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Abstract

Anesthetics are known to disrupt neural interactions in cortical and subcortical brain circuits.
While the effect of anesthetic drugs on consciousness is reversible, the neural mechanism
mediating induction and recovery may be different. Insight into these distinct mechanisms can be
gained from a systematic comparison of neural dynamics during slow induction of and emergence
from anesthesia. To this end, we used functional magnetic resonance imaging (fMRI) data
obtained in healthy volunteers before, during, and after the administration of propofol at
incrementally adjusted target concentrations. We analyzed functional connectivity of
corticocortical and subcorticocortical networks and the temporal autocorrelation of fMRI signal as
an index of neural processing timescales. We found that en route to unconsciousness, temporal
autocorrelation across the entire brain gradually increased, whereas functional connectivity
gradually decreased. In contrast, regaining consciousness was associated with an abrupt restoration
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of cortical but not subcortical temporal autocorrelation and an abrupt boost of subcorticocortical
functional connectivity. Pharmacokinetic effects could not account for the difference in neural
dynamics between induction and emergence. We conclude that the induction and recovery phases
of anesthesia follow asymmetric neural dynamics. A rapid increase in the speed of cortical neural
processing and subcorticocortical neural interactions may be a mechanism that reboots
consciousness.
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Introduction

Research with noninvasive neuroimaging in humans and primates reveals that anesthetic-
induced unconsciousness is associated with an extensive disruption of neural activity and
functional connectivity of large-scale brain networks (Barttfeld et al., 2015; Bonhomme et
al., 2016; Boveroux et al., 2010; Demertzi et al., 2019; Huang et al., 2020; Tanabe et al.,
2020). Disruptions of corticocortical and subcorticocortical neuronal interactions likely
contribute to loss of consciousness by preventing the integration of bottom-up and top-down
data streams (Aru et al., 2020; Mashour and Hudetz, 2018, 2017), a proposition also
supported by mechanistic studies at cellular level (Halassa et al., 2014; Hudetz et al., 2020;
Redinbaugh et al., 2020; Suzuki and Larkum, 2020).

Most former studies implicitly assumed a unitary relationship between the level of
consciousness and the applied dose of a specific anesthetic. The process of emergence from
anesthesia has been historically treated as a passive process, depicted as the inverse or
“mirror image” of induction (McKay et al., 2006). However, empirical observations and
theoretical modeling have suggested that induction and emergence phases may be
asymmetric. This asymmetry is manifested in a phenomenon called anesthetic hysteresis
(Steyn-Ross et al., 2004). Namely, when comparing the behavioral changes during
increasing vs. decreasing anesthetic concentration in preclinical experiments, the induction
of unconsciousness required a higher anesthetic concentration than that required to maintain
unconsciousness during the recovery phase. As a result, the graphical relationship between a
suitable measure of arousal or level of consciousness and the anesthetic dose encloses a
hysteresis loop (Friedman et al., 2010; Joiner et al., 2013). Such hysteresis has been
demonstrated with various anesthetic agents in various species from mammals to insects.
Traditionally, this asymmetry has been attributed to a pharmacokinetic effect but
experimental and theoretical work in the past decade supports the alternative hypothesis that
such an asymmetry is driven by distinct neural dynamics (Proekt and Hudson, 2018; Proekt
and Kelz, 2020). The tendency to maintain unconsciousness at a lower dose than that
required to induce unconsciousness has been described as “neural inertia,” an intrinsic
neuronal resistance to behavioral state transitions (Friedman et al., 2010; Joiner et al., 2013).

In spite of the clear preclinical evidence, anesthetic hysteresis (and neural inertia) in humans
has been controversial (Breshears et al., 2010; Ferreira et al., 2020; Kuizenga et al., 2018;
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Lewis et al., 2018; Proekt and Kelz, 2018; Pullon et al., 2020; Purdon et al., 2013; Sepulveda
etal., 2019; Warnaby et al., 2017) suggesting a need for further investigations. Other than
studies employing multichannel EEG or ECoG (Breshears et al., 2010; Lewis et al., 2018;
Pullon et al., 2020; Purdon et al., 2013; Warnaby et al., 2017), there has been no human
neuroimaging, such as functional magnetic resonance imaging (fMRI), investigation of the
question. Although the temporal resolution of fMRI lags behind that of the EEG or local
neuronal signals, fMRI still provides sufficient temporal grain to detect a potential difference
in the dynamics of regional brain activation or functional connectivity and could be
instrumental in further testing the hypothesis of anesthetic hysteresis. Moreover, the
spatiotemporal redistribution of activity and connectivity of brain networks during the
bidirectional transitions into and out of unconsciousness could illuminate the potential
mechanism of neural inertia at a systems level. Understanding the mechanism of neural
inertia would have both basic and translational scientific importance. Scientifically, it would
provide insight into adaptive neuronal phenomena. Clinically, it could help establish novel
therapeutic targets to selectively stabilize or destabilize the anesthetized state, which could
inform therapeutic interventions in patients with disorders of consciousness.

To examine the above questions, we aimed to compare the time courses of fMRI-based
neural activity in healthy volunteers before, during, and after the administration of propofol
at incrementally adjusted target concentrations. We hypothesized that assessing time-
dependent measures of neural processing would reveal asymmetric neural dynamics
consistent with anesthetic hysteresis across bidirectional transitions of the state of
consciousness. We analyzed the dynamic functional connectivity of cortical and subcortical
networks as well as the temporal autocorrelation of the fMRI signal that characterizes the
speed (timescale) of neural processing. To achieve a coherent understanding across multiple
spatial scales, we assessed the fMRI-derived quantities at regional, specific network, and
global (whole brain) levels. We report that differential changes in specific corticocortical and
subcorticocortical network dynamics during slow induction and emergence indeed occur,
consistent with anesthetic hysteresis. Furthermore, we demonstrate that this hysteresis
cannot be accounted for solely by pharmacokinetics, supporting the hypothesis of an
intrinsic neural inertia that impedes the return of consciousness in human participants.

Materials and methods

Participants in pharmacological setting

The experimental protocol was previously described and part of the imaging data were
published in a different context (Huang et al., 2018b). The University of Michigan
Institutional Review Board (IRB) approved the experimental protocol. All methods were
performed in accordance with the relevant guidelines and regulations. Following careful
discussion and written informed consent, twenty-six healthy participants (right-handed; ages
between 19-34 years old; 13 females) were recruited. All participants were classified as
American Society of Anesthesiologists physical status 1. Subjects were excluded from
participation if they had any contraindication to MRI scanning, possible pregnancy, extreme
obesity, metallic substances in the body, claustrophobia, anxiety, or cardiopulmonary
disease; had a history of neurological, cardiovascular, or pulmonary illness; significant head
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injury with loss of consciousness; learning disability or other developmental disorder; sleep
apnea or any severe snoring history; sensory/motor loss sufficient to interfere with
performance of the study, gastroesophageal reflux disease; unwilling to abstain from alcohol
use for 24 h prior to their scheduled MRI study visit; had a history of drug use or a positive
drug screen; had tattoos on the head or neck region; had a history of allergic reaction to
eggs; had an intracranial structural abnormality on T1-weighted MRI scans or experienced
physical discomfort during fMRI scanning.

