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Habituation of auditory startle reflex is a new
sign of minimally conscious state

@®Bertrand Hermann,"z’3 Amina Ben Salah,' Vincent Perlbarg,"'5 Mélanie Valente,"6
(®Nadya Pyatigorskaya,"3’7 Marie-Odile Habert,*® Federico Raimondo,"?'° Johan Stender,’
Damien Galanaud,'’ Aurélie Kas,*® Louis Puybasset,3’4’II Pauline Perez,' Jacobo D. Sitt,’
Benjamin Rohaut'**'? and G Lionel Naccache'?%*

Neurological examination of non-communicating patients relies on a few decisive items that enable the crucial distinction between
vegetative state (VS)—also coined unresponsive wakefulness syndrome (UWS)—and minimally conscious state. Over the past 10 years,
this distinction has proven its diagnostic value as well as its important prognostic value on consciousness recovery. However, clinicians
are currently limited by three factors: (i) the current behavioural repertoire of minimally conscious state items is limited and restricted
to a few cognitive domains in the goldstandard revised version of the Coma Recovery Scale; (ii) a proportion of ~15-20% clinically
VS/UWS patients are actually in a richer state than VS/UWS as evidenced by functional brain imaging; and (iii) the neurophysiological
and cognitive interpretation of each minimally conscious state item is still unclear and debated. In the current study we demonstrate
that habituation of the auditory startle reflex (hASR) tested at bedside constitutes a novel, simple and powerful behavioural sign that
can accurately distinguish minimally conscious state from VS/UWS. In addition to enlarging the minimally conscious state items reper-
toire, and therefore decreasing the low sensitivity of current behavioural measures, we also provide an original and rigorous description
of the neurophysiological basis of hASR through a combination of functional (high density EEG and '®F-fluorodeoxyglucose PET
imaging) and structural (diffusion tensor imaging MRI) measures. We show that preservation of hASR is associated with the functional
and structural integrity of a brain-scale fronto-parietal network, including prefrontal regions related to control of action and inhibition,
and meso-parietal areas associated with minimally conscious and conscious states. Lastly, we show that hASR predicts 6-month im-
provement of consciousness. Taken together, our results show that hASR is a cortically-mediated behaviour, and suggest that it could
be a new clinical item to clearly and accurately identify non-communicating patients who are in the minimally conscious state.
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Abbreviations: CMS = cortically mediated state; CNV = contingent negative variation; CRS-R = Coma Recovery Scale-Revised;
ERP = event-related potential; EX = extinguishable; hASR = habituation of the auditory startle reflex; IN = inextinguishable; MCS
= minimally conscious state; UWS = unresponsive wakefulness syndrome; VS = vegetative state; wSMI = weighted Symbolic
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Introduction

Since 2002, neurological examination of awake but non-
communicating patients has taken advantage of the Coma
Recovery Scale-Revised (CRS-R), which is an extremely
valuable behavioural tool allowing the distinction between a
vegetative state (VS)—also termed unresponsive wakefulness
syndrome (UWS)—and a minimally conscious state (MCS)
(Giacino et al., 2002; Giacino and Kalmar, 2005). The CRS-
R rapidly became the gold standard behavioural scale to ex-
plore disorders of consciousness because of: (i) the relatively
short amount of time required to score a patient (30-45
min); (ii) its excellent inter-examiner reproducibility (Giacino
et al., 2004); (iii) its ability to detect residual signs of non-re-
flex behaviours in 30-40% of patients who were mistaken
for being in a VS/UWS (Schnakers et al., 2009); and (iv) its
value to predict consciousness recovery (Luauté et al., 2010;
Faugeras et al., 2018).

In a recent study, we proposed a reinterpretation of the
MCS as defined by the CRS-R (Naccache, 20184). Rather
than providing any univocal evidence for a residual con-
scious state, the CRS-R MCS items allow clinicians to detect
with certitude behaviours that recruit cortical networks, as
opposed to VS/UWS items that correspond to reflexive
behaviours mediated by subcortical and brainstem struc-
tures. For instance, the presence of smooth visual pursuit
demonstrates the involvement of an occipito-parieto-frontal
cortical network, whereas visual startle relies on a brainstem
circuit. In other terms, rather than defining an elusive MCS
(Bernat, 2002; Fischer and Truog, 2015), the 11 MCS items
of the CRS-R enable the identification of a cortically medi-
ated state (CMS). This new interpretation of MCS as a CMS
discards the ambiguity related to the phrasing of MCS
(‘What is minimal in MCS?’; ‘Are MCS patients con-
scious?’), and clarifies on solid grounds the importance of
CRS-R for probing of consciousness in these patients: given
that being conscious requires the functioning of vast cortical
networks, the more a patient is MCS (or CMS), the more
he/she is prone to be conscious or to recover consciousness.
Note that this conception also emphasizes the necessity to
use functional brain imaging tools (e.g. PET, MRI, EEG)
to probe covert cognitive and cortical processes inaccessible
to the CRS-R scoring. The recent fractionation of MCS in
MCS- and MCS+, with the implicit idea that the latter
would be closer to an unequivocal conscious state than the
former (Bruno et al., 2011, 2012), and the recent concept of
cognitive-motor dissociation (Schiff, 2015), a situation in
which command following is demonstrated in clinically

unresponsive patients using functional MRI (Owen et al.,
2006; Monti et al., 2010) and/or EEG active paradigms
(Cruse et al., 2012; Edlow et al., 2017; Curley et al., 2018;
Claassen et al., 2019), support this novel interpretation.

In this context, the ability to probe additional residual
cortically-mediated behaviours becomes a crucial goal in
order to enrich the bedside clinical tool-box of caregivers
who examine patients. Several years ago, we made the fol-
lowing observation: when probing the presence of an audi-
tory startle reflex (ASR), the lowest item of the CRS-R
auditory subscale, some patients seemed to be unable to stop
blinking, while in other patients, the ASR was extinguish-
able. We thus designed a new clinical test to probe these two
response profiles and hypothesized that ASR extinction or
habituation (hASR) would require the contribution of cor-
tical networks related to executive functions and inhibition.
Indeed, several works originating from decision-making
(Libet, 1985; Haggard, 2008; Schultze-Kraft et al., 2016),
memory (Jacoby, 1991) and visual perception (Persaud and
Cowey, 2008) pointed to the links between the ability to in-
hibit a behaviour and consciousness. If confirmed, this ob-
servation and its proposed neurophysiological interpretation
could lead to the definition of a new basic clinical sign of
MCS/CMS at bedside during behavioural examination, and
could also enrich our current knowledge of the physiological
mechanisms of ASR. Indeed, while the neural circuitry sub-
tending ASR is well described, the one in charge of its ha-
bituation remains more discussed. ASR is a purely
subcortical reflex whose pathways have been located in the
brainstem, with an initial relay in the cochlear nuclei, fol-
lowed by an intermediate relay in the brainstem reticular
formation, connected to spinal cord and brainstem motor
neurons, which provide the output motor response
(Yeomans and Frankland, 1995). However, the neuronal
mechanisms underpinning its short-term habituation are far
less understood and long debated in the literature, with pro-
ponents of an ‘intrisinc® modulation, i.e. habituation origi-
nating directly within the brainstem ASR pathway (Fox,
1979; Leaton et al., 1985), and proponents of an ‘extrinsic’
modulation by distant inhibitory projections, notably of cor-
tical origin (Du et al., 2011).

