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ARTICLE INFO ABSTRACT

Ar[icl? history: Primate brains can detect a variety of unexpected deviations in auditory sequences. The local-global paradigm
Received 1 January 2016 dissociates two hierarchical levels of auditory predictive coding by examining the brain responses to first-
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order (local) and second-order (global) sequence violations. Using the macaque model, we previously demon-
strated that, in the awake state, local violations cause focal auditory responses while global violations activate
a brain circuit comprising prefrontal, parietal and cingulate cortices. Here we used the same local-global auditory
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ii};zirg;a paradigm to clarify the encoding of the hierarchical auditory regularities in anesthetized monkeys and compared
Sequence violation their brain responses to those obtained in the awake state as measured with fMRI. Both, propofol, a GABAA-
Cortex agonist, and ketamine, an NMDA-antagonist, left intact or even enhanced the cortical response to auditory inputs.
Thalamus The local effect vanished during propofol anesthesia and shifted spatially during ketamine anesthesia compared

fMRI with wakefulness. Under increasing levels of propofol, we observed a progressive disorganization of the global
Primate effect in prefrontal, parietal and cingulate cortices and its complete suppression under ketamine anesthesia. An-
esthesia also suppressed thalamic activations to the global effect. These results suggest that anesthesia preserves
initial auditory processing, but disturbs both short-term and long-term auditory predictive coding mechanisms.
The disorganization of auditory novelty processing under anesthesia relates to a loss of thalamic responses to
novelty and to a disruption of higher-order functional cortical networks in parietal, prefrontal and cingular

cortices.

© 2016 Published by Elsevier Inc.

1. Introduction

Anesthetic agents are capable of suppressing conscious experience,
verbal reportability and behavioral responsivity, partially or totally, in
a reversible manner. Several molecular and cellular pharmacological
mechanisms of anesthetics have been identified (Alkire et al., 2008;
Franks, 2008; Uhrig et al., 2014a). Neural circuit mechanisms of anes-
thetics are covered in two recent reviews (Brown et al., 2010; Purdon
etal,, 2015). In the recent years, the cerebral consequences of anesthetic
administration at the systems level have been increasingly character-
ized using different modalities of functional neuroimaging (reviewed
in MacDonald et al., 2015). Anesthetics induce a functional disruption
of large-scale cortico-cortical networks (Lee et al., 2009a; Ku et al.,
2011; Lee et al., 2013), and generate slow delta and alpha oscillations
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in thalamo-cortical circuits (Ching et al., 2010; Cimenser et al., 2011).
The functional organization of brainscale networks can also be studied
by measuring spontaneous coherent fluctuations of functional magnetic
resonance imaging (fMRI) signals in the brain. In awake monkeys, these
fluctuations engage widely distributed default-mode networks that un-
derlie the “intrinsic functional architecture” of the brain (Buckner et al.,
2008; Mantini et al., 2011). Surprisingly, this intrinsic architecture is
partially preserved even in deeply anesthetized macaques (Vincent
et al., 2007). However, we recently showed by using dynamical func-
tional connectivity measures that anesthesia decreases the repertoire
of resting-state functional configurations to a limited number of states,
mainly correlated to brain anatomy (Barttfeld et al., 2015).

Here, we specifically ask how anesthesia affects auditory informa-
tion processing. While early sensory processing of external stimuli is
preserved during anesthesia (Plourde et al., 2006; Hudetz et al., 2009;
Boveroux et al., 2010), few experiments have studied how anesthesia
affects the higher-order brain responses to more complex auditory
stimuli (Kerssens et al., 2005; Adapa et al., 2014). Here, we use a
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hierarchical paradigm to evaluate the auditory processing of rule viola-
tion during anesthesia, and to test the hypothesis that anesthesia relates
to a functional disruption of higher-order cortical interactions that sup-
port information integration and broadcasting (Dehaene and Changeux,
2011; Oizumi et al., 2014).

The local-global paradigm probes auditory sequence processing at
first-order (local) and second-order (global) sequence violations
(Bekinschtein et al., 2009). The global novelty effect activates a widely
organized network that is considered as a signature of conscious pro-
cessing, as validated in patients with disorders of consciousness
(Faugeras et al.,, 2011). Using the local-global paradigm, we previously
demonstrated that the macaque brain is capable of hierarchical predic-
tive coding through a «macaque Global Neuronal Workspace (GNW)>
that is homologous to the human GNW (Uhrig et al., 2014b). The GNW
framework is a theoretical model which stipulates that the global avail-
ability of sensory information to widely distributed prefronto-parietal
and cingulate cortical areas subtends conscious access (Dehaene et al.,
1998; Dehaene and Naccache, 2001; Baars, 2005; Shanahan and Baars,
2005; Dehaene and Changeux, 2011).

Examining whether auditory responses to sounds are preserved, and
which cortical stage of auditory processing is disrupted, should help dis-
sect the functional reorganization underlying the information process-
ing under anesthesia. Anesthetics may act through the disruption of
the GNW, but they may also alter early auditory thalamo-cortical infor-
mation processing. To evaluate these possibilities, we employed EEG-
controlled anesthesia and fMRI in macaques presented with the local-
global auditory paradigm (Bekinschtein et al., 2009). The results dem-
onstrate, surprisingly, that anesthesia does not fully suppress the cere-
bral responses to second-order (global) sequence violations. Instead,
an absence of cerebral activations to the global effect in parietal cortex
and thalamus appears as the common denominator for anesthesia
with propofol and ketamine.

2. Material and methods
2.1. Animals

Four rhesus macaques (Macaca mulatta), 1 male (monkey J) and 3
females (monkeys K, Ki and R) (5-8 kg, 8-12 years of age), were tested,
3 for each arousal state (awake: monkeys J, Kand R (Uhrig et al., 2014b),
moderate propofol sedation: monkeys ], K and R; deep propofol anes-
thesia: ], K and R; deep ketamine anesthesia: monkeys K, Ki and R). All
procedures were conducted in accordance with the European conven-
tion for animal care (86-406) and the National Institutes of Health's
Guide for the Care and Use of Laboratory Animals. Animal studies
were approved by the institutional Ethical Committee (CETEA protocol
#10-003).

2.2. “Local-global” auditory paradigm (Fig. 1)

We used an event-related auditory paradigm based on local (within
trials) and global (across trials) violations of temporal regularities, as
previously described (Bekinschtein et al., 2009; Wacongne et al., 2011;
Uhrig et al., 2014b; Strauss et al., 2015). The paradigm was strictly iden-
tical to our previously published work with awake monkeys (Uhrig
et al., 2014b). At the local level (first hierarchical level), a deviant
sound is introduced after 4 identical sounds (denoted xxxxY, where x
is the repeated sound and Y the deviant sound), and such trials are
contrasted with sequences of 5 identical sounds (xxxxx). At the global
level (second hierarchical level), a sequence of trials, called the ‘global
standard’, is repeatedly presented (e.g. xxxxY), and then this regularity
is violated by rare trials called ‘global deviants’ (e.g. xxxxx). Each trial
comprised five consecutive sounds (50 ms duration, 150 ms stimulus
onset asynchrony (SOA) between sounds, total duration of 650 ms),
separated by 850 ms of silence, for a total trial duration of 1500 ms.
Each series of 24 trials comprised an initial 4 habituation trials, followed

by 20 post-habituation trials with 4 deviant trials (followed by at least 2
consecutive standard trials) and 16 standard trials. The sounds were
presented within runs comprising a period of rest (14.4 s), followed
by 5 series of 24 trials (36 s,) and at the end of each trial another period
of rest (14.4 s), for a total duration of 266.4 s. Two runs used as global
standard the xxxxx sequence of 5 identical sounds (either high pitched
1600 Hz or low pitched 800 Hz) and two other runs used the xxxxY se-
quence (same pitch, with the final sound swapped). All four run types
were presented in random order and comprised both a local regularity
(the fifth sound could be different or identical to previous sounds) and
a global regularity (one of the series of sounds was less frequent than
the other). Auditory stimuli were presented using the E-prime software
(E-Studio 1.0, Psychology Software Tools; http://www.pstnet.com)
and delivered using MR-compatible headphones (MR CONFON,
Germany).

2.3. Anesthesia protocols

Monkeys received anesthesia with either propofol or ketamine.

