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The systems-level mechanisms underlying loss of consciousness (LOC) under anesthesia remain unclear. General anesthetics suppress
sensory responses within higher-order cortex and feedback connections, both critical elements of predictive coding hypotheses of
conscious perception. Responses to auditory novelty may offer promise as biomarkers for consciousness. This study examined
anesthesia-induced changes in auditory novelty responses over short (local deviant [LD]) and long (global deviant [GD]) time scales,
envisioned to engage preattentive and conscious levels of processing, respectively. Electrocorticographic recordings were obtained in
human neurosurgical patients (3 male, 3 female) from four hierarchical processing levels: core auditory cortex, non-core auditory cortex,
auditory-related, and PFC. Stimuli were vowel patterns incorporating deviants within and across stimuli (LD and GD). Subjects were
presented with stimuli while awake, and during sedation (responsive) and following LOC (unresponsive) under propofol anesthesia. LD
and GD effects were assayed as the averaged evoked potential and high gamma (70 –150 Hz) activity. In the awake state, LD and GD effects
were present in all recorded regions, with averaged evoked potential effects more broadly distributed than high gamma activity. Under
sedation, LD effects were preserved in all regions, except PFC. LOC was accompanied by loss of LD effects outside of auditory cortex. By
contrast, GD effects were markedly suppressed under sedation in all regions and were absent following LOC. Thus, although the presence
of GD effects is indicative of being awake, its absence is not indicative of LOC. Loss of LD effects in higher-order cortical areas may
constitute an alternative biomarker of LOC.
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Introduction
Although the molecular and cellular effects of general anesthetics
are well defined (Rudolph and Antkowiak, 2004; Franks, 2008), a

comparable understanding of loss of consciousness (LOC) under
anesthesia at a systems level is lacking. The broad implications of
this question are reflected in the convergence of research into
anesthesia, sleep, coma, and the neural basis of consciousness
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Significance Statement

Development of a biomarker that indexes changes in the brain upon loss of consciousness (LOC) under general anesthesia has
broad implications for elucidating the neural basis of awareness and clinical relevance to mechanisms of sleep, coma, and disor-
ders of consciousness. Using intracranial recordings from neurosurgery patients, we investigated changes in the activation of
cortical networks involved in auditory novelty detection over short (local deviance) and long (global deviance) time scales asso-
ciated with sedation and LOC under propofol anesthesia. Our results indicate that, whereas the presence of global deviance effects
can index awareness, their loss cannot serve as a biomarker for LOC. The dramatic reduction of local deviance effects in areas
beyond auditory cortex may constitute an alternative biomarker of LOC.
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(Mashour, 2006; Alkire et al., 2008; Shushruth, 2013). Recent
studies suggesting that evaluation of patients with disorders of
consciousness (DOC) can be improved by incorporating nonin-
vasive metrics of neural activity (Bayne et al., 2017; Bernat, 2017)
and the need for objective measures of awareness under general
anesthesia (Avidan et al., 2011) further highlights the importance
of this problem.

Although general anesthetics act on subcortical sleep and
arousal centers (Devor and Zalkind, 2001; Nelson et al., 2002;
Långsjö et al., 2012; Zhang et al., 2015), changes in the contents of
consciousness are likely secondary to effects on thalamocortical
networks (Llinás et al., 1998; Dehaene and Naccache, 2001; Crick
and Koch, 2003; Koch et al., 2016); however, specific mechanisms
and sites of action are unclear (Nelson et al., 2002; Franks, 2008;
Koch et al., 2016). Primary sensory areas are relatively resistant to
LOC under anesthesia and sleep (Raz et al., 2014; Nir et al., 2015;
Durand et al., 2016), whereas activity in higher-order cortex is
markedly suppressed (Portas et al., 2000; Liu et al., 2012; Wilf et
al., 2016), as is corticocortical, and especially feedback (FB), con-
nectivity (Massimini et al., 2005; Ferrarelli et al., 2010; Boly et al.,
2012; Raz et al., 2014). This suggests that neural correlates of LOC
under anesthesia will be observed in higher-order cortex and be
revealed during sensory tasks that engage cortical FB pathways
(Davis and Johnsrude, 2007).

Detection of auditory novelty is postulated to activate hierar-
chical sensory cortical networks mediating predictive coding
(Mumford, 1992; Rao and Ballard, 1999; Friston, 2005; Garrido
et al., 2009). Under the predictive coding hypothesis, the brain
uses a generative model to best match sensory observations
wherein predictions carried by FB connections from higher-
order cortex are compared with sensory-driven inputs into
lower-order cortex, and prediction errors are projected to higher
levels via feedforward connections (Friston, 2005; Bar, 2009;
Clark, 2013). This form of bidirectional information exchange is
also central to leading theories of brain function and conscious-
ness (Friston, 2005; Dehaene and Changeux, 2011; Mashour,
2013; Tononi et al., 2016), and its disruption upon LOC would
render impossible the process of Bayesian inference postulated to
underlie conscious interpretation of sensory stimuli (Friston,
2005; Bastos et al., 2012).

