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Abstract
Post-comatose patients are classified as being in a minimally con-
scious state when they have executive functions. Because traditional
behavioral assessments may not capture signs of executive functions
in post-comatose patients, clinicians look to localized brain activities
in response to task instructions, such as imagining wiggling toes, to
diagnose minimal consciousness. This paper critically assesses the
assumption underlying such alternative methods: that brain activities
are neural signals conveying information about minimal conscious-
ness. Based on a Shannon-inspired idea of information, I distinguish
between informational and engineering aspects of clinical tasks. The
informational aspect concerns the conditional probability that, for
example, given activity in the motor areas of the brain in response to
task instructions, a patient is imagining wiggling toes. The engineer-
ing aspect concerns efficient activation of the relevant brain areas in
a patient under the task conditions. This distinction shows that the cur-
rent alternative methods are not informationally problematic, but are
structurally “ill-formed.” For instance, the toe-imagery task requires
the capacity to comprehend syntactically complex sentences, which
can be dissociated from minimal consciousness. I propose a misrepre-
sentation task, which tests the capacity to misconceptualize lukewarm

water as melting wax, as a supplement to the current alternative meth-
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ods. This task is as informationally reliable as these methods, but is
structurally “well-formed,” as it does not rely methodologically on

prerequisites such as language comprehension.
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post-comatose disorders of consciousness, Shannon’s theory of infor-

mation, minimal consciousness, mental action.

1. Introduction

inimally conscious post-comatose patients (henceforth, MCP
Mpatients) can have limited executive functions that allow for
the patients to follow simple instructions or respond to certain stimu-
lations. Signs of residual executive functions provide clinicians with
strong evidence of eventual recovery of consciousness (Naccache,
2018; Rohaut, Eliseyev and Claassen, 2019). Thus, delayed recogni-
tion of such signs may lead to suboptimal clinical care (van Erp, Aben
et al., 2019), distorted prognostic figures for rehabilitation (Ansell,
1993), or ethical problems (Peterson and Bayne, 2018; Noh, 2022).
Such signs, however, might not be captured by traditional behavioral
assessments (e.g., eye tracking, speaking, etc.) because limited ex-
ecutive functions can be dissociated from the capacity to perform
overt behaviors (Teasdale and Jennett, 1974; Andrews et al., 1996).
Although some traditional behavioral assessment methods can im-
prove diagnostic accuracy (Schnakers et al., 2009), differentiating
MCEP patients from patients in a vegetative state remains challenging

(van Erp, Lavrijsen et al., 2015).
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As an alternative to behavioral assessments, clinicians can use
measures such as functional magnetic resonance imaging (fMRI) or
electroencephalograms (EEQG) to capture localized brain activities
as a mark of residual executive functions. Such neural-signal-based
assessments (henceforth NSAs) allow clinicians to diagnose minimal
consciousness without appealing to overt behavior. For instance, min-
imal consciousness can be ascribed to a patient if activities in the
motor areas of the brain are observed when the patient is instructed
to imagine performing a particular motor action (Owen et al., 2006;
Cruse et al., 2011; Wang et al., 2019), or if the P300b response is
observed when a series of auditory stimulations is given to the patient
(Boly et al., 2011; King et al., 2013). An overarching assumption of
NSAs is that purported brain activities can be taken as neural signals
conveying information about minimal consciousness.

The aim of this paper is to critically assess whether NSAs satisfy
this overarching assumption. Drawing on a Shannon-inspired idea
of information, I distinguish between informational and engineering
aspects of neural signal processing in the relevant studies. Shannon’s
(1948) theory of information “defines the quantity of information
in a signal over the space of possibilities in a given situation where
a sender and a receiver are communicating” (Noh, 2018, p.179). The
primary concern of this paper is the communication channel between
an MCP patient and a clinician (or a test-subject and an experimenter),
where signal-vehicles are localized brain activities measured using
fMRI or EEG. I apply Shannon’s theory to this communication chan-
nel in order to estimate the quantity of information about minimal
consciousness possibly conveyed by the neural signal. Following
Weaver (1953, p.270), I further discuss whether the communication
channel is designed to efficiently handle the assigned jobs. Notice

that I use the term “Shannon-inspired idea of information” rather than
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“Shannon’s theory of information” because Shannon did not intend
the theory to be applied to this sort of communication channel, and
I make certain assumptions in order to apply it here (see footnotes 2
and 3 for details of these assumptions).