For propofol anesthesia (Barttfeld et al., 2015), three monkeys
(monkey K, R and ]J) were scanned in different scanning sessions
under two different levels of anesthesia, either moderate propofol seda-
tion or deep propofol anesthesia corresponding to a level of general an-
esthesia. The levels of anesthesia were targeted using both a behavioral
monkey sedation scale (Table 1) and electroencephalography (EEG).

First the awake monkeys were trained for i.v. propofol injection in
the saphenous vein for induction of anesthesia (propofol bolus, 5-
7.5 mg/kg i.v.; Fresenius Kabi, France). Induction of anesthesia was
followed by a target-controlled infusion (TCI) (Alaris PK Syringe
pump, CareFusion, CA, USA) of propofol based on the ‘Paedfusor’ phar-
macokinetic model (Absalom and Kenny, 2005). The level of TCI for
the propofol infusion was adapted to the behavior score and the EEG
of each individual monkey on each fMRI session. Based on the behavior
and the EEG, the TCI for the moderate propofol sedation state was 3.7-
4,6 ng/ml (monkey J 3.7 pg/ml; monkey K: 4-4.6 pg/ml; monkey R: 3.7-
3.9 pg/ml) and for the deep propofol anesthesia state 5.8-7.2 pg/ml
(monkey ] 5.8-5.9 pg/ml; monkey K: 6.5-7.2 pg/ml; monkey R 5.8 pg/ml).

For ketamine anesthesia, three animals (monkeys K, Ki and R) were
scanned at a deep level of ketamine anesthesia, defined using the mon-
key sedation scale and EEG. For ketamine anesthesia induction, mon-
keys received an intramuscular (i.m.) injection of ketamine (20 mg/kg
i.m., Virbac, France). To maintain a deep ketamine anesthesia state, in-
duction of anesthesia was followed by a continuous intravenous infu-
sion of ketamine (15-16 mg/kg/h i.v.; monkey K 16 mg/kg/h; monkey
Ki 16 mg/kg/h; monkey R 15 mg/kg/h) based on the behavior scale
and the EEG. Atropine (0.02 mg/kg i.m., Aguettant, France) was injected
10 min before ketamine induction, to reduce salivary and bronchial se-
cretions. To avoid artifacts related to potential movements during MRI
acquisition, during the moderate propofol sedation and deep ketamine
anesthesia, a muscle blocking agent was co-administered when the
monkey was inside the scanner (cisatracrium, 0.15 mg/kg bolus i.v.
followed by continuous i.v. infusion at a rate of 0.18 mg/kg/h,
GlaxoSmithKline, France) (Barttfeld et al., 2015). In all anesthesia condi-
tions, monkeys were intubated and ventilated as previously described
(Barttfeld et al., 2015). Heart rate, non-invasive blood pressure (systol-
ic/diastolic/mean), oxygen saturation (Sp02), respiratory rate, end-tidal
CO2 (EtCO2), cutaneous temperature was monitored (Maglife, Schiller,
France) and recorded online (Schiller, France). L.v. hydration was en-
sured by a mixture of normal saline (0.9%) and 5% glucose (250 ml of
normal saline with 100 ml of 5% glucose; rate of 10 ml/kg/h).

24. Clinical arousal scale for monkeys (Table 1)
The levels of arousal were defined on a behavioral scale, based on

spontaneous movements and the response to juice presentation, shak-
ing/prodding, toe pinch and corneal reflex (Table 1). Such behavioral
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Fig. 1. ‘Local/global’ paradigm. a, Trial: short auditory sequences containing either 5 identical sounds (local standard, denoted as xxxxx), or 4 identical sounds followed by a distinct one
(local deviant, denoted as xxxxY). b, Series: 24 trials with an initial 4 habituation trials, followed by 20 test-phase trials; 4 deviant trial and 16 standard trials. Stimuli presentation, one
sequence served as the global standard and another as the global deviant. ¢, Run: initial period of rest (14.4 s), 5 series of 24 trials (36 s), period of rest (14.4 s) at the end of each trial,

total duration of the run of 266.4 s.
Adapted from Uhrig et al. (2014b).

testing was performed both before the animal was paralyzed, at the be-
ginning of the fMRI session, and again at the end of the fMRI session
once the animal was no longer paralyzed. The parts of the behavioral as-
sessment were performed in the same order: first the response to juice
presentation, followed by spontaneous movements, then shaking/prod-
ding, toe pinch and at the end the corneal reflex (with a wisp of cotton).

2.5. Electroencephalography (Table 1)

We acquired scalp EEG using an MR-compatible system and custom-
built caps as previously described (Barttfeld et al., 2015). EEG scalp re-
cordings were performed using a customized EEG cap (EasyCap, 13
channels, Fp1, Fp2, F3, F4, T3, T4, P3, P4, 01, 02, Oz, reference electrode,
ground electrode), an MR amplifier (BrainAmp, Brain Products,
Germany) and the Vision Recorder software (Brain Products). Parame-
ters were as follow: sampling rate, 5000 per channel; common

reference electrode, impedance, <20 MQ; band-pass filtered
0.01 Hz < f < 500 Hz during collection. We applied an EEG gel to obtain
low impedances (One Step EEG gel, Germany). EEG-fMRI gradient arti-
facts were removed before analysis with BrainVision Analyzer 2 soft-
ware (Brain Products). EEG recordings before fMRI acquisitions, gave
EEG windows free of gradient artifacts (Supplementary Fig. 10).

For propofol, 5 levels were defined as follows: level 1, awake state,
posterior alpha waves (eyes closed) and anterior beta waves; level 2,
light propofol sedation, increased amplitude of alpha waves and anteri-
or diffusion of alpha waves; level 3, moderate propofol sedation, diffuse
and wide alpha waves, and anterior theta waves (Feshchenko et al.,
2004); level 4, deep propofol general anesthesia, diffuse delta waves,
waves of low amplitude (Steriade et al., 1993; Murphy et al., 2011)
and anterior alpha waves (10 Hz) (Purdon et al., 2013); level 5, very
deep anesthesia (deeper than the level of general anesthesia), burst
suppression. For ketamine, sedation levels were defined as follow:
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Scale Arousal Monkey sedation scale

Behavior EEG
Juice Spontaneous Shaking/prodding Toe  Corneal Propofol Ketamine
presentation movements pinch reflex
1 Alert/awake + + + + + Posterior alpha waves, Posterior alpha waves, anterior beta waves
anterior beta waves
2 Light sedation — + + + + Increased amplitude of Loss of alpha rhythm, decrease of amplitude
alpha waves, anterior
diffusion of alpha waves
3 Moderate sedation — — + + + Diffuse and wide alpha Persistent rhythmic theta activity, increasing

4 Deep - - - -
anesthesia/general
anesthesia

waves, anterior theta
waves

Diffuse delta waves, waves
of low amplitude, anterior
alpha waves

amplitude, beta activity of low amplitude

Intermittent polymorphic delta activity of large
amplitude, superimposed beta activity of low
amplitude, increase in gamma power

Arousal scale based on the monkey sedation scale (behavior) and EEG for propofol, respectively ketamine anesthesia Note: Response to juice presentation: the experimenter presents a
syringe with juice/water. (+) if the monkey drinks, (—) if the monkey fails to drink. Spontaneous movements: (+) if the monkey exhibits spontaneous movements, (—) if spontaneous
movements are absent. Shaking/prodding: (+) if the monkey exhibits a response (body movement, eye blinking, eye opening, cardiac rate change) on Shaking/prodding, (—) if there is no
response. Toe pinch: (+) if the monkey exhibits a response (body movement, eye blinking, eye opening, cardiac rate change) to toe pinch, (—) if there is no response. Corneal reflex: () if

the corneal reflex is present, (—) if the corneal reflex is absent.

level 1, awake state, posterior alpha waves (eyes closed) and anterior
beta waves; level 2, light ketamine sedation, loss of alpha rhythm with
a decrease of amplitude (Schuttler et al., 1987); level 3, moderate keta-
mine sedation, persistent rhythmic 6 activity (4-6 Hz) with increasing
amplitude, and fast 3 activity (14-20 Hz) of low amplitude (Schuttler
et al,, 1987); level 4, deep ketamine anesthesia, intermittent polymor-
phic 6 activity (0.5-2 Hz) of large amplitude, with superimposed (3 ac-
tivity (14-20 Hz) of low amplitude (Schuttler et al., 1987), increase in
vy power (30-100 Hz) (Pinault, 2008).