The brain likely uses a hierarchical generative model that
operates over multiple spatiotemporal scales, matching the envi-
ronment characterized by nested sensory objects (e.g., pho-
nemes, words, sentences in spoken language). The local-global
deviant (LGD) paradigm is specifically designed to probe audi-
tory predictive coding over multiple temporal integration win-
dows by establishing prior expectations over short (local deviant,
[LD]) and long (global deviant, [GD]) time scales (Bekinschtein
et al., 2009). This study used the LGD paradigm to investigate the

effects of propofol anesthesia on auditory predictive coding. LGD
stimuli engage both preattentive and conscious perceptual pro-
cesses and elicit error signals with distinct latencies and genera-
tors (Bekinschtein et al., 2009; Strauss et al., 2015). LD error
signals (“effects”) align with the scalp-recorded mismatch nega-
tivity (MMN) (Näätänen and Alho, 1995), thought to be primar-
ily generated within the temporal lobe (Bekinschtein et al., 2009;
Fishman, 2014; Joos et al., 2014). GD effects align with the P3b
component of event-related potentials (Kok, 2001) and activate a
broader cortical network (Bekinschtein et al., 2009).

GD effects have been postulated to represent a key signature of
conscious processing in the global workspace theory (Bekinsch-
tein et al., 2009; Dehaene and Changeux, 2011). These effects,
which dissipate upon LOC, have been proposed as biomarkers
for awareness (Faugeras et al., 2012; Strauss et al., 2015; Uhrig et
al., 2016). However, these effects are suppressed by inattention
(Sergent et al., 2005; Bekinschtein et al., 2009), which can occur
while subjects are still conscious (Heinke and Koelsch, 2005). By
contrast, LD effects, as manifested by the MMN, are typically
described as preattentive and relatively resistant to LOC
(Näätänen et al., 2011) yet are also modulated by attention
(Näätänen et al., 1993; Chennu et al., 2013) and awareness
(Simpson et al., 2002; Strauss et al., 2015). Thus, key questions
remain regarding the dependence of LD and GD effects on level
of consciousness. Here, we tested the hypothesis that LGD effects
can track changes in awareness (i.e., sedation and LOC) under
propofol anesthesia, using intracranial recordings obtained si-
multaneously from key processing stages involved in auditory
predictive coding: core and non-core auditory, auditory-related,
and PFC.

Materials and Methods
Subjects. Subjects were 6 neurosurgical patients with medically refractory
epilepsy (Table 1) who had been implanted with intracranial electrocor-
ticography (ECoG) electrodes to identify resectable seizure foci (Nourski
and Howard, 2015; Nourski et al., 2017, 2018). Research protocols were
approved by the University of Iowa Institutional Review Board and the
National Institutes of Health, and written informed consent was ob-
tained from all subjects. Subjects could rescind their participation with-
out interrupting their clinical monitoring. Experiments were conducted
in the operating room before electrode removal and seizure focus resec-
tion surgery.

Subjects were right-handed, left language-dominant native English
speakers. All subjects underwent standard audiometric and neuropsy-
chological evaluation, and none was found to have hearing or cognitive
deficits that would impact the findings of this study. Subject R394 had
previously undergone a resection of a cavernoma in the anterior medial
temporal lobe, which spared all ROIs in this study, except planum polare.
This subject had normal hearing, cognitive abilities, and above-average
task performance, justifying this subject’s inclusion in the study.

Table 1. Subject demographics and electrode coverage

Subject no.a Age (yr) Sex Seizure focus

Electrode coverage

HGPM HGAL PT PP STG Auditory-related PFC Other Total

R369 30 Male Right medial temporal lobe 8 5 4 6 20 77 44 51 215
L372 34 Male Left temporal pole 6 4 4 4 25 56 34 48 181
R376 48 Female Right medial temporal lobe 7 4 3 3 21 73 30 58 199
R394 24 Male Right amygdala 8 0 2 0 0 6 2 7 25
R399 22 Female Right temporal lobe with early propagation

to right inferior lateral frontal lobe
3 4 2 1 23 46 47 62 188

L400 59 Female Left amygdala 4 5 1 1 6 24 56 61 158
Total 36 22 16 15 95 282 213 287 966
aLetter prefix of the subject code indicates the side of electrode implantation over auditory cortex and the side of seizure focus: L, left; R, right. Most subjects had, to varying degrees, bilateral coverage of other regions of the brain.
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Stimuli. Stimuli were vowels /ɑ/ and /i/, presented in an LGD para-
digm (Bekinschtein et al., 2009; Strauss et al., 2015) (Fig. 1). The vowels
were excised from the steady-state vowel portions of syllables /hɑd/ and
/hid/, spoken by a female talker (Hillenbrand et al., 1995). On each trial,
five 100 ms vowels, each gated with 5 ms on/off ramps and separated by
50 ms silent intervals, were presented, with the fifth vowel being either
the same as the first four (local standard) or different (LD; Fig. 1A).

