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ABSTRACT

Active, passive and resting state paradigms using
functional MRI (fMRI) or EEG may reveal consciousness
in the vegetative (VS) and the minimal conscious state
(MCS). A meta-analysis was performed to assess the
prevalence of preserved consciousness in VS and MCS as
revealed by fMRI and EEG, including command following
(active paradigms), cortical functional connectivity elicited
by external stimuli (passive paradigms) and default
mode networks (resting state). Studies were selected
from multiple indexing databases until February 2015
and evaluated using the Quality Assessment of
Diagnostic Accuracy Studies-2. 37 studies were
identified, including 1041 patients (mean age 43 years,
range 16—89; male/female 2.1:1; 39.5% traumatic brain
injuries). MCS patients were more likely than VS patients
to follow commands during active paradigms (32% vs
14%; OR 2.85 (95% Cl 1.90 to 4.27; p<0.0001)) and
to show preserved functional cortical connectivity during
passive paradigms (55% vs 26%; OR 3.53 (95% Cl
2.49 to 4.99; p<0.0001)). Passive paradigms suggested
preserved consciousness more often than active
paradigms (38% vs 24%; OR 1.98 (95% Cl 1.54 to
2.54; p<0.0001)). Data on resting state paradigms were
insufficient for statistical evaluation. In conclusion, active
paradigms may underestimate the degree of
consciousness as compared to passive paradigms. While
MCS patients show signs of preserved consciousness
more frequently in both paradigms, roughly 15% of
patients with a clinical diagnosis of VS are able to follow
commands by modifying their brain activity. However,
there remain important limitations at the single-subject
level; for example, patients from both categories may
show command following despite negative passive
paradigms.

INTRODUCTION

Probing consciousness in  non-communicating
patients by clinical examination is essential yet chal-
lenging. In patients with disorders of consciousness
(DoC), the origin of many clinical signs is not entirely
clear and their significance as to whether or not the
patient is conscious is even less certain. Perhaps even
more important is the fact that consciousness may
wax and wane in the short term (seconds to hours)
and long term (days to months). For instance,
although visual pursuit suggests a minimally con-
scious state (MCS), it may only be elicited by certain
powerful stimuli, for example, the patient’s own eyes
reflected by a mirror, and only in certain situations,

for example, when the presence of relatives boosts
arousal’ » (figure 1). Consequently, as many as 40%
of non-communicating patients with DoC are errone-
ously classified as being in the vegetative state (VS).>
This has significant ethical and practical implications
for patients and their caregivers, including prognosis,
treatment, resource allocation and end-of-life
decisions.

Technologies based on functional MRI (fMRI)
and EEG (including cognitive event-related poten-
tials (ERPs)) have been developed during the past
two decades to assist in the clinical evaluation of
patients in VS and MCS. Although these patients
may not show any signs of consciousness at the
bedside because of lost motor output, some are
able to wilfully modulate their brain activity on
command, even answering yes or no questions by
performing mental imagery tasks. This can be
detected by fMRI and EEG paradigms.* There are
three main approaches to test for preserved con-
sciousness in patients with DoC: (1) active para-
digms in which patients are required to execute
cognitive tasks as outlined above, (2) passive para-
digms relying on the documentation of preserved
large-scale functional cortical connectivity, follow-
ing an external stimulus, and (3) resting state condi-
tions in which assumptions about the patient’s
conscious state are made by extrapolation from pat-
terns of spontaneous brain activity, including (but
not limited to) the default mode network.®
Theoretically, whereas active paradigms of con-
sciousness may suggest a higher degree of certainty,
passive and resting state paradigms should also
allow detection of signs of consciousness in patients
who are not able to cooperate in cognitive tasks
because of aphasia, neglect, executive dysfunction,
major depression or deafness.

