
MIT Open Access Articles

Electroencephalogram signatures of ketamine anesthesia-induced

unconsciousness

The MIT Faculty has made this article openly available. Please share

how this access benefits you. Your story matters.

Citation: Akeju, Oluwaseun, et al. “Electroencephalogram Signatures of Ketamine

Anesthesia-Induced Unconsciousness.” Clinical Neurophysiology 127, 6 (June 2016):

2414–2422 © 2016 International Federation of Clinical Neurophysiology

Published Version: http://dx.doi.org/10.1016/J.CLINPH.2016.03.005

Publisher: Elsevier

Permanent Link: http://hdl.handle.net/1721.1/112233

Version: Author's final manuscript: final author’s manuscript post peer review, without

publisher’s formatting or copy editing

Terms of use: http://creativecommons.org/licenses/by-nc-nd/4.0/

https://libraries.mit.edu/forms/share-your-open-access-story


Electroencephalogram Signatures of Ketamine-Induced 
Unconsciousness

Oluwaseun Akeju1,2, Andrew H. Song3, Allison E. Hamilos2,4,5, Kara J. Pavone1, Francisco 
J. Flores1,2,3, Emery N. Brown1,2,3,4,5, and Patrick L. Purdon1,2,3

1Department of Anesthesia, Critical Care and Pain Medicine, Massachusetts General Hospital, 
Boston, MA, USA

2Harvard Medical School, Boston, MA, USA

3Department of Brain and Cognitive Science, Massachusetts Institute of Technology, Cambridge, 
MA, USA

4Harvard-Massachusetts Institute of Technology Division of Health Sciences and Technology, 
Massachusetts Institute of Technology, Cambridge, MA, USA

5Institute for Medical Engineering and Sciences, Massachusetts Institute of Technology, 
Cambridge, MA, USA

Abstract

Objectives—Ketamine is an N-methyl-D-aspartate receptor antagonist commonly administered 

as a general anesthetic. However, circuit level mechanisms to explain ketamine-induced 

unconsciousness in humans are yet to be clearly defined. Disruption of frontal-parietal network 

connectivity has been proposed as a mechanism to explain this brain state. However, this 

mechanism was recently demonstrated at subanesthetic doses of ketamine in awake-patients. 

Therefore we investigated whether there is an electroencephalogram (EEG) marker for ketamine-

induced unconsciousness.

Methods—We retrospectively studied the EEG in 12 patients who received ketamine for the 

induction of general anesthesia. We analyzed the EEG dynamics using power spectral and 

coherence methods.

Results—Following the administration of a bolus dose of ketamine to induce unconsciousness, 

we observed a “gamma burst” EEG pattern that consisted of alternating slow-delta (0.1-4 Hz) and 
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gamma (~27-40 Hz) oscillations. This pattern was also associated with increased theta oscillations 

(~4-8 Hz) and decreased alpha/beta oscillations (~10-24 Hz).

Conclusions—Ketamine-induced unconsciousness is associated with a gamma burst EEG 

pattern.

Significance—We postulate that the gamma burst pattern is a thalamocortical rhythm based on 

insights previously obtained from cat neurophysiological experiments. This EEG signature of 

ketamine-induced unconsciousness may offer new insights into general anesthesia induced brain 

states.
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Introduction

Ketamine is an N-methyl-D-aspartate (NMDA) receptor antagonist that is used as a 

dissociative anesthetic (Domino et al. , 1965, Corssen et al. , 1966), a research model for 

schizophrenia (Insel, 2010), and a fast acting treatment for major depressive disorder (Zarate 

et al. , 2006). At low doses, ketamine produces a dissociative state characterized by 

hallucinations, altered sensory perception and analgesia, while at higher doses it induces a 

state of unconsciousness appropriate for general anesthesia. For instance, an intravenous 

induction dose of ketamine (1-2mg/kg) causes a rapid loss of consciousness that typically 

lasts for approximately 10 minutes (White et al. , 1985, Vuyk et al. , 2015). The use of 

ketamine as a general anesthetic in clinical practice is commonplace. For instance, during 

the recent propofol drug shortage in the United States, ketamine was one of the few 

alternative agents available for the induction of general anesthesia. However, we do not yet 

understand the circuit level mechanisms to explain ketamine-induced unconsciousness, and 

lack principled neurophysiological signatures that could be used to monitor the brain during 

ketamine-induced unconsciousness.

