clinical manifestations. While several functional 

neuroimaging techniques are usually employed in patients with cerebrovascular disorders and 
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epilepsy, we demonstrated that fNIRS could be used as a noninvasive and safe method for 

continuously evaluating whole-brain hemodynamics at the bedside regardless of the setting (e.g., 

patient seizing, symptoms provoked by a specific maneuver) and aims (e.g., diagnostic, clinical 

management, neurovascular coupling assessment).  

 

These results suggest that by carefully conceiving a methodology adapted for the clinical setting 

(i.e., compact and hybrid EEG-fNIRS system with personalized caps), we can enable long-term 

whole-head vEEG-fNIRS recordings in the clinical setting to capture relatively unique brain 

hemodynamics changes occurring in neurological patients at their bedside. 

 

11.1.2 Objective 2 

Chapter 9 addressed the feasibility of performing long-term vEEG-fNIRS recordings in critically 

ill adults presenting seizures, periodic discharges, and burst-suppression patterns on the EEG. This 

objective was mainly motivated by the potential for EEG-"NIRS" in critically ill neonates in 1) 

assessing the neurovascular coupling during critical care seizures (Singh et al., 2014; Sokoloff et 

al., 2015; Mitra et al., 2016; Martini et al., 2019) and burst-suppression (Chalia et al., 2016), 2) 

pharmacological management seizures (Arca Diaz et al., 2006), and 3) the lack of optical imaging 

studies using “NIRS” beyond a simple cerebral oximeter to assessing the hemodynamic changes 

during periodic discharges (Winslow et al., 2021). 

 

The challenges that arose during this study were mainly related to the complex monitoring setting: 

the ICU. In our previous study, recordings were performed at the patient's bedside in non-critical 

care environments (i.e., private hospital room, EMU). While recordings in these settings still 

impose significant challenges for long-term vEEG-fNIRS monitoring, recordings in the ICU come 

with additional and relatively unique difficulties. 

 

First, particular sources of noise can contaminate the fNIRS signal. Significant motion artifacts 

can emerge from the specialized pneumatic bed on which they lie and from the constant care 

provided to the patient. Additional electronic interference/noise can derive from the impressive 

amount of electronic medical equipment present at the patient's bedside. Therefore, more careful 

analysis had to be performed to consider these "new" sources of motion and noise. Also, more 
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attention must be paid to the pressure level used to apply the optodes as the patients are comatose 

(i.e., no feedback regarding comfort level). The latter is critical to prevent any skin pressure or 

wound that might potentially arise after several hours or even days of monitoring. 

 

Second, the high-profile optode of our hybrid EEG-fNIRS system was not compatible with 

occipital monitoring of brain hemodynamics as patients were lying down. In addition, the original 

concept of our personalized EEG-fNIRS caps, which included an occipital coverage, had to be 

modified because they reduce cap stability. Since we decided not to assess the occipital portion of 

the head, we decided to use this portion of the cap as a "stabilizer". Therefore, we developed a new 

generation of EEG-fNIRS caps that covered > 80% of the head and successfully monitored seven 

critically ill patients. 

 

Three patients had seizures (two fulfilling the diagnostic criteria of NCSE). For both types of 

seizures (non-recurrent and recurrent seizures), we observed an increase in brain hemodynamics 

(i.e., [HbO] and CBV increase, [HbR] decrease), which was in line with the 

hypermetabolic/hypervascular state in which seizures occur, including SE (Siclari et al., 2013; Lee 

et al., 2018). More interestingly, we observed a positive correlation between the seizure duration 

and amplitude of the hemodynamic changes. We discussed in Chapter 3 how hemodynamic 

response in a "healthy" brain could be modulated by different factors (e.g., stimulus duration, 

stimulus intensity) reflecting the adaptive mechanism of neurovascular coupling (Devor et al., 

2003). Similarly, neurovascular coupling during seizures can adapt, as shown by studies performed 

in rat models of epilepsy (Kreisman, 1983; Harris et al., 2018) and by our in vivo observations in 

comatose patients. 

