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A NESTHETICS are pharmacologic agents with a vari-
ety of neuronal and molecular targets. However, they 

share a common behavioral feature, i.e., anesthesia-induced 
loss of consciousness. How can we characterize the common 
mechanism(s) of anesthesia-induced loss of consciousness 
beyond molecular pharmacology, i.e., through an informa-
tion-processing endpoint?1 Several studies have demonstrated 
that intervoxel functional correlations in brain activity (some-
times called “functional connectivity”) change in parallel to 
arousal transition states such as sleep2 or anesthesia.3,4 Anes-
thetics disrupt frontoparietal long-range information process-
ing and integration5,6 in animals4 and humans,7 particularly 
with the posterior cingulate cortex,8 and reduce thalamocor-
tical functional correlation.9 However, it is still unclear how 
anesthesia induces such functional disconnections.

We previously demonstrated that during propofol anesthe-
sia, resting-state brain activity dynamics loses its temporal diver-
sity: during the loss of consciousness, the rich repertoire of brain 

Editor’s Perspective

What We Already Know about This Topic

• Anesthesia-induced loss of consciousness is paralleled 
by a disruption of frontoparietal functional correlation, as 
measured by functional magnetic resonance imaging and 
electroencephalography. However, it is still unclear how 
anesthesia induces such a corticocortical disconnection.

• Dynamic-resting state is a recent analytical method to study 
large-scale brain networks, allowing the clustering of functional 
magnetic resonance images into functional brain states.

What This Article Tells Us That Is New

• When moving from wakefulness to anesthesia, the anatomical 
structure of connections between brain areas becomes the 
main driver of the repertoire of functional states. Subjects 
given anesthesia lose the ability to generate flexible functional 
brain states that transcend brain anatomy.

• High similarity between brain structure and function is a new 
general signature of anesthesia-induced loss of consciousness.
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ABSTRACT

Background: �e mechanism by which anesthetics induce a loss of consciousness remains a puzzling problem. We hypothe-
sized that a cortical signature of anesthesia could be found in an increase in similarity between the matrix of resting-state func-
tional correlations and the anatomical connectivity matrix of the brain, resulting in an increased function-structure similarity.
Methods: We acquired resting-state functional magnetic resonance images in macaque monkeys during wakefulness (n = 3) or 
anesthesia with propofol (n = 3), ketamine (n = 3), or sevo�urane (n = 3). We used the k-means algorithm to cluster dynamic 
resting-state data into independent functional brain states. For each condition, we performed a regression analysis to quantify 
function-structure similarity and the repertoire of functional brain states.
Results: Seven functional brain states were clustered and ranked according to their similarity to structural connectivity, 
with higher ranks corresponding to higher function-structure similarity and lower ranks corresponding to lower correlation 
between brain function and brain anatomy. Anesthesia shifted the brain state composition from a low rank (rounded rank 
[mean ± SD]) in the awake condition (awake rank = 4 [3.58 ± 1.03]) to high ranks in the di�erent anesthetic conditions 
(ketamine rank = 6 [6.10 ± 0.32]; moderate propofol rank = 6 [6.15 ± 0.76]; deep propofol rank = 6 [6.16 ± 0.46]; moderate 
sevo�urane rank = 5 [5.10 ± 0.81]; deep sevo�urane rank = 6 [5.81 ± 1.11]; P < 0.0001).
Conclusions: Whatever the molecular mechanism, anesthesia led to a massive recon�guration of the repertoire of functional 
brain states that became predominantly shaped by brain anatomy (high function-structure similarity), giving rise to a well-
de�ned cortical signature of anesthesia-induced loss of consciousness. (ANESTHESIOLOGY 2018; 129:942-58)
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states that exists in the awake state is suppressed, and the func-
tional correlation matrix becomes rigidly parallel to the ana-
tomical connectivity matrix.4 �us, dynamic resting-state study 
could provide a speci�c cortical signature of anesthesia-induced 
loss of consciousness. However, an alternative possibility is that 
the observed change was speci�c to the e�ect of propofol. �us, 
it is important to extend the study of dynamic-resting state to 
other anesthetics, such as ketamine and sevo�urane.

While most anesthetics, including propofol, target 
γ-aminobutyric acid–mediated neurotransmission,10 ket-
amine antagonizes N-methyl-D-aspartate receptors.11 Sevo-
�urane is a γ-aminobutyric acid receptor type A agonist and 
N-methyl-D-aspartate antagonist12 that induces a thalamo-
cortical breakdown, while preserving the functional correla-
tions between the thalamus and sensory cortices.13

One commonality between sevo�urane, propofol, and 
ketamine is the functional disconnection within frontopa-
rietal networks,13,14 suggesting a blockade of feedback con-
nections.15 �is similarity between di�erent anesthetic agents 
suggests a potential hypothesis for their common e�ect on 
consciousness: all may a�ect long-distance cortical networks, 
particularly the frontoparietal network thought to belong to 
a global neuronal workspace. �e global neuronal workspace 
model is a theoretical model of conscious access that stipu-
lates that information becomes conscious when it is available 
to a widely distributed prefrontoparietal and cingulate corti-
cal network.16,17 �e global neuronal workspace is a theory of 
consciousness that has been introduced for the human brain. 
We recently demonstrated that the macaque brain is able to 
distinguish complex auditory sequences through a widely dis-
tributed brain network that we proposed as a “macaque global 
neuronal workspace” (Supplemental Digital Content, sup-
plementary �g. 1, http://links.lww.com/ALN/B756) because 
of its homology to the human global neuronal workspace.18 
Moreover, we could demonstrate that this long-distance cor-
tical network is disorganized during anesthesia.6 �us, anes-
thesia could be due to a speci�c shift in cortical dynamics, 
mainly within the global neuronal workspace nodes.

To test these hypotheses, we measured the dynamic resting-
state activity of nonhuman primates during wakefulness and 
during di�erent anesthetic agents and compared the matrix 
of functional correlations to the underlying anatomical (i.e., 
structural) connectivity matrix. All anesthetics induced an 
identical endpoint, namely a resting-state repertoire devoid of 
dynamical diversity and dominated by a rigid brain con�gu-
ration that is directly correlated to its underlying anatomical 
network. �us, we could identify a common brain signature 
of anesthesia-induced loss of consciousness, independent from 
the speci�c type of anesthetic and molecular target.

Materials and Methods

Animals

Five rhesus macaques (Macaca mulatta), one male (monkey J) 
and four females (monkeys A, K, Ki, and R), 5 to 8 kg, 8 to 12 

yr of age, were tested; three for each arousal state (awake: mon-
keys A, K, and J; propofol anesthesia: monkeys K, R, and J4; 
ketamine anesthesia: monkeys K, R, and Ki; sevo�urane anes-
thesia: monkeys Ki, R, and J). Note that nonhuman primate 
studies often only investigate a small number of animals. All 
procedures were conducted in accordance with the European 
Convention for the Protection of Vertebrate Animals used 
for Experimental and Other Scienti�c Purposes (Directive 
2010/63/EU) 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 (Com-
missariat à l'Énergie atomique et aux Énergies alternatives; 
Fontenay aux Roses, France; protocols 10-003 and 12-086).

Anesthesia Protocols

Monkeys received anesthesia either with ketamine,6 propo-
fol,4,6 or sevo�urane. Levels of anesthesia were de�ned by the 
monkey sedation scale (based on spontaneous movements 
and the response to external stimuli presentation, shaking 
or prodding, toe pinch, and corneal re�ex) with a clinical 
score determined at the beginning and the end of the scan-
ning session and continuous electroencephalography moni-
toring.6 During ketamine, deep propofol anesthesia, and 
deep sevo�urane anesthesia, monkeys stopped responding 
to all stimuli, reaching a state of general anesthesia. �e 
monkeys (K, R, and Ki) that were scanned at a deep level 
of ketamine anesthesia6 received an intramuscular injection 
of ketamine (20 mg/kg; Virbac, France) for induction of 
anesthesia, followed by a continuous intravenous infusion of 
ketamine (15 to 16 mg · kg–1 · h–1) to maintain anesthesia. 
Atropine (0.02 mg/kg intramuscularly; Aguettant, France) 
was injected 10 min before induction, to reduce salivary and 
bronchial secretions.