I discuss the informational and engineering aspects of clinical
tasks in the paper’s second and third sections, respectively. Briefly,
the informational aspect concerns the conditional probability that,
for example, given activity in the motor areas in response to task
instructions, the patient is mentally acting. On the other hand, the
engineering aspect concerns efficient activation of the relevant brain
areas, specifically in relation to task conditions. For example, any pa-
tient response to a task with the verbal instruction “Imagine wiggling
all of your toes” requires the patient to have the capacity to properly
comprehend the instruction as a command to perform a kinesthetic
mental-motor action. As I discuss in the following sections, making
this distinction between the two aspects shows that NSAs in their
current form are structurally “ill-formed.” For instance, brain activi-
ties in the mental-motor action task would indicate that the patient is
minimally conscious, but the task’s applicability is limited because
the capacity to comprehend syntactically complex sentences (i.e.,
the verbal instructions of the task) can be dissociated from minimal
consciousness. In the fourth section, I propose a misrepresentation
task as a supplement to NSAs in their current form. This task tests
whether a subject has the capacity to misconceptualize lukewarm wa-
ter as melting wax. I claim that this task is as informationally reliable
as NSAs in their current form and is structurally “well-formed” in
that it is not methodologically reliant on prerequisites (e.g., language

comprehension), as are NSAs in their current form.
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2. The Informational Aspect of Clinical Tasks

NSAs can be categorized as either active or passive (Kondziella et al.,
2016). Patients tested under active paradigms are instructed to men-
tally act, such as imagining playing tennis or walking from room to
room in their home (Owen et al., 2006; Monti et al., 2010), imagining
squeezing their hands or wiggling their toes (Cruse et al., 2011), men-
tally counting occurrences of a target (e.g., words like “yes” or “no”)
in a sequence of sounds (Lulé et al., 2013; Naci and Owen, 2013), or
imagining raising their hands (Wang et al., 2019). On the other hand,
patients tested under passive paradigms are instructed to pay attention
to a series of auditory sequences (Boly et al., 2011; King et al., 2013)
or to watch a movie (Naci, Cusack et al., 2014; Laforge et al., 2020).

An essential difference between active and passive paradigms is
that while the former requires a subject to either perform a mental-
motor action or count occurrences of a target, the latter concerns
whether a subject is able to experience stimulation without perform-
ing a mental action. Nonetheless, NSAs in general appeal to localized
brain activities, which can be captured either by fMRI or by EEG, as
a means of diagnosis of minimal consciousness.! Specifically, NSAs
assume that the observed brain activities are neural signals convey-
ing the message that the subjects under consideration are following
instructions or paying attention to stimulations. To analyze the in-
formational aspect is to assess whether the signals do convey the
purported message.

Consider Cruse et al.’s (2011) toe-imagery task in order to analyze
the informational aspect of active paradigm tasks. They instructed 16

behaviorally nonresponsive post-comatose patients (who were initially

! For the sake of simplicity, I am going to ignore methodological differences in the use
of fMRI and EEG, which are irrelevant to my argument.
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diagnosed with the vegetative state by traditional behavioral methods)
and 12 healthy controls to imagine wiggling all of their toes on both
feet and relaxing them without making any actual motor movement.
Cruse et al. write that a significant degree of activity was observed in
a relatively localized area of the medial premotor cortex of 3 patients
and 9 controls. We can distinguish between the minimally conscious
mental event, M7, and a set of nonconscious mental events, M, in
relation to a brain event, namely the activity in the medial premotor
cortex, S.2 To analyze the informational aspect for active paradigms
is to compare M; and M.}

Mutual information between the brain event, S, and a set of mental

events, M, is:

I(S: M) = H(M) — H(M|S).*

2 Shannon’s theory conceptualizes mutual information as the relation between events
and a subset of these events. In the body of the text, I assume that mental events (M
and M>) are a subset of a brain event (,S). More specifically, I assume that functional
correlations between cognitive capacities and activities in the corresponding brain
areas (e.g., relationships between particular types of motor actions and activities in
the corresponding brain areas) lead to mutual information between the mental events
and the brain event. Obviously, this assumption is controversial. Nonetheless, in the
current paper, I have made an attempt to demonstrate that such an information-theoretic
assumption inevitably leads to a clinically important conclusion. See (Li et al., 2022) for
a detailed discussion of the quantitative relationships between localized brain activities
and information processing capacities. Kycia (2021) provides good clarification of
fundamental issues concerning classical and quantum nature of information storing
and processing in the brain.