2.6. fMRI data acquisition

Monkeys were scanned on a 3T horizontal scanner (Siemens Tim
Trio, Erlanger, Germany) with a custom-built single transmit-receiver
surface coil. Monocrystalline iron oxide nanoparticle (MION, Feraheme,
AMAG Pharmaceuticals, MA; 10 mg/kg, i.v.), was injected before each
scanning session (Vanduffel, 2001). Each functional scan (time series)
consisted of 111 gradient-echo echo-planar whole-brain images (TR
2400 ms, TE 20 ms and 1.5 mm3 voxel size). Animals were positioned
in the sphinx position inside the MR scanner for the anesthesia experi-
ments. To compare the anesthesia states with the awake state, we used
data acquired in awake monkeys from a previous experiment (Uhrig
et al., 2014b). For the awake experiment (Uhrig et al., 2014b), monkeys
were implanted with an MR-compatible headpost and trained to satin a
sphinx position in a primate chair with their head fixed and fixate a red
dot inside a “mock” MR bore before being scanned.

In total, 829 runs were analyzed for the experiment: 148 runs for the
awake state (Monkey J: 88 runs, 6 fMRI session; Monkey K: 35 runs, 6
fMRI sessions; Monkey R: 25 runs, 3 fMRI sessions), 227 runs for the
moderate propofol sedation (Monkey J: 32 runs, 2 fMRI sessions; Mon-
key K: 135 runs, 7 fMRI sessions; Monkey R: 60 runs, 8 fMRI sessions),
230 runs for the deep propofol anesthesia (Monkey J: 56 runs, 6 fMRI
sessions; Monkey K: 89 runs, 5 fMRI sessions; Monkey R: 85 runs, 6
fMRI sessions) and 224 runs for deep ketamine anesthesia (Monkey K:
81 runs, 5 fMRI sessions; Monkey Ki: 52 runs, 5 fMRI sessions; Monkey
R: 91 runs, 5 fMRI sessions).

2.7. fMRI analyses

Functional images were reoriented, realigned, resampled (1 mm iso-
tropic), smoothed (Gaussian kernel, 3 mm full width at half maximum)
and rigidly co-registered to the anatomical template of the monkey MNI
space (Frey etal,, 2011) using custom-made scripts (Uhrig et al., 2014Db).

Whole brain data were displayed using Caret software (version 5.61,
brainvis.wustl.edu/wiki/index.php/Caret:About).

829 runs were analyzed for the experiment with a two-level analysis
(SPM5 software, Wellcome Department of Cognitive Neurology,
London, UK; Matlab, MathWorks, MA):

2.7.1. Whole-brain individual analyses

For each subject, the activation time series was modeled, within
each fMRI run, using regressors obtained by convolution of the experi-
mental conditions with the canonical hemodynamic response function
for MION, and its time derivative (Uhrig et al., 2014b).

2.7.2. Whole-brain group analyses

For each subject and each fMRI session, the first-level SPM model
produced a beta weight image of activation for each condition relative
to rest (percentage of the whole-brain signal). Images were then
inserted into several second-level whole-brain ANOVAs (Uhrig et al.,
2014b). The contrasts were: activation to all sounds (habituation, fre-
quent and rare sequences) relative to rest; global standard sequences
relative to rest; global deviant sequences relative to rest; local effect
(local deviant minus local standard sequences); and global effect (rare
minus frequent sequences). For all of the whole-brain analyses a thresh-
old of p < 0.001 uncorrected was applied at the voxel level, and we re-
port only regions where such voxels grouped together to form a
contiguous cluster whose extent was significant at p < 0.05, corrected
for multiple comparisons across the brain volume (False Detection
Rate, FDR, p < 0.05). t-Test values and pFDR (FDR corrected) values
are reported at local maxima of each significantly activated region.

2.7.3. Plots

Plots were generated by extracting the beta weight of SPM regres-
sions of individual subject data with the hemodynamic functions of
the appropriate stimulus category. The mean and the standard error of
these beta weights were plotted. Activity profiles, plotting the % signal
change, for the different experimental conditions, were computed on
ROIs of 7 voxels in size centered on the most significant voxel.

2.7.4. Event related functional correlation using psychophysiological inter-
action (PPI)

To determine the effect of novelty (local or global auditory violation)
on the functional correlation between the primary auditory cortex (A1)
and the remaining brain areas, a psychophysiological interaction (PPI)
analyses (Friston et al., 1997) was conducted using SPM5 across all
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Fig. 2. fMRI activations to all sounds relative to rest. fMRI activations to all sounds relative to rest (a—c) under moderate propofol sedation, deep propofol anesthesia and deep ketamine
anesthesia. Panels d-f show the corresponding comparisons between the awake state and moderate propofol sedation, deep propofol anesthesia and deep ketamine anesthesia. SPM maps
for all sounds overlying coronal T1-weighted images from the macaque MNI atlas. y, level of coronal section relative to the bregma in the Paxinos atlas. Group analysis, p < 0.05, FDR
corrected. a, all sounds relative to rest for moderate propofol sedation; b, all sounds relative to rest for deep propofol anesthesia; c, all sounds relative to rest for deep ketamine
anesthesia; d, stronger activations for all sounds during moderate propofol sedation compared to the awake state; e, stronger activations for all sounds during deep propofol
anesthesia compared to awake state; f, stronger activations for all sounds during deep anesthesia sedation compared to the awake state; IC, inferior colliculus; Caudate, Caudate nucleus.

sessions (Uhrig et al., 2014b) from the four monkeys. For the PPI analy-
sis, the residual of the above first-level model was extracted in the pri-
mary auditory regions that were activated by sounds. This residual,
together with its point-by-point multiplication with the prior regressors
for habituation, global standards and global deviants, was then entered
as additional regressors in a novel first-level model. In the end, their
beta weights were submitted to the same second-level analysis as
above, with the same contrasts allowing us to determine which areas in-
creased their functional correlation to auditory cortex during, e.g. global
deviants relative to global standards. The statistical threshold was set at
p < 0.05 (FDR corrected). We report t-test values and pFDR (FDR
corrected) values at local maxima of each significantly activated region.

2.7.5. Comparison between arousal states

For each monkey, beta weights of activations relative to rest for each
session and each arousal state (awake, moderate propofol sedation,
deep propofol anesthesia, deep ketamine anesthesia) were entered
into several second-level whole-brain ANOVAs. The contrasts that we
studied were: all sounds, frequent sounds, rare sounds, local effect,
global effect; interacting with contrasts for awake vs moderate propofol
sedation; awake vs deep propofol anesthesia; awake vs deep ketamine
anesthesia; moderate propofol vs deep ketamine anesthesia; and deep
propofol vs deep ketamine anesthesia. For all of these whole-brain

analyses we used the same thresholds as above (voxelwise p < 0.001,
uncorrected, and clusterwise p < 0.05, FDR-corrected).

3. Results

Physiological parameters related to general hemodynamic, ventila-
tion and temperature were kept constant during each experiment (Sup-
plementary Table 1). In all sessions and in all animals, the moderate
sedation level and deep anesthesia level, as defined by the monkey se-
dation scale (Table 1), corresponded, respectively to levels 3 and 4 as
defined by the EEG traces for each drug (propofol or ketamine) (Supple-
mentary Figs. 10-11).

We found consistent patterns of fMRI activations in the monkeys,
and therefore report group results after normalization (for individual
results, see Fig. 6, Tables 4-5, Supplementary Figs. 5-9 and Supplemen-
tary Tables for individual monkeys).

