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Abstract 37 

Loss of consciousness can result from a wide range of causes, including natural sleep and 38 

pharmacologically induced anesthesia. Important insights might thus come from identifying 39 

neuronal mechanisms of loss and re-emergence of consciousness independent of a specific 40 

manipulation. Therefore, to seek neuronal signatures of loss of consciousness common to sleep and 41 

anesthesia we analyzed spontaneous electrophysiological activity recorded in two experiments. 42 

First, electrocorticography (ECoG) acquired from 4 macaque monkeys anesthetized with different 43 

anesthetic agents (ketamine, medetomidine, propofol) and, second, stereo-electroencephalography 44 

(sEEG) from 10 epilepsy patients in different wake-sleep stages (wakefulness, NREM, REM). 45 

Specifically, we investigated co-activation patterns among brain areas, defined as correlations 46 

between local amplitudes of gamma-band activity. We found that resting wakefulness was 47 

associated with intermediate levels of gamma-band coupling, indicating neither complete 48 

dependence, nor full independence among brain regions. In contrast, loss of consciousness during 49 

NREM sleep and propofol anesthesia was associated with excessively correlated brain activity, as 50 

indicated by a robust increase of number and strength of positive correlations. However, such 51 

excessively correlated brain signals were not observed during REM sleep, and were present only to 52 

a limited extent during ketamine anesthesia. This might be related to the fact that, despite 53 

suppression of behavioral responsiveness, REM sleep and ketamine anesthesia often involve 54 

presence of dream-like conscious experiences. We conclude that hyper-correlated gamma-band 55 

activity might be a signature of loss of consciousness common across various manipulations and 56 

independent of behavioral responsiveness. 57 

 58 

Introduction 59 

Loss of consciousness (LOC) can result from natural sleep-wake cycle, impact of various 60 

pharmacological agents, or traumatic brain injury (for reviews see Lydic and Baghdoyan, 2005; 61 

Brown et al., 2010). Dreamless sleep, general anaesthesia, and unresponsive wakefulness 62 

(vegetative) states differ in many respects, but what they have in common is the absence of 63 

subjective conscious experience. Even when considering general anaesthesia alone, consciousness 64 

can be suppressed by a range of anaesthetic agents characterised by different pharmacological 65 

mechanisms of action (Solt and Forman, 2007; Franks, 2008). Therefore, validating postulated 66 

neuronal correlates of loss and re-emergence of consciousness across a variety of distinct 67 

experimental manipulations might constitute a crucial test for theories of consciousness. 68 

The Global Neuronal Workspace theory proposes that long-distance communication and 69 

information sharing among brain areas are critical for emergence of consciousness (Baars, 2005; 70 



Dehaene and Changeux, 2011). This prediction has been supported by studies showing a decrease in 71 

functional and effective connectivity, particularly feedback connectivity from frontal to parietal 72 

regions, during general anesthesia (Ku et al., 2011; Lee et al., 2013; Boly et al., 2012) and in 73 

unresponsive wakefulness syndrome patients (Boly et al., 2011; King et al., 2013). A different but 74 

equally influential theory, Integrated Information Theory, predicts that level of consciousness is 75 

associated with the complexity of brain activity (Tononi, 2004; Tononi et al., 2016), where 76 

‘complexity’ has been defined in a variety of ways (see e.g., Seth et al, 2011). A particularly 77 

influential series of studies probed complexity of brain activation patterns evoked by a transcranial 78 

magnetic stimulation (TMS). Highly complex activations were indeed observed during 79 

wakefulness, but not during NREM sleep, general anesthesia, or in patients with disorders of 80 

consciousness (Massimini et al., 2005, 2010; Casali et al., 2013; Sarasso et al., 2015; Pigorini et al., 81 

2015). Importantly, further studies revealed that also spontaneous neurophysiological activity is less 82 

complex and dynamic during NREM sleep (Schartner et al., 2016) and general anesthesia (Sara and 83 

Pistoia, 2010; Alonso et al., 2014; Schartner et al., 2015; Solovey et al., 2015; Tajima et al., 2015; 84 

Wang et al., 2017; Krzemiński et al., 2017). 85 

In the present study, we aimed to test whether patterns of spontaneous co-activations among 86 

brain regions constitute manipulation-independent correlates of LOC. Specifically, based on the 87 

assumption that gamma-band oscillations are closely related to neuronal firing (Whittingstall and 88 

Logothetis, 2009; Le Van Quyen et al., 2016), co-activations were estimated by correlating 89 

amplitude of gamma-band activity among electrodes. Based on previous theoretical proposals 90 

associating consciousness with ‘complex’ brain dynamics (Tononi and Edelman, 2008; Chialvo, 91 

2010; Seth et al., 2011), during conscious states we hypothesized to observe intermediate levels of 92 

coupling (neither complete dependence, nor full independence) and a balance between positive and 93 

negative correlations. Conversely, we expected to observe a departure from such a balanced state 94 

during LOC. To test these hypotheses we analyzed electrophysiological data from two independent 95 

experiments, recorded from two species (macaques, humans) and involving different manipulations 96 

of conscious level (anesthesia, sleep). 97 

 98 

Results 99 

Anesthesia experiment 100 

We analyzed ECoG recordings from an anesthesia experiment obtained from the open-access 101 

Neurotycho database (Nagasaka et al., 2011). In the original study ECoG signals were acquired 102 

from 4 macaque monkeys using arrays of 128 electrodes covering the lateral part of the left 103 

hemisphere. Altogether 22 experimental sessions were conducted with 4 different anesthetic agents 104 



used across sessions (ketamine, KT; medetomidine, MD; ketamine and medetomidine, KTMD; or 105 

propofol, PF; see Table 1 for details). From each session we selected resting-state eyes-closed 106 

ECoG data recorded in three conditions/states: (i) awake before the anesthetic injection (PRE), (ii) 107 

during anesthesia-induced unresponsiveness (ANES), (iii) and awake after return of responsiveness 108 

(POST). The analysis pipeline is schematically presented in Fig. 1A. The temporal evolution of 109 

gamma-band coupling strength, which was chosen as a primary study measure and defined as an 110 

average over all pairwise correlation coefficient values, across two representative experimental 111 

sessions is shown in Fig. 2. 112 

Initially all experimental sessions were pooled and group-level statistics were calculated. We 113 

tested distribution of each measure with the Kolmogorov-Smirnoff test and used either repeated-114 

measures ANOVA if a measure conformed to a Gaussian distribution in all conditions, or non-115 

parametric Friedman test otherwise. When significant effect of a state was found pairwise post-hoc 116 

comparisons were conducted between conditions using either parametric paired-samples t-tests or 117 

non-parametric Wilcoxon tests. Post-hoc tests were corrected for a number of comparisons (3 in the 118 

anesthesia data-set, 6 in the sleep data-set) using the Bonferroni-Holm procedure (Holm, 1979). 119 

Considering a repeated-measures design we calculated a standardized difference score (dz) as an 120 

indicator of the effect size (Cohen, 1988). 121 

We obtained the mean amplitude (power) of gamma activity (30-45Hz) by averaging the 122 

envelopes over time and channels. Gamma-band power was affected by a state (χ2=16.1, p<0.001), 123 

specifically it was higher during POST than during both PRE (Z=3.94, p<0.001, dz=2.04) and 124 

ANES (Z=2.48, p<0.025, dz=0.86; Fig. 3). Next, we focused on co-activations and found significant 125 

effect of a coupling strength (χ2=23.2, p<0.001), namely coupling strength was greater during 126 

ANES than during PRE (Z=4.1, p<0.001, dz=2.23) and POST (Z=3.63, p<0.001, dz=1.68), but there 127 

was no difference between PRE and POST (Z=0.29, p<0.76, dz=0.37). To further corroborate this 128 

finding we analyzed density+ and density-, which were defined as the proportion of, respectively, 129 

positive or negative statistically significant pair-wise correlations out of all possible correlations. 130 