In each experimental block, the stimuli were
presented in four sequences, with the order of
the sequences randomized across blocks (Fig.
1B). Subjects were asked to perform a GD tar-
get detection task by pressing a button with the
hand ipsilateral to the hemisphere from which
recordings were made. Each sequence began
with a recorded instruction that defined the
target stimulus to the subject. For example, Se-
quence 1 was preceded with the following in-
struction: “This time, press the button when
you hear this sound: /ɑɑɑɑi/. Once again, press
the button when you hear this sound:
/ɑɑɑɑi/.” This was followed by 10 trials that
established the global standard (e.g., /ɑɑɑɑɑ/
for Sequence 1), and then by 72 global standard
trials and 18 GD trials, presented in a pseudo-
random order with an intertrial interval of
1500 � 10 ms (mean, SD). The difference in
presentation frequency thus constituted the
global deviance, and the GD stimulus changed
across the four sequences within each block
(Fig. 1C). The key feature of this paradigm is
that the LD stimulus can be either a global
standard (as in Sequences 2 and 4) or a GD
(as in Sequences 1 and 3) depending on its
presentation frequency within a sequence.

Recording. ECoG recordings were made
using subdural and depth electrodes (Ad-
Tech Medical). Subdural arrays consisted of
platinum-iridium discs (2.3 mm diameter,
5–10 mm interelectrode distance), embedded
in a silicon membrane. Depth arrays (8 –12
electrodes, 5 mm interelectrode distance)
were stereotactically implanted along the
anterolateral-to-posteromedial axis of Hes-
chl’s gyrus (HG). Additional arrays targeted in-
sular cortex and provided coverage of planum
temporale and planum polare. This allowed for
bracketing suspected epileptogenic zones from
dorsal, ventral, medial, and lateral aspects
(Reddy et al., 2010; Nagahama et al., 2018).
Depth electrodes that targeted amygdala and
hippocampus provided additional coverage of
auditory-related cortex within superior tem-
poral sulcus. A subgaleal electrode was used as
a reference. All electrodes were placed solely
on the basis of clinical requirements, as
determined by the team of epileptologists
and neurosurgeons (Nourski and Howard,
2015). ECoG data were amplified, filtered
(0.7– 800 Hz bandpass, 12 dB/octave rolloff),
and digitized at a sampling rate of 2034.5 Hz
using a TDT RZ2 processor (Tucker-Davis
Technologies).

Reconstruction of the anatomical locations
of implanted electrodes, their mapping onto a
standardized set of coordinates, and assign-
ment to ROIs were performed using FreeSurfer
image analysis suite (version 5.3; Martinos
Center for Biomedical Imaging, Harvard, MA)
and in-house software, as described previously
(Nourski et al., 2014, 2018). Contact locations

of the depth and subdural electrodes were extracted from postimplanta-
tion MRI and CT scans, respectively, and projected onto preimplantation
MRI scans using nonlinear 3D thin-plate spline morphing. Transforma-
tion of recording site locations from multiple subjects into standard MNI
coordinates was done using linear coregistration to the MNI152 T1 av-
erage brain, as implemented in FMRIB Software library (version 5.0;

Figure 1. LD and GD experimental paradigm. A, Schematic of the four experimental stimuli. B, Stimulus sequences. LS, Local
standard. C, Comparisons between trials to characterize LD and GD effects. D, Stimulus presentation during awake baseline period
and induction of general anesthesia with stepwise increases in propofol dose. Adapted with permission from Strauss et al. (2015).
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FMRIB Analysis Group, Oxford, UK). Contacts were projected onto the
right lateral hemispheric surface and superior temporal plane of the Free-
Surfer average template brain. Left hemisphere MNI x-axis coordinates
(xMNI) were multiplied by �1 to map them onto the right hemisphere.

Seven ROIs were defined, spanning the cortical hierarchy of auditory
predictive coding: core auditory cortex (posteromedial portion of HG
[HGPM]); four non-core areas (i.e., anterolateral portion of HG, pla-
num temporale, planum polare, and superior temporal gyrus); auditory-
related cortex (insular cortex, superior temporal sulcus, middle temporal
gyrus [MTG], supramarginal and angular gyri); and PFC (inferior,
middle, and superior frontal, orbital, and transverse frontopolar gyrus)
(Table 1). Sites outside these seven ROIs were categorized as “Other.”
Assignment of recording sites to ROIs was based on anatomical recon-
structions of electrode locations in each subject, informed by automated
parcellation of cortical gyri (Destrieux et al., 2010, 2017) and MRI sec-
tions in axial, sagittal, and coronal planes for subdural and depth elec-
trode arrays, respectively. Recording sites characterized by excessive
noise, or localized to white matter or seizure foci, were excluded from
analyses.

Experimental design and statistical analysis. Stimuli were presented by a
TDT RZ2 processor (Tucker-Davis Technologies) and delivered at a
comfortable level (60 – 65 dB SPL) diotically via insert earphones (ER4B,
Etymotic Research) integrated into custom-fit earmolds. The target de-
tection task was used to provide additional measures of the subjects’
attention and awareness during induction of anesthesia. Subjects oper-
ated the button with the hand ipsilateral to the recorded hemisphere.
Behavioral performance in the target detection task was characterized by
accuracy (hit rate; percentage of detected target stimuli), sensitivity (d�;
Zhit rate � Zfalse alarm rate, where Z ( p) is the inverse of the cumulative
distribution function of the normal distribution), and reaction times
(RTs). Button presses had to occur before the onset of the next nontarget
trial to be counted as hits.