3 Strictly speaking, M7 should be a disjunction of the minimally conscious state and
the fully conscious state (in Cruse et al., the healthy controls were fully conscious).
Because the primary concern of NSAs is the minimally conscious state, however, we
can safely ignore the information about the fully conscious state possibly conveyed by
the neural signals.

“ The idea of analyzing the informational aspect of active paradigm tasks originates
from Noh (2018, pp.181-185).
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H refers to Shannon entropy. To compare M; and M, however, indi-
vidual events need to be considered rather than the average. Because
the toe-imagery task depends on the assumption that the detection of
S particularly reduces the uncertainty of the mental event that subjects
are imagining wiggling toes, let’s take M, as referring to this mental
event. The amount of uncertainty of M that S reduces is:

I(S: My) = I(My) — I(Mi]9S)
= —log, P(Mh) + log, P(M;]S)

=108y 57+
P(M;)
As log, PISJ(WT?IE) gets more and more positive, S will represent greater
P(ML]S) P(M2|S)
P(My) P(Mz) ~°
the observation of S provides clinicians with evidence that patients in

accuracy about M;. If log, is greater than log, then
the toe-imagery task who show activities in the medial premotor cortex
are minimally conscious. If the latter is greater than, or equivalent to,
the former, then .S alone cannot provide that evidence.

To estimate the value of log, %, we need to understand
the background conditions of the toe-imagery task. Notice that the
patients in Cruse et al.’s (2011) experiment were initially diagnosed
with the vegetative state by traditional behavioral assessments. Given
that the misdiagnosis rate of traditional behavioral assessments is 41%
(Schnakers et al., 2009), the unconditional probability that Cruse et
al.’s patients were conscious, i.e., P(M), is lower than the uncondi-
tional probability that they were in the vegetative state, i.e., P(M>).
So, log, % is greater than log, % if P(M;|S) is greater
than, or equivalent to, P(M3|S).

P(M;|S) can be accounted for by the reversed strong correla-
tion that holds between activities in motor areas and the correspond-

ing mental-motor action. According to relevant experiments (e.g.,
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Pfurtscheller and Neuper, 1997; Ehrsson, Geyer and Naito, 2003)
in which healthy subjects were instructed to mentally act (e.g., they
were instructed to imagine raising their left arms without making any
actual motor movement), activities in the relevant motor areas were
observed in the majority of the subjects. Provided that P(activities in
the relevant motor areas|mental-motor action) is high, it seems that
P(M,]S) is relatively high as well.

On the other hand, P(M>|S) concerns a situation in which the
medial premotor cortex activity in a mental-motor action task, such
as the toe-imagery task, is somehow automated (i.e., a nonconscious
response). Provided the strong functional relationship between the
body surface and a localized motor area (i.e., the well-established
somatotopic map in motor areas), it seems possible to take the medial
premotor cortex activity observed in the toe-imagery task as a toe-
related nonconscious mental event. In turn, to account for P(Ms|S)
would require finding a toe-related nonconscious explanation (that
does not involve volition, linguistic understanding of the verbal in-
struction, etc.) of why the activity occurred.

Nonetheless, no such explanation is available. Consider a seman-
tic priming effect, which refers to cases where automated activities
in the somatotopy of the motor and premotor cortex are observed
for a few milliseconds when a subject hears an action-word such
as “kick” (Pulvermiiller, 2005). Now, consider M, as a toe-related
nonconscious mental event grounded by a semantic priming effect.
P(Ms,]|S) in this sense, however, is very low for two reasons. First,
the semantic priming effect has been observed when a single word
is given, but not when a whole sentence, such as “Imagine wiggling

all of your toes,” is given (Raposo et al., 2009). Second, the effect
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lasts for a very short time, but the activity in Cruse et al.’s experiment