We found a significant effect of a state on density+ (χ2=23, p<0.001). Post-hoc comparisons 131 

revealed that ANES was accompanied by an increase in the number of positive correlations (higher 132 

density+) when compared to both PRE (Z=4.1, p<0.001, dz=2.1) and POST (Z=3.5, p<0.001, 133 

dz=1.6). At the same time the proportion of significant gamma-band anti-correlations (estimated 134 

with respect to the significant positive correlations, i.e. density-/density+) also exhibited an effect of 135 

a state (χ2=28, p<0.001) and was lower during ANES than during PRE (Z=4.1, p<0.001, dz=1.9) 136 

and during POST (Z=3.9, p<0.001, dz=2.0; Fig. 3D). Thus, all the used measures indicate that 137 

gamma-band activity becomes excessively positively correlated (i.e. hyper-correlated) during 138 

general anesthesia (see also Fig. S2-S3; additional control analyses: Fig. S6; other frequency bands: 139 



Fig. S7, S8). 140 

Anesthetics-specific effects 141 

All general anesthetics suppress perception and behavioral responsiveness, but they vary in terms 142 

of pharmacological mechanisms of action and effects on subjective consciousness (Franks, 2008). 143 

Specifically, while propofol typically results in complete loss of consciousness, during ketamine 144 

anesthesia subjective internally generated conscious experience is often preserved (Garfield et al., 145 

1972; Collier, 1972; Sarasso et al., 2015). Therefore, we next investigated anesthetics-specific 146 

effects on brain activity and co-activations (Fig. 4). We did not observe such effects when 147 

investigating gamma-band power, as changes in gamma power were grouped around zero for all 148 

anesthetics. However, the increase in coupling strength was most pronounced during propofol 149 

anesthesia. Anesthesia induced by ketamine+medetomidine, medetomidine, or ketamine had 150 

weaker effect on gamma-band co-activation patterns. A similar effect, namely greatest shift towards 151 

positively correlated brain activity after propofol, was found when analyzing density+ and density-. 152 

We next investigated the topographic patterns of anesthesia-induced changes in gamma-band 153 

coupling. Motivated by the postulated importance of high-order associative brain regions for 154 

conscious processing (Dehaene and Changeux, 2011; MacDonald et al., 2015; Koch et al., 2016) we 155 

hypothesized to observe an increase of gamma-band coupling strength at frontal brain regions 156 

during propofol anesthesia, but no such effect during ketamine anesthesia. Inspecting the 157 

topographical maps we first noticed that ketamine-medetomidine, ketamine, and propofol all caused 158 

greatest increase of coupling strength in occipital regions, and weakest increases in frontal brain 159 

areas (Fig. 5; Fig. S3, S4). To establish this effect quantitatively we took advantage of the fact that 160 

coupling strength was calculated in a time-resolved manner (i.e. within 5s-long time-windows) and 161 

conducted between-conditions comparisons within each session and module. Specifically, coupling 162 

strength from an ANES condition was compared to a median value from a PRE condition using a 163 

Wilcoxon test. We confirmed that during ANES occipital and parieto-motor modules exhibited 164 

significant increases over baseline in all experimental sessions (p<0.05, Bonferroni corrected). 165 

Importantly, increases in the frontal module were significant in all ketamine-medetomidine, 166 

medetomidine, and propofol sessions, but in only 1 (out of 4) ketamine session.  167 

Finally, in order to quantitatively demonstrate that each anesthetic has an individual spatial 168 

signature we used an agglomerative hierarchical clustering algorithm to assess similarity, across 169 

sessions of the same monkey, of the topographical maps representing changes in coupling strength. 170 

Indeed, topographies of changes induced by the same anesthetic agent were estimated as more 171 

similar to each other than to maps representing changes induced by other anesthetics (Fig. 5C).  172 

Overall, we revealed anesthetics-specific signatures present in the spatial patterns of changes in 173 



gamma-band amplitude coupling. When taking into account the differential effects propofol and 174 

ketamine might have on consciousness (Sarasso et al., 2015) our findings suggest that hyper-175 

correlated gamma-band activity occurring at the frontal brain regions might be a mechanism 176 

suppressing consciousness. Importantly, the spatial patterns of increase in gamma-band coupling 177 

strength are unlikely explained by the spatial changes in gamma-band power (Fig. S5). Thus, 178 

gamma-band amplitude coupling might provide reliable and unique information about conscious 179 

level. 180 

 181 

Sleep experiment 182 

Next we aimed to test whether hyper-correlated gamma-band activity can be observed as a 183 

correlate of LOC induced by NREM sleep. We thus analyzed an independent data-set recorded 184 

from 10 epilepsy patients implanted for diagnostic purposes with invasive intracerebral electrodes. 185 

Four different conditions were identified by an experienced clinician based on polysomnography: i) 186 

resting wakefulness (WAKE), ii) REM sleep, iii) the first stable N-REM sleep episode of the night 187 

(NREM1); iv) and the final stable NREM sleep episode of the night (NREM2). The two former 188 

conditions (WAKE and REM) were considered “conscious” conditions, as patients were aware of 189 

their environment during wakefulness and were likely dreaming during REM sleep, whereas the 190 

two latter conditions (NREM1 and NREM2) were considered LOC states (Siclari et al., 2013). For 191 

each condition around 10 minutes of artefact-free recordings were chosen and the same analysis 192 

pipeline was applied as to the macaque ECoG data. 193 

In the sleep data-set gamma-band power exhibited significant effect of a state (χ2=10, p=0.017) 194 

but none of the post-hoc comparisons reached Bonferroni-Holm corrected significance level (Fig. 195 

6). However, in agreement with the anesthesia data analysis, we did find reliable differences 196 

between conscious and unconscious states when comparing magnitude of gamma-band co-197 

activations. Specifically, coupling strength (χ2=21.4, p<0.001) increases during NREM1 in 198 

comparison to both WAKE (p=0.011, dz=1.09) and REM (p=0.011, dz=1.46), and during NREM2 in 199 

comparison to both WAKE (p=0.015, dz=1.41) and REM (p=0.017, dz=1.25). Importantly, we did 200 

not find a difference between conscious conditions (WAKE vs. REM; p=0.92, d=0.38). Further 201 

analyses revealed that density+ (χ2=22, p<0.001) was higher during NREM1 than WAKE (p=0.011, 202 

dz=1.4) and REM (p=0.011, dz=2), whereas NREM2 differed from WAKE (p=0.015, dz=1.43), but 203 

not from REM (p=0.18, dz=0.73). Finally, we found a decrease in proportion of anti-correlations 204 

(χ2=17.2, p<0.001) during NREM1, when compared to both WAKE (p=0.01, dz=2.42) and REM 205 

(p=0.019, dz=2.55), but NREM2 was not different from WAKE (p=0.054, dz=1.67) or REM 206 

(p=0.25, dz=1.07). The spatial distribution of electrodes and the magnitude of changes in gamma 207 



band coupling strength are shown in Fig. 7. Overall, our analyses indicate that also during sleep 208 

hyper-correlated gamma-band activity might constitute a reliable marker of consciousness. 209 

