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Abstract 

Background: Both cortex and subcortical structures play important roles in alteration of 

consciousness. Some evidence points to general anaesthesia-induced unconsciousness being 

associated with distinct patterns of superficial cortical electrophysiological oscillations, but how 

general anaesthetics influence the deep brain neural oscillations and the interactions between 

the oscillations in humans is poorly understood. 

Methods: Local field potentials (LFPs) were recorded in discrete deep brain regions, including 

anterior cingulate cortex (ACC), sensory thalamus, and periaqueductal grey (PAG) in humans 

during induction of unconsciousness with propofol. Power-frequency spectra, phase-amplitude 

coupling, coherence and directed functional connectivity analysis were used to characterize the 

LFPs in the awake and loss of consciousness states. 

Results: An increase in alpha (7-13 Hz) power and decrease in gamma (30-90 Hz) power were 

observed in both deep cortical (ACC) and subcortical (sensory thalamus, PAG) areas during 

propofol-induced unconsciousness. A robust alpha-low gamma (30-60 Hz) phase-amplitude 

coupling induced by general anaesthesia was observed in ACC but not other regions studied. 

Moreover, alpha oscillations during unconsciousness were highly coherent within ACC and this 

rhythm exhibited a bidirectional information flow between left and right ACC but stronger 

left-to-right flow.  

Conclusion: propofol elevates alpha oscillations and attenuates gamma oscillations in both 

cortical and subcortical areas. The alpha-gamma phase-amplitude coupling and the functional 

connectivity of alpha oscillations in ACC could be specific markers for loss of consciousness.  

Keywords: anaesthesia; local field potential; anterior cingulate cortex; thalamus; periaqueductal 

grey

Introduction 

How general anaesthesia (GA) causes unconsciousness and alterations in brain networks remains 

elusive. Functional imaging studies have identified changes of activities within several regions 

such as cortex, thalamus and brainstem during the transition to loss of consciousness (LOC) 1-3, 
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and the disruption of communication between these structures is thought to underlie LOC 3, 4. 

Electrophysiological techniques, especially scalp electroencephalogram (EEG), are feasible for 

monitoring dynamic brain states under GA. EEG studies in humans show that propofol-induced 

LOC is accompanied by changes in EEG power across a broad range of frequencies, including an 

increase in global slow-wave (< 1 Hz) power 5, 6, increase in frontal alpha (8-14 Hz) power 6-8, and 

a decrease in occipital alpha power 6. Similar patterns have been observed by using intracranial 

electrocorticography (ECoG) in humans during propofol-induced LOC 9, 10. Different frequency 

oscillations are thought to represent different neural sources, for instance, low frequency 

oscillations appear to represent large scale cortical-subcortical interactions, e.g. thalamocortical 

circuits 11, 12, whereas higher frequency oscillations are locally generated and more likely to 

reflect local cell assembly organization 13, 14. EEG and ECoG studies have identified distinct 

characteristics in low and high frequency oscillations during GA, suggesting both cortex and 

subcortical regions could play an important role in propofol-induced LOC. However, as neither 

EEG nor ECoG directly measures subcortical activity, any conclusions drawn using cortical 

recordings are by inference. Deep intracranial recordings in humans are required to investigate 

this fully.  

In addition, most oscillations studies to date have treated each rhythm independently, offering 

limited insight into the modulation of brain network activity as a whole. Critical characteristics for 

understanding brain states related to consciousness may be contained in patterns of interactions 

between different frequencies that could be detected by cross-frequency coupling 15. 

