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Abstract

Elucidating neural signatures of sensory processing across consciousness states is a major focus in neuroscience.
Noninvasive human studies using the general anesthetic propofol reveal differential effects on auditory cortical activity,
with a greater impact on nonprimary and auditory-related areas than primary auditory cortex. This study used intracranial
electroencephalography to examine cortical responses to vowel sequences during induction of general anesthesia with
propofol. Subjects were adult neurosurgical patients with intracranial electrodes placed to identify epileptic foci. Data were
collected before electrode removal surgery. Stimuli were vowel sequences presented in a target detection task during awake,
sedated, and unresponsive states. Averaged evoked potentials (AEPs) and high gamma (70-150 Hz) power were measured in
auditory, auditory-related, and prefrontal cortex. In the awake state, AEPs were found throughout studied brain areas; high
gamma activity was limited to canonical auditory cortex. Sedation led to a decrease in AEP magnitude. Upon LOC, there was
a decrease in the superior temporal gyrus and adjacent auditory-related cortex and a further decrease in AEP magnitude in
core auditory cortex, changes in the temporal structure and increased trial-to-trial variability of responses. The findings
identify putative biomarkers of LOC and serve as a foundation for future investigations of altered sensory processing.
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Introduction

Identifying the neural signatures of sensory processing across
arousal states is a major focus in neuroscience (Mashour 2013;
Raz et al. 2014). Clinically relevant conditions of altered arousal
include pharmacologically induced sedation, sensory discon-
nection, and loss of consciousness (LOC), as well as natural sleep
and disorders of consciousness (Sanders et al. 2012; Bonhomme
et al. 2019). Propofol is widely used in clinical practice as a
general anesthetic and in experimental settings to probe mecha-
nisms of LOC. At the cellular level, propofol is known to enhance
GABAa receptor-mediated inhibition and inhibit voltage-gated
sodium channels (Tang and Eckenhoff 2018), likely contributing
to suppression of glutamate release (Yang et al. 2015) and of
both spontaneous and sensory-evoked spiking activity (Banks
et al. 2018). Previous studies of cortical sound processing during
sedation and LOC induced by propofol have consistently shown
region-specific effects on sensory responses across the auditory
cortical hierarchy (Dueck et al. 2005; Davis et al. 2007; Liu et al.
2012; Nourski et al. 2018b; Krom et al. 2020). As a rule, propofol
caused a greater reduction of activity in higher order brain areas
compared to core auditory cortex in Heschl’s gyrus.

The auditory cortical hierarchy comprises multiple regions
along several parallel information processing streams that are
differentially engaged during conscious sensory processing
(Rauschecker and Scott 2009; Bornkessel-Schlesewsky et al.
2015; Friederici and Singer 2015; Jasmin et al. 2019). Elucidation
of the functional organization of this hierarchy and how it is
altered by general anesthesia will advance our understanding
of auditory processing and neural correlates of consciousness.
Noninvasive methods such as functional magnetic resonance
imaging (fMRI) have contributed greatly to this understanding
but still leave many unanswered questions. The high spa-
tiotemporal resolution of intracranial electroencephalography
(iEEG) can better define the hierarchical organization of auditory
cortical processing (Nourski and Howard 2015) and advance our
understanding of the clinically relevant mechanisms underlying
transitions of the depth of anesthesia between wakefulness,
sedation, and LOC (Nourski et al. 2018b; Banks et al. 2020; Krom
et al. 2020).

Molecular and cellular effects of general anesthetics vary
smoothly with drug concentration, while transitions between
arousal states are more abrupt (Franks 2008; Lee et al. 2011).
Thus, to identify changes in the brain relevant to LOC, it is
important to compare response properties between sedated (i.e.,
sub-hypnotic doses of propofol) and unresponsive (i.e., hypnotic
doses) conditions. This issue was addressed in a previous study
of cortical responses to auditory novelty elicited over multiple
temporal scales in the awake and sedated state, and following
LOC (Nourski et al. 2018b). Neural responses to long-term novelty
(“global deviance”) were suppressed in the sedated state when
subjects were still conscious. This indicates that some of the
effects of propofol on auditory responses reflect a decrease
in task engagement during sedation rather than LOC. Indeed,
this loss of global deviance effects was replicated in a study
that used the same stimuli and manipulated attention and task
engagement of awake subjects (Nourski, Steinschneider, Rhone,
Krause et al. 2021b).

Previous iEEG work examined changes in the auditory corti-
cal hierarchy under general anesthesia using relatively simple
auditory stimuli (click trains) presented in a passive listening
(i-e., without a task) condition (Howard et al. 2000; Nourski et al.
2017; Krom et al. 2020). Such stimuli evoke robust responses
at early stages of auditory cortical hierarchy (core auditory

and adjacent non-core areas) but weak responses elsewhere
(Nourski et al. 2017; Nourski, Steinschneider, Rhone, Kovach,
et al. 2021a). More recent studies have used spectrotemporally
complex auditory stimuli (speech) presented in the context of
active behavioral tasks, which engage higher order cortical areas
(Nourski et al. 2018b; Krom et al. 2020). In the present study,
acoustically complex and ecologically relevant stimuli (vowel
sequences) were presented in an active target detection task
prior to and during administration of propofol at doses causing
sedation and then LOC. This study took advantage of a large data
set compiled from 11 adult human patient subjects to allow for
a systematic assessment of multiple cortical regions potentially
engaged in sound processing as subjects transitioned across
arousal states.

Averaged evoked potentials (AEPs) and high gamma-band
(70-150 Hz) activity were the two complementary functional
measures of cortical activity examined in this study (Nourski
and Howard 2015). AEPs represent primarily postsynaptic poten-
tials and serve as a measure of input to a neuronal population
(Steinschneider et al. 1992; Schroeder et al. 1995). AEPs have
a high translational relevance because low-frequency compo-
nents of cortical activity that dominate the AEP signal can be
recorded noninvasively using electroencephalography (EEG) in a
clinical setting (Plourde 2006). High gamma activity is considered
a surrogate for local spiking activity and correlates with results
obtained from fMRI studies (Mukamel et al. 2005; Nir et al. 2007;
Steinschneider et al. 2008). Thus, when combined, the AEP and
high gamma response profiles can assist in interpreting data
obtained noninvasively in clinically relevant investigations of
general anesthesia, sleep, and disorders of consciousness.

