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AEP Auditory evoked potential  
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Summary (German) 
Menschen, welche an einem Komplett-Eingeschlossenem-Syndrom (CLIS, completely 

locked in syndrome) leiden, das vor allem im Endstadium der Amyotrophen 

Lateralsklerose (ALS) eintritt, haben keinerlei Möglichkeit einer Kommunikation, da alle 

motorischen Outputkanäle gelähmt sind, einschleisslich Augenmuskel. Daher ist auch 

keinerlei subjektive oder verhaltensbezogene Messung von Bewusstseinsvorgängen 

möglich und es bleibt unklar, ob und auf welchem Niveau Bewusstsein ,Denken und 

Emotionen existiert. Die einzige Möglichkeit der Kommunikation und damit eines 

Kontaktes ist über sogenante Brain Computer Interfaces (BCI) möglich, bei denen der 

/die Patient(in) mit der eigenen Gehirntätigkeit einen Computer ansteuern kann.  Da 

diese Patienten selten untersucht wurden, gibt es fast keinerlei gesicherte 

Erkenntnisse über ihre verbliebenen kognitiven Fertigkeitrn und 

Bewusstseinsvorgänge. In der vorliegenden Dissertation werden über einen längeren 

Zeitraum wiederholt mehrere Patienten in CLIS sowohl mit BCI wie auch mit 

neurophysiologischen Massen untersucht, um Erkenntnisse über etwaige 

Bewusstseinvorgänge zu gewinnen. Es handelt sich um eine explorative, Hypothesen 

generierende  wissenschaftliche Arbeit, die eine systematische Erforschung dieses 

gravierenden klinischen und psychologischen und ethischen Problems anregen soll. 

Den Patienten wurden einfache und komplex sensorische und kognitive Aufgaben 

präsentiert und die hirnelektrischen Antworten in Form evozierter Potentiale und 

Frequenzspektren des EEGs zu mehreren Zeitpunkten über mehr als ein Jahr in der 

häuslichen Umgebung der CLIS Patienten erhoben. Alle vier Patienten zeigten zwar 

episodisch eine ja-nein Kommunikation im BCI auf einfache Fragen, konnten aber 

keine stabile Kommunikation über den Zeitraum entwickeln. Die neurophysiologischen 

Resultate zeichnen sich durch extreme Heterogenität und Variabilität sowohl innerhalb 

wie auch zwischen den Patienten aus. Die einfache Regel, dass komplexe kognitive 

Aufgaben an das Vorhandensein einfacher kognitiver Leistungen gebunden sind gilt 

ebensowenig wie der Umkehrschluss. Selbst nach völligen Ausbleiben kognitiver 

Zeichen auf sensorische reize treten komplexe Korrelate auf komplex Aufgaben auf. 

Die Arbeit zeigt, dass man zum jetzigen Zeitpunkt grundsätzlich vom Vorhandensein 

von Bewusstsein bei CLIS Patienten mit ALS ausgehen sollte, aber keine konsistente 

Antworten auf Fragen nach seiner spezifischen Leistungen und Komplexität erwarten 

darf und auch die Konstruktion eines BCIs auf die individuellen neurophysiologischen 

Leistungsprofile auszurichten hat. 
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Summary (English) 
Patients with completely locked-in syndrome (CLIS) suffer from complete paralysis and 

lack of any communication channel but are assumed to be cognitively intact. The 

intactness of cognition is a deductive argument mainly based on the observations 

before transition to the CLIS, but difficult to prove in CLIS. In this dissertation, I describe 

clinical observations on the capability of the brain in such patients at a sensory, 

perceptual, and cognitive level, by providing evidence from behavioral and 

neurophysiological assessments. Behavioral assessments were performed using 

Brain-Computer Interface (BCI) technology in patients with amyotrophic lateral 

sclerosis (ALS), before and after the transition to CLIS, using invasive and noninvasive 

brain imagining techniques. Neurophysiological assessments were based on the 

observation of the brain reactivity to the presented sensory stimulus. Findings were 

reported in several scientific papers and revealed that the different levels of cognitive 

functionalities should be differentiated from the presence or absence of consciousness 

in unresponsive patients, it is possible that while a neural index within an experimental 

paradigm indicates presence of complex cognitive processing of a stimulus another 

measure might deny it in the same patient. Therefore assessments of cognitive 

function should be fundamentally differentiated from the assumed presence of 

conscious experiences in unresponsive patients and interpretation of the 

neurophysiological assessment should be limited to the measures to avoid 

overinterpretation of the results. On the other hand, findings revealed that although all 

CLIS patients have the same behavioral symptoms the neurophysiological 

characteristics of the patients are significantly different between them. Thus, in any 

attempt to achieve a BCI for communication, which is the only hope for communication 

in such patients, these neurophysiological differences should be addressed and built 

into a personal BCI system.  
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1. Introduction 
Is consciousness lost, or simply no longer apparent in an unresponsive human being? 

The question caused many philosophical arguments for thousands of years, and 

became a clinical challenge for physicians, since 1950 when artificial breathing was 

introduced and used to prolong the life of unresponsive patients with severe brain 

damage. With this intervention, the patients with severe brain damage unable to control 

vital functions were now able to live with the aim of assistive tools. Almost a decade 

later, Plum and Posner defined the clinical entity Coma (Plum & Posner, 1972), and 

soon a clinical assessment was proposed to monitor the progress of comatose patients 

in intensive care units. This assessment was mainly based on the level of motor and 

cognitive responses of patients, known as the Glasgow Coma Scale (GCS) (Teasdale 

& Jennett, 1974). The emergence of neuroimaging techniques in the late 1990s 

opened up new opportunities to study brain reactivity in unresponsive patients. With 

the advances in brain studies and the increasing number of surviving patients after 

severe brain injuries, a new field of study emerged as the study of consciousness in 

patients who are behaviourally unable to express themselves, referred to as the study 

of patients with disorders of consciousness (DoC). However, despite the medical 

advances, the clinical assessment of ‘consciousness’ remained a difficult and delicate 

task. 