Cross-frequency coupling, more specifically phase-amplitude coupling (PAC), is believed to reflect 

neural coding and information processing within microscale and macroscale neural ensembles of 

the brain and play a role in regulation of neural networks during learning, memory, attention, and 

sensory processing 16-18. Recent studies have found a variety of PAC characteristics related to 

anaesthesia 6, 9, 15, 19. The coupling between the delta phase and gamma amplitude in cortex 

appears to strengthen with propofol-induced anaesthesia 9. Different patterns of slow-wave (< 1 

Hz) phase-alpha amplitude coupling were observed during propofol-induced anaesthesia 6, 15. The 

influence of propofol on PAC of neural activities in deep cortical and subcortical areas in humans 

has not been clearly established. 
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To characterize the neural activities in deep brain regions and their interaction during anaesthesia, 

we measured local field potentials (LFPs) directly recorded from various brain areas, i.e. anterior 

cingulate cortex (ACC), sensory thalamus and periaqueductal grey (PAG), while administering 

propofol to patients undergoing deep brain stimulation (DBS) used as a treatment for chronic 

pain. We firstly investigated the spectral properties in LFPs during induction of GA with propofol 

using power spectral and time-frequency analysis. Furthermore, to investigate the interactions 

between different frequencies, we analysed the PAC characteristics in these regions. Moreover, 

we used coherence and directed transfer function analysis to assess the functional connectivity 

between areas for understanding the functional connection between different areas during 

anaesthesia. 

Methods 

Subjects 

This study was conducted at the John Radcliffe Hospital, Oxford and approved by the Local Ethics 

Committee. Informed written consent was obtained from all participants.  

Six patients undergoing DBS for chronic pain participated. Two underwent bilateral implantation 

of electrodes into the ACC, three underwent unilateral implantation electrodes into both the 

sensory thalamus (ventroposterior thalamus) and PAG, and one underwent unilateral 

implantation into sensory thalamus (Table 1). 

The surgical procedure has been previously described 20, 21. Medtronic 3387 electrodes with four 

active contacts (10.5 mm active, 1.5 mm × 4 contacts with 1.5 mm × 3 intervals) were implanted. 

Electrode implantation was performed under local anaesthesia (for sensory thalamus and PAG) or 

general anaesthesia (for ACC). The final electrode localization was confirmed for all patients on 

fused imaging of post-operative CT and pre-operative MRI. In all patients the electrodes were 

externalized for one week of trial stimulation to assess the degree of symptom relief. After the 

patients reported satisfactory relief following trial stimulation, they underwent the second stage 

operation to implant with a subcutaneous pulse generator under GA. Our experiment was 

performed during the second stage operation. 

Anaesthetic procedures and data acquisition 
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The technique for induction of anaesthesia was at the discretion of the attending anaesthetist. In 

all cases, LOC was achieved by intravenous propofol (0.96-2 mg kg-1) either by bolus injection or 

target-controlled infusion (target concentration 4-6 µg ml-1). As is usual anesthetic practice, all 

patients also received intravenous opiates, either fentanyl (0.58 µg kg-1; patient 2), alfentanil 

(6.67-15.5 µg kg-1; patients 3 and 4) or remifentanil (target-controlled infusion at 6-8 ng ml-1; 

patients 1, 5 and 6) before propofol. Standard monitoring techniques were employed, according 

to Association of Anaesthetists (GB and Ireland) guidelines. Time to LOC was determined by 

checking every 10 s for the loss of verbal response and eyelash reflex.  

The LFPs in different brain regions including ACC, sensory thalamus and PAG were recorded from 

the implanted electrodes. Bipolar LFPs were recorded from three channels per electrode (0-1, 1-2, 

and 2-3: 0 being the deepest contact) with a common electrode placed on the surface of the 

mastoid. The LFPs were amplified using isolated CED 1902 amplifiers (×10,000, Cambridge 

Electronic Design, Cambridge, UK), filtered between 0.5 Hz and 500 Hz, and digitized using CED 

1401 mark II at a sampling rate of 2048 Hz, displayed on-line and saved onto a hard disk using a 

custom-written program in Spike2 (Cambridge Electronic Design, Cambridge, UK). 

Preprocessing 

The LFPs data were bandpass filtered between 1 Hz and 90 Hz, notch filtered at 50 Hz, and 

down-sampled to 512 Hz. The data from each channel were visually inspected and those 

channels with noise or artifacts were excluded from further analysis (2 of 12 channels from ACC, 

3 of 12 channels from sensory thalamus, and 2 of 9 channels from PAG). 