 210 

Discriminative power of gamma-amplitude correlations 211 

In order to test the ability of gamma-band co-activations to discriminate between states we 212 

estimated the Receiver Operating Characteristic (ROC) curves for both anesthesia and sleep data-213 

sets (Fig. 8). ROC curves were calculated at the group level (by using variance across subjects), and 214 

also at the single subject level (by taking advantage of time-resolved analysis and using within-215 

condition variability across time). Area under the ROC curve (AUC) was then estimated to indicate 216 

the discriminative power of gamma-band coupling strength. AUC=0.5 indicates that a given 217 

measure cannot discriminate two conditions above chance level, whereas AUC=0 or 1 means that a 218 

threshold exists which divides all data-points correctly into two classes/conditions (i.e. allows 219 

perfect classification). Typically, measures characterized by AUC<0.25 or >0.75 are considered to 220 

have good discriminative power (Hanley and McNeil, 1982).  221 

In the anesthesia dataset we found that for many sessions the comparison between anesthesia and 222 

wakefulness exhibited AUC approaching 1, especially when propofol, medetomidine, and 223 

ketamine+medetomidine were used (Fig. 8A). This is in agreement with robust anesthesia-induced 224 

changes observed on the level of individual sessions (see: Fig. 2) Conversely, comparisons between 225 

two conscious states (PRE vs. POST) yielded generally lower and more variable values. Further, in 226 

the sleep dataset comparisons between conscious (WAKE, REM) and unconscious (NREM1) states 227 

on the level of individual subjects resulted in AUC values clustered around 0.75, which still 228 

indicates good discriminability (Fig. 8B). At the group level AUC for comparisons between 229 

conscious and unconscious conditions was greater than 0.75 in both datasets. Therefore, measuring 230 

gamma-band amplitude correlations in the resting-state allows reliable discrimination of conscious 231 

and unconscious states. Importantly, such discrimination level is achieved not only at the group 232 

level, but also at the level of individual subjects using very short (5 s) data segments. 233 

 234 

Discussion 235 

Loss of consciousness (LOC) can result from a wide range of causes, including natural sleep, 236 

general anesthesia, or traumatic brain injury. Whereas at the micro-scale level of neuronal circuits 237 

mechanisms of sleep and anesthesia are clearly different, both states result in a similar endpoint of 238 

unresponsiveness and LOC (review: Lydic and Baghdoyan, 2005; Brown et al., 2010). The main 239 

contribution of our work is identifying the same macro-scale correlate of LOC in spontaneous 240 

electrophysiological activity recorded from two different species and across two different 241 



manipulations of conscious level. Specifically, we found that gamma-band activity becomes hyper-242 

correlated globally across cortex during propofol anesthesia and NREM sleep. However, hyper-243 

correlated gamma-band activity was not found during REM sleep, and during ketamine anesthesia it 244 

was present only to a limited and spatially restricted extent (i.e. in the posterior brain regions). To 245 

interpret this finding we refer to a possible dissociation between consciousness and behavioral 246 

responsiveness. Specifically we assume that REM sleep and ketamine anesthesia might represent 247 

unresponsive but conscious states. 248 

 249 

Consciousness, perception, and responsiveness – a possible dissociation 250 

The “stream of consciousness” we experience is an internal and purely subjective phenomenon 251 

(James, 1890). Therefore, we can only infer that others are enjoying a stream of consciousness 252 

based on their ability to process sensory stimuli (perception) and to respond in a goal-directed way 253 

(behavioral responsiveness; Teasdale and Jennett, 1974). Identifying overt behavioral 254 

responsiveness with consciousness is in agreement with common intuitions and is a gold standard in 255 

research and clinical contexts. But it has been suggested that in many instances perception, 256 

responsiveness, and consciousness might be in fact dissociated (see Fig. 1B; Sanders et al., 2012; 257 

Fernandez-Espejo and Owen, 2013; Kouider and Dehaene, 2007). Firstly, during rapid eye 258 

movement (REM) sleep we are able neither to perceive our environment nor to control our 259 

behavior, but we often experience vivid dreams, which in many (though by no means all) respects 260 

are phenomenally similar to waking consciousness (Siclari et al., 2013; review: Nir and Tononi, 261 

2010). Studies using a “serial awakening paradigm” revealed that about 70-80% of awakenings 262 

during REM sleep, but only 30-40% of NREM awakenings, were followed by a recall of conscious 263 

experience (Siclari et al., 2013, 2017). Secondly, ketamine anesthesia results in behavioral 264 

unresponsiveness often accompanied by rich hallucinations, which are unconstrained by the 265 

external environment (Garfield et al., 1972; Collier, 1972; Sarasso et al., 2015). That dissociating 266 

neuronal correlates of consciousness from correlates of responsiveness is feasible has been 267 

demonstrated by TMS-EEG studies, which found low complexity of brain responses during 268 

unconscious states (NREM sleep, propofol or xenon aesthesia), but relatively high complexity 269 

during unresponsive but presumably conscious states (REM sleep, ketamine anesthesia; Casali et 270 

al., 2013; Sarasso et al., 2015). Our finding of gamma-band hyper-correlations during propofol 271 

anesthesia and NREM sleep, but not during ketamine anesthesia and REM sleep, is in line with 272 

these previous findings. Therefore, we hypothesize that gamma-band amplitude-coupling estimated 273 

from spontaneous brain activity might constitute a correlate of consciousness independent of 274 

perception or behavioral responsiveness. 275 



Another hypothesis which can be formulated based on our results states that regional increase in 276 

gamma-band amplitude-coupling is related to local disruption of information processing in a given 277 

brain region. This is suggested when comparing the postulated effects of each anesthetic in terms of 278 

perception and consciousness with the spatial patterns of changes in gamma-band coupling strength 279 

(Fig. 5). Specifically, ketamine resulted in a marked increase of coupling at the occipital (sensory) 280 

brain regions, which is in line with a postulated loss of perception and responsiveness (i.e. 281 

disconnection), but no changes in the frontal (associative) regions, in agreement with maintained 282 

conscious experience during ketamine anesthesia (Garfield et al., 1972; Sarasso et al., 2015). 283 

Conversely, propofol resulted in pronounced increases in coupling strength within both occipital 284 

and frontal regions, which might reflect suppression of both perception and consciousness. Thus, 285 

we propose that relative independence among frontal brain activations (i.e. absence of gamma-band 286 

hyper-correlations) might be necessary in order to support conscious experiences, irrespective of 287 

behavioral responsiveness.  288 

However, limitations of our work in terms of associating gamma-band correlations with 289 

consciousness are: i) lack of behavioral data from continuous assessment of responsiveness and ii) 290 

lack of retrospective subjective reports gathered after recovery from anesthesia and sleep (see: 291 

Sarasso et al., 2015; Nieminen et al., 2016; Siclari et al., 2017). Further, previous human studies in 292 

which subjects reported experiencing dream-like hallucinations used lower doses of ketamine (1.6 293 

mg/kg in Garfield et al., 1972; 2 mg/kg in Sarasso et al., 2015), whereas doses used here were 294 

relatively high (4.3 and 5.9 mg/kg; see Table 1). Yet, irrespective of the presence (or not) of 295 

conscious experiences, our analysis points towards differential effects of anesthetic agents on 296 

macro-scale brain activity. It also allows formulating clear hypotheses for future studies, which can 297 

test the role of gamma-band amplitude-coupling in healthy subjects (from whom subjective reports 298 

will be acquired retrospectively after recovery from sleep or anesthesia) and in patients diagnosed 299 

with disorders of consciousness (who despite persistent behavioral unresponsiveness might actually 300 

be able to perceive their environment and have conscious experiences; Owen et al., 2006; Coleman 301 

et al., 2007; Bekinschtein et al., 2009; Monti et al., 2010; Cruse et al., 2011; Naci et al., 2014). 302 

 303 

Neurophysiological correlates of LOC 304 

Whereas neurophysiological activity recorded during anesthesia has been thoroughly 305 

investigated in terms of spectral content, recent studies have focused on characterizing neuronal 306 

complexity, temporal dynamics, and effective interactions. A rationale behind this line of work is 307 

testing directly neuronal mechanisms hypothesized to give rise to conscious experiences (Seth et al., 308 

2009; Tononi et al., 2016) and consequently providing more explanatorily powerful correlates of 309 



consciousness. A now well-established finding is that complexity of electrophysiological signals 310 

(both spontaneous and event-related) decrease during unconscious states (Casali et al., 2013; 311 