1.1. Disorders of Consciousness   
Soon, a wide range of clinical disorders, such as patients recovering from a coma with 

sustained brain impairments including patients in the minimally conscious state (MCS), 

and unresponsive wakefulness state (UWS) as well as the patients with locked-in 

syndrome (LIS) and completely locked-in syndrome (CLIS), grouped into the category 

of DoC patients. Initially, LIS and CLIS were used to refer to those patients who suffer 

from partial (LIS) or total (CLIS) motor paralysis with intact cognition. The two main 

criteria initially proposed for CLIS were: total loss of motor functions, and intactness of 

cognition (Bauer, Gerstenbrand, & Rumpl, 1979); Neither of them is experimentally 

measurable in unresponsive patients with reproducible methods in clinical 

observations thus precludes any clinical diagnosis. It has been reported that 43% of 

patients who were misdiagnosed as UWS were in fact able to communicate if properly 

assisted with assistive augmentative communication (AAC) tools (Andrews, Murphy, 

Munday, & Littlewood, 1996) and thus being in LIS. Distinguishing between C/LIS and 
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other types of DoC needs considerable clinical skills and experiences and is 

quantitatively and reproducibly impossible at present. With technological advances 

both in hardware devices and software applications, the limit to communication is 

pushed further, and therefore a standardized procedure to uncover a remaining 

communication channel with all available tools is a challenge and a standard procedure 

is not established yet. On the other hand, by definition, C/LIS are cognitively intact and 

should not be categorized as DoC patients, but since their behavioral profile is 

consistent with coma patients, i.e. eyes closed and behaviourally unresponsive to 

external stimuli, they were initially categorized along with other disorders of 

consciousness (Schiff & Fins, 2016).  

 

 

Figure 1. Locked-In syndrome (LIS) and Completely Locked-In Syndrome (CLIS) among 
disorders of consciousness (DoC): C/LIS are presented with other  DoC patients due to 
the similarity of the behavioral symptoms (i.e. no goal-directed motor function), but 
usually excluded from DoC patients (astricts) since they are considered to be 
cognitively intact. Patients in Coma, Vegetative State (VS), and some patients in 
Minimally Conscious State (MCS) are considered to be suffering from total to severe 
cognitive functional loss (light gray zone).  Though that some MCS patients have some 
motor functions they do not show consistent goal-directed functional movements 
(dashed green line). Contrary to C/LIS patients, where recovery is not possible, in other 
DoC patients transition between states is a possibility, and patients might regain 
cognitive and motor functions and transit between the states, therefore there are 
conditions that patients cannot be formally diagnosed and are in Confusional State (CS). 
Coma and UWS are presented as extremes where there is total cognitive (gray dashed 
line) and motor (red dashed line) loss, on the other hand, CLIS is considered as total 
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cognitive functionality with no motor function (red dashed line). Reprinted from “Brain 
death and disorders of consciousness”, by N. D. Schiff 1 and J. J. Fins, 2016, Current 
Biology, 26, R573. 

 

1.2. Locked-In Syndrome  
C/LIS might have various etiologies such as suffering from hypotensive and hypoxic 

insults (i.e. ischemic), pons related hemorrhages, brain stem contusion due to 

traumatic injuries, tumors in the ventral pons, central pontine myelinolysis (i.e. 

metabolic), multiple sclerosis affecting the ventral pons (i.e. demyelination) and even 

brain stem encephalitis as a result of infectious diseases (Smith & Delargy, 2005). 

Regardless of the etiology, all of these patients have behaviorally similar symptoms, 

they are simply unresponsive and assumed to be conscious in most of the cases. 

These similarities of the symptoms became the main reason why different 

diseases/disorders such as motor neuron disease (MND) like amyotrophic lateral 

sclerosis (ALS) and traumatic, infectious, and ischemic patients to be classified with 

the same terminology of “CLIS”. This caused ambiguities in the interpretation of 

findings in unresponsive patients, particularly generalizing the findings from MND 

patients in the latest stage of the disease who are behaviorally unresponsive but show 

significant signs of intact cognition, to traumatic brain-injured patients, or brain 

infectious patients with a complete lack of motor movements. For instance, in an early 

review of patients in LIS, among 139 patients, 75% had vascular etiologies, and the 

rest nonvascular, and only one case of ALS was described (Patterson & Grabois, 

1986). In a recent review on the cognitive function in LIS, in which 50% of the patients 

showed cognitive deficits, there was not even a single case of ALS (Schnakers et al., 

2008). In a meta-analysis review of all reported patients in LIS, less than 30% of 

patients had non-vascular etiologies with an unclear report and distinction between 

MND-CLIS to other types of CLIS (Laureys et al., 2005). While, analogously to the 

reports of comatose patients in which the etiology plays a predictive prognostic role 

(Estraneo & Trojano, 2017), it seems that in the cognitive assessments of C/LIS 

patients, the etiology should be considered as a critical parameter, particularly once 

comparing traumatic brain-injured patients to patients with MND, such as ALS. 

However, the notion that unresponsive patients can retain consciousness without 

necessarily being able to express it can be found in all DoC patients and in different 

reports on different diseases/disorders. 
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1.3. Amyotrophic Lateral Sclerosis  
ALS is an MND that is caused due to the degeneration of motor neurons either in neural 

pathways that carry information from the cerebral cortex and brain stem to the spinal 

cord (i.e. upper motor neuron, UMN) or in the neurons that carry neural commands 

from UMN to associated muscles (i.e. lower motor neuron, LMN)  (Thorns et al., 2010). 

In either case, the disease is progressive and eventually affects the entire motor 

control, and completely paralyzes the patient with respiratory failure as the leading 

cause of death. Decisions of life-prolongation in CLIS is very difficult and is based on 

the health care regulatory systems and legal and ethical opinions in different countries 

and not on scientific grounds (Niels Birbaumer & Zittlau, 2017). In Germany, where all 

our patients live, before the transition to CLIS, when patients are still able to 

communicate, patients can decide whether they accept artificial ventilation and want 

to be kept alive after transitioning to CLIS. Almost, half of the ALS patients can decide 

decisively on the life-prolonging treatments at a very early time after diagnosis, and the 

other half of undecided or the ones with negative decisions, show significantly 

increasing desire to continue living even with the aim of invasive life-prolonging 

treatments (Lulé et al., 2014). When such patients access a communication channel 

with AAC tools, their will to live increases significantly (Linse, Aust, Joos, & Hermann, 

2018), since the patient attributes him/herself as an active agent in the social 

environment rather than a passive victim, thus the quality of life increases (Kuzma-

Kozakiewicz et al., 2019; Linse et al., 2017). Although the above-mentioned studies 

are all about patients in LIS, a dramatic change of attitude after the transition to the 

CLIS is not expected, especially if a channel of communication can be provided after 

transitioning to the CLIS  with BCI systems.  