At the receptor level, ketamine blocks excitatory NMDA receptors on fast-spiking cortical 

interneurons more effectively than those on pyramidal neurons. This results in down 

regulation of inter-neuron activity, and decreased GABA release at the interneuron-

pyramidal neuron synapse (Homayoun et al. , 2007, Seamans, 2008). This decrease in 

inhibitory tone (decreased GABA release) results in markedly excited pyramidal neurons. 

This explains why ketamine is associated with increased cerebral glucose utilization and 

blood flow (Langsjo et al. , 2004, Langsjo et al. , 2005), and increased EEG gamma 

oscillations (Ferrer-Allado et al. , 1973, Schwartz et al. , 1974, Schultz et al. , 1990, 

Engelhardt et al. , 1994, Hering et al. , 1994, Lee et al. , 2013, Blain-Moraes et al. , 2014). 

Thus, the neurophysiological profile observed during ketamine-induced unconsciousness, 

which is suggestive of an active brain, is perplexing and remains a subject of intense interest 

in neuroscience.

Induction and maintenance of general anesthesia is associated with morbidity and mortality 

risks (Arbous et al. , 2005, Cottrell, 2008). Therefore, human volunteer research studies of 
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ketamine at general anesthesia levels are limited and challenging. However, an emerging 

paradigm to understand better the mechanisms of anesthetic action is to study 

electroencephalogram (EEG) recordings obtained during routine clinical care, and relate 

neurophysiological findings to the behavioral state encountered, and known neural circuit 

level mechanisms. We have found this approach an effective means to provide key insights 

into the mechanisms of anesthetic ac(Akeju et al. , 2014, Purdon et al. , 2015a, Pavone et 

al. , 2016).

Therefore, we retrospectively studied the EEG (n=12) during unconsciousness induced by 

ketamine using spectral and coherence analysis methods. We report that ketamine-induced 

unconsciousness defined by the behavioral state of unresponsiveness to verbal and tactile 

stimuli is associated with a characteristic gamma burst pattern (slow oscillations alternating 

with gamma oscillations), and we relate this pattern to cat neurophysiological experiments to 

suggest that the gamma burst pattern is a thalamocortical rhythm.

Materials and Methods

Patient Selection and Data Collection

The Human Research Committee at Massachusetts General Hospital approved this 

retrospective observational study. We reviewed our database of general anesthesia and 

simultaneous EEG recordings collected between September 1, 2011 and December 1, 2015. 

We identified 12 cases with baseline EEG recordings and ketamine (10 mg/mL; Bioniche 

Pharma, Lake Forest, IL) administration as the sole hypnotic agent for induction of general 

anesthesia. The EEGs of the 12 subjects were each reviewed for spectral artifacts and noise, 

and based on chart review, none of the patients had neurological or psychiatric abnormalities 

that could have interfered with the EEG.

Frontal EEG data were recorded using the Sedline brain function monitor (Masimo 

Corporation, Irvine, CA). The EEG data were recorded with a pre-amplifier bandwidth of 

0.5 to 92 Hz, sampling rate of 250 Hz, with 16-bit, 29 nV resolution. The standard Sedline 

Sedtrace electrode array records from electrodes located approximately at positions Fp1, 

Fp2, F7, and F8, with ground electrode at Fpz and reference electrode approximately 1 cm 

above Fpz. Electrode impedance was less than 5k in each channel.

For all 12 patients, we selected EEG data segments by matching information from the 

electronic anesthesia record (Metavision, Dedham, MA) to the EEG and further confirmed 

the match by EEG analysis in the spectral domain (i.e. onset of anesthetic vapor on the 

electronic anesthesia record was manifest on the EEG by large power in slow, alpha and beta 

frequency bands). The electronic medical record was used to confirm ketamine as the sole 

hypnotic agent administered (isoflurane, sevoflurane, desflurane and nitrous oxide were not 

co-administered). Prior to the induction of general anesthesia with a bolus dose of ketamine, 

(n=8; mean ± standard deviation; 1.8± 0.5 mg) and/or fentanyl (n=9; 183 ± 79 mcg) were 

administered for anxiolysis and to block the sympathetic response to laryngoscopy, 

respectively. General anesthesia was induced with ketamine (mean ± standard deviation; 176 