We performed a systematic review and
meta-analysis of the literature in order to assess
whether the clinical diagnosis (ie, VS vs MCS) is
accurately reflected by the presence or absence of
signs of consciousness as revealed by fMRI and/or
EEG. To this end, we calculated ORs for command
following (active paradigms), preserved cognitive
ERPs or cortical activation (passive paradigms) and
presence of a default mode network (resting state
conditions). We hypothesised that active paradigms,
despite their obvious benefits, may underestimate
the degree of preserved consciousness in patients
with DoC as compared to passive and resting state
paradigms.
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Figure 1 This figure depicts a
3D-model of consciousness in
non-communicating patients, including
those with a diagnosis of vegetative or
minimal conscious states. The degree
of consciousness typically fluctuates
with time (x-axis) both in the short
term (seconds to hours) and long term
(days to months). The correct
evaluation of consciousness (y-axis)
depends on the patient’s behaviour
(z-axis), which is typically
conceptualised as a product of arousal
and motor output. Whereas clinical
evaluation at the bedside is indeed
critically reliant on measurable motor
activity, active, passive and resting
state paradigms also allow assessment
of consciousness in patients who have
lost all motor output. These
paradigms, however, are still
dependent on a sufficient degree of
arousal.

100%

consciousness

seconds

METHODS

We performed a systematic review and meta-analysis using stan-
dardised methods. The review protocol can be accessed from
the online supplementary files.

Primary and secondary objectives

Using the PICO approach (Patients, Intervention, Comparison,
Outcomes),® we phrased the following primary research question:
In unresponsive patients with DoC (P), does a clinical diagnosis
of VS (I), as compared to MCS (C), indicate absence of or a
lower level of consciousness as reflected by poorer performance
in active paradigms and/or less preserved neuronal connectivity
during passive or resting state conditions (O)?

In addition, we phrased a secondary research question:

In unresponsive patients with DoC (P), does testing of con-
sciousness using passive paradigms and resting state conditions
(I), as compared to active paradigms requiring patient cooper-
ation (C), more frequently suggest preserved consciousness (O)?

Criteria for considering studies for this review

Types of studies

We included all cross-sectional or longitudinal, retrospective or
prospective observational studies as well as interventional trials,
reporting on active, passive and resting state paradigms of con-
sciousness in patients diagnosed with VS or MCS. Notably, we
included only original articles allowing assessment of patient
data at the single-subject level. In order to reduce the influence
of convenience sampling, studies with n <§ were excluded.

Participants

Adults (age >16 years) presenting in intensive care units, special-
ist units (ie, stroke units, neurological and neurosurgical depart-
ments), step-down units, rehabilitation facilities or nursing
homes were included if they fulfilled the established criteria for
VS or MCS (see below) and if they had been evaluated by
active, passive and/or resting state paradigms of consciousness,

hours days months

time

comprising fMRI and/or EEG, at any time point following the
acute injury (ie, at least 10 days after ictus).

Index tests

The index tests comprised fMRI and EEG used in active,
passive or resting state paradigms of consciousness. In addition,
we included studies on EEG in combination with transcranial
electromagnetic stimulation (TMS). Notably, paradigms were
only classified as ‘active’ if the authors explicitly made assump-
tions of whether or not patients had followed their instructions.
For instance, instructions such as ‘pay attention’ or ‘listen care-
fully’ prior to auditory oddball tests were not regarded per se as
indicating active paradigms. Further, papers focusing on struc-
tural MRI, MR spectroscopy, positron emission tomography,
single-photon emission CT and/or magnetoencephalography
were excluded. We also excluded studies assessing the EEG
background reactivity or the presence of ERPs for wholly prog-
nostic reasons (ie, if authors made assumptions about the clin-
ical outcome but not the present conscious states of their
patients). Recent theories of consciousness suggest that early
ERPs correspond to unconscious processing stages, whereas late
ERPs with a wide topographical cortical representation are asso-
ciated with conscious processes.” Specifically, long-latency or
‘cognitive’ ERPs involving fronto-temporo-parietal connective
pathways (such as P300, N400, P600 and late positive complex
(LPC)) are regarded as EEG markers for neuronal conscious per-
ception.® ? In addition, EEG complexity and the ‘global’ EEG
response to external stimuli can be used as a substrate of con-
scious perception.” 1712 For the purpose of this study the mis-
match negativity (MMN) was not regarded as late cognitive
ERP and excluded from analysis, since MMN seems to reflect
unconscious integration of the auditory environment.'®