For propofol anesthesia,4 monkeys (K, R, and J) were 
scanned during moderate propofol sedation and deep pro-
pofol anesthesia (equivalent to general anesthesia). Monkeys 
were trained to be injected with an intravenous propofol 
bolus (5 to 7.5 mg/kg; Fresenius Kabi, France) to induce 
anesthesia. Induction was followed by target-controlled 
infusion (Alaris PK Syringe pump, CareFusion, USA) of 
propofol (moderate propofol sedation, 3.7 to 4.0 µg/ml; 
deep propofol anesthesia, 5.6 to 7.2 µg/ml) based on the 
“Paedfusor” pharmacokinetic model.19 Although the “Paed-
fusor” model was mainly validated in humans, we previously 
applied this model to macaque monkeys with a high stability 
of both clinical scores and electroencephalography activity 
during the propofol anesthesia sessions.4,6

For sevo�urane anesthesia, monkeys (Ki, R, and J) were 
scanned during moderate and deep sevo�urane anesthesia. 
Monkeys received an intramuscular injection of ketamine 
(20 mg/kg; Virbac) for induction of anesthesia, followed by 
sevo�urane anesthesia (moderate sevo�urane anesthesia, sevo-
�urane inspiratory/expiratory, 2.2/2.1 volume percent; deep 
sevo�urane anesthesia, sevo�urane inspiratory/expiratory, 
4.4/4.0 volume percent; Abbott, France). We waited at least 
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80 min20 before starting the scanning sessions during sevo�u-
rane anesthesia to get a washout of the initial ketamine injection. 
To avoid artifacts related to potential movements throughout 
magnetic resonance imaging acquisition, a muscle-block-
ing agent was coadministered (cisatracurium, 0.15 mg/kg  
bolus intravenously, followed by continuous intravenous 
infusion at a rate of 0.18 mg · kg–1 · h–1; GlaxoSmithKline, 
France) during the ketamine and moderate propofol sedation 
sessions.

For all the anesthesia experiments (ketamine, moderate 
and deep sevo�urane, moderate and deep propofol anesthe-
sia), monkeys were intubated and ventilated as previously 
described.4 Heart rate, noninvasive blood pressure (sys-
tolic/diastolic/mean), oxygen saturation, respiratory rate, 
end-tidal carbon dioxide, and cutaneous temperature were 
monitored (Maglife, Schiller, France) and recorded online 
(Schiller).

Electroencephalography

To verify the anesthesia level during the ketamine, propofol, 
and sevo�urane sessions, we acquired scalp electroencepha-
lography by using a magnetic resonance imaging–compati-
ble system and custom-built caps, as previously described.4 
We performed an online analysis through visual assess-
ment of electroencephalography traces. We interpreted 
the electroencephalography traces visually and de�ned the 
electroencephalography-based levels of anesthesia for the 
clinical sedative level6 for ketamine, propofol, and sevo�u-
rane anesthesia.

For ketamine, sedation levels were de�ned as follows6: 
level 1, awake state, posterior α waves (eyes closed) and 
anterior β waves; level 2, light ketamine sedation, loss of 
alpha rhythm with a decrease of amplitude21; level 3, moder-
ate ketamine sedation, persistent rhythmic θ activity (4 to 6 
Hz) with increasing amplitude and fast β activity (14 to 20 
Hz) of low amplitude21; level 4, deep ketamine anesthesia, 
intermittent polymorphic δ activity (0.5 to 2 Hz) of large 
amplitude, superimposed by a β activity (14 to 20 Hz) of 
low amplitude,21 increase in γ power (30 to 100 Hz).22 For 
propofol, sedation levels were de�ned as follows4,6: level 1, 
awake state, posterior α waves (eyes closed) and anterior β 
waves; level 2, light propofol sedation, increase in the ampli-
tude of α waves and anterior di�usion of α waves; level 
3, moderate propofol sedation, di�use and wide α waves, 
and anterior theta waves23; level 4, deep propofol anesthe-
sia (general anesthesia), di�use delta waves, waves of low 
amplitude24 and anterior α waves (10 Hz)25; level 5, very 
deep sedation (deeper than level of general anesthesia), burst 
suppression. For sevo�urane, sedation levels were de�ned as 
follows: level 1, awake state, posterior α waves (eyes closed) 
and anterior β waves; level 2, light sevo�urane sedation, 
increasing of frontal and central β waves26; level 3, moder-
ate sevo�urane sedation, increased frontal delta, α and β 
waves26; level 4, deep sevo�urane anesthesia (general anes-
thesia), di�use delta waves and anterior α waves26; level 5, 

very deep sedation (deeper then level of general anesthesia), 
burst suppression.

Anatomical Data and Structural Connectivity

A detailed methodology was described in our previous 
study.4 �e anatomical (structural) data were derived from 
the CoCoMac2.0 database27 of axonal tract tracing studies 
using regional map parcellation,28 comprising 82 cortical 
regions of interest (41 regions of interest per hemisphere). 
Structural (i.e., anatomical) connectivity data are expressed 
as matrices in which the 82 cortical regions of interest are 
displayed in x-axis and y-axis. Each cell of the matrix rep-
resents the strength of the anatomical connection between 
any pair of cortical areas. �e CoCoMac connectivity 
matrix classi�es the strength of the anatomical connec-
tions as weak, moderate, or strong, codi�ed as 1, 2, and 3, 
respectively.4

Functional Magnetic Resonance Imaging Data Acquisition

�e data were collected between July 2011 and August 
2016 (Supplemental Digital Content, supplementary tables 
1–6, http://links.lww.com/ALN/B756). Monkeys were 
scanned on a 3-Tesla  horizontal scanner (Siemens Tim 
Trio, Germany) with a single transmit-receiver surface coil 
customized to monkeys. Each functional scan consisted of 
gradient-echoplanar whole-brain images (repetition time = 
2,400 ms; echo time = 20 ms; 1.5-mm3 voxel size; 500 brain 
volumes per run). Before each scanning session, a contrast 
agent, monocrystalline iron oxide nanoparticle (Feraheme, 
AMAG Pharmaceuticals, USA; 10 mg/kg, intravenous), was 
injected into the monkey’s saphenous vein.4 For the awake 
condition, monkeys were implanted with a magnetic reso-
nance–compatible headpost and trained to sit in the sphinx 
position in a primate chair.18 Monkeys sat inside the dark 
magnetic resonance imaging scanner without any task.4 �e 
eye position was monitored at 120 Hz (Iscan Inc., USA). 
For the anesthesia sessions, animals were positioned in a 
sphinx position, mechanically ventilated, and their physi-
ologic parameters were monitored. In total, 157 runs were 
acquired: 31 awake runs (monkey A, 4 runs; monkey J, 
18 runs; monkey K, 9 runs), 25 ketamine anesthesia runs 
(monkey K, 8 runs; monkey Ki, 7 runs; monkey R, 10 runs), 
25 moderate sevo�urane sedation runs (monkey J, 5 runs; 
monkey Ki, 10 runs; monkey R, 10 runs), 20 deep sevo-
�urane anesthesia runs (monkey J, 2 runs; monkey Ki, 8 
runs; monkey R, 11 runs), 25 moderate propofol sedation 
runs (monkey J, 2 runs; monkey K, 10 runs; monkey R, 12 
runs), and 31 deep propofol anesthesia runs (monkey J, 9 
runs; monkey K, 10 runs; monkey R, 12 runs) (Supplemen-
tal Digital Content, supplementary tables 1–6, http://links.
lww.com/ALN/B756). To compare the propofol, ketamine, 
and sevo�urane anesthesia states (Supplemental Digital 
Content, supplementary �g. 2, http://links.lww.com/ALN/
B756), we included the propofol anesthesia data from a pre-
vious experiment.4
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Functional Magnetic Resonance Imaging Preprocessing

Functional images were reoriented, realigned, and rigidly 
coregistered to the anatomical template of the monkey Mon-
treal Neurologic Institute (Montreal, Canada) space with use 
of Python programming language and Oxford Centre Func-
tional Magnetic Resonance Imaging of the Brain Software 
Library software (United Kingdom, http://www.fmrib.ox.ac.
uk/fsl/; accessed February 4, 2018).18 In total, 157 functional 
magnetic resonance imaging runs were analyzed for the exper-
iment (31 runs for the awake state, 25 runs for ketamine anes-
thesia, 25 runs for moderate propofol sedation, 31 runs for 
deep propofol anesthesia, 25 runs for moderate sevo�urane 
sedation, and 20 runs for deep sevo�urane anesthesia). Global 
signal from the images was regressed out to remove any con-
founding e�ect due to physiologic changes (e.g., respiratory 
or cardiac changes) associated with ketamine, sevo�urane, or 
propofol anesthesia. Voxel time series were �ltered with low-
pass (0.05-Hz cuto�) and high-pass (0.0025-Hz cuto�) �lters 
and a zero-phase fast-Fourier notch �lter (0.03 Hz) to remove 
an artifactual pure frequency present in all the data.4 �e 
variance of each time series was normalized; thus, covariance 
matrices correspond to correlation matrices.29