persisted for more than a few seconds. Because there is no alternative

explanation, log, Pl%;'j) is greater than log, P gg@g ),

Following the same line of reasoning to analyze the informational
aspect of passive paradigm tasks, let us consider King et al.’s (2013)
and Bekinschtein et al.’s (2009) oddball tasks. The oddball task is
designed to evaluate cerebral responses to violations of temporal reg-
ularities that are global across several seconds. Suppose that a stream
of repeated auditory events is given to a healthy subject, with two
types of novel events (i.e., oddballs) embedded in the stream. The two
types are local oddballs, which consist of a change in pitch within
a five-sound sequence (e.g., AAAAB), and global oddballs, which
consist of a change in an auditory sequence in a fixed global context
(e.g., AAAAB AAAAB AAAAB AAAAB AAAAA). Local oddballs
typically lead to so-called frontal mismatch negativity, which is an
automated (i.e., nonconscious) brain activity. In other words, frontal
mismatch negativity is observed independently of whether a subject
pays attention to the given auditory stream or not. On the other hand,
global oddballs generate the so-called P300b response, which can be
detected only when a subject is consciously paying attention to the
given auditory stream. In King et al.’s (2013) experiment, a global
effect was found in 14% of 70 vegetative state patients and 31% of
65 minimally conscious state patients (and 52% of 23 conscious con-
trols with brain injuries). In Bekinschtein et al.’s (2009) experiment,
a global effect was found in none of 3 vegetative state patients and 3 of
4 minimally conscious state patients (and all of 11 healthy controls).
But there was no significant difference between the patient group and
the control group regarding the local effect in both experiments.

The oddball task takes the P300b response as a neural signal

conveying the message that the subject is in a mental state of counting
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the number of global deviant trials by using working memory. To take
the neural signal as conveying the purported message is to assume
a strong correlation between the P300b response and the relevant
executive functions, like working memory.

Recall that in Cruse et al.’s (2011) toe-imagery task, a strong
correlation between activities in motor areas and the corresponding
mental-motor action holds because P (M ]S) is relatively greater than
P(M>]S).5 So, we should compare P(the subject is minimally con-
scious|the P300b response) and P(the subject is nonconscious|the
P300b response). According to the relevant studies, the P300b re-
sponse requires working memory. Specifically, the P300b response is
accounted for by the following hypotheses: Noticing global oddballs
requires working memory and predictive coding (Garrido, Friston
et al., 2008; Garrido, Kilner et al., 2009); the P300b response is a neu-
ral signature of postperceptual processing, such as working memory
(Cohen et al., 2020); and the P300b response is a neural signature of
working memory—guided categorization processes (Rac-Lubashevsky
and Kessler, 2019). If there is no alternative explanation of the P300b
response, and if working memory is a sign of minimal consciousness
(Ansell, 1993; Bekinschtein et al., 2009; King et al., 2013), then P(the
subject is minimally conscious|the P300b response) is greater than
P(the subject is nonconscious|the P300b response).

A false positive occurs when evidence of an effect is measured,
yet the target phenomenon is absent from the test conditions (Peterson,
Cruse et al., 2015, p.591), such as a case in which the observed brain

activity does not carry the information about minimal consciousness.

3 Notice that P(Mz) is always greater than P(M7) in both active and passive
paradigms because every MCP patient in the experiments was initially diagnosed
with the vegetative state by traditional behavioral assessments. Specifically, because
the misdiagnosis rate of traditional behavior assessments is 41%, P(M2) is roughly
60%.
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The probability that NSAs generate false positives is low because
NSAs in general involve a relatively strong correlation between brain
activities and minimal consciousness. Specifically, given that there is
no plausible alternative explanation of why activities in motor areas
or P300b responses occurred in the relevant experiments, the best
explanation is the one that appeals to minimal consciousness.

Di et al.’s (2008) cohort study provides an additional reason to
take the patients who passed the relevant tests as being in a state of
minimal consciousness. They found that post-comatose patients who
were re-diagnosed with the minimally conscious state by NSAs had
recovered sophisticated cognitive functions or consciousness. This
finding indicates that activities in motor areas or P300b responses
are indeed prognostic signs of recovery. So, the low possibility of
false positives can be ignored for the sake of possible recovery. Con-
sequently, activities in motor areas or P300b responses in the relevant
experiments can be taken as neural signals conveying the message
that the post-comatose patients under consideration are minimally
conscious, and therefore, they were initially misdiagnosed with the

vegetative state by traditional behavioral assessments.