Methods
Subjects

Study subjects were 11 adult neurosurgical patients (5 female,
6 male, age 19-59 years old, median age 31 years old) with
medically refractory epilepsy. The patients had been implanted
with intracranial electrodes to identify resectable seizure foci.
Research protocols were approved by the University of Iowa
Institutional Review Board and the National Institutes of Health,
and written informed consent was obtained from all subjects.
Research participation did not interfere with the acquisition of
clinically necessary data, and subjects could rescind consent for
research at any time without interrupting their clinical manage-
ment. Demographic, electrode coverage, and seizure focus data
for each subject are presented in Table 1. All subjects were native
English speakers. All subjects except one were right handed
and had left language dominance as determined by Wada tests
(subject R413 was left handed and right hemisphere dominant).

All subjects underwent audiometric evaluation before the
study, and none was found to have hearing deficits or word
recognition scores sufficient to affect the findings presented
in this study. Cognitive function, as determined by standard
neuropsychological assessments, was in the average range in all
subjects. Subject R394 had previously undergone a resection of a
cavernoma in the anterior medial temporal lobe. The resection
spared cortex corresponding to all brain regions of interest
(see below) except for planum polare; this subject had normal
hearing and cognitive abilities and thus was included in the
study.

The subjects were tapered off their antiepileptic drugs (AEDs)
during chronic monitoring and had their medication regimens
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Table 1 Subject demographics and electrode coverage
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Subject® Age Sex® Number of recording sites per ROI

Seizure focus

Auditory cortex

Auditory- Prefrontal Other  Total

related

HGPM HGAL PT PP STG
R369 30 M 8 5 4 6 17 79 42 54 215 R medial temporal lobe
L372 34 M 6 4 4 4 25 54 34 50 181 L temporal pole
R376 48 F 7 4 3 3 19 76 30 52 194 R medial temporal lobe
R394 24 M 8 0 2 0 0 6 2 7 25 R amygdala
R399 22 F 3 3 2 1 22 47 47 60 185 R temporal lobe
L400 59 F 4 5 1 1 3 25 54 65 158 L amygdala
1403 56 F 8 4 3 1 23 67 40 68 214 L medial temporal lobe
L405 19 M 6 3 2 8 10 25 38 49 141 L lateral frontal lobe
L409 31 F 1 0 0 0 8 41 51 69 170 L medial temporal lobe
R413 21 M 8 4 5 3 25 81 45 52 223 R medial temporal lobe
L423 51 M 7 4 4 1 10 30 50 68 174 L medial temporal lobe
Total 66 36 30 28 162 531 433 594 1880

Note: @Letter prefix of the subject code denotes 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.
bF — female; M=male.

reinstated to varying degrees at the end of the monitoring
period, prior to induction of general anesthesia for the resection

surgery.

Stimuli and Procedure

Experiments were conducted as part of a series of studies on
auditory novelty detection and resting state connectivity across
task conditions and arousal states(Nourski et al. 2018a, 2018b;
Banks et al. 2020; Nourski, Steinschneider, Rhone, Krause et al.
2021b). Auditory stimuli were constructed from vowels /a/ and
/i/, presented in a local-global deviant paradigm (Nourski et al.
2018a). The vowels were excised (duration 100 ms) from the
steady-state vocalic portions of consonant-vowel stimuli /had/
and /hid/, spoken by a female (fundamental frequency 232 and
233 Hz, respectively (Hillenbrand et al. 1995). The vowels were
normalized to the same root-mean-square amplitude and gated
with 5-ms on/off ramps. On each trial, four identical vowels,
separated by 50-ms intervals, were presented, followed by either
the same or the different fifth vowel. Only responses to the
first four vowels in the sequence were analyzed for this study;
responses to the final vowels creating local or global deviance
have been reported previously (Nourski et al. 2018a, 2018b).
Stimuli were presented by a TDT RZ2 processor (Tucker-Davis
Technologies, Alachua, FL) and delivered at a comfortable level
(60-65 dB SPL) diotically via insert earphones (ER4B, Etymotic
Research) integrated into custom-fit earmolds. Subjects were
asked to perform a target detection task by pressing a button
in response to occasional target stimuli that were not included
in the present report.

Each experimental block was 11 min long and included 440
trials, presented with an intertrial interval of 1500410 ms
(mean, standard deviation [SD]). Each experiment included
three or four blocks. The first stimulus block was presented
immediately before administration of propofol for induction
of general anesthesia. Following the completion of the first
block, infusion of propofol was initiated at a rate of 50 pg/kg/min
(Alaris pump, BD Bioscience). Propofol was the sole anesthetic

or sedative drug administered to the patient during the
experimental period.

The time course of induction of general anesthesia is shown
for each subjectin Supplementary Figure 1.In all subjects except
L409, R413, and L423, the rate of infusion was increased every
10 min by 25 pg/kg/min, following the approach previously
used by Nourski et al. (2017), Nourski et al. (2018b) and Banks
et al. (2020). Infusion lasted 50 min to a maximum rate of
150 pg/kg/min, during which three auditory stimulus blocks
were presented. In subjects L409, R413, and L423, a simplified
protocol was used, where the rate of infusion was 50 pg/kg/min
for 20 min, followed by an increase to 150 pg/kg/min for another
20 min. An auditory stimulus block was presented during the
final 11 min of each of these two 20-min periods. The infusions
were supervised by a faculty anesthesiologist using standard
respiratory, cardiac, and hemodynamic monitoring. None of the
infusions had to be terminated for the patients’ safety. For the
purposes of analyses, three arousal states were defined: awake
(W; before administration of propofol), sedated (S) and unre-
sponsive (U). The symbol “W” is used instead of “A” for “awake”
to avoid the possibility of the abbreviated “A” being interpreted
as representing “Anesthesia.”