3.1. fMRI activation to auditory stimuli persists and is even enhanced under
propofol anesthesia (Fig. 2, Supplementary Table 2)

We first examined the group activations relative to rest. During
moderate propofol sedation, pooling over all stimuli, we observed bilat-
eral fMRI activations within the bilateral auditory cortex including core

Table 2
fMRI activations for the local novelty effect.
Area Awake Deep ketamine anesthesia
tvalue p value t value p value
Local novelty effect Left Auditory cortex 5.15 pFDR = 0.005 n.s. n.s.
Right Auditory cortex 3.59 puncorrected = 1.95 x 10—4 n.s. n.s.
Left MGN 5.5 pFDR = 0.002 n.s. n.s.
Right MGN 3.95 pFDR = 0.025 n.s. n.s.
ACC 3.42 pFDR = 0.048 n.s. n.s.
Left Parietal cortex n.s. n.s. 4.62 pFDR = 0.012
Right Parietal cortex n.s. n.s. 5.14 pFDR = 0.012
Area 23 n.s. n.s. 44 pFDR = 0.012
Left Medial superior temporal area 4,73 PFDR = 0.01 4.52 pFDR = 0.012
Right Medial superior temporal area 4.63 pFDR = 0.01 n.s. n.s.
Left Putamen 4.63 pFDR = 0.010 448 pFDR = 0.012
Left Caudate 3.72 PFDR = 0.033
Right Caudate 443 pFDR = 0,012 3.89 pFDR = 0.017
Right Area V4 427 pFDR = 0.015 425 pFDR = 0.013
Dorsal thalamus 4,09 PFDR = 0.020 433 pFDR = 0.0012

fMRI activations for the local novelty effect in the awake state and under deep ketamine anesthesia. We found no significant activations for the local novelty effect during moderate
propofol sedation and deep propofol anesthesia. MGN, medial geniculate nucleus; ACC, anterior cingulate cortex. p values refer to FDR correction, unless stated. Uncorr, uncorrected.

n.s., not significant.
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Table 3
fMRI activations for the global novelty effect.

Area Awake Moderate propofol sedation Deep propofol anesthesia
tvalue pvalue tvalue pvalue tvalue pvalue
Global novelty effect  Left Auditory cortex 414 pFDR = 0.017 6.55 pFDR =0 8.64 pFDR =0
puncorrected = 2.2 x 10—13 puncorrected = 4.4 x 10— 16
Right  Auditory cortex 4.51 pFDR = 0.008  8.05 pFDR = 4.83 pFDR = 0.001
0 puncorrected = 1.4 x 10—12
Left MGN n.s. n.s. 3.49 pFDR = 0.012 n.s. n.s.
Right MGN n.s. n.s. 343 pFDR = 0.015 n.s. n.s.
ACC 3.71 pFDR = 0,038 5.26 pFDR =0 4.01 pFDR = 0.002
puncorrected = 1.1 x 10—7
Left Prefrontal cortex area46  n.s. n.s. 4.61 pFDR =0 3.85 pFDR = 0.002
puncorrected = 2.7 x 10—6
Right  Prefrontal cortex area46  n.s. n.s. 3.67 pFDR = 0.007 3.25 PFDR = 0.011
Left Prefrontal area 8A 5.31 pFDR = 0.003  4.61 pFDR =0 3.6 pFDR = 0.005
puncorrected = 2.7 x 10—6
Right  Prefrontal area 8A 4,79 pFDR = 0.006  3.67 pFDR = 0.007 427 pFDR =0
puncorrected = 1.6 x 10—5
Left Premotor area 6V 5.31 pFDR = 0.003  n.s. n.s. 3.73 pFDR = 0.003
Right  Premotor area 6V 438 pFDR = 0,011 ns. n.s. 3.68 PFDR = 0.004
Left Parietal cortex (VIP) 497 pFDR = 0.005 n.s. n.s. n.s. n.s.
Left Area TPt 5.09 pFDR = 0.004 n.s. n.s. n.s. n.s.
Left Putamen n.s. n.s. 3.46 pFDR = 0.014 438 pFDR =0
puncorrected = 1.6 x 10—5
Right Putamen 3.91 pFDR = 0.025 3.29 pFDR = 0.021 4.84 pFDR =0
puncorrected = 1.6 x 10—5
Left Caudate n.s. n.s. n.s. n.s. 4.86 pPFDR =0
puncorrected = 1.6 x 10—5
Right Caudate n.s. n.s. 3.14 pFDR = 0.029 4.8 pFDR =0
puncorrected = 1.6 x 10—5
Left Area V4 n.s. n.s. n.s. n.s. 3.87 pFDR = 0.002
Right  Area V4 n.s. n.s. n.s. n.s. 6.01 PFDR =0

puncorrected = 1.9 x 10—7

fMRI activations for the global novelty effect in the awake state, under moderate propofol sedation and under deep propofol anesthesia. We found no significant activations for the global
novelty effect during deep ketamine anesthesia. MGN, medial geniculate nucleus; ACC, anterior cingulate cortex. p values refer to FDR correction, unless stated. Uncorr, uncorrected. n.s.,

not significant.

(A1, R), belt and parabelt regions, as well as in medial geniculate nucle-
us (auditory thalamus), inferior colliculus (IC), prefrontal area 46, ante-
rior cingulate cortex, hippocampus, caudate, premotor area 6V (Fig. 2,
Supplementary Table 2). During the test period, global standard se-
quences, which were frequent and predictable, caused a detectable acti-
vation relative to rest only in auditory cortex (A1) and inferior colliculus
(Supplementary Table 3). The rare global deviant sequences relative to
rest activated bilateral auditory cortex (core, belt and parabelt regions),

inferior colliculus, anterior cingulate cortex, prefrontal area 46, prefron-
tal area 8A/45, left premotor area 6V, putamen, and left caudate (Sup-
plementary Fig. 1a, Supplementary Table 4).

When comparing to our previous published data on awake monkeys
(Uhrig et al.,, 2014b), we found no stronger activations to all sounds in
the awake state compared to moderate propofol sedation. On the con-
trary, surprisingly, many areas showed stronger activation in the mod-
erate propofol state compared to the awake state: auditory cortex

Table 4
fMRI activations for the global novelty effect, individual results.
Area Monkey K Monkey R Monkey |
tvalue  pvalue tvalue  pvalue tvalue  pvalue
Global novelty effect Left  Auditory cortex t=758 pFDR=2x10—9 t=5.05 pFDR = 0.005 t=432 puncorrected =32 x 10—5

puncorrected = 8.6 x 10—7

Right Auditory cortex t=828 PpFDR=25x10—10 t=1572 pFDR = 0.002 t =433 puncorrected =3.2x 10—-5
puncorrected = 4.6 x 10—8

Left MGN t=3.57 pFDR=0.012 n.s. n.s. n.s. n.s.

Right MGN n.s. n.s. n.s. n.s. n.s. n.s.

ACC t=4.27 pFDR = 0.001 t=3.49 puncorrected =3.4x10—4 t=4.16 puncorrected =6 x 10—5

Left  Prefrontal cortex area46 t=4.53 pFDR = 0.001 n.s. n.s. n.s. n.s.

Right Prefrontal cortex area 46 n.s. n.s. n.s. n.s. n.s. n.s.

Left  prefrontal area 8A t=3.73 pFDR = 0.007 t=3.16 puncorrected = 0.001 t=4.37 puncorrected =2.7x10—5

Right Prefrontal area 8A t=3.76 pFDR = 0.007 t=3.15 puncorrected = 0.001 t=3.88 puncorrected = 1.4 x 10—4

Left  Premotor area 6V n.s. n.s. t=3.56 pFDR = 0.049 n.s. n.s.
puncorrected = 2.8 x 10—4

Right Premotor area 6V n.s. n.s. t=3.46 puncorrected =3.9x10—4 t=3.36 puncorrected = 0.001

Left  Area TPt n.s. n.s. n.s. n.s.

Left  Putamen t=3.21 pFDR = 0.032 t =3.27 puncorrected = 0.001 n.s. n.s.

Right Putamen n.s. n.s. n.s. n.s. n.s. n.s.

Left  Caudate n.s. n.s. n.s. n.s. n.s. n.s.

Right Caudate n.s. n.s. n.s. n.s. t=426 puncorrected =4 x 10—5

Individual results for fMRI activations for the global novelty effect in the awake state, under moderate propofol sedation. MGN, medial geniculate nucleus; ACC, anterior cingulate cortex.