± 32 mg) and intubation was carried out using succinylcholine, cisatracurium, or rocuronium 

for muscle relaxation. The gamma burst epochs were obtained 131 ± 86 seconds after the 
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induction of general anesthesia, while the beta/gamma stable epochs were obtained 467 

± 106 seconds after the induction of general anesthesia. We defined gamma burst as gamma-

oscillations that were interrupted by slow-delta oscillations, and beta/gamma stable as beta/

gamma oscillations that were not interrupted by slow-delta oscillations. Given the doses of 

ketamine administered, and the underlying pharmacokinetic and pharmacodynamic 

properties of ketamine (Vuyk et al. , 2015), we infer that the plasma levels of ketamine 

during the gamma burst were at therapeutic levels for unconsciousness, while the plasma 

levels of ketamine during the beta/gamma stable pattern were transitioning from therapeutic 

to sub-anesthetic levels.

Table 1 summarizes the patient characteristics and co-administered medications. 

Immediately prior to muscle relaxation and airway instrumentation, the patients (n=12) did 

not respond to both verbal commands and lash reflex. During this period, the EEG was 

noted to be in the gamma burst pattern by time domain visualization. For all epochs 

analyzed, general anesthesia was maintained by the induction dose of ketamine previously 

administered. That is, no other anesthetics were administered during the gamma burst and 

beta/gamma stable epochs. Muscle relaxation was maintained with cisatracurium or 

rocuronium, and none of the patients in our study cohort experienced post-operative recall.

Spectral Analysis

For each patient, we computed the power spectrum and spectrogram using multitaper 

spectral methods implemented in the Chronux toolbox (Percival et al. , 1993). To obtain 

estimates of power spectra that are robust to noise and artifacts, we derived an EEG 

electrode that equally weighted the signals obtained from Fp1, Fp2, F7 and F8 (average of 

all four channels). The parameters for the multitaper spectral analysis were: window length 

T = 2s with no overlap, time-bandwidth product TW = 3, number of tapers K = 5, and 

spectral resolution of 3 Hz. We also computed group-level spectrograms by taking the 

median across all patients. We did not normalize the EEG power, rather we computed the 

absolute power. We calculated the median spectra and 95% confidence intervals using a 

bootstrap procedure. Bootstrap samples for the spectrum were drawn from the full sample of 

data, consisting of 60 non-overlapping 2-second EEG windows for each subject. We 

computed the median spectrum across subjects and repeated this procedure 10,000 times to 

obtain bootstrapped spectral estimates of the median.

Coherence Analysis

The coherence Cxy(f) between two signals x and y is defined as

where Sxy(f) is the cross-spectrum between the signals x(t) and y(t), Sxx(f) is the power 

spectrum of the signal x(t) and Syy(f) is the power spectrum of the signal y(t). The coherence 

can be interpreted as a frequency-dependent correlation coefficient, and also as a measure of 

association between two signals at the same frequency. The coherogram is a time-varying 
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version of the coherence, estimated using consecutive windows of EEG data. We estimated 

the coherence between the two distant frontal EEG electrodes FP1-F7 and FP2-F8 for each 

patient using multitaper methods and cohgramc function implemented in the Chronux 

toolbox (Percival et al. , 1993). The parameters for the multitaper coherence analysis, and 

methods for calculating the group-level coherograms and median coherence were the same 

as those outlined for spectral analysis.

Statistical Analysis

To assess statistical significance for the difference in spectra and coherence at each 

frequency, we computed the 95% confidence interval of the median difference between 

groups by using an empirical bootstrap approach. We resampled spectral and coherence 

estimates for each non-overlapping window to obtain replicates of the estimates for each 

subject and took the median value across subjects for each group. We took the difference 

between two median estimates, repeated this 10,000 times and calculated the 95% 

confidence interval of the median difference at each frequency. To account for the 

underlying spectral resolution of the spectral and coherence estimates, we considered 

differences to be significant only if they are present for contiguous frequencies over a 

frequency band wider than the spectral resolution, 2W.