Anesthetic agents

Propofol was our reference drug, which has been the most widely used agent in human
fMRI studies of anesthetic effects (Adapa et al., 2014; Boveroux et al., 2010; Davis et al.,
2007; Dueck et al., 2005; Gross et al., 2019; Huang et al., 2018b; Huang et al., 2016;
Lichtner et al., 2018; Liu et al., 2012; Mhuircheartaigh et al., 2010; Schroter et al., 2012;
Warnaby et al., 2016). The advantage of propofol is that it exerts minimal effects on cerebral
hemodynamics (Fiset et al., 1999; Kondo et al., 2016) and can be carefully titrated. Because
it preserves flow-metabolism coupling in the cerebral vasculature, it minimizes confound of
the fMRI interpretation. Propofol suppresses neuronal activity mainly through an
enhancement of GABA-A receptor-mediated inhibition thus modulating widespread targets
throughout the brain (Alkire et al., 2008).

Anesthetic administration and monitoring

All subjects fasted for 8 h before the study. On the day of the experiment, an attending
anesthesiologist completed a pre-operative assessment and physical examination. Two fully
trained anesthesiologists were physically present for the entire duration of the experiment.
An intravenous cannula was placed after a subcutaneous injection of lidocaine (0.5 ml of
1%) used as local anesthetic. Spontaneous respiration, end-tidal CO,, heart rate, pulse
oximetry, and electrocardiogram were continuously monitored during the experiment.
Noninvasive arterial pressure was measured with MR-compatible automatic monitor.
Supplemental oxygen (2 L/min via nasal cannula) was used for all subjects. The propofol
administration was achieved by target-controlled IV bolus and constant rate infusion. The
bolus dose, infusion rate and infusion duration for each target effect-site concentration
(ESC) and for each participant were pre-determined based on a pharmacokinetic model
(Marsh et al., 1991) developed for target-controlled propofol infusion and implemented in
software (STANPUMP Shafer (1996)). The dosing (bolus + infusion) was incremented at
every 5 min until the final target was reached. The incremental dosing (0.4 rg/ml) was used
to titrate the anesthetic level to the point of loss of behavioral responsiveness (LOR). The
initial target ESC was 0.4 pg/ml in 14 participants and 1.0 gg/ml in 12 participants. The final
target concentration was 2.4 1g/ml (in 6 participants from our previous study (Huang et al.,
2018b)) or one increment above that first resulted in LOR (in 20 participants). The final
target was maintained for 21.6 min on average (£SD = 10.2 min). After that, the infusion
was terminated to allow spontaneous emergence. The estimated ESC time course for each
participant was calculated after completing the experiment by taking account of the
individual differences in the infusion timing, rate and duration.
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Experimental task during fMRI

Behavioral responsiveness was assessed by motor response (squeezing a rubber ball by
hand), which defined the periods during which a participant retained responsiveness
(PreLOR), loss of responsiveness (LOR) before spontaneous emergence, prior to recovery of
responsiveness during emergence (PreROR), and recovery of responsiveness (ROR). Two 10
min resting-state baseline and two 15 min task baseline recordings were done before (Restl
and Basel) and after (Base2 and Rest2) propofol infusion (Fig. 1A). There were 60 motor
response trials distributed throughout the entire scan, with an inter-trial-interval of ~90 s.
The beginning of trial was cued with the spoken word “action”, following which the
participants were required to grip the rubber ball once (instructed before the experiment).
Between the motor response trials, participants were instructed to perform mental imagery
tasks (playing tennis, spatial navigation and squeeze imagery). A pseudo-randomized (Latin
square) block design was applied, in which 15 s periods of tennis (and navigation) imagery,
and 10 s periods of squeeze imagery with a hand squeeze within 5 s after hearing the
instruction, alternated with 15 s of rest. The entire scan included 180 rest—imagery cycles
(60 cycles per condition). See our previous publication for more details about mental
imagery tasks (Huang et al., 2018b). The beginning of each mental imagery trial was cued
with the spoken word “tennis imagery,” “navigation imagery,” “squeeze imagery,” and the
rest period was cued with the word “relax.” The verbal instructions were programmed using
E-Prime 3.0 (Psychology Software Tools, Pittsburgh, PA) and delivered via an audiovisual
stimulus presentation system designed for an MRI environment. The volume of the
headphones was adjusted for subject comfort. Behavioral responses were measured in
mmHg of air pressure during squeezing the rubber ball, using BIOPAC (https://
www.biopac.com) MP160 system with AcgKnowledge software (V5.0).

fMRI data acquisition

Data were acquired at University of Michigan Hospital using a 3T Philips scanner with a
standard 32-channel transmit/receive head coil. Before fMRI scans, T1 weighted spoiled
gradient recalled echo (SPGR) images was acquired for high spatial resolution of anatomical
images with parameters: 170 sagittal slices, 1.0 mm thickness (no gap), TR=8.1s, TE=3.7
ms, flip angle = 8°, FOV = 24 cm, image matrix 256x256. Functional images over the whole
brain were acquired by a gradient-echo EPI pulse sequence with parameters: 28 slices,
TR/TE = 800/25ms by multiband acquisition, MB factor = 4, slice thickness =4 mm, in-
plane resolution = 3.4 x 3.4 mm; field of view (FOV) = 220 mm, flip angle = 76°, image
matrix: 64x64. Six participants were scanned with slightly different parameters before MRI
hardware upgradation (21 slices, slice thickness = 6 mm, MB factor = 3). All participants
were asked to lay at rest with eyes closed in the scanner for the first 10 min (Rest1) and the
last 10 min (Rest2) resting-state scan. They were asked not to move and to stay awake.
Verbal instructions were presented through earphones. Four task fMRI runs were conducted
including 15 min wakeful baseline (Basel), during (30-min) and after (30 min) propofol
infusion, and another 15 min recovery baseline (Base2). One participant lost behavioral
responsiveness after the first 30 min fMRI run, and five participants regained behavioral
responsiveness after the second 30 min fMRI run; the state transition time points for these
participant was not recorded. In addition, one participants’ ROR data were shorter than the
minimal requirement (at least 2 min data length) for the following sliding window analysis,
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and one participant did not complete the study due to excessive body movement during
ROR. In sum, our results were based on 18 optimal data from 26 studied subjects; those data
captured reliable transition periods for both LOR and ROR.