Alonso et al., 2014; Schartner et al., 2015, 2016; Solovey et al., 2015; Tajima et al., 2015; Wang et 312 

al., 2017; Krzemiński et al., 2017). Therefore, the excessive inter-dependence of gamma-band 313 

activity during LOC fits well with these previous results as it might reflect suppression of 314 

information transfer and departure from a critical regime (Chialvo, 2010). In comparison to 315 

previous studies, the primary novel aspects of our work are: (i) a focus on gamma-band activity, 316 

rather than on broadband signals which entail a strong contribution of low frequencies; (ii) analysis 317 

of co-activations (or amplitude-coupling), rather than measures relying mainly on signals phases; 318 

(iii) and a straightforward analysis pipeline, in contrast to more complex methods based on auto-319 

regressive models (Solovey et al., 2015) or state-space embedding (Tajima et al., 2015). Of note, 320 

our finding of hyper-correlated gamma band activity during NREM sleep in humans is in line with 321 

an earlier result of Popa et al. (2009), who found an increase in correlations of gamma-band 322 

amplitudes during NREM sleep in cats. Future studies might provide a link between these different 323 

lines of work by investigating how identified alterations in amplitude-coupling, which is a 324 

hypothesized mechanism modulating activity of neuronal populations (Engel et al., 2013), are 325 

related to changes in effective connectivity and complexity of neuronal signals.  326 

Our analyses did not reveal any systematic differences between conscious and unconscious states 327 

in terms of gamma-band power. Indeed, comparison of topographic maps indicates that increases in 328 

amplitude coupling are unlikely to be explained by changes in power (see: Fig. S5), suggesting it is 329 

not amplitude itself, but rather how neuronal activity is coordinated across brain regions, that is 330 

important in distinguishing conscious states. Considering that gamma activity closely tracks 331 

neuronal firing (Whittingstall and Logothetis, 2009; Le Van Quyen et al., 2016), hyper-correlated 332 

gamma-band might be a macro-scale reflection of a “bursty” activity pattern observed during sleep 333 

and anesthesia (Nir et al., 2011; Lewis et al., 2012; Vizuete et al., 2014; Akeju et al., 2016), as 334 

simultaneous bursts occurring at multiple brain locations might cause strong positive correlations. 335 

Further, the frontal gamma-band hyper-correlations observed during propofol (but also 336 

medetomidine) anesthesia bears some resemblance to the previously reported “alpha 337 

anteriorization” effect, i.e. an increase of alpha band power and coherence over frontal regions 338 

observed during propofol (Supp et al., 2011; Purdon et al., 2013; Chennu et al., 2016) but not 339 

during ketamine anesthesia (Blain-Moraes et al., 2014). Yet, there are also marked differences 340 

between these two effects, as “alpha anteriorization” involves simultaneous decrease of alpha power 341 

over posterior regions, whereas gamma hyper-correlations were actually most pronounced over 342 

posterior areas (during both ketamine and propofol anesthesia). Of note, ketamine and propofol 343 

were shown to result in different spectral changes in human EEG – ketamine increases gamma-band 344 



activity (but reduces alpha-band), whereas propofol reduces gamma-band activity (but increases 345 

alpha; Lee et al., 2013; Blain-Morales et al., 2014). However, our basic analysis of changes in 346 

power did not confirm this pattern (Fig. S7). Finally, because gamma-band power is modulated by 347 

the phase of low-frequency oscillations (Lakatos et al., 2008), changes in cross-frequency 348 

interactions between delta and gamma (e.g. stronger phase-locking of gamma activity) might 349 

potentially drive the observed hyper-correlations. Therefore, a precise mechanism behind hyper-350 

correlated gamma-band activity remains to be established. 351 

Importantly, we found changes in power and coupling strength also in other frequency bands 352 

(see supplementary results for more details). But, first, only delta-band power and gamma-band 353 

coupling constitute correlates of conscious states consistent across data sets (Fig. S7, Fig. S8) and, 354 

second, in the anesthesia data-set only high frequency bands exhibited anesthetic-specific effects 355 

(Fig. S9). Because gamma-band activity is reliably correlated with neuronal firing (Whittingstall 356 

and Logothetis, 2009; Le Van Quyen et al., 2016) we hypothesize that gamma amplitude constitutes 357 

the best proxy for local activations of brain regions and that might account for robustness of 358 

gamma-band results. 359 

Another important feature of gamma-band oscillations is that their amplitude is correlated with 360 

amplitude of fMRI BOLD signal (Logothetis et al., 2001; Niessing et al., 2005). He et al. (2008) 361 

and Keller et al. (2013) revealed a striking correspondence between patterns of BOLD (anti-362 

)correlations and, specifically, gamma-band amplitude (anti-)correlations. Therefore, an increase in 363 

gamma-band coupling might be an electrophysiological process underlying increases in strength of 364 

positive correlations (and decreases in strength of negative correlations) of fMRI BOLD signals 365 

observed during LOC in several previous studies. Firstly, in rats, isoflurane anesthesia resulted in a 366 

spatially non-specific, global increase in strength of positive correlations (Williams et al., 2010). 367 

Secondly, in humans, during moderate propofol sedation two regions hypothesized crucial for 368 

consciousness - precuneus (Liu et al., 2014) and posterior cingulate cortex (Stamatakis et al. 2010) 369 

– exhibited local increase in strength of positive correlations. Thirdly, DMN anti-correlations 370 

decreased during propofol anesthesia (Boveroux et al., 2010), ketamine sedation (Bonhomme et al., 371 

2016), N-REM sleep (Samann et al., 2011), and in unresponsive wakefulness syndrome patients 372 

(Boly et al., 2009; Di Perri et al., 2016). A relation between changes in gamma-band amplitude-373 

coupling and BOLD correlations is in agreement with Engel et al. (2013), who proposed that 374 

whereas the neurophysiological phase-coupling is a distinct mechanism (related to information 375 

routing and transfer), both neurophysiological amplitude-correlations and BOLD signal correlations 376 

reflect the same modulatory mechanism regulating activation of neuronal populations. 377 

There is considerable literature on neuronal and subjective effects of propofol and ketamine, but 378 



medetomidine has received little attention. Consequently, it is more difficult to interpret the 379 

medetomidine-induced effects we observed. In a study of Williams et al. (2010) conducted on rats, 380 

sevoflurane anesthesia was accompanied by a pronounced increase in BOLD signal correlations 381 

(similar to the propofol-induced effect observed here), but medetomidine resulted in only moderate 382 

correlation increase, again in line with the generally moderate effect of medetomidine on gamma-383 

band correlations. However, we found that medetomidine caused an increase in correlations 384 

preferentially in frontal and parietal regions, and thus this might be sufficient to cause LOC. 385 

Interestingly, the spatial pattern of changes in correlations caused by ketamine+medetomidine 386 

seems to result from an additive (linear) effect, rather than an interaction of both anesthetics (Fig. 387 

5). 388 

Overall, using two independent datasets, recorded from two different species and involving two 389 

different manipulations of consciousness, we revealed hyper-correlated gamma-band activity as a 390 

correlate of LOC. Future studies will relate the proposed measure to subjective reports and test its 391 

validity in clinical contexts.  392 

 393 

Methods 394 

Anesthesia data set 395 

The anesthesia dataset analyzed in the present study was recorded at the RIKEN Institute (Japan) 396 

and it is publicly available from the Neurotycho database (http://neurotycho.org/). The protocol was 397 

approved by the RIKEN Ethics Committee.  The following descriptions apply to the original study 398 

(Nagasaka et al., 2011; Yanagawa et al., 2013), which should be consulted if additional details are 399 

sought. The details of the experiment can be also found online (http://wiki.neurotycho.org/ 400 

Anesthesia_and_Sleep_Task_Details). 401 

One macaca mulatta (S) and three macaca fuscata monkeys (G, K, C) took part in the anesthesia 402 

study. The study consisted of 22 experimental sessions, each session conducted on a separate day 403 