Spectral analysis 

After reviewing the recordings, two 60-s epochs of data were extracted for each patient in the 

awake and LOC states: (1) awake state, prior to propofol induction, and (2) LOC state, beginning 

at the 20 s after loss of eyelash reflex. The second epoch was chosen to ensure the patients were 

at LOC state in this time period. 

Power spectra of the LFPs were calculated for all the patients in each state (awake, LOC) with the 

multitaper method using the Chronux toolbox 22, 23. Multitaper parameters were set using time 

window lengths of T = 2 s, time-bandwidth product TW = 2, and number of tapers K = 3. The 
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dynamics of the LFPs during induction of general anaesthesia were studied by using multitaper 

spectrogram method with TW = 2, K = 3, and T = 2 s with 1.8 s overlap. The time-variant power in 

a frequency band of interest was computed by averaging the spectrogram over the frequency 

band. We computed the group-level time-variant powers in frequency bands by taking the mean 

across all patients with the data aligned to the induction of propofol and loss of eyelash reflex 

time points, respectively. 

To characterize this changing frequency distribution over time during induction of GA 

quantitatively, the peak power and the frequency at the peak power at each time in 

spectrograms were extracted within a broad band of frequencies (e.g. between 6 Hz and 90 Hz) 

24. 

Cross-frequency coupling analysis 

To detect the possible cross-frequency interactions between different frequency bands, the 

modulation index (MI) method 25, 26, which measured PAC between the phase of lower frequency 

(��) oscillations and the amplitude of higher frequency (��) oscillations, was employed in this 

study. To determine the frequency bands involved in PAC, a comodulogram plot was first 

constructed by representing the MI values of multiple (��,��) pairs on a color scale plot, with ��

filtered in 1-Hz steps with 2-Hz bandwidths and �� in 2-Hz steps with 5-Hz bandwidths. To assess 

the statistical significance of the MI values, a surrogate data measure was performed. In this 

study, surrogate data was obtained by cutting either the phase or the amplitude time series into 

two blocks at a random time point and then exchanging the positions of the blocks 27. This 

process destroys the specific cyclo-stationarities related to the hypothesized phase-amplitude 

relationship but only minimally interferes with the phase and amplitude dynamics of the original 

signal. We computed a distribution of 200 surrogate MI values for each pair of frequencies. 

Assuming that the surrogate MI values follow a normal distribution, we used a p value of 0.05 

and applied the Bonferroni correction for multiple comparisons, only MI values with 

corresponding p < 0.05 were maintained for subsequent consideration. We computed the 

group-level MI in each frequency pair by taking the mean across all patients in awake and LOC 

states, respectively. 
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In the case of significant coupling, to characterize the coupling changes during induction of GA 

quantitatively, we computed the time-variant MI using a windowing approach with 15-s of 

sliding-window and 13-s of overlap. And the preferred phase of the coupling over time was 

determined by the phase of �� at which the amplitude of �� is highest in the phase-amplitude 

distribution.  

Coherence analysis 

The coherence between two LFPs signals was measured using a magnitude squared coherence 

estimate based on Welch’s averaged periodogram method. The magnitude squared coherence 

estimate ���(�) is the normalized cross-spectral density by the power spectral density with 

values between 0 and 1 that indicates the degree of covariability between signal � and � over 

different frequency ranges. In this study, the coherence was estimated by using multitaper 

methods with TW = 4, K = 7, and T = 4 s with 3 s overlap. A coherogram graphically illustrates 

coherence for different frequencies across time. 