Uncorr, uncorrected. n.s., not significant.
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Table 5
fMRI activations for the global novelty effect, individual results.
Area Monkey K Monkey R Monkey ]
t value p value t value p value t value p value
Global novelty effect  Left Auditory cortex t=636 pFDR=24x10—5 t=694 pFDR=25x10—6 t=23.69 puncorrected = 1.8 x 10—4
Right  Auditory cortex t=644 PpFDR=24x10-5 t=6.3 pFDR =34 x 10—6 t=3.53 puncorrected = 3.1 x 10—4
ACC t=3.92 pFDR = 0.006 t=4.37 pFDR = 0.001 n.s. n.s.
Left Prefrontal cortex area46 t=3.68 pFDR = 0.010 t=3.69 pFDR = 0.005 n.s. n.s.
Right Prefrontal cortex area46 t=4.36 pFDR = 0.002 n.s. t=23.46 puncorrected =4 x 10—4
Left Prefrontal area 8A n.s. n.s. t=496 PpFDR=21x10—-4 t=3.93 puncorrected = 7.6 x 10—5
Right  Prefrontal area 8A t=3.64 pFDR=0.011 t=668 pFDR=28x10—6 n.s. n.s.
Left Premotor area 6V t=3.68 pFDR=0.011 t=43 pFDR = 0.001 n.s. n.s.
Right  Premotor area 6V n.s. n.s. t=3.68 pFDR = 0.005 t=35 puncorrected = 3.4 x 10—4
Left Area TPt n.s. n.s. n.s. n.s. n.s. n.s.
Left Putamen t=47 pFDR = 0.001 t=431 puncorrected = 0.001 n.s. n.s.
Right  Putamen n.s. n.s. n.s. n.s. t=>5.1 puncorrected = 7.7 x 10—7
Left Caudate t=445 pFDR = 0.002 t=3.61 pFDR = 0.006 n.s. n.s.
Right Caudate t=23.75 pFDR = 0.009 t=3.65 pFDR = 0.005 t=3.86 puncorrected = 3.7 x 10—5
Left Area V4 n.s. n.s. t=3.95 pFDR = 0.003 t=4.23 puncorrected = 2.5 x 10—5
Right Area V4 t=321 pFDR = 0.025 t=44 pFDR = 0.001 t=3.58 puncorrected = 2.6 x 10—4

Individual results for fMRI activations for the global novelty effect in the awake state, under deep propofol anesthesia. MGN, medial geniculate nucleus; ACC, anterior cingulate cortex.

Uncorr, uncorrected. n.s., not significant.

including core (A1, R), belt and parabelt regions, anterior cingulate cor-
tex, prefrontal area 46, caudate and putamen (Fig. 2d). No differences
were found for global standard sequences, but during the test period,
rare global deviant sequences relative to rest, caused a stronger activa-
tion in the moderate propofol sedation compared to the awake state
in auditory cortex, anterior cingulate, putamen, and caudate. This result
therefore suggests, not only that a subset of areas of the monkey brain
continue to respond to sounds, but that they are partially released
from inhibition and respond even stronger during sedation. Conversely,
however, we did find several areas where the rare global deviant se-
quences, relative to rest, caused a stronger activation in the awake
state compared to moderate propofol sedation (Supplementary Fig.
1d, g; Supplementary Table 4). These regions (anterior cingulate, thala-
mus parafascicular nucleus, right prefrontal area 8A, premotor area 6V,
left parietal cortex, hippocampus and cerebellar dentate nuclei) are
good candidates for a disruption effect due to general anesthesia.

It could be argued that the finding of preserved or even amplified ac-
tivation to sound in several cortical and subcortical regions could be due
to the insufficient level of propofol sedation. However, we replicated
these results during deep propofol anesthesia. Pooling over all auditory
stimuli relative to rest (Fig. 2b), we again found bilateral fMRI activa-
tions within the auditory cortex including core (A1, R), belt and parabelt
regions, medial geniculate nucleus (auditory thalamus), inferior
colliculus, anterior cingulate, premotor area 6V, prefrontal cortex area
46 and caudate. The vast majority of these regions again showed a
stronger activation in the deep propofol state compared to the awake
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state (auditory cortex, anterior cingulate, prefrontal area 46, caudate,
putamen) (Fig. 2e). Direct comparison showed that several areas in-
creased their activation to auditory stimuli from moderate to deep
propofol: auditory cortex, anterior cingulate cortex and caudate (Sup-
plementary Table 11).

During the test period, under deep propofol anesthesia, global stan-
dard sequences, which were frequent and predictable, caused a detect-
able activation relative to rest only in auditory cortex (A1) and inferior
colliculus (Supplementary Table 3). However, the rare global deviant
sequences relative to rest activated auditory cortex (core, belt and
parabelt regions), inferior colliculus, anterior cingulate, prefrontal area
46 and 8A, premotor area 6V, putamen and caudate (Supplementary
Fig. 1b). Again, in the majority of these regions, the rare global deviant
sequences relative to rest caused a stronger activation during deep
propofol sedation compared to the awake state or to moderate propofol
sedation. Still, we again identify a subset of regions whose auditory ac-
tivity was disrupted during deep sedation: thalamus parafascicular nu-
cleus, right prefrontal area 8A, premotor area 6V, parietal cortex
(ventral intraparietal area, VIP), hippocampus and cerebellar dentate
nuclei (Supplementary Fig. 1e, h).

3.2. Auditory activation persists under deep ketamine anesthesia (Fig. 2,
Supplementary Table 2)

Propofol, a GABAA-agonist, is known to yield paradoxical enhance-
ments of brain activity that include a strong increase in bilateral anterior
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Fig. 3. Local novelty effect under anesthesia. a, Activation maps for the local novelty effect (local deviants minus local standards = (xxxxx rare + xxxxY frequent) — (XXXXX
frequent + xxxxY rare)) under ketamine anesthesia. b, fMRI signal change in areas responsive to local novelty (blue cross on SPM maps) under ketamine anesthesia. Plots show signal
change for habituation (hab), frequent (freq) and rare stimuli. y, level of coronal section relative to the bregma in the Paxinos atlas. Group analysis, p < 0.05, FDR corrected. We found
no significant activations for the local novelty effect during moderate propofol sedation and deep propofol anesthesia. IPS, intraparietal sulcus; VIP, ventral intraparietal area. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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alpha waves (Purdon et al., 2013). Thus, we probed the generality of the
above results by replicating our study with a second anesthetic drug, ke-
tamine, a NMDA-antagonist. Again, ketamine anesthesia did not result
in a complete cessation of auditory activity. Pooling over all stimuli rel-
ative to rest (Fig. 2¢), we still observed bilateral fMRI activations to
sounds within the auditory cortex, including core (A1, R), belt and
parabelt regions, the subcortical auditory pathways (medial geniculate
nucleus and inferior colliculus), as well as anterior cingulate cortex, pre-
frontal area 46, putamen and thalamus (parafascicular nucleus). As with
propofol, these activation were actually stronger in deep ketamine an-
esthesia compared to the awake state in the core auditory cortex (A1),
anterior cingulate cortex (areas 24, 32), prefrontal area 46, caudate, pu-
tamen, and area 31 (Fig. 2f).

During ketamine anesthesia, global standard sequences caused de-
tectable activation relative to rest in auditory cortex, medial geniculate
nucleus (auditory thalamus) and anterior cingulate cortex

a Awake > Moderate Propofol

b Awake > Deep Propofol
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(Supplementary Table 3). These activations were no different from the
awake state. Rare global deviant sequences relative to rest, on the
other hand, activated bilaterally, not only auditory cortex (core, belt
and parabelt regions), inferior colliculus and medial geniculate nucleus
(auditory thalamus), but also the hippocampus, prefrontal area 46, pu-
tamen, area 23/31 and anterior cingulate cortex (Supplementary Fig. 1c,
Supplementary Table 4). These activations were however reduced rela-
tive to the awake state in auditory cortex (core, belt and parabelt re-
gions), anterior cingulate, globus pallidus, thalamus (parafascicular
nucleus) prefrontal area 8A, premotor area 6V, ventral intraparietal
area VIP, left temporoparietal area TPt, hippocampus and cerebellar
dentate nuclei (Supplementary Fig. 1f, i). The only regions showing an
increased response in deep ketamine anesthesia compared to the
awake state were anterior cingulate cortex and putamen.
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Fig. 4. Comparison between the awake state and anesthesia states for the local novelty effect. a, Activation map for local novelty effect (local deviants minus local standards) showing
stronger activations in the awake state compared to moderate propofol sedation; b, Activation map for local novelty effect showing stronger activations in the awake state compared
to deep propofol anesthesia; c, Activation map for local novelty effect with stronger activations in the awake state compared to deep ketamine anesthesia. Group analysis, p < 0.05,
FDR corrected. d, g fMRI signal change in areas responsive to local novelty effect (blue cross on SPM maps) in the awake state and under moderate propofol sedation. e, h fMRI signal
change in areas responsive to local novelty effect (blue cross on SPM maps) in the awake state and under deep propofol anesthesia. f, i, f/MRI signal change in areas responsive to local
novelty effect (blue cross on SPM maps) in the awake state and under deep ketamine anesthesia. Plots show signal change for habituation (hab), frequent (freq) and rare stimuli in
the auditory cortex and medial geniculate nucleus. y, level of coronal section relative to the bregma in the Paxinos atlas. MGN, medial geniculate nucleus. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.3. Local and Global novelties are partially disrupted by propofol anesthe-
sia (Tables 2, 3,4, 5)

While brain responses to sound, relative to rest, were often pre-
served or even amplified during propofol anesthesia, this does not
imply that the brain continues to detect auditory novelty. To specifically
evaluate the cortical responses to auditory novelty at two hierarchical
levels, we probed the fMRI responses to local and global effects.