1.4. Need for a BCI 
Since in ALS-CLIS patients all motor neurons controlling voluntary movements are lost, 

the only hope to achieve communication is through invasive or non-invasive BCI (Niels 

Birbaumer, 2006; Chaudhary, Mrachacz‐Kersting, & Birbaumer, 2020). So far, invasive 

BCIs using intracortical or subdural electrodes (Chaudhary, Birbaumer, & Ramos-

Murguialday, 2016; Milekovic et al., 2018) are not tried with patients in CLIS yet, except 

one from our group (Paper VI), and the few patients using a non-invasive BCI, either 

NIRS-based (Borgheai et al., 2020; Chaudhary, Xia, Silvoni, Cohen, & Birbaumer, 

2017; Fuchino et al., 2008; G. Gallegos-Ayala et al., 2014; Ozawa, Naito, Tanaka, & 
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Wada, 2020) or EEG-based (Okahara et al., 2018) were able to answer only yes and 

no questions but never achieved free spelling where patients can freely communicate 

their desires. These reports rely only on “yes” and “no” answers to simple questions 

using brain waves and they are still in an experimental phase, not robust enough for 

everyday use. Whether other modalities or autonomic-vegetative functions, such as 

heart rate changes, skin conductance, saliva PH, etc., can be used as a voluntary 

communication channel is a matter of debate (Niels Birbaumer, Ruiz, & Sitaram, 2013; 

Wilhelm, Jordan, & Birbaumer, 2006). In any case, whether it is invasive or non-

invasive, whether it is yes/no questions or free spelling, with such tools and 

technologies it is possible to behaviourally assess the cognition in these unresponsive 

patients. However, because of the limited BCI communication performance in CLIS, 

there is no quantitative and reliable data available on the cognitive processing in ALS 

patients after transitioning to CLIS.  

1.5. Cognition in ALS-CLIS 
In ALS patients before transitioning to CLIS, the progress of the disease is not usually 

correlated with cognitive dysfunction (Schnakers et al., 2008), although the 

development of frontotemporal dementia is sometimes reported in some cases 

(Stanton et al., 2007). It has been proposed that sensory perception and processing 

are preserved and not affected by the disease even after transitioning to CLIS (Kübler 

& Birbaumer, 2008). These pieces of evidence are the main reasons why it is believed 

that even in the final stage of the disease when the patient is completely paralyzed and 

unable to express herself/himself, the patient is still cognitively intact. ALS selectively 

affects motor neurons thus the sensory processing is expected to be intact even after 

transitioning to CLIS. Of course, this is only a deductive and speculative argument, and 

clinical experiments needed to be performed to validate such claims. It has been 

postulated that one of the reasons for the failures of noninvasive BCI in ALS patients 

long after transiting to CLIS might be the lack of contingent reinforcement of intentions, 

which can lead to the ‘extinction of goal-directed thinking’ (Kübler & Birbaumer, 2008).  

The literature on the cognitive assessment of LIS and CLIS patients is controversial, 

in the sense that by definition the patients are supposed to be cognitively intact (Bauer 

et al., 1979), but sometimes cognitive deficits are reported in some cases even before 

the transition to the CLIS (Conson, Pistoia, Sarà, Grossi, & Trojano, 2010; Sacco et 

al., 2008; Sarà et al., 2018; Schnakers et al., 2008; Zago, Poletti, Morelli, Doretti, & 
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Silani, 2011). On the other hand, cognition cannot be measured with behavioral 

means, which is exactly what is missing in CLIS. This controversy partially comes from 

the fact that the same label (LIS/CLIS) is being used for traumatic and non-traumatic 

patients. For instance, as previously mentioned, in a report of the cognitive deficit in 

the LIS patients, not even a single case of ALS patient was among the reported 

patients (Schnakers et al., 2008). In addition, reports on cognitive deficits such as 

dementia in the lastest stage of ALS are not exclusively for ALS-LIS patients and 

overlap with other etiologies. One of the main obstacles for achieving a comprehensive 

conclusion is inaccessibility to a large number of patients with almost the same etiology 

and in the same state of the disease in a particular research group. This is mainly 

because of the small number of surviving patients in CLIS and difficulties in accessing 

them; they are usually kept at home-care and no official records are available. Hence, 

case reports are usually provided unsystematically in ALS-C/LIS patients or are usually 

reported among other patients as a subcategory of patients with DoC. These case 

reports are valuable but only with accumulation of such case reports a clear picture 

can be provided.  

1.6. From LIS to CLIS 
Another challenge in the discussion on the LIS and CLIS patients in general, and ALS 

patients in particular, is where to draw a line to separate LIS from CLIS. The initially 

proposed definition by Bauer et al., 1979 is only based on the presence of behavioral 

responses in patients with the assumption of the intactness of consciousness. While 

with new findings and advances of the AAC tools, the limits of communication are 

pushed further and the borders to be in CLIS are enlarged, thus a standard clinical 

routine to distinguish LIS and CLIS from each other is not defined yet, and the only 

available criteria is now the possibility to communicate with eyes or another muscle. 

However, although in ALIS patients, eyes are assumed to be the last muscle that stops 

working, some evidence indicates that show in some patients other muscles such as 

the anal sphincter can be voluntarily controlled even once the eyes cannot be moved 

intentionally(Murguialday et al., 2011). Recently it has been proposed to use the lack 

of communication with any assistive tools as the main criteria for being in a CLIS 

(Chaudhary et al., 2020), but still, by this definition, the intactness of the cognition 

remains undefined; also no clinical procedure for evaluation is proposed.  
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1.7. Cognitive Assessments in Unresponsive patients   
In general, there are three main approaches in the assessment of cognition and/or 

consciousness in DoC patients. First: the behavioral assessment by overcoming the 

obstacles to communicate with patients, using BCI, and directly asking questions to 

patients and evaluate their cognitive state; Second: to evaluate the brain reactivity in 

the presence of external stimuli and based on the nature of the stimuli and the design 

of the experiment uncover underlying mechanisms and their correlation with cognitive 

functionalities at a system level; Third: to analyze the physical structure of a brain in 

the absence of any external stimuli, i.e. spontaneous brain activity in the resting state, 

which may give us some insight on the remaining capacity for cognition and/or 

consciousness (Schnakers & Majerus, 2012).  

In this dissertation, I refer to the first approach (behavioral assessment) as active 

assessment since the patient is actively engaging in performing a task, and the second 

two approaches (stimulus-dependent and resting) as passive or neurophysiological 

assessments, since they do not necessarily need the patient to actively engage in a 

cognitive experimental task.  

 

Figure 2 Different approaches to assess cognition in unresponsive patients in this 
study. 
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1.8. Overview  
In this dissertation, I subcategorized the LIS/CLIS patients into progressive MND 

patients and traumatic brain-injured patients, and only focused on ALS-C/LIS patients 

and provided a neurophysiological assessment at a sensory, perceptual, and cognitive 

level, as well as providing accessibility to the hardly obtained data and analysis 

toolboxes in such patients to the scientific community. In addition, I provided several 

first pilot pieces of evidence from a behavioral perspective on how the conscious state 

of the patient might change over the course of the disease. To some extent, all of the 

three mentioned approaches were used to assess the sensation, perception, and 

cognition in C/LIS patients, results are all published and submitted in scientific journals, 

and in this dissertation, results are being presented and discussed to provide a big 

picture of the brain capacity in patients with CLIS.  

