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SUMMARY

Introduction

Behavioural assessments are the current gold standard tool for determining the level of
awareness in disorders of consciousness (DoC), but cannot be applied in all patients. Neu-
roimaging and/or neurophysiological responses to mental imagery tasks are emerging as a
potentially more sensitive tool for assessing awareness, especially in patients with injuries to
the motor systems that often accompany impairments in consciousness. This review sum-
marises and critically appraises the current evidence to determine if functional magnetic res-
onance imaging (fMRI) and electroencephalography (EEG) based mental imagery paradigms
are viable tools for assessing awareness in patients with DoC.

Methods

We conducted a systematic literature review according to the PRISMA guidelines. PubMed,
Embase, and Psycinfo databases were searched for studies investigating fMRI or EEG based
mental imagery paradigms for detecting awareness in patients with DoC.

Results

A total of 17 studies were identified for inclusion in this review (eleven investigating fMRI
paradigms and six EEG protocols). Across all fMRI studies and five out of the six EEG studies,
mental imagery paradigms were able to detect awareness in patients with DoC, with different
degrees of accuracy. In one fMRI and one EEG study, mental imagery paradigms were a
useful tool for communication with patients.

Discussion

There is promising evidence that both fMRI and EEG based mental imagery paradigms could
become viable tools for assessing awareness in patients with DoC. Further research is needed
to validate preliminary findings in larger samples of patients with different aetiologies and
including longitudinal assessments.

Key words: awareness, disorders of consciousness, electroencephalography, functional
magnetic resonance imaging, mental imagery

Introduction

Patients with disorders of consciousness (DoC) have a condition char-
acterised by severely impaired wakefulness and awareness, as a result
of a broad range of pathologies such as acquired brain injury " and pro-
gressive brain degeneration 2. The clinical assessment of consciousness
in this patient population, as well as in neurological conditions resulting
in transiently altered conscious states, relies on an important distinction
between the dimensions of arousal and awareness 8. Arousal (‘level of
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consciousness’) refers to the ability to demonstrate
physical signs of wakefulness, whether that be opening
the eyes or unprompted movements. On the other hand,
awareness (‘content of consciousness’) is the ability to
have subjective experiences. The bidimensional model
of consciousness has proven particularly useful in the
assessment of epilepsy-induced transient alterations of
consciousness, often based on patients’ retrospective
accounts ®#'2_In the context of prolonged DoC, it is of-
ten difficult to confidently ascertain whether a patient is
having a conscious experience because of the impair-
ment in communication that defines this population '35,
Currently, the gold standard method for evaluating
awareness in patients with DoC is a bedside behav-
ioural assessment focusing on observable responses to
external stimuli. The most commonly used behavioural
assessment tools are the Glasgow Coma Scale (GCS)
and the Coma Recovery Scale-Revised (CRS-R), with
proven usefulness in this patient population 6. The GCS
was developed in 1974 and quantifies the functioning
of three behavioural domains related to the level of con-
sciousness: eye opening, verbal and motor response 7.
The CRS-R was developed in 1991 ® and revised in
2004 to align its behavioural criteria with the new defini-
tion of MCS 92, The CRS-R assesses auditory, visual
and motor functioning, as well as verbal responsive-
ness, communication, and arousal '°. Since damage to
motor systems frequently accompanies DoC, a signifi-
cant percentage of patients with impaired conscious-
ness might still retain some degree of awareness, but
have insufficient voluntary control over their movements
to demonstrate this through observable behaviours 2'.
Other confounders include sensory and cognitive im-
pairment, as well as pain, potentially resulting in sub-
tle or fluctuating behavioural signs that may be easily
missed '*. Combined with observer bias, these factors
account for a relatively high frequency of misdiagnosis
of DoC based on behavioural assessments - as high as
40% 22,