The local effect, contrasting local deviants to local standards, showed
no significant activations during moderate propofol sedation, and this
was replicated during deep propofol anesthesia. As a result, virtually
all of the areas that were originally found responsive to local deviance
in the awake monkey (Uhrig et al., 2014b) showed a stronger local ef-
fect in the awake state compared to propofol sedation. For both moder-
ate and deep propofol anesthesia, these areas included the auditory
cortex bilaterally, anterior cingulate gyrus (area 25), medial geniculate
nucleus (auditory thalamus), striatum (left dorsal putamen, bilateral
caudate), dorsal thalamus, medial superior temporal area and area V4
(Fig. 4a,b,d, e, g, h).

While these data indicate an essentially complete disruption of the
local effect in propofol anesthesia, the response to global novelty, con-
trasting rare trials minus frequent trials, was partially preserved. During
moderate propofol sedation, the global effect continued to activate the
bilateral auditory cortex including core (A1, R), belt and parabelt re-
gions, medial geniculate nucleus (auditory thalamus), the anterior cin-
gulate cortex, prefrontal cortex areas 8 and 46, putamen and caudate
(Fig. 5a, b). Virtually the same areas were replicated under deep
propofol anesthesia (Fig. 5¢, d). When comparing propofol sedation
levels, there was even a stronger activation to the global effect under
deep propofol anesthesia compared to moderate propofol sedation in
the anterior cingulate cortex and caudate. Nevertheless, there was
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evidence that anesthesia did have a disruptive effect. We found no
stronger activations during propofol anesthesia compared to the
awake state, but conversely many areas showed a stronger global effect
in the awake state than in moderate or deep propofol anesthesia. Those
regions where propofol anesthesia decreased the response to global au-
ditory novelty included the right prefrontal area 8A, bilateral premotor
areas 6V, left parietal cortex (ventral intraparietal area, VIP), thalamus
(parafascicular nucleus) and cerebellar dentate nuclei (Fig. 7a, b, d).
They were jointly found in moderate and in deep sedation.

3.4. Local and Global novelties under deep ketamine anesthesia (Tables 2,
3)

During ketamine anesthesia, we again tested separately for local and
global effects. The local effect continued to activate the parietal cortex
(IPS), left superior temporal sulcus, putamen, V4, caudate and dorsal
thalamus (Fig. 3a, b). Nevertheless, the local effect was significantly re-
duced during deep ketamine anesthesia compared to the awake state in
the auditory cortex, medial geniculate nucleus (auditory thalamus), left
dorsal putamen, medial superior temporal area and area V4 (Fig. 4c, f, i).

For the global effect, we found no significant activations under keta-
mine anesthesia. As a result, virtually all of the large set of regions that
were previously shown to respond to global novelty in the awake
state (Uhrig et al., 2014b) showed a significantly reduced global effect
under ketamine anesthesia. Those included the anterior and posterior
cingulate, prefrontal areas 8A, premotor areas 6V, left parietal cortex
(VIP), striatum (bilateral putamen, left caudate), thalamus
(parafascicular nucleus), auditory cortex A1, temporoparietal area TPt
and cerebellar dentate nuclei (Fig. 6¢, d). No differences were found in
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Fig. 5. Global novelty effect under anesthesia. a, Activation maps for the global novelty effect (rare minus frequent sequences = (xxxxx rare global deviants + xxxxY rare global
deviants) — (xxxxx frequent global standards + xxxxY frequent global standards)) under moderate propofol sedation. b, fMRI signal change in areas responsive to the global effect
(blue cross on SPM maps) under moderate propofol sedation. Plots show signal change for habituation (hab), frequent (freq) and rare stimuli. ¢, Activation maps for the global novelty
effect under deep propofol anesthesia. d, fMRI signal change in areas responsive to global effect (blue cross on SPM maps) under deep propofol anesthesia. Plots show signal change
for habituation (hab), frequent (freq) and rare stimuli. y, level of coronal section relative to the bregma in the Paxinos atlas. y, level of coronal section relative to the bregma in the
Paxinos atlas. 46, prefrontal cortex area 46; 8A/45, prefrontal cortex area 8A/45; ACC, anterior cingulate cortex; MGN, medial geniculate nucleus. We found no significant activations
for the global novelty effect under ketamine anesthesia. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



L. Uhrig et al. / Neurolmage 141 (2016) 326-340 335

3.5. Propagation of auditory violation signals across the monkey brain un-
der propofol and ketamine anesthesia

To evaluate how auditory inputs propagate in the anesthetized
brain, we used an event-related functional correlation analysis (PPI),
which examines how the functional correlation of any brain area to
the auditory cortex core region Al is modulated by local or global ef-
fects. In agreement with the disappearance of the local effect during
propofol anesthesia, the local effect did not induce any increase in func-
tional correlation anywhere in the brain, neither during moderate nor
during deep propofol anesthesia. During global deviants however (com-
pared to global standards), moderate propofol sedation relative to the
awake state induced a reduction in functional coupling between audito-
ry cortex and the posterior cingulate cortex and the bilateral caudate
(Supplementary Fig. 3a). When comparing deep propofol anesthesia
with the awake state, functional correlation with A1 again decreased
with anesthesia in the posterior cingulate cortex/precuneus, the bilater-
al caudate, and extended to additional regions in parietal cortex (VIP),
dorsal bank of STS and visual areas V4/TEO (Supplementary Fig. 3b). Di-
rect comparison of the two anesthesia levels further confirmed that
functional correlation with area A1 decreased from moderate to deep
propofol anesthesia for the global effect in the parietal cortex (VIP). In
the converse direction, we found no increase in functional correlation
during either moderate or deep propofol anesthesia compared to the
awake state.

While these findings suggest that propofol anesthesia induces a par-
tial functional disconnection of subcortical and cortical structures from
auditory inputs, this disconnection was by no means complete. During
anesthesia, several areas continued to show an increased functional
connection with A1 for global deviants relative to global standard.
Such an increase in functional correlation was found during moderate
sedation in left prefrontal cortex (area 8, 46), premotor area 6V, left pu-
tamen, parietal cortex, medium superior temporal area, posterior cingu-
late cortex, visual areas V4 and anterior cingulate cortex (Fig. 8a); and
during deep propofol anesthesia in bilateral prefrontal area 46, anterior
cingulate cortex (areas 24, 32) and caudate (Fig. 8b).

During ketamine anesthesia, functional connectivity analysis re-
vealed no increase in functional correlation with auditory cortex (A1)
for the local effect or the global effect. Rather, we observed a strong re-
duction in functional connectivity relative to the awake state, for global
deviants relative to global standards, in posterior cingulate cortex/
precuneus, caudate, prefrontal cortex, area 8A, left parietal cortex
(VIP), dorsal bank of STS and visual areas V4/TEO (Supplementary
Fig. 3c).

3.6. Comparison between deep propofol and deep ketamine anesthesia

The results so far suggest some commonalities but also important
differences in cortical activation under propofol and ketamine anesthe-
sia. To formally evaluate these differences, we entered the deep
propofol and deep ketamine data in a single SPM model. The results
confirmed several of the above observations. First, pooling over all audi-
tory stimuli relative to rest, we observed a stronger activation under
propofol than under ketamine anesthesia in the auditory cortex includ-
ing core (A1, R), belt and parabelt regions, anterior cingulate cortex,
caudate and premotor area 6V. For global standard sequences, we
found no differences between the deep propofol sedation and deep ke-
tamine sedation, but for rare global deviant sequences relative to rest, a
stronger activation during propofol sedation was again observed in the
auditory cortex, anterior cingulate cortex, prefrontal cortex area 46,
premotor area 6V, putamen and caudate. These results confirm that
propofol, more than ketamine, leaves auditory cortex and anterior
prefronto-subcortical areas in an activatable state, which may even ex-
ceed the awake state.