In the present work we confirm our hypothesis and our
main predictions: (i) by defining a rigorous and reproducible
behavioural procedure to measure hASR at bedside; (ii) by
demonstrating its value as a new powerful MCS/CMS sign;
(iii) by showing that its presence is correlated with cortical
activity both during an auditory task and during
resting state periods, as measured with high-density EEG
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and '®F-fluorodeoxyglucose-PET (FDG-PET) imaging; (iv)
by correlating hASR presence with a more preserved struc-
tural integrity of whole-brain white matter tracts; and (v) by
showing that hASR predicts consciousness improvement at 6
months.

Materials and methods

Ethics statement

This research was approved by the local ethics committee
Comité de Protection des Personnes Ile de France 1 (Paris,
France) under the code ‘Recherche en soins courants’
(NEURODOC protocol, n° 2013-A01385-40). Patient’s family
gave their informed consent for the participation of their relative
and all investigations conformed to the Declaration of Helsinki
and the French regulations.

Habituation of auditory startle
response paradigm

In this study we prospectively assessed the diagnostic perform-
ances and neural underpinnings of a new behavioural sign, the
ASR habituation paradigm, based on the ability of patients to
inhibit the ASR when presented with repeated sounds, according
to the following procedure.

Method

For each trial, present a loud noise by clapping your hands dir-
ectly above the patient’s head and out of view. Clap 10 times
consecutively at a frequency of ~120 bpm (ie. 2 Hz).
Administer four trials.

Response

An auditory startle is present if eyelid flutter or blink occurs im-
mediately following the stimulus on at least two trials. The re-
flex is considered inextinguishable (absence of habituation), if
there is an eyelid flutter or a blink following each and every
clap. Otherwise, the reflex is considered extinguishable. To en-
sure that an extinguishable response does not happen by chance,
we required to observe the extinguishable response for at least
two trials, as for the visual fixation or the visual pursuit, two
others frequently observed MCS signs. It should be noted that
in order to seek the reflex, one should not clap too fast (ideally
two claps per second, 2 Hz), since there is a refractory period
during which no blink can be obtained regardless of the hASR
profile of the patient. Consequently, in case of a single sup-
pressed blink, we advise repeating the procedure.

The hASR assessment was always performed by two raters
trained in the CRS-R (one administering the test and both scor-
ing the response). No discrepancy between raters was observed.
See Supplementary Video 1 for footage of typical inextinguish-
able and extinguishable responses.

Participants

All participants of the study were patients suffering from brain
injuries hospitalized in Paris Pitié-Salpétriére teaching hospital
and referred to our team for consciousness assessment. In
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addition to the studied behavioural test, patient evaluation com-
prised clinical assessment (neurological examination and CRS-R)
and functional and structural brain imaging in the absence of
contraindications (see below). CRS-R was carried out by trained
clinicians and used as the reference gold standard (Giacino et al.,
2018) to define a patient’s state of consciousness on the day of
the test. To test the hASR diagnostic value, we only included
patients exhibiting a standard ASR as defined by the first item of
the CRS-R auditory subscale. Six-month outcome was gathered
by phone interview of the treating physician and/or family.
Responsiveness recovery was defined as reproducible response to
command and consciousness recovery as accurate functional
communication, following the scoring guidelines of the CRS-R.

Electroencephalogram

Local global paradigm

Quantitative high-density scalp EEG was recorded at the bed-
side, on the same day as the clinical assessment (CRS-R and
hASR) using the ‘local-global’ auditory oddball paradigm, in
order to study unconscious and conscious cognitive processing
of auditory novelty by observing brain response to violation of
auditory regularity at two different timescales (Bekinschtein
et al., 2009) (Supplementary material).

Acquisition and preprocessing

Impedances were set below 100 kQ before acquisitions.
Recordings were made at a 250 Hz sampling frequency using a
256 electrodes HydroCel Geodesic Sensor Net (Electrical
Geodesics) referenced to the vertex with impedances set below
100 kQ prior to acquisition. EEG were preprocessed using an
automated pipeline previously described (Supplementary mater-
ial) (Sitt et al., 2014; Engemann et al., 2018). Only the 224
scalp electrodes were included in the two types of analyses that
were performed on the EEG.

EEG markers analysis

Twenty-eight markers from spectral, connectivity, complexity
and evoked domains were computed from the EEG and resumed
according to their averages and fluctuations over time and space
as described previously (Supplementary material) (Sitt et al.,
2014; Engemann et al., 2018), yielding a total of 112 EEG fea-
tures per patients. These EEG features were used to predict the
state of consciousness of each patient using a linear support vec-
tor machine (SVM) classifier trained on a separate dataset of
311 recordings from 244 patients (n = 150 VS/UWS and 7 = 161
MCS) (Supplementary material). In addition, we analysed scalp
topographies of individual markers (Supplementary material).

Event-related potentials analysis

We analysed group-level event-related potentials (ERP) elicited
by the local-global paradigm according to the state of conscious-
ness and the presence or absence of an habituation to auditory
startle. Epochs were baseline corrected over the 800 ms window
preceding the onset of the fifth sound and ERPs were extracted
by group-level averaging of trials over regions of interest for
two contrasts: the local contrast (local deviant versus local
standard), which is the response to the violation of the short
time-scale regularity; and the global contrast (global deviant ver-
sus global standard) for the response to violation of the long
time-scale regularity. The local effect was observed over a
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Fz-centred region of interest (mean of channels 6, 7, 14, 15, 16,
22, 23) while the global effect was observed over a Pz-centred re-
gion of interest (mean of channels 100, 101, 110, 119, 128, 129).
We also analysed the contingent negative variation (CNV)
ERP component, which corresponds to a slow negative drift be-
ginning from the onset of the first sound to the onset of the fifth
sound, indexing the expectancy of the fifth sound (Faugeras
et al., 2012; Chennu ez al., 2013). Epochs were baseline corrected
over the 200 ms preceding the onset of the first sound and we
computed the slope of the ordinary least-squares regression with
patients’ average voltage over global standard trials as the de-
pendent variable and time over the 0-600 ms period as the inde-
pendent variable, both at the sensor-level and over Cz-centred
region of interest (mean over channels 6, 7, 14, 15, 22, 23).

FDG-PET acquisition and
preprocessing

8F_fluorodeoxyglucose-PET (FDG-PET) was acquired in the nu-
clear medicine department of the hospital only for patients with-
out mechanical ventilation and free of sedation for at least 48 h.
As PET was not always carried out on day of clinical assess-
ment, only PET performed within 1 week from the test were
kept. PET acquisition parameters and quantification procedure,
which followed the procedure described by Stender et al.
(2016), are described in the Supplementary material.

MRI acquisition and processing

Deep white matter integrity was assessed using diffusion tensor
imaging (DTI) from diffusion-weighted imaging sequences
(DWI) acquired in the neuroradiology department of the hos-
pital, following a previously described methodology (Van Der
Eerden et al., 2014). This procedure allowed us to quantify the
deep white matter fractional anisotropy (FAgeep,) and mean dif-
fusivity (MDygeep) expressed as normalized values according to
the mean values of healthy control subjects acquired with the
same MRI protocol (Supplementary material). Extensive quality
control of raw and processed images has been carried out. In
particular, patients” examinations for which DTI co-registration
onto the MNI standard space failed due to the presence of huge
deformations or the presence of massive haematomas have been
removed from the analysis.