Target conditions

The target condition was defined as signs of preserved con-
sciousness in patients with VS or MCS due to traumatic brain
injury (TBI), cerebrovascular disorders (CVA; including
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ischaemic and haemorrhagic stroke, subarachnoid haemorrhage
and cerebral venous sinus thrombosis), anoxic-ischaemic
encephalopathy (eg, due to cardiac arrest) and similar critical
brain disorders. We applied the classical definition of conscious-
ness as a “state of full awareness of the self and one’s relation-
ship to the environment”."”> The VS, or unresponsive
wakefulness syndrome, is a condition of wakefulness without
awareness.'* Patients in this condition may open their eyes but
exhibit only reflex behaviours and are therefore considered
unaware of themselves and their surroundings. In contrast,
patients in MCS show unequivocal signs of non-reflex beha-
viours occurring inconsistently, yet reproducibly, in response to
environmental stimuli. By definition, although some may follow
commands to a certain degree, accurate communication is not
possible. VS and MCS most likely exist on a spectrum rather
than being categorically distinct.®® *® Thus, patients may be clas-
sified into MCS plus (ie, if they are able to obey commands) or
minus (ie, if they only localise pain, exhibit visual pursuit or
show appropriate emotional expressions).'” Traditionally, VS
has been considered permanent 3 months after non-traumatic
injuries and 12 months following TBI, although late recovery is
increasingly recognised.'* Patients may evolve from VS into
MCS (or better), and they may or may not relapse. It follows
that signs of preserved consciousness can wax and wane.
Therefore, we assessed if studies had employed serial testing of
consciousness.

Reference standards

We considered clinical bedside evaluation for signs of conscious-
ness using standardised scales as reference standards. Of these,
the Coma Recovery Scale-Revised (CRS-R) is widely regarded as
the most sensitive and specific instrument.'®

Search methods for identification of studies

Electronic searches

We searched the following databases for relevant literature from
1 January 1990 to 28 February 2015: Cochrane Central
Register of Controlled Trials (Cochrane Library), Medline
(PubMed), and clinicaltrials.gov. The search terms are listed in
the review protocol (see online supplementary files). The refer-
ences of relevant articles were manually searched to identify
additional articles. Papers were cross-referenced using the ‘cited
by’ function on PubMed.

Data collection and analysis

Selection of studies, data extraction and management

Titles were reviewed first, followed by evaluation of the abstracts
with titles suggesting that a study was of relevance. Eligible
studies were identified on the basis of their full text. The initial
selection was undertaken by one author (DK), whereas quality
assessment and data extraction were performed blinded by two
assessors (DK, CKF). The review was reported following the
PRISMA criteria (see online supplementary files).!”

Assessment of methodological quality

Using the Quality Assessment of Diagnostic Accuracy Studies-2
(QUADAS-2), a recent modified version of QUADAS,*® two of
the authors (DK, CKF) independently assessed the methodo-
logical quality of each included study. QUADAS-2 comprises
four domains: (1) participant selection, (2) index test, (3) refer-
ence standard and (4) flow of participants through the study
and timing of the index tests and reference standard (flow and
timing). Each domain is assessed for risk of bias, and the first
three domains are also assessed for concerns regarding

applicability. Risk of bias and concerns about applicability are
judged as ‘low’, ‘high’ or ‘unclear’. See online supplementary
files for details. Disagreement between the two reviewing
authors was resolved by consensus or an independent referee
(MF) if required.

Statistical analysis and data synthesis

We conducted a meta-analysis on the available numerical data
by calculating ORs and CI for patients in VS or MCS for
command following (active paradigms), cortical connectivity
(passive paradigms) and presence of an intact default mode
network (resting state conditions), using standardised statistical
methods. We considered a p value below 0.05 as statistically
significant.

RESULTS

Systematic literature search and quality assessment

The initial literature search yielded 718 citations. We included
44 original publications for meta-analysis, reporting on 37
studies.” 2711 15 2155 125638 pop 4 flow diagram of the litera-
ture review, the reader is referred to online supplementary
figure S1. The majority of studies were prospective single-centre
case series in which active and/or passive paradigms were used
to assess consciousness at one given time point; hence, system-
atic serial or continuous testing of all included patients was not
performed. Only eight studies (22%) included (infrequently)
repeated testing sessions, and just one study employed systematic
serial assessments in a limited number of patients (12 patients,
twice a day, morning and afternoon, for 2 days®). Roughly one
half of all publications reported on fMRI-based paradigms and
the other half on EEG-based paradigms. Just two papers on
resting state paradigms allowed extrapolation of data at the
single subject level and were deemed suitable for inclusion. See
tables 1 and 2 and online supplementary tables S1 and S2 for
details.