Depth of anesthesia was evaluated before and after each
block using the Observer’s Assessment of Alertness/Sedation
(OAA/S) scale, the gold standard in assessing alertness in the
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 and scored
on a scale from 1 to 5. The composite OAA/S score, ranging from
5 (“alert”) to 1 (“deep sleep”), 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 used as the threshold
between sedation and LOC. Thus, LOC was operationalized as
loss of responsiveness, which is assumed to be an altered state
of consciousness that approximates LOC (Vanluchene et al. 2004;
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Nourski et al. 2018b; Banks et al. 2020). Depth of anesthesia was
assessed additionally using EEG measures: response entropy
(RE; E-ENTROPY module; Datex-Ohmeda) (Viertio-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.

Recording

Intracranial electrophysiological recordings were made using
depth and subdural electrodes (Ad-Tech Medical, Oak Creek,
WI) placed on the basis of clinical requirements to identify
seizure foci (Nagahama, Schmitt, Nakagawa, et al. 2018a).
Electrode implantation, recording and iEEG data analysis have
been previously described in detail (Nourski and Howard 2015).
Depth electrode arrays (8-12 cylindrical macro contacts, spaced
5 mm apart) targeting the superior temporal plane (STP),
including Heschl’s gyrus, were stereotactically implanted along
the anterolateral-to-posteromedial axis of the gyrus. Depth elec-
trodes that targeted insular cortex provided additional coverage
of posteromedial portion of Heschl’s gyrus (HGPM), planum
temporale (PT), and planum polare (PP). This configuration
was clinically warranted, as it bracketed epileptogenic zones
from dorsal, ventral, medial, and lateral aspects, providing a
more accurate assessment of suspected temporal lobe seizure
foci than could be achieved with subdural electrodes alone
(Nagahama, Schmitt, Dlouhy, et al. 2018b).

Subdural electrode arrays consisted of platinum-iridium
disc contacts (2.3 mm exposed diameter, 5-10 mm contact-to-
contact distance) embedded in a silicon membrane. Subdural
strip and grid arrays were implanted over lateral and ventral
surfaces of temporal and frontal lobe, and lateral parietal cortex.
A subgaleal electrode was used as a reference in all subjects.

Reconstruction of the anatomical locations of implanted
electrodes and their mapping onto a standardized set of coordi-
nates across subjects was performed using FreeSurfer image
analysis suite (Version 5.3; Martinos Center for Biomedical
Imaging, Harvard, MA) and in-house software (see Nourski et al.
2014, for details). In brief, subjects underwent whole-brain high-
resolution T1-weighted structural MRI scans (resolution and
slice thickness 1.0 mm) before electrode implantation. After
electrode implantation, subjects underwent MRI and thin-slice
volumetric computerized tomography (CT) (resolution and slice
thickness 1.0 mm) scans. Locations of the depth and subdural
electrode contacts were first extracted from postimplantation
MRI and CT scans, respectively. These were then projected onto
preoperative MRI scans using nonlinear three-dimensional thin-
plate spline morphing, aided by intraoperative photographs.
Data from multiple subjects were pooled by transforming
the electrode locations into standard Montreal Neurological
Institute (MNI) coordinates. This was done for each contact
using linear co-registration to the MNI152 T1 average brain,
as implemented in FMRIB Software library (Version 5.0; FMRIB
Analysis Group, Oxford, UK). Right hemisphere MNI x-axis
coordinates (xymni1) were multiplied by (—1) to map them onto the
left-hemisphere common space. Contact locations were then
projected onto the left lateral hemispheric surface, STP, ventral
and mesial views of the FreeSurfer average template brain.

Electrode coverage in all subjects is summarized in Table 1
and Supplementary Figure 2. The following regions of interest
(ROIs) were identified, spanning the hierarchy of auditory corti-
cal processing (a modification from the scheme used previously
in Nourski et al. (2018a, 2018b), Banks et al. 2020):

1. Posteromedial portion of Heschl’s gyrus (HGPM; core auditory

cortex) (n =66 sites);

. Anterolateral portion of Heschl’s gyrus (HGAL; n=37);

. Planum temporale (n=30);

. Planum polare (n = 28);

. Posterior and middle portions of the superior temporal gyrus

(STG) (n=162);

6. Temporo-parietal auditory-related cortex (n=531), including
posterior insula (n=15), anterior STG (n=25), superior tem-
poral sulcus (upper bank: n=17; lower bank: n=22), and
middle temporal (MTG; n=277), supramarginal (n=93), and
angular gyri (n=82);

7. Prefrontal cortex (n=433), including inferior (IFG; n=285),
middle (MFG; n=126) and superior (SFG; n=45) frontal gyri,
orbital (n=139) and transverse frontopolar gyri (TFG; n=31)
and anterior cingulate cortex (n=7).

v WN

An additional 594 recording sites provided coverage of other
regions that were deemed of lesser relevance to the auditory
processing hierarchy. These regions included inferior temporal
gyrus (n=111), temporal pole (n=93), precentral (n=57), subcen-
tral (n=>51), fusiform (n=36), parahippocampal gyrus (n=35),
amygdala (n=32), gyrus rectus (n=31), premotor cortex (n=27),
postcentral (n = 23), hippocampus (n = 22), middle occipital gyrus
(n=15), anterior insula (n=12), superior parietal lobule (n=10),
cingulate gyrus (n=9), frontal operculum (n = 8), parietal opercu-
lum (n=5), substantia innominata (n=>5), lingual gyrus (n=4),
inferior occipital gyrus (n=3), cuneus (n=2), putamen (n=2),
and uncus (n=1).