Functional Magnetic Resonance Imaging Resting-state 

Analysis

A detailed methodology of the analysis of the resting-state 
functional magnetic resonance imaging was described in 
our previous study.4 Resting-state functional magnetic 
resonance imaging data are expressed as matrices in which 
the 82 cortical regions of interest are displayed on the 
x-axis and y-axis. Each cell of the matrix represents the 
intensity of the “functional” correlation between any pair 
of cortical areas. We applied two di�erent approaches to 
analyze resting-state functional magnetic resonance imag-
ing: (1) stationary resting-state functional magnetic reso-
nance imaging connectivity, which is the classical method 
to compute intercortical “functional” correlation within 
the resting-state data; (2) dynamical resting-state func-
tional magnetic resonance imaging connectivity, which is 
a recently described method that can cluster the functional 
magnetic resonance imaging dataset into several “brain 
states,” i.e., “functional con�gurations” of the brain, that 
build up the stationary resting state.4,29 �ese “brain states” 
can be similar (high correlation between the structural 
and the functional matrices) or dissimilar (low correlation 
between the structural and the functional matrices) to the 
underlying brain structure. Stationary and sliding win-
dow zero-lag covariance matrices were estimated for each 
arousal or anesthetic condition and session.29

Stationary Connectivity Analysis. Stationary connectivity 
analysis refers to the classical approach for resting-state func-
tional magnetic resonance imaging analysis during which we 
measured the intervoxel correlation (also called “functional 
connectivity”) between di�erent brain areas (regions of 
interest) and expressed it as a graphical matrix where colors 

express the strength of correlation between pairs of regions 
of interest. �e graphical matrix displays the whole cortical 
map of interregions of interest correlations.

As previously described,4 we �rst estimated for each arousal 
or anesthetic condition, c, and functional magnetic resonance 
imaging session, s, the covariance matrix Cc,s to con�rm the 
presence of long-range stationary cortical connections what-
ever the arousal or anesthetic condition. To estimate Cc,s for 
each region of interest, a time series was extracted for each ses-
sion, averaging all voxels within a region of interest at a given 
brain volume. �e matrix entry Cc,s(i,j) indicates the tempo-
ral correlation of the average functional magnetic resonance 
imaging signal extracted from regions of interest i and j (for 
example, i = 27 for left posterior cingulate cortex and j = 41 
for left dorsolateral premotor cortex; Supplemental Digital 
Content, supplementary table 7, http://links.lww.com/ALN/
B756). We estimated covariance from the regularized precision 
matrix, applied the graphical Least Absolute Shrinkage and 
Selection Operator method, and placed a penalty on the L1 
norm of this precision matrix to promote sparsity. �us, we 
could generate a connectivity matrix (82 × 82) per each arousal 
or anesthetic condition. We then applied Fisher transform 
using the formula z = ar tanh(c) and could generate a covari-
ance matrix Zc,s for each arousal or anesthetic condition and 
session (�g. 1; Supplemental Digital Content, supplementary 
�gs. 3 and 4, http://links.lww.com/ALN/B756). By averaging 
Zc,s matrices across functional magnetic resonance imaging 
sessions, we obtained an average matrix Zc for each arousal or 
anesthetic condition (�g. 1A). For propofol conditions, average 
Zc matrices were reported in our previous study.4 To estimate 
the balance between positive and negative correlations between 
cortical regions of interest, we calculated for each arousal or 
anesthetic condition and session the average of positive z values 
of Zc,s and also the rate between negative and positive z values.
Dynamical Connectivity Analysis. Dynamical connectivity 
analysis refers to a recently described method that aims at 
better characterizing the underlying brain dynamics dur-
ing the scan session instead of averaging these data over the 
scan session as with stationary resting-state analysis. In fact, 
whereas stationary connectivity estimates functional correla-
tions between cortical regions during the whole functional 
magnetic resonance imaging acquisition session (comput-
ing one average graphical matrix for the whole session), the 
dynamical connectivity approach takes into account the 
�uctuations of the functional correlations that occur during 
the functional magnetic resonance imaging session (comput-
ing one graphical matrix every 84 s of the 20-min session, 
which corresponds to the so-called sliding window method, 
as previously described4). With data-mining approaches 
(k-means algorithm in our case), the functional magnetic 
resonance imaging dataset of the session is split into several 
clusters that are called “brain states” and that correspond to 
“functional con�gurations” of the brain.4,29 �ese “brain 
states” can express high or low similarity with the anatomical 
connectivity.
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We estimated sliding window Fisher-transformed covari-
ance matrices Z

c,s,w
 for each arousal condition (c), session 

(s), and time window (w).30 Covariance matrices from win-
dowed segments of the time series were computed with a 
Hamming window (width = 84s, which corresponds to 
35 scans of 2,400 ms each), sliding with steps of one scan, 
resulting in 464 windows per session. For each condition 
and session, we produced a three-dimensional matrix, C

c,s,w
 

sized 82 × 82 × 464, which was Fisher transformed (Zc,s,w) 
before further analysis.

We determined the dominant recurrent patterns of brain 
correlations (brain states) by means of an unsupervised clus-
tering method along the time dimension of the Z

c,s,w
 matrix.29 

To evaluate the structure of reoccurring correlation patterns, 
we applied the k-means clustering algorithm31 to Z

c,s,w
 matri-

ces, using the L1 distance function (Manhattan distance), as 
implemented in Matlab (MathWorks, USA). �is analysis 
was performed on the data from di�erent arousal conditions 
(awake state + ketamine anesthesia (�g.  2); awake state + 
moderate sevo�urane sedation + deep sevo�urane anesthe-
sia (�g.  3), awake state + ketamine anesthesia + moderate 

sevo�urane sedation + deep sevo�urane anesthesia + moder-
ate propofol sedation + deep propofol anesthesia (Supple-
mental Digital Content, supplementary �gs. 5, A and B; 6; 
7–10, http://links.lww.com/ALN/B756); ketamine anes-
thesia + moderate sevo�urane sedation + deep sevo�urane 
anesthesia + moderate propofol sedation + deep propofol 
anesthesia (Supplemental Digital Content, supplementary 
�gs. 5C and 5D, http://links.lww.com/ALN/B756), mixed 
to avoid any bias.

Covariance values between all regions of interest were 
included ([82 × (82 − 1)] / 2 = 3,321 features per matrix). 
Zc,s,w matrices were subsampled along the time dimension 
before clustering. �e resulting centroids or median clusters 
(brain state [n] with n = 1 to 7; each brain state is sized 
82 × 82) were then used to initialize a clustering of all data, 
obtaining a matrix of brain states B

c,s,w
 which, for a given 

arousal condition and session, is a vector of length 464, val-
ued 1 to 7, because each matrix in Zs,p,w is assigned a brain 
state. �e number of brain states was determined following 
protocols found in Barttfeld et al. and Allen et al.,4,29 with a 
prede�ned number of brain states (n), 1 to 7. �e method 

Fig. 1. Anesthesia effects on stationary intervoxel correlations in the cortex. (A) Average correlation matrices showing the pres-

ence of stationary correlations for the awake state, ketamine anesthesia, and sevo�urane anesthesia. (B–E) All signi�cant cor-

relations are plotted into glass brains that display absolute functional correlation strength higher than 0.2 for the awake state 

(B; Student’s t tests, with the null hypothesis of zero correlation, P < 0.01, false discovery rate corrected), ketamine anesthesia 

(C), moderate sevo�urane sedation (D), and deep sevo�urane anesthesia (E); red lines represent positive correlations between 

regions of interest; blue lines represent negative correlations. (F) Average positive z values within the awake state, ketamine, and 

sevo�urane anesthesia. In all plots, error bars represent SD. (G) Average negative z values within the awake state, ketamine, and 

sevo�urane anesthesia. In all plots, error bars represent SD. L = left; R = right.
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gives for each point in time the most likely state of func-
tional correlations. �is enables comparison of how these 
states and their dynamics change with the level of arousal or 
the anesthetic agent that was administrated to the animal.