 

In four patients, we captured cortical hemodynamic changes associated with burst suppression. 

Similar to seizures, burst periods were associated with increased brain hemodynamics, which is in 

line with previous animal studies (Liu et al., 2011, MÄkiranta et al., 2002) and human studies 

(Chalia et al., 2016). More interestingly, and due to the large cortical sampling in our study, we 

observed a heterogeneous spatial distribution of the cortical hemodynamic changes, reflecting the 

asynchronous electrophysiological nature of burst suppression (Lewis et al., 2013). This 

observation was also reported previously in the study by Chalia and his colleagues during hypoxic-
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ischemic brain injury in neonates (Chalia et al., 2016), further supporting the direction and spatial 

variability associated with burst. In contrast to the study performed by Chalia and his colleagues, 

we also reported the hemodynamic changes during periods of suppression. A decrease in brain 

hemodynamics was observed, supporting the hypometabolic state reported in animal models 

during suppression periods (Sutin et al., 2014). 

 

Periodic discharges remain a clinical challenge as their true nature (ictal events vs. non-ictal 

events) remains controversial (Claassen, 2009). In our study, three patients presented periodic 

discharges (one with generalized periodic discharges, and one with lateralized periodic 

discharges), all with frequencies < 2 Hz. In all patients, an increase in brain hemodynamics was 

observed potentially suggesting a normal neurovascular coupling process and sufficient 

compensation of oxygen delivery following the periodic discharges. More recently, preliminary 

analysis obtained from a larger pool of patients enabled us to capture a slightly different temporal 

association between the onset of low-frequency (i.e. < 2 Hz) periodic discharge and brain 

hemodynamics (i.e., increase in HbR, and decrease in HbO, with further increase in the frequency 

of periodic discharges). Together, these findings are in line with the observation reported by 

Witsch et al. in 2017 (Witsch et al., 2017). Using invasive monitoring technique (i.e., PbtO2) to 

monitor brain oxygenation, periodic discharges with a frequency below 2 Hz was associated with 

an increase in PbtO2, while a decrease in PbTO2 was observed when periodic discharge frequency 

≥ 2 Hz (i.e., high-frequency periodic discharges) suggesting metabolic decompensation and more 

aggressive treatment to be considered (Witsch et al., 2017).  

 

As we can see, vEEG-fNIRS can provide a valuable assessment of the hemodynamic changes in 

the critically ill with high temporal resolution and over a large cortical area, which are currently 

not possible via other neuromonitoring techniques currently used in critically ill patients. Invasive 

monitoring techniques (e.g., PbtO2, cerebral microdialysis) have a high temporal resolution but 

can only sample a very limited brain area, carry significant risk, and are currently indicated only 

in specific conditions (e.g., traumatic brain injury, subarachnoid hemorrhage). In addition, whole-

brain neuroimaging techniques (e.g., single-photon emission computerized tomography, arterial 

spin labelling) require the patient to be transferred outside the critical care setting, which poses a 

particular risk. Moreover, whole-brain modalities only give a snapshot of hemodynamics that 
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might not accurately reflect neurovascular coupling, critical care seizures are dynamic and present 

with accompanying additional and also constantly evolving abnormal EEG events (e.g., periodic 

discharges). Finally, other techniques such as EEG-fMRI are simply not suitable for critical care 

settings. 

 

11.1.3 Objective 3 

In Chapter 9, we performed for the first time vEEG-fNIRS in critical care adults presenting with 

seizures. However, we reported hemodynamics changes associated with mostly short duration 

seizures (i.e. < 25s) in only three patients, as the primary goal of the previous study was not to 

precisely assess the neurovascular coupling during critical care seizures but to evaluate the 

feasibility of performing such complex long-term recording in the neuroICU. 