Using QUADAS-2, we found that most studies were affected
by a rather high risk of bias related to patient selection, index
test and the flow and timing of patient evaluation. In contrast,
there were no or only a few concerns regarding applicability
(figure 2). See online supplementary files for detailed results.

Patient population

We identified eligible data on 1041 patients (mean age 43 years,
range 16-89 years; 68% males). Of these, 54.1% were clinically
classified as VS and 45.9% as MCS. The most common diagno-
sis was TBI (39.5%), followed by CVA (25%) and anoxia
(259%). A minority of patients (10.5%) were diagnosed with a
large variety of different disorders; including CNS malignancy,
autoimmune encephalitis, metabolic encephalopathy, fat embol-
ism and neurodegenerative disease (tables 1 and 2; and online
supplementary tables S1 and S2).

Active, passive and resting state paradigms
Compared to patients with a clinical diagnosis of VS,
MCS patients were more likely to follow commands during
active paradigms (32% vs 14%; OR 2.85 (95% CI 1.90 to 4.27;
p<0.0001)) and to show preserved cortical connectivity
during passive paradigms (55% vs 26%; OR 3.53 (95% CI 2.49
to 4.99; p<0.0001)). Data on resting state paradigms were
deemed insufficient for statistical evaluation due to low
numbers.

Passive paradigms were more often compatible with signs of
preserved consciousness than active paradigms (38% vs 24%;
OR 1.98 (95% CI 1.54 to 2.54; p<0.0001)). EEG-based and
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Table 1 This table shows results from a systematic review of studies on active paradigms of consciousness testing in VS and MCS (n>20 patients)

Aetiology TBI,
Clinical Serial N (VS, CVA, anoxia, Command
Source Site Modality Design rating testing Task MCS) other following
Bekinschtein et a/°®  Buenos Aires, fMRI Single (p) CRS-R No Motor 24 (24,0 ns 2124 VS
Argentina imaginary
Monti et al** Cambridge, UK fMRI Single (p) CRS-R No Speech 24 (8, 16) 16 TBI, 12 non-TBI  3/8 VS; 6/16
MCS
Monti et al*' Cambridge, UK; fMRI 2 centres (p)  CRS-R No Motor, spatial 54 (23,31) 32,3,15,4 2/23 VS, 3/31
Liege, Belgium imagery McCs
Stender et af*> Liege, Belgium fMRI Single (p) CRS-R No Motor, spatial 70 (28,42) ns 3/28 VS, 19/42
imagery MCS
Chennu et a*>**  Cambridge, UK fMRI Single (p) CRS-R No Motor 32 (13,19) 23,0,9,0 4113 VS, 11/19
imaginary McCS
Forgacs et al*® New York, New fMRI Single (p) CRS-R Limited Motor, spatial 20 (6, 14) 13,3,3,1 0/6 VS, 3/14
York, USA imagery McCS
Cruse et al*® *° Cambridge, UK; EEG 2 centres (p)  CRS-R No Motor 39 (16,23) 20 TBI, 19 non-TBI  3/16 VS, 5/23
Liege, Belgium imaginary MCS
Faugeras etal’ "' Paris, France EEG Single (p) CRS-R Limited  Auditory M (22,19 11,1417, 7 2122 VS, 4119
(local-global) MCS
King et al® 4 Paris, France EEG Single (p) CRS-R Limited Auditory 95 (56, 39) 20, 33, 30, 21 9/56 VS, 9/39
(local-global) MCS
Kotchoubey et a/*”  Tiibingen, DE EEG Single (p) DRS No Speech 88 (50, 38) 31, 27,27,3 11/50 VS, 10/
38 MCS
Rohaut et a/*’ Paris, France EEG Single (p) CRS-R No Auditory 29 (15,14) 7,9,8,5 0/15 VS, 5/14
(local-global) MCS
Schnakers et al*® Liege, Belgium EEG Single (p) CRS-R No Speech 22 (8, 14) 10,2, 8,2 0/8 VS, 9/14
MCS

For studies with n<20, please see online supplementary table S1.
CRS-R, Coma Recovery Scale-Revised; CVA, cerebrovascular accident (including cerebral infarction, parenchymal haemorrhage, subarachnoid bleeding); ns—not specified; DRS, Disability
Rating Scale; fMRI, functional MRI; MCS, minimal conscious state; P, prospective; TBI, traumatic brain injury; VS, vegetative state.