Assignment of recording sites to ROIs was based on anatom-
ical reconstructions of electrode locations in each subject. For
subdural arrays, it was informed by automated parcellation of
cortical gyri (Destrieux et al. 2010, 2017) as implemented in the
FreeSurfer software package. STG was subdivided into posterior-
to-middle non-core auditory cortex portion and auditory-related
anterior portion. Given that there is no consensus regarding the
anterior extent of cytoarchitectonically defined auditory cortex
on the lateral STG (Hackett 2015), the ascending ramus of the
Sylvian fissure was chosen as an operational macroanatomical
boundary for this division. Subcentral gyrus was identified as
the ventral-most portion of sensorimotor cortex and was delin-
eated from adjacent precentral and postcentral gyri based on
the automated parcellation in FreeSurfer. For depth electrodes,
ROI assignment was informed by MRI sections along sagittal,
coronal, and axial planes. The insula was subdivided into the
auditory-related posterior portion and anterior insular cortex
(Zhang et al. 2019). Within cingulate gyrus, anterior cingulate
cortex (as defined by automated parcellation in FreeSurfer) was
considered a prefrontal area and thus examined separately from
the rest of cingulate cortex. Recording sites identified as seizure
foci or those characterized by excessive noise, and (for depth
electrode contacts) location in white matter or outside brain,
were excluded from analyses and thus are not listed in Table 1.

Data were recorded using the TDT RZ2 processor, amplified,
filtered (0.7-800 Hz bandpass, 12 dB/octave rolloff), digitized at
a sampling rate of 2034.5 Hz and stored for subsequent offline
analysis.

Data Analysis

Analysis of data was done using software written in MATLAB
R2020a (MathWorks, Natick, MA). Spearman’s rank-order
correlation was used to examine the relationship between
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OAA/S and BIS values. For this analysis, OAA/S scores were
averaged between those obtained immediately before and after
each block, and BIS values were averaged minute-by-minute
measurements within each 11-min block. BIS values recorded
immediately before and after OAA/S assessments that were
used to define S and U blocks were compared using one-tailed
Wilcoxon signed rank test.

Analysis of iEEG data focused on local field potentials (LFPs),
examined in the time domain as averaged evoked potentials
(AEPs), and high gamma (70-150 Hz) event-related band power
(ERBP). Data were downsampled to 1000 Hz and denoised
(Kovach and Gander 2016). Voltage deflections of the LFP
signal that exceeded 5 SDs from the across-block mean for
each recording site were considered artifacts, and trials that
contained such deflections were excluded from further analysis.

Data were baseline-corrected by subtracting mean voltage
in the 100 ms time window immediately preceding stimulus
onset. High gamma ERBP was computed using demodulated
band transform approach, developed in-house (Kovach and Gan-
der 2016; https://github.com/ckovach/DBT). The squared mod-
ulus of the complex signal was log-transformed, segmented
into single-trial epochs, normalized by subtracting mean log
power within the 100-ms time window immediately preceding
stimulus onset, and averaged over all trials to obtain ERBP.

Statistical significance of responses was established sepa-
rately for the AEP and high gamma ERBP signals within the
time interval between O and 600 ms following the onset of
the first vowel. The overall approach was to compare AEPs
and across-trial average high gamma ERBP response waveforms
to surrogate averages calculated from the same data. Surro-
gate trials were generated by randomly choosing 600-ms long
epochs irrespective of stimulus timing. Significance was estab-
lished using a nonparametric cluster-based permutation test
(Maris and Oostenveld 2007; Nourski et al. 2018a, 2018b; Nourski,
Steinschneider, Rhone, Krause et al. 2021b). The test statistic
was based on grouping adjacent time points that exhibited a
significant difference between the response and the surrogate
across-trial averages. The cluster statistic was constructed by
first computing two-sample t-statistics across all time points for
each recording site. For each time point, t-values were compared
to a threshold in the tail of the t-distribution. The threshold was
set to the 99.5th percentile for AEP and to the 99th percentile for
high gamma ERBP (one-tailed tests were used as responses were
defined as increases in high gamma ERBP.)

Clusters were defined as consecutive time points at which
the t-statistic exceeded the threshold. The cluster-level statistic
was computed as the sum of the t-values within each cluster.
The significance level of those statistics was calculated using
permutation tests. To construct the permutation distribution,
10000 random trial partitions were made and shuffled with
respect to trial labels (those defined by stimulus onsets vs.
random-onset surrogates), the cluster statistics were calculated,
and the largest cluster-level statistic was identified for each
partition. This yielded a 10000-sample distribution of the test
statistics. Monte Carlo P-values were calculated for each cluster
based on this permutation distribution. To correct for multiple
comparisons, the P-values were adjusted by controlling the false
discovery rate (FDR) (Benjamini and Hochberg 1995). Recording
sites with at least one significant (at P < 0.05) AEP or high gamma
cluster within the 600-ms response epoch were considered as
exhibiting the corresponding response to the vowel stimulus.

ROIs were characterized in terms of AEP and high gamma
ERBP prevalence in each of the three arousal states. Prevalence
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was defined as the percentage of sites exhibiting a significant
response to vowels in a given arousal state. Magnitude of AEP
and high gamma responses was calculated for sites with signif-
icant responses in any of the three arousal states. Normalized
AEP amplitudes were computed at each responsive site as the
root-mean-square amplitude of the t-transformed AEP within
the 0-600-ms interval, divided by a scaling factor of 100. High
gamma response magnitude was computed at each responsive
site as the sum of ERBP dB values within the 0-600-ms interval,
divided by a scaling factor of 500. Envelope-following responses
(EFRs) were measured following the approach of Griffiths et al.
(2010) as autocorrelation of the first-order differential of the
averaged response at 150 ms lag, corresponding to the onset-to-
onset interval between adjacent vowels. Trial-to trial variability
of the LFPs was examined following the approach of Kisley and
Gerstein (1999). Single trial amplitudes were computed as the
dot product of the single trial LFP and the average response
(i.e., the AEP) normalized by its norm. Variability was defined
as the coefficient of variation (standard deviation divided by the
mean) of these single trial amplitudes. Following the approach
of Nourski et al. (2018b), the time course of high gamma ERBP
response was characterized by computing the running total of
non-negative ERBP values within the 0-600-ms time interval
and determining the time point (tsp) at which the running total
reached 50% of its maximum.