Directed transfer function (DTF) analysis 

The directional functional connectivity between LFPs signals was measured by directed transfer 

function (DTF) 28, which is an approach for estimating causal interaction based on the 

multivariate autoregressive (MVAR) modelling:  

∑ ��
�
��� ���� = ��                              (1) 

where �� are � × � matrices of model coefficients (�� = �), �� is the vector of multivariate 

zero-mean uncorrelated white noise and � is the model order. To investigate the spectral 

properties, the above equation are transformed to the frequency domain: 

�(�) = ���(�)�(�) = �(�)�(�)                      (2) 

where �(�) is the inverse of the frequency-transformed coefficient matrix �(�), and is defined 

as the transfer matrix of the system. In order to be able to compare the results obtained for 

different LFPs, here we used the normalization DTF that was performed by dividing each 

estimated inflow from channel � to � by all the inflows to channel	�: 



8 

�����
�(�) =

����(�)�
�

∑ |���(�)|��
���

                         (3) 

where �����
�(�) is the normalized DTF from channel � to � with a value between 0 and 1. DTF 

analysis has been recently demonstrated to be a powerful and effective tool for evaluating both 

the direction and the strength of the directional influence between different neuronal activities 29, 

30. In this study, the DTF between multiple LFPs was evaluated using eConnectome toolbox 31.  

A surrogate data measure was also used to assess the significance of the estimated DTF 32, 33. In 

this method, the original time series were transformed to the Fourier space, in which the phases 

were randomly shuffled without changing the magnitude. The surrogate data in the Fourier space 

were then transformed back to the time domain. This process of phase shuffling preserves the 

spectral structure of the time series, which is suited for DTF analysis as both are measures of 

frequency-specific causal interactions. After shuffling, DTF estimation is applied to the surrogate 

data. The shuffling and DTF estimation procedures are repeated by a certain number of times (e.g. 

200), we used a p value of 0.05 and only DTF values with corresponding p < 0.05 were maintained 

for subsequent consideration 33. 

Group-level statistical analysis 

Statistical significance of the differences of power in frequency bands and MI in frequency pairs 

between awake and LOC states were assessed. Due to the small number of patients, the 

comparisons were tentative while we used all LFP channels in each state to increase the sample 

size. Before comparison, raw values of power and MI in each state were examined for deviations 

from normality using the Kolmogorov–Smirnov test. The power and MI values were compared 

between awake and LOC states using the Wilcoxon signed ranks test if the data were not 

normally distributed or paired t-test. The signal processing was conducted using MATLAB (Version 

9.1, MathWorks, Inc., Natick, MA, USA), and the statistical analysis was conducted using MATLAB 

and SPSS (Version 19, IBM, New York, NY, USA). 

Results 

LOC induces an increase in alpha band power and decrease in gamma band power  

To reveal the dynamics of LFPs oscillations in ACC, sensory thalamus and PAG during induction of 
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GA, the spectrograms were computed. For descriptive purposes, representative results for each 

of the regions are provided from one patient with electrodes in ACC and one patient with 

electrodes in both sensory thalamus and PAG (Fig. 1A and B). The LFPs spectrograms showed 

changes during induction of GA with the most dominant characteristic being the increased power 

in alpha frequency band (7-13 Hz) in all three regions at the LOC state (Fig. 1A). The increase in 

power in delta band (1-3 Hz) in ACC and thalamus, and decrease in power in gamma band (30-90 

Hz) in all three regions were also observed at the LOC state. There was an increase in power in 

the beta band (13-30 Hz) at ~30 s before LOC in ACC, and the broad-band beta power appeared 

to decrease its frequency and bandwidth toward the alpha band (Fig. 1A). To characterize this 

changing frequency distribution quantitatively, the peak power and frequency at the peak power 

within a broad band of frequencies (6-90 Hz) over time were estimated. The result showed that 

the peak frequency of the oscillations increased to irregular broad frequency ranges around 

15-20 Hz (low beta band) in the transition period before LOC and then decreased to a regular 

narrow alpha frequency band around 9 Hz and remained stable at the LOC state in ACC, whereas 

these peak frequency changes did not appear in sensory thalamus and PAG (Fig. 1B). The increase 

in peak power appeared in all three regions at the LOC state (Fig.1 B). 