Table 2 This table shows results from a systematic review of studies on passive and resting state paradigms of consciousness testing in VS and MCS (n>20 patients)

Aetiology TBI,
Clinical Serial N (VS, CVA, anoxia, Cortical
Source Site Modality Design rating testing Paradigm MCS) other connectivity
Bekinschtein et al*® Buenos Aires, fMRI Single (p) CRS-R No Speech 24 (24, 0) 5 TBI, 19 non-TBI  5/24 VS
Argentina
Coleman et af®' > Cambridge, UK fMRI Single (p)  CRS-R No Speech 41(22,19) 26,4,11,0 2122 VS, 2119
MCS
Crone et al*° Salzburg, fMRI Single (p) CRS-R No Speech 25 (17, 8) 12,0,13,0 6/17 VS, 2/8
Austria McCS
Chennu et al* Cambridge, UK EEG Single (p) CRS-R No Speech 21(9,12) 7,0,4,0 119 VS, 3/12
MCS
Boly et al Liege, Belgium  EEG Single (p) CRS-R No Auditory 218,13) 7,7,7,0 1/8 VS, 4113
MCS
Fischer et a/** Lyon, France EEG Single (p) CRS-R No Speech 27 (16, 11) 4, 4,18, 1 3/16 VS, 4/11
MCS
Kotchoubey et a’’ Tiibingen, DE EEG Single (p) DRS No Auditory 88 (50, 38) 31, 27,27,3 16/50 VS, 14/38
MCS
Rohaut et a/*’ Paris, France EEG Single (p) CRS-R No Speech 29 (15,14) 7,985 2115 VS, 71114
MCS
Schnakers et al*® Liege, Belgium EEG Single (p) CRS-R No Speech 22 (8, 14) 10, 2, 8, 2 VS 0/8, MCS 14/
14
Schoenle and Witzke?®  Magdeburg, DE  EEG Single (p) Author's No Speech 66 (43, 23) 28,21,17,0 5/43 VS, 18/23
definition MCS
Sitt et aP’! Paris, France EEG Single (r) CRS-R Limited Auditory 100 (59, 41) 24, 35, 24, 17 20/59, 31/41
(local-global)
Demertzi et al*® Liege, Belgium  fMRI Single (p) CRS-R No Resting state 48 (24, 24) 21,13,12,2 924 VS, 924
MCS (DMN)

For studies with n<20, please see online supplementary table S1.
CRS-R, Coma Recovery Scale-Revised; CVA, cerebrovascular accident (including cerebral infarction, parenchymal haemorrhage, subarachnoid bleeding); DMN, default mode network;
DRS, Disability Rating Scale; fMRI, functional MRI; MCS, minimal conscious state; ns, not specified; p, prospective; r, retrospective; TBI, traumatic brain injury; VS, vegetative state.

Kondziella D, et al. J Neurol Neurosurg Psychiatry 2015,0:1-8. doi:10.1136/jnnp-2015-310958


http://jnnp.bmj.com/
http://group.bmj.com

Downloaded from http://jnnp.bmj.com/ on May 12, 2016 - Published by group.bmj.com

Cognitive neurology

Patient selection (Bias)

Index test (Bias)

Reference standard (Bias)

Flow and timing (Bias)

Patient selection (App.)

Index test (App.)

Reference standard (App.)

|

low
= unclear
= high

T

0% 10% 20% 30% 40%

T

50% 60% 70% 80% 90% 100%

Figure 2 Graphic overview of the systematic evaluation with respect to risk of bias and concerns of applicability of 37 original studies on active,
passive and resting state consciousness paradigms using QUADAS-2, a revised tool for the Quality Assessment of Diagnostic Accuracy Studies.°

A high risk of bias is noted for the majority of studies, in particular concerning the selection of patients and the flow and timing of their
evaluations, whereas few or no concerns are seen with respect to applicability. See the Methods section and online supplementary files for details.