(see: Table 1). Four different anesthetic agents were used across sessions: ketamine and 404 

medetomidine (KTMD), ketamine (KT), medetomidine (MD), or propofol (PF). Monkeys S and K 405 

took part in three experimental sessions each, with KTMD only. Monkeys G and C took part in 8 406 

experimental sessions each, 2 sessions per one anesthetic mix. Anesthetics were injected, either 407 

intramuscularly (KTMD, KT, MD) or intravenously (PF). 408 

Electrocorticography (ECoG) data were recorded with a sampling frequency of 1000Hz using a 409 

chronically implanted multichannel electrode arrays (Unique Medical, Japan). The arrays, 410 

consisting of 128 platinum electrodes spaced with 5mm inter-electrode distance, were implanted in 411 

the subdural space and covered the majority of the lateral part of the left hemisphere (Fig. S1). In 412 



two monkeys (K and S) the medial cortical regions were also partially covered. Reference 413 

electrodes were made of rectangular platinum plates located in the subdural space between the 414 

ECoG array and dura. Ground electrodes were placed in the epidural space. 415 

During experiments monkeys were sitting with their head and arms restrained. There was no 416 

specific task, thus the recordings can be considered to reflect spontaneous (resting-state) brain 417 

activity. In each experimental session ECoG data were recorded during five predefined conditions 418 

(states) in the following order: 419 

1. First, a wakefulness (baseline) eyes-open recording lasting between 10-20 minutes was 420 

conducted.  421 

2. Next, monkeys were blindfolded and wakefulness (baseline) eyes-closed data were 422 

acquired. This period was referred to as PRE and used in our analysis as a baseline. Eyes-423 

closed recordings were selected as a baseline as they provide better control when 424 

comparing to anesthesia than eyes-open data.  425 

3. Next an anesthetic agent was injected. Beginning of the anesthesia period (ANES) was 426 

defined as the point at which the monkey did not respond to manipulation of a hand or 427 

touching nostrils with a cotton swab. Once unresponsiveness of a monkey was established 428 

ECoG data were recorded for around 20-30 minutes in KTMD sessions and around 10-15 429 

minutes in KT, MD, or PF sessions.  430 

4. The recovery from anesthesia was either spontaneous (in KT and PF sessions) or caused by 431 

injection of atipamezole, which is an MD antagonist (in KTMD and MD). It was defined as 432 

the point at which the monkey started responding to manipulation of the hand or touching 433 

of the nostril or philtrum with a cotton swab at same sensitivity as during PRE conditions. 434 

After establishing the return of responsiveness wakefulness eyes-closed condition was 435 

again recorded. This period was used in our analysis and is referred to as POST. Of note, 436 

one experimental session was missing data recorded after return of responsiveness (see: 437 

Table 1).  438 

5. As the last step the blindfold was removed from the monkey’s eyes and wakefulness eyes-439 

open data were again acquired. 440 

All further analyses were conducted as a part of the present study. Initially the ECoG signals 441 

were filtered with a high-pass (0.5Hz, filter order 6600) finite impulse response (FIR) filter, low-442 

pass (125Hz, order 106) FIR filter, and band-stop (48-52Hz, order 1650) FIR filter. The low-pass 443 

filtering aimed to prevent aliasing artefacts during subsequent downsampling to 500Hz. These 444 

initial preprocessing steps were followed by visual inspection of the data to check for major 445 

artefacts. We discarded first 60s of recordings from each condition in order to avoid possible non-446 



stationarities related to change in the monkey’s state. To allow easier inter-subjects comparisons we 447 

aimed to obtain signals of the same length and thus, for each subject and condition only the 448 

subsequent 420s (7 minutes) of the signal were taken for the further analysis. Preprocessing was 449 

conducted with custom-written scripts using eeglab12 functions (Delorme and Makeig, 2004). 450 

 451 

Sleep data set 452 

Recordings in human epilepsy patients have been conducted as a part of another study (Pigorini 453 

et al., 2015). Results from the same data have been already published in Schartner et al. (2017). In 454 

agreement with the HORIZON 2020 requirement, the protocol used to collect the patients’ data was 455 

drawn up in accordance with the EU standards of good clinical practice and with the Declaration of 456 

Helsinki (current revision) and is approved by the Ethics Committee of the Niguarda Hospital of 457 

Milan (protocol number: ID 939, Niguarda Hospital, Milan, Italy). The data are treated 458 

confidentially in compliance with good clinical practice as well as in compliance with Italian 459 

specific national laws on the protection of individuals. Patients are informed that personal data are 460 

collected and stored electronically, that can be used for purposes of scientific research and that 461 

dissemination of the results can take place only in an anonymous and / or aggregate form. Patients 462 

are also informed that they have the right to know the data stored, and to update or modify 463 

erroneous data.  464 

The data were derived from a dataset collected during the pre-surgical evaluation of ten 465 

neurosurgical patients with a history of drug-resistant, focal epilepsy. All subjects were candidates 466 

for surgical removal of the epileptogenic zone. The recordings were obtained from stereotactically 467 

implanted multi-lead intracerebral electrodes (Stereo-EEG, SEEG), inserted for the precise 468 

localization of the epileptogenic zone and connected areas (Arnulfo et al., 2015). The investigated 469 

hemisphere, the duration of implantation, the location and number of recording sites were 470 

determined based on non-invasive clinical assessment. 471 

SEEG activity was recorded from platinum-iridium semiflexible multi-contact intracerebral 472 

electrodes, with a diameter of 0.8mm, a contact length of 1.5mm, an inter-contact distance of 2mm 473 

and a maximum of 18 contacts per electrode (Dixi Medical, Besancon France). In addition, scalp 474 

EEG activity was recorded from two platinum needle electrodes placed during surgery on the scalp 475 

at standard 10-20 positions Fz and Cz. Electro-ocular activity was recorded from the outer canthi of 476 

both eyes, and submental electromyographic activity was also recorded. Both EEG and SEEG 477 

signals were recorded using a 192-channel recording system (NIHON-KOHDEN NEUROFAX-478 

110) with a sampling rate of 1000 Hz. Data were recorded and exported in EEG Nihon-Kohden 479 

format. Recordings were referenced to a contact located entirely in the white matter. 480 



In each subject, recordings were made from up to 194 contacts. Preprocessing and artefacts 481 

rejection were performed manually by an expert epileptiologist. Specifically, we excluded from the 482 

analysis those contacts that (i) were located in white matter (as assessed by MRI); (ii) were located 483 

in the epileptogenic zone (as confirmed by post-surgical assessment); (iii) were located over regions 484 

of documented alterations of the cortical tissue (e.g. Focal Cortical Dysplasia; as measured by the 485 

radiographic assessment); or (iv) exhibited spontaneous or evoked epileptiform activity during 486 

wakefulness or NREM (Valentin et al., 2002). The remaining channels were artefact-free and there 487 

was no need to reject any fragments of the signal. The data were imported from EEG Nihon Kohden 488 

format into Matlab and converted using a customized Matlab script. 489 

Fragments of sEEG signals were taken from four different states: i) WAKE: resting-state 490 

wakefulness, which was recorded at various times of day (between 8 am and 6 pm) with subjects 491 

sitting on a bed with eyes closed; ii) REM: a stable episode of rapid-eyes movement sleep; iii) 492 

NREM1: the first stable non-rapid eye-movement (stage 3 as defined by Silber et al., 2007) sleep 493 

episode at night; iv) NREM2: the last stable stage 3 episode at night. Sleep scoring was obtained 494 

according to Silber et al. (2007) using one scalp EEG derivation, together with one bipolar 495 

electrooculographic (EOG) and one electromyographic (EMG) derivation. Using only stage 3 we 496 

avoided potential fluctuations of consciousness during stage 1 and stage 2 sleep. After 497 

preprocessing the length of the retained data sample for each subject and state varied between 7-498 

16min.  499 

Preprocessing of the sleep data set has been done as a part of the Schartner et al. (2017) study. 500 