fMRI data preprocessing

Preprocessing steps were implemented in AFNI (http://afni.nimh.nih.gov/afni). 1) Slice
timing correction; 2) Rigid head motion correction/realignment within and across runs;
frame-wise displacement (FD) of head motion was calculated using frame-wise Euclidean
Norm (square root of the sum squares) of the six-dimension motion derivatives; 3)
Coregistration with high-resolution anatomical images; 4) Spatial normalization into
Talaraich stereotactic space and resampling to 3 x 3 x 3 mm3; 5) Using AFNI’s function
3dTproject, the time-censored data were band-pass filtered to 0.008-0.25 Hz. At the same
time, various undesired components (e.g., physiological estimates, motion parameters) were
removed via linear regression. The undesired components included linear and nonlinear drift
(polynomials up to and including degree 2), time series of head motion and its temporal
derivative, and mean time series from the white matter and cerebrospinal fluid; 6) Spatial
smoothing with 6 mm full-width at half-maximum isotropic Gaussian kernel; 7) The time-
course per voxel of each run was normalized to zero mean and unit variance, accounting for
differences in variance of non-neural origin (e.g., distance from head coil). For
methodological considerations (Murphy and Fox, 2017), we performed the analyses both
with and without global signal regression (GSR) and compared them in the Supplementary
material. As temporal autocorrelation concerns local dynamics (see below), controlling
shared signal across the whole brain (global signal) could presumably be beneficial for
extracting the genuine local effect. Therefore, for the main results in this article, temporal
autocorrelation was calculated after applying the GSR procedure while measures otherwise
(functional connectivity measures; see below) were not.

Temporal autocorrelation

The timescale of fMRI signals was estimated for each voxel as the temporal autocorrelation
decay (Huang et al., 2018a), quantified as the area under the curve (AUC) of the
autocorrelation function from 0.8 to 12 s (0.8 s step, given TR = 0.8 s) including 15
correlation coefficients (Fig. 1B). The time window of 12 seconds was chosen in accordance
with a previous study (Raut et al., 2020). We also varied the window length, ranging from
0.8 to 40 s, and evaluated the robustness of the results. The AUC is hereafter referred to as
the autocorrelation index, where a higher value indicates a shift toward slower dynamics.

Strength centrality

The average fMRI time series across all voxels in the gray matter was extracted and defined
as global signal. We computed Pearson’s correlations between the global signal and the
signal of each voxel in the gray matter. This yielded a whole-brain voxel-wise correlation
map with a correlation coefficient (Fischer’s Z transformed) per voxel (Fig. 1B). The value
for each voxel is akin to a measure of unthresholded weighted degree centrality, which
indexes the strength to which the signal of a given voxel is temporally coordinated with all
other voxels’ signal in the gray matter. In this study, we referred to it as strength centrality.
The gray matter average of strength centrality was previously defined as global signal
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functional connectivity (Tanabe et al., 2020), representing a net strength of whole brain
activity coordination.

Definition of functional networks and brain atlas

We adopted a well-established network template (Power et al., 2011) that had been slightly
modified in our previous study (Huang et al., 2018a). It contained 10 functional networks
(226 functional areas in total): subcortical (SUB), dorsal attention (DA), ventral attention
(VA), default mode (DMN), fronto-parietal task control (FPTC), cingulo-opercular task
control (COTC), salience (SAL), sensory/somatomotor (SS), auditory (AUD), and visual
networks (VI1S). In addition, we adopted a brain region template using automated anatomical
labeling (AAL) atlas (Tzourio-Mazoyer et al., 2002), containing 45 anatomical volumes of
interest in each hemisphere. The above network and brain region templates were used to
quantify the temporal autocorrelation and functional connectivity at both network and
regional levels. We sought to take advantage from both templates, where the former included
a reliable network definition (i.e., highly reproducible across studies), and the latter included
a detailed regional parcellation across cortical and subcortical brain areas.

Within- and between-network functional connectivity

A functional connectivity matrix was generated by calculating the Pearson’s correlation
coefficient of the time courses between each pair of functional areas based on the
aforementioned network template. This yielded a pairwise 226 x 226 correlation matrix
(Fisher’s Z transformed) per data unit (e.g., 2 min data in the following sliding window
analysis). Within- or between-network functional connectivity was derived by computing the
average of the triangular or rectangle zones of the matrix corresponding to a given network
(within-network) or a pair of networks (between-network) (Fig. 1B).

Corticocortical and subcorticocortical functional connectivity

Similar to the above calculation of strength centrality, the average fMRI time series across
all voxels in the cortex (instead of the entire gray-matter) was extracted. Pearson correlations
between the cortical signal and the signal of each voxel in the gray matter were computed.
This yielded a whole-brain voxel-wise correlation map with a correlation coefficient
(Fischer’s Z transformed) per voxel. The average of correlation coefficients across the cortex
was defined as corticocortical functional connectivity. The above procedure was applied by
using the average fMRI time series across voxels in a given subcortical region (e.g.,
thalamus or pallidum), yielding subcortical signal correlation maps. The average of
correlation coefficients across a subcortical region in the cortical signal correlation map and
the average of correlation coefficients across the cortex in a given subcortical correlation
map was averaged again and defined as subcorticocortical (e.g., thalamocortical or
pallidocortical) functional connectivity. The cortex mask was the cortical regions’ union in
the AAL atlas, and the subcortical masks were derived from the AAL atlas.

Sliding window analysis

The focus of this study was to delineate the state transitions as a function of drug effect, we
adopted a sliding window approach in ESC, and the above fMRI measurements including
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autocorrelation index, functional connectivity (strength centrality, within-network, between-
network, corticocortical and subcorticocortical). One concern with the sliding window
approach is the choice of window size, as it has been varied from tens of seconds to several
minutes in previous practices (Barttfeld et al., 2015; Hindriks et al., 2016; Hutchison et al.,
2013; Laumann et al., 2017; Tagliazucchi et al., 2016). Smaller window size may capture
more transient changes of the dynamics but it can reduce the statistical reliability and make
it more difficult to perform group averaging of dynamic time courses (Hindriks et al., 2016).
On the other hand, longer window size may capture changes that are more static with larger
statistical reliability, but with the cost of losing transient information. We traded off this
issue by choosing a moderate window size with 2 min length (150 fMRI frames; linear trend
was removed per window) and 20 s time step (25 fMRI frames). To this end, the sliding
window time-courses are presumably reflect the dynamic changes induced by the
anesthetics, instead of intrinsic variabilities. It thus permitted us to average the time-course
of a given measurement across subjects. Given the data length of PreLOR, LOR, PreROR
and ROR varied across participants, we used the transition points of LOR and ROR as two
reference time points in order to align all participants’ data within the same timeline. The
sliding window was moving forward and backward centered at the reference time points,
with a maximum data length of 15 min in each time direction.