The first stimulus block was presented immediately before adminis-
tration of propofol for induction of general anesthesia (Fig. 1D). Follow-
ing the completion of the first block, propofol was infused at a rate of 50
�g/kg/min (Alaris pump, BD Bioscience), and the rate was increased
every 10 min by 25 �g/kg/min (Nourski et al., 2017). Infusion lasted 50
min, during which three additional LGD blocks were presented. The
infusions were supervised by a faculty anesthesiologist using standard
respiratory, cardiac, and hemodynamic monitoring. No infusion had to
be terminated for the patients’ safety.

Depth of anesthesia was evaluated before and after each block using
the Observer’s Assessment of Alertness/Sedation (OAA/S) scale, a gold
standard in assessing alertness in clinical setting (Chernik et al., 1990).
Responsiveness (calling the subject’s name), speech (asking the subject to
repeat the sentence, “The quick brown fox jumps over the lazy dog”),
facial expression (the degree of facial relaxation), and eyes (the subject’s
ability to focus and ptosis) were assessed by the experimenter (K.V.N.)
and scored on a scale from 1 to 5. The composite OAA/S score, ranging
from 5 (awake) to 1 (unresponsive), was defined as the lowest level at
which any assessment category was checked, as stipulated by Chernik
et al. (1990). The transition from OAA/S � 3 (responsive to loud or
repeated command) to OAA/S � 2 (unresponsive in the absence of
mild prodding or shaking) was operationally used as the threshold
between sedation and LOC (Vanluchene et al., 2004). Depth of anes-
thesia was assessed additionally using EEG measures: response en-
tropy (RE; E-ENTROPY module; Datex-Ohmeda) (Viertiö-Oja et al.,
2004) in Subject R369 and bispectral index (BIS) (Gan et al., 1997)
(BIS Complete 4-Channel Monitor; Medtronic) in all other subjects.
The relationship between OAA/S scores and EEG measures was ex-
amined using linear regression analysis. BIS/RE values were obtained
for each OAA/S measurement by averaging within �2 min of that
measurement.

ECoG data were downsampled to 1000 Hz and denoised (Kovach and
Gander, 2016). Trials containing voltage deflections �5 SD from the
across-block mean for each recording site were considered artifacts and
excluded from further analysis. Averaged evoked potentials (AEPs) and
high gamma event-related band power (ERBP) were extracted using soft-
ware written in MATLAB (version 7.14; The MathWorks). AEPs and

high gamma activity roughly index inputs to and outputs from the cor-
tical recording site, respectively (Steinschneider et al., 2008), thus pro-
viding complementary direct measures of neural activity. High gamma
ERBP was calculated by bandpass filtering the ECoG signal (300th
order finite impulse response filter, 70 –150 Hz passband), followed
by Hilbert envelope extraction, log transform, and, for each of the
four experimental sequences, normalization to the mean power over
the entire duration of the sequence. Averaged AEPs and high gamma
ERBP waveforms were smoothed using a fourth-order Butterworth
lowpass filter (30 Hz cutoff).

Acoustically responsive sites were identified based on their responses
to the first four vowels, as described by Nourski et al. (2014, 2018). Each
trial was baseline-corrected by subtracting the mean voltage in the 100
ms interval immediately preceding the onset of the first vowel. Sites were
considered responsive if either the upper or the lower bound of the AEP
95% CI was �0 or �0 �V, respectively, for at least 30 ms, and the
following peak exceeded voltage at the threshold-crossing time point by
at least twofold. For high gamma data, the threshold criterion was based
on the lower bound of the 95% CI exceeding 0 dB for at least 30 ms, and
the following peak exceeding ERBP at the threshold-crossing time point
by at least twofold.

LD and GD effects were defined as significant increases in averaged
responses to the deviant versus standard stimuli between 0 and 800 ms
following the onset of the fifth vowel, as determined by a nonparametric
cluster-based permutation test (Maris and Oostenveld, 2007), as de-
scribed in detail by Nourski et al. (2018). The permutation distribution
was constructed using 10,000 random partitions of experimental condi-
tions (deviant vs standard), and the threshold for the cluster statistic was
set at the 99.5th percentile for two-tailed tests (AEP data) and the 99th
percentile for the one-tailed tests (high gamma). p values were adjusted
using false discovery rate (Benjamini and Hochberg, 1995) correction
with a significance threshold of q � 0.05.