 

The relatively unique observations we obtained in our study motivated us to investigate, more 

specifically, the neurovascular coupling of seizures in comatose ICU patients. Therefore, 

achieving this aim would require a larger population of patients and, ideally, a larger number of 

recorded seizures of both short and long durations. In addition, we wanted to overcome two 

significant limitations in our previous study: 1) the absence of whole-head coverage and 2) the 

absence of continuous systemic physiological monitoring. Thus, we upgraded our methodology, 

employing a commercial EEG and fNIRS system compatible with collodion, and added 

noninvasive systemic hemodynamic monitoring.  

 

Over a period extending a little more than a year, we successfully monitored 11 patients with 

NCSE. Preliminary results are promising. For most patients, we observed increases in HbO 

concentrations and decreases in HbR concentrations. This is consistent with the results obtained 

from our previous study, showing an adaptive mechanism of the neurovascular coupling within a 

certain duration range. However, with seizures of longer duration, we observed significant and 

long-lasting HbO decreases and HbR increases suggesting abnormal neurovascular coupling (its 

adaptive mechanism) and an underlying hypoxic state.   

 

Altogether, these results support that it is feasible to conduct prolonged vEEG-fNIRS monitoring 

in critically ill patients with NCSE; that the study of hemodynamic changes may be helpful in 
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enhancing our understanding of the neurovascular coupling particularly in neurological disorders 

and critical conditions; and that this method may be useful in the ICU to detect abnormal 

hemodynamic variations and critical time periods that may be associated with hypoxia and 

potential brain damage.  

 

11.2 Limitations and future directions 

 

11.2.1 Limitations 

The methodology in this thesis has some limitations. 

 

Compact and hybrid EEG-fNIRS system. The use of bulky commercial EEG and fNIRS 

systems represents a challenge. Developing a compact and hybrid EEG-fNIRS system intended 

for clinical monitoring offers several advantages when performing simultaneous EEG-fNIRS 

recordings in the clinical setting. However, we understand that developing such a hybrid system 

de novo is not always possible. Over the past few years, commercial fNIRS have become less 

bulky and portable. Examples include the system we have used in this thesis, the Brainsight© 

NIRS system (Rogue Research®), as well as the OxyMon© NIRS system (Artinis®), and the 

NIRScout© (NIRx®). We believe that with a few minor adjustments, combining one of those 

systems with a commercial EEG (e.g., Brainproduct®) can be achieved without too much work 

and offers the ability to simultaneously capture EEG and fNIRS data, as we have demonstrated 

with our commercial systems in Chapter 10. For fNIRS studies that require wearability and 

compactness (i.e., outdoors fNIRS studies), wearable commercial fNIRS systems are also 

available. However, these systems do not integrate EEG and, therefore, must also be combined 

with a wearable EEG system, which is also available (Brainproduct®) and has become relatively 

easy to combine (please visit Brainproduct® website for more details). These solutions have been 

established to work well for outdoor fNIRS studies but remain demonstrated for clinical purposes. 

 

Personalized caps and collodion. We are aware that the methods used to install the electrodes 

and optodes require significant time and expertise. By significantly reducing the installation time 

required to install electrodes and optodes (i.e., ~200%-500%) and increasing long-term comfort, 

personalized EEG-fNIRS caps can greatly facilitate EEG-fNIRS monitoring of patients. However, 
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these caps do take a considerable time to manufacture (i.e., days or weeks), as they need to be 

carefully designed in advance by someone with experience (i.e., proper material, proper head 

measurements, careful stitching and sewing). On the other hand, collodion adhesive represents the 

ideal solution for long-term recordings, as it offers excellent stability (i.e., optode positioning), 

reliability (i.e., signal quality) and comfort. Concerning signal quality, we noticed a decrease in 

the average number of channels discarded using collodion (i.e., cap ~40% vs. collodion ~20%). 