Changes in response magnitude, EFRs, LFP variability, and
time course of high gamma ERBPP across the three arousal states
were examined in ROIs that had at least 10 sites with significant
responses to vowels in any of the three arousal states. Changes
in these response properties were examined by fitting linear
mixed effects (LME) models for the effect of arousal state, with
random effects (slope and intercept) for subject:

Response ~ Condition + (1|Subject, Channel)

+ (1 + Condition|Subject),

where “Response” is the response metric (magnitude, autocor-
relation coefficient or coefficient of variation), “Condition” is
the arousal state (awake, sedated, unresponsive) and “Channel”
is the recording site. Separate models were fitted for different
response metrics and ROIs, and P-values were adjusted for
multiple comparisons using the FDR approach.

AEP magnitude in the STP and STG in the three arousal states
was examined by fitting LME models for the effect of arousal
state, with random effects (slope and intercept) for subject:

AEP ~ Condition*Location + (1|Subject : Channel)

+ (1 + Condition|Subject),

where “AEP” is the AEP magnitude, “Condition” is the arousal
state (awake, sedated, unresponsive), “Location” is the z-
transformed yunr coordinate of the recording site (“Channel”).

Results

Changes in Arousal State during Induction of General
Anesthesia

All subjects underwent W — S and S — U state transitions as
propofol infusion rate was increased (Fig. 1A). OAA/S scores had
a significant correlation with BIS values (Spearman’s p=0.78,
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Figure 1. Assessment of arousal during induction of general anesthesia. (A) Summary of data from 11 subjects. Observer’s Assessment of Alertness/Sedation (OAA/S)
scores (left panel, crosses) and bispectral index (BIS) values (right panel, open circles) are plotted for each subject for three experimental blocks corresponding to
the three studied arousal states (W: awake, S: sedated, U: unresponsive). OAA/S scores represent average values of the two scores, obtained immediately before
and after each block. BIS values are averages of minute-by-minute measurements within each 11-min block. Lines represent across-subject mean values. See
Supplementary Figure 1 for time courses of induction of general anesthesia in each subject. (B) Comparison of BIS values recorded immediately before and after OAA/S
assessments (38 pairs in 10 subjects) that were used to define S and U blocks. Smaller symbols represent individual BIS measurements; larger symbols represent
median pre- and postassessment BIS values. Data from subject R369 are not included in the right plot of panel A and in panel B, as depth of anesthesia was assessed

using response entropy rather than BIS in this subject.

P <0.0001). Awake, sedated, and unresponsive states were char-
acterized by average BIS values of 84 (range of means across the
10 subjects 67-95), 75 (range 61-87) and 52 (range 30-74), respec-
tively. Most subjects exhibited a consistent decline in BIS values
over the course of propofol infusion (see Supplementary Fig. 1).

OAA/S assessment depends on subjects responding to sim-
ple commands, and this may in itself modulate arousal. To
address this possibility, BIS values recorded immediately before
and after OAA/S assessments that were used to define sedated
and unresponsive blocks were compared (Fig. 1B). No consis-
tent increases in BIS values were observed immediately follow-
ing OAA/S assessment (median preassessment BIS=72; median
postassessment BIS =74; P=0.14).

Cortical Responses to Vowels across Arousal States:
Exemplary Data

The use of subdural and depth arrays allowed for a comprehen-
sive assessment of responses from multiple ROIs encompassing
key areas in the auditory processing hierarchy. An example of
typical electrode coverage is shown for subject R369 in Figure 2A.
Coverage of the right hemispheric convexity by subdural arrays
is depicted above a top-down view of the STP that illustrates
placement of depth arrays. Examples of AEPs and high gamma
responses are shown in Figure 2B.

In the awake state, responses in the auditory cortex (sites a—
d in Fig. 2) included polyphasic AEP waveforms and increases in
high gamma ERBP. Activity within early auditory cortex (HGPM,
and, to a lesser degree, PT and STG) tracked the stimulus enve-
lope. AEPs elicited by the vowel stimuli were also observed
in multiple areas outside canonical auditory cortex (sites e,
f, g in Fig. 2). AEPs recorded from these areas were typically
smaller and were not generally paralleled by increases in high
gamma ERBP.

Within the STP, changes associated with W - Sand S -> U
transitions were relatively modest (Fig. 2, sites a-c). This con-
trasted with the auditory cortex on the lateral STG, where the
time course of high gamma ERBP was progressively altered at
both state transitions. While phase locking to each vowel was
variable on the lateral STG, when present, it dissipated and

transformed into a prolonged tonic increase upon W — S transi-
tion. AEPs recorded from areas beyond canonical auditory cortex
in this subject were abolished upon either S — U transition (MTG
site e in Fig. 2) or W — S transition (sites f and g in Fig. 2).

Responses to vowels during induction of general anesthesia
in a subject with left hemisphere electrode coverage (L403) are
presented in Supplementary Figure 3. These examples demon-
strate consistent patterns with those seen in the subject with
right hemisphere coverage. Specifically, responses from sites in
the STP were robust in all three arousal states, while activity on
the lateral STG diminished in amplitude and was less phasic in
the unresponsive state. Finally, auditory-related and prefrontal
sites had a greater sensitivity to propofol, with responses either
diminished or abolished during state transitions.

Cortical Responses to Vowels across Arousal States:
Spatial Distribution

Spatial distribution of responses to vowel stimuli in the three
arousal states is summarized in Figure 3 (see Methods for crite-
ria used to determine the responsive sites). Sites that exhibited
high sensitivity to general anesthesia, with loss of AEPs occur-
ringat W — S transition, were found throughout frontal, parietal,
and lateral temporal regions outside canonical auditory cortex
(Fig. 3A). Within the frontal lobe, loss of AEPs associated with the
S — U transition was most common in ventrolateral prefrontal
cortex. While there was a loss of AEPs at both state transitions
in MTG, SMG, and STG, the greatest decrement in the number
of responsive sites occurred at the S — U transition. AEPs in the
auditory cortex in the STP were most resistant to the effects of
anesthesia. High gamma activity was primarily restricted to the
auditory cortex and did not feature consistent regional changes
across arousal states (Fig. 3B).