The clinical spectrum of DoC ranges from coma and
vegetative state (VS) to minimally conscious state
(MCS) 2>%5, Coma is the most severe DoC, as patients
show no evidence of arousal; based on behavioural as-
sessments, it is assumed that they have no awareness
either 26, When patients with coma gradually regain con-
sciousness, their diagnosis is often initially changed to
VS, also referred to as unresponsive wakefulness syn-
drome (UWS) 272, Patients with UWS/VS retain sleep-
wake cycles (arousal) and stimulus-induced movements
(e.g. pupil dilation, apparently random movements of the
limbs, chewing, teeth grinding). Despite the absence
of clear and consistent behavioural evidence of aware-
ness, inconsistent signs can be observed. Patients with
MCS display inconsistent but reproducible behavioural
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responses, indicating awareness. In case of less obvi-
ous behavioural signs (e.g., a small hand or eye move-
ment), assessments often need to be protracted over
longer periods of time to achieve a confident diagno-
sis 30. It has been proposed to split the MCS diagnosis
into MCS- and MCS+: patients with MCS- are thought
to have the capacity for only a restricted range of rudi-
mentary conscious contents (behaviourally expressed
as visual pursuit, localization of noxious stimulation or
appropriate smiling/crying to emotional stimuli), where-
as patients with MCS+ are presumed to be able to en-
joy a considerably wider range of conscious contents,
involving a greater degree of cognitive sophistication,
as shown by verbalised responses, command follow-
ing, and intelligible verbalizations 8382, Patients with
locked-in syndrome lie outside the clinical spectrum of
DoC, as both arousal and awareness are preserved,
as shown by voluntary control of eye movements and
blinking, despite inability to speak and complete paraly-
sis of the limbs .

Over the last few decades, other assessment strategies
have been developed to provide additional or more reli-
able information about awareness in patients with DoC.
The most promising tools to complement behavioural
assessments are neuroimaging and neurophysiology,
either in isolation or in combination #%°. Neuroimaging
proved useful in reliably detecting differences in resting
state brain activity and metabolism between patients
with impaired consciousness and healthy controls, as
well as in discriminating between patients with different
levels of consciousness ¥, In neuroimaging-based
mental imagery paradigms, patients with DoC are in-
structed to engage in an imagination task and respons-
es are recorded using fMRI or EEG 3140, Patients can be
asked to perform either complex motor imagery tasks,
such as imagining playing tennis, or more simple mo-
tor tasks, such as imagining moving the right hand.
They can also be asked to engage in spatial imagery
- for example, imagining walking around each room in
their house. A differential increase in activity in specific
brain regions demonstrates that the patient success-
fully engaged with the task at hand. This also provides
evidence for significant levels of consciousness (arous-
al) coupled with relevant contents of consciousness
(awareness), as imagery tasks require understanding of
and compliance to specific instructions. This promising
research avenue is attracting an increasing amount of
interest because of its clinical and theoretical implica-
tions. We therefore set out to conduct a systematic lit-
erature review to assess whether the available evidence
indicates that fMRI and EEG based mental imagery
paradigms are viable tools for assessing awareness in
patients with DoC.



Methods

The present systematic literature review was conduct-
ed in accordance with the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines #'. On 25/05/2024, we performed a search on
the PubMed, Embase, and PsyciInfo databases for orig-
inal studies in which fMRI or EEG imagery paradigms
were used to assess awareness in patients with DoC.
For our search, we combined the terms ‘minimally con-
scious’ OR ‘vegetative’ OR ‘disorders of consciousness’
AND ‘awareness’ OR ‘consciousness’ AND ‘imag* OR
‘magnetic resonance’ OR ‘electroencephalograph® (the
search strategies for the three databases are detailed
in the Supplementary Material). The reference lists of
eligible articles were manually screened to identify any
further relevant articles.

We included studies on patients diagnosed with any
form of DoC following behavioural assessments ac-
cording to the GCS, the CRS-R, or equivalent diagnostic
measures. We restricted our search to studies that used
fMRI or EEG approaches to mental imagery-based par-
adigms for assessing awareness in patients with DoC.
Neuroimaging studies focusing on neural resting states
instead of mental imagery were excluded, as they did
not directly address our research question. Both case
series and controlled studies were included in this re-
view. Case studies of single patients were excluded.
We excluded from our review studies published in lan-
guages other than English and studies published be-
fore 2004, the year in which the CRS-R was made avail-
able. By excluding the studies that used outdated in-
struments, we have focused our review on current gold
standard methodology for the behavioural assessment
of DoC.

Two independent reviewers (T.L.C., A.E.C.) collected
data from each report without using automation tools.
The reviewed studies contained all the relevant informa-
tion and therefore there was no need to implement any
processes for obtaining or confirming data from study
investigators. The Crowe Critical Appraisal Tool (CCAT)
was used to perform quality assessment on the reviewed
studies “2. The CCAT has eight sections: preliminaries,
introduction, design, sampling, data collection, ethical
matters, results, discussion. Each section is awarded
a minimum of 0 points and a maximum of 5 points, with
higher points indicating higher methodological quality.
In the present review, scores were awarded as follows:
0-1 points indicated a section with a degree of flawed
methodological quality that resulted in exclusion of the
study from the review; 2 points indicated at least two
methodological flaws leading to bias in the relevant sec-
tion; 3 points indicated one methodological flaw likely
leading to bias; 4 points indicated one methodological
flaw unlikely to lead to bias; and 5 points indicated that
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any possible methodological flaws did not lead to bias.
The sum of the scores of the eight sections yielded a
combined CCAT score (0-40), with higher scores indi-
cating higher methodological quality.