On a behavioral level, in Paper VII, entitled “A General-Purpose Framework for a 

Hybrid EEG-NIRS-BCI”, we proposed a general framework for non-invasive BCI 

applications using fNIRS and EEG, in non-communicative patients. This framework 

was evaluated in LIS patients on the verge from LIS to CLIS with no other means of 

communication and reported in Paper III, entitled “Auditory Electrooculogram-based 

Communication System for ALS Patients in Transition from Locked-in to Complete 

Locked-in State”. The acquired dataset was reported in Paper V, entitled “A Dataset of 

an Auditory Electrooculogram-based Communication System for Patients in Locked-In 

State”. A prototype of open-source hardware/software design of a system be used by 

the LIS patients after losing the ability to control eye-tracking devices was proposed 

and reported in Paper II, entitled, “Open Software/Hardware Platform for Human-

Computer Interface Based on Electrooculography (EOG) Signal Classification”. 

Although using the proposed BCI framework, successful free spelling communication 

with LIS patients was achieved, CLIS patients were not able to use it for even ‘yes’ / 

‘no’ communication. To find out whether the failure in CLIS patients comes from the 

patients or the design of the system, cognitive-related brain responses to the 

presentation of the questions in the BCI experiment were investigated without trying to 

distinguishing yes from no answers, and reported in Paper X, entitled “EEG Spectral 

Entropy and Power during Brain-Computer Interface (BCI) based Communication in 

Completely Locked-in State (CLIS)”. In addition, to investigate the possibility of the 

language attrition due to the total loss of motor assemblies in CLIS, the correlation 
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between the semantic content of the sentence presented to CLIS patient and the 

performance of the BCI were analyzed and reported in Paper I, entitled “Semantic and 

BCI-performance in completely paralyzed patients: Possibility of language attrition in 

completely locked-in syndrome”. To overcome the problems of noninvasive BCIs and 

investigate the possibility of free spelling communication in ALS patients after 

transitioning to CLIS, one of the patients who was using the BCI before transitioning to 

the CLIS and had learned the experimental paradigm was implanted with 

microelectrode arrays and using intracortical recordings a BCI application was 

developed and reported in the Paper VII, entitled “Communication using intracortical 

signals in a completely locked in-patient”. On the neurophysiological level, the 

progressive evolution of neurophysiological changes in neuroimaging recordings of 

patients from LIS to CLIS was analyzed and reported in Paper VI, entitled “EEG Power 

Spectral Density in Locked-In and Completely Locked-In State Patients: a longitudinal 

study”. In a systematic review, several neurophysiological aspects of patients in CLIS 

were investigated and reported in Paper IV, entitled “Neurophysiology of patients with 

Completely locked-in syndrome”, and the dataset was released in Paper IX, entitled “A 

dataset of Neurophysiological recordings for ALS patients in CLIS”. 
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2. Objectives 
The main objective of this thesis is to assess sensation, perception, and cognition in 

patients in CLIS. In this regard, several experimental paradigms in an active and 

passive condition have been employed. By active, I refer to the experiment in which 

the patient actively participates in experimental tasks, and by passive I refer to 

experimental paradigms in which the patient does not actively perform any particular 

cognitive task. In both cases, a set of toolboxes and datasets which are not easily 

accessible for other researches are published to be used by the scientific and clinical 

community. Since the only hope for ALS patients to communicate is through a BCI and 

it is dependent on the patient’s physiological condition, it is expected that the results 

can help to achieve a functioning BCI to be used by non-communicative patients at the 

latest stage of the ALS disease. Particularly, it is expected that the behavioral 

assessment and neurophysiological measurement of ALS-CLIS patients and 

longitudinal investigation of ALS-LIS patients on the verge from LIS to the CLIS, can 

bring us a perspective for defining consciousness and the possibility to measure 

cognitive deficit at the latest stage of the disease.  
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3. Results and Discussion 
Findings obtained from several experiments are summarized into two sections,  First: 

Active Brain Assessments In CLIS where results obtained from the behavioural 

experimental paradigms, in which patients actively engaged in performing a cognitive 

task such as BCI, are presented; And second: Passive Brain Assessments in CLIS 

where the neurophysiological findings of passive experimental paradigms, in which 

patients did not need to perform any cognitive task, are presented. In the end, in the 

Summary of Findings section, all findings are converged to bring a perspective on 

sensation, perception, and cognition in ALS-CLIS patients.  

3.1. Active Brain Assessments In CLIS 
At the behavioral level, the only possible solution to directly assess cognitive functions 

in patients in CLIS is through a BCI, which allows communication (Niels Birbaumer, 

2006). Since visual perception eventually will be lost in ALS-CLIS patients, an auditory 

version of a BCI is required both in CLIS and in LIS. Previous findings have proposed 

that using EEG (N. Birbaumer et al., 1999) and NIRS (Guillermo Gallegos-Ayala et al., 

2014) it is possible to perform BCI communication with patients in C/LIS, for answering 

yes-no questions with brain responses. It was speculated that the combination of EEG 

and NIRS might be beneficial towards achieving improved BCI performance 

(Pfurtscheller, 2010). A challenge for a BCI in CLIS is the huge inter-individual 

difference among patients, which precludes a unique analysis pipeline for all patients. 

Another challenge is the few numbers of trials in the BCI experiment in CLIS. The 

reason for this is that auditory based BCIs take significantly more time in comparison 

to visual based BCIs, and therefore even with extended long-time recordings, the 

number of experimental trials is too small in comparison to the number of features 

extracted from the brain signals. This leads to a problem in the classification 

algorithms, known as overfitting of a classifier, and although there are mathematical 

algorithms to avoid it, the complex setup for simultaneous recording of the EEG and 

NIRS as well as human and technical errors while performing the experiments entails 

visual inspection and supervision of the analysis pipeline for each patient individually 

at the patient bedside. To minimize the human error in this procedure as well as 

allowing enough flexibility to the BCI system, a need for a hybrid BCI to perform 

systematic analysis in CLIS patients was raised. To address this issue, in the first step, 

I formalized and developed a structured framework of auditory BCI that can be used in 
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visually impaired patients, including LIS and CLIS patients called HybridBCI, which 

reported in the Paper V. The conceptualized framework was then used in a non-

invasive and invasive BCI to communicate with LIS and CLIS patients, each of which 

are explained below.  

3.1.1. The HybridBCI 

The HybridBCI framework is designed based on the object-oriented programming 

(OOP) principles which allow the necessary flexibility and extendability of the system 

(Lee, Fazli, Kim, & Lee, 2016) for further developments. This is crucial since new 

methodologies need structural software design concepts.  Visits to the CLIS patients 

usually take place within a week, and each visit consists of several days of recordings, 

and based on the condition of the patient there is usually a need for the last minutes' 

changes at the bedside to adapt it to patients’ condition, thus, applications that need 

to be compiled after each minor modification, such as BCI2000 (Schalk, McFarland, 

Hinterberger, Birbaumer, & Wolpaw, 2004), are not suitable options for this application. 