To explore the dependence of brain dynamics and arousal 
condition, a measure of similarity between anatomical con-
nectivity (CoCoMac2.0) and functional correlation was 
de�ned, to class all brain states along this dimension.4 �e 
similarity score was computed from the correlation coe�-
cient between the vectorized structural matrix and each vec-
torized brain state from the clustering analysis. All brain states 
were ordered in ascending order of similarity to the structure 
with the similarity score. To quantify the relation between 
the probability of occurrence of a brain state and the simi-
larity score, a regression analysis was done for each arousal 
condition to quantify the β value, the R2, and a P value. �e 

β value measured the strength of the function-structure simi-
larity score e�ect on the functional repertoire of the brain 
states. �e distance between regions of interest was calculated 
as the L2 norm in the three-dimensional space, by use of the 
Montreal Neurologic Institute coordinates of CoCoMac as 
input. We also calculated the duration of each brain state (the 
average length of sequences of a given brain state in the Bc,s,w 
matrix; Supplemental Digital Content, supplementary �g. 2, 
http://links.lww.com/ALN/B756).
Connectivity within the Global Neuronal Workspace Nodes. 
As mentioned in the introduction, the global neuronal 
workspace theory of consciousness states that information 
becomes conscious when it is available to a widely distributed 
cortical network that includes prefrontal, parietal, and cingu-
late cortices.16,17 Because anesthesia has been reported to dis-
organize this long-distance cortical network during auditory 

Fig. 2. Ketamine effects on cortical dynamical correlations. (A) Seven brain states, obtained by unsupervised clustering of the 

Z
c,s,w

 matrix (awake state + ketamine anesthesia). Brain states are sorted according to their similarity to the structural connectiv-

ity matrix. (B) Structural connectivity matrix derived from the CoCoMac atlas of anatomical macaque cortical connectivity. Colors 

represent the four grades of connectivity intensity (black = 0; white = 1; blue = 2; and red = 3). (C) Brain renders displaying the 

400 strongest links for each brain state; red lines represent positive correlations between regions of interest; blue lines represent 

negative correlations. (D) Probability distributions of brain states for the awake state and ketamine anesthesia. Each bar repre-

sents the within-condition probability of occurrence of a state. Error bars stand for SD. (E–F) Probability of occurrence of each 

brain state as a function of the similarity between functional correlation and structural connectivity for the awake state (E) and 

ketamine anesthesia (F). (G) Normalized probability distribution of all z values for brain states 1 (the least similar to structure) 

and 7 (the most similar to structure). (H and I) Two-dimensional normalized histograms for brain state 1 (H) and brain state 7 (I) z 

values, as a function of distance between pairs of regions of interest.
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tasks,6 we explored the e�ect of anesthesia on intervoxel cor-
relation (functional connectivity) within the global neuronal 
workspace nodes and between sensorimotor areas and global 
neuronal workspace nodes during resting state.

Statistical Analyses

�is study was performed in a small sample size. �us, no  
“a priori ” power calculation was conducted.
Stationary Connectivity Analysis. To test for statistical 
signi�cance of connectivity between brain regions (corti-
cal regions of interest) in di�erent arousal and anesthetic 
conditions, Student’s t tests were performed with the null 
hypothesis of zero correlation. To correct for the multiple 
comparisons, the false discovery rate method was used, with 
a P value of 0.0001. All signi�cant connections with an 

absolute connectivity strength higher than 0.3 were plotted 
into glass brains.

To test for statistical di�erences between arousal and 
anesthetic conditions in terms of positive and negative cor-
relations, we applied a bootstrapping method32 with Matlab 
R2014a software. �e bootstrapping technique allows the 
estimation of the sampling distribution by a random-sam-
pling method (bootstrap analysis). In our study we obtained 
for every arousal and anesthetic condition and session the 
mean value of all positive connections of every region of 
interest as follows:

Z
Z i j if i j

N
c positive

pos

i

N
c s

,
,

,
=

( ) ≠

=

∑
1

Fig. 3. Sevo�urane effects on cortical dynamical correlations. (A) Seven brain states, obtained by unsupervised clustering of the 

Z
c,s,w

 matrix (awake state + moderate sevo�urane sedation + deep sevo�urane anesthesia). (B) Structural connectivity matrix 

derived from the CoCoMac atlas of anatomical macaque cortical connectivity. Colors represents the four grades of connection 

intensity (black = 0; white = 1; blue = 2; and red = 3). (C) Brain renders displaying the 400 strongest links for each brain state. 

Red lines represent positive connections between regions of interest; blue lines represent negative connections. (D) Probabil-

ity distributions of brain states for the awake state and sevo�urane anesthesia (moderate and deep). Each bar represents the 

within-condition probability of occurrence of a state. Error bars stand for SD. (E–G) Probability of occurrence of each brain state 

as a function of the similarity between functional and structural connectivity for the awake state (E), moderate sevo�urane seda-

tion (F), and deep sevo�urane anesthesia (G). (H) Normalized probability distribution of all z values for brain states 1 (the least 

similar to structure brain state) and 7 (the most similar to structure brain state). (I and J) Two-dimensional normalized histograms 

for brain state 1 (I) and brain state 7 (J) z values, as a function of distance between pairs of regions of interest.
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Fig. 4. Anesthesia effects on stationary intervoxel correlations within the macaque global neuronal workspace. Average correlation 

matrices for the awake state and anesthesia (ketamine anesthesia, moderate propofol sedation, deep propofol anesthesia, moder-

ate sevo�urane sedation, and deep sevo�urane anesthesia; Student’s t tests, with the null hypothesis of zero correlation, P < 0.001, 

false discovery rate corrected). On the x-axis, arousal states. On the y-axis, regions from the macaque global neuronal workspace 

as de�ned in Uhrig et al.18 (ACC, PFCpol, FEF, PMCdl, S1, M1, Pcip, A1, TCi, V1, PCC of the left [L] and right [R] hemisphere). For 

each region (FEF [A], PFCdl [B]...), the matrix represents the functional correlation between the de�ned region (seed) and the remain-

ing global neuronal workspace regions. Anesthesia decreases the functional correlation between the global neuronal workspace  

(Continued )
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Where Z
pos

 represents all z values that are positive in a 
matrix Z

c,s
, and N is the total number of positive Z val-

ues. �en we subtracted the mean value of two conditions 
(for example, Z awake positive,  − Z ketamine, positive) and called it the 
observed di�erence between conditions. We calculated the 
null distribution of Z c positive,  value di�erences between con-
ditions, shu�ing scanning sessions across conditions (thus 
breaking any possible dependence between arousal/anesthetic 
condition and connectivity value) and repeated the subtrac-
tion analysis 100,000 times, obtaining a distribution of ran-
dom mean Z value di�erences that approaches a Gaussian 
distribution. �is distribution is called null distribution and 
is the distribution of expected di�erences under the hypoth-
esis of no relation between sedation condition and mean 
positive connectivity. If our observed di�erence in Z c positive,  
is truly re�ecting a di�erence between sedation conditions, 
its value should be located on a tail of the null distribution. 
We �tted a Gaussian to the null distribution to obtain a nor-
malized Z c positive,  by subtracting from the observed Zcondition 
the mean value of the �tted Gaussian and dividing it by the 
SD of the Gaussian distribution. We obtained the P value 
corresponding to the normalized Z c positive,  as the cumulative 
probability of the normalized observed di�erence in the nor-
malized Gaussian distribution. �is procedure was used each 
time a bootstrap analysis was performed in the analysis.