Results

In total, eleven fMRI studies and six EEG studies were
selected for inclusion in this review, with research being
conducted across nine different countries. The article
selection process is summarised in the PRISMA flow
diagram (Fig. 1).

Five out of the 17 studies took place in the United
States 447, two each in Austria 4, Israel 5°%', and lIta-
ly 253, and one each in Australia, Belgium, China, and
Germany %+%7. Two further studies %% were conducted
across two countries, Belgium and the United King-
dom. All studies took place in specialist centres for the
clinical management of patients with DoC resulting from
acquired brain injury. The CRS-R was used as a behav-
ioural measure in all studies except for the one by Liang
et al. %, who used the GCS and equivalent scales. The
GCS was also used alongside the CRS-R in three stud-
ies 464759 Twelve out of the 17 studies recruited age-
matched healthy controls to validate the mental imagery
tasks by verifying the feasibility of detecting specific
neural activity in response to a command as a standard
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FIGURE 1. PRISMA flow diagram outlining the identification,
screening, assessment for eligibility, and inclusion of studies
in the present review.
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indicator of awareness 43:46:46-48:5152.54-66,58.59,

Mental imagery was assessed by asking participants to
imagine carrying out specific tasks that required them
to use either their motor or spatial imagery. Seven out
of the 17 studies used both motor and spatial imagery
tasks 4349.50548557.59 ' Qne very typical way to assess mo-
tor imagery was to ask patients to imagine playing a
simple game that requires the same repetitive action,
preferably with the same arm. Specifically, participants
were instructed to “imagine playing tennis” in seven
studies 43454954555789 - gand to “imagine swimming” in
three studies “4449, Alternative commands to determine
the presence of motor imagery included “imagine open-
ing and closing your hand” and “imagine squeezing
your hand”, which were utilised in six studies 45485358,
In two further studies, patients were instructed to raise
their hand % and to hold their hand firm “¢, respectively.
Spatial imagery was most commonly assessed by ask-
ing patients to imagine navigating through their house
(five studies 4% 5455.57.59) Personally familiar face image-
ry was used in two studies %% whereas in one instance
patients were asked to imagine objects from their kitch-

en %0, Finally, two studies utilised instructions that were
different from these simple commands. Along with a
simple hand squeezing test, Naro and Calabro ® also
asked subjects to imagine dancing, either while being
shown simultaneous footage of people dancing in a vid-
€0, or independent of external visual stimuli. Claassen
et al. 4" took a slightly different approach: instead of ask-
ing patients with no behavioural response to motor com-
mands to imagine moving their hand, they asked their
participants to actually try carrying out that motor task.
A summary of the eleven studies using a fMRI mental
imagery paradigm to investigate awareness in patients
with DoC is provided in Table |. Data were collected for
a total of 252 patients with DoC: 79 patients diagnosed
with MCS, 74 patients with UWS/VS, 3 patients in a coma,
and 96 patients with unspecified DoC. The aetiological
processes leading to DoC were documented as follows:
95 patients had a traumatic brain injury, 39 an anoxic
brain damage, 16 a cerebrovascular accident, and 4
other conditions, including infectious diseases. Two pa-
tients in the study by Monti et al. 59 had two pathologies
each (traumatic brain injury and anoxia, traumatic brain

TABLE I. Summary of studies using a IMRI mental imagery paradigm to investigate awareness in patients with disorders of con-

sciousness.

Country

N

Behaviour-

Imagery paradigm

Main findings

(aetiology)

al measure

Monti Belgium, 54 ABI 23 CRS-R,
etal., United (31 TBI, 1 TBI + UWS/ GCS
2010%® Kingdom ABD, 1 TBI + in- VS

fection, 15 ABD, 31 MCS

3 CVA, 3 infec-

tion)

16 HC
Bardin United 5ABI 5MCS CRS-R
etal., States (3 TBI, 1 ABD, 1
2011 43 CVA)

14 HC
Bick Israel 11 ABI 6 UWS/ CRS-R
etal., (7 TBI, 4 ABD) VS
2013 %0 5 MCS
Sharon lIsrael 4 ABI 4 UWS/ CRS-R
etal., (2 ABD, 2 TBI) VS
2013 13 HC
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Motor imagery: playing
tennis; spatial imagery:
mental navigation in
own house