Specifically, bipolar montages were calculated for sEEG data by subtracting the signals from 501 

adjacent contacts of the same multi-lead electrode to minimize common electrical noise and to 502 

maximize spatial resolution (Cash et al., 2009; Gaillard et al., 2009). To further minimize volume 503 

conduction artefacts, at most every third (bipolar) channel from each electrode was retained for 504 

analysis. After preprocessing channel selection the following number of bipolarly-referenced 505 

channels was retained for 10 included subjects: 22, 23, 18, 22, 23, 28, 31, 29, 25, 26. The data were 506 

downsampled to 250Hz. Location of the electrodes is shown in Fig. 7. Further details can be also 507 

found in Fig. 2 in Schartner et al. (2017), which presents distribution of electrodes according to 508 

brain anatomical lobes.  509 

 510 

Functional co-activations (amplitude coupling) 511 

The analysis pipeline applied to both datasets is schematically depicted in Fig. 1A. First, band-512 

pass filtering was used to isolate activity in the low gamma-band (30-45Hz). Next the Hilbert 513 

transform was used (Matlab function hilbert) to convert band-passed signals to discrete-time 514 



analytic signals for each band. The analytic signals were further down-sampled to 50Hz. We then 515 

calculated an absolute value of the complex signals in order to obtain envelopes, which indicate 516 

time-resolved instantaneous power of each band. Of note, we restricted our analysis to the low 517 

gamma-band, as the Hilbert transform is appropriate for a rather narrow-band signal (when using a 518 

wide frequency range the impact of low frequencies is disproportionally strong). Low gamma-band 519 

is often associated with 40Hz oscillations (Singer and Gray, 1995; Fries, 2009; Crick and Koch, 520 

1990), and therefore we set the lower cut-off to 30Hz. The upper cut-off was set to 45Hz in order to 521 

avoid any influence of the 50Hz line noise. 522 

Further, we aimed to study co-activation between brain regions, here defined as temporal 523 

covariation of amplitudes of brain electrical activity (amplitude-coupling). We thus calculated 524 

Pearson correlation coefficient (Matlab function corrcoef) between the envelopes of every pair of 525 

electrodes. In order to capture the supposedly dynamic and transient interactions the covariation 526 

was estimated within relatively short (5s long) non-overlapping windows. Thus, the 420s long 527 

recordings were divided into 84 windows (in the macaque data set, where data segments of the 528 

same length were extracted). Since the sampling frequency of the envelopes was 50Hz, 250 data-529 

points fell within each window. For each pair of channels and each temporal window before 530 

estimating the correlation coefficient we first excluded the outliers, which were defined as the data-531 

points > or < than 1.5 standard deviation (std) from the mean of a given channel. This way we tried 532 

to ascertain that the correlation reflects continuous covariation of the envelopes over the 5s-long 533 

interval, rather than brief variations in the amplitude (which could reflect some residual artefacts). 534 

We also conducted control analyses with a less conservative criterion (2.5 std) or without removing 535 

the outlier time-points at all, but this did not significantly affect the main results (data not reported). 536 

Calculating correlation coefficient for every pair of electrodes within each window resulted in a 3D 537 

matrix (128 X 128 X 84; in the macaque dataset, where 128 channels were always analyzed) of 538 

correlation coefficient values (r) and a similar matrix of significance values (p). Based on the full 539 

matrices of r-values histograms were created, indicating probability of observing a particular r 540 

value across all time-points and electrodes’ pairs (Fig. S2). Functional co-activations estimated by a 541 

correlation coefficient were then represented as sparse, weighted, signed, time-varying networks, 542 

where only significant interactions were represented, i.e. when p<0.05 the connection maintained its 543 

original strength (r value), but when p>=0.05 the r value was set to 0 and the connection was 544 

considered non-existent. Crucially for our analysis, the networks were signed, i.e. they consisted of 545 

both positive (r>0) and negative (r<0) connections, representing correlations and anti-correlations, 546 

respectively.  547 

The primary measure used in our study was coupling strength, defined as an average over a full 548 

correlation matrix (i.e. both significant and insignificant r values), which might be considered a 549 



single measure of a coupling balance among all brain areas. As our secondary measures we 550 

calculated network’s density, defined as a proportion of existing connections out of all possible 551 

connections in the sparse network. Density was calculated separately for positive (density+) and 552 

negative (density-) connections. To capture the balance between positive and negative interactions 553 

we calculated a proportion of negative to positive connections (density- / density+).  554 

We report results of two control analyses. First, we investigated how varying the length of a 555 

sliding-window used for estimation of correlation coefficients affects the between-conditions 556 

differences (Fig. S6A). Second, it is known that anesthesia results in substantial changes in the 557 

spectral content of brain oscillations. These changes likely affect the observed correlation values. 558 

Therefore for each pair of electrodes we created surrogate data by reshuffling the temporal windows 559 

and, additionally, we imposed a condition that the windows had to be at least 50s apart. We created 560 

84 pairs of such temporally reshuffled windows to match the number of windows pairs in the 561 

original data. Such surrogates allowed estimating the effect of the spectral content on correlation 562 

values, as the spectral content was the same in surrogate and original data. Histograms created 563 

based on the surrogate data are depicted in Fig. S2. We created surrogate-corrected results by 564 

subtracting, for each sessions and condition, coupling strength estimated from surrogates from 565 

original coupling strength, and thus correcting for potential biases resulting from different spectral 566 

properties (Fig. S6B). 567 

 568 

Anatomical modules 569 

In order to investigate the effects of anesthesia on different cortical regions we assigned the 570 

electrodes used for ECoG recordings into five modules identified in the macaque anatomical brain 571 

network. The anatomical modules were investigated in an already published study of Goulas et al 572 

(2014), who estimated the modular structure of the anatomical network based on the dataset and 573 

atlas described in Markov et al (2014). The Markov et al (2014) dataset was derived from gold-574 

standard tract-tracing techniques and offers the complete picture of the anatomical connections 575 

between 29 cortical areas. Hence, based on the Markov et al (2014) data Goulas et al (2014) 576 

constructed a 29x29 directed and weighted graph representing underlying anatomical network and 577 

used a spectral decomposition algorithm in order to detect the network’s modular structure. The 578 

resulting modules were mapped to the atlas of Markov et al 2014 in F99 space. We used the spatial 579 

locations of the ECoG electrodes and macroscopic landmarks of the macaque cortex to assign 580 

ECoG electrodes to the anatomically defined modules found by Goulas et al. (2014). Electrodes 581 

with ambiguous location were left unassigned (see Fig S1). This allowed comparing the effects of 582 

anesthetics within different cortical areas. For details of the anatomical dataset see Markov et al 583 



(2014), and for details of the anatomical network modular decomposition see Goulas et al (2014). 584 

 585 

Statistical analysis 586 

We applied the following statistical analyses to spectral power, coupling strength, density+, and 587 

density-. In Fig. 3, 6, S7, and S8 we compared scalar values of measures (calculated as an average 588 

over electrodes and then median over time-points) among conditions. First, distribution of each 589 

measure was tested within each condition with the Kolmogorov-Smirnoff test. Repeated-measures 590 

ANOVA was used when all conditions had a Gaussian distribution, and non-parametric Friedman 591 

test was used otherwise. When significant effect of a state was found pairwise post-hoc 592 

comparisons were conducted between conditions using either parametric paired-samples t-tests or 593 

non-parametric Wilcoxon tests. Post-hoc tests were corrected for a number of comparisons (3 in the 594 

anesthesia data-set, 6 in the sleep data-set) using the Bonferroni-Holm procedure (Holm, 1979). A 595 

standardized difference score (dz) was calculated as an indicator of the effect size (Cohen, 1988) and 596 

defined as dz = abs(mean(X1 - X2) / std(X1 - X2)) * sqrt(2), where X1 and X2 are values of a 597 

measure from two compared conditions. 598 

In Fig. 4 and S9 we estimated Cohen’s d indicating effect size for comparisons between PRE and 599 