This conclusion was strengthened by the observation that while the
local effect did not differ between deep propofol and deep ketamine
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Fig. 6. Global novelty effect under anesthesia, individual results. Activation maps for rare
minus frequent sequences (global novelty) under moderate and deep propofol
anesthesia. fMRI signal change in areas responsive to global novelty. Plots show signal
change for habituation (hab), frequent (freq) and rare stimuli. y, level of coronal section
relative to the bregma in the Paxinos atlas. Individual results. p < 0.001 uncorrected
Moderate propofol sedation. a, Monkey K: Activation map for the global effect in
prefrontal cortex (PFC) and in the auditory cortex under moderate propofol sedation. b,
Monkey R: Activation map for the global effect in prefrontal cortex (PFC) and in the
auditory cortex under moderate propofol sedation. ¢, Monkey J: Activation map for the
global effect in prefrontal cortex (PFC) and in the auditory cortex under moderate
propofol sedation. Deep propofol anesthesia. d, Monkey K: Activation map for the global
effect in prefrontal cortex (PFC) and in the auditory cortex under deep propofol
anesthesia. e, Monkey R: Activation map for the global effect in prefrontal cortex (PFC)
and in the auditory cortex under deep propofol anesthesia. f, Monkey J: Activation map
for the global effect in prefrontal cortex (PFC) and in the auditory cortex under deep
propofol anesthesia.
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anesthesia, the global effect showed a stronger activation under
propofol than under ketamine anesthesia in auditory cortex, anterior
cingulate cortex (area 24), prefrontal areas 46 and 8A, premotor areas
6V, caudate and dorsal putamen (Supplementary Fig. 2). There was
also a stronger increase in functional correlation with the auditory cor-
tex during the global effect in the deep propofol anesthesia state com-
pared to the deep ketamine anesthesia in the anterior cingulate cortex
and prefrontal cortex area 46 (Supplementary Fig. 4, Supplementary
Table 14).

4. Discussion

Our main finding is that both anesthetics, propofol and ketamine,
while leaving intact or even enhancing the response to auditory cortical

a Awake > Moderate Propofol

b Awake > Deep Propofol

inputs, disrupt higher-order auditory novelty detection through a par-
tial or total suppression of a fronto-parietal network.

4.1. Auditory processing under anesthesia

At all anesthesia levels, auditory stimuli still activated the auditory
cortex, demonstrating a persistence of feed-forward cortical responses
even at deep levels of anesthesia, in agreement with prior research
(Kuetal., 2011; Lee et al., 2013). Primary sensory cortices remain recep-
tive to incoming sensory information during anesthesia (Ypparila et al.,
2002; Heinke et al., 2004a; Dueck et al., 2005; Koelsch et al., 2006;
Adapa et al., 2014), supporting the idea that conscious perceptual expe-
rience does not correlate with the neuronal activity in primary sensory
areas (Crick and Koch, 2003).

c Awake > Ketamine
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Fig. 7. Comparison between the awake state and anesthesia states for the global novelty effect. a, Activation map for the global novelty effect showing stronger activations in the awake
state compared to moderate propofol sedation; b, Activation map for the global novelty effect with stronger activations in the awake state compared to deep propofol anesthesia; c,
Activation map for the global novelty effect showing stronger activations in the awake state then under deep ketamine anesthesia. Group analysis, p < 0.05, FDR corrected. d, fMRI
signal change in areas responsive to the global novelty effect for the awake state (red), moderate propofol sedation (light blue); deep propofol anesthesia (dark blue) and deep
ketamine anesthesia (grey). * significant changes to global novelty between the awake state and the anesthesia states (moderate propofol sedation, deep propofol anesthesia, deep
ketamine anesthesia). 8A/45, prefrontal cortex area 8A/45; 6V, premotor area 6V; IPS, intraparietal sulcus; PFC, prefrontal cortex; VIP, ventral intraparietal area; ACC, anterior cingulate
cortex; PCC, posterior cingulate cortex. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Remarkably, auditory activation relative to rest was stronger under
anesthesia than in the awake state. This novel finding may be tentative-
ly attributed to a lack of top-down executive control of attention and
feedback under anesthesia (Hudetz, 2009; Mashour, 2014). During the
awake state, a powerful control is exerted by anterior areas over the
posterior regions of the brain, either selectively amplifying relevant in-
puts or, on the contrary, repressing irrelevant or predictable ones. Gen-
eral anesthesia reduces such fronto-parietal feedback connectivity
(Hudetz, 2009; Lee et al., 2009a; Lee et al., 2013) while preserving
feedforward connectivity (Lee et al., 2009a; Ku et al., 2011; Lee et al.,
2013). The net result may therefore be a stronger automatic and
bottom-up propagation of external stimuli to anterior cortical regions,
as observed here.

For global deviants, auditory activity propagated beyond primary
auditory cortex, even including dorsolateral prefrontal cortex, anterior
cingulate cortex and basal ganglia, but with a specific disruption of func-
tional connectivity to parietal cortex. A previous study showed that light
anesthesia preserves auditory processing of words beyond the auditory
cortex, in the frontal, parietal and occipital cortices (Kerssens et al.,
2005). Although auditory processing of complex stimuli is affected
even by light anesthesia (Heinke et al., 2004a; Plourde et al., 2006;
Davis et al., 2007; Liu et al., 2012; Adapa et al., 2014), the presentation
of auditory sentences may still activate multiple areas of temporal cor-
tex under sedation (Davis et al., 2007), suggesting that basic speech pro-
cessing can be preserved under sedation. However, activation
corresponding to a higher level of language processing (indexing syn-
tactic and semantic processes by comparing ambiguous versus non-
ambiguous sentences), vanishes from inferior frontal and posterior
temporal regions during sedation (Davis et al., 2007), suggesting that
anesthetics abolish higher-level speech processing. Anesthesia, not
only affects higher auditory stimuli processing, but also visual stimuli

processing in higher-order association cortices, such as the parietal cor-
tex and the insula, whereas visual processing is preserved in subcortical
structures and primary visual cortex under anesthesia (Martin et al.,
2000, Heinke and Schwarzbauer, 2001; Ramani et al., 2007).

Using an auditory paradigm with two well-defined hierarchical
levels of auditory complexity, the local-global paradigm, we found
fMRI activations that are consistent with the literature, i.e. showing
that anesthesia impairs cortical sensory processing for stimuli with
higher complexity (MacDonald et al., 2015). However, this disruption
was only partial. We first discuss the activations that were jointly
disrupted by both anesthetics, then the paradoxical preservation of nov-
elty effects in some conditions.

4.2. Role of the parietal cortex and the thalamus

In our data, all anesthetics and all levels of anesthesia disrupted pa-
rietal cortex and thalamic nuclei activity. The extent of parietal cortex
disorganization also reflected the depth of anesthesia: although both
propofol doses suppressed the parietal response to the global effect,
moderate propofol sedation showed a persistent functional correlation
between Al and VIP in the event-related PPI analysis. A previous
study showed that word stimuli under light anesthesia may still activate
the parietal cortex (Kerssens et al., 2005), but most previous studies
suggest that parietal areas are most strongly affected by anesthetics
(Kaisti et al., 2002; Alkire et al., 2008), with a relative preservation of
early fronto-parietal feed-forward connections (Imas et al., 2005; Lee
et al.,, 2009a). Fronto-parietal feedback is abolished by propofol (Lee
et al.,, 2009b; Boly et al., 2012; Lee et al., 2013), which may explain our
finding that, during propofol anesthesia, information about novel
sounds is still present in the prefrontal cortex (presumably propagated

a Moderate Propofol sedation: Task-evoked connectivity during the global novelty effect
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Fig. 8. Task-evoked connectivity during the global novelty effect. a, Task-evoked connectivity during the global novelty effect in the macaque cortex under moderate propofol sedation,
using a seed in the right auditory cortex and looking for psychophysiological interaction, i.e. increase in correlation with auditory cortex activation in response to rare than to frequent
sequences. b, Task-evoked connectivity during the global novelty effect in the macaque cortex under deep propofol anesthesia, using a seed in the right auditory cortex and looking for
psychophysiological interaction. Group analysis, p < 0.05, FDR corrected. 8A/45, prefrontal cortex area 8A/45; 46, prefrontal cortex area 46; 6V, premotor area 6V; ACC, anterior
cingulate cortex; IPS, intraparietal sulcus; STS, superior temporal sulcus, PCC, posterior cingulate cortex, V4, visual areas V4. Functional connectivity analysis revealed no increase in

functional correlation with auditory cortex (A1) during ketamine anesthesia.
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there via preserved feed-forward connections), but not transmitted to
the parietal cortex.