Motor imagery: playing
tennis or swimming;
choice task: respond-
ing yes/no through
imagery to matching/
unmatching cards

Preliminary  auditory
task; imagery: playing
ball game, humming
song, walking home,
visualizing objects
from kitchen
Personally familiar face
imagery: visualization
of parent’s face

5/54 patients showed
fMRI activation in imagery
tasks (4/5 with UWS/VS);
communication tested in
1 imagery responsive pa-
tient with UWS/VS (clas-
sified 5/6 answers with
100% accuracy)

2/5 patients showed fMRI
activation in motor image-
ry task; 1 patient showed
fMRI activation in choice
task

7/11  patients showed
fMRI activation in pre-
liminary auditory task; 5/7
showed fMRI activation in
at least one imagery task
(1/7 in all four tasks)

All  patients and HC
showed fMRI activation in
familiar face imagery task;
strongest brain connectiv-
ity in the 2 patients who
later recovered

37/40

36/40

33/40

35/40




TABLE I. .

Country

b DoC

Behaviour-
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Imagery paradigm

Main findings

Vogel
etal.,
2013 %7

Forgacs
etal.,
2014

Liang
etal.,
2014 %

Stender
etal.,
2014 %

Bodien
et al.,,
2017 4

Edlow
etal.,
2017 *6

Wang
etal.,
2019 ¢

Germa-
ny

United
States

Australia

Belgium

United
States

United
States

China

(aetiology)

22 ABI 1 0
(10 ABD, 6 CVA, UW S/

6 TBI) VS
12 MCS
26 ABI NS
(NS)
5 ABI 3 UWS/
(4TBI, 1 other) VS
11 HC 2 MCS
70 ABI NS
(NS)
16 HC
10 ABI 1 coma
(10 TBI) 4 UWS/
10 HC VS
2 MCS-
3 MCS+
16 ABI 2 coma
(16 TBI) 3 UWS/
16 HC VS
3 MCS-
8 MCS+
29 ABI 2 1
(16 TBI,7ABD,6 UW S/
CVA) VS
15 HC 8 MCS

al measure
CRS-R

CRS-R

GCS, GOS,

WHIM

CRS-R

CRS-R

CRS-R

Motor imagery: playing
tennis; spatial imagery:
mental navigation in
own house

Motor imagery: swim-
ming

Motor imagery: playing
tennis; spatial imagery:
mental navigation in
own house; personally
familiar face imagery;
counting up from 10 by
7s

Motor imagery: playing
tennis; spatial imagery:
mental navigation in
own house

Motor imagery: playing
tennis, squeezing hand

Motor imagery:
squeezing hand

Motor imagery: raising
hand

14/22 patients showed
fMRI activation in imagery
tasks (5/14 with UWS/VS,
transitioned to MCS at
follow-up); 8/22 patients
did not show fMRI activa-
tion (5/8 with UWS/VS,
did not transition to MCS
at follow-up)

4/26 patients showed fM-
Rl activation in motor im-
agery task (3/4 with MCS,
1/4 with emerging MCS)

2/5 patients (1 UWS/VS,
1 MCS) showed fMRI re-
sponses to imagery tasks,
producing activations in
similar areas to HC

Agreement between
CRS-R and mental im-
agery fMRI was recorded
in 44/70 patients; mental
imagery fMRI predicted
56% of all known out-
comes

2/10 patients showed
fMRI activation in tennis
playing motor imagery
task (0/2 with behavioural
evidence); 3/10 patients
showed fMRI activation
in hand squeezing motor
imagery task (2/3 with be-
havioural evidence)

11/16 HS and 7/16 pa-
tients showed fMRI acti-
vation in hand squeezing
motor imagery task (3/7
with  behavioural evi-
dence)

4/29 patients (2 MCS, 2
UWS/VS) showed fMRI
activation in hand raising
motor imagery task

37/40

35/40

35/40

36/40

35/40

35/40

35/40

Abbreviations. ABD, anoxic brain damage; ABI, acquired brain injury; CCAT, Crowe Critical Appraisal Tool; CRS-R, Coma Recovery Scale-Revised; CVA, cerebrovascular accident;
DoC, disorders of consciousness; fMRI, functional magnetic resonance imaging; GCS, Glasgow Coma Scale; GOS, Glasgow Outcome Scale; MCS, minimally conscious state (+/-,
with/without verbalised responses to environmental stimuli); NS, not specified; TBI, traumatic brain injury; UWS, unresponsive wakefulness syndrome; VS, vegetative state; WHIM,
Wessex Head Injury Matrix.
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TABLE Il. Summary of studies using an EEG mental imagery paradigm to investigate awareness in patients with disorders of
consciousness.