We also calculated for each condition and each session the 
rate of negative to positive Z values (Supplemental Digital Con-
tent, supplementary �g. 3, http://links.lww.com/ALN/B756), 
to quantify changes in negative z values across conditions, as

rate

abs Z Z

Z Z
c s

i j i j
j

N

i

N

i j i j
j

N

i

N,

, ,

, ,

( ( ) |

|
=

<

>

==

==

∑∑

∑∑

0

0

11

11

Dynamical Connectivity Analysis. �e di�erences in 
brain state composition across arousal states was evalu-
ated through a mixed-e�ects one-way ANOVA (R soft-
ware v3.4.3, http://www.r-project.org; accessed February 
4, 2018), with mean rank, that is, the result of averaging 
each brain state time series, valued from 1 to 7, as depen-
dent variable, the vigilance condition as independent vari-
able, and the animal identity as random variable. Similarly, 
a mixed-e�ects ANOVA (R software v3.4.3) was run to 
quantify the e�ect of sedation on the probability of brain 

state 7. �e normalized probability distribution of z val-
ues for brain states 1 and 7, binning correlation values in 
45 bins, is represented in �gure 2G and �gure 3H. Two-
dimensional normalized histograms of the same brain 
states z values, as a function of distance between pairs of 
regions of interest, are represented in �gure 2, H and I, and 
�gure 3, I and J.
Connectivity within the Global Neuronal Workspace Nodes. 
To explore the intervoxel correlation (functional connectivity) 
within the global neuronal workspace nodes, we extracted the 
values from the whole-brain matrices and applied a one-way 
ANOVA. �e P values are displayed in interregions matrices 
within the global neuronal workspace nodes and sensorimo-
tor areas (Supplemental Digital Content, supplementary �gs. 
11 and 12, http://links.lww.com/ALN/B756). �e plan of 
this statistical analyses section evolved after examination of 
the data and in response to peer reviewer suggestions.

Results

Animal Model

Physiologic parameters related to hemodynamic, ventila-
tion, and temperature were kept constant during each exper-
iment (Supplemental Digital Content, supplementary table 
8, http://links.lww.com/ALN/B756). In all sessions and 
in all animals, the moderate anesthesia level for propofol 
and sevo�urane corresponded to level 3, as de�ned by the 
monkey sedation scale and electroencephalography traces 
(Supplemental Digital Content, supplementary table 9,  
http://links.lww.com/ALN/B756), and the deep anes-
thesia level for ketamine, propofol, and sevo�urane cor-
responded to level 4, as de�ned by the monkey sedation 
scale and electroencephalography traces (Supplemental 
Digital Content, supplementary table 10, http://links.
lww.com/ALN/B756).

Stationary Connectivity Results

By averaging the functional correlations between cortical 
regions over each resting-state functional magnetic resonance 
imaging scan session time, we obtained stationary matrices 
of functional correlations (also called “functional connectiv-
ity”) in the awake state and with di�erent anesthetics. (�gs. 1 
and 4; Supplemental Digital Content, supplementary �gs. 3, 
4, 11, 13, http://links.lww.com/ALN/B756). �is station-
ary connectivity analysis con�rmed the persistence of some 

Fig. 4. (Continued ). and its remaining areas such as FEF (A), PMCdl (C), ACC (D), Pcip (E), PCC (F), and A1 (G). However, an-

esthesia increases the functional correlation within prefrontal areas such as PFCdl (B). (I) Schematic representation of cerebral 

correlations of the macaque global neuronal workspace (ACC, PCC, PFCdl, FEF, PMCdl, Pcip, M1, S1, V1, A1; absolute correla-

tion strength higher than 0.3) of the right hemisphere for the awake state and all anesthetic states. The results of the interregion 

ANOVA comparisons are displayed as P value matrices in Supplemental Digital Content, supplementary �g. 11, http://links.lww.

com/ALN/B756. A1 = primary auditory cortex; ACC = anterior cingulate cortex; Amyg = amygdala; FEF = frontal eye �elds; M1 = 

primary motor cortex; PCC = posterior cingulate cortex; PFCcl = centrolateral prefrontal cortex; PFCdl = dorsolateral prefrontal 

cortex; PFCdm = dorsomedial prefrontal cortex; PFCm = medial prefrontal cortex; PFCol = prefrontal polar cortex; PFCom = 

orbitomedial prefrontal cortex; PFCoi = orbitoinferior prefrontal cortex; PFCpol = prefrontal polar cortex; PFCvl = ventrolateral 

prefrontal cortex; PMCdl = dorsolateral premotor cortex; Pcip = intraparietal cortex; S1 = primary somatosensory cortex; TCi = 

inferior temporal; V1 = visual area 1; V2 = visual area 2.
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Fig. 5. Anesthesia effects on dynamical correlations within the macaque global neuronal workspace. The seven brain states, 

obtained by unsupervised clustering of the Z
c,s,w

 matrix and brain states are sorted according to their similarity to the struc-

tural connectivity matrix (awake state + ketamine anesthesia + moderate propofol sedation + deep propofol anesthesia + 

moderate sevo�urane sedation + deep sevo�urane anesthesia). Average correlation matrices for every brain state, ordered 

from 1 to 7. On the x-axis, brain state 1 to 7. On the y-axis, studied regions of interest of the macaque global neuronal work-

space (ACC, PFCpol, FEF, PMCdl, S1, M1, Pcip, A1, TCi, V1, PCC of the left [L] and right [R] hemisphere) connected to 

the seed. Changes of functional correlation across the 7 brain states between the global neuronal workspace and its re-

maining areas such as FEF (A), PFCdl (B), PMCdl (C), ACC (D), Pcip (E), PCC (F), and A1 (G). Remarkably, the predominant 

anesthesia state (state 7) is characterized by a very low functional correlation within the global neuronal workspace; while  

(Continued )
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long-range connections during anesthesia4,33 (�g.  1A–E), 
although many cortical areas displayed a decrease in inter-
voxel correlations during anesthesia (Supplemental Digi-
tal Content, supplementary �g. 13, http://links.lww.com/
ALN/B756).
Stationary Functional Correlations in the Awake State. 
In the awake state, positive correlations formed a complex 
long-distance network comprising anterior and posterior 
cingulate cortex, dorsomedial prefrontal cortex, as well as 
primary motor, sensorimotor, visual, and auditory cortices 
(�g. 4A–I, Supplemental Digital Content, supplementary 
�g. 4, A and C, http://links.lww.com/ALN/B756). In the 
awake state, a large number of negative correlations were 
also present (�g. 1, �g. 4A–H; Supplemental Digital Con-
tent, supplementary �g. 4, A and C, http://links.lww.com/
ALN/B756).
Stationary Functional Correlations during Anesthesia. 
Under ketamine anesthesia, we mainly observed a persis-
tence of positive correlations (�g.  1C, �g.  4A–F), but the 
average positive z value was reduced compared to the awake 
state (�g. 1F; bootstrap analysis, awake vs. ketamine anes-
thesia, P < 0.0001). As previously reported for propofol,4 
the ratio of negative to positive correlations also diminished 
signi�cantly during ketamine anesthesia compared to the 
awake state (Supplemental Digital Content, supplementary 
�g. 3C, http://links.lww.com/ALN/B756; bootstrap analy-
sis, awake vs. ketamine anesthesia, P < 0.0001).

During sevo�urane anesthesia, positive and negative cor-
relations persisted (�g. 1D–E, �g. 4A–H), but the average 
positive z value was again reduced compared to the awake 
state (�g. 1F; bootstrap analysis, awake vs. moderate sevo�u-
rane sedation, P < 2 × 10−3; awake vs. deep sevo�urane anes-
thesia, P < 4 × 10−3; moderate sevo�urane sedation vs. deep 
sevo�urane anesthesia, P = 0.29). No signi�cant di�erences 
between the ratio of negative to positive correlations with 
sevo�urane anesthesia compared to the awake state were 
found (Supplemental Digital Content, supplementary �g. 
3C, http://links.lww.com/ALN/B756; bootstrap analysis, 
awake vs. moderate sevo�urane sedation, P = 0.26; awake vs. 
deep sevo�urane anesthesia, P = 0.40; moderate sevo�urane 
anesthesia vs. deep sevo�urane anesthesia, P = 0.59). �ese 
results suggest that during both ketamine anesthesia and 
sevo�urane anesthesia, the average coupling between brain 
regions is weaker than in the awake state (�g. 4, Supplemen-
tal Digital Content, supplementary �g. 4, http://links.lww.
com/ALN/B756). �ese results are in line with our previous 
�ndings during propofol anesthesia.4

Stationary Functional Correlations within the Macaque Global 

Neuronal Workspace. To study the speci�c e�ect of anesthet-
ics on the global neuronal workspace, we examined the func-
tional correlation within the key nodes of the macaque global 
neuronal workspace as previously characterized18 (�g. 4). All 
anesthetics (ketamine, sevo�urane, propofol) strikingly dis-
connected the posterior cingulate cortex and parietal cortex 
from the remaining bilateral global neuronal workspace nodes 
(�g. 4, E and F), in line with our previous �nding.6 Anesthe-
sia disconnected frontal eye �elds and premotor areas from 
parietal and cingular cortices, while preserving and sometimes 
even increasing intrafrontal functional correlations (�g. 4C). 
It should be noted that anesthesia decreased functional cor-
relation between hippocampus and amygdala/temporal cortex 
(�g.  4H). As summarized in �g.  4I, functional correlations 
were strongly decreased within the global neuronal workspace 
with anesthesia with a striking suppression of posterior cin-
gulate functional correlations with the remaining global neu-
ronal workspace, whatever the anesthetic. Such “static” (or 
stationary) results, however, obtained by averaging functional 
magnetic resonance imaging data over the whole-time scan 
period, may mask larger changes in cortical dynamics during 
the same scan session. In the next step, we therefore compared 
the dynamics of resting-state functional magnetic resonance 
imaging networks in macaque monkeys in the awake state and 
during ketamine and sevo�urane anesthesia.