Statistical analysis

Results

Measurements taken before and after LOR and ROR were statistically compared from 120 s
data windows preceding (PreLOR and PreROR) and following (LOR and ROR) the state
transition points by two-tailed paired-sample #tests (df = 17). Unless otherwise stated (e.g.,
uncorrected), p values with FDR correction (a < 0.05) were reported. For subcorticocortical
functional connectivity map in Fig. 5C, whole-brain voxel-wise paired sample t-tests (two-
sided) between PreROR window and ROR window were performed at the group level. The
resulting zmap was thresholded at the cluster level a < 0.05. This was achieved using
AFNI’s upgraded function 3dttest ++ with the ‘-Clustsim’ option that simulates noise
volume assuming the spatial autocorrelation function is given by a mixed-model rather than
a Gaussian-shaped function (Cox et al., 2017).

Induction-emergence hysteresis in behavioral responsiveness

We found that the transition to unconsciousness (i.e., LOR by definition) occurred at a
higher ESC than at the transition to regaining consciousness (i.e., ROR by definition) (Fig.
2A, 2C). This implied a delayed process in the recovery of behavioral responsiveness with
respect to the same level of anesthetic dose at LOR (yellow shaded area in Fig. 2A). The test
results were: PreLOR > PreROR: #=5.993, p< 0.0001; PreLOR > ROR: #=8.553, p<
0.0001; LOR > PreROR: ¢=6.411, p<0.0001; LOR > ROR: #= 8.636, p < 0.0001. By
plotting the fraction of responsiveness (across subjects) vs. estimated propofol effect-site
concentration (Fig. 2B), we observed a clear hysteresis loop, where the area between the
curves of induction and emergence represents a resistance to change in the state of
consciousness. These results are in line with prior studies suggesting a role for intrinsic
neural dynamics impeding recovery (Friedman et al., 2010; Joiner et al., 2013).
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Global changes of brain activity during state transitions

No statistically significant change of the globally-averaged autocorrelation index was found
during the transition into LOR (PreLOR vs. LOR: = -2.099, p = 0.0510), whereas the
autocorrelation index showed a sharp drop toward baseline level upon ROR (PreROR >
ROR: t=5.273, p< 0.0001) (Fig. 2D-E). The globally-averaged strength centrality did not
show any statistically significant change at the transition point for either transitioning into
(PreLOR vs. LOR: ¢t=1.892, p=0.0756) or out of LOR (PreROR vs. ROR: £=0.008, p=
0.9934) (Fig. 2F-G). It is noteworthy that the time courses of ESC during induction and
emergence were more or less symmetric (Fig. 2A), whereas the time courses of the temporal
autocorrelation and strength centrality appeared to be asymmetric. This suggests that the
pharmacokinetic effects cannot solely account for the difference in neural dynamics between
induction and emergence.

Network changes of brain activity during state transitions

Next, we examined if there were specific changes of brain activity during the transition
periods at the network level. First, we measured temporal autocorrelation, strength centrality,
and within- and between-network functional connectivity in pre-defined networks (Huang et
al., 2018a; Power et al., 2011). We found that the subcortical network was an exceptional
case compared to all other networks during the transition periods. Specifically, it was the
only network that did not show any statistically significant change in temporal
autocorrelation at ROR (Fig. 3A). Furthermore, an abrupt increase of strength centrality
(Fig. 3B), instead of within-network connectivity (Fig. 3C), was found only in the
subcortical network at ROR. The increased strength centrality of the subcortical network can
be characterized by an overall increase of between-network functional connectivity that
related to the subcortical network (e.g., sensory/somatomotor — subcortical, cingulo/
opercular task control — subcortical, auditory — subcortical, dorsal attention — subcortical)
(Fig. 3D).

Regional distribution of brain activity changes during state transitions

To gain a more spatially detailed picture of changes, we extracted the autocorrelation index
and strength centrality from 90 anatomical regions of interest based on the AAL atlas. Upon
ROR the temporal autocorrelation abruptly decreased across the majority of cortical regions
but not the subcortical regions (Fig. 4A). However, some of the subcortical regions,
particularly the bilateral thalamus and pallidum, showed an abrupt boost of strength
centrality at ROR (Fig. 4B). Together, these results indicate that regaining consciousness
was associated with an abrupt restorative decrease of temporal autocorrelation in the cortex,
and an abrupt boost of functional connectivity between subcortical and cortical regions.

Temporal trajectory of functional connectivity and temporal autocorrelation during state

transitions

Brain activity from global to network to regional levels all pointed to distinct neural
dynamics between cortical and subcortical regions during state transitions. To consolidate
the above findings, we narrowed down the focus by presenting the results of cortex (taking it
as a whole), thalamus and pallidum during the course of state transitions. Again, regaining
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consciousness (ROR) was associated with an abrupt restoration of the cortical (not the
thalamus or pallidum) temporal autocorrelation (o= 0.00028, FDR corrected), and an abrupt
boost of thalamocortical (p= 0.00041, FDR corrected) and pallidocortical (p = 0.00038,
FDR corrected) functional connectivity (Fig. 5A-B). When investigating the voxel level (the
average fMRI time series across the entire cortex was used as a regressor), we found that the
abrupt boost of subcorticocortical functional connectivity during restoration of
consciousness included the brain stem and several basal ganglia and thalamic nuclei (Fig.
5C). Finally, to illustrate the temporal interdependence of these effects, the trajectory of
group-averaged subcorticocortical functional connectivity (average of thalamocortical and
pallidocortical functional connectivity) was plotted as a function of the group-averaged
cortical signal’s temporal autocorrelation. This plot clearly reveals an asymmetric trajectory
of brain dynamics during LOR and ROR, illustrating how these state transitions occupy
distinct zones of the trajectory space (Fig. 5D).