Statistical analysis

Clinical analysis

Population characteristics were describe using the mean + stand-
ard deviation or the median (interquartile range, IQR) as appro-
priate for quantitative data. Group differences were tested by
two-sample Student #-test or Mann-Whitney U-test, respectively.
Categorical data were compared by the chi-squared (y?) test or
the Fisher’s exact test (in case of cells with 7z < 5). No adjust-
ment for multiple comparisons was performed for these tests.
Diagnostic performance of the startle habituation test was
assessed using standard classification metrics [sensitivity, specifi-
city, predictive values, likelihood ratios, accuracy and area
under the ROC curve (AUC)] with their 95% confidence inter-
vals (95% CI) (Supplementary material). Extinguishable re-
sponse was set as a positive test and MCS diagnosis based on
the gold standard CRS-R as the positive reference. We then
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made a qualitative comparison of these performances to the per-
formances of every other CRS-R items defining MCS state.
However, since MCS diagnosis is defined by the CRS-R, these
comparisons are limited and we pursued the explorations of the
added value and underlying signification of hASR using meas-
ures of brain activity independent of the behaviour. Prognostic
value of hASR was assessed using logistic regression with 6-
month outcome (consciousness and/or responsiveness recovery)
as the dependent variable and hASR alone or with the clinical
state of consciousness as predictors.

EEG analysis

To investigate the specific effect of the type of ASR response on
the multivariate prediction of the SVM, we ran a type I 2 x 2
ANOVA with the predicted probability from the classifier as the
dependent variable and both the type of response (extinguish-
able or inextinguishable) and the state of consciousness (VS/
UWS or MCS) as factors without including an interaction term
in the main manuscript (justification of this choice and analyses
including the interaction term are supplied in the Supplementary
material). Our hypothesis was that by probing executive/inhibi-
tory control cortical networks, which are not probed by the
CRS-R items, the value of the hASR as a CMS sign would be
the same in both VS/UWS and MCS. Two post hoc compari-
sons contrasting extinguishable response to inextinguishable re-
sponse within each state of consciousness group were carried
out by means of Student’s #-test (or Welch’s test in in case of un-
equal variance), with a significance threshold set at P < 0.0S5.
We did not adjust for multiple comparisons as we only focused
on these two comparisons. This allowed us to investigate the
added value of hASR to the CRS-R without multiplying un-
necessary comparisons such as MCS-EX (extinguishable) versus
VS/UWS-IN (inextinguishable) or MCS-IN versus VS-IN. We
then explored the effect of startle on single marker topographies
by performing the same ANOVA at each sensor. In this topo-
graphical analysis, we used a robust non-parametric cluster-
based permutation procedure to control for multiple compari-
sons (Maris and Oostenveld, 2007), with F-values correspond-
ing to P < 0.05 used to compute the first-step cluster mass and
10000 random permutations of the patients’ labels to construct
the null hypothesis surrogate distribution of cluster masses.
Since the clustering procedure was not possible with pairs of
channels for the weighted symbolic mutual information (wSMI)
connectivity metric, we reported results from the ANOVA
thresholded at P < 0.005 uncorrected.

We probed ERP local and global effects by contrasting devi-
ant from standard region of interest time series using paired z-
tests over all time points followed by a temporal cluster-based
permutation procedure to control for multiple comparisons.
Clusters of adjacent time samples with P < 0.05 over the whole
time series were formed, including the 800 ms baseline, thus
ensuring that significant effect, if any, would be superior to ran-
dom baseline fluctuations. CNV topographies were analysed as
the other markers’ topographies, with a spatial cluster-based
permutation procedure. At the region of interest level, we per-
formed a one-sample #-test against zero of the individual patient
CNV slope distribution.

PET analysis

We first analysed mean metabolic activity of the highest of both
hemispheres, a measure that was shown to be one of the best
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diagnostic markers of MCS (Stender et al., 2016), with a 2 x 2
ANOVA including state of consciousness and ASR response
type as factors. We then performed voxel-wise analysis of the
metabolic index using linear models with age as covariate, since
glucose uptake decreases with ageing (Moeller et al., 1996;
Petit-Taboué et al., 1998; Hsieh et al., 2012; Shen et al., 2012).
To that end, images were smoothed with an 8 mm full-width at
half-maximum (FWHM) Gaussian kernel and masked using a
grey matter MNI template. We first performed a simple contrast
between the group with extinguishable reflex and the group
with inextinguishable reflex, with age as a covariate. To account
for the different proportions of VS/UWS and MCS patients in
each group, we then added the state of consciousness as covari-
ate in a second analysis. Significance threshold was set to
P < 0.005, uncorrected, with a minimum extent of 100 voxels
per cluster.

MRI analysis

The relationship between structural integrity of white matter
tracts and hASR was assessed on both FAgye., and MDye, val-
ues. These metrics have previously been associated with long-
term outcome in both traumatic (Galanaud et al., 2012) and
non-traumatic (Luyt et al., 2012; Velly et al., 2018) injuries. As
VS/UWS patients have more severe white matter damage than
MCS patients (Newcombe et al., 2010; Fernandez-Espejo et al.,
2011; Lant et al., 2016), we performed the 2 x 2 ANOVA and
post hoc comparisons described above, in order to isolate the in-
dependent effect of the type of ASR response on the deep white
matter tracts integrity. Contrary to EEG datasets, MRI and PET
recordings were not always performed on the same day of the
CRS-R and ASR habituation testing. Consequently, both analy-
ses were carried out using the closest available CRS-R score and
ASR habituation testing.

Software

All analyses except for the PET quantification procedure
were carried out using open-source softwares R [version
3.3.2 (2016-10-31)] and Python (version 3.6.7). More pre-
cisely EEG preprocessing was done using homemade scripts,
markers computations used the freely available NICE library
(Engemann et al., 2018) (https://github.com/nice-tools/nice)
and MNE-python (Gramfort et al., 2014) and Scikit-learn
(Pedregosa et al., 2011) packages. Statistical analyses were
carried out using Statsmodels and Seaborn Python packages,
as well as caret (Kuhn, 2008), pROC (Robin et al., 2011)
and epiR packages in R. For the PET quantification proced-
ure, dicoms images were converted to niftis using MRIcro,
images were registered on templates using Advanced
Normalization Tools (ANTs version 2.0.3), then processed in
MATLAB [MATLAB 9.1 (R2016b) Mathworks Inc., Natick,
Massachusetts] using SPM8 toolbox (Statistical Parametric
Mapping version 12, Wellcome Trust Centre for
Neuroimaging, University of London).