The effects of anesthesia are quantified in Figure 4. Preva-
lence of responses (Fig. 4A) was calculated as percentage of sites
within each ROI that exhibited significant AEP or high gamma
responses in each arousal state. W — S and S — U transitions
were associated with progressive decreases in AEP prevalence
compared to the awake state (Fig. 4A, left panel). High gamma
prevalence was generally lower and exhibited more variable
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changes associated with either W — S or S — U transition

(Fig. 4A, right panel).

Magnitude of the responses at sites that exhibited significant
responses in any of the three arousal states is presented in
Figure 4B. W — S transition was associated with a significant
decrease in AEP magnitude in HGPM (P=0.038), PT (P=0.035)
and prefrontal cortex (P=0.0071) (Supplementary Table 1). S — U
transition was associated with a further decrease in response

magnitude in HGPM (P =0.035), as well as significant decreases in
STG (P=0.035) and auditory-related cortex (P =0.035). The largest
decreases in AEP responses in prefrontal cortex were associated
with W — S transition, whereas such changes were associ-
ated with S — U transition in lateral temporal auditory (STG)
and adjacent temporo-parietal auditory-related areas. While
there were significant decreases in magnitude at W — S tran-
sition in HGPM and PT, in contrast to prefrontal cortex, the
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gyrus; PT, planum temporale; PP, planum polare; STG, superior temporal gyrus.

prevalence of responses in these auditory areas remained rel-
atively stable.

High gamma responses were examined in ROIs with signifi-
cant responses in any of the three arousal states (HGPM, HGAL,
PT, STG, and auditory-related cortex; Fig. 4B, right panel). Note
that there are fewer ROIs considered here than for AEP analysis
because only ROIs with >10 significant sites were deemed suffi-
cient for statistical analysis of changes in response magnitude.
There were no significant changes in average high gamma ERBP
associated with either W — S or S — U transitions in any of these
ROIs (P > 0.05 for all comparisons).

The prominence of envelope-following responses (EFRs) in
HGPM permitted an analysis of how this temporal response fea-
ture was affected by propofol anesthesia. No significant changes
in envelope tracking were detected upon W — S transition in
either AEP or high gamma signal across HGPM sites (P=0.36
and P=0.14 for AEP and high gamma, respectively). However,

S — U transition was associated with a significant reduction
of AEP EFRs (P <0.0001; Fig. 4C, left panel). Envelope tracking by
high gamma activity did not change significantly upon S — U
transition (P=0.12; Fig. 4C, right panel).

Trial-to-trial variability is an important predictor of the
information content of sensory responses (Fig. 4D; Banks et al.
2018). Single trial amplitudes were quantified as the inner
product between the single trial response waveform and
the average response (AEP; see Methods), and trial-to-trial
variability of the LFP signal was measured as the coefficient
of variation of these amplitudes. Coefficients of variation
typically increased under anesthesia in all studied ROIs. With
few exceptions, this effect was significant both for W — S and
S — U transitions.

Vowel stimuli activated a wide array of cortical regions
beyond canonical auditory cortex. With this in mind, prevalence
and magnitude of cortical responses to vowels in areas
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Figure 4. Anesthetic effects on cortical responses to vowels. Summary of data from all 11 subjects. Colors represent ROIs, differently shaded bars and symbols represent
measurements made in awake, sedated, and unresponsive state (dark, medium, and light, respectively). Significant W — S and S — U contrasts identified by LME models
for magnitude and EFR are labeled with stars; differences that did not reach significance at P=0.05 are not labeled. (A) Percentages of sites with significant AEPs and
high gamma responses (left and right panels, respectively). (B) Magnitude of AEP and high gamma responses (left and right panels, respectively). In each violin plot,
white circle denotes the median, horizontal line denotes the mean, bar denotes Q1 and Q3, and whiskers show the range of lower and higher adjacent values (i.e.,
values within 1.5 interquartile ranges below Q1 or above Q3, respectively). (C) AEP and high gamma (left and right panels, respectively) EFRs in HGPM. (D) LFP coefficient
of variation. AEP, averaged evoked potential, HGPM, posteromedial portion of Heschl’s gyrus; HGAL, anterolateral portion of Heschl’s gyrus; PT, planum temporale; PP,
planum polare; STG, superior temporal gyrus; AudRel, auditory-related cortex. In panels B, C and D, sites that exhibited significant responses in any of the three arousal
states were examined; ROIs with fewer than 10 such sites were not included. See Supplementary Table 1 for results of LME model analysis.

outside auditory cortex was examined in greater detail
(Supplementary Fig. 4). With few exceptions, the greatest
changes in prevalence in prefrontal cortex occurred at the
W — S state transition, whereas the greatest changes within
auditory-related cortex occurred at the S — U transition.
Those auditory-related areas that were most closely tied to
auditory cortex (posterior insula and the upper bank of the
superior temporal sulcus) were the only regions that had a
relatively high prevalence of high gamma responses in the
awake state. Similar to auditory cortex in the STP, the prevalence
of high gamma responses did not diminish in the W — S
transition. The relatively high prevalence of AEP responses at
sites overlying sensorimotor cortex on the subcentral gyrus was
likely determined in part by volume-conducted activity from

immediately subjacent auditory areas in the STP and on the
lateral STG.

Although high gamma ERBP (i.e., response magnitude nor-
malized to prestimulus baseline power) remained stable across
state changes in the auditory cortex, non-core areas exhibited
changes in the time course of high gamma responses, with
greatest effects observed on the lateral STG (Fig. 5A). Each state
change was associated with a decrease in the peak high gamma
ERBP and prolongation of the response. This redistribution of
power within the peristimulus window likely accounted for the
lack of net changes in high gamma ERBP in these regions (cf.
Fig. 4B). The time course of high gamma ERBP envelopes was
quantified using the cumulative sum midpoint metric tsp, i.e.,
the time point at which the running total of high gamma ERBP
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Figure 5. Anesthetic effects on the time course of auditory cortical high gamma activity. (A) Across-site average high gamma envelopes in awake (W), sedated (S), and
unresponsive (U) state (teal, olive, magenta, respectively) are plotted for HGPM, HGAL, PT, and STG. Lines indicate mean values, shading represents 95% confidence
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below Q1 or above Q3, respectively). HGPM, posteromedial portion of Heschl’s gyrus; HGAL, anterolateral portion of Heschl’s gyrus; PT, planum temporale; STG, superior

temporal gyrus. See Supplementary Table 2 for results of LME model analysis.

reached 50% of its maximum (Fig. 5B). In HGPM, no significant
changes in time course were observed at either W — Sor S — U
transition (P=0.52 and 0.42, respectively). By contrast, non-core
auditory areas HGAL, PT, and STG all underwent a significant
prolongation of high gamma responses both for W — S and
S — U transitions (see Supplementary Table 2 for results of LME
model analysis).