Country

Imagery paradigm Main findings

Cruse
etal.,
2011 %8

Hoéller
etal.,
2013 %@

Horki
etal.,
2014 #°

Mangia
etal.,
2014 %2

Claassen
etal.,
2019 +

Naro and
Calabro,
2020 53

Belgium,
United
Kingdom

Austria

Austria

Italy

United
States

Italy

[\ Behavioural
. DoC

(aetiology) measure
16 ABI 16 CRS-R
(9 ABD, 5 UWS/
TBI, 2 CVA) VS
12 HC
14 ABI 9 UWS/ CRS-R
(6 CVA, 4 VS
ABD, 4TBI) 5 MCS
22 HC
6 ABI 6 MCS CRS-R
(3TBI, 1TBI
+ CVA, 2
ABD)
5 ABI 1 UWS/ CRS-R
(4TBI,1TBI VS
+ ABD) 4 MCS
5HC
104 ABI 47 CRS-R,
(39 CVA, 33 coma GCS
ABD, 15TBI, 27
17 other) UWS/
10 HC VS

30

MCS
20 ABI 1 1 CRS-R
(8 TBI, 7 UWS/
ABD, 5CVA) VS

9 MCS

Motor imagery:
squeezing hand, wig-
gling toe

Motor imagery: open-
ing/closing hand,
holding hand firm

Motor imagery: play-
ing sport, moving foot;
spatial imagery: men-
tal navigation in own
house

Motor imagery: mov-
ing hand/foot; com-
munication task:
responding yes/no
through hand/foot
movement imagery

Motor imagery: open-
ing and closing right/
left hand

Visuomotor-guided
imagery: dancing
while watching group
dance video; sim-
ple motor imagery:
squeezing hand; ad-
vanced motor image-
ry: dancing without
visual guidance

3/16 patients and 9/12 HC
showed significant differences
in EEG activity in motor im-
agery task; mean (range) im-
agery classification accuracy
with EEG activity: ABI 70%
(61-78%), HC 68% (60-91%)

No significant differences in
EEG activity after correcting
for false positives

Significant differences in EEG
activity for all imagery para-
digms (higher accuracy for
motor imagery than for spatial
imagery)

Mean imagery classification
accuracy with EEG activ-
ity: ABl 85%, HC 82%; mean
communication classification
accuracy with EEG activity:
ABIl 92%, HC 81%

16/104 patients showed signif-
icant differences in EEG activ-
ity in motor imagery task (8/16
with coma, 3/16 with UWS/
VS, 5/16 with MCS); 44% of
patients who showed cogni-
tive-motor dissociation (covert
consciousness) reported im-
provement at 12-month follow-
up behavioural assessment

7/20 patients showed sig-
nificant differences in EEG
activity in visuomotor-guided
imagery task (1/11 with UWS,
6/9 with MCS); 4/20 patients
showed significant differences
in EEG activity in simple mo-
tor imagery task (0/11 with
UWS/VS, 4/9 with MCS); 4/13
patients showed significant
differences in EEG activity in
simple motor imagery task
(1/7 with UWS/VS, 3/6 with
MCS)

37/40

36/40

35/40

36/40

38/40

38/40

Abbreviations. ABD, anoxic brain damage, ABI, acquired brain injury; CCAT, Crowe Critical Appraisal Tool; CRS-R, Coma Recovery Scale-Revised; CVA, cerebrovascular accident;
DoC, disorders of consciousness; EEG, electroencephalography; GCS, Glasgow Coma Scale; MCS, minimally conscious state; NS, not specified; TBI, traumatic brain injury; UWS,
unresponsive wakefulness syndrome; VS, vegetative State.
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injury and infection). The aetiology of 96 patients who
underwent fMRI in the studies by Forgacs et al. “ and
Stender et al. %° was not specified. A total of 121 healthy
controls were recruited across eight studies 4345465154
%659 The mean age of patients ranged from 27 years %
to 46 years %. The youngest patient across all studies
was 8 years old ¢ and the oldest was 75 years old #4.
Each fMRI study that was eligible for inclusion in this
review demonstrated successful evidence of engage-
ment in mental imagery tasks upon command by at
least some of the patients. Between one third and one
fourth of the combined sample (76/252 or 30%) demon-
strated brain activation in response to mental imagery
tasks. The proportion of patients able to engage in these
tasks with evidence of mental imagery ranged from 5/54
(9%) %° to 4/4 (100%) %'. Monti et al. % also found that
fMRI based mental imagery paradigms could be used
successfully as a communication tool to answer simple
yes/no questions, although this was only investigated in
one patient.