Results

Spectral analysis

Gamma Burst versus Baseline Power Spectra—Immediately after the induction of 

general anesthesia, we observed a “gamma burst” pattern (n = 12), consisting of gamma 

oscillations alternating with slow oscillations (Fig. 1), that eventually transitioned to a “beta/

gamma stable” pattern in all of the subjects (n = 11). Figure 2 is an illustrative spectrogram 

showing the evolution of the gamma burst pattern after an induction dose of ketamine. The 

gamma burst EEG pattern was evident in all patients studied. We computed group level 

spectrograms (Fig. 3) and found that compared with baseline, gamma burst exhibited 

increased power in the slow, delta, theta and gamma frequency ranges (Fig. 3A,B). To 

describe these differences, we compared the spectra during gamma burst to baseline spectra 

and found significant differences in power (Fig. 4A,B; gamma burst > baseline, 0.1-8.3 Hz, 

26.9-50 Hz; gamma burst < baseline, 10.3-24.4 Hz;). The peak median difference (gamma 

burst – baseline) in slow-delta power (power difference [95% confidence interval]) was 6.9 

dB [4.8 dB, 9 dB] at 0.5 Hz. The peak median difference in theta power was 4.6 dB [3.6 dB, 

5.7 dB] at 4.4 Hz. The peak median difference in beta power was −3.5 dB [−4.3 dB, −2.7 

dB] at 18.5 Hz. The peak median difference in gamma power was 7.5 dB [5.7 dB, 9.4 dB] at 

39.1 Hz. Thus, the largest changes occurred in the slow-delta and gamma frequency bands.

Beta/gamma stable versus Baseline Power Spectra—Compared to baseline, we 

observed differences in the raw EEG and spectrograms during the beta/gamma stable 

pattern. The spectrogram during the beta/gamma stable pattern exhibited increased power in 

theta and gamma frequency bands (Fig. 3A,C). To describe these differences, we compared 

the spectra during beta/gamma stable to baseline spectra and found significant differences in 

power (Fig. 4C,D; beta/gamma stable > baseline, 0.1-7.8 Hz, 31.25-40.5 Hz; gamma burst < 
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baseline, 9.2-26.9 Hz, 44.9-48.3 Hz). The peak median difference (beta/gamma stable – 

baseline) in slow-delta power was 3.9 dB [3 dB, 4.9 dB] at 3.9 Hz. The peak median 

difference in theta power was 5.4 dB [4.4 dB, 6.4 dB] at 4.4 Hz. The peak median difference 

in beta power was −5.7 dB [−6.5 dB, −4.7 dB] at 18.1 Hz. The peak median difference in 

gamma power was 1.8 dB [0.7 dB, 2.8 dB] at 39.5 Hz. Thus, there was a further decrease in 

beta power with decreasing ketamine plasma levels necessary to maintain unconsciousness.

Ketamine Gamma Burst versus Beta/gamma stable Power Spectra—Compared 

to gamma burst, we observed differences in the raw EEG and spectrograms during the beta/

gamma stable pattern. The spectrogram during the beta/gamma stable pattern exhibited 

decreased power in the slow and gamma frequency bands (Fig. 3B,C). To describe these 

differences, we compared the spectra during gamma burst to beta/gamma stable and found 

significant differences in power (Fig. 4E,F; beta/gamma stable < gamma burst, 0.1-3.4 Hz, 

16.1-50 Hz). The peak median difference (beta/gamma stable – gamma burst) in slow-delta 

power was −5.2 dB [−7.3 dB, −3.1 dB] at 0.5 Hz. The peak median difference in beta power 

was −1.8 dB [−2.7 dB, −0.9 dB] at 15.6 Hz. The peak median difference in gamma power 

was −7.9 dB [−4.7 dB, −6.3 dB] at 41.5 Hz. Thus, as ketamine plasma levels decreased in 

the transition from burst to beta/gamma stable patterns, so too did EEG power within the 

slow-delta, beta, and gamma bands, suggesting a dose-response relationship. The largest 

changes occurred within the slow-delta and gamma bands.

Coherence analysis

Gamma Burst versus Baseline Coherence—Compared to baseline, we observed 

coherent gamma oscillations in the coherogram during gamma burst (Fig. 5). To describe 

these differences, we compared the coherence during gamma burst to baseline and found 

significant increases in coherence (Fig. 6A,B; gamma burst > baseline, 27.9-48.9 Hz). The 

peak median gamma coherence difference was at 38.6 Hz.

Beta/gamma stable versus Baseline Coherence—Compared to baseline, we also 

observed coherent gamma oscillations in the coherogram during beta/gamma stable (Fig. 5). 