The regional changes in cortical responses to vowels sug-
gested several anatomical gradients of sensitivity to propofol,
particularly along the posterior-anterior axis in STG and on
STP. These gradients were characterized using an LME modeling
approach (Fig. 6; Supplementary Table 3). Models predicted AEP
response magnitude in each of the three arousal states based
on location along the ymni axis, while accounting for between-
subject heterogeneity by modeling subject as a random effect.

A significant (P <0.0001) main effect of location along the
posterior-anterior axis was present in the STP in all three
arousal states, reflecting the posterior location of HGPM and its
role as part of core auditory cortex. Overall AEP response ampli-
tude (regardless of location along the posterior-anterior axis)
was characterized by a significant W — S contrast (P=0.015),
while the S — U contrast was not significant (P=0.073).
This indicates that responses in HGPM were attenuated even
at subhypnotic doses of propofol, even though prevalence
of responsive sites remained greater than 90%. There was
a significant interaction between the W — S contrast and
location along the posterior-anterior axis (P = 0.00047), reflecting
a greater effect on AEP magnitude towards more posterior
locations in the S state.

A significant (P=0.00052) main effect of location along the
posterior-anterior axis of the STG was present in the W state,
reflecting larger AEP responses in the posterior portion of the
gyrus. This anatomical gradient was abolished in sedated and
unresponsive states (P=0.37 and 0.85, respectively). The W — S
contrast of overall response magnitude within the STG was
not associated with a significant main effect (P=0.16), whereas
magnitude significantly decreased upon S — U state transition
(P=0.023). A significant interaction between the W — S contrast
and location along the posterior-anterior axis (P=0.011) was
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Figure 6. LME model prediction of AEP magnitude in the STP and STG (left
and right panels, respectively) in awake, sedated, and unresponsive state (teal,
olive, magenta, respectively). Lines indicate across-trial mean values, shading
represents 95% confidence interval. Violin plots show distributions of recording
site locations along ymni-axis. In each violin plot, white circle denotes the
median, horizontal line denotes the mean, bar denotes Q1 and Q3, and whiskers
show the range of lower and higher adjacent values (i.e., values within 1.5
interquartile ranges below Q1 or above Q3, respectively). AEP, averaged evoked
potential, HGPM, posteromedial portion of Heschl’s gyrus; HGAL, anterolateral
portion of Heschl’s gyrus; PT, planum temporale; PP, planum polare; STG, superior
temporal gyrus. See Supplementary Table 3 for results of LME model analysis.

identified, reflecting a greater effect of W — S transition on AEP
magnitude at more posterior STG locations.

Discussion

Distribution of Auditory Stimulus-Related Activity in
Temporal, Parietal, and Prefrontal Areas

Although core auditory cortex is activated robustly by acoustic
stimuli under a variety of experimental conditions, engagement
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of higher order regions depends critically on stimulus iden-
tity (e.g., speech vs. nonspeech), listening conditions (active vs.
passive), and the specifics of the task (Hall et al. 2000; Leaver
and Rauschecker 2010; Steinschneider et al. 2014). Earlier work
using click trains in a passive listening paradigm activated early
stages of auditory cortical hierarchy (including core auditory
and adjacent non-core areas) but elicited weak responses else-
where in the brain (Nourski et al. 2017; Nourski, Steinschneider,
Rhone, Kovach, et al. 2021a). In the current study, vowel stimuli,
presented under active listening conditions, generated com-
plex response patterns in auditory cortex and activated higher
order areas extending to prefrontal cortex. Of note, such stimuli,
when presented in passive conditions, can exhibit a comparable
extent of activation (Nourski, Steinschneider, Rhone, Krause
et al. 2021b). This finding is particularly relevant for investigat-
ing disorders of consciousness when active paradigms are not
feasible.

Effects of General Anesthesia on Auditory Processing

While the effects of general anesthetics at the cellular and
molecular levels are well characterized (Franks 2008), elucidat-
ing the systems-level effects of these drugs and the relationship
to changes in arousal state is an active area of inquiry. Under-
standing the effects of subhypnotic vs. hypnotic doses of anes-
thetics on brain activity is critical for development of biomarkers
of loss and recovery of sensory awareness applicable in a clinical
setting. For example, AEPs and auditory steady-state responses
have been investigated as biomarkers for evaluating depth of
anesthesia (Plourde 1993; Matsushita et al. 2015; Haghighi et al.
2018; Supp et al. 2018), but have not been clinically utilized to
date because of limits on selectivity and specificity (Pockett and
Tan 2002; Rehberg et al. 2008; Ferreira et al. 2019). To maximize
the utility of these potential biomarkers, an understanding of
the underlying systems-level profiles is needed, which cannot
be deduced from noninvasive studies alone.

Effects of general anesthesia on human auditory cortical
processing have been studied using both scalp EEG (Heinke et al.
2004), fMRI (Dueck et al. 2005; Plourde et al. 2006; Davis et al.
2007) and intracranial electrophysiology (Howard et al. 2000;
Nourski et al. 2017; Krom et al. 2020). Results from all three
methodologies converge on the finding that general anesthesia
disrupts activity in higher-order auditory-related and prefrontal
areas to a greater degree than in auditory cortex. Noninvasive
electrophysiology is limited by its spatial resolution, while fMRI
is limited by its temporal resolution. Intracranial electrophysi-
ology provides high combined spatiotemporal resolution that is
in a position to help interpret results obtained using the former
techniques. Previous intracranial electrophysiology work was
often limited by focus on early auditory cortical areas (Howard
et al. 2000; Nourski et al. 2017), analysis restricted to depth
electrodes, yielding a more limited sampling of the hemispheric
convexity compared to subdural arrays and did not examine
auditory cortical activity in the sedated state prior to LOC (Krom
et al. 2020).