A summary of the six studies using an EEG mental im-
agery paradigm to investigate awareness in patients with
DoC is provided in Table II. A total of 165 patients were
included for analysis, along with over 42 healthy controls.
Holler et al “® did not specify the number of controls used
to validate the imagery tasks. Only Horki et al ° did not
include a control group. The most common diagnosis
was UWS/VS (64 patients), followed by MCS (54 pa-
tients) and coma (47 patients). All patients who were in
a coma were recruited by Claassen et al. 4. With regard
to aetiology, 55 patients had an anoxic brain damage, 52
a cerebrovascular accident, and 39 a traumatic brain in-
jury. Two patients had two pathologies each: one patient
with traumatic brain injury and cerebrovascular accident
in the study by Horki et al. *° and one patient with trau-
matic brain injury and anoxia in the study by Mangia et
al. ®2. The remaining 17 patients in the study by Claassen
et al. ¥ had other, non-specified conditions. The mean
age of patients ranged from 41 years % to 51 years “,
with the youngest patient being 14 years old ® and the
oldest being 78 years old %2

The reviewed EEG studies reported how accurately
EEG data could signal mental imagery engagement
compared to rest conditions. Five out of the six EEG
studies found that EEG based paradigms could detect
awareness 449525388 with degrees of accuracy ranging
from 19% %8 to 86% %2. Naro and Calabro ® found dis-
tinctions between the neural response to commands in
different subgroups of patients with DoC. Classification
accuracy between resting and task-related electrical
activity was validated in controls and although the dif-
ference in response was weaker in MCS patients than
in controls, classification accuracy was still statistically
significant for all mental imagery tasks in this patient

Mental imagery paradigms to assess awareness in disorders of consciousness

subgroup. On the other hand, patients with UWS/VS did
not consistently demonstrate responses to mental im-
agery. Naro and Calabro * also found that motor image-
ry tasks outperformed spatial imagery tasks in terms of
classification accuracy in patients with MCS. Visuo-
motor assisted imagery had the greatest classification
accuracy in patients with MCS, but did not perform sig-
nificantly better than simple motor imagery tasks. In the
study by Cruse et al. %, 19% of patients could repeat-
edly and reliably generate appropriate EEG responses
to two distinct commands, despite being behaviourally
entirely unresponsive (mean accuracy 70%). Mangia et
al. ®2 found that EEG based mental imagery paradigms
were able to classify responses into ‘'yes’ or ‘no’ dur-
ing communication trials with 97% accuracy. Claassen
et al. ¥ found that 15% of patients in a coma had sig-
nificant neural responses to the command to move their
hand, even without the presence of physical movement:
like mental imagery, this cognitive-motor dissociation
establishes some level of awareness, with a degree of
preserved cognitive ability. The study by Héller et al. 48
was the only outlier. These authors found that their EEG
based paradigm could accurately distinguish between
times when an unspecified number of controls were en-
gaging in mental imagery, and times when they were
not (79% accuracy). However, these findings were not
replicated in their series of 14 patients with DoC after
correction for false discovery.

Discussion

The ability to assess DoC using fMRI or EEG based
mental imagery paradigms is a relatively novel ap-
proach that has significant advantages over behav-
ioural testing alone. Our literature search identified 17
original studies presenting high-quality data on the use
of fMRI and EEG based mental imagery paradigms for
detecting awareness in patients with DoC. The com-
bined results of the reviewed studies indicate that men-
tal imagery paradigms developed within experimental
settings have the potential to become reliable tools for
the assessment of covert consciousness in this patient
population.

The strongest levels of evidence were provided by neu-
roimaging findings, documenting successful mental im-
agery in at least some of the patients in each clinical
sample. Four out of the five fMRI studies that included
data about DoC subgroups found that patients diag-
nosed with less severe forms of DoC, such as MCS or
emerging MCS, were more likely to demonstrate en-
gagement in mental imagery tasks than patients with
more severe impairments in consciousness, such as
UWS/VS or coma 43445657 |n the study by Vogel et al. %7,
all the patients with UWS/VS who demonstrated men-
tal imagery responses had their diagnosis changed to
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MCS or emerging MCS by their follow-up assessment,
suggesting that fMRI may be able to predict recovery
of awareness more accurately than behavioural assess-
ments. In 2016, a systematic review and meta-analysis
of studies using active, passive, and resting state fMRI
or EEG paradigms ¢ found that patients with MCS show
signs of preserved consciousness more frequently than
patients with UWS/VS across both active and passive
paradigms. A more recent meta-analysis of neuroimag-
ing studies published between 2005 and 2017 found
that active and passive cognitive tasks rely on well-seg-
regated patterns of fMRI activations ®'.