App., applicability.

fMRI-based active paradigms were not significantly different
in terms of command following, but EEG-based evaluation
was more likely to reveal cognitive ERPs than fMRI to show
cortical activation during passive paradigms (40% vs 28%;
OR 1.78; (95% CI 1.16 to 2.74; p=0.008)). Results are
depicted in table 3.

TBI versus non-traumatic aetiologies

Twenty-seven studies allowed assessment at the single subject
level with respect to evaluation of consciousness paradigms
according to DoC aetiology (traumatic vs non-traumatic;
n=657). Compared to patients with non-traumatic disorders,
patients with TBI were significantly more likely to follow com-
mands on active paradigms (32% vs 19%; OR 2.00 (95% CI
1.44 to 3.50; p=0.015)). There was no statistically significant
difference regarding passive paradigms (33% vs 36%; OR 0.86
(95% CI 0.56 to 1.32; p=0.495).

DISCUSSION

Detecting consciousness in non-communicating patients by clin-
ical examination requires that patients are awake, that they
possess the voluntary drive to mobilise motor function, that this
motor function is preserved to a degree that is readily measur-
able, and that all these requirements are fulfilled at the time of
examination. In contrast, EEG-based and fMRI-based paradigms
also allow the assessment of consciousness in patients who have
lost their motor output. In this meta-analysis, the first of its
kind, we assessed the frequency of preserved consciousness in
patients with a clinical diagnosis of VS or MCS as revealed by
fMRI and EEG.

Active and passive paradigms
Of 292 patients with a clinical diagnosis of VS, 42 (14.4%)
were able to wilfully modify their brain activity on demand,

strongly suggesting that they were fully conscious. This figure
might be an overestimate, given that the majority of included
studies were single centre convenience samples. However,
Bekinschtein et al°® assessed 24 consecutively admitted VS
patients and found 2 patients (8.3%) with command following
during an fMRI motor imaginary task; it therefore seems rea-
sonable to assume that the true incidence of consciousness in
patients fulfilling the clinical criteria for VS, as detected by
active paradigms, is between 5% and 15%. Extrapolating from
the present analysis, the incidence of command following in
MCS patients is probably 2-3 times as high. Most MCS patients
are therefore not able to sufficiently participate in active con-
sciousness paradigms despite unambiguous bedside signs of non-
reflex, intentional behaviour. It follows that, in line with our
primary research hypothesis, active paradigms have the advan-
tage of high specificity (ie, command following as revealed by
EEG or fMRI represents evidence of conscious understanding
and an appropriate mental response), but they appear not to be
very sensitive. This is corroborated by the two times greater like-
lihood of passive paradigms yielding results compatible with
preserved consciousness as compared to active paradigms. Of
course, it is reasonable to assume that false positive results can
occur with passive paradigms, but at present their frequency is
unknown. However, serial assessments, although rarely per-
formed, may increase the diagnostic yield and reveal signs of
consciousness in passive and active paradigms in patients who
initially are without such signs.'! *° 2> 40

In the absence of a gold standard for consciousness, precise
estimates of the sensitivity and specificity of active and passive
paradigms are futile. It is noteworthy, however, that in active
paradigms EEG-based and fMRI-based technologies yielded
positive results with similar frequency, whereas in passive para-
digms, EEG protocols were nearly two times more likely to be
interpreted as compatible with preserved consciousness than
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Table 3 Results are listed from a meta-analysis of 37 studies on active, passive and resting state paradigms of consciousness testing in VS and MCS, comprising 1041