Control analyses

For methodological considerations regarding the issue of global signal regression (Murphy
and Fox, 2017), we compared our results both with and without global signal regression
(GSR). We found that the autocorrelation index (i.e., derived from local fMRI signals) was
not substantially influenced by the presence or absence of GSR, albeit GSR enhanced the
effects of interest to a greater or lesser degree (Fig. S1). On the contrary, applying the GSR
procedure eliminated all the effects of interest in the functional connectivity measures,
including strength centrality (Fig. S1) and its analogous measures (e.g., weighted degree
centrality and binary degree centrality when applying an empirical threshold; Fig. S2), as
well as within- and between-network functional connectivity (Fig. S3). Together, controlling
shared signal across the whole brain (i.e., applying GSR procedure) may be beneficial for
extracting the genuine local effects, whereas the preservation of the global component in the
data (non-GSR) seemed to be important when studying distant functional connectivity
related to different conscious states.

To evaluate whether the results of temporal autocorrelation could be affected by the selection
of window length of the AUC, we varied the window length from 0.8 seconds (one TR) to
40 seconds (50 TRs). Supporting the main results in Fig. 5, the abrupt restoration of the
cortical temporal autocorrelation upon ROR was invariant with respect to the selection of
window length (Fig. S4).

Discussion

The goal of this investigation was to determine if time-dependent neural functional
connectivity and the speed (timescale) of neural processing would reveal asymmetric neural
dynamics during anesthetic state transitions in healthy human participants. Our data indeed
revealed distinct neural dynamics during induction vs. emergence that differentiated the
suppression and restoration of consciousness. We disentangled such asymmetric neural
dynamics into three pairs of contrasting characteristics, i.e., gradual vs. abrupt, local neural
timescale vs. distant connectivity, and subcortical vs. cortical. Specifically, we found that on
the way to losing consciousness the local neural timescale of the entire brain gradually
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increased, whereas distant functional connectivity gradually decreased. In contrast, regaining
consciousness was associated with an abrupt restoration of cortical, but not subcortical,
neural timescale and an abrupt boost of subcorticocortical functional connectivity. Because
these findings cannot be explained by pharmacokinetic factors, they support the neural
inertia hypothesis and may offer a specific neuronal account, i.e., asymmetric neural
dynamics of subcorticocortical neural interactions.

neural dynamics during loss and recovery of consciousness

Increasing the propofol effect-site concentration en route to unconsciousness was
accompanied by a gradual increase of the fMRI signal’s temporal autocorrelation across the
whole brain together with a gradual decrease of distant functional connectivity (e.g., strength
centrality, within- and between-network connectivity). The increase of temporal
autocorrelation presumably reflects an increase of local neuronal synchronization (Honey et
al., 2012; Supp et al., 2011), reflecting the slowing of neural processing (Hasson et al., 2008;
Lerner et al., 2011; Murray et al., 2014; Raut et al., 2020). In agreement with our prior
observations (Huang et al., 2018a), we found that the increase of signal’s temporal
autocorrelation occurred prior to the decrease of distant functional connectivity (Fig. 2C-D).
This supports our conclusion that propofol may synchronize local neuronal interactions and
prolong the neural timescales, which in turn, disrupt information exchange among distant
brain regions (Huang et al., 2018a). However, we did not find a significant change of those
fMRI-derived quantities at the transition point of losing consciousness. This may be due to
either that (1) the differential between adjacent data windows was too small to detect, or (2)
losing consciousness itself is a gradual rather than abrupt process (Veselis, 2001). Of note,
the increase of temporal autocorrelation followed by the decrease of global functional
connectivity during anesthesia are highly reproducible results across our current and
previous datasets analyzed by different protocols (see Fig. S4 comparable with (Huang et al.,
2018a; Tanabe et al., 2020)).

Importantly, regaining consciousness was associated with an abrupt restoration (decrease to
baseline level) of the cortical signal’s temporal autocorrelation and an abrupt boost of
subcorticocortical functional connectivity. These abrupt changes are of particular interest
because they depict differential neural behaviors between thalamus and cortex. On one hand,
the decrease of cortical temporal autocorrelation may indicate an increase in the speed of
cortical neural processing. On the other hand, the boost of subcorticocortical functional
connectivity may indicate a ramp-up of arousal (see below for more discussion). This is
supported by previous findings showing a critical role of subcortical activation (e.g.,
brainstem and thalamus) during emergence from anesthesia in humans with fMRI (Nir et al.,
2019) and PET (Langsjo et al., 2012; Scheinin et al., 2020). Taken together, we speculate
that these processes may reflect a re-engagement of subcorticocortical and corticocortical
loops necessary for the integration of bottom-up and top-down data streams (Aru et al.,
2020; Bachmann and Hudetz, 2014; Mashour and Hudetz, 2018, 2017).

Admittedly, a firm causal relationship between the described events in thalamus and cortex
is difficult to assert from our data because of the relatively limited temporal resolution of
fMRI and the lack of direct neuronal evidence. However, combining our results with
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additional evidence from electrophysiological studies (Flores et al., 2017; Patel et al., 2020),
a shift to faster neural timescale and a jump-start of subcorticocortical neural interactions
appear as plausible necessary steps in the mechanism of restoring consciousness. As
previously found in a rodent study, emergence from propofol anesthesia was accompanied
by an abrupt transition from slow delta-alpha to beta oscillations, which was distinct from
the gradual transition during induction (Flores et al., 2017). A similar abrupt transition from
slow delta and broadband alpha and beta oscillations to just beta oscillations occurred in the
thalamus, again distinct from the gradual change during induction. A comparable abrupt
shift of neuronal beta oscillations during emergence was seen in the primate neocortex (Patel
et al., 2020).

Hysteresis and neural inertia

We found that LOR and ROR occurred at substantially different effect-site propofol
concentrations. As a result, the propofol concentration - response relationship was not
unique but followed distinct trajectories for the ascending vs. descending concentrations,
forming a closed loop commonly known as hysteresis. Some of the early investigators
attributed this hysteresis to a pharmacokinetic effect, i.e., a differential lag between plasma
and effect site equilibration (McKay et al., 2006). However, more recent findings suggest
that anesthetic hysteresis has a neurobiological explanation called neural inertia. Neural
inertia refers to an intrinsic resistance of the brain to a change in state (Friedman et al., 2010;
Joiner et al., 2013; Kelz et al., 2008; Kim et al., 2018; Patel et al., 2020; Steyn-Ross et al.,
2004). This resistance results in a need for a greater concentration of the anesthetic to
initiate the transition from PreLOR to LOR compared to that required to transition from
PreROR to ROR.