To describe these differences, we compared the coherence during beta/gamma stable to 

baseline and found significant increases in coherence (Fig. 6C,D; beta/gamma stable > 

baseline, 25.4–28.3 Hz, 30.8–45.5 Hz). The peak median gamma coherence difference was 

at 38.6 Hz.

Gamma Burst versus Beta/gamma stable—We found that the beta/gamma stable and 

gamma burst group coherograms exhibited similar pattern of increased coherence in theta 

and gamma frequency bands (Fig. 5). When we examined the coherence structure of these 

periods, we did not find significant differences in coherence (Fig. 6E,F).

Discussion

Disruption of frontal-parietal network connectivity was recently proposed to explain 

ketamine-induced unconsciousness (Lee et al. , 2013, Blain-Moraes et al. , 2014). However, 

more recently, disruption of frontal-parietal network connectivity was demonstrated at 

subanesthetic doses of ketamine in awake-patients (Muthukumaraswamy et al. , 2015). This 
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mechanism has been postulated instead to explain the rapid anti-depressant effect of 

ketamine (Muthukumaraswamy et al. , 2015). This discrepancy highlights the need to 

understand in greater detail the underlying neurophysiological dynamics associated with 

ketamine-induced unconsciousness.

Ketamine is commonly associated with increased gamma oscillations in humans (Akeju et 

al. , 2015, Purdon et al. , 2015b). Our findings reveal novel oscillatory EEG dynamics, 

namely the gamma burst pattern, and its transition into a beta/gamma stable pattern, that 

occur during ketamine-induced unconsciousness. Following an intravenous induction dose 

of ketamine (1-2mg/kg), loss of consciousness is rapidly achieved (White et al. , 1985, Vuyk 

et al. , 2015). During this state, patients are not responsive to commands or painful stimuli, 

and by definition are in a general-anesthetic state. Therapeutic plasma ketamine levels, and 

the behavioral state of unconsciousness typically lasts for approximately 10 minutes, 

followed by a dissociative brain-state that may persist for hours (White et al. , 1985, Vuyk et 

al. , 2015). These findings may relate to the circuit level mechanism of the behavioral state 

that is induced by this drug at surgical anesthesia levels.

Slow Oscillations during Ketamine-Induced Unconsciousness

It has been hypothesized that the removal of substantial subcortical excitatory inputs to the 

cortex is associated with slow-delta oscillations on the EEG . We found that after general 

anesthesia induction with ketamine, the EEG exhibited slow oscillations that alternated with 

gamma oscillations. The gamma burst pattern has been previously reported during 

unconsciousness in a visual time-domain description of the pediatric EEG under ketamine 

(Rosen et al. , 1976). However a neural circuit hypothesis has never been proposed for this 

finding. The principal glutamatergic arousal pathways emanating from the brainstem are 

NMDA-mediated glutamatergic projections from the parabrachial nucleus and the medial 

pontine reticular formation to the thalamus (Saper et al. , 1980, Fulwiler et al. , 1984, Boon 

et al. , 2008, Fuller et al. , 2011, Kaur et al. , 2013). The parabrachial nucleus also directly 

sends glutamatergic projections to the basal forebrain (Moga et al. , 1990). Administration of 

a large-dose of ketamine could lead to disruption of these major glutamatergic excitatory 

pathways from the parabrachial nucleus and the medial pontine reticular formation to the 

thalamus and basal forebrain. This would lead to decreased excitatory inputs from the 

thalamus to the cortex and from the basal forebrain to the cortex, resulting in slow-delta 

oscillations (Pavone et al. , 2016). Slow-delta oscillations could also be produced by the 

direct actions of ketamine on the thalamus. Recent rodent experiments have shown that 

increases in delta power in the frontal cortex induced by NMDA-antagonism have a thalamic 

source (Kiss et al. , 2011, Zhang et al. , 2012). This does not rule out a loss of brainstem 

excitation as a mechanism for slow oscillations induced by high-dose ketamine. Rather, it 

suggests that loss of excitation occurs at afferent synapses in the thalamus, rather than in the 

brainstem. Other evidence suggests that the thalamus plays an essential role in the 

generation of ketamine-induced slow oscillation. The gamma burst pattern has been 

described in cat neurophysiological studies (Miyasaka et al. , 1968, Kayama et al. , 1972). In 

the intact cat, ketamine induced this oscillatory dynamic in the neocortex, thalamus, caudate 

nucleus, hippocampus, and brain stem (Miyasaka et al. , 1968, Kayama et al. , 1972). 
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Together, these previous studies suggest that ketamine could act by blocking NMDA inputs 

emanating from the brainstem to the thalamus.