patients

Active paradigms

Command following  No command following  Total  Per cent Command following  No command following  Total  Per cent
VS 42 250 292 14.4% fMRI 66 180 246 26.8%
MCS 98 205 303 32.0% EEG 74 275 349 21.2%
595 595
MCS vs VS: OR 2.85 (95% CI 1.9 to 4.27; p<0.0001)* EEG vs fMRI: OR 0.73 (95% CI 0.50 to 1.07; p=0.112)
Passive paradigms
Cortical connectivity ~ No cortical connectivity  Total  Per cent Cortical connectivity ~ No cortical connectivity ~ Total  Per cent
VS 91 261 352 25.6% fMRI 35 92 127 27.6%
MCS 134 109 243 55.1% EEG 192 283 475 40.4%
595 602
MCS vs VS: OR (3.53; 95% Cl 2.49 to 4.99; p<0.0001)* EEG vs fMRI: OR (1.78; 95% Cl 1.16 to 2.74; p=0.008)*
Resting state paradigms (fMRI) Active versus passive paradigms
DMN preserved  DMN not preserved  Total  Per cent Signs of consciousness  No signs of consciousness  Total  Per cent
VS 9 23 32 28.1% Active 140 455 595  23.5%
McCS 10 15 25 40.0% Passive 225 370 595 37.8%
57 1190

MCS vs VS: OR 1.70 (95% CI 0.56 to 5.17) p=0.35

Passive vs active: OR 1.98 (95% Cl 1.54 to 2.54; p<0.0001)*

For details, please see Methods and Results sections.
*Statistically significant.

DMN, default mode network; fMRI, functional MRI; MCS, minimal conscious state; VS, vegetative state.

fMRI studies. As to EEG paradigms, the wider the topograph-
ical distribution and the longer the latency of an ERE the more
likely it is to represent a conscious response to an external
stimulus.” ® In analogy to the clinical definition of MCS,"~!”
this is most likely a matter of gradual function (rather than all
or none). Late and spatially distributed ERPs include P300,
N400, P600 and LPC, and these most likely represent EEG
markers for conscious perception.® ? In addition, EEG complex-
ity suggestive of large-scale cortical neuronal connectivity repre-
sents a substrate of consciousness.” '® ' A promising new
development in this regard is the perturbational complexity
index (PCI). By measuring the complexity of the brain’s
response to TMS, the PCI reflects the amount of information
(spectral content of brain signals) and the integration of the
overall corticothalamic system output (spatial extent of brain
activations).'” In the present review, however, the majority of
EEG studies involved a P300 response which is the earliest and
least widely distributed cognitive ERR. Excluding P300 from our
analysis would obviously have increased specificity but at the
expense of decreased sensitivity. It follows that EEG-based and
fMRI-based technologies, at least in passive paradigms, are not
interchangeable but rather complementary. EEG allows con-
sciousness to be monitored in real time and, at least in theory,
continuously; in that respect, EEG monitoring may better reflect
the fluctuating states of VS and MCS patients than a single
fMRI scan. Ideally, however, consciousness in these patients
should be assessed serially using both techniques. Standardised
clinical rating scales, such as the CRS-R, and EEG-based and
fMRI-based technologies could then be integrated into a com-
posite reference standard.*’

Although it appears that enough evidence has emerged for
EEG-based and fMRI-based consciousness paradigms to be
recommended for clinical implementation, there remain several
important caveats at the single-subject level. As to clinical

aspects, we noted that patients believed to be in VS may show
command following, whereas MCS patients may not; patients
from both categories may follow commands even though
passive paradigms are negative;>® and VS patients with initially
preserved cognitive ERPs or command following may progress
clinically to MCS but subsequently fail to show ERPs or
command following during serial testing.*’ In addition, and of
special concern, healthy volunteers may not necessarily be able
to cooperate in active paradigms; for instance, in one study,
only 9 (75%) of 12 healthy controls produced EEG data that
could be classified significantly above chance.*® As to
EEG-based paradigms, it seems important to be aware that the
absence of some ERPs does not exclude the presence of
others;*” that the latency of ERPs can be increased and their
amplitude decreased;*® and that serial ERP testing may reveal
inconsistent results.>® Notably, the stability of auditory informa-
tion processing in VS and MCS patients, for example, as indi-
cated by a preserved P300 response, is the prerequisite for other
even more demanding tasks and cognitive potentials.>® EEG
may be prone to movement and electromyographic artefacts,
but postprocessing often allows removal of these artefacts,
leaving the underlying EEG intact.®* As to fMRI-based para-
digms, pattern classification of the blood oxygenation level-
dependent (BOLD) response during mental imagery may yield
positive results more often than traditional general linear model-
based univariate analysis methods.®” fMRI is also subject to
movement artefacts but, unlike EEG, patient movements of even
a few millimetres can make an entire data set useless.®°