Subsequently, the group-level time-variant powers in delta, alpha, low gamma (30-60 Hz) and 

high gamma (60-90 Hz) bands were computed by taking the mean across all patients with the 

data aligned to the time points of induction of propofol and loss of eyelash reflex, respectively 

(Fig.1 C). The group statistical analysis revealed that, compared to the awake state, there was a 

significant increase in power in the alpha band and decreases in both low gamma and high 

gamma bands in all regions during the propofol-induced LOC state (Fig. 1D). The delta power 

increased significantly in ACC and thalamus in the LOC state (Fig. 1D). 

Alpha-gamma phase-amplitude coupling appears in ACC during LOC  

The representative comodulograms in Figure 2 illustrated the PAC before and during the 

propofol-induced LOC state. An increase in alpha-low gamma PAC was observed in ACC in the LOC 

state compared to the awake state (Fig. 2A), and there was no significant PAC change between 

two states in both sensory thalamus and PAG (Fig. 2A). After averaging the PAC within the target 

frequency pair (alpha and low gamma) across all patients, statistical analysis showed that, 
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compared to the awake state, propofol induced a significant increase in alpha-low gamma PAC 

(p<0.05) in ACC (Fig. 2B).  

The time-variant PAC was computed using a windowing approach. At the contacts with significant 

alpha-low gamma PAC, the magnitude of the alpha-low gamma PAC was temporally dynamic (Fig. 

2C). Furthermore, the time-variant phase-amplitude distribution of the frequency pair showed 

that the preferred phase of the coupling shifted in the range of [π/2, π] with dynamic variation in 

the LOC state (Fig. 2D). The relationship between the temporally dynamic PAC and alpha power 

and low gamma power in ACC was analysed subsequently. The alpha-low gamma PAC was highly 

correlated with alpha power (Fig. 2E, �� = 0.615, � = 1.22 × 10���), while the correlation 

with low gamma power was not significant (Fig. 2F, �� = 0.003, � = 0.538). Moreover, the 

alpha-low gamma PAC was prominent in certain contacts in ACC, it was not uniformly observed 

across all contacts (Supplementary Fig. S1C, Fig. S2C) although there was an alpha power peak in 

each contact (Supplementary Fig. S1B, Fig. S2B). 

Functional connectivity of alpha oscillations in ACC during LOC 

Functional connectivity analysis using coherence approach revealed that in the LOC state a 

significant increase in coherence of alpha oscillations (7-12 Hz) was observed (p<0.01) between 

certain left and right contacts in ACC (Fig. 3A, C). In addition, delta oscillations (1.5-4 Hz) in ACC 

during LOC also exhibited increased coherence compared with awake state (p<0.05). A coherence 

peak in the alpha band between sensory thalamus and PAG did not appear to change significantly 

with propofol induction, while there was a coherence increase in a narrow theta band (4.5-7 Hz) 

in the LOC state (p<0.05) (Fig. 3B, D). 

Furthermore, we used the DTF approach to investigate directional influence of driving among the 

neural activities in different contacts in ACC, with a particular focus on the alpha band. DTF 

analysis between the LFPs in these contacts in the LOC state showed that the directed flow of 

alpha band activities from left to right ACC (���L1-2→R1-2 = 0.177 ) was stronger than that from 

right to left ACC (���R1-2→L0-1 = 0.051,���R1-2→L1-2 = 0.061) while there were flows of alpha 

band activities within left ACC and within right ACC (Fig. 4). 
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Discussion 

This study used the unique opportunity afforded by LFP recording directly from human deep 

brain structures to characterize the changes of brain activity during induction of LOC using 

propofol. The main findings are: (1) LOC induced by propofol is accompanied by an increase in 

alpha power and decrease in gamma power in both cortical and subcortical structures, including 

ACC, sensory thalamus, and PAG; (2) a distinct temporally dynamic and spatially variable coupling 

between the phase of alpha oscillations and the amplitude of low gamma oscillations is found in 

ACC during LOC; (3) the significant coherence in alpha oscillations between specific recording 

sites in left ACC and right ACC is observed during LOC and there is a bidirectional information 

flow between left and right ACC but stronger left-to-right flow in the alpha band. 