Maksimow et al. studied the EEG under ketamine-induced general-anesthesia by 

maintaining an infusion of S-ketamine in healthy human volunteers (Maksimow et al. , 

2006). The authors reported a phenomenon of fast gamma spindles in all subjects during 

general anesthesia (Maksimow et al. , 2006). It is likely that the fast gamma spindles and the 

gamma burst pattern we report in this manuscript are the same neurophysiological 

phenomenon. The transition from the gamma burst pattern to the beta/gamma stable pattern 

that we report is likely due to decreasing plasma levels of ketamine after the single induction 

bolus we administered. Thus, repeated boluses of ketamine will induce these slow 

oscillations (Schwartz et al. , 1974), or an infusion of ketamine at general anesthetic levels 

will maintain these slow oscillations (Rosen et al. , 1976, Maksimow et al. , 2006). The slow 

oscillations observed during gamma burst and those that have been described for 

GABAergic general anesthetic agents may result from different neural circuit mechanisms, 

and thus they may exhibit different spatiotemporal distribution, and functional 

characteristics (Mori et al. , 1971).

Ketamine-Induced Gamma, Theta, and Decreased Beta Oscillations

Identifying the roles and physiological significance of gamma (30 – 500 Hz) oscillations in 

neural information flow is a challenge (Buzsaki et al. , 2015). Ketamine induced gamma 

oscillations likely result from the ability of ketamine to more effectively block NMDA 

receptors on fast spiking interneurons than the same receptors on pyramidal neurons 

(Homayoun et al. , 2007, Seamans, 2008). By selectively down-regulating inhibitory gamma 

amino-butyric acid (GABA) input to the pyramidal neurons, ketamine disinhibits the 

pyramidal neurons (Homayoun et al. , 2007, Seamans, 2008). The post-synaptic currents of 

disinhibited pyramidal neurons likely produce gamma oscillations that are readily observed 

on the scalp EEG (Homayoun et al. , 2007, Seamans, 2008). Neurochemically, this state is 

associated with increased cholinergic tone (Kikuchi et al. , 1997, Pal et al. , 2015). Thus, in 

humans, ketamine-induced gamma oscillations (<50 Hz), which manifest during 

unconsciousness likely exhibit markedly different frequency, spatiotemporal, and functional 

characteristics than gamma (>50 Hz) oscillations during normal conscious processing. We 

found that although the gamma oscillations during gamma burst and beta/gamma stable 

patterns exhibited differences in the power spectra, their coherence profile was similar. The 

coherent gamma oscillations could reflect altered neuronal activity that is constrained to 

particular frequency bands, disrupting cortical information processing and producing a 

dissociative or amnestic brain-state.

We found that ketamine-induced unconsciousness was also associated with coherent theta 

oscillations. In adults, theta oscillations have been shown to appear in the absence of gamma 

oscillations at the lower doses of ketamine used for analgesia and for the treatment of 

depression (Kochs et al. , 1996, Muthukumaraswamy et al. , 2015). Thus, this oscillatory 

dynamic may not be sufficient to produce ketamine-induced unconsciousness. Similar to 

previous reports, we also found that ketamine caused a reduction in alpha-beta oscillations 

(Corssen et al. , 1966, Engelhardt et al. , 1994, Kochs et al. , 1996, Blain-Moraes et al. , 
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2014). Since the decline in alpha-beta oscillation power is associated with analgesic doses of 

ketamine (Kochs et al. , 1996), and is more prominent at lower ketamine concentrations in 

our data, this oscillatory dynamic is unlikely by itself to explain ketamine-induced 

unconsciousness.

Limitations

This is a retrospective report analyzing frontal EEG data. Therefore, our observations should 

be further studied in prospective high-density EEG investigations. Such investigations will 

enable spatiotemporal and source space analysis of the EEG signatures we describe in this 

manuscript, and help relate them to behavioral characterizations of altered consciousness. 