Resting state paradigms

The default mode network is believed to reflect non-goal
oriented cognitive processes (or mind-wandering) and to impli-
cate self-referential thoughts, for example, autobiographic

memory.®" Somewhat surprisingly, we identified only two
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studies on resting state paradigms that allowed evaluation of
data at the single-subject level.’> *¢ A recent systematic review
and meta-analysis on resting state paradigms in patients with
DoC assessed a total of 36 studies.®> However, the included
studies referred exclusively to group level data and were insuffi-
cient to allow assumptions about whether the clinical diagnosis
(ie, VS vs MCA) was correctly reflected by these activity patterns
or not. It follows that resting state paradigms of consciousness,
in contrast to the active and passive paradigms which we have
analysed in the present paper, are not yet well established to
extrapolate information about the presence of consciousness in
individual patients. It should be further noted that classical
resting state conditions are largely uncontrolled stimulation con-
ditions and therefore susceptible to confounding effects such as
drowsiness. Also, when assessing resting-state connectivity in
non-communicating patients, it is especially important to ensure
motion artefact removal and spatial normalisation in order to
prevent non-neuronal signal contributions due to head motion,
respiration or cardiac artefacts. In addition, the two main
approaches employed in the analysis of resting state functional
connectivity data (ie, data-driven independent component ana-
lysis as opposed to hypothesis-driven seed-voxel) present mul-
tiple  methodological  difficulties, in  particular  in
non-collaborative VS and MCS patients.>> ¢ ¢ % Previous
work has shown that patients with DoC evaluated by resting
state fMRI exhibit reduced activity within midline cortical and
subcortical sites linked to the default-mode network.®* Future
studies must examine the relation between activation (and
deactivation) within these structures and their significance for
the emergence of conscious awareness in non-communicating
patients both at the group and single patient levels.

Systematic literature quality assessment

Using QUADAS-2, a quality assessment tool designed specifically
for diagnostic accuracy studies, we found that the literature on
consciousness paradigms in non-communicating patients with
DoC is subject to a relatively high risk of bias. This was mainly
related to the selection of patients and methodology. Most
studies were single-centre case series using convenience sam-
pling, often without a clear statement about the number of
excluded patients and the reasons for their exclusion (eg, due to
logistic reasons), and patient numbers were in general low.
Concerns about the index test were mainly related to the lack of
blinding of the examiners with respect to the reference standard
(ie, clinical evaluation). In addition, the flow and timing of the
study might have introduced bias because time intervals
between reference standards and index tests were not always
clearly stated and because serial testing was not performed in
the majority of studies. In contrast, there were no or very few
concerns about the reference standard since the vast majority of
studies used the CRS-R, the most robust clinical scale for the
assessment of DoC.'® Likewise, there were no or only a few
concerns regarding applicability; hence, the conduct and inter-
pretation of the index tests in the identified studies were in line
with our review question.

CONCLUSIONS

Active paradigms may underrate the degree of consciousness as
compared to passive paradigms, but the former have the advan-
tage of greater specificity. While MCS patients are more likely
to show signs of preserved consciousness in both paradigms, a
significant number of patients with a clinical diagnosis of VS can
modify their brain activity on command, strongly supporting
the notion that these patients are indeed conscious. Further,

patients with TBI seem more likely to follow commands on
active paradigms than their counterparts with non-traumatic dis-
orders, probably reflecting the greater potential for preserved
cognition because of trauma as compared to cardiac arrest and
other non-traumatic causes.®> Nonetheless, there remain signifi-
cant limitations at the single-subject level. Unresolved dilemmas
further include the lack of a gold standard for consciousness,
and hence, at the present moment it is impossible to precisely
estimate the sensitivity and specificity of EEG-based and
fMRI-based technologies for the evaluation of consciousness.
Large-scale systematic multicentre studies are needed to assess
the robustness of active, passive and resting state paradigms in
evaluating consciousness in individual patients. Notably,
repeated probing is of the essence because consciousness fluctu-
ates with time.
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