To avoid this issue, Matlab (The MathWorks Inc, 2019) was chosen as the 

programming language of the HybridBCI and a file-based structure was used to 

implement it. Using the provided graphical user interface (GUI) most of the modification 

needed to adapt the system for patient’s problems and the recordings situation can be 

performed without the need to change the core structure of the code; Also, further 

development can be implemented by following the standards of the software design. 

With the code of HybridBCI, a standard experimental paradigm is conceptualized that 

can be used with or without the code for other purposes, such as neurofeedback based 

training paradigms. This experimental design is based on presenting questions with 

known answers to the patient and then by extracting features from obtained brain 

signals, using machine learning algorithms to classify trials with yes answer from no 

answer. This process includes three sequential phases, and each of them can be one 

to several experimental blocks. In the initial phase, the training phase, HybridBCI 

learns the pattern of brain signals for yes and no responses for each subject. This 

happens through presenting several trials (i.e. questions with known answers to the 

experimenters) and acquiring brain signal and then analyzing it all the way from pre-

processing to classification. Once a proper model that can classify yes trials from no 

trials more than the chance level is achieved, it goes to the second phase, the feedback 

phase, in which the patient learns how the system works. This step is basically the 
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same as the previous one, only that the HybridBCI gives feedback to the patient 

(closed to loop) on which answers (yes or no) have been detected by the system. This 

auditory feedback serves as a reward and reinforces the thinking strategy. In this stage, 

the previously built model is also validated, and if the feedback accuracy more than 

chance level is achieved the system goes to the third phase, the application phase. In 

this step, the BCI can be used to freely communicate with patients and asking 

questions whose answers are not priory known for experimenters. The model achieved 

from the first two phases (training and feedback blocks) now can be used for a variety 

of applications. A typical application is asking open questions, in which the answers 

are not known by the experimenters and families (e.g. Are you in pain?). The HybridBCI 

is designed in such a way that the same model can be used for spelling, in which an 

optimum auditory based speller, presents the alphabet letter by letter to patients for 

spelling and communication. 
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Figure 3. HybridBCI experimental paradigm: HybridBCI works in three phases, in each 
step if the classification accuracy is more than chance level the system transits to the 
next step. In training blocks, HybridBCI learns the brain signal to classify yes and no 
questions. Then in feedback blocks, auditory feedback reinforces proper thinking 
strategies in subjects. Finally, a model is achieved that can be used for free spelling 
communication with patients.  

 

3.1.2. Non-Invasive BCI in C/LIS 

HybridBCI was used in ALS patients on the verge from LIS to CLIS and revealed that 

there is a time span during the progress of the disease in which the patient loses his/her 

communication ability with commercial eye-tracking devices, but still able to use ocular 

muscles to execute commands, and therefore prolong the duration of the 

communication. As reported in Paper III, in this timespan when a patient is considered 

to be non-communicative (i.e. CLIS), it is still possible to use electrooculogram (EOG) 

to run BCI systems to freely communicate and spell (back to LIS!). In this study, four 

patients on the verge from LIS to CLIS underwent several experimental sessions 
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performing BCI, using HybridBCI illustrated in Figure 3. All four patients achieved free 

spelling communication, although in one patient it gradually decayed and was not 

possible to communicate anymore after a certain time. Contrary to what might be 

perceived as an observer, patients showed satisfaction and high quality of life once 

they achieved free spelling communication. HybridBCI was used in these patients only 

after losing their only communication channel (i.e. eye trackers) and in the first attempts 

of free spelling,  patients 13 and 15 spelled “Danke" to thank experimenters for their 

efforts. Patient 16 started expressing his feelings by saying "I am happy" and it was 

similar for patient 11, who was later implanted with microelectrode arrays for 

communication. 

3.1.3. Open-source Hardware/Software for communication  

The machinery used in this experiment is expensive, while the technology required for 

this application was less. Although the insurance pays for the BCI communication 

devices in the C/LIS patients in Germany, the expensive setup used in the reported 

experiments prevents other patients from using such vital technologies, particularly 

because they need technical assistance. The term vital was used not to refer to the 

possibility of prolonging breathing, rather to express the necessity of communication 

and increase the quality of life. Therefore, as a proof of concept, in Paper II, " Open 

Software/Hardware Platform for Human-Computer Interface Based on 

Electrooculography (EOG) Signal Classification", we proposed an open-source 

Hardware/Software with less than 1000 € cost that can be used with the same 

experimental paradigm as HybridBCI and can bring communication for patients with 

no other means of communication. The proposed platform is based on an open-source 

platform and consisted of a Raspberry Pi (a commercial single board computer) as the 

main processing unit for performing the experiment and analyzing; OpenBCI (an open-

source EEG device) was used for signal acquisition, and a set of open-source Python 

libraries were used to implement the software. The system provided a cheap and 

compact device with a mean of 90% classification accuracy in 7 out of 10 healthy 

subjects for online classification in a four conditioned experimental paradigm. 

3.1.4. Brain responses in BCI experiments in CLIS 

Although the HybridBCI could have been used in LIS and healthy subjects, we were 

never able to successfully use it in patients over extended periods with CLIS, however, 

some of the patients were previously able to achieve some level of communication with 
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other versions of a BCI (Guillermo Gallegos-Ayala et al., 2014). As it is also described 

in Passive Brain Assessments in CLIS, the fact that neurophysiological characteristics 

of patients change over time and dramatically changes after transitioning to CLIS, this 

along with the failure of BCI communication, raises the question of whether the 

cognitive functions, such as attention, comprehension, command following, and goal-

directed thinking, as well as the learning of new paradigms, cease to function after the 

transition to the CLIS, or it is just that the BCI is not sensitive enough to capture related 

brain signals and to distinguish yes from no brain patterns? To answer this question, 

we investigated two aspects of the acquired signal from the BCI experiments in CLIS 

patients: first the correlation between the semantic content (motor vs non-motor, etc.) 

of the presented questions and the performance of the BCI. Second the changes in 

the brain pattern in response to a cognitive stimulus (i.e. questions), regardless of the 

performance of BCI in distinguishing the difference between questions with yes and no 

answers.  

3.1.5. Semantic comprehension long after transitioning to CLIS 

In Paper I, "Semantic and BCI-performance in completely paralyzed patients: 

Possibility of language attrition in completely locked-in syndrome", on a meta-analysis 

of a single case subject in the BCI experiment, we reported that the performance of 

the fNIRS based BCI is correlated with particular semantic contents of questions 

presented in the experiment. In particular, we found that motion-related content can 

influence the BCI performance and argued that it can be due to the degradation or non-

use of motor-related brain assemblies and altered processing of such contents. It has 

been shown that the motor-related brain regions are not only involved in the acquisition 

of new concepts/words but also they are actively engaged while retrieving those 

concepts/words (Pulvermüller, 1999; Pulvermüller, Lutzenberger, & Preissl, 1999; 

Pulvermüller et al., 1994). Hence it is possible that in ALS patients long after 

transitioning to CLIS motor neurons processing of such words/concepts are affected 

and new reorganizational processes are required in order to properly comprehend and 

respond to them, and this won't happen unless there is a training phase with positive 

feedbacks to reinforce retrieval networks. The correlation between the content of the 

sentence during a BCI experiment and the performance of the BCI, particularly in the 

concepts related to the physical condition of the patient, might indicate some language 

attrition after total paralysis. Although the linguistic differences did not change the state 
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of BCI performance in general, a significant difference was observed in the processing 

of such concepts. These results might indicate that some semantic contents presented 

during the BCI can be used in the future as a feature in the BCI in completely paralyzed 

patients. 