The results of five out of the six reviewed EEG stud-
ies were broadly in agreement: EEG based paradigms
were found to be reliable tools for assessing awareness
in patients with DoC, as they could accurately differen-
tiate cortical activity when engaging in mental imagery
tasks from resting state activity 4749525358 Moreover, the
study by Claassen et al. 4 showed that alongside men-
tal imagery, cognitive-motor dissociation (evidence of
covert consciousness) was predictive of better recovery
of consciousness at 12-month follow-up, highlighting its
sensitivity for detecting awareness in the early stages of
recovery. The study by Naro and Calabro % included da-
ta about DoC subgroups, showing that changes in EEG
activity in response to mental imagery were detectable in
less severe forms of DoC, such as MCS, but not in pa-
tients with a diagnosis of UWS/VS. The same authors also
found that visuomotor-guided imagery paradigms had a
16% higher classification accuracy than standard motor
imagery paradigms in patients with MCS. In turn, Horki
et al. 49 found motor imagery to be significantly more
sensitive at detecting awareness than spatial imagery
paradigms, raising the possibility of clinically relevant dif-
ferences across imagery paradigms in their sensitivity to
detect signals of awareness.

The implementation of mental imagery paradigms as a
communication tool in patients with DoC was explored
in two of the reviewed studies, using different tech-
nigues. In the fMRI study by Monti et al. %, a single pa-
tient with a diagnosis of UWS/VS who demonstrated evi-
dence of awareness was able to answer five out of six
questions with 100% accuracy using mental imagery to
communicate ‘yes’ or ‘no’. The authors noted that it re-
mained impossible to establish any form of communica-
tion with this patient at the bedside assessment. Similar
findings were obtained in the EEG study by Mangia et
al. %2, where classification accuracy between ‘yes’ and
‘no’ answers provided using motor imagery was 92% in
patients with a diagnosis of MCS. In addition to allow-
ing meaningful communication, these approaches open
up new avenues for a more fine-grained assessment of
the broader spectrum of cognitive functions affected
by DoC %2. Mental imagery-based studies attempting
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to obtain volitional responses from patients with DoC
could detect their command-following capability and
therefore may provide an effective means to communi-
cate with selected patients 2.

Despite the general trend of agreement between stud-
ies, their estimations of the proportion of patients with
DoC who retain awareness and the accuracy of men-
tal imagery paradigms in detecting awareness were
characterised by high variability. One of the possible
reasons for the discrepancy in findings is the intrinsic
difficulty in establishing validity. For example, across
both fMRI and EEG studies, it is unclear whether stud-
ies with lower classification accuracy included a higher
number of patients who failed to produce a detectable
response to an imagery task or used mental imagery
paradigms with lower sensitivity. Differences in sam-
pling/analysis techniques and sample sizes could also
account for a few discrepancies between the findings
of the reviewed studies. For example, the fMRI study
by Bick et al. * reported a high proportion (5/7 or 71%)
of patients demonstrating evidence of mental imagery,
however the authors recruited patients whose families
believed they were showing signs of consciousness,
raising the possibility that their clinical sample was bi-
ased towards patients with more intact consciousness.
Most of the reviewed studies had relatively small sam-
ple sizes, often due to the large number of patients who
did not meet the eligibility criteria 4346:46.48-525488 |0 2018,
a systematic review and meta-analysis focusing on the
relationship between brain data and clinical outcomes
of patients with DoC 8 found that insufficient power and
lack of an appropriate description of patient selection
characterized about half of the reviewed neuroimag-
ing and neurophysiology studies. Small sample sizes
with participant selection bias could be at least partly
responsible for variability of findings across studies and
poor generalisability to the wider DoC population.

In the reviewed studies, measures of awareness pro-
vided by mental imagery paradigms were compared
with structured behavioural assessments as the exist-
ing gold standard methodology. All studies used the
CRS-R as the behavioural measure of choice, with the
exception of the study by Liang et al. %, who used the
GCS and equivalent scales. It has been highlighted that
the limitations of the GCS as a measure of conscious-
ness include its suboptimal inter-rater reliability ® and
over-reliance on eye response to stimuli 8. The CRS-R
has been proposed as a more accurate and reliable
tool for assessing awareness based on behavioural evi-
dence . However, its implementation can be problem-
atic because of the need for multiple assessments over
time and its reliance on the patients’ ability to convey
physical manifestations of awareness which, depend-
ing on injuries to their motor systems, might not be