Data availability

Patients’ main demographic and clinical data are available in
Supplementary Table 2. Other data, including brain imaging
data, are available upon reasonable request, but cannot be
made open because of ethics protocol requirement and the sensi-
tive nature of patient data.
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Results

Habituation of auditory startle
reflex as a new clinical sign of MCS

Between January 2014 and July 2019, 96 patients (48 VS/
UWS and 48 MCS) were prospectively tested with the pre-
sented ASR habituation paradigm: mean age 44.2+16.4
years, sex ratio 1.8. Median delay from injury was 58 (31—
236) days and 49 (51%) were still mechanically ventilated.
The two most frequent aetiologies were post-anoxic encephal-
opathy (41%) and traumatic brain injury (28%). A habitu-
ation was observed in 53 (55%) patients [extinguishable
startle response (ASR-EX)], while there was no habituation in
the remaining 43 (45%) patients [inextinguishable startle re-
sponse (ASR-IN)]. Demographic characteristics were compar-
able between ASR-EX and ARS-IN patients, except for a
significantly lower age in the former (40.1+16.7 versus
47.4+15.6 years, P = 0.0315) (Table 1). Patient-level data are
described in Supplementary Table 2. It is important to note
that although hearing capacity was not specifically assessed,
deafness or hearing loss is very unlikely since (i) we included
only patients exhibiting at least a standard ASR; (ii) no patient
except one (who had an extinguishable ASR) had a previous
past medical history of hearing loss; and (iii) none of the
patients exhibited a CRS-R score pattern suggestive of hearing
loss, that is high-level or complex behaviours in visual, motor,
oromotor subscales with poor auditory subscale response.

The proportion of ASR response type differed significantly
according to the state of consciousness measured on the day
of ASR testing: habituation was present in 36 of 48 (75%)
MCS patients but only in 17 of 48 (35%) VS/UWS patients,
x*(1) = 13.6, P =0.0002 (Fig. 1A). Likewise, patients with
ASR-EX had higher scores in every CRS-R subscale except
for the communication subscale (Table 1 and Fig. 1B). This
association between hASR and current MCS items suggests
that it could be a valuable additional clinical sign to diag-
nose MCS. AUC for the discrimination of MCS from VS/
UWS was 0.70 (0.60-0.79), with a 75% 95% CI (60-86)
sensitivity, 65% (49-78) specificity, 2.12 (1.40-3.21) posi-
tive and 0.39 (0.23-0.66) negative likelihood ratios.
Diagnostic performances were comparable for acute patients
(<45 days from injury) and chronic patients (>45 days
from injury) (Supplementary material). We then compared
this performance to every other CRS-R item defining MCS
(Table 2). The hASR performed next to the best CRS-R
item, the visual pursuit, in terms of discrimination [AUC
0.70 (0.60-0.79) versus 0.75 (0.68-0.82)] and accuracy
[70% (60-79) versus 75% (65-83)], with a higher sensitivity
[75% (60-86) versus 50% (35-65)]. No other MCS items
showed better discrimination metrics (Table 2).

Note, however, that this reasoning under-evaluates the
performance of hASR compared to other MCS items.
Indeed, each of the MCS items included in the CRS-R have,
by definition, a perfect specificity, positive predictive value
and precision. Yet, it is known that CRS-R fails to identify
~15-20% of VS/UWS patients able to show signs of higher-
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Table | Population characteristics
Habituation of auditory startle
All Inextinguishable Extinguishable P
(n=96) (n=43) (n=53)
Demographic characteristics
Age, years 442+ 16.4 40.1 £ 16.7 474+ 15.6 0.0315
Sex ratio, male/female 1.8 2.1 1.7 0.7543
Time since injury, days 58 [31-236] 57 [30-364] 58 [31-181] 0.9003
Aetiology 0.2682
Anoxia 39 (41%) 20 (47%) 19 (36%)
Traumatic 27 (28%) 14 (33%) 13 (24%)
Vascular 12 (12%) 3 (7%) 9 (17%)
Other 18 (19%) 6 (14%) 12 (23%)
Mechanical ventilation 49 (51%) 23 (53%) 26 (49%) 0.8207
ICU 59 (61%) 23 (53%) 36 (68%) 0.2171
Behaviour
CRS-R total score 7[5-10] 5 [5-8] 10 [7-12] <0.0001
Audio subscore 1 [1-2] I [1-1] 2[1-2] 0.0004
Visual subscore 1 [0-3] 0[0-1] 2[1-3] <0.0001
Motor subscore 2[1-2] 2[1-2] 2 [2-5] 0.0003
Verbal subscore 1 [1-1] I [1-1] I [1-1] 0.0028
Communication subscore 0 [0-0] 0 [0-0] 0 [0-0] 0.0573
Arousal subscore 2[1-2] 1 [1-2] 2[1-2] 0.0422
State of consciousness 0.0002
VS/UWS 48 (50%) 31 (72%) 17 (32%)
MCS 48 (50%) 12 (28%) 36 (68%)
Brain imaging
EEG
Performed 96 (100%) 43 (100%) 53 (100%) 1.0
Analysable 84 (88%) 41 (95%) 43 (81%) 0.0598
FDG-PET (only non-mechanically-ventilated patients)
Performed 40/47 (85%) 18/20 (90%) 22/27 (81%) 0.6916
Analysable 35/47 (74%) 17 (40%) 18 (34%) 0.7257
DTIMRI
Performed 80 (83%) 38 (88%) 42 (79%) 0.2795
Analysable 56 (58%) 24 (56%) 32 (60%) 0.8081

Quantitative data are expressed as mean + standard deviation or median [interquartile range] and compared through Student t-test and Mann-Whitney U-test, respectively.
Categorical data are expressed as n (%) and compared through chi-squared test or Fisher’s exact test. DTI = diffusion tensor imaging MRI.

order cognition and/or cognitive-motor dissociation on neu-
roimaging both at acute or chronic stages (Owen et al.,
2006; Sitt et al., 2014; Kondziella et al., 2016; Edlow et al.,
2017; Claassen et al., 2019). We then turned to EEG and
FDG-PET correlates of hASR in order to confirm our hy-
pothesis of a new sign of CMS by testing if clinically VS/
UWS patients with hASR were more prone to show MCS
patterns of cortical activity.

Habituation of auditory startle
reflex correlates with MCS-like
EEG activity

Multivariate prediction of consciousness based on
EEG markers

ASR habituation was tested on the same day as EEG record-
ings. After an automated preprocessing pipeline (see

‘Material and methods’ section and Supplementary mater-
ial), 12 recordings were discarded because of failed quality
control, resulting in 84/96 (88%) patients with available
EEG data: 29 patients were in the VS/UWS and showed an
inextinguishable ASR (VS-IN), 15 were in the VS/UWS with
an extinguishable ASR (VS-EX), 12 patients were in the
MCS with inextinguishable ASR (MCS-IN), and 28 patients
were in the MCS with extinguishable ASR (MCS-EX)
(Supplementary Table 2).