3.1.6. Sign of semantic processing in BCI in CLIS 

In Paper X, "EEG Spectral Entropy and Power during Brain-Computer Interface (BCI) 

based Communication in Completely Locked-in State", we focused on the patients in 

CLIS who could not use the HybridBCI for communication and analyzed the signal 

acquired during the BCI experiments to investigate if there remains brain reactivity to 

the presentation of the question to patients even if no communication with BCI is 

possible. We calculated spectral entropy of the EEG during baseline, presentation of 

questions, and thinking period. Spectral entropy of spontaneous EEG has been 

previously found as an indicator of cognitive and neurophysiological complexity and 

thus could serve as an indicator of brain status in CLIS (Elbert et al., 1994). 

Interestingly, in some patients who did not have any significant BCI performance, we 

found a variation of the EEG spectral entropy in response to the presentation of a 

question, in specific frequency bands. In fact, it was discovered that in some patients, 

although the HybridBCI could not discriminate between yes and no questions, there 

was a significant difference between the baseline and thinking periods in the EEG 

spectral entropy. This might indicate that features extracted from the brain signals in 

the HybridBCI are not receptive enough in patients in CLIS. It also emphasizes the fact 

that the findings of healthy and even LIS patients before the transition to the CLIS 

cannot be generalized to CLIS.  

3.1.5. Invasive BCI in CLIS 

Since the noninvasive recording did not lead to free spelling communication in any of 

our patients in CLIS in this study, one patient was selected to be implanted with 

microelectrode arrays in order to assess whether free spelling after transitioning to 

CLIS is possible at all. The patient was using a specific version of the HybridBCI for 

communication and had already learned the spelling paradigm, which was also later 

used after implantation. He was one of the patients reported in Paper II, who used the 

HybridBCI for communication after the loss of the eye-tracking communication 

channel. 
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As reported in Paper VIII, "Communication using intracortical signals in a completely 

locked in-patient", two 64 channel microelectrode arrays ("Utha array")  were 

implemented for intracortical recording in supplementary motor and primary motor 

hand area. One day after the implantation, attempts were initiated to establish 

communication by performing motor imagery tasks like movements of the eyes, hand, 

tongue, and foot movement. No significant difference could have been found between 

different imagery conditions. After 86 days of unsuccessful attempts, the 

communication strategy was changed to a neurofeedback paradigm, in which a pure 

tone was presented to the patient and he was trained to increase or decrease the 

frequency of the auditory stimulus by controlling the spike rates of the recording 

channels. Once the desired spike rate above a certain threshold was achieved, the 

patient was rewarded with auditory feedback to reinforce the strategy of controlling 

spike rates. Already on the first day of neurofeedback, the patient was able to 

volitionally control his spike rate on a particular recording channel and thereby 

selectively switch between two different brain states (spike rate below and above the 

threshold). This binary switch was then used in the previously learned experimental 

paradigm to answer yes/no questions. And afterward was used for free spelling as 

before the transition to CLIS (Paper III). The patient achieved free spelling 

communication 106 days after the implantation and spelled his very first words letter 

by letter, with a speed rate of almost a character per minute.  

These results supported intact consciousness and cognition in ALS patients after total 

loss of motor control and indicated that these patients can comprehend their 

surroundings and are able to perform cognitive tasks after total loss of motor 

neurons/control at the latest stage of the disease (i.e. CLIS). We don't know yet what 

will happen after several years in this state and have to wait how long he can retain 

this communication channel and to see if the degenerative progress of the ALS disease 

affects it. 

Although these behavioral results of the BCI experiments demonstrate intact 

consciousness and preserved cognitive functionalities in a single-case in CLIS, it 

doesn’t tell much about those patients who failed the non-invasive BCI experiments. A 

failure in the noninvasive BCI experiments does not necessarily mean a lack of 

consciousness. It could be that the system is not well adjusted for these patients, or 

that because of the neuropsychological condition of patients, they may not actively 
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engage in the experiment for a long period of time, which is required for non-invasive 

BCI experiments. It might even be that after transitioning to the CLIS, patients are 

incapable of learning new paradigms due to the extinction of goal-directed thinking 

(Kübler & Birbaumer, 2008). Which one of them or the combination of them is the main 

reason for the failure in the noninvasive BCI cannot be answered only from the BCI 

experiments. Hence we performed several passive experiments in which the patients 

do not need to actively perform any cognitive task, and by analyzing the fundamental 

brain structures we tried to address these questions. These findings along with the 

behavioral information can bring a better understanding of the brains of patients in 

CLIS.  

3.2. Passive Brain Assessments in CLIS 
The global neuroelectric cortical activity of the brain measured with the EEG in the 

absence of task performance or sensory stimulation can be used as an approximation 

to indicate the level of tonic arousal in patients with disorders of consciousness (DoC) 

or under general anesthesia (Colombo et al., 2019; Kreuzer, Kochs, Schneider, & 

Jordan, 2014; Zhang, Roy, & Jensen, 2001). The EEG pattern of spontaneous brain 

activity reflects the global intactness of anatomical brain structures (Biswal, Zerrin 

Yetkin, Haughton, & Hyde, 1995; Custo et al., 2017). It has been shown that EEG in 

CLIS significantly deviates from healthy and slow frequencies appears after the 

transition to the CLIS (Hohmann et al., 2018; Maruyama et al., 2020), but due to the 

need for medical care and attached life-saving devices MRI recordings are difficult or 

impossible and thus the source for this slow dominant brain activity during waking 

hours remains unclear. However, it is possible to investigate this source of activity from 

EEG recordings and solving the inverse problem. But the accuracy of neuroelectric 

source localization methods in the EEG depends on the distribution of EEG electrodes 

over the scalp, and without a proper setup using many electrodes and a valid analysis 

pipeline, results are prone to error and misinterpretation. Especially that patients in 

CLIS are most of the time in the supine position and it is a challenge to record posterior 

brain regions. 