This human study supports the view that activities in multiple cortical and subcortical structures, 

including cortex and thalamus are affected during anaesthetic-induced unconsciousness 1, 34, 35. 

Molecular studies demonstrate that propofol binds postsynaptically to γ-aminobutyric acid type 

A (GABAA) receptors, hyperpolarizing the postsynaptic neurons thus leading to inhibition 36, 37. 

Because GABAergic inhibitory interneurons are widely distributed throughout the cortex, 

thalamus, brainstem, and spinal cord, propofol induces changes in consciousness through its 

actions at multiple sites 1, 38. The phenomena of frequency shifting from beta to alpha band in the 

transition period and LOC in ACC were consistent with those observed in scalp EEG 6, 39. Studies of 

propofol-induced LOC using scalp EEG have shown that alpha oscillations are elevated across the 

frontal cortices during unconsciousness 6, 40. Our study showed that the increase of alpha activity 

was not only concentrated in frontal cortex, but prevalent in multiple deep brain areas, including 

ACC, sensory thalamus, and PAG. This could be explained in part by recent computational 

modelling and rat studies that suggest that propofol-induced alpha oscillations is likely due to the 

modification of the interactions between thalamus and cortex 35, 41, 42. Moreover, in our study 

ACC and thalamic oscillations showed significant delta power increase in the LOC state. The 

increase in delta power in unconsciousness has been hypothesized to be associated with the 

hyperpolarization of thalamocortical neurons 43. A recent rat study of coherent delta oscillation 

between cortex and thalamus during LOC also suggests that propofol-induced delta oscillation 

involves interactions between cortex and thalamus 35. 
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We also observed a decreased power in gamma oscillations in both cortical and subcortical 

structures during LOC, suggesting that it could be a correlate of propofol-induced LOC. Gamma 

oscillations have been proposed to play important roles in working memory, sensory perception, 

attention, and motor control. Decreases in gamma power with propofol have been observed in 

humans using EEG recordings from scalp 8 and ECoG recordings from cortex 9. Animal studies also 

found decreased gamma activity in subcortical structures during LOC 44, 45. Gamma oscillations 

have been attributed to a variety of underlying functional mechanisms, such as the correlates 

with the neuronal spiking activity including firing rate and neuronal synchrony 46, 47. Several 

studies have revealed that propofol decreases spontaneous neuronal spike rates in both cortex 10, 

48 and thalamus 49, suggesting the attenuation of the power in gamma oscillations by propofol 

likely reflects a decrease of neuronal firing rates 45. However, other studies found contradictory 

results of gamma oscillations with propofol 39, 50. The inconsistent effects of propofol on gamma 

oscillations might be attributable to the depth of general anaesthesia 44, 48 or dose of anaesthetic 

45. 

Our findings of increased alpha-gamma PAC in ACC during LOC suggests that PAC could be a 

possible mechanism for propofol-induced unconsciousness. The modulation of the amplitude of 

high frequency oscillations by the phase of low frequency oscillations has been implicated as the 

plausible mechanism for the temporal dynamics and multiregional integration of gamma 

oscillations 46, 51, 52. In regard to the interactions between oscillations in anaesthesia, the 

increased slow wave/delta-gamma PAC and maintained theta-gamma PAC in cortex have been 

observed in previous human studies of propofol-induced LOC 6, 9. Recent rat studies also found 

increased PAC between low frequency (including delta, theta, and alpha bands) oscillations and 

gamma oscillations in frontal cortex during anaesthetics-induced LOC 19. Given that decreases in 

gamma activity and increases in alpha activity appeared during propofol-induced LOC, we 

speculate that fast oscillating neuronal ensembles in cortex generating gamma activity could be 

mediated by the emerging slow oscillations of thalamocortical circuits 9, as reflected by the 

emergence of coupling between the phase of alpha oscillations and the gamma power.  