Effects of brain state transitions on responses to the first four vowels,
LD effects, and GD effects were analyzed using logistic regression of each
response type separately (vowel, LD, GD), with random intercepts for
subject, and hierarchical level (core, non-core, auditory-related, PFC)
and brain state (awake, sedated, unconscious) as fixed effects with two-
way interactions. To facilitate model convergence, normal (SD � 3)
priors were used to limit the parameter space (R package blme) (Chung
et al., 2013). Simultaneous CIs for selected contrasts were calculated with
R package multcomp (Hothorn et al., 2008). Data are presented as odds
ratios (ORs; i.e., the ratio of the odds of responsiveness in one brain state
to the odds in the other brain state, computed by exponentiating the
coefficients in the regression analysis) along with 95% family-wise CIs.
All comparisons are across observed brain state transitions (i.e., awake to
sedated and sedated to unconscious).

The time course of deviance effects was described by summing signif-
icant clusters across recording sites in all subjects for each ROI at each
time point between 0 and 800 ms following the fifth vowel onset. Addi-
tionally, cumulative latency probability distribution functions over the
same time window were computed for all sites. Time course comparisons
between awareness states were performed using two-sample Kolmogo-
rov–Smirnov tests.

Results
Effects of general anesthesia on behavioral state
Administration of propofol resulted in decreased OAA/S scores
and BIS/RE values (Fig. 2A, top row and lower row, respectively)
and a decline in button presses (Fig. 2A, top row, tick marks).
Consistent with previous studies using propofol anesthesia (Liu
et al., 1997; Ibrahim et al., 2001), there was a reliable correspon-
dence between OAA/S scores and recorded BIS values (RE in
Subject R369) in all subjects (Fig. 2A, bottom row, r 2 values). As
expected, subjects exhibited lower accuracy, sensitivity, and lon-
ger RTs under sedation (Fig. 2B).
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Effects of general anesthesia on local versus global
novelty responses
A combination of subdural and depth arrays allowed for compre-
hensive assessments of responses from multiple ROIs, encom-
passing key areas in the auditory processing hierarchy. Typical
electrode coverage (Subject R369) is presented in Figure 3A. Cov-
erage of the hemispheric convexity by subdural arrays is depicted
in the top. A top-down view of the superior temporal plane (Fig.
3A, bottom) illustrates placement of depth arrays targeting insu-
lar cortex, HG, and the dorsal surface of the anterior temporal
lobe. Examples of AEPs and high gamma responses from core
auditory cortex (HGPM) and auditory-related cortex (MTG)
elicited by LGD stimuli during induction of general anesthesia
are shown in Figure 3B. Auditory novelty, associated with the
onset of the fifth vowel within the stimulus, elicited deviance
effects in AEP and high gamma ERBP signals. Both AEP and high
gamma LD effects were preserved within HGPM throughout in-

duction. In MTG, an AEP LD effect was present under sedation,
but not LOC. In contrast, significant GD effects were abolished
under sedation at both sites.

Details of LGD effects associated with induction of general
anesthesia are presented in Figure 4, which depicts data from all
subjects plotted in the MNI coordinate space for the three levels
of awareness. In the awake state, AEP LD effects were present in
all ROIs, whereas high gamma LD effects were absent in PFC (Fig.
4A). Both AEP and high gamma LD effects became progressively
restricted to core and non-core auditory cortex under propofol
anesthesia. Of note, there was little change in extent of LD effects
in temporoparietal cortex from awake to sedated state.

AEP and high gamma GD effects were observed in all ROIs in
the awake state (Fig. 4B). GD effects were more sensitive to
propofol compared with LD effects and were largely suppressed
in all areas under sedation. Of note, the majority of remaining
sites with significant AEP (19 of 25) and high gamma (20 of 29)

Figure 2. Awareness assessment and GD target detection task performance across experimental blocks. A, Assessment of each subject’s level of sedation using the OAA/S scale (top row), and EEG
monitoring: RE in Subject R369 and BIS in all other subjects (bottom row) during each experimental block. B, Hit rates (percentage correctly detected target stimuli; top), sensitivity (d�; middle), and
RTs (bottom) for each of the 6 subjects (columns) during the first, second, and third experimental block. None of the subjects pressed the response button during the fourth experimental block.
Box-and-whiskers RT plots represent median values and 10th, 25th, 75th, and 90th percentiles; median values for each subject are shown inside boxes. For each block, the two OAA/S scores
correspond to assessments made before and after the LGD experimental block.
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GD effects under sedation were contributed by a single subject
(Subject R376). This participant was otherwise typical of the sub-
ject cohort, including task performance, extent of electrode cov-
erage, and changes in LD effects during induction.

The description of regional changes in LGD effects during
induction of propofol anesthesia shown in Figure 4 could be
biased by the extent of ROI electrode coverage. To address this,
and to compare changes in LGD effects with changes in overall
responsiveness to acoustic stimuli, the presence of responses to
vowels and LGD effects across cortical regions was also described
in terms of the fractions of responsive sites (Fig. 5), and the effects
of changes in brain state on responsiveness analyzed using logistic
regression (see Materials and Methods). No significant effect of
brain state was detected on AEP vowel responses in core (OR �
0.28 [0.0096, 8.0], p � 0.94). In non-core, there was no effect of
sedation (OR � 0.79 [0.33, 1.9], p � 0.99), but responses were
suppressed upon LOC (OR � 0.38 [0.18, 0.80], p � 0.0034).
Responses were suppressed upon both sedation and LOC in
auditory-related cortex (sedation: OR � 0.57 [0.35, 0.94], p �
0.017; LOC: OR � 0.26 [0.14, 0.48], p � 0.001) and PFC (seda-
tion: OR � 0.20 [0.092, 0.42], p � 0.001; LOC: OR � 0.16 [0.034,
0.72], p � 0.0074) (Fig. 5A). No effect on high gamma responses
to vowels was detected for any hierarchical level and brain state
(p � 0.05 for all contrasts).