However, collodion for whole-head fNIRS coverage takes substantial time (in contrast to a typical 

EEG collodion installation), which is less practical in the clinical setting. However, currently the 

use of collodion represents the most suitable approach for long-term EEG-fNIRS monitoring at 

the clinical bedside. Although less ideal, an alternative could be the development of a large variety 

of EEG-fNIRS caps in different sizes and shapes. We believe that the time spent at the beginning 

manufacturing them is time well invested, as once several caps are produced (for different head 

sizes and shapes), providing researchers with a relatively easy, fast and reusable solution 

(ecological) for the installation of electrodes and optodes on the head. While we are aware that 

several commercial EEG-fNIRS caps (Rogue Research®, Artinis®, NIRx®) are currently available, 

personalized EEG-fNIRS caps can be more adapted to the study (i.e., environment, condition) in 

which subjects are being tested, thus providing more comfort and reducing signal artifacts. 

 

Accurate digitization. Anatomic specificity was essential in our studies. Therefore, for each 

patient, we carefully digitize the optode position. This step significantly increases the setup time 

(i.e., ~45-60 min for whole head recordings) and requires the usage of a digitization system, which 

might not always be available. However, except for pure cerebral oximeters used in critical care 

settings where timely installation is essential and where global cerebral oxygenation is the primary 

purpose, it is usually recommended that fNIRS studies, which nowadays use multichannel to cover 

bilateral areas or even whole-head coverage, use some form of localization strategy, the most 

common and simple one being referencing according to EEG standard such as the 10-20 system 

(Jurcak et al., 2005). In addition, several commercial caps (e.g., Rogue Research®, NIRx®, 

Artinis®) integrate these simple methods and are currently available. 

 

Whole-head sparse montage. A specific goal of this thesis was to assess the hemodynamic 

changes over the entire head. Therefore, a sparse montage was deemed the most feasible, as whole-
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head coverage can already be a challenge, especially in the clinical setting. We are aware that other 

types of montage have a better spatial resolution (i.e., double density montage, multicentered or 

rectangular high-density montage). However, these montages are less common in fNIRS studies 

and, in regards to the work in this thesis, would have been unrealistic considering the long 

installation time we had to face already. Thus, in our studies, we believe that a sparse montage was 

a good trade-off between preserving a relatively acceptable spatial resolution (i.e., up to 1 cm) and 

whole-head coverage. 

 

Analysis. Cardiovascular state (e.g., hypotension, hypertension, hypoxemia) (Tachtsidis et al., 

2009; Lucas et al., 2010; Lührs and Goebel, 2017) can affect extracerebral and/or cerebral blood 

flow. For this thesis, systemic physiological confounders were controlled differently between 

studies. All our studies used short-channel regression except in Chapter 9, where an alternative 

strategy was applied (i.e., global principal component analysis). This choice had to be made since 

the short-channel option was no longer available after modifying the personalized caps for the ICU 

setting. This was no longer an issue in the following study (i.e., Chapter 10) as we used collodion, 

and all sources were paired with a short-channel. Also, in Chapter 10, we started to measure 

continuous systemic physiological changes such as MABP, HR, and SpO2, where very mild to no 

differences were observed in our population. Although our changes were significantly less than 

what has been reported during seizures in neonates (range ∆MABP: -3 to 4 mmHg vs. 8-17 mmHg) 

(Silas et al., 2012), it should be mentioned that MABP and HR do not necessarily reflect cardiac 

output, and consequently CBF. Also, SpO2 values can remain within the normal range despite 

changes in PaO2 (i.e., from 100 to 300 mmHg). While it was not the scope of this thesis, the effect 

of extracerebral (i.e., the amplitude of changes captured by short-distance channels) or systemic 

physiology (i.e., changes in mean arterial blood pressure) during seizures will be investigated by 

also integrating additional measurement such as absolute cerebral oximetry. 

 

Another important factor to remember when interpreting our results is the contribution of certain 

drugs, such as anesthetics and ASMs. Indeed, such drugs have been shown to impact NVC and 

CBF (Masamomto and Kanno, 2012). The heterogeneity of our patient population did not allow 

us to assess the effects of such medication on the cortical hemodynamic response during seizures. 
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The Bland-Altman method was used in Chapter 7 to measure the limits of agreement between 

measurements obtained from our prototype (i.e., new system) and those obtained from commercial 

EEG and fNIRS systems (i.e., clinically valid system and/or gold standard). This method is 

frequently employed and represents the most appropriate and quickest way to investigate whether 

measure measurements obtained from a new method and/or system are reliable (i.e., acceptable) 

(Doğan NO., 2018). 