We first measured the impact of hASR on EEG-based
multivariate prediction of UWS/VS-MCS status. Previously
reported quantitative EEG markers of spectral power, func-
tional connectivity, complexity and ERPs were used to clas-
sify each patient status with a linear SVM classifier trained
on a separate dataset of 311 recordings [all recordings
reported in Engemann et al. (2018), except those of patients
included in the present study)]. We ran a 2 x 2 ANOVA
with the SVM predicted probability as dependent variable
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Figure | The hASR response and CRS-R. Proportion of the type of response to auditory startle reflex (ASR), either extinguishable (EX, in
blue) or inextinguishable (IN, in red), according to the clinical state of consciousness defined by the CRS-R showing that ASR-EX is more fre-
quent in minimally conscious (MCS) patients than in vegetative (VS/UWS) patients and vice versa, y*(1) = 13.6, P = 0.0002 (A). Proportions of

ASR response according to CRS-R scores within each subscale (B).

and both the state of consciousness (VS/UWS or MCS) and
the ASR response type (ASR-IN versus ASR-EX) as explana-
tory factors. As predicted, this analysis yielded a significant
main effect of the state of consciousness with [F(1,81) = 4.7
P =0.0339], but more importantly, we found an even stron-
ger main effect of the ASR response type [F(1,81) = 19.6,
P <1 x 107. Post hoc testing showed that the presence of
an ASR habituation resulted in higher probability of being

MCS than its absence, for both clinically VS/UWS patients
(52.6+20.8% versus 31.4+19.5%, P =0.0029), and MCS
patients (59.8+15.5 versus 43.2+19.8, P =0.0196).
Importantly, the proportion of clinically VS/UWS patients
who were predicted to be MCS by the EEG-based classifier
was significantly higher for ASR-EX patients than for ASR-
IN patients [10/15 (67%) versus 4/29 (14%), Fisher’s exact
test P=0.0007] (Fig. 2A). When including the clinical
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Table 2 Performances of habitation to ASR versus other CRS-R MCS items
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Pr AUC Sen, % Sp, % PPV, % NPV, % PLR NLR Acc, %
(%) [95%CI] [95% CI] [95% CI] [95% CI] [95% CI] [95% CI] [95% CI] [95% CI]
Habituation of auditory startle reflex
Exhaustible 55 0.70[0.60-0.79] 75[60-86] 65[49-78] 68[54-80] 72[56-85] 2.12[1.40-3.21] 0.39[0.23-0.66] 70 [60-79]
Auditory
Reproducible (3) 9  0.59[0.54-0.66] 19 [9-33] - - 55 [44-66] - 0.81 [0.71-0.93] 59 [49-69]
Systematic (4) 5 0.55[0.51-0.6] 10 [3-23] - - 53 [42-63] - 0.90 [0.81-0.99] 55 [45-65]
Visual
Fixation (2) 6 0.56 [0.52-0.61] 12 [5-25] - - 53 [43-64] - 0.88 [0.79-0.97] 56 [46—66]
Pursuit (3) 25 0.75[0.68-0.82] 50 [35-65] - - 67 [55-77] - 0.50 [0.38-0.66] 75 [65-83]
Localization (4) 2 0.52[0.5-0.55] 4[1-14] - - 51 [41-62] - 0.96 [0.90-1.02] 52 [42-62]
Recognition (5) 5 0.55[0.51-0.59] 10 [3-23] - - 53 [42-63] - 0.90 [0.81-0.99] 55 [45-65]
Motor subscale
Localization (3) 7  0.57[0.53-0.62] 15 [6-28] - - 54 [43-65] - 0.85 [0.76-0.96] 57 [47-67]
Manipulation (4) 2 0.52[0.5-0.55] 4[1-14] - - 51 [41-62] - 0.96 [0.90-1.02] 52 [42-62]
Automatic (5) 16  0.66[0.59-0.72] 31 [19-46] - - 59 [48-70] - 0.69 [0.57-0.83] 66 [55-75]
Oromotor and verbal subscale
Verbalization (3) I 0.51[0.5-0.53] 2[0-11] - - 51 [40-61] - 0.98 [0.94-1.02] 51 [41-6l]
Communication subscale
Intentional (1) 8 0.58[0.53-0.64] 17 [7-30] - - 55 [44-65] - 0.83 [0.73-0.95] 58 [48-68]

Acc = accuracy; AUC = area under the ROC curve; NLR = negative likelihood ratio; NPV = negative predictive value; PLR = positive likelihood ratio; PPV = positive predictive
value; Pr = prevalence; Sen = sensitivity; Sp = specificity. CRS-R MCS item scores are given in parentheses.

state X hASR response interaction term in the model, no
significant interaction was found and both main effects of
hASR and of clinical state remained significant
(Supplementary material). Importantly, these results were es-
sentially the same when computed on an independent 5 min
resting state EEG  (Supplementary  material and
Supplementary Fig. 1).

The same 2 x 2 ANOVA without the interaction term
were performed at the sensor-level for univariate EEG
markers. These analyses revealed a main effect of habitu-
ation to ASR on scalp topographies of markers previously
associated with higher states of consciousness (King et al.,
2013; Sitt et al., 2014; Hermann et al., 2020). Indeed, an ex-
tinguishable reflex was associated with higher raw theta
power spectral density (significant cluster encompassing a
large centro-posterior region, P =0.0150) and raw alpha
power spectral density (median centro-parietal cluster
P =0.0235), together with higher wSMI in the theta band
values (left and mesial temporo-frontal cluster, P = 0.0077)
(Fig. 2B). The hASR seemed especially linked to a higher
functional connectivity to prefrontal regions (parieto- and
temporo-prefrontal connectivity as well as prefronto-pre-
frontal connectivity) (Fig. 2C). Importantly, similar results
were obtained when focusing only on the VS/UWS popula-
tion (Supplementary Fig. 3). Again, no interaction was found
and the main effect were the same when including the inter-
action term (Supplementary material).

ERPs to local and global violations of auditory
regularities

We then investigated the response to violations of auditory
regularities using the ‘local-global’ paradigm. This paradigm

elicits both unconscious signatures to auditory novelty proc-
essing (mismatch negativity and P3a) when auditory regular-
ity is violated on a short timescale (local effect), and
conscious signature of auditory novelty processing (P3b)
when it is violated on a longer timescale (global effect). We
investigated both local and global effects in each of the four
following groups: VS-IN (7 =29), VS-EX (n = 15), MCS-IN
(n=12) and MCS-EX (n = 28).

While no significant local effect was found in the absence
of habituation (VS-IN and MCS-IN), a local effect was
found in both ASR-EX groups with very similar timing and
topography reminiscent of a P3a ERP component: a signifi-
cant cluster was present in the Fz region of interest during
the 200-336 ms time window after the onset of the fifth
sound in the VS-EX group (P = 0.0181) and during the 216-
340 ms time window in the MCS-EX group (P =0.0195)
(Fig. 3A).

The analysis of the global effect showed a similar and con-
sistent pattern. While no effect was found on Pz-region of
interest in the two ASR-IN groups (VS-IN and MCS-IN), a
significant global effect was present in the VS-EX group dur-
ing the 288-396 ms time window (P = 0.0275), and in the
MCS-EX group from 348-456 ms (P =0.0297) (Fig. 3B).
While the topography and time window of the effect in the
MCS-EX group was suggestive of a P3b component that is
reported as a signature of conscious access, the global effect
found in VS-EX occurred earlier, and showed an opposite
polarity.