The exact mechanism of neural inertia has not been conclusively determined. It may be
mediated by specific neuronal populations that create an inertial barrier against state
transitions in order to maintain or stabilize wakefulness or anesthesia (Friedman et al., 2010;
Joiner et al., 2013). Specifically, it may be related to the neurons’ bistability due to feedback,
which commonly leads to hysteresis in biological systems (Chatterjee et al., 2008; Moreno-
Bote et al., 2007; Steyn-Ross et al., 2004; Voss et al., 2012). Feedback between local
neuronal populations or between functional brain regions may initiate state transitions and
stabilization of the new state (Joiner et al., 2013). As an example, anesthetics may hijack the
sleep-wake circuitry by exciting sleep-promoting and inhibiting wake-promoting neurons
(McKinstry-Wu et al., 2019; Moore et al., 2012; Proekt and Hudson, 2018; Zhang et al.,
2015). These neuronal populations mutually inhibit each other and thus exhibit self-
reinforcing behavior (McKinstry-Wu et al., 2019). Once sleep-active neurons activate
beyond a certain threshold, they shut down the wake-active neurons thereby decreasing their
inhibitory effects and further strengthen mutual excitation amongst the sleep-active neurons
(Proekt and Hudson, 2018; Saper et al., 2005). The converse happens during wakefulness.
As another example, activation of the arousal system can make thalamocortical neurons
switch from burst firing (characteristic of sleep and anesthesia) to tonic firing (characteristic
of waking) (Fuentealba et al., 2005). This results in the recruitment of cortical neurons into a
positive feedback loop that maintains the excitation of both sets of neurons, thus stabilizing
the waking state (Joiner et al., 2013).
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Mathematical models have also been developed to illustrate how anesthetic hysteresis (and
neuronal inertia) may arise from neuronal bistability or multistability (Proekt and Hudson,
2018), and percolation phenomena (Su et al., 2020). Another mathematical model suggested
that anesthetic hysteresis is a generic network feature, which is mediated by patterns of
explosive synchronization, i.e., a discontinuous transition between incoherent and
synchronized states of a network (Kim et al., 2018). Specifically, applying a large-scale
brain network model, the authors demonstrated that the asymmetry of synchronization
suppression could account for anesthetic hysteresis, where an adaptive feedback term (i.e., a
recursive interaction process between brain regions) in the model plays an essential role in
producing the asymmetric suppression. Nevertheless, the above brain network model only
included cortical regions. Considering the role of subcorticocortical neural interactions in
rebooting consciousness as shown by our data, we speculate that the subcortical regions may
have unique contributions in generating brain-wide explosive synchronization. Future work
that implements neuroanatomically informed subcorticocortical architecture into the brain
network model may help testing this hypothesis.

To-date, clinical investigations of anesthetic hysteresis have yielded mixed results. Two
forms of evidence have been considered: (1) anesthetic dose vs. behavioral responsiveness,
and (2) anesthetic dose vs. brain-based measures. Regarding (1), anesthetic hysteresis was
found during sevoflurane anesthesia (Kuizenga et al., 2018) but not during propofol
anesthesia (Kuizenga et al., 2018; Warnaby et al., 2017), whereas three other studies
supported anesthetic hysteresis during propofol anesthesia (Ferreira et al., 2020; Nir et al.,
2019; Sepulveda et al., 2019). Regarding (2), Warnaby and colleagues (Warnaby et al.,
2017) found asymmetric EEG slow wave activity saturation during induction and
emergence, which might be a signature of neural inertia. Furthermore, simultaneous EEG-
fMRI showed that at the point of slow-wave activity saturation, stereotypical thalamocortical
responses to nociceptive and auditory inputs were abolished (Mhuircheartaigh et al., 2013).
Lewis and colleagues (Lewis et al., 2018) also identified an asymmetry during induction and
emergence from propofol anesthesia, where the emerging brain could enter a state with a
sleep-like sensory blockade (e.g., K-complexes) before regaining responsiveness to arousal
stimuli. However, unlike slow-wave activity saturation or K-complexes, EEG/LFP spectral
power (Breshears et al., 2010; Purdon et al., 2013) did not follow a clear pattern of
hysteresis during propofol anesthesia. By visual inspection, the time course of EEG effective
connectivity suggested some asymmetry between induction and emergence with propofol
(Pullon et al., 2020), however this was not directly tested by the authors.

In our present work, both the behavioral and brain-based data support the existence of
anesthetic hysteresis and favor the neural inertia concept. First, we observed a hysteresis
loop between the anesthetic dose and behavioral responsiveness with the transition to
unconsciousness occurring at a higher ESC than the transition to consciousness. Second, we
observed hysteresis in the anesthetic dose vs. brain-based measures, i.e., in the
subcorticocortical functional connectivity and cortical temporal autocorrelation. In addition,
the abrupt boost of subcorticocortical functional connectivity following the hysteretic
resistance to ROR may reflect the action of positive feedback and stabilization process.
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Subcortical vs. cortical mechanisms

A long-standing debate in anesthesiology relates to the systemslevel mechanisms for
anesthesia-induced unconsciousness. Two main hypotheses posit the disruption of either the
corticocortical loops or thalamocortical loops (Alkire et al., 2008; Hudetz, 2012; Mashour,
2014; Mashour, 2006; Mashour and Hudetz, 2018, 2017; White and Alkire, 2003). Our
results suggest that both hypotheses could be true but they likely correspond to different
aspects of consciousness.

First, corticocortical functional connectivity, including both within- and between-network
functional connectivity, changed in a graded fashion during state transitions. We speculate
that the corticocortical changes during anesthesia may be more directly related to the
suppression of awareness (the content of consciousness) rather than arousal (the level of
consciousness). This is consistent with the theoretical framework of top-down and bottom-
up mechanisms of general anesthetics mapping on to disruptions of content and level of
consciousness, respectively (Mashour and Hudetz, 2017). Second, the abrupt boost of
subcorticocortical connectivity upon emergence (ROR) involved the brain stem, basal
ganglia and thalamic nuclei that participate in the brainstem-thalamocortical axis of arousal
(Akeju et al., 2014; Fischer et al., 2016; Giacino et al., 2014; Gili et al., 2013; Halassa et al.,
2014; Halassa and Kastner, 2017; Hindman et al., 2018; Mhuircheartaigh et al., 2010; Song
etal., 2017). The basal ganglia are also involved in regulating thalamocortical signal
transmission (Mhuircheartaigh et al., 2010; Schiff, 2010; Schiff et al., 2007) with the dorsal
pallidum, in particular, regulating voluntary movement (Gillies et al., 2017). Thus, our data
provide a plausible account for the involvement of subcorticocortical networks in the
recovery of arousal and behavioral responsiveness.