ANES within each session. Specifically, we took advantage of the fact that all measures were 600 

estimated in a time-varying manner (i.e. within 5 s long time-windows) and used within-conditions 601 

variability across time-points to estimate Cohen’s d, which was defined as d = abs(mean(X1) -602 

mean(X2)) / sqrt((std(X1) - std(X2)) /2) ), where X1 and X2 are time-resolved estimates of a 603 

measure from two compared conditions.  604 

In Fig. 5 we investigated topographic effects of anesthesia and analyzed time-resolved nodal 605 

coupling strength (nCS) for each electrode (i.e. we obtained a 128X84 nCS matrix). Next for each 606 

experimental session we calculated a ΔnCSDiff matrix by subtracting median(nCSPRE) from nCSANES. 607 

A vector ΔnCSAvDiff, indicating an average change over PRE baseline was then calculated by 608 

averaging ΔnCSDiff over time. Topographic plots of ΔnCSAvDiff for moneys C and G can be found in 609 

Fig. 5A. In order to emphasize the topographic distribution of changes the color-coding was 610 

adjusted within each session between: [max(ΔnCSAvDiff)*-1, max(ΔnCSAvDiff)]. In Fig. 5B (upper 611 

panel) we plotted ΔnCSAvDiff averaged over electrodes assigned to frontal, parieto-motor, and 612 

occipital anatomical modules. The p values presented in Fig. 5B were calculated by averaging 613 

ΔnCSDiff over electrodes from a given anatomical module and comparing the time-resolved (but 614 

averaged over electrodes) values against zero using a one-sample Wilcoxon test. In Fig. S4 we 615 

present results of statistical analysis conducted in the same way, but for single electrodes (rather 616 

than for data averaged within anatomical modules).  617 



Fig. 5C shows results of a hierarchical agglomerative clustering procedure assessing similarity 618 

of anesthesia-related changes in spatial patterns of gamma-band correlations. The ΔnCSAvDiff vectors 619 

were z-score normalized in order to emphasize spatial, rather than absolute differences and the 620 

Euclidean distance between pairs of normalized vectors was estimated. Next the vectors were 621 

clustered based on the Ward’s criterion (Matlab function linkage). The distance between vectors 622 

and the results of clustering were plotted in the form of dendrograms (Matlab function 623 

dendrogram). This analysis was possible only within subjects due to differences in spatial 624 

arrangements of the ECoG electrodes between subjects. 625 
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 862 
 863 
 864 
 865 
Figure 1. A) Scheme of the data analysis pipeline. (1) Raw EEG signals were (2) band-pass filtered 866 
in the low gamma frequency-range (30-45Hz) and Hilbert-transformed in order to obtain an 867 
envelope (in red), which indicates the instantaneous amplitude of gamma-band activity. Temporal 868 
covariation of envelopes was assessed between all pairs of channels with a Pearson correlation 869 
coefficient. To capture the dynamic and transient aspect of brain interactions, correlations between 870 
envelopes were estimated within 5s-long sliding windows (t1, t2, t3,…). (3) This resulted in a full 871 
correlation matrix for each temporal window (in the scheme different r values are represented by 872 
colors). Coupling strength was then defined as an average over all pairwise correlation coefficient 873 
values (i.e. over the full correlation matrices). (4) Next, correlation matrices were represented as 874 
sparse co-activation networks, where only significant correlations (p<0.05), either positive (red) or 875 
negative (blue), between electrodes (represented by black circles) were maintained. Density, which 876 
indicates the proportion of significant correlations out of all possible correlations, was then 877 
calculated, separately for positive and negative connections. B) Three postulated categories of 878 
consciousness – conscious, unresponsive, and loss of consciousness. 879 
 880 
Figure 2. Temporal dynamics of gamma-band coupling strength within experimental sessions. Two 881 
sessions, in which monkey Chibi was anesthetized either with ketamine (KT) or propofol (PF), were 882 
chosen as representative examples. The black line indicates coupling strength with each data-point 883 
reflecting coupling strength estimated within a 5 s long sliding window. The horizontal lines below 884 
indicate the state of the monkey (PRE – awake baseline; ANES –anesthesia-induced 885 
unresponsiveness; POST – awake after return of responsiveness) and the magenta point the moment 886 
of anesthetic injection. The histograms on the right side indicate probability of observing a given 887 
value of coupling strength in each state. The numbered vertical ticks mark time-points (windows) 888 
for which topographic maps of nodal coupling strength were plotted. Please note the different scale 889 
in the topographic maps of KT and PF sessions.   890 
 891 
Figure 3. Gamma-band power and co-activations during wakefulness and anesthesia – data from 892 
macaque monkeys. Four measures are presented: spectral power (A), coupling strength (B), positive 893 
correlations (density+; C), and proportion of negative (anti-) correlations (i.e. density-/density+; D). 894 
In the left panel each triplet of data-points on the x axis represents three states (PRE, ANES, POST) 895 
from one experimental session. In the right panel the same data are re-plotted - data points joined by 896 
a line represent one experimental session and colors distinguish between monkeys. Please note 897 
missing post data in one of monkey C’s experimental sessions.  898 
 899 
Figure 4. Anesthetics-specific effects on gamma-band power and co-activations. (A-D) Changes 900 
over pre-anesthesia baseline (i.e. ANES – PRE) are presented. Each marker represents one 901 
experimental session, marker’s color indicates the monkey, while the shape indicates whether or not 902 
the effect size (Cohen’s d) of within-subject comparison between ANES and PRE was greater than 903 
0.6. 904 
 905 
Figure 5. Effects of different anesthetics on topography of gamma-band co-activations. A) 906 



Anesthesia-related changes in gamma-band coupling strength over pre-anesthesia baseline (i.e. 907 
ANES – PRE) are presented for two monkeys anesthetized with all four anesthetic agents (C and 908 
G). Each map presents results from one experimental session. Greater values, reflected by more 909 
intense red color, indicate that a given electrode exhibited greater increase in correlation coefficient 910 
values during anesthesia. In order to emphasize spatial, rather than absolute effects, the data were 911 
normalized within each session. B) Change in nodal (local) coupling strength plotted for frontal 912 
(Fr.), parieto-motor (Par.), and occipital (Occ.) modules. Here data from monkeys K and S are also 913 
included. Each triplet of data-points joined by a line represents one experimental session. Filled 914 
circles indicate significant (p<0.05; Bonferroni corrected) change over baseline. Assignment of 915 
electrodes into specific modules can be found in Fig. S1. C) Dendrograms indicating similarity of 916 
topographical patterns of changes caused by various anesthetic agents. This analysis was conducted 917 
only within subjects due to different localization of the ECoG electrodes across monkeys. 918 
 919 
Figure 6. Gamma-band power and co-activations during wakefulness and sleep – data from 10 920 
human subjects. The same four measures are plotted in the same convention as in Fig. 3. 921 
 922 
Figure 7. Changes in gamma-band nodal coupling strength during sleep. In A changes observed 923 
during NREM1 in comparison to wakefulness (NREM1 - WAKE) plotted individually for each 924 
subject. In B differences between conditions plotted collectively for all subjects. R-right; L-left; D-925 
dorsal; V-ventral; P-posterior; A-anterior. 926 
 927 
Figure 8. Gamma-band co-activations allow reliable discrimination between conditions. Receiver 928 
Operating Characteristic (ROC) curves were calculated for comparisons of coupling strength 929 
between conditions, both at the individual and group level, and area under the curve (AUC) was 930 
taken as an indicator of discriminative power. 931 
 932 
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Table 1. Experimental sessions conducted in the macaque anesthesia study 992 

Monkey Nr. Code Experiment date Anesthetic agent (mg/kg) Notes 

Kin2 (K) 

1 K-1 2011.05.13 KT-MD (4.7; 0.019)  

2 K-2 2011.05.25 KT-MD (4.7; 0.019)  

3 K-3 2011.05.24 KT-MD (4.7; 0.019)  

Su (S) 