 

Lastly, regarding the preference for the GLM model, a Gaussian basis function was selected as it 

allows more freedom in estimating the hemodynamic response, which is known to vary between, 

and within-subjects (i.e., different brain regions, different tasks) (Jasdzewski et al., 2003; Yücel et 

al., 2015), as well as in brain conditions where the neurovascular coupling might be altered 

(Schroeter et al., 2004; Tak et al., 2014). However, this approach might not be suitable in all cases, 

especially if the hemodynamic response is asymmetrical. More recently, several studies have used 

a deconvolution method to estimate the hemodynamic response more accurately. These 

approaches will be assessed more specifically for the context of seizures in future investigations. 

 

Limited sample size 

In addition, as for any clinical (or research) modality, reproducibility and replicability are essential 

for ensuring that results are clinically accurate and trustworthy. More specifically for fNIRS, 

reproducibility remains a critical aspect of that technology, as the literature often reports different 

values obtained by different systems under similar conditions. Hence, a larger sample size for our 

study would have been preferable, and thus, our results should be considered preliminary, and 

further studies are essential to ensure reproducibility. 

 

11.2.2 Future directions 

In this thesis, we have demonstrated that long-term whole head vEEG-fNIRS monitoring at the 

patient's bedside can be applied to assess the hemodynamic changes during seizures, periodic 

discharges, and burst-suppression patterns (i.e., Chapter 10). While we are currently focusing on 

investigating the neurovascular coupling during NCSE, the neurovascular coupling during 

periodic discharges and burst-suppression remains poorly understood and requires further study. 

We are also improving our acquisition and analysis methodology by systematically integrating 
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physiological changes such as peripheral arterial saturation, heart rate, respiratory rate, and mean 

arterial blood pressure, non-invasive absolute measurement of cerebral oxygenation, and exploring 

the possibility of utilizing data obtained from invasive cardiorespiratory monitoring. A better 

understanding of the impact of periodic discharges will undoubtedly aid clinicians managing these 

EEG patterns in the critically ill. We hope to monitor a larger number of patients in future studies, 

which could enable us to characterize neurovascular changes during abnormal epileptiform events 

better and explore outcomes based on our observations. The neuromonitoring advantage of vEEG-

fNIRS might offer a novel and safe strategy for studying and monitoring in the critically ill the 

impact of other acute events aside from periodic discharges, NCS and SE. Indeed, events such as 

vasospasm or cardiac embolism leading to regional brain ischemia could potentially be monitored 

with vEEG-fNIRS. 

 

In parallel to our investigations in the ICU, there is more work to be done in the epilepsy 

monitoring unit. Over the past few years, we have recorded numerous patients, and preliminary 

results are engaging. Other avenues worth investigating include the potential of vEEG-fNIRS in 

monitoring patients in the stroke unit after an acute ischemic stroke or a transient ischemic stroke 

as they are at high risk of recurrence in the first few days. 

 

Lastly, we have been recently developing a new generation of EEG-fNIRS caps. Compared to our 

previous caps (i.e., personalized EEG-fNIRS caps), these caps should provide more stability over 

a long recording period and remain comfortable. In addition, they are easier to assemble and can 

accommodate several head shapes. We are currently in the process of validating one of those caps. 

 

 

11.3 Conclusion 

 

In this thesis, we first developed and validated a compact and hybrid EEG-fNIRS system dedicated 

to long-term whole-head bedside monitoring of neurological patients. The proposed methodology, 

including the development of “personalized” EEG-fNIRS caps, can potentially be applied to other 

clinical settings requiring long-term monitoring (e.g., stroke, subarachnoid hemorrhage, traumatic 

brain injury). We then demonstrated the feasibility of performing such complex recordings in 
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various clinical settings (i.e., patient room, epilepsy monitoring unit, neuroICU) and illustrated the 

fundamental and clinical potential of vEEG-fNIRS by providing complementary and often 

relatively unique assessment of the hemodynamic changes occurring during abnormal brain 

activity (i.e., limb-shaking transient ischemic attack, non-convulsive seizures, periodic discharges, 

and burst-suppression). In particular, we were able to capture heterogenous changes in brain 

hemodynamics during seizures of various duration. While short seizures were usually associated 

with an increase in brain oxygen concentration, longer seizures exhibited a deoxygenation pattern. 