Further, we have highlighted that the PAC in ACC during propofol-induced unconsciousness is 

spatially variable. In this study, the alpha-gamma PAC was not uniformly observed across all 



13 

recording sites in ACC although the increase in alpha power and decrease in gamma power were 

uniform, suggesting that the regulation of cortical oscillations by propofol in different subregions 

results from multiple mechanisms. An explanation of this difference may be that gamma 

oscillations in cortex are generated locally within a few millimeters 53, 54, and the mechanisms of 

propofol-induced decrease in gamma oscillations generated by different neuronal sources in ACC 

are different.  

Regarding functional connections between regions during anaesthesia, we have shown that the 

coherence in the alpha band between left and right ACC was increased during unconsciousness, 

consistent with previous EEG studies showing the increased alpha coherence between frontal 

brain regions during unconsciousness 7, 55. Furthermore, directional interhemispheric interactions 

were found by investigating the directional connectivity of coherent alpha activity between 

hemispheres. Despite the reciprocal interaction, left to right directionality was stronger. 

Neuroimaging studies of various cognitive experiments have suggested that hemispheric 

lateralization is a relative and dynamic phenomenon that depends on specific tasks 56, 57. A recent 

functional magnetic resonance imaging study found that propofol conferred differential changes 

in functional connectivity of the specific and nonspecific thalamocortical systems, particularly in 

the left hemisphere 58. We cannot yet give a clear explanation for this hemispheric lateralization 

during anaesthesia. It is possible that the interaction between cortical hemispheres is an indirect 

reflection of the thalamocortical interaction and the time delays in propofol-induced alpha 

oscillations from thalamus to two cortical recording sites are different. The role of hemispheric 

lateralization in anaesthesia need to be investigated in further studies with task-specific 

experiments and simultaneous recording of activities in cortex and thalamus. 

There are some limitations to this study. First, the number of subjects is relatively small. The 

paucity of research on deep brain neurophysiology in human related to general anaesthesia 

reflects the rarity of our data. However such data may provide unique insights into the 

understanding of anaesthesia-induced unconsciousness. Second, we enrolled patients with 

chronic pain, and it is possible that the LFP characteristics in several brain regions may be 

modulated by chronic pain. However, the effects of propofol on brain oscillations here were 

highly consistent with those observed in healthy subjects and diseased subjects, such as epilepsy 
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and Parkinson disease 10, 39, 59. Moreover, individual findings were replicated across subjects 

despite their individual clinical profiles. The high consistency of these results suggests that the 

effects reported here are not caused by the presence of pain syndromes but rather reflect a true 

neural correlate of LOC that is likely to generalize to the healthy brain. Our experiments were 

within clinical settings in which induction was performed rapidly, causing the transition from 

consciousness to unconsciousness within 30-100s. This prevented us from correlating the 

characteristics with the consciousness level. We did not record plasma propofol concentration 

and thus correlation with propofol level was not possible. However, we characterized the 

differences of neuronal oscillations between awake and unconsciousness states using several 

measures, providing robust markers for consciousness, and their dynamic changes over time was 

achieved by combining these measures and a time-windowing approach. Another limitation is 

the restricted electrode coverage in each patient, which is determined by clinical need. Thus, our 

findings should be interpreted only in the context of the cortical and subcortical areas covered. 

Furthermore, it is still not clear whether the effect of propofol is initiated in thalamus, cortex, or 

both, and the precise interactions between subcortical and cortical structures and their 

contributions to the general anaesthesia remain unclear. Given the findings by Flores et al. 35, we 

suggest that by recording scalp EEG and deep brain LFPs simultaneously, the detection of timing 

differences in neurophysiological characteristics between subcortical and cortical structures, and 

their functional connectivity using non-directional and directional measures may help answer 

these questions. 