Analysis of LGD effects (Fig. 5 B, C) yielded results consis-
tent with those presented in Figure 4. Specifically, there was no
significant difference in AEP and high gamma LD effects be-
tween awake and sedated states ( p � 0.05 for all contrasts),

except for AEP LD effects in PFC, which were suppressed
(OR � 0.21 [0.010, 0.45], p � 0.001) (Fig. 5B). In comparison,
LD effects were suppressed outside of auditory core cortex
upon LOC ( p � 0.05 for all contrasts). AEP GD effects were
suppressed at all levels of hierarchy in sedation ( p � 0.05
for all contrasts). Statistical assessment of state-dependent
changes of AEP GD effects upon LOC and high gamma GD
effects upon sedation and LOC was precluded by the small
number of responsive sites (Fig. 5C).

Sensitivity of FB pathways and higher-order cortical areas to
general anesthesia would be expected to alter the time course of
cortical activation associated with predictive coding. To address
this, the overall time course of LGD effects was measured across
all ROIs (Fig. 6). Here, at each time point relative to the onset of
the fifth vowel, numbers of ROI sites exhibiting significant differ-
ences between responses to standard and deviant stimuli were
summed across subjects, demonstrating the extent of cortical ac-
tivation by auditory novelty on a temporal scale. In the awake
state, AEP LD and GD effects exhibited multipeaked time courses
that spanned the entire 800 ms analysis window, whereas high
gamma effects were largely monophasic and occurred earlier in
the analysis window (Fig. 6A). The AEP LD effect was most
prominent at 150 –250 ms after the fifth vowel onset, whereas the
high gamma LD effect peaked at �125 ms. The time courses of
AEP and high gamma LD effects were slower under sedation
relative to awake (AEP: D � 0.093, p � 0.001; high gamma: D �
0.22, p � 0.001; two-sample Kolmogorov–Smirnov tests) (Fig.
6A, insets). Upon LOC, the AEP LD effect had a more rapid time

Figure 3. Responses to standard and deviant stimuli during induction of general anesthesia in a representative subject (Subject R369). A, MRI side view of the hemispheric surface and top-down
view of superior temporal plane showing electrode coverage in Subject R369. Circles represent recording sites. White circles represent recording sites in HGPM and MTG. Colors represent different
ROIs used in the study. B, AEP and high gamma responses recorded from two exemplary sites in response to standard and deviant stimuli. Lines indicate mean values. Shading represents 95% CIs.
Thick lines underneath response waveforms indicate significant differences between responses to standard and deviant stimuli.
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course compared with te sedated state (D � 0.086, p � 0.001),
reflecting the relatively higher contribution of HGPM sites. A
similar effect was observed for high gamma, where the timing of
LD effects was more rapid upon LOC compared with sedation
(D � 0.25, p � 0.001).

As expected, onset and peak latencies of GD effects were gen-
erally longer than those of LD effects. The number of sites exhib-
iting significant AEP GD effects was maximal at �400 ms,
whereas the high gamma GD effect peaked at 250 ms. The time
course of GD effects became less complex in the sedated com-
pared with the awake state. For AEP, this was associated with
selective loss of the earliest components (D � 0.18, p � 0.001),
whereas for high gamma later components were suppressed un-
der sedation (D � 0.28, p � 0.001). Of note, as GD effects were
profoundly suppressed under sedation and abolished upon LOC,
these results were based on a small number of significant sites,
primarily from a single subject, and should be interpreted with
caution.

Relationship between LGD responses and task performance
The physiologic data indicate that loss of GD effects does not
index LOC, and instead may reflect changes in the subjects’ task
engagement. To that end, relationships between cortical LGD
responses and task performance before and during induction of
general anesthesia were examined using linear regression analy-
sis. Behavioral accuracy (hit rate) while subjects were engaged in
the task (i.e., blocks with hit rates �0%) was compared with the
percentages of sites in superior temporal gyrus (STG), auditory-
related cortex, and PFC that exhibited AEP LGD effects in corre-
sponding experimental blocks. This relationship failed to reach
significance for LD AEP effect in all three regions (STG: r 2 �
0.058; p � 0.48; auditory-related cortex: r 2 � 0.0041; p � 0.84;
PFC: r 2 � 0.0080; p � 0.77). Likewise, the linear correlation
between the prevalence of AEP GD effect in STG and task perfor-
mance failed to reach significance (r 2 � 0.23; p � 0.13). In con-
trast, there was a trend toward significance for correlation
between AEP GD effects and accuracy in auditory-related cortex

Figure 4. Topography of changes in LD (A) and GD (B) effects during induction of general anesthesia. Summary of data from 6 subjects, plotted in MNI coordinate space and projected onto
FreeSurfer average template brain. Left hemisphere MNI x-axis coordinates (xMNI) were multiplied by �1 to map them onto the right-hemisphere common space.
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(r 2 � 0.32; p � 0.043, uncorrected) and PFC (r 2 � 0.42; p �
0.016, uncorrected). This result is consistent with the model
wherein GD effects in auditory-related cortex and PFC index the
subject’s task performance rather than consciousness per se.