Dynamical Connectivity Results with Ketamine Anesthesia

We extracted from the dynamics of functional correlation 
seven representative “brain states” matrices using k-means 
data-mining algorithm (see Materials and Methods section; 
�gs. 2 and 5; Supplemental Digital Content, supplemen-
tary �gs. 2, 5, 6, http://links.lww.com/ALN/B756). �ese 
brain states (�g. 2, A and C) were ranked according to their 
similarity to the brain anatomy (CoCoMac structural con-
nectivity matrix27; �g. 2B), to probe the hypothesis that the 
dynamic long-range functional correlation matrix reduces 
to the underlying structural anatomical connectivity matrix 
(�g. 2B) during ketamine anesthesia.

�e probability of occurrence of each of the seven brain 
states varied with the arousal condition. In the awake condi-
tion, most brain states (except brain state 6) had a similar prob-
ability of occurrence, and this probability was not modulated 
by the similarity of the functional correlation to the structural 
connectivity (β value = 0.29; R2 = 0.18; P = 0.34; �g. 2, D 
and E). During ketamine anesthesia, the probability distribu-
tion of the brain states was modi�ed (�g. 2, D and F). Brain 

Fig. 5. (Continued ). the predominant wakefulness state (state 1) shows a high functional correlation within the global neuronal 

workspace. (H) Schematic representation of the macaque global neuronal  workspace correlations (absolute correlation strength 

higher than 0.2) of the right hemisphere for brain state 1 and brain state 7. Hatched areas correspond to nodes that are on the 

other side of the hemisphere, thus displayed by transparency. The results of the interregion ANOVA comparisons are displayed 

as P value matrices in Supplemental Digital Content, supplementary �g. 12, http://links.lww.com/ALN/B756. A1 = primary au-

ditory cortex; ACC = anterior cingulate cortex; FEF = frontal eye �elds; M1 = primary motor cortex; PCC = posterior cingulate 

cortex; Pcip = intraparietal cortex; PFCdl = dorsolateral prefrontal cortex; PFCpol = prefrontal polar cortex; PMCdl = dorsolateral 

premotor cortex; S1 = primary somatosensory cortex; TCi = inferior temporal; V1 = visual area 1.
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states 1, 2, and 3 (with the lowest similarity to the anatomi-
cal structure) never occurred during ketamine anesthesia. �e 
more similar a brain state was to the anatomical connectivity, 
the more probable it became during ketamine anesthesia (β 
value = 1.92; R2 = 0.71; P = 0.016). �e distribution of brain 
states relative to the anatomical connectivity matrix was sig-
ni�cantly altered by ketamine anesthesia (ANOVA mean rank 
expressed as rounded rank: awake = 4 [mean, 4.49 ± 0.88]; 
ketamine anesthesia = 7 [mean, 6.60 ± 0.16]; F(1,50) = 41.26, 
P < 0.0001). �e occurrence probability of some brain states, 
(notably states 1, 2, and 3) those with the lowest similarity to 
anatomy, was so low that they never occurred during ketamine 
anesthesia. Brain state 7, most similar to anatomical structure, 
became functionally dominant (ANOVA state 7 probability, 
awake = 0.28 [SD, 0.17]; ketamine = 0.71 [SD, 0.12]; F(1,50) 
= 52.77, P < 0.0001; �g. 2D).

�e larger the similarity score to the anatomical connec-
tivity, the more probable a brain state was during anesthe-
sia, and the weaker the functional coupling between brain 
regions (brain state 7; �g.  5A–H; Supplemental Digital 
Content, supplementary �g. 6, http://links.lww.com/ALN/
B756). �e SD of the distribution of functional correlation 
values increased as the similarity score decreased (β value = 
−3.20; R2 = 0.87, P = 0.002). �e change in SD became 
obvious when comparing the histogram of functional cor-
relation measures for brain states 7 and 1 (�g. 2G).

�e cortical functional correlations changed with the spatial 
distance between brain regions in all brain states. For brain state 1,  
functional correlation strength diminished only moderately 
with distance, and dense strong positive and negative connec-
tions were detected even for very distal pairs of nodes (�g. 2H). 
In contrast, brain state 7 (�g. 2I) had a predominance of short-
range connections, and functional correlations dropped to zero 
as distance increased. Statistical analysis showed a monotonic 
decrement in correlation strength as a function of distance 
along the similarity axis: while z values diminished with distance 
for all seven brain states, the more similar a brain state was to 
anatomical connectivity, the faster the correlations decayed with 
distance (β value = −0.50; R2 = 0.86; P = 0.002).
Average Lifetime of Each Brain State during Ketamine Anes-

thesia. �e average lifetime of each brain state was also ana-
lyzed (Supplemental Digital Content, supplementary �g. 2A, 
http://links.lww.com/ALN/B756). With ketamine anesthesia, 
the average duration of brain state 7 increased compared to 
the awake state (Supplemental Digital Content, supplemen-
tary �g. 2A, http://links.lww.com/ALN/B756; bootstrap anal-
ysis; awake vs. ketamine anesthesia, P < 0.0001).

Dynamical Connectivity Results during Sevoflurane

Sevo�urane data were analyzed in the same manner. Again, the 
extracted seven brain states (�g. 3A) were ranked according to 
their similarity to the CoCoMac structural connectivity matrix 
(�gs. 3 and 5; Supplemental Digital Content, supplementary 
�gs. 2, 5, 6, http://links.lww.com/ALN/B756)27. In the awake 
state, with the same previous set of data now clustered with 

the sevo�urane data, most brain states (except brain state 
4) had a similar probability of occurrence, and these prob-
abilities were not modulated by the structural connectivity/
functional correlation similarity (β value = −0.17; R2 = 0.02;  
P = 0.75; �g.  3, D and E). During sevo�urane anesthesia 
(moderate or deep), the brain states probability distribution 
was altered (�g. 3, D and F). Brain states 1, 2, and 3 disap-
peared during sevo�urane anesthesia, and the more similar a 
brain state was to the anatomical connectivity, the more prob-
able it became during sevo�urane anesthesia (moderate sevo-
�urane sedation β value = 1.57; R2 = 0.70; P = 0.019; deep 
sevo�urane anesthesia β value = 1.84; R2 = 0.51; P = 0.07). 
�e change in the brain state composition was signi�cantly 
altered by sevo�urane anesthesia (ANOVA mean rank 
expressed as rounded rank: awake = 4 [mean, 3.91 ± 0.91], 
moderate sevo�urane sedation = 6 [mean, 5.98 ± 0.61], deep 
sevo�urane anesthesia = 6 [mean, 6.40 ± 0.72]; F(2,69) = 29.56, 
P < 0.0001). As previously seen for ketamine anesthesia, brain 
state 7 became dominant (ANOVA state 7 probability; awake 
= 0.31 [SD, 0.18]; moderate sevo�urane sedation = 0.53  
[SD, 0.21]; deep sevo�urane anesthesia = 0.71 [SD, 0.27]; 
F(2,69) = 6.17, P < 0.005; �g. 4D).

�e SD of the distribution of functional correlations 
increased as the similarity score decreased (β value = −2.32; 
R2 = 0.46, P = 0.09). As already demonstrated for ketamine 
anesthesia, the distribution of z values of brain state 7 
denoted low and sparse correlations, while the distribution 
for brain state 1 attested to the presence of strong functional 
correlations and anticorrelations (�g. 3H).