This will eliminate confounds such as volume conduction which is encountered in studies 

such as ours, when EEG data analysis is performed in the sensor space. Also, functional 

characteristics (i.e. phase-phase coupling, phase-frequency coupling) of the EEG signatures 

during the beta-beta/gamma stable period can be further related to the level of 

consciousness. These characteristics may enable us to better characterize both arousable and 

unarousable states of unresponsiveness associated with conscious experiences (i.e. 

hallucinatory state). Also, intracortical recordings in animal models that closely approximate 

those obtained in human studies are necessary to better understand the neural circuit 

mechanisms of these oscillations.

Conclusions

In summary, slow-delta, coherent theta, and coherent gamma oscillations are evident during 

ketamine-induced brain states. However, ketamine-induced unconsciousness is associated 

with a characteristic gamma burst pattern in which coherent gamma oscillations alternate 

with periods of slow oscillations. Presently, pharmacokinetic and pharmacodynamics 

PK/PD) principles guide all anesthesia drug dosing. Although PK/PD models are regarded to 

be deterministic and highly accurate in research models, in reality there can be significant 

patient-to-patient variability in the accuracy and applicability to clinical practice of such 

models. In the future, we hope that neurophysiological principles such as those described in 

this manuscript will be incorporated into drug-dosing models and guidelines to enable 

individualized care. This work also suggests future studies in humans and animal models to 

characterize the relationships between ketamine-induced states of altered consciousness, 

brain oscillations, and neural circuit activity. Such studies could lead to an improved 

understanding of ketamine's anesthetic and anti-depressant properties, and could lead to 

improved therapies in anesthesia, pain medicine, and psychiatry.
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Highlights

• Slow-delta oscillations that alternate with gamma oscillations (gamma burst) 

occur with ketamine at general anesthesia levels.

• Gamma, theta and decreased alpha/beta oscillations are not unique to ketamine 

at general anesthesia levels.

• The gamma burst pattern may result from circuit disruptions in cortical and 

subcortical sites.
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Figure 1. 
Representative spectrogram and time-domain traces of baseline and ketamine-induced EEG 

signatures. A. Baseline spectrogram with a relative lack of power concentrated in any 

frequency band. B. Gamma burst spectrogram with power concentrated in slow-delta, theta, 

and gamma frequency bands. The increased gamma power can be observed to occur in a 

rhythmic pattern that alternates with slow-delta oscillations. C. Beta/gamma stable 

spectrogram with power concentrated in theta and gamma frequency bands. The gamma 

pattern does not demonstrate an appreciable rhythmicity. D. Representative 10 second raw 

EEG trace from panel A. E. Representative10 second raw EEG trace from panel B 

illustrating the alternating slow-delta oscillation and gamma oscillation pattern. F. 

Representative10 second raw EEG trace from panel C illustrating the stable gamma pattern. 

G. Representative 55 second slow (red) and gamma (blue) band passed filtered EEG trace 

from panel A. H. Representative 55 second slow and gamma band passed filtered EEG trace 

from panel B. Compared to baseline, the gamma burst pattern is visually evident. I. 

Representative 55 second slow (red) and gamma (blue) band passed filtered EEG trace from 

panel C. Compared to gamma burst, the gamma pattern is not rhythmic.

dB = decibel; Hz = hertz.

Akeju et al. Page 14

Clin Neurophysiol. Author manuscript; available in PMC 2017 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Illustrative spectrogram showing the evolution of ketamine induced electroencephalogram 

signatures after a general anesthesia induction bolus. At time point A, 2 mg of midazolam 

and 100mcg of fentanyl was administered. At time point B, 200 mg of ketamine was 

administered to induce general anesthesia. Muscle artifact (solid red band encompassing 

0-50 Hz) can be noted at this time point. Between time-points B and C, the gamma burst and 

the beta/gamma patterns can both be observed. At time point C, the anesthetic vapor 

isoflurane was administered to maintain surgical unconsciousness. Upon the administration 

of isoflurane, the beta/gamma pattern transitions into an EEG pattern encountered when 

modern day derivatives of ether (desflurane, isoflurane, sevoflurane) are administered 

concurrently with ketamine (markedly increased slow, delta, theta, and alpha/beta power).

dB = decibel; EEG = electroencephalogram; Hz = hertz.
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Figure 3. 
Group-level spectrograms within the 0 to 50 Hz frequency range computed from 1 minute 

segments prior to surgical stimulation. A. Median spectrogram during baseline showing a 

relative absence of power in the theta and gamma frequency bands and power in the alpha/

beta frequency band (n = 12). B. Median spectrogram during gamma burst. Compared to 

baseline, there is increased power in the slow, theta and gamma frequency bands and 

decreased power in the alpha/beta frequency band. C. Median spectrogram during beta/

gamma stable. Compared to baseline, there is increased power in the theta and gamma 

frequency bands and decreased power in the alpha/beta frequency band (n = 11).

dB = decibel; Hz = hertz.
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Figure 4. 
Group-level spectral analyses comparing baseline, gamma burst, and beta/gamma stable. 