With further technological improvements (e.g., wireless collodion compatible optodes, automatic 

or real-time analysis, standard measurements of hemodynamic and metabolic parameters), larger 

prospective and comparative studies could be conducted and provide sufficient evidence to adopt 

vEEG-fNIRS as a clinical neuroimaging technique for bedside monitoring of patients at risk of 

secondary brain injury. 
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CHAPTER 12 – PARRALEL AND COLLABORATIVE 

WORK 
 

In addition to investigating the neurovascular dynamics of seizures, patterns falling in the ictal-

interictal continuum, and burst-suppression patterns in the critically ill, I have been actively 

involved in vEEG-fNIRS recordings of patients admitted to the CHUM epilepsy monitoring unit. 

The large amount of data collected in this particular setting are in the midst of being analyzed by 

me and another student. Moreover, other collaborative work during my Ph.D has led to other 

publications. 

 

Article on assessing the performance of integration multimodal EEG-fNIRS and machine learning 

for seizure detection, for which I have helped in the preparation, analysis and visualization of EEG-

fNIRS results. 

 

• Sirpal P., Kassab A., Pouliot P., Nguyen DK., Lesage F., fNIRS improves seizure detection in 

multimodal EEG-fNIRS recordings, J Biomed Opt., Feb;24(5):1-9, 2019 

 

Article on assessing the effect of exercise on brain hemodynamics in patients with high 

cardiovascular risk using fNIRS, for which I have helped set up the acquisition environment, 

collected and visualize the fNIRS data. 

 

• Mohammadi H., Gagnon C., Vincent T., Kassab A., Fraser S., Nigam A., Lesage F., Bherer L., 

Longitudinal Impact of Physical Activity on Brain Pulsatility Index and Cognition in Older 

Adults with Cardiovascular Risk Factors: A NIRS Study, Brain Sci., May 31;11(6):730, 2021 
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Article on assessing the relationship between cortical thickness and regional cerebral pulsatility 

using fNIRS, for which I have helped set up the acquisition environment, collected and visualize 

the fNIRS data. 

 

• Mohammadi H., Peng K., Kassab A., Nigam A., Bherer L., Lesage F., Joanette Y., Cortical 

thinning is associated with brain pulsatility in older adults: An MRI and NIRS study, 

Neurobiology of Aging, Oct;106:103-118, 2021 

 

Article on assessing the possibility of using combined continuous-wave fNIRS (CW-fNIRS) and 

time-resolved spectroscopy (TRS) to monitor cortical tissue oxygen saturation variations 

associated with epileptiform discharges and during language production in epileptic patients and 

epileptiform discharges on, for which I organized the recording sessions, collected the data, and 

collaborated in the analysis: 

 

• Peng, K., Kassab, A., Nguyen, D.K., Auger, H., Dehaes, M., Hoge, R., Lesage F., and Pouliot 

P., Observing cortical tissue oxygen saturation variations during language production in 

patients with epilepsy using combined functional near-infrared spectroscopy and time-

resolved spectroscopy, in preparation. 

 

Article on investigating the neurovascular dynamics of patterns falling in the ictal-interictal 

continuum in the critically ill, for which I organized the recording sessions, collected the data, and 

collaborated in the analysis: 

 

• Ke Peng, Ali Kassab, Dènahin Hinnoutondji Toffa, Manon Robert, Frédéric Lesage, Dang 

Khoa Nguyen., Assessing brain hemodynamics associated with ictal-interictal continuum 

patterns in the critically ill, in preparation. 
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