For brain state 1, dense strong positive and negative cor-
relations were detected even for very distant pairs of nodes 
(�gs. 3I and 5; Supplemental Digital Content, supplementary 
�g. 6, http://links.lww.com/ALN/B756). Brain state 7 had a 
predominance of short-range correlations, and functional cor-
relations fell to zero as distance increased (�gs. 3J and 5; Sup-
plemental Digital Content, supplementary �g. 6, http://links.
lww.com/ALN/B756). While z values reduced with distance 
for all the 7 brain states, the more similar a brain state was 
to anatomical connectivity, the faster the correlations declined 
with distance (β value = −0.45; R2 = 0.73; P = 0.01).
Average Lifetime of Each Brain State during Sevoflu-

rane Anesthesia. With sevo�urane, the average duration 
of brain state 7 increased only during deep sevo�urane 
anesthesia (Supplemental Digital Content, supplementary  
�g. 2B, http://links.lww.com/ALN/B756; bootstrap analy-
sis; awake vs. moderate sevo�urane sedation, P < 0.0001; 
awake vs. deep sevo�urane anesthesia, P < 0.0001). �ese 
results observed with ketamine and sevo�urane are in line 
with our previous �ndings with propofol anesthesia.4

Dynamical Connectivity Results during Anesthesia

In a �nal analysis, we pooled all the data and applied the 
k-means clustering algorithm to the data from the awake 
state, ketamine (deep), sevo�urane (moderate, deep), and 
propofol (moderate, deep) anesthesia (�g. 5, Supplemental 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://p

u
b
s
.a

s
a
h
q
.o

rg
/a

n
e
s
th

e
s
io

lo
g
y
/a

rtic
le

-p
d
f/1

2
9
/5

/9
4
2
/3

8
5
6
1
1
/2

0
1
8
1
1
0
0
_
0
-0

0
0
2
1
.p

d
f b

y
 g

u
e

s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2

http://links.lww.com/ALN/B756
http://links.lww.com/ALN/B756
http://links.lww.com/ALN/B756
http://links.lww.com/ALN/B756
http://links.lww.com/ALN/B756
http://links.lww.com/ALN/B756
http://links.lww.com/ALN/B756
http://links.lww.com/ALN/B756
http://links.lww.com/ALN/B756


Copyright © 2018, the American Society of Anesthesiologists, Inc. Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

Anesthesiology 2018; 129:942-58 954 Uhrig et al.

Brain Dynamics as a Signature of Anesthesia

Digital Content, supplementary �gs. 5, 6, http://links.lww.
com/ALN/B756). �e probability distribution of brain states 
was reshaped during all anesthetics (regression analysis; awake 
state: β value = −0.77; R2 = 0.14; P = 0.41; ketamine anes-
thesia: β value = 1.84; R2 = 0.57; P = 0.05; moderate pro-
pofol anesthesia: β value = 1.87; R2 = 0.47; P = 0.09; deep 
propofol anesthesia: β value = 1.78; R2 = 0.55; P = 0.057; 
moderate sevo�urane sedation: β value = 1.05; R2 = 0.72;  
P = 0.015; deep sevo�urane anesthesia: β value = 1.65;  
R2 = 0.61; P = 0.038).

�e change in brain state composition was also altered 
by all anesthetics (ANOVA rounded rank: awake = 4 [mean, 
3.58 ± 1.03]; ketamine anesthesia = 6 [mean, 6.10 ± 0.32]; 
moderate propofol anesthesia = 6 [mean, 6.15 ± 0.76]; 
deep propofol anesthesia = 6 [mean, 6.16 ± 0.46]; moder-
ate sevo�urane sedation = 5 [mean, 5.10 ± 0.81]; deep sevo-
�urane anesthesia = 6 [mean, 5.81 ± 1.11]; F(5,146) = 35.01, 
P < 0.0001).

Remarkably, brain state 1 was exclusively found in the 
repertoire of the awake state, while brain state 7 was pre-
dominant during anesthesia regardless of the pharmaco-
logic agent (ketamine, sevo�urane, propofol; ANOVA state 
7 probability; awake = 0.32 [SD, 0.17]; ketamine anesthe-
sia = 0.61 [SD, 0.13]; moderate propofol anesthesia = 0.67 
[SD 0.24]; deep propofol anesthesia = 0.58 [SD, 0.18]; 
moderate sevo�urane sedation = 0.31 [SD, 0.19]; deep 
sevo�urane anesthesia = 0.53 [SD, 0.28]; F(5,146) = 10.74, 
P < 0.0001).
Dynamical Functional Correlations in the Macaque Global 

Neuronal Workspace. To further characterize the functional 
brain states of our dynamic cortical analysis, we measured 
functional correlations among global neuronal workspace 
nodes in each of the identi�ed brain states (�g. 5; Supple-
mental Digital Content, supplementary �g. 6, http://links.
lww.com/ALN/B756). Our data show that frontal eye �elds, 
posterior cingulate, and parietal cortex express a striking dif-
ference between the most “�exible” brain state (i.e., state 1) 
and the most “rigid” brain state (i.e., state 7), with a high 
functional correlation between global neuronal workspace 
areas in state 1 and low or no correlations in state 7 (�g. 5, 
A, E, and F).

Discussion

In this study, we found that three distinct anesthetics pro-
foundly a�ected the dynamics of cortical brain activity 
patterns, with the functional correlation maps becoming 
very similar to the anatomical connectivity map, whatever 
the initial molecular mechanism.34 �is common mecha-
nism relates to the relationship between functional brain 
con�gurations of dynamic-resting state and the underlying 
anatomical connectivity structure, as we previously demon-
strated for propofol-induced anesthesia.4 Here we generalize 
our previous �nding and show that it provides a common 
brain signature of anesthesia-induced loss of conscious-
ness. Anesthetics massively alter cortical activity by biasing 

spontaneous �uctuations of cortical activity to a “rigid” 
brain con�guration that is highly shaped by brain anatomy 
and by suppressing the “�exible” brain con�gurations that 
form a rich repertoire of brain states during the conscious 
condition. During anesthesia, the cluster of dynamic brain 
con�gurations is dominated by brain states with low func-
tional correlations among prefrontal, parietal, and cingular 
cortices that form the global neuronal workspace nodes.

Anesthesia Endpoint

Several studies used functional neuroimaging (electro-
encephalography and/or functional magnetic resonance 
imaging) to identify the brain signature of anesthesia, also 
called the “anesthetic endpoint,”1 which is an information-
processing endpoint. Stemming from these approaches, 
di�erent mechanistic hypotheses emerged, including a 
functional disconnection between frontal and parietal cor-
tices, an impairment in thalamocortical functional correla-
tion, and an extinction of the cortical top-down feedback 
system.1

In our study, by clustering the functional magnetic reso-
nance imaging resting-state data, we could delineate seven 
clusters, which corresponded to resting-state brain func-
tional con�gurations or brain states. �is clustering reveals a 
fundamental subdivision of cortical activity in the macaque 
brain that is consistent across conscious states. �e increase 
of similarity between the brain functional con�gurations 
and the brain structure during anesthesia that we observed 
could explain the reported shift toward higher stability of 
brain intrinsic dynamics during anesthesia.35 �e functional 
dynamic in the resting state that we describe is common 
to all tested anesthetics, making it an anesthesia endpoint. 
Determining whether this endpoint is causal or not will 
require additional studies with selective pharmacologic,36 
electrical, or optical37 manipulation of large brain networks 
that aim at reversing the loss of consciousness while keeping 
anesthetic pharmacologic administration.

Mechanisms of Anesthesia-induced Loss of 

Consciousness

How can the predominance of “rigid” resting-state brain 
con�gurations explain the loss of consciousness during anes-
thesia? �e assumption of temporal stationarity, implicit 
in many resting-state studies that compute functional cor-
relations by averaging over a long period, fails to provide a 
complete description of the brain at rest. It leaves aside the 
important fact that in the conscious brain, functional cor-
relations constantly change and exhibit complex temporal 
dynamics (see also Tononi et al.38). �e conscious resting-
state actually comprises a great variety of brain states that 
last for a few seconds and constantly wax and wane, in paral-
lel with the subject’s psychologic state (for example, mind 
wandering).39 �ese conscious states are naturally dependent 
on the preexisting anatomical connectivity, yet they selec-
tively mobilize only a subset of the existing anatomical brain 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://p

u
b
s
.a

s
a
h
q
.o

rg
/a

n
e
s
th

e
s
io

lo
g
y
/a

rtic
le

-p
d
f/1

2
9
/5

/9
4
2
/3

8
5
6
1
1
/2

0
1
8
1
1
0
0
_
0
-0

0
0
2
1
.p

d
f b

y
 g

u
e

s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2

http://links.lww.com/ALN/B756
http://links.lww.com/ALN/B756
http://links.lww.com/ALN/B756
http://links.lww.com/ALN/B756


Copyright © 2018, the American Society of Anesthesiologists, Inc. Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

Anesthesiology 2018; 129:942-58 955 Uhrig et al.