3.2.1 Evolution of EEG in C/LIS  

In Paper VI, “EEG Power Spectral Density in Locked-In and Completely Locked-In 

State Patients: a longitudinal study”, we investigated the evolution of the EEG pattern 

during rest over time and confirmed what has been reported previously in the literature 



29 | P a g e  
 

that in almost all patients in CLIS the EEG power spectrum gradually shifts towards 

the lower bands. Also, as reported in Paper IV as well, we observed that in some 

patients, once the alpha band power disappears and the power of the delta band 

increases, a new peak in the power spectrum emerges, with increased power at around 

4 Hz. In these patients, EEG is highly synchronized among all recording channels, with 

episodic burst-like signals, very similar to a triphasic wave in vegetative state patients 

and anoxic coma. In fact, in terms of EEG traces, two categories of patients were 

observed. First, patients with slowed EEG and attenuated alpha peak at around 8 Hz. 

Second, patients with delta dominant EEG, in which a new peak with increased power 

at around  4Hz emerges that dominates the whole spectrum. In the second group, any 

activity above this dominant frequency is superimposed and cannot be visually 

inspected in the EEG traces. This raises questions about the underlying mechanisms 

and their correlation with the conscious state of the patient.  

3.2.2 Tracing slow dominant frequency during the Night 

To investigate the underlying mechanism for this abnormal EEG pattern, the EEG was 

traced during the night and in sleep. Results are reported in Paper IV, 

“Neurophysiology of patients with Completely locked-in syndrome”, and it shows that 

the power of 4Hz frequency is correlated with the arousal state of the patient, and its’ 

power is lost in the “deep” sleep (stage 3) during night time recordings. Some of these 

patients have been recently reported to retain circadian rhythms and have intact sleep 

cycles (Malekshahi et al., 2019). We came to the conclusion that this dominant slow 

frequency at 4Hz cannot be interpreted as pathological noise, however, the underlying 

mechanism and the reason why only some patients show such a pattern remains 

unclear. Since no structural brain imaging data, such as MRI, is available from patients 

in CLIS, the source of this slow activation and its corresponding brain regions is 

unknown yet.  

3.2.3 Source of slow dominant frequency in CLIS 

We used source localization techniques to find the anatomical source of this slow 

dominant frequency and found different brain regions in different patients, however, in 

all patients the source of slow activity was located in deeper structures. This was not 

surprising, since the time-domain EEG was highly synchronized with no phase lag in 

all recording channels. It has been reported that the functional connectivity of the 

sensorimotor cortex (SMC) to the cingulate cortex is increased in ALS patients prior to 
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the transition to CLIS (Agosta et al., 2011),  at the same time the default mode network 

connectivity is reported to be increased (Chenji et al., 2016). This might be due to the 

loss of inhibitory neurons in the cortico-striato-pallido-thalamo-cortical network (Lloyd, 

Richardson, Brooks, Al-Chalabi, & Leigh, 2000) which significantly decreases the 

overall brain activity and might be the reason behind the observed synchronization 

pattern in the EEG of patients in CLIS. This is in line with different observations 

reporting atrophy and shape changes of the cerebral and corticospinal tract in ALS 

patients before transitioning to the CLIS (Kumar, Aga, Gupta, & Kohli, 2016; Mioshi et 

al., 2013; Rajagopalan et al., 2013). These observations support the findings of Paper 

IV, that the slow dominant frequencies in ALS patients after transitioning to CLIS 

originates in deep structures of the brain, however, EEG source localization cannot 

solely be used to prove this hypothesis.  

3.2.4 Stimulus processing in CLIS 

Common biomarkers in EEG of healthy subjects are not valid for ALS-CLIS patients 

with altered EEG. However, after revealing the correlation of the EEG power at very 

slow frequencies in delta range with the arousal state of the patients in sleep, and 

showing that deep sleep has a much slower frequency than the slow waking EEG, the 

question remained whether these abnormal “waking” EEG  is compatible with 

conscious processing in the presence of a stimulus? Considering that patients did not 

show any positive classification results in the BCI experiments, the reactivity of the 

brain in the presence of the external stimuli was investigated in ALS patients in CLIS 

and reported in Paper IV, “Neurophysiology of patients with completely locked-in 

syndrome”. In this paper, we showed that in all patients there is a clear brain response 

to opening the eyes as compared to eyes closed. This might indicate some level of 

visual processing in patients or can only be due to a basic attentional mechanism which 

is represented in the alpha suppression mechanisms in healthy subjects (Niels 

Birbaumer & Schmidt, 2014). It has been reported that even in total darkness with no 

visual input, eyes condition (open or closed) can be distinguished from EEG pattern 

(Boytsova & Danko, 2010) showing that input of light alone cannot solely explain the 

phenomenon. This finding is crucial since it indicates that even in patients with no 

positive BCI results, and abnormal EEG, some level of stimulus processing is present, 

which could be correlated with conscious processing as well.  
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In addition, we investigated the brain response to stimulation of the somatosensory 

neural pathways. Only some patients showed detectable cortical evoked responses in 

response to the electrical stimulation of the median nerve on their wrist. In some 

patients, the stimulation did not even travel through the peripheral nerves and did not 

reach the brain, thus no cortical evoked responses were recorded. Lack of peripheral 

neural responses in some patients might be due to experimental failures, or a strong 

increase in the sensory threshold due to deformation of the skin as a consequence of 

years of immobility. Without repetition of the experiments with the same patients, with 

higher intensities, no further speculation can be given. However, we abstain from 

higher intensities because of patients' inability to report pain. In some patients, where 

the stimulation reached the brain, the very early cortical evoked responses of healthy 

subjects were absent. The earliest significant response to the electrical stimulation in 

these patients was a relatively large peak at around 50ms after the stimulation, which 

was bilaterally distributed on both hemispheres over the centroparietal fissure. 

Eventual disorders of consciousness may be worse in these patients with missing early 

cortical responses since the bilateral absence of N20 in somatosensory evoked 

potentials (SEPs) is not usually a good prognosis in anoxic coma patients (Cruccu et 

al., 2008). The patients missing the early cortical responses had also a very slow 

dominant frequency at 4 Hz with a  highly synchronized redundant EEG. Previous 

findings in ALS patients before transitioning to CLIS have also shown a pathological 

slowing of SEP responses (Hamada et al., 2007) and which in addition to the possibility 

of the atrophy of the brain might be enough reasons to alter the recorded SEPs. Thus, 

any diagnosis solely based on the SEP was avoided.  

3.2.5 Experiments with a cognitive paradigm 

In a more complex experimental paradigm (in terms of cognitive functions involved), a 

modified version of the local-global (LG) experimental paradigm proposed by 

Bekinschtein et. al. was used to assess cognitive processing in ALS-CLIS patients 

(Bekinschtein et al., 2009).  The LG paradigm is an auditory evoked potential (AEP) 

based paradigm to assess consciousness in unresponsive patients. The main idea 

behind this paradigm is that, in a set of consecutive sensory stimuli with Local (order 

of consecutive stimuli within a trial) and Global (order of trials within an experimental 

block) pattern changes, two different types of ERP can be detected. Based on previous 

neurophysiological findings of event-related potentials (Squires, Squires, & Hillyard, 
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1975; Sutton, Braren, Zubin, & John, 1965; Ulanovsky, Las, & Nelken, 2003), it has 

been argued that detection of any violation in the order of stimuli within a trial (i.e. local 

pattern) only requires pre-attentive mechanisms and elicits the early evoked response 

(before 200ms), called local effect (LE), while detecting a violation in the order of trials 

within an experimental block (i.e. global pattern) requires attention and memory 

updating and is reflected in the later evoked potentials components (after 200ms), 

called global effect (GE).  