3. The Engineering Aspect of Clinical Tasks

The informational and engineering aspects of a communication sys-
tem are connected to the extent that the system is able to handle
any message from a set of possible messages produced by a sender
(Weaver, 1953, p.270). Consider a Morse-code-based telegraph sys-
tem. The informational aspect of the system concerns conventions
pertaining to the use of the Morse codes in accordance with English

letters. The engineering aspect concerns whether such a design can
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efficiently handle the assigned jobs. For instance, the signal-vehicle
“a single dot” is assigned to the letter E in order to efficiently encode
the most frequently used letter in English into the simplest Morse
code. To that extent, the system is designed to minimize human errors
that a sender-telegrapher might generate in sending messages like
“Elephants eat cheese.”

NSAs should be designed to handle any message that behav-
iorally nonresponsive MCP patients can produce. Consider Cruse et
al’s (2011) toe-imagery task. The task conditions should have been
designed in favor of MCP patients, such that their responses would be
efficiently manifested by the purported brain activities. Such task con-
ditions include, but are not limited to, the verbal instruction “Imagine
wiggling all of your toes and relaxing them.” The engineering aspect
relates to false negatives, which occur when evidence of an effect is
not measured even though the target phenomenon is, in fact, present
in the test conditions (Peterson, Cruse et al., 2015, p.591). False nega-
tives, of course, are natural consequences of empirical experiments
due to the impossibility of eliminating contingent factors like human
error. Nevertheless, I am concerned with the kind of false negatives
that are not generated by contingent factors that can be eliminated by
conducting tasks repeatedly and more precisely. Let’s say that a task is
structurally “ill-formed” if it generates this kind of false negative. By
analyzing the engineering aspect of the toe-imagery task, I will show
that the task structurally permits the possibility of false negatives.

In order to analyze the engineering aspect of the toe-imagery
task, we must first distinguish between types of mental action. An
essential component of mental-motor action is that a subject men-
tally executes an instructed mental-motor action from the first-person
perspective (i.e., kinesthetic mental-motor action; Ehrsson, Geyer
and Naito, 2003). Alternatively, subjects can imagine seeing them-
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selves or another person performing an action from an external view
(i.e., visual motor imagery), which may be primarily visual in charac-
ter rather than involving kinesthetic characteristics (Sekiyama, 1983).
According to Annett (1995), without specific instructions to perform
a kinesthetic mental-motor action, such that when the instruction
“Imagine wiggling toes” is given, subjects may either perform a kines-
thetic mental-motor action or conceive visual motor imagery. Kines-
thetic mental-motor action correlates significantly more strongly with
activities in the relevant motor areas than does visual motor imagery,
implying that visual motor imagery might not activate the relevant
motor areas (Neuper et al., 2005). Hence, Cruse et al.’s toe-imagery
task should have been designed in such a way that behaviorally nonre-
sponsive MCP patients are clearly instructed to perform a kinesthetic
mental-motor action and that they can clearly comprehend the instruc-
tion.

Notice that 3 healthy controls (out of 12) in Cruse et al.’s (2011)
toe-imagery task did not show the expected brain activities despite
the verbal instructions (“Imagine wiggling all your toes on both feet
and relaxing them without making any actual motor movement” and
“Concentrate on the way your muscles would feel if you were really
performing this movement” (Cruse et al., 2011, p.2098)). I suspect that
the false negatives (i.e., 3 healthy controls) were generated because the
controls failed to comprehend the instructions properly and conceived
the visual motor imagery of wiggling toes instead. Regardless of my
speculation’s accuracy, a more serious problem follows from the task’s
verbal instructions.

The toe-imagery task is structurally “ill-formed” because it de-
pends on verbal linguistic instructions. In Cruse et al.’s experiment, it
might be that some MCP patients did not show the purported brain

activities in the toe-imagery task, not because they were not mini-
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mally conscious, but because they could not clearly comprehend the
instructions and conceived the visual motor imagery instead. Accord-
ing to Kwiatkowska et al. (2019), 34% of 50 minimally conscious
post-comatose patients could not build and had difficulties in reading
syntactically complex sentences. Most importantly, the instructions
of the toe-imagery task consist of sentences that are syntactically far
more complex than those in Kwiatkowska et al.’s experiment. More-
over, in general, MCP patients’ brain responses to heard words are
weaker in terms of power than those of healthy controls (Nigri et al.,
2017). In a nutshell, the capacity to comprehend syntactically com-
plex spoken sentences can be dissociated from minimal consciousness.
Thus, the toe-imagery task structurally permits the possibility of false
negatives.