PERIOPERATIVE MEDICINE

networks. Our present and previous4 results suggest that 
the more similar a functional state is to the anatomical con-
nectivity matrix, the more probable it is to remain present 
during anesthesia (ketamine, sevo�urane, or propofol anes-
thesia; Supplemental Digital Content, supplementary �g. 5, 
http://links.lww.com/ALN/B756).

Characteristic of the awake state is the presence of nega-
tive correlations, suggesting an orchestrated dynamic of 
engaging and disengaging antagonistic networks, a char-
acteristic that diminishes or disappears when the animal is 
anesthetized. �is higher temporal variability may indicate a 
larger dynamic range of possible responses to incoming stim-
uli.40 When variability is missing, the brain has little capacity 
to explore its state space, leading to an increased possibility 
that the system remains rigidly in a single state41 and making 
spontaneous state-to-state transitions less probable.42 Using 
auditory functional magnetic resonance imaging, we previ-
ously demonstrated that higher-order sequence violation 
activates a prefrontoparietocingular network in the awake 
state, which is completely suppressed during ketamine anes-
thesia and signi�cantly disorganized during propofol anes-
thesia.6 �e disruption of higher-order functional cortical 
networks in parietal, prefrontal, and cingular cortices is key 
to induce loss of consciousness, probably through impover-
ishment of high-complexity resting-state con�gurations.

Interaction Among Frontal, Parietal, and Cingular Cortices 

during Anesthesia

�ere is now strong evidence that anesthesia results in a 
decrease of frontoparietal functional correlation during ket-
amine,20 propofol,7 and sevo�urane.13,14 In our study, we 
measured the corticocortical e�ects of ketamine, sevo�u-
rane, and propofol anesthesia and found that all anesthet-
ics preserved long-range stationary connections but created 
a drop in positive correlations and negative correlations 
compared to the awake state (although the e�ect on nega-
tive correlations was less important with sevo�urane). �ose 
�ndings are consistent with the hypothesis that a disrup-
tion of long-distance corticocortical networks may explain 
the anesthesia-induced loss of consciousness.15,43,44 �ey 
are also in agreement with several theories of consciousness 
suggesting that distributed functional networks sustain con-
sciousness and that changes of these networks induce loss 
of consciousness.16,45 Moreover, it has been suggested that 
there is a sort of “push–pull” relationship between activity in 
the anterior prefrontal and posterior sensory cortices, such 
that an intensive sensory activation decreases prefrontal cor-
tex activity.46 �is model �ts with our observations during 
anesthesia, suggesting that a lack of prefrontal feedback dur-
ing anesthesia may be responsible for an increase in sensory 
activity (�g. 4B). For simplicity, the present work only mea-
sured correlation, which is a symmetrical and bidirectional 
measure of interactions between brain regions. To con�rm 
this interpretation, future studies should attempt to perform 
a directional analysis, for instance with Granger causality or 

other information-based measures,47 to selectively dissect 
top-down from bottom-up information processing in awake 
and anesthetized macaques.

Finally, our data are consistent with previous work3,48,49 
showing that functional correlation decreased in the default 
mode network, particularly among the prefrontal, anterior 
cingulate, and the posterior cingulate cortices during all 
the anesthetic states, as compared to the awake state (�g. 4, 
A–D, F). It should be noted that our study examined a cor-
tical correlate of anesthesia-induced loss of consciousness, 
independently from direct measurement of deep brain nuclei 
activity. �e literature shows that ketamine and sevo�urane 
have opposite e�ects on thalamocortical activity. Under ket-
amine sedation, thalamocortical functional correlation is rel-
atively preserved50 or even increased.51 Sevo�urane decreases 
thalamocortical functional correlation,49 possibly because of 
a hyperpolarization of thalamic neurons during anesthesia.52 
�e anesthesia “thalamic switch” hypothesis,53 therefore, 
remains controversial, and several studies show that anesthe-
sia-induced loss of consciousness is more associated with an 
impairment of cortical function than with an alteration of 
thalamic activity.7,54 Finally, it has been demonstrated that 
disconnecting the prefrontal cortex from its thalamic inputs 
does not impair consciousness. Interestingly, we describe a 
common cortical mechanism for anesthesia-induced loss of 
consciousness that occurs independently from the di�eren-
tial modulation of the thalamic activity trigger by each anes-
thetic agent.

Global Neuronal Workspace during Anesthesia

Our current �ndings derive from the study of resting-state 
functional magnetic resonance imaging in awake and anesthe-
tized conditions. To link these �ndings to those we previously 
reported during auditory event-related functional magnetic 
resonance imaging,6,18 we examined changes in functional 
correlation among representatives of the macaque global neu-
ronal workspace areas that were previously found to respond 
to global novelty in the local-global paradigm18 (i.e., prefrontal 
cortex, parietal cortex, cingulate cortex; �gs. 4 and 5). Strik-
ingly, the functional brain states that are predominant dur-
ing anesthesia and are highly correlated with brain structure  
(e.g., state 7) are characterized by low frontoparietal functional 
correlation, whereas those that are present only during the 
awake state (e.g., state 1) are characterized by strong intervoxel 
correlations between prefrontal, parietal, and cingular cortices 
(�gs. 4 and 5). Our data show that the dynamic resting-state 
clusters, although determined in a hypothesis-free, unsuper-
vised manner, correspond to strong di�erences in frontopari-
etal functional correlation con�gurations, in good agreement 
with the global neuronal workspace theory.

Limitations of the Study

One of the potential limitations of our study relates to the 
sevo�urane study as the induction was performed with ket-
amine. �is initial ketamine injection was performed, as it is 
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challenging to induce anesthesia with sevo�urane in nonhu-
man primates, because of the lack of cooperation of the ani-
mal. However, this should not have a�ected our sevo�urane 
study signi�cantly. In fact, we only analyzed the sevo�u-
rane data acquired after 80 min of the ketamine induction. 
Schroeder et al.20 demonstrated that the bandpower struc-
ture of the macaque cortical activity shifted quickly after a 
single ketamine injection and mostly recovered 80 min later. 
Another potential limitation of this study is that we used 
functional magnetic resonance imaging signal, which mea-
sures neuronal activity in an indirect manner, through local 
hemodynamic and metabolic changes. However, previous 
work performed in macaque monkeys could validate the 
strong correlation between neuronal activity and functional 
magnetic resonance imaging signal, including during dif-
ferent anesthetics.55 Furthermore, it has been demonstrated 
that iso�urane dosage did not a�ect local �eld potentials 
to forepaw stimulation, but it altered local hemodynamic 
and neurovascular coupling in a dose-dependent manner.56 
However, this discrepancy was not observed in a resting-
state study that combined functional magnetic resonance 
imaging and local �eld potentials recording.57

Conclusions

Our results suggest that the temporal dynamics of spontane-
ous brain activity and its departure from rigid anatomical 
routes are altered during ketamine and sevo�urane anesthe-
sia, just as previously observed with propofol anesthesia.4 
�e loss of consciousness is systematically accompanied by 
a shift in dynamical functional correlation, leading to a rigid 
brain con�guration during anesthesia, characterized by a loss 
of long-distance intracortical correlations within a global 
workspace network that includes prefrontal, parietal, and 
cingular cortices. Future work should probe whether this 
signature also generalizes to other conditions such as coma, 
vegetative state, or epilepsy.
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As for “Fresh Laughing Gas”—Get It Out of Jehl Free....

As New York City’s “French Dentist,” Dr. Jehl ran his accommodating dental office until 9 PM every day of the week, 

including Sundays. Language posed no barriers as he was conversational in French, German, Spanish, and English. 

The obverse of his trade cards were floral (left); the reverse, practical. Promising “Fresh Laughing Gas always on 

hand,” (right) Dr. Jehl administered nitrous oxide and extracted teeth for free; “no charge,” as long as patients were 

purchasing “artificial teeth” from him. (Copyright © the American Society of Anesthesiologists’ Wood Library-Museum 

of Anesthesiology.)
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