Taken together, anesthetic-induced unconsciousness could be associated with the
suppression of two functional architectures, the corticocortical loops and subcorticocortical
arousal pathway. In the conscious brain, the dual functional architecture allows a dynamic
integration of bottom-up and top-down data streams that converge arousal and awareness
into unified conscious experience (Aru et al., 2020; Bachmann and Hudetz, 2014; Mashour
and Hudetz, 2017). £n route to unconsciousness, both functional systems may be gradually
corrupted. Restoration of consciousness, on the other hand, may depend on the abrupt neural
activation of arousal pathways, accompanied by an abrupt restoration of neural timescales in
the cortex.

Clinical implications

Recent studies indicated that there might be shared neural pathways between pharmacologic
and pathologic states of unconsciousness (coma or persistent vegetative states), such that the
former may inform the clinical diagnosis of the latter (Campbell et al., 2020; Huang et al.,
2020; Tanabe et al., 2020). It has also been suggested that the feedback and bistability
involved in neural inertia may be impaired in pathologic states of unconsciousness, and the
neural inertial barrier separating waking from unconscious states may be widened beyond
the range of reversibility normally associated with physiological processes (Joiner et al.,
2013). Therefore, establishing a pharmacologic “coma” model in humans and targeting the
brainstem-thalamocortical arousal pathway, as suggested by our data, may potentially
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benefit the development of therapeutic interventions in patients with disorders of
consciousness, such as through thalamic stimulation in brain injured patients (Schiff et al.,
2007). In this respect, there is evidence from animal studies that microinjection of nicotine
(Alkire et al., 2007) or antibodies blocking a voltage-gated potassium channel (Alkire et al.,
2009) into the central medial thalamus of rats or central thalamic electrical stimulation in
primates (Redinbaugh et al., 2020) can awaken the animals in spite of the continued
administration of an anesthetic. Activation of other subcortical arousal pathways that project
in part to the thalamus may also play a role. For example, muscarinic cholinergic activation
of the basal forebrain (Hudetz et al., 2003), electrical or optogenetic stimulation of the
ventral tegmental area (Solt et al., 2014; Taylor et al., 2016) and parabrachial area (Muindi et
al., 2016; Wang et al., 2019) facilitate “reanimation” from anesthesia. Pharmacological
disinhibition of the medullary reticular activating system triggers emergence from both
anesthesia and hypoglycemic coma (Gao et al., 2019). Besides these subcortical
interventions, direct pharmacological stimulation of prefrontal cortex has been shown to
reverse general anesthesia and restore full wakefulness in rats (Pal et al., 2018). This
demonstrated a crucial role of prefrontal cortex positioned along the mesocircuit involving
the thalamus, globus pallidus, striatum, and basal forebrain (Knotts et al., 2018).

Neural inertia appears to provide a natural resistance to rapid and potentially catastrophic
transitions between states such as wake-to-sleep transitions observed in patients with
narcolepsy (Lu et al., 2006). Nevertheless, there may be circumstances with a need to
mitigate the effect of neural inertia, “inducing emergence” to achieve control over the
process that parallels that of inducing anesthesia (Tarnal et al., 2016). Hence, identifying the
neural mechanisms that mediate the resistance to state transitions and recovery from general
anesthesia may ultimately lead to novel therapies via selectively stabilizing the anesthetized
state and avoiding anesthetic overdose, or selectively destabilizing the state of anesthesia at
the end of surgery to facilitate recovery.

Our study has a number of limitations. First, consciousness was operationally indexed by
behavioral responsiveness. The nomenclature of LOR and ROR followed the experimental
definition. Although we surmise that intact responsiveness indicates consciousness, this is
not certain due to the possibility of covert consciousness (Monti et al., 2010; Owen et al.,
2006). Likewise, unresponsiveness does not strictly necessitate unconsciousness (Sanders et
al., 2012), although this is often inferred. Second, because the effect-site concentration of
propofol cannot be directly measured in healthy volunteers, it was estimated from a
pharmacokinetic model (Marsh et al., 1991), which may not accurately reflect the exact drug
concentration in the brain. This makes it difficult to provide irrefutable evidence for or
against the existence of hysteresis in humans. In prior considerations, by simply adjusting
pharmacokinetic—pharmacodynamic (PK-PD) parameters (Baars et al., 2006; Kuizenga et
al., 2001), one could either conclude that hysteresis either does or does not exist based upon
identical behavioral observations (Proekt and Kelz, 2020). Nevertheless, given the
phylogenetic conservation of neural inertia as found in other species ranging from
invertebrates to vertebrates (Friedman et al., 2010; Joiner et al., 2013), the preponderance of
evidence suggests that anesthetic hysteresis indeed exists. Third, neural changes during the

Neuroimage. Author manuscript; available in PMC 2021 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Huang et al.

Page 16

course of losing versus regaining consciousness can be best examined when the depth of
anesthesia is varied slowly or incrementally, as implemented in our study, but this protocol is
not generally used in clinical practice. This approach has, nevertheless, exclusive power to
reveal the potential difference in neural dynamics between anesthetic induction and
emergence. Fourth, a previous investigation found a decrease of the Hurst exponent —
another measure of temporal autocorrelation — in monkeys anesthetized with propofol
(Barttfeld et al., 2015). Compared to this, we found that propofol sedation at low effect-site
concentration (ESC = ~2.4 wg/ml) globally increased temporal autocorrelation and our
former study, analyzing an independent dataset at ESC = ~1.9 pg/ml, found the same effect
(Huang et al., 2018a). However, a deeper level of propofol anesthesia (ESC = 4.0 pg/ml)
leads to a global decline of temporal autocorrelation, e.g., Fig. 7 in (Huang et al., 2018a).
Since Barttfeld et al. applied high ESC at 3.7-6.5 rg/ml, their finding of diminished Hurst
exponent is consistent with our former results and is not in conflict with our current finding
obtained at a much lower ESC. Nevertheless, the neural mechanism of a biphasic
phenomenon of temporal autocorrelation during the course of sedation and anesthesia, i.e.,
increases at low ESC and decreases at high ESC, remains largely unknown and therefore
warrants further examination. Fifth, there seemed to be corticocortical network changes
preceding the subcorticocortical changes. For example, in Fig. 5B, a trend of increase in
corticocortical functional connectivity occurred a few minutes prior to the abrupt change of
subcorticocortical functional connectivity upon ROR. Although this phenomenon is
interesting, we were not able to ascertain if there was a causal relationship between the early
corticocortical changes and the late subcorticocortical changes. One possibility is that the
former drove the latter. Another possibility is that they were parallel processes, where
corticocortical changes reflected recovery associated with the decrease of propofol
concentration, whereas the subcorticocortical changes were associated with neural inertia (a
time delay by definition) that determines behavioral responsiveness. Lastly, different
anesthetic agents may alter neural dynamics in different ways. Whether our results can be
generalized to anesthetics of different pharmacological class including halogenated ethers or
non-GABAergic drugs such as ketamine remains to be determined. However, prior studies
from our research group using computational modeling and empirical neurophysiologic data
in humans exposed to sevoflurane and ketamine support asymmetric network dynamics as a
source of observed hysteresis (Kim et al., 2018).