The same problem generalizes to active paradigms. Tasks that
involve mental-motor actions (e.g., the toe-imagery task, the tennis-
imagery task, the home-walking task, etc.) essentially depend on
subjects’ capacity to perform kinesthetic mental-motor actions in
response to verbal instructions. Naci and Owen (2013) and Lule et al.’s
(2013) target-counting tasks also depend on verbal instructions similar
to those in the toe-imagery task.® Given that these tasks exhaust those
I have ever come across in the literature, I claim that active paradigm
tasks in general are structurally “ill-formed.”

Tasks in the passive paradigm are in general structurally “ill-
formed” as well, because they require a relatively high degree of
attention to the given (particularly auditory) stimulations. To explain
the problem, we must first understand that traditional behavioral

assessments are designed in accordance with the subcategorization of

® Among passive paradigm tasks, Naci et al.’s (2014) and Laforge et al’s (2020)
movie-watching tasks entail a similar problem because they depend on the subjects
understanding the linguistic narratives of the movies.
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the minimally conscious state (MCS) into MCS- (i.e., patients only
show nonreflex behavior such as visual pursuit, localization of noxious
stimulation, and/or contingent behavior) and MCS+ (i.e., patients
show command following Bruno et al., 2012, p.1087). MCS- can be
further distinguished in terms of various degrees of capacity to pay
attention. For example, the capacity to track an object with the eyes is
a mark of degrees of attention in that eye tracking requires an executive
function, namely a combination of voluntary saccadic and smooth
pursuit eye movement (Ansell, 1995). It is worth noting that a post-
comatose patient’s having a low degree of attention (e.g., being able to
perform eye tracking relatively unstably and for a short time) can still
serve as a meaningful sign of minimal consciousness and a prognostic
figure for rehabilitation (Ansell, 1993). In short, traditional behavioral
assessments can capture the very minimal degree of MCS-.

The odd-ball task is structurally “ill-formed” because the P300b
response can be dissociated from the very minimal degree of MCS-.
In King et al.’s (2013) experiment, only 52% of 23 conscious con-
trols with brain injuries showed the P300b response. The number of
false negatives (i.e., the remaining 48% of controls) is not negligi-
ble because it seems that the number cannot be reduced simply by
conducting the task repeatedly and precisely. That is, it seems that
these false negatives were generated because the conscious controls
with brain injuries could not pay strong attention to global oddballs.
Moreover, there are relevant experiments suggesting that stimulations
like global oddballs require a relatively high degree of attention. In
experiments with autistic and schizophrenic patients, such patients
demonstrated reduced responses to stimulations similar to global odd-
balls (Novick et al., 1980; Kirgel et al., 2016). If the capacity to
respond to stimulations like global oddballs can be dissociated from
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the relevant executive functions like working memory (thus, the very
minimal degree of MCS-), then the odd-ball task structurally permits
the possibility of false negatives.

This problem with global oddballs applies to passive paradigm
tasks in general. They all depend on similar stimulations; Naci et
al.’s (2014) and Laforge et al.’s (2020) movie-watching tasks require
that subjects are paying attention to (and understanding) the narra-
tives of the movies. Consequently, passive paradigms in general are
structurally “ill-formed.”

It is worth noting that, structurally, no task can completely avoid
the possibility of false negatives, because the absence of informa-
tion about minimal consciousness is not evidence of the absence of
minimal consciousness. Nonetheless, my analysis of the engineering
aspect of the relevant tasks shows that such tasks are specifically
designed to test MCP patients with the “right” kind of capacities. In
other words, my analysis indicates that we need a new NSA task
that does not depend on language comprehension or the capacity to

recognize violations of temporal regularities.

4. A Proposal: The Misrepresentation Task

I argued that NSAs in their current form are structurally “ill-formed”
because they depend on capacities that can be dissociated from mini-
mal consciousness, such as the capacity to comprehend syntactically
complex sentences and the capacity to pay attention to stimulations
like global oddballs. Recall that a fundamental problem of traditional
behavioral assessments is that they depend on the capacity to perform
overt behaviors, which can be dissociated from minimal conscious-

ness. It turns out that NSAs raise a similar fundamental problem.
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Below, I propose a task for an NSA that is structurally “well-formed”
in the sense that it depends on neither language comprehension nor
a degree of attention to global oddballs.