4 S-1 2011.05.23 KT-MD (8.8; 0.053)  

5 S-2 2011.05.27 KT-MD (8.8; 0.053)  

6 S-3 2011.05.26 KT-MD (8.8; 0.053)  

Chibi (C) 

7 C-1 2011.06.22 KT-MD (4.7; 0.019)  

8 C-2 2011.06.21 KT-MD (4.7; 0.019) Missing Post data 

9 C-3 2012.08.09 MD (0.017)  

10 C-4 2012.07.20 MD (0.017)  

11 C-5 2012.08.13 KT (4.3)  

12 C-6 2012.07.19 KT (4.3)  

13 C-7 2012.08.02 PF (5.2)  

14 C-8 2012.07.30 PF (5.2)  

George (G) 

15 G-1 2011.01.12 KT-MD (5.6; 0.011)  

16 G-2 2011.01.13 KT-MD (5.6; 0.011)  

17 G-3 2012.08.14 MD (0.019)  

18 G-4 2012.07.26 MD (0.019)  

19 G-5 2012.07.24 KT (5.9)  

20 G-6 2012.08.10 KT (5.9)  

21 G-7 2012.08.03 PF  (5)  

22 G-8 2012.07.31 PF (5)  
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Supplementary results and discussion 1023 

Control analyses 1024 

We conducted two additional analyses on the macaque anesthesia data-set to further support our 1025 

findings. First, we show that reported effects can be found irrespective of the sliding window 1026 

length, i.e. not only when using the 5 s long window (as in the main analysis), but also with shorter 1027 

(3 s) and longer (10, 30, 60 s) windows (Fig. S6). Second, when comparing temporal covariation of 1028 

signals between conditions the potential differences might, at least partially, stem from differences 1029 

in amplitude and spectral content of the signals. Thus, we created surrogate data by shuffling the 1030 

temporal order of windows within conditions (see: Methods section). However, coupling strength in 1031 

the surrogate data was close to zero and thus surrogate-corrected results did not differ from the 1032 

original results (Fig. S6). This indicates robustness of coupling strength to changes in amplitude of 1033 

signals. Therefore, between-conditions differences in coupling strength do not stem directly from 1034 

the differences in spectral profiles of signals, but rather from changes in the spatio-temporal 1035 

coordination of activity. 1036 

 1037 

Analysis of other frequency bands 1038 

In the present study we investigated gamma-band oscillations (30-45Hz) in different states of 1039 

consciousness. We focused on the gamma-band for the following reasons: 1040 

First, previous studies indicate that gamma-band activity is reliably correlated with neuronal 1041 

firing rate (Whittingstall and Logothetis, 2009; Le Van Quyen et al., 2016) and thus changes in 1042 

gamma might be interpreted as reflecting changes in spiking activity during loss of consciousness. 1043 

At the same time (and likely for the same reason) amplitude of gamma-band oscillations is 1044 

correlated with fMRI BOLD signal amplitude (Logothetis et al., 2001; Niessing et al., 2005), 1045 

therefore studying gamma might provide physiological basis for effects previously observed using 1046 

fMRI. Finally, changes in the gamma-band might be more directly related to existing theories of 1047 

cortical processing, as gamma oscillations are hypothesized to constitute a basic computational 1048 

process implemented in the brain (e.g. Fries et al., 2007). 1049 

Second, additional analyses of other frequency bands suggest that gamma-band coupling is the 1050 

most promising correlate of LOC. Specifically we analyzed power (amplitude) and coupling 1051 

strength for delta (1-4Hz), theta (4-8Hz), alpha (8-14Hz), and beta (20-30Hz) bands. Results of 1052 

between-conditions post-hoc comparisons, which were conducted when ANOVA or the Friedman 1053 

test indicated a significant effect of a state, are presented in Fig. S7 (macaque anesthesia data) and 1054 

in Fig. S8 (human sleep data). To briefly summarize, in line with many previous studies we found a 1055 

robust increase of delta power during anesthesia and NREM sleep. Further, analyzing co-activation 1056 



patterns in the macaque anesthesia data we found that increase in coupling strength in theta, alpha, 1057 

and beta bands was also related to loss of consciousness. But changes in these bands were not 1058 

replicated when analyzing the sleep data. Therefore, the between data-sets consistency suggests that 1059 

the delta-band power and gamma-band amplitude-coupling constitute most robust correlates of 1060 

consciousness and these changes are most likely to be replicated by future experiments. 1061 

Third, as pointed out above, in the macaque anesthesia dataset coupling strength increased 1062 

during anesthesia in lower (theta, alpha) and higher (beta, gamma) frequency bands. But when 1063 

investigating anesthetics-specific effects (Fig. S9) we noticed that a reliable association between an 1064 

anesthetic used and a magnitude of a change can be found only in higher bands. The theta-band also 1065 

exhibits robust increase in correlations during sedation but: i) there is high variability between 1066 

subjects concerning the magnitude of the increase and, ii) the change is not correlated with the type 1067 

of anesthetic agent used. Therefore, higher frequencies might better reflect different mechanism of 1068 

action of various anesthetics. 1069 
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Supplementary figures 1085 

 1086 

Figure S1. Electrode locations and anatomical modules in the anesthesia study. (A) Locations of 1087 
electrodes for four monkeys tested in the anesthesia study. Colors indicate assignments of 1088 
electrodes to the five anatomical modules detected by Goulas et al. (2014). Electrodes not assigned 1089 
to any module are plotted in black.  1090 



 1091 

Figure S2. Anesthesia data-set histograms. Histograms indicate probability of observing a given 1092 
correlation coefficient value within a full temporal correlation matrix (i.e. over all pairs of channels 1093 
and all time-points). Both original data (upper panels) and surrogate data (lower panels) from six 1094 
representative sessions are plotted. 1095 



 1096 

Figure S3. Nodal gamma-band coupling strength plotted for three conditions for 12 (out of 22) 1097 
representative sessions.  1098 
 1099 



 1100 
Figure S4. Anesthesia-related changes in gamma-band coupling strength over pre-anesthesia 1101 
baseline (i.e. ANES – PRE).  Each map presents results from one experimental session. Electrodes 1102 
in color exhibited a significant change over pre-anesthesia baseline (p<0.05, Bonferroni corrected 1103 
within each session), whereas electrodes in black did not exhibit a significant change. The maps of 1104 
monkeys C and G are the same as in Fig. 5, but here they are not normalized. 1105 



 1106 

Figure S5. Anesthetics-specific topographic effects on gamma-band power. Compare to Fig. 5. 1107 
 1108 
 1109 
 1110 
 1111 



 1112 
Figure S6. Control analyses conducted in the anesthesia data-set. Each triplet of data-points joined 1113 
by a line represents one experimental session and colors indicate monkeys (as in Fig. 3). To 1114 
facilitate comparison of anesthesia-induced effect results from each session are normalized by 1115 
subtracting the ANES values (i.e. presented as Δcoupling strength). The data are visualized but not 1116 
compared statistically. In A results obtained with different lengths of the sliding-window are 1117 
plotted. Results obtained with the 5s-long window are the same as those presented in Fig. 3. In B 1118 
surrogate-corrected results are presented. The original data presented in the left column are the 1119 
same as those presented in Fig. 3. Surrogate corrected results were estimated by subtracting the 1120 
value obtained from the surrogates from the original value (for each session and condition). 1121 



 1122 
Figure S7. Power and coupling strength during wakefulness and anesthesia across all frequency 1123 
bands – data from macaque monkeys. 1124 



 1125 
Figure S8. Power and coupling strength during wakefulness and anesthesia across all frequency 1126 
bands – data from human subjects. 1127 



 1128 
Figure S9. Anesthetics-specific effects on power and coupling strength in all frequency bands. 1129 
Results presented in the same convention as in Fig. 4. 1130 
 1131 