Discussion
Sensitivity of novelty responses to anesthesia
Electrophysiological studies have shown that fundamental as-
pects of auditory responses in core auditory cortex are relatively
robust to LOC under anesthesia (Raz et al., 2014; Durand et al.,
2016; Nourski et al., 2017), whereas responses in higher-order
areas, including association sensory cortex and PFC, are far more
sensitive (Heinke et al., 2004; Plourde et al., 2006; Liu et al., 2012;
Nourski et al., 2017). In the present study, modulation of LD
effects by propofol exhibited a similar spatial distribution. LD
effects remain present in core and non-core auditory cortex, even
upon LOC. This observation is similar to that seen in animal
models, wherein the modulatory effects of preceding stimuli
upon a test sound are present even in the anesthetized state (Cal-
ford and Semple, 1995). In contrast, LD effects outside auditory
cortex are strongly affected by general anesthesia, indicative of a
progressive suppression of downstream nodes within the net-
work that subserves predictive coding at the LD time scale.

The LGD stimulation paradigm simultaneously probes con-
scious and unconscious processing of novelty within the predic-
tive coding framework. Several studies have provided evidence
that, unlike LD effects, which were resistant to LOC, GD effects
had the potential to serve as biomarkers for conscious sensory
processing. This proposition was based on comparisons between
controls and patients with DOC (Bekinschtein et al., 2009;
Faugeras et al., 2012), during sleep (Strauss et al., 2015), and, in
monkeys, under general anesthesia (Uhrig et al., 2016). The dif-
ferential sensitivity of the LD and GD effects to behavioral state is
consistent with the initial assumption upon which the LGD par-
adigm was based (i.e., that “maintenance of perceptual represen-
tations over time requires consciousness”) (Bekinschtein et al.,
2009). However, the data presented here are inconsistent with the
proposal that loss of GD effects tracks LOC. In the current study,
GD effects were almost entirely suppressed at sedating doses of
propofol, even while subjects were still responsive. Results are
also inconsistent with an earlier fMRI study in monkeys (Uhrig et
al., 2016), which reported a complete suppression of the LD effect
by propofol, accompanied by only partial suppression of the GD
effect, essentially the opposite to the differential sensitivity dem-
onstrated here. It is possible this discrepancy reflects species-or
task-specific effects, or differences in methodology or experimen-
tal design.

Although the MMN is classically described as preattentive and
thus resistant to LOC (Näätänen et al., 2011), the present study
shows that LD effects in PFC are blocked by propofol under
sedation. This sensitivity to propofol anesthesia is consistent with
previous reports showing that the amplitude of the LD effect and
the MMN are sensitive to manipulations of attention (Näätänen
et al., 1993; Chennu et al., 2013) and to changes in levels of
consciousness (Simpson et al., 2002; Strauss et al., 2015; Uhrig et
al., 2016). These reports, as well as the present findings, suggest
that the generators of the LD effect and the MMN are multifac-
torial, with preattentive processing localized to auditory cortex
and additional contributions localized to higher-order regions.
The latter contributions manifest over longer time scales, likely
reflecting a greater degree of polysynaptic processing across brain
regions, which in turn would lead to greater susceptibility to
disruption by general anesthesia (Hentschke et al., 2017). Con-

Figure 5. Percentages of sites across ROIs that exhibited responses to the first four
vowels, LD effects, and GD effects (A–C, respectively). Summary of data from 6 subjects.
Differently shaded bars represent measurements made in awake, sedated, and uncon-
scious states.
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sistent with this model, the overall time course of LD effects was
truncated upon LOC compared with sedation. Finally, the STG
was characterized by some of the most dramatic reductions in LD
effects upon LOC in the present study. This suggests that the STG

may be a critical hub for initiation of conscious processing of
deviance effects.

The AEP GD effect reported in the present study had timing
and, in part, spatial distribution comparable with that of the

Figure 6. Time course of LD (A) and GD (B) effects across levels of awareness (columns). Data from 6 subjects. Number of sites within each ROI, exhibiting significant differences between
responses to standard and deviant stimuli, are plotted as a function of time after the fifth vowel onset for AEP and high gamma in top and bottom rows, respectively. Insets, Cumulative probability
distribution plots comparing the overall time course of deviance effects for all recording sites. Solid line indicates awake. Dashed line indicates sedated. Dotted line indicates unconscious. No data
are shown for GD effects upon LOC due to the lack of responsive sites.