An important feature of the current experimental design
is the comparison of auditory cortical responses obtained
under a subhypnotic dose of the anesthetic with those
recorded under a hypnotic dose. Intracranially recorded AEPs
in prefrontal regions were suppressed even by subhypnotic
doses of propofol, whereas auditory cortex on the lateral
STG and adjacent auditory-related cortex exhibited significant
reduction in response magnitude only upon LOC. This finding
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warrants cautious interpretation of data from studies that only
compare awake and unresponsive states without considering
the critically important intermediate sedated state. Current
results parallel changes in auditory deviant responses recorded
during this same set of experiments, wherein responses on
lateral STG were suppressed upon LOC and suppressed at
lower doses in prefrontal cortex (Nourski et al. 2018b). Within
prefrontal cortex, suppression of evoked auditory activity was
not uniform, with the highest prevalence of responses in the S
state observed in the IFG. This likely reflects a relative functional
proximity of the IFG to canonical auditory cortex compared to
other prefrontal regions (Garell et al. 2013; Kingyon et al. 2015;
Nakae et al. 2020).

Effects on temporal response properties of high gamma activ-
ity have implications for disrupted speech and language pro-
cessing in the sedated and unresponsive states. The altered
time course of high gamma responses associated with both
state changes is consistent with previous reports that general
anesthetics modulate response latencies to sound (Gaese and
Ostwald 2001; Ter-Mikaelian et al. 2007; Noda and Takahashi
2015) and disrupt the capability for accurately tracking temporal
features of the stimulus (Banks et al. 2018). Additionally, the
prolongation of high gamma ERBP parallels results of studies
that demonstrated prolongation of the timescales of the intrin-
sic fMRI signal during propofol sedation (Huang et al. 2018,
2021). Given the importance of precise timing information in
speech processing (Ahissar et al. 2001; Nourski et al. 2009),
these changes likely contribute to degraded language perception
even at subhypnotic doses (Davis et al. 2007). The increased
variability of response magnitude observed in both sedated and
unresponsive states would also likely contribute to degraded
information content in neural responses, as shown previously
for propofol in animal models (Banks et al. 2018). Taken together,
the present findings identify multiple contributing mechanisms
likely important for the disruption of speech perception that
occurs under general anesthesia.

Caveats and Limitations

A key limitation of this study is that the subjects had a
neurologic disorder, and thus may not be entirely representative
of a healthy population. This caveat is inherent to human
intracranial electrophysiology. However, results were consistent
across subjects, all of whom had different seizure disorder
histories, AED regimens, and anatomic seizure foci. As a pre-
caution, recordings from cortical sites confirmed to be seizure
onset zones were excluded from data analysis. Importantly,
subjects participated in multiple additional auditory research
protocols over the course of their hospitalization that generated
reliable neural data concordant with previously published
results (reviewed in Nourski 2017).

Additional factors that could have contributed to the variabil-
ity of the effects of propofol include drug interactions and other
subject-specific variables (e.g., age). For example, subjects were
reintroduced to AEDs just prior to surgery, which could lead to a
reduction of the dose of propofol required to achieve surgical
level of anesthesia (Ouchi and Sugiyama 2015). Even though
the time course of induction was variable across subjects, the
present study did not define arousal states based on a specific
dose or plasma concentration of propofol but on behavioral
assessments.

In the current study, the OAA/S—the gold standard for
assessing awareness in the clinical setting (Chernik et al. 1990;
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Vanluchene et al. 2004)—was used to assess the level of
arousal. We operationally defined LOC as loss of responsiveness,
corresponding to OAA/S <2. This criterion had been applied
successfully in past studies (Vanluchene et al. 2004; Nourski
et al. 2018b; Banks et al. 2020). We note that the cortical
activity studied was driven by sensory stimuli, and our assay of
arousal was based on assessment of behavioral responsiveness.
However, loss of behavioral responsiveness may be distinct from
LOC (Sanders et al. 2012; Bonhomme et al. 2019). An additional
caveat associated with the use of OAA/S assess arousal is that
it can itself alter the subject’s arousal state, potentially leading
to a false measurement of alertness. In this study, however,
simultaneously recorded BIS values corresponded well with
those associated with awake, sedated, and unresponsive states
reported elsewhere (Vanluchene et al. 2004). Additionally, there
was no significant increase in BIS values recorded immediately
following OAA/S assessments compared to those measured
immediately prior to them.

Functional Implications and Future Directions

Beyond the obvious important clinical implications of identify-
ing the electrophysiological signatures of LOC under anesthesia,
this study, and others like it contribute to our understanding of
the neural basis of consciousness more broadly. For instance,
breakdown in fronto-parietal connectivity is associated with
LOC under anesthesia and disorders of consciousness (Imas
etal. 2005; Lee et al. 2013; Liet al. 2019; Ihalainen et al. 2021). More
general changes in functional connectivity at the systems level
may be an important mediator of these altered arousal states,
and their measurement may serve as useful biomarkers of state
change (Banks et al. 2020).

The present work used both AEP and high gamma activity as
response measures. AEPs have a higher translational relevance
compared to high gamma activity, as it can be recorded
noninvasively in a clinical setting and reflects in part activity
beyond canonical auditory cortex (Plourde 2006). To that end,
future studies will combine intracranially and scalp-recorded
activity to correlate changes in scalp-recorded AEPs with their
intracranial sources. Furthermore, the current work lays a
foundation for studies of electrophysiological signatures of LOC
under additional anesthetic agents, recordings under passive
listening conditions, postoperative delirium, and other disorders
of consciousness.

Supplementary Material

Supplementary material can be found at Cerebral Cortex online.
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