In conclusion, we report a unique LFPs recording study using multiple human deep brain 

structures during induction of LOC using propofol. The current work provides neural 

characteristics associated with LOC reflected by the alterations in alpha power and gamma power 

in both cortical and subcortical structures and the alpha-gamma PAC in ACC. These findings 

provide important electrophysiological evidence in humans of different neuronal mechanisms for 

propofol-induced unconsciousness. 
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Tables and Figures

Table 1. Demographics, etiologies, positions of electrode implantation, and GA induction time. 

Subject Age/Sex Etiology Electrode position Induction time (sec) 

1 46/M Brachial plexus injury Bilateral ACC 100 

2 63/M Poststroke pain Bilateral ACC 50 

3 53/M Brachial plexus injury S Thal 

PAG 

50 

4 53/M Phantom limb pain S Thal 

PAG 

40 

5 39/F Glossopharyngeal neuralgia S Thal 

PAG 

90 
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6 46/M Phantom limb pain S Thal 60 

ACC, anterior cingulate cortex; S Thal, sensory thalamus; PAG, periaqueductal grey 

Figure 1. LOC induces an increase in alpha band power and decrease in gamma band power in 

ACC, sensory thalamus (S Thal, for short), and PAG. (A) Time-frequency representation of the LFPs 

recorded from ACC, sensory thalamus, and PAG during the induction of GA. The blue arrows 

indicated the time of propofol injection, and the red arrows indicated the time of loss of eyelash 

reflex. (B) The changes of peak power and frequency at the peak power between 6 Hz and 40 Hz 

in the LFPs shown in panel A. (C) Group-level time-variant powers in delta (1-3 Hz), alpha (7-13 

Hz), low gamma (30-60 Hz) and high gamma (60-90 Hz) bands of the LFPs recorded from ACC, 

sensory thalamus, and PAG. The blue arrows indicated the time of propofol injection, and the red 

arrows indicated the time of loss of eyelash reflex. (D) The statistical analysis of the differences in 

power in delta, alpha, low gamma and high gamma bands between awake and LOC states in 

these three regions, respectively.  p<0.05;  p<0.01. 
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Figure 2. Alpha-low gamma phase-amplitude coupling appears in ACC during LOC state.(A) PAC 

comodulograms quantified by MI in awake and LOC states in ACC, sensory thalamus (S Thal, for 

short), and PAG, respectively. (B) The group statistical analysis of the differences in alpha-low 

gamma PAC between awake and LOC states in these three regions, respectively.  p<0.05. (C) The 

time-variant alpha-low gamma PAC in the contacts in ACC shown in panel A. (D) The time-variant 

phase-amplitude histogram showing the relationship between the alpha phase (y-axis) and low 

gamma amplitude (color map) in the same contacts as in panel C. (E) The correlation between 

the time-variant alpha-low gamma PAC and alpha power in ACC. (F) The correlation between the 

time-variant alpha-low gamma PAC and low gamma power in ACC. 
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Figure 3. Alpha oscillations in the left and right ACC are coherent during LOC. (A) The time-variant 

coherence representation of the LFPs between the contacts in left (rows) and right (columns) ACC 

(L indicates left ACC and R indicates right ACC, channel R2-3 in this subject was excluded from 

analysis). The blue arrows indicated the time of propofol injection, and the red arrows indicated 

the time of loss of eyelash reflex. (B) The time-variant coherence representation of the LFPs 

between the contacts in sensory thalamus (rows) and PAG (columns). The blue arrows indicated 

the time of propofol injection, and the red arrows indicated the time of loss of eyelash reflex. (C) 

The statistical analysis of the coherence between left and right ACC in awake state versus in LOC 

state. (D) The statistical analysis of the coherence between sensory thalamus and PAG in awake 

state versus in LOC state. Horizontal solid black line indicates frequency ranges at which 

significant difference existed (p<0.05). 

Figure 4. Alpha DTF between the contacts in ACC in the LOC state (L indicates left ACC and R 
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indicates right ACC, channel R2-3 in this subject was excluded from analysis). 