consistently possible. As for the non-behavioural pro-
tocols, a significant advantage of the fMRI technique is
its higher accuracy at localising responses to specific
brain regions (e.g. supplementary motor areas for motor
imagery tasks and parahippocampal gyrus for spatial
imagery tasks). This increases confidence that the de-
tected neural activity is a direct effect of intended ex-
ecution of the required mental imagery task, rather than
simply a response to auditory feedback or other envi-
ronmental stimuli. An obvious disadvantage is its im-
practical use, which is prevented in the case of patients
with surgical implants that make them unsuitable for this
neuroimaging approach 2. Despite lower spatial locali-
sation power, the practicality of using EEG equipment
makes neurophysiology investigations better suited for
the patient’s bedside assessment.

The implementation of mental imagery paradigms in a
multimodal approach to assess awareness in patients
with DoC could significantly increase diagnostic ac-
curacy, leading to better informed decisions regarding
care and rehabilitation programmes. Moreover, it has
been argued that patients with DoC demonstrating neu-
roimaging evidence of covert consciousness may ben-
efit from early adapted rehabilitation ®. One of the de-
velopments of artificial intelligence is in the integration
of mental imagery paradigms with brain computer inter-
faces ®°. As part of neurofeedback protocols, both fMRI
and EEG signals can be converted into meaningful re-
sponses to facilitate communication . Importantly, the
available evidence suggests that imagery-based fMRI
and EEG paradigms have the potential to outperform
behavioural assessments in generating prognostic data
to predict recovery trajectories in patients with DoC 7172,
Coupled with the findings of resting state activity stud-
ies, functional neuroimaging studies implementing
mental imagery paradigms allow for increasingly more
reliable network mapping of connectivity alterations in
DoC, which in turn paves the way for targeted neuro-
modulation 7.

Our systematic literature review has limitations. First, we
deliberately focused on research published in English
language during the last 20 years, possibly leaving out
relevant studies. Second, although the reviewed stud-
ies were rated as having satisfactory methodological
quality, they were mostly conducted in specialist cen-
tres across Europe #495253555758 gand North America “*
47 resulting in a geographical bias of the patient popu-
lation. Third, the process of combining and comparing
findings from heterogeneous studies was hindered by
inter-individual variability in the behavioural assessment
of consciousness and differences in the mental imagery
paradigms. Finally, few studies presented data on the
longitudinal trajectories of patients with DoC 47515557,
thus limiting generalisations about the stability of find-
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ings over time.

Despite these limitations, the present review provides
evidence that both fMRI and EEG mental imagery para-
digms could become viable tools for assessing aware-
ness in patients with DoC. A review published in 2022
covering studies that were conducted within the previ-
ous ten years showed that about 40% of patients with
DoC can be misdiagnosed because specifically de-
signed behavioural scales are not employed or improp-
erly administered 7. To improve diagnostic accuracy for
these patients, the authors suggested that neuroimag-
ing and electrophysiological techniques can play an im-
portant role in the differentiation between VS/UWS and
MCS patients. Based on the available literature, mental
imagery paradigms might prove more sensitive than
behavioural assessments at detecting awareness, and
could successfully be used as communication tools, es-
pecially in patients with compromised motor responses.
These findings have important clinical and theoretical
implications, paving the way to improved management
of DoC and shedding light on the neural correlates of
consciousness °.

In order to overcome the limitations of relatively under-
powered studies, further research should be conduct-
ed on larger sample sizes to establish the feasibility of
mental imagery paradigms as a reliable method of as-
sessing awareness in patients with DoC and to estab-
lish the consistency and specificity of findings across
different patient subgroups. It would be especially im-
portant to incorporate healthy controls in the study de-
sign to confirm the generalisability of previously validat-
ed paradigms and to assess the validity of novel mental
imagery paradigms, such as the visuomotor guided
imagery task “°. Overall, future research should focus
on the further development of more sensitive imagery
paradigms that can generate stronger neural responses
in a reproducible manner and in a wide range of DoC,
thus facilitating the implementation of these paradigms
in a clinical setting. Longitudinal studies with follow-up
assessments at 3, 6, and 12 months would provide use-
ful indications about the predictive power of mental im-
agery paradigms about the long-term outcomes of pa-
tients with DoC. Finally, it would be essential to conduct
further research combining both fMRI and EEG mental
imagery paradigms within the same clinical samples,
in order to allow direct comparisons between non-
behavioural methods of assessing awareness in DoC.
Advances in this field would play a crucial role in pro-
moting the incorporation of mental imagery paradigms
in improved diagnostic protocols for patients with DoC,
alongside validated behavioural assessments.
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