An NSA task is diagnostically reliable if it is informationally
and structurally reliable. As I explained, the relevant tasks satisfy
the former, but are problematic with respect to the latter. I therefore
propose an informationally reliable and structurally “well-formed”
task, namely, a misrepresentation task, which consists of two parts:

a control task and a melting-wax task:

Control task

Show a subject lukewarm water droplets being sprayed on an
instructor’s hands, and then spray lukewarm water droplets on
the subject’s hands (in such a way that the subject sees it).

Melting-wax task

Show the subject fake melting wax being dropped on the in-
structor’s hands (with the instructor making a facial expression
of pain), and then spray lukewarm water on the subject’s hands
(in such a way that the subject sees the water drops as melting
wax drops).

Noxious hot (46°C) stimulation produces localized activities in pre-
frontal areas (Tracey et al., 2000). I claim that activities in these areas,
if observed in the melting-wax task but not in the control task, can be
taken as diagnostically reliable neural signals. It is easy to see why the
misrepresentation task is structurally “well-formed.” It relies neither
on language comprehension nor on the capacity to pay attention to an
auditory sequence. The task tests whether a subject can misrepresent
a non-noxious tactile-stimulus as a noxious tactile-stimulus. As far
as a subject has the capacity to misconceptualize lukewarm water as

melting wax, the subject can pass the misrepresentation task.
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In order to analyze the informational aspect of the misrepresenta-
tion task, a distinction between two types of placebo/nocebo responses
needs to be discussed. Benedetti et al. (2003) distinguish between
placebo/nocebo responses by conditioning and expectation, where the
former concerns unconscious processes such as hormone secretion
and the latter concerns conscious processes such as pain or motor per-
formance. The misrepresentation task does not involve conditioning:
it does not expose a subject to repeated stimulus-behavioral patterns,
nor does it reward/punish the subject for behaving in a particular
way in response to certain stimulations. Rather, the misrepresentation
task tests whether a subject can form an expectation of the forthcom-
ing “noxious” stimulus. According to Colloca and Benedetti (2009),
observational social learning produces placebo/nocebo responses by
expectation. The purported brain activity in the misrepresentation task
is a mark of a nocebo response due to expectation produced by social
learning (i.e., the instructor displays a painful facial expression when
the tactile stimulus is paired with melting wax). Most importantly,
placebo/nocebo responses by expectation generally require executive
functions (Benedetti, Carlino and Pollo, 2011, p.239). Thus, if local-
ized activities in prefrontal areas are observed in the melting-wax task
but not in the control task, then the best explanation for the activities
is the one that appeals to minimal consciousness. In a nutshell, the
misrepresentation task is informationally reliable because P(nocebo
effect by expectation|activities in prefrontal areas) is greater than
P(nocebo effect by conditioning|activities in prefrontal areas).

Notice that although the misrepresentation task is structurally
“well-formed” in the sense that it does not depend on either language
comprehension or sufficient attention to notice global oddballs, it
might still structurally generate false positives. Placebo responses of
patients with dementia of the Alzheimer’s type are reduced or totally
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lacking (Benedetti, Carlino and Pollo, 2011, p.349). So, it is possible
that an MCP patient would have the same problem in forming a nocebo
response by expectation. I am not proposing the misrepresentation task
as a non-false-positive-generating task, but as a supplement to NSAs
in their current form, which relies on a different cognitive capacity.
Consider traditional behavioral assessments, where the relevant tasks
appeal to various types of cognitive capacities, including eye tracking,
automated pupillometry (Vassilieva et al., 2019), and functional object-
use (Sun et al., 2018). Likewise, the misrepresentation task is one way
of diversifying the types of cognitive capacities to which NSAs appeal
in testing minimal consciousness in behaviorally nonresponsive MCP

patients.

5. Conclusion

The current paper demonstrated that NSAs in their current form are
informationally reliable but structurally “ill-formed.” They are in-
formationally reliable because the relevant tasks depend on strong
correlations between cognitive capacities and the corresponding brain
areas. However, they are structurally “ill-formed” because they essen-
tially depend on language comprehension or stimulations like global
oddballs as diagnostic means. The primary aim of NSAs is to test for
minimal consciousness in behaviorally nonresponsive post-comatose
patients because the minimally conscious state can be dissociated
from the capacity to perform overt behavior. Given that language com-
prehension and global oddball recognition can be dissociated from
minimal consciousness, I proposed a task that does not involve such

capacities and is informationally reliable, namely the misrepresen-
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tation task. Consequently, this paper not only reveals the structural
limitations of NSAs, but also attempts to diversify the diagnostic
means of NSAs.
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