Nourski et al. • Auditory Novelty Detection under Anesthesia J. Neurosci., September 26, 2018 • 38(39):8441– 8452 • 8449



scalp-recorded P300 response. Of note, other studies have specif-
ically linked GD effects to the P3b component of that response
(e.g., Bekinschtein et al., 2009). The attenuation of the GD effect
and P3b in normal sleeping subjects and DOC patients, and un-
der anesthesia in the monkey, has been interpreted as an indica-
tion that GD effects require conscious processing of sensory
information (Bekinschtein et al., 2009; Faugeras et al., 2012;
Strauss et al., 2015). Given the dependence of these relatively
long-latency deviance effects on attention and working memory
(Sergent et al., 2005; Bekinschtein et al., 2009; Chennu et al.,
2013), this sensitivity to level of consciousness is not surprising.
Indeed, current models of loss and recovery of consciousness,
both under anesthesia and during natural sleep, emphasize the
importance of anesthetic-induced changes in cortical connectiv-
ity, and especially FB connectivity (Mashour and Hudetz, 2017).
Deviance detection, and especially GD, is postulated to depend
on FB projections within the cortical hierarchy underlying audi-
tory predictive coding (Bekinschtein et al., 2009). Thus, its sensi-
tivity to anesthesia is consistent with the sensitivity of FB
projections to anesthesia. However, does GD detection reflect
consciousness per se, or merely some of its attentional or cogni-
tive components? Loss of GD effects at subhypnotic doses of
propofol (Fig. 4) suggests the latter, leading to the conclusion that
these cortical responses are not a reliable measure of conscious-
ness. The sensitivity of GD effects to manipulations of attention
and the overlap of the areas contributing to GD effects and atten-
tion (Hopfinger et al., 2000; Corbetta and Shulman, 2002) sug-
gest that GD effects may be more directly related to attention,
which is impaired even under subhypnotic doses of anesthesia
(Heinke and Koelsch, 2005), and is absent during all stages of
natural sleep and in most DOC patients (Bekinschtein et al.,
2009; Faugeras et al., 2012; Strauss et al., 2015).

Caveats and limitations
The experimental subjects in this study had a neurologic disorder
and thus may not be representative of a healthy population. How-
ever, results were consistent across multiple subjects with differ-
ent neurologic histories, antiepileptic drug regimens, and seizure
foci. All subjects had normal cognitive function and were able to
perform the experimental task successfully. Further, recordings
from epileptic foci in each subject were excluded from the anal-
yses. Importantly, over the course of the monitoring period, all
subjects participated in multiple experimental protocols beyond
those described in the present report. These multiple paradigms
provide for a comprehensive assessment of cortical function, and
evaluation for consistency with a corpus of published data on
basic electrophysiologic response properties (Nourski and How-
ard, 2015; Nourski, 2017). None of the subjects exhibited aber-
rant behavioral or physiologic responses during performance of
these other protocols that would serve as grounds for exclusion
from the present study.

It is challenging to clinically assess level of consciousness in
human subjects (Sanders et al., 2012; Bayne et al., 2017; Bernat,
2017). Here, responsiveness to verbal command, evaluated by the
OAA/S score, was used as a surrogate measure. However, loss of
responsiveness could reflect lack of motivation to respond de-
spite continued sensory processing, or could reflect disconnec-
tion from the environment accompanied by dreaming, which is
reported to occur under propofol anesthesia (Leslie et al., 2009).
Without a direct assay of mentation available, responsiveness
and/or recall are the current gold standards for assessing con-
sciousness in patients and volunteers being administered anes-
thesia, and are highly correlated with assays of LOC in animal

models (Franks, 2008). In the future, converging lines of evidence
based on studies in humans, animal studies establishing underly-
ing mechanisms (Funk et al., 2017), and theoretical and compu-
tational models of consciousness (Dehaene and Changeux, 2011;
Tononi et al., 2016) will provide a firmer foundation for interro-
gating consciousness in human subjects.

Functional significance and future directions
Research into the neural basis of consciousness has converged
with research examining mechanisms of anesthesia, sleep, and
DOC (Mashour, 2006; Alkire et al., 2008; Shushruth, 2013). Es-
tablishing neural signatures of altered consciousness and LOC
will prove invaluable for advancing these fields of study, and will
also have practical applications related to noninvasive monitors
of awareness and diagnostic and prognostic tools for use in pa-
tients with DOC and mental illness. Clinical evaluation alone
lacks sensitivity and specificity, and adjunct objective measures
that can reliably index the absence of consciousness would en-
hance the nosology of DOC (Bayne et al., 2017; Bernat, 2017).
The data presented here suggest that auditory novelty responses
may be useful in developing such metrics, but it is critical to
consider both the specific cortical generators that contribute to
the novelty response and the role of other factors (e.g., subjects’
motivation and attention during task performance) in mediating
activation of the brain regions involved. Future studies that more
strictly control for possible task-related effects are imperative for
resolving the latter issue, and development of stimulus paradigms
independent of active participation of the patient is of transla-
tional importance.
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