(A). Power spectra of baseline (black) versus gamma burst (blue). Bootstrapped median 

spectra are presented and the shaded regions represent the 95% confidence interval for the 

uncertainty around each median spectrum. (B) The upper (red) and lower (blue) represent 

the bootstrapped 95% confidence interval bounds for the difference between spectra shown 

in panel A. EEG power was significantly larger than baseline at 0.1-8.3 Hz and 26.9-50 Hz, 

and smaller than baseline at 10.3-24.4 Hz. (C). Power spectra of baseline (black) versus 
beta/gamma stable (red). Bootstrapped median spectra are presented and the shaded regions 
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represent the 95% confidence interval for the uncertainty around each median spectrum. (D) 

The upper (red) and lower (blue) represent the bootstrapped 95% confidence interval bounds 

for the difference between spectra shown in panel C. EEG power was significantly larger 

than baseline at 0.1-7.8 Hz and 31.25-40 Hz, and smaller than baseline at 9.2-26.9 Hz and 

44.9-48.3 Hz. (E). Power spectra of gamma burst versus beta/gamma stable. Bootstrapped 

median spectra are presented and the shaded regions represent the 95% confidence interval 

for the uncertainty around each median spectrum. (F) The upper (red) and lower (blue) 

represent the bootstrapped 95% confidence interval bounds for the difference between 

spectra shown in panel E. EEG power was significantly larger than beta/gamma stable at 

0.1-3.4 Hz, and 16.1-50 Hz.

Horizontal solid green lines represents frequency ranges at which significant difference 

existed. dB = decibel; Hz = hertz.
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Figure 5. 
Group-level Coherograms within the 0 to 50 Hz frequency range computed from 1-minute 

segments prior to surgical stimulation. A. Median coherogram during baseline showing a 

relative absence of coherence in theta, alpha, beta and gamma frequency bands (n = 12). B. 

Median coherogram during gamma burst. Compared to baseline, there is increased 

coherence in slow, delta, theta, and gamma frequency bands (n = 12). C. Median coherogram 

during beta/gamma stable. Compared to baseline, there is increased coherence in theta and 

gamma frequency bands (n = 11).
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Figure 6. 
Group-level coherence analyses comparing baseline, gamma burst, and beta/gamma stable. 

(A). Coherence analysis of baseline (black) versus gamma burst (blue). Bootstrapped 

median coherences are presented and the shaded regions represent the 95% confidence 

interval for the uncertainty around the median coherence. (B) EEG was significantly more 

coherent than baseline at 27.9-48.9 Hz).. The upper (red) and lower (blue) represent the 

bootstrapped 95% confidence interval bounds for the difference between coherence shown in 

panel A (C). Coherence analysis of baseline (black) versus beta/gamma stable (red). 

Bootstrapped median coherences are presented and the shaded regions represent the 95% 
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confidence interval for the uncertainty around each median coherence. (D) EEG was 

significantly more coherent than baseline at 25.4–28.3 and 30.8–45.5 Hz. The upper (red) 

and lower (blue) represent the bootstrapped 95% confidence interval bounds for the 

difference between coherence shown in panel C. (E). Coherence analysis of gamma burst 

(blue) versus beta/gamma stable (red). Bootstrapped median coherences are presented and 

the shaded regions represent the 95% confidence interval for the uncertainty around teach 

median coherence. (F) EEG coherence was similar between both groups, even though 

gamma burst (blue) appeared to exhibit a larger slow-delta coherence. The upper (red) and 

lower (blue) represent the bootstrapped 95% confidence interval bounds for the difference 

between coherence shown in panel E.

Horizontal solid green lines represent frequency ranges at which significant difference 

existed. dB = decibel; Hz = hertz.
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