Finally, we also investigated the CNV component that we
previously reported as an additional EEG marker of con-
scious expectation of the fifth auditory sound that conveyed
the critical information both for local and global effects
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Figure 2 Multivariate prediction of consciousness based on EEG markers. (A) Relationship between auditory startle reflex (ASR) ha-
bituation and the multivariate prediction of consciousness based on EEG markers. Predicted probability of being classified minimally conscious
(MCS) was higher in extinguishable patients (EX) than in inextinguishable patients (IN), regardless of the clinical state of consciousness [vegetative
(VS/UWS) or MCS] with a main effect of ASR habituation using a 2 x 2 analysis of variance (ANOVA), F(1,81) = 19.6, P < | x 107 Post hoc test-
ing revealed that EX patients had a significantly higher probability than IN patients in both VS and MCS populations (P < 0.05, uncorrected). (B)
Scalp topographies of some univariate markers [raw theta (8) and alpha (o) power spectral densities and weighted symbolic mutual information
in the theta band (WSMI 0)] showed a significant difference between the two groups, Py = 0.0150, P, = 0.0235 and P, = 0.0077, respectively. A
cluster-based approach was used for the statistical comparison, with the main effect of ASR response (independent of the state of consciousness)
in an ANOVA as a first step statistic followed by a |0 000 permutations spatial clustering procedure. Channels included in the significant cluster
are highlighted by white circles. (C) wSMI 0 connectivity differences between ASR-EX and ASR-IN. Only pairs of electrodes exhibiting a signifi-
cant main effect of the ASR habituation are represented (P < 0.005, uncorrected). P, = cluster P-value. *P < 0.05.
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(Faugeras er al., 2012). A significant CNV was present in
VS-EX and MCS-EX both on the Cz region of interest ana-
lysis (slope = -1.57, P=0.0005 and slope = -1.19,
P =0.0216, respectively) and on the cluster-based topo-
graphical analysis (centro-anterior cluster, P =0.0079 and
P =0.0216, respectively). In the MCS-IN group, a significant
CNV was only found on the region of interest analysis
(slope = -1.65, P=0.0477, best cluster P=0.2998). No
CNV was detected in the VS-IN group (slope = -0.45,
P = 0.4032, best cluster P = 0.1893) (Fig. 4).

Habituation of auditory startle reflex correlates
with MCS-like cortical metabolism

Out of 47 non-mechanically ventilated patients, 40 (85%)
had undergone FDG-PET acquisition and 35 (74%) record-
ings were available [five were discarded because of bad qual-
ity, independently assessed by nuclear medicine physicians
(M.O.H., AK.), blind to the clinical state and ASR habitu-
ation], including 18 ASR-EX patients (four VS/UWS and 14
MCS) and 17 ASR-IN patients (11 VS/UWS and six MCS).
Median delay between the clinical assessment and the PET
was 1 day [interquartile range = (-1:1)], with no significant
difference between the two groups (P = 0.25). Characteristics
of this sample of 35 patients are described in Supplementary
Table 4. As implemented by Stender et al. (2016), we com-
puted the metabolic index of each hemisphere and kept the
highest of these two values for the next analyses, as this met-
ric was proven to be one of the most reliable to diagnose
MCS. Not only the metabolic index was higher in the ASR-
EX group than in the ASR-IN group (3.88+0.96 versus
3.04+0.56, P=0.0035), but a significant main effect of
ASR response type was present using the same ANOVA
model as previously described for EEG markers [F(1,32) =
4.63, P=0.0391]. Post hoc comparison showed higher
metabolic index in MCS-EX than in MCS-IN patients
(4.04£0.99 versus 3.29+0.49, P = 0.0386), with no signifi-
cant difference between VS-IN and VS-EX groups
(2.9040.57 versus 3.33+0.63, P = 0.29) (Fig. SA).

Finally, in order to probe the regional metabolic correlates
of hASR, we performed a whole-brain voxel-based analysis
using linear modelling between voxel-wise metabolic indices
and the independent variables with age as a covariate. We
first contrasted ASR-EX to ASR-IN patients. Metabolic ac-
tivity was significantly higher in ASR-EX patients compared
to ASR-IN patients in posterior cingulate, precuneus, pre-
motor areas, anterior cingulate, orbito-frontal and dorso-lat-
eral prefrontal cortices. No cluster showed a significantly
higher metabolism in the ASR-IN group compared to the
ASR-EX group (Fig. 5B). After inclusion of the state of con-
sciousness as covariate, a significant independent effect of
ASR response type persisted in the posterior and anterior
cingulate, premotor area and anterior prefrontal cortex, al-
though less extended than in the previous contrast (Fig. 5C).
Voxel-wise analysis restricted within the VS/UWS population
also showed a higher metabolism in the same regions in VS-
EX patients than in VS-IN patients (Supplementary Fig. 3).
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Habituation of auditory startle reflex is associated
with a relative preservation of white matter
integrity

Of the 96 patients, two had a contraindication to MRI and
15 had no acquisition of DWI sequences during the MRI
(10 because they had a previous recent MRI and five be-
cause of too much motion inside the scanner). Of the 79
DWI acquisitions, 23 did not pass the quality control leaving
56 patients with successful DTI processing (58%): 17 VS-
IN, 10 VS-EX, seven MCS-IN and 22 MCS-EX patients
(Supplementary Table 5). Using a similar ANOVA model as
for the EEG multivariate classification and PET metabolic
index, we found a main effect of ASR response type on the
FAgeep [F(1,53) = 4.9, P =0.0306]. Post hoc testing revealed
that VS-EX patients had higher FAgc, than VS-IN patients
(0.74+0.09 versus 0.63+0.12, P =0.0117) but no signifi-
cant difference was found between MCS-EX and MCS-IN
(0.79+0.13 versus 0.80+0.11, P = 0.6250). The same pat-
tern was found on MDyc, of VS patients (1.30+0.19 versus
1.16+0.07, P = 0.0120), despite non-significant main effect
[F(1,53) = 3.4, P=0.0693] (Fig. 6). When including the
interaction term in the ANOVA model on the FAge., as the
dependent variable, both main effects remained significant
and there was no interaction (Supplementary material).

Habituation of auditory startle reflex predicts 6-
month command following in unresponsive patients
Another way to validate hASR in this situation of imperfect
gold standard is to assess its prognostic value. As it is well
established that MCS patients have a better outcome than VS
patients, both regarding the recovery of consciousness and the
functional outcome (Multi-Society Task Force on PVS, 1994;
Luauté et al., 2010; Faugeras et al., 2018), the hypothesis was
that ASR-EX, by probing MCS/CMS specific networks,
should mimic the MCS prognostic value. Six-month outcome
was available in 95/96 (99.0%) patients. We first assessed the
recovery of consciousness at 6 months in all patients, as
defined by the recovery of functional communication. ASR-
EX was significantly associated with consciousness recovery at
6 months, odds ratio (OR) = 4.18 (1.57-12.57), P = 0.0067,
with 21/52 (40.4%) ASR-EX patients who had recovered con-
sciousness versus only 6/43 (14.0%) ASR-IN patients.
However, this effect was not independent from the clinical
state of consciousness in multivariate logistic regression, as
MCS state [P =0.0002, OR = 5.95 (2.51-17.68)], but not
ASR-EX [P = 0.2284, OR = 2.05 (0.64-6.87)] was significant-
ly associated with consciousness recovery at 6 months.
However, 6 months is a short-term outcome as many of
our patients suffered from subacute-chronic disorders of
consciousness [median time since injury 58 (31-236) days],
a situation in which the expected rate of recovery is not only
low but also slow, especially for VS/UWS patients and/or
post-anoxic aetiology (Nakase-Richardson et al., 2012; Noé
et al., 2012; Hammond et al., 2019; Bareham et al., 2019).
Therefore, it is likely that we lacked power to detect the pre-
dictive value of ASR-EX on this outcome metric, which is
not adapted to all patients. We thus focused on a more
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Figure 3 Local-global auditory oddball paradigm. (A) Local effect ERP over Fz-centred region of interest showing a significant cluster
(black) only in vegetative (VS/UWS) and minimally conscious (MCS) patients with ASR extinguishable response, P, = 0.0181 and P, = 0.0195, re-
spectively. Scalp representations of averaged voltage values over the time period of the cluster clearly show an anterior positivity compatible
with a P3a component. (B) Similarly, a global effect over Pz-centred region of interest was only found in VS/UWS and MCS patients with ASR ex-
tinguishable response, with a centro-posterior positivity suggestive of a P3b in MCS, P, = 0.0297 and a negative and more lateralized topography
in VS/UWS, P, = 0.0275. Only results surviving multiple comparisons through a temporal cluster-based permutation procedure with 10 000 per-
mutations are presented. DVT = deviant; P, = cluster P-value; SEM = standard error of the mean; STD = standard.
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Figure 4 Contingent negative variation. CNV elicited by the first four sounds of the local-global paradigm, with both scalp topographies on
top (average values and cluster-based permutation statistics) and ERPs averaged over the Cz-centred region of interest. Coloured dashed lines in-
dicate a significant CNV slope while grey lines indicate a non-significant slope. Only vegetative (VS/UWS) and minimally conscious (MCS) patients
with extinguishable response exhibited a significant CNV in both methods, P, = 0.0079 and P, = 0.0216, respectively. Only results surviving mul-
tiple comparisons through a spatial cluster-based permutation procedure with 10 000 permutations are presented. P, = cluster P-value; SEM =