At the subcortical level, thalamic activity was profoundly affected by
anesthesia (Alkire et al., 2000; Schiff and Plum, 2000; Franks, 2008). It
should be noted that distinct thalamic nuclei were affected by local
and global effects: anesthesia disrupted local novelty response in the
auditory thalamus (MGN) and global novelty detection in the
intralaminar thalamic nuclei (parafascicular nucleus).

4.3. Does predictive coding continue to operate under anesthesia?

We used the local/global test to dissociate two hierarchical levels of
auditory novelty processing (Bekinschtein et al., 2009; Wacongne et al.,
2012; Strauss et al., 2015).

We found stronger activations to local violations in the auditory cor-
tex of awake macaques as previously reported (Gil-da-Costa et al., 2013;
Uhrig et al., 2014b), reflecting the MMN in previous studies (Czigler
et al., 2007; Bekinschtein et al., 2009; Wacongne et al., 2012). This “mis-
match response” is thought to involve, at least in part (Strauss et al.,
2015), a violation of an expectation generated on the basis of initial
tone repetition (xxxx, followed by Y). The generation of these expecta-
tions is thought to require short-term plasticity of glutamatergic con-
nections, either locally within the cortex (Wacongne et al., 2012) or in
long-distance projections from prefrontal cortex (Garrido et al., 2008;
Garrido et al., 2009). It should therefore not be surprising that this audi-
tory activity strongly decrease or vanish with anesthetics that affect
these cortical circuits either directly (Ketamine acting on NMDA recep-
tors) or indirectly (propofol acting on GABA receptors).

Propofol anesthesia strongly affected the local effect, which
persisted only under moderate propofol sedation and only if we
lowered the statistical threshold to cluster (p < 0.05 without FDR correc-
tion). This is compatible with previous findings that the MN is abolished
in humans during propofol-induced unconsciousness (Heinke et al.,
2004b). Heinke et al. (2004b) also showed that the P3a, dependent on
neuronal sources in frontal cortex (Nddtanen, 2002 ), remained present
during wakefulness and light propofol sedation, but disappeared during
deep propofol sedation. As for ketamine, it also abolished fMRI re-
sponses to local violations in the auditory cortex with our anesthetic
dose. Similarly, but at sub-anesthetic doses, ketamine was previously
observed to reduce the amplitude of MMN (Umbricht et al., 2000;
Kreitschmann-Andermahr et al., 2001; Heekeren et al., 2008; Schmidt
et al,, 2012; Schmidt et al., 2013). Other NMDA antagonists also abolish
the MMN in the primary auditory cortex in monkeys (Javitt et al., 1996).
The local effect is also reduced during the loss of consciousness associat-
ed with sleep (Strauss et al., 2015) or coma and vegetative state
(Faugeras et al., 2012). Although the local effect does not fully vanish
in those states, the component of the effect that remains may be related
to sensory adaptation rather than to expectation violation (Strauss et al.,
2015).

More surprisingly, we found that the local effect remained detect-
able under ketamine outside the auditory cortex, including intraparietal
cortex, striatum and thalamus. Pending a replication, we can only spec-
ulate that these regions continue to receive sufficient bottom-up inputs
from the auditory cortex to be activated and perhaps to adapt to the re-
peated sound. In future studies, more light could be shed on this point
by separating sensory adaptation from predictive coding, for instance
using an alternation paradigm (Wacongne et al., 2011; Todorovic and
de Lange, 2012; Strauss et al., 2015).

The complete suppression of the global effect under ketamine anes-
thesia is comparable to observations during sleep (Strauss et al., 2015)
or in patients with disorders of consciousness (Bekinschtein et al.,
2009; Faugeras et al., 2012). It fits with the hypothesis that anesthesia,
by preventing long-distance top-down cortico-cortical exchanges,
strongly disrupts the ability of the brain to generate high-level
predictive-coding signals (Imas et al., 2005; Lee et al., 2009a; Lee et al.,
2013). However, an unexpected finding was that, under propofol

anesthesia, even at a deep level, the processing of global deviant events
continued to be observed within the auditory cortex and even in pre-
frontal areas 45 and 46. Particularly striking is the fact that, under
propofol, the local effect vanished from the auditory cortex, only to be
replaced by a global effect (Fig. 5b, d). This observation suggests a pos-
sible, though admittedly speculative interpretation, according to which
propofol may have led to a temporal slowing and even possibly a fusion
of the auditory responses to the five successive sounds in each trial, thus
turning the global effect into a local effect. Indeed, if temporal separa-
tion was lost, the xxxxx and xxxxY sequences would merely be repre-
sented as two distinct “chords”. As a result, there would be no
temporal violation to the final sound in xxxxY, hence no local effect,
but there could be adaptation of auditory responses to the frequent
“chord” and recovery in response to the rare “chord”, thus yielding a
global effect. While fMRI does not have the temporal resolution needed
to test this idea, further studies could use event-related potentials (Gil-
da-Costa et al., 2013), MEG (Wacongne, Labyt et al., Strauss et al., 2015)
or intracranial recordings (El Karoui et al., 2014) to track the fate of in-
dividual sounds under deep propofol anesthesia.

4.4. The global neuronal workspace under anesthesia

In awake macaques, second-order sequence violations activate a
network comprising higher-order prefrontal, cingulate and parietal re-
gions (Uhrig et al., 2014b), similar to the network activated in conscious
humans (Bekinschtein et al., 2009). This network, putatively operating
as a “global neuronal workspace” (Dehaene et al., 1998; Dehaene and
Naccache, 2001; Baars, 2005; Shanahan and Baars, 2005; Dehaene and
Changeux, 2011), has a potential anatomical substrate in the massive
long-distance interconnections established in part by layer 2/3 pyrami-
dal neurons (Goldman-Rakic, 1988). Ketamine completely suppressed
the “global workspace” activation, probably due to its anti-NMDA direct
action on glutamatergic synapses that may underlie long-distance GNW
communication and operate primarily in a top-down manner (Dehaene
et al.,, 1998; Self et al., 2012). Deep propofol anesthesia disrupted the
“global workspace” responses only partially, preserving prefrontal and
anterior cingulate responses.

According to the GNW model, conscious processing requires a global
long-distance broadcasting of information to interconnected prefrontal,
cingulate and parietal areas (Dehaene et al., 2006; Gaillard et al., 2009).
Although propofol directly affects brainstem and thalamic nuclei, un-
consciousness induced by propofol may result from a partial breakdown
of information integration at the cortical level (John, 2001; Mashour,
2004; Ferrarelli et al., 2010). Propofol sedation has been reported to re-
sult in a strong disruption of the interaction between low-order sensory
cortices and higher-order fronto-parietal cortices (Boveroux et al.,
2010), which is essential for the perception of external stimuli, with
an impaired cortical top-down processing (Jordan et al.,, 2013).

5. Conclusion

Our most important conclusion is that two different categories of an-
esthetics, which act at different receptors and different neuronal sites,
have the convergent effect of disrupting, either totally (ketamine) or
partially (propofol), a prefrontal-parietal network, suggesting that an-
esthesia reduces higher-order cortical activations. Although it is difficult
to test awareness in monkeys, our findings are in line with the growing
evidence that the coordinated activation of this fronto-parietal network,
particularly in its posterior nodes in parietal cortex and precuneus, is
necessary for conscious processing of information (Alkire et al., 2008;
Ferrarelli et al., 2010; Dehaene and Changeux, 2011). It is consistent
with the hypothesis that a disruption of long-distance cortico-cortical
and cortico-thalamic networks may be one mechanism through which
anesthetics induce loss of consciousness (Velly et al., 2007; Monti
et al, 2013).
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