Conclusions

We conclude that losing and regaining consciousness follows asymmetric neural dynamics.
A rapid increase in the speed of cortical neural processing with a jump-start of
subcorticocortical functional connectivity may account for rebooting consciousness after
anesthesia. Our findings support the neural inertia hypothesis and offer a specific neuronal
account.
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Fig. 1. Experimental design and fMRI measures.

Within-network

(A) Healthy volunteers were studied using fMRI before, during, and after intravenous
propofol infusion. The infusion rate was adjusted to achieve stepwise increasing target
effect-site concentrations. Behavioral responsiveness was assessed by motor response, which
defined the periods during which a participant retained responsiveness (PreLOR), loss of
responsiveness (LOR) before spontaneous emergence, prior to recovery of responsiveness
during emergence (PreROR), and recovery of responsiveness (ROR). Two 10 min resting-
state baseline and two 15 min task baseline recordings were done before (Restl and Basel)
and after (Base2 and Rest2) propofol infusion. (B) A sliding window approach (window size
=2 min; time step = 20 s) was used to analyze the time courses of fMRI-derived quantities.
The timescale of fMRI signals was estimated for each voxel as the temporal autocorrelation
decay, quantified as the area under the curve (AUC) of the autocorrelation function from 0.8
to 12 s. Voxel-wise strength centrality was defined by calculating the Pearson’s correlation
coefficient between a given voxel’s signal and the global (gray matter average) signal.
Within- or between-network functional connectivity was derived by computing the average
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of the triangular or rectangle zones of the functional connectivity matrix corresponding to a
given network (within-network) or a pair of networks (between-network). The functional
connectivity matrix was generated by calculating the Pearson’s correlation coefficient of the
time courses between each pair of functional areas based on a pre-defined network template.
The networks include subcortical (SUB), dorsal attention (DA), ventral attention (VA),
default mode (DMN), fronto-parietal task control (FPTC), cingulo-opercular task control
(COTC), salience (SAL), sensory/somatomotor (SS), auditory (AUD), and visual networks
(VIS).
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Fig. 2. Induction-emergence hysteresis and global changes of brain activity.
(A) Group average of propofol effect-site concentration (ESC). Given the data length of

PreLOR, LOR, PreROR and ROR varied across participants, the transition points of LOR
and ROR were used as two reference time points in order to align all participants’ data
within the same timeline. The sliding window was moving forward and backward centered
at the reference time points, with a maximum data length of 15 min in each time direction.
The transition to ROR occurred at a lower ESC than during the transition to LOR. The
delayed period in the recovery of behavioral responsiveness with respect to the same level of
anesthetic dose at LOR is indicated by a yellow shaded area. (B) A hysteresis loop is shown
by plotting the fraction of responsiveness (across subjects) vs. estimated propofol effect-site
concentration. The area between the curves of induction and emergence represents a
resistance to change in the state of consciousness. (D) Time course of global (gray matter
average) autocorrelation index at the group-level. (F) Time course of global strength
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centrality at the group-level. (C, E, G) Measurements taken before and after LOR and ROR
were statistically compared from 120 s data windows preceding (PreLOR and PreROR) and
following (LOR and ROR) the state transition points by two-tailed paired-sample t-tests (df
= 17). Black lines on the bars indicate statistical significance at FDR-corrected a < 0.05.
Shaded areas in the time courses indicate £SEM.
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Fig. 3. Network changes of brain activity during statetransitions.
(A) Left panel: time courses of autocorrelation index in different networks at the group-

level; right panel: measurements taken before and after LOR and ROR were statistically
compared from 120 s data windows preceding (PreLOR and PreROR) and following (LOR
and ROR) the state transition points by two-tailed paired-sample t-tests (df = 17). Blue bars
represent the differences for LOR vs. PreLOR, namely transition in to LOR. Red bars
represent the differences for ROR vs. PreROR, namely transition out of LOR. (B) Time
courses (left) and bar charts (right) for strength centrality in different networks at the group-
level. (C) Time courses (left) and bar charts (right) for within-network functional
connectivity at the group-level. (D) Time courses (left; heat maps) and bar charts (right) for
between-network functional connectivity at the group-level. Asterisk (*) indicates statistical
significance at FDR-corrected a < 0.05. Shaded areas in the time courses indicate + SEM.
The networks include subcortical (SUB), dorsal attention (DA), ventral attention (VA),
default mode (DMN), fronto-parietal task control (FPTC), cingulo-opercular task control
(COTC), salience (SAL), sensory/somatomotor (SS), auditory (AUD), and visual networks

(VIS).
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Fig. 4. Regional distribution of brain activity changes during state transitions.
(A) Left panel: time courses of autocorrelation index in pre-defined anatomical regions;

middle panel: brain regions in the automated anatomical labeling (AAL) atlas (45 regions
per hemisphere). A single brain region label corresponds to a pair of values from left (upper)
and right (lower) hemispheres; right panel: blue bars represent the differences for LOR vs.
PreLOR, namely transition in to LOR. Red bars represent the differences for ROR vs.
PreROR, namely transition out of LOR. (B) Time courses and bar charts for strength
centrality in different brain regions at the group-level. Asterisk (*) indicates statistical
significance at FDR-corrected a < 0.05.
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Fig. 5. Temporal trajectory of functional connectivity and temporal autocorrelation during state
transitions.

(A) Time courses of autocorrelation index in the cortex, thalamus and pallidum at the group-
level. (B) Time courses of corticocortical, thalamocortical and pallidocortical functional
connectivity at the group-level. Asterisk (*) indicates statistical significance at FDR-
corrected a < 0.05. Shaded areas in the time courses indicate £ SEM. (C) Whole-brain
functional connectivity was calculated by using the average fMRI time series across the
entire cortex as a regressor. Voxel-wise paired sample t-tests (two-sided) between PreROR
window and ROR window were performed at the group-level. The resulting z-map was
thresholded at the cluster level a < 0.05. The abrupt boost of subcorticocortical functional
connectivity during regaining consciousness included the brain stem, red nucleus, medial
globus pallidus, pallidum, medial dorsal (MD) nucleus, ventral posteromedial (VPM)
nucleus and ventral lateral (VL) nucleus. (D) The trajectory of subcorticocortical functional
connectivity (average of thalamocortical and pallidocortical functional connectivity) was
plotted as a function of the cortical signal’s temporal autocorrelation.
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