standard error of the mean.

realistic yet still clinically relevant outcome measure de-
pending on the patient’s ability on the day of first assess-
ment. This metric, which we called improvement at 6
months, was defined as the recovery of command follow-
ing in a patient unresponsive on the day of CRS-R and
hASR testing (CRS-R auditory subscale score < 2) and
the recovery of consciousness for patients already respon-
sive (CRS-R auditory subscale score > 2). The hASR sig-
nificantly predicted this improvement, P = 0.0053, OR =
3.56 (1.49-9.01) with 27/52 (51.9%) of ASR-EX versus
10/43 (23.3%) ASR-IN improving at 6 months. This sig-
nificant prognostic value of the hASR holds true when
focusing only on the recovery of command following ei-
ther in all the unresponsive patients [P =0.0031, OR =
4.40 (1.70-12.33)], with 22/42 (52.4%) unresponsive
ASR-EX versus 8/32 (20.0%) unresponsive ASR-IN), or

only in the VS/UWS patients [OR = 7.91 (1.56-59.91),
P=0.0201, 6/17 (35.3%) VS/UWS-EX versus 2/31
(6.5%) VS/UWS-IN]. Lastly, as most death occurred after
withdrawal of life-sustaining therapy [23/24 (95.8%)], it
is important to note that we found the same prognostic
value of hASR after the exclusion of patients who died
following such decisions (Supplementary material).

Discussion

In the present study we proposed, tested and validated a
new sign of MCS: the habituation of ASR. Our hypothesis
was based on the CMS framework, and predicted that ha-
bituation of the subcortical ASR would reflect the anatomo-
functional preservation of a large-scale cortical network,
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Figure 5 FDG-PET brain metabolism according to ASR habituation response. (A) Relationship between auditory startle reflex (ASR)
habituation and the metabolic index of the best preserved hemisphere showing a higher index in patients with extinguishable response (EX) as
compared to patients with inextinguishable response (IN), regardless of the clinical state of consciousness [vegetative (VS/UWS) or minimally
conscious (MCS)], as demonstrated by an analysis of variance (ANOVA) main effect of ASR habituation, F(1,32) = 4.63, P = 0.0391. Post hoc test-
ing revealed that EX patients had a significantly higher probability than IN patients in the MCS population (P < 0.05, uncorrected). (B) Whole-
brain voxel-based analysis of the metabolic index showing higher values in EX patients than in IN patients in parietal and medial frontal regions

(continued)
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Habituation of auditory startle reflex

recruiting in particular prefrontal regions, implied in the
control of action and in behavioural inhibition.

Cortical origin of ASR habituation

By correlating hASR with higher resting state cortical PET
metabolism (in particular in fronto-parietal regions) and
with richer EEG brain activity in ASR-EX than in ASR-IN
patients independently of the state of consciousness (i.e. in-
dependent of the VS/UWS versus MCS status), our findings
strongly support our hypothesis of a cortical origin of this
form of behavioural inhibition. Indeed, the regional PET
metabolic activity signature of preserved hASR encompassed
multiple brain-scale cortical networks including the salience
and default mode (DMN) networks. The former includes
pre-supplementary motor areas, anterior cingulate and right
insula cortices and has been reliably shown to be associated
to the inhibition of multiple cognitive and motor processes,
such as stopping an action in response to unexpected events
(Sharp et al., 2010). Structural integrity of these regions was
also found to be essential for an efficient modulation of
DMN activity during inhibitory control (Bonnelle ez al.,
2012), and disruption of their functional connectivity sec-
ondary to traumatic brain injury has also been linked to
impaired performance in another motor inhibition behaviour
during a stop signal task (Sharp er al., 2011). Our EEG
results also point in the same direction by showing higher
theta and alpha spectral power, as well as higher values of
cortico-cortical functional connectivity, and in particular
higher prefronto-temporal connectivity, in ASR-EX as com-
pared to ASR-IN patients. These results are coherent with
the previous reports of reduced ASR habituation in patients
suffering from temporal and frontal lesions (Liegeois-
Chauvel et al., 1989), and of a significant correlation be-
tween reduced hASR and lower midfrontal theta activity in
parkinsonian patients (Chen et al., 2016). Interestingly, sev-
eral studies linked this midfrontal theta activity to attention-
al mechanisms (Clayton et al., 2015; Fries, 2015) and to
inhibition of behavioural responses to external stimuli
(Wessel and Aron, 2013). The prefrontal origin of ASR in-
hibition is also reinforced by the finding of a reduced pre-
pulse inhibition of the startle response (a behaviour closely
related to hASR) in schizophrenic patients (Dawson et al.,
2000; Hazlett et al., 2007). Note also that this prepulse in-
hibition behaviour correlated with prefrontal cortex activity
in control subjects, as measured by functional MRI, and
that the alteration of this behaviour in schizophrenic patients
treated with neuroleptics paralleled a decrease of this pre-
frontal activity (Kumari et al, 2007). In addition to

Figure 5 Continued
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strengthening the crucial role of the frontal cortex in this be-
haviour, these works also suggest a relationship between
ASR habituation and integrity of dopaminergic pathways,
which are altered in Parkinson’s disease and schizophrenia,
and are targeted by antipsychotic drugs, as postulated by the
meso-circuit hypothesis proposed as a integrative neuro-
physiological framework of disorders of consciousness
(Schiff, 2010; Fridman and Schiff, 2014). A detailed and
dedicated fine anatomical study of the patients explored in
the present study could further test the cortical underpin-
nings of hASR. Note, however, that eyelid apraxia is unlike-
ly to affect hASR (Supplementary material).