 

Figure 4 Block Design of Local-Global experiment design. Two patterns for global 
regularities and two patterns of local regularities creates four experimental 
conditions: Global Deviant Local Deviant (GDLD), Global Standard Local Standard 
(GSLS), Global Deviant Local Deviant (GSLD), and Global Deviant Local Standard 
(GDLS). Detection of local deviations only involves a pre-attentive mechanism, thus 
produce early evoked responses (before 200 ms), while detection of the violation in 
global patterns requires conscious processing and produces later evoked responses 
(after 200ms). Reprinted from “Neuralsignature of conscious processing of auditory 
regularities”, by Beckinschtein et. al., PNAS February 3, 2009, 106 (5) 1672-1677. 

 

We used a modified version of the LG experimental paradigm to assess cognitive 

processing in patients in CLIS. In all patients, the brain responses to the auditory stimuli 

were detected, however, the local and global effects were significantly deviant from the 

healthy population. In particular, the early evoked responses of the local effect and the 

later evoked potentials of the global effect were either missing or delayed in time. In 

some patients, the LE was completely missing while GE was delayed in time. This 

phenomenon is similar to DoC patients in which the P300 is shifted later in time up to 

600ms, while no early evoked potentials can be detected and the mismatch negativity 

is missing (Kotchoubey, Lang, Winter, & Birbaumer, 2003); Interestingly, in patients 

with autism spectrum disorders, early components can be easily detected and are 

increased while later conscious components are missing (Niels Birbaumer, 1999). 
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These results are important from two aspects, first, they show that in CLIS some 

fundamental changes in the timing of the processing of external stimuli exists but that 

they still show processing of auditory material at some level, which is crucial for 

performing in an auditory based BCI. Second, it showed that the altered neural 

signature of cognitive functions (i.e. later evoked responses) are similarly affected as 

in patients with DoC.  

4. Summary of Findings  
The heterogeneity of the results and inconsistency of the neural signatures in the same 

patients at the same time and between patients asks for different and speculative 

explanations. Since these studies are the first in the literature that are being performed 

at the same time on the same patient and despite the small sample only very tentative 

hypotheses can be formulated. Patients in CLIS suffering from ALS are not always 

accessible at the same time and their medical conditions are constantly changing, and 

it is very rare that standardized experiments can be performed as in a 

psychophysiological laboratory working with healthy persons or in a clinic with a stable 

experimental room and stable environment. This condition prevents large dataset 

acquisitions in a short period of time, and several generations of studies are required 

to organize a proper sized dataset. In addition, in the unresponsive patient, the arousal 

state of the patient cannot easily be evaluated, therefore the behavioral assessments 

are vulnerable to inconsistency among different experimental sessions. The patient 

may be in a sleeplike state in one session and awake in another, the two different 

states cannot be inferred from any behavioral change such as eye closing or different 

repiratory pattern, or any type of movements. The progressive nature of the disease 

causes constant changes in the neurophysiological condition of the patients, which is 

also reflected in the EEG (Paper IV and Paper VIII), therefore findings of different 

sessions at different times cannot be grouped together. Another issue is that patients 

are usually in home-care and performing a systematic assessment in a single 

experimental visit is usually too much workload for the family, patients and 

experimenters. Therefore, properly adjusted experimental paradigms adapted to the 

conditions of the patients for neural and behavioral assessments are required. Overall, 

our results strongly indicate the possibility to retain cognition and consciousness after 

total loss of motor control, while it is also possible to lose even the most  basic sensory 

and perceptual processing, at the latest stage of the disease. 
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Figure 5 Disorders of Consciousness - CLIS might be represented as a heterogeneous 
spectrum from intact cognition to severe cognitive disorders: Locked-In Syndrome 
(LIS) and Completely Locked-In Syndrome (CLIS) are usually illustrated with patients 
with Disorders of Consciousness (DoC) including unresponsive wakefulness (UWS), 
Coma, and Confusional State (CS), because of the similarity of symptoms (i.e. being 
unresponsive), but excluded from them, due to the assumption of intact cognition (LIS 
and CLIS in black with astricts). However, we provided evidence that patients in CLIS 
due to ALS show gradient heterogonous results from lack of basic sensory response 
to complex brain responses. Thus when all different perceptual and cognitive 
functionalities are mapped into a one-dimensional scalar of cognition, a patient in 
CLIS might be anywhere in the spectrum from severe loss of cognitive function to 
intact cognition (highlighted in red). Modified from “Brain death and disorders of 
consciousness”, by N. D. Schiff 1 and J. J. Fins, 2016, Current Biology, 26, R573. 

 
These findings raise serious and critical issues and demonstrate that a single or one-

dimensional index of consciousness and awareness is scientifically and clinically 

impossible and can lead to misdiagnosis. Different experimental paradigms are 

measuring different brain mechanisms and therefore heterogeneity of the results might 

represent different sensory, perceptual, or cognitive processing, which are often 

correlated in healthy human beings but might be dissociated in brain-injured, DoC, and 

the completely paralyzed patients. No single metrics of consciousness exists and if 

one claims such an index in unresponsive patients including CLIS needs additional 

neuronal and behavioral metrics. The extreme heterogeneity of the results of different 

brain measures in CLIS reflecting different neural and therefore different cognitive 

processes remind us of a similar dilemma in the diagnosis of conscious processes in 

the severe brain-damaged (Laureys & Boly, 2007; Majerus, Gill-Thwaites, Andrews, & 

CLIS 
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Laureys, 2005; Real et al., 2016); while one measure (i.e. SEP) denies any conscious 

or cognitive process the other index points to the existence of highly complex semantic 

processing and reasoning in the same patient at the same time or at different times. 

This warns us not only of seemingly consistent theoretical explanations and theories 

in CLIS and DoC but also of any clinical diagnostic statements, even brain death; we 

just don’t know what’s possible, yet. With findings on the patients in the present report, 

who were never investigated with such measures before, we are forced to conclude 

that we have some neural indices indicating intact or only deviant cognitive processing 

while others suggest severe disorders and/or absence of perception and reasoning. 

The ethical and therapeutic consequences of such results are clear: never give up 

hope, there is not a single patient reported in the literature with CLIS or MCS who 

would not show "islands" of cognitive processing, but nobody can conclude much about 

the capacities and nature of these "islands". 
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