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Abstract

Background: Both the cerebral cortex and subcortical structures play important roles in consciousness. Some evidence
points to general anaesthesia-induced unconsciousness being associated with distinct patterns of superficial cortical
electrophysiological oscillations, but how general anaesthetics influence deep brain neural oscillations and interactions
between oscillations in humans is poorly understood.

Methods: Local field potentials were recorded in discrete deep brain regions, including anterior cingulate cortex, sensory
thalamus, and periaqueductal grey, in humans with implanted deep brain electrodes during induction of uncon-
sciousness with propofol. Power-frequency spectra, phase-amplitude coupling, coherence, and directed functional
connectivity analysis were used to characterise local field potentials in the awake and unconscious 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, anterior cingulate cortex) and subcortical (sensory thalamus, periaqueductal grey) areas during propofol-
induced unconsciousness. Robust alpha-low gamma (30—60 Hz) phase-amplitude coupling induced by general anaes-
thesia was observed in the anterior cingulate cortex but not in other regions studied. Moreover, alpha oscillations during
unconsciousness were highly coherent within the anterior cingulate cortex, and this rhythm exhibited a bidirectional
information flow between left and right anterior cingulate cortex but stronger left-to-right flow.

Conclusion: Propofol increases 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 the anterior
cingulate cortex could be specific markers for loss of consciousness.
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Editor’s key points

o Most studies of general anaesthetic effects on neuronal
activity in humans use surface electroencephalography
of superficial neuronal activity.

e The effects of propofol anaesthesia on deep brain

neuronal oscillations were investigated in six patients

receiving deep brain electrodes for treatment of chronic
pain.

Propofol increased alpha oscillations and attenuated

gamma oscillations in both cortical and subcortical

areas.

e Alpha-gamma phase-amplitude coupling and func-
tional connectivity of alpha oscillations in the anterior
cingulate cortex could be markers for propofol-induced
loss of consciousness.

How general anaesthesia causes unconsciousness and alter-
ations in brain networks remains elusive. Functional imaging
studies have identified changes of activities within several
regions such as the cerebral cortex, thalamus, and brainstem
during the transition to loss of consciousness (LOC),’ > and the
disruption of communication between these structures is
thought to underlie LOC.>* Electrophysiological techniques,
especially scalp EEG, are feasible for monitoring dynamic brain
states under general anaesthesia. EEG studies in humans show
that propofol-induced LOC is accompanied by changes in EEG
power across a broad range of frequencies, including an in-
crease in global slow-wave (<1 Hz) power,”® increase in frontal
alpha (8—14 Hz) power,® © and a decrease in occipital alpha
power.® Similar patterns have been observed by using intra-
cranial electrocorticography (ECoG) in humans during
propofol-induced LOC.%1°

Different EEG frequency oscillations are thought to repre-
sent different neural sources, for instance, low frequency os-
cillations appear to represent large scale cortical—subcortical
interactions (e.g. thalamocortical circuits'’'?), whereas higher
frequency oscillations are locally generated and more likely to
reflect local cell assembly organisation.'*'* EEG and ECoG
studies have identified distinct characteristics in low and high
frequency oscillations during general anaesthesia, 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 intra-
cranial 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.’® Cross-frequency coupling, more specif-
ically phase-amplitude coupling, 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.’®"'® Recent studies have
found a variety of phase-amplitude coupling characteristics
related to anaesthesia.®>*>'° The coupling between the delta
phase and gamma amplitude in the cortex appears to
strengthen with propofol-induced anaesthesia.’ Different
patterns of slow-wave (<1 Hz) phase-alpha amplitude
coupling were observed during propofol-induced anaes-
thesia.®!®> The influence of propofol on phase-amplitude
coupling of neural activities in deep cortical and subcortical
areas in humans has not been clearly established.

To characterise 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 used as a
treatment for chronic pain. We firstly investigated the spectral
properties in LFPs during induction of general anaesthesia with
propofol using power spectral and time-frequency analysis.
Furthermore, to investigate the interactions between different
frequencies, we analysed the phase-amplitude coupling char-
acteristics 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, Ox-
ford, UK and approved by the Local Ethics Committee.
Informed written consent was obtained from all participants.
Six patients undergoing deep brain stimulation for chronic
pain participated. Of these patients, two underwent bilateral
implantation of electrodes into the ACC, three underwent
unilateral implantation electrodes into both the sensory

Table 1 Subject characteristics, aetiologies, positions of electrode implantation, and general anaesthesia induction time. ACC, anterior
cingulate cortex; F, female; M, male; PAG, periaqueductal grey; S Thal, sensory thalamus

Subject Age (yr)/sex Aetiology Electrode position Induction time (s)
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 50
PAG
4 53/M Phantom limb pain S Thal 40
PAG
5 39/F Glossopharyngeal neuralgia S Thal 90
PAG
6 46/M Phantom limb pain S Thal 60
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