Links between ASR habituation and
consciousness

Once we linked hASR to the activity of cortical networks,
we were able to discuss more precisely the relationship pre-
vailing between this new CMS clinical sign and conscious-
ness. Our main ERP result consisted in the presence of a
response to violations of global regularity in the auditory
local-global paradigm in ASR-EX patients. Such a ‘global ef-
fect’” was previously proposed as a neural signature of con-
scious access to this violation. In healthy volunteers
performing a passive version of this task, only those who
could consciously report the global structure of the stimuli
and of their violations showed a global effect in ERPs
(Bekinschtein et al., 2009) or in pupillometry (Quirins ef al.,
2018). In a group of 31 patients in a behavioural VS/UWS,
only the two individuals who showed a global effect
improved to a behavioural MCS within 3—4 days following
ERP recordings (Faugeras et al., 2011; Raimondo et al,
2017). Neural sources of the global effect correspond to a
large-scale cortical network including frontal regions and co-
herent with the global neuronal workspace (Dehaene and
Naccache, 2001) and fronto-parietal (Laureys and Schiff,
2012) theories of consciousness. Therefore, the discovery of
a global effect in both MCS-EX and in VS/UWS-EX groups
strongly suggests that most patients of these groups may
have consciously accessed these violations, in contrast with
both MCS-IN and VS/UWS-IN patients. Note however, that
the scalp topography of these global effects differed between
MCS and VS/UWS ASR-EX patients. While MCS-EX
patients showed the typical P3b topography observed in
conscious controls when they are aware of global regularity
violations or of any other visual or auditory stimulus
(Naccache et al., 2016), VS/UWS-EX patients showed a cen-
tral negativity topography that occurred earlier than the
P3b. This pattern is reminiscent of the visual awareness

(left), with significant differences mainly observed in precuneus/posterior cingulate, premotor area and anterior cingulate (right). (C) ANOVA
showed an independent main effect of the ASR habituation in posterior and anterior cingulate and supplementary motor area. For voxel-wise
analyses, both metabolic index and P-values (thresholded at P < 0.005 uncorrected with a minimum extent of 100 voxels per cluster) are shown
superimposed coronal, sagittal and axial slices of the MNI 152 T, brain template with related y, x and MNI coordinates. L = left; R = right.

*P < 0.05.
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Figure 6 Deep white matter integrity according to ASR habituation response. Relationship between auditory startle reflex habitu-
ation (ASR) and the deep white matter integrity assessed by DTl imaging, showing a higher fractional anisotropy [FAgeep, left, main effect of ASR
habituation, F(1,53) = 4.9, P =0.0306] and lower mean diffusivity [MDgeep, right, F(1,53) = 3.4, P = 0.0693] in patients with extinguishable re-
sponse (EX) compared to patients with inextinguishable response (IN). Post hoc testing revealed a significant effect (P < 0.05 uncorrected) only

in vegetative (VS/UWVS) patients. *P < 0.05.
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negativity that has been reported primarily in the visual mo-
dality (Koivisto et al., 2008), and that was recently extended
to the auditory modality (Eklund and Wiens, 2019). The ul-
timate interpretation of this difference of topography be-
tween the two groups of ASR-EX patients is beyond the
scope of the present study, but the mere and specific pres-
ence of such a global effect when ASR habituation is pre-
served suggests a tight link between this sign and conscious
state. Note also that the presence of a sustained and stronger
CNV response in ASR-EX patients than in ASR-IN patients
further suggests that the former were more prone to actively
and consciously expect the auditory stimuli (Faugeras et al.,
2012; Sergent et al., 2017; Rozier et al., 2020). Future stud-
ies should better assess this relationship at the individual
level.

In a complementary and coherent way, our PET results
revealed that precuneus and posterior cingulate cortices,
which belong to the major node of the DMN (Fransson and
Marrelec, 2008), correlated with hASR. Reduced activity
within these two regions has been repeatedly associated with
loss of consciousness in various physiological and patho-
logical conditions such as slow wave sleep (Horovitz et al.,
2009; Boly et al., 2012), general anaesthesia (Boveroux
et al., 2010; Schrouff et al., 2011), and disorders of con-
sciousness (Cauda et al., 2009; Vanhaudenhuyse er al.,
2010; Soddu et al., 2012; Demertzi et al., 2014, 2015).

Taken together, our results strongly suggest that preserved
hASR indexes the residual function of large-scale cortical
networks subserving conscious states, conscious access to
stimuli, and voluntary ‘top-down’ inhibition of automatic
behavioural responses such as the ASR, which will later fos-
ter consciousness recovery, as shown by the better 6-month
outcome in patients with ASR-EX.

Habituation of auditory startle
reflex is a powerful sign of CMS

In accordance with the recent proposal to reinterpret the
MCS as a CMS (Naccache, 2018a), hASR appears as a new
additional behavioural sign that can be used to differentiate
MCS from VS/UWS patients. We showed that habituation
to ASR is a powerful new MCS item compared to the cur-
rent items included in the CRS-R. Not only the presence of
hASR discriminated MCS from VS/UWS patients, but this
sign also showed the best prevalence and sensitivity values
as compared to the other current MCS items (Wannez et al.,
2018). Moreover, we showed that hASR correlated with
MCS-like patterns of brain activity on two validated neuroi-
maging tools (EEG-based classification and metabolic index
of the FDG-PET), and that its presence was associated with
an increase of white matter structural integrity (FA on DTI)
that is predictive of motor and cognitive recovery (Galanaud
et al., 2012; Luyt et al., 2012; Velly et al., 2018). The con-
vergence between these two independent brain imaging tech-
niques is crucial as it satisfies the requirement of consilience
between tests in this situation of imperfect gold standard
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(Peterson, 2016), where ~15-20% of clinically VS/UWS
patients show patterns of brain activity suggestive of MCS
or conscious state (Owen et al., 2006; Sitt et al., 2014
Kondziella et al., 2016; Edlow et al., 2017; Claassen et al.,
2019). Interestingly, hASR not only mirrored the VS/UWS
versus MCS prognostic value (Multi-Society Task Force on
PVS, 1994; Luauté et al., 2010; Faugeras et al., 2018), but
we also found that it predicted consciousness recovery even
in unresponsive and VS/UWS patients, in a similar fashion
as cognitive-motor dissociation was recently shown to pre-
dict outcome (Claassen et al., 2019). Such a situation calls
for a new classification of disorders of consciousness that
would include some of these neural measures (Bayne et al.,
2017; Naccache, 2018b), but it also underlines the import-
ance to expand the range of MCS/CMS behaviours that can
be tested at the bedside. Indeed, contrary to the simple
hASR, functional brain imaging techniques (PET, functional
MRI, quantitative EEG and cognitive ERPs) show a very
limited availability in most routine care structures.

Conclusion

In this study, we defined the administration guidelines of a
new clinical sign, the ASR habituation, and explored its
physiological underpinnings as well as its links with con-
sciousness. We showed that its presence was suggestive of a
MCS or conscious state, and that it correlated with the func-
tional preservation of large-scale cortical networks related to
conscious processing and to voluntary inhibitory control of
behaviour, as measured by quantitative high-density EEG,
with cognitive ERPs and with resting state PET imaging.
Moreover, hASR was able to predict 6-month consciousness
improvement, in particular the recovery of command follow-
ing in initially unresponsive patients. In the light of these
findings, ASR habituation satisfies the criteria required to
label it as a new MCS/CMS item. Its simplicity would make
it easily implemented in various clinical settings, either as a
screening tool or as a complement to the CRS-R. In fact,
ASR habituation could be integrated into the auditory sub-
scale hierarchy of the CRS-R, between localization to sound
and command following.
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