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Abstract
The level and richness of consciousness depend on information integration in the brain. Altered interregional functional interac-
tions may indicate disrupted information integration during anesthetic-induced unconsciousness. How anesthetics modulate the
amount of information in various brain regions has received less attention. Here, we propose a novel approach to quantify regional
information content in the brain by the entropy of the principal components of regional blood oxygen-dependent imaging signals
during graded propofol sedation. Fifteen healthy individuals underwent resting-state scans in wakeful baseline, light sedation
(conscious), deep sedation (unconscious), and recovery (conscious). Light sedation characterized by lethargic behavioral responses
was associated with global reduction of entropy in the brain. Deep sedation with completely suppressed overt responsiveness was
associated with further reductions of entropy in sensory (primary and higher sensory plus orbital prefrontal cortices) but not high-
order cognitive (dorsal and medial prefrontal, cingulate, parietotemporal cortices and hippocampal areas) systems. Upon recovery
of responsiveness, entropy was restored in the sensory but not in high-order cognitive systems. These findings provide novel
evidence for a reduction of information content of the brain as a potential systems-level mechanism of reduced consciousness
during propofol anesthesia. The differential changes of entropy in the sensory and high-order cognitive systems associated with
losing and regaining overt responsiveness are consistent with the notion of Bdisconnected consciousness^, in which a complete
sensory-motor disconnection from the environment occurs with preserved internal mentation.
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Introduction

The richness of conscious experience is thought to depend on
the brain’s information capacity and the amount of integrated

information (Tononi 2004; Tononi 2008; Oizumi et al. 2014).
General anesthesia may suppress consciousness by reducing
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the brain’s information capacity or disrupting its ability to inte-
grate information (Alkire et al. 2008). To date, most investiga-
tions have focused on identifying anesthetic-induced changes
of functional connectivity in large-scale brain networks as sur-
rogate measures of disrupted information integration (Alkire
2008; Bonhomme et al. 2012; Hudetz 2012; Mashour 2014;
Uhrig et al. 2014). In comparison, anesthetic modulation of
information content in the brain has received considerably less
attention. Particularly, an understanding of the region-specific
effects of anesthetics on information content carried by signals
of brain imaging modalities remains undetermined.

Intrinsic spontaneous brain activity measured by brain im-
aging exhibits incessantly changing spatiotemporal patterns
(Britz et al. 2010; Chang and Glover 2010; Hutchison et al.
2013; Allen et al. 2014; Di and Biswal 2015) that may underlie
the dynamic nature of the stream of consciousness (Mason et al.
2007). Presumably, if the repertoire of discriminable patterns
exhibited at a given spatiotemporal scale were to shrink, for
example, under the influence of anesthesia; information content
and therefore, the amount of integrated information expressed
by the intrinsic neural activities would be reduced. To date,
direct evidence of anesthetic-modulated changes of the reper-
toire of brain states has been scarce, especially with functional
imaging that could provide spatially detailed functional repre-
sentation of the entire brain. A reduced repertoire of electroen-
cephalographic responses to external perturbation with trans-
cranial magnetic stimulation was observed during states of di-
minished consciousness in sleep, anesthesia, and patients with
disorders of consciousness (Massimini et al. 2005; Ferrarelli
et al. 2010; Casali et al. 2013; Casarotto et al. 2016). A handful
of empirical studies (Barttfeld et al. 2015; Hudetz et al. 2015;
Sarasso et al. 2015; Hudetz et al. 2016; Tagliazucchi et al.
2016), together with a few computer simulation studies
(Steyn-Ross et al. 2001; Hudetz et al. 2014; Tagliazucchi
et al. 2016), has suggested a reduction of the repertoire or the
overall complexity of intrinsic brain states in anesthesia-
induced loss of consciousness. Conversely, an increase of the
variance or equally, the entropy of voxel-based functional im-
aging signals in the hippocampal region was observed in a
psychedelic state induced by an injection of psilocybin, which
presumably increases the criticality of brain activities (Carhart-
Harris et al. 2014; Tagliazucchi et al. 2014). A few studies
identified agent-dependent effects of anesthetics on the en-
tropy of electroencephalogram (EEG) signals acquired on
the brain surface (Sleigh and Donovan 1999; Bruhn et al.
2000; Vakkuri et al. 2004; Maksimow et al. 2006).
However, the EEG provides limited spatial information
for characterizing the effect of anesthetics on the entropy
of deep cortical and subcortical brain regions. Moreover,
different EEG-based entropy and complexity measures
may produce conflicting results (Ferenets et al. 2006). In
summary, a systematic examination of the region-specific
effects of anesthesia on information content measured by

functional brain imaging is lacking, especially in critical
conditions associated with the change of the state of con-
sciousness during anesthesia as indicated by the loss and
return of overt responsiveness.

General anesthetics appear to suppress human conscious-
ness and cognition in a graded manner. At a light sedative
dose, anesthetics disrupt memory and lead to lethargic re-
sponses (Sanders et al. 2012), suggesting a reduction of infor-
mation content and integration. At a higher dose, anesthetics
lead to complete behavioral unresponsiveness, suggesting a
loss of external awareness, i.e., awareness of the external
environment, also known as a state of disconnected
consciousness (Sanders et al. 2012). However, such a loss of
external awareness does not necessarily indicate that internal
awareness, i.e., the subjective experience of internally gener-
ated thoughts, images, and dreams, is erased (Sanders et al.
2012; Boly et al. 2013; Hudetz and Mashour 2016).
Disconnected consciousness may be due to a disconnection
of low-order sensory systems from high-order cognitive sys-
tems, with the latter continuing to maintain a residual level of
information processing capacity for the generation of internal
awareness, such as dreams (Leslie et al. 2009; Sanders et al.
2012). Insight into this possibility may be gained by investi-
gating if the information content carried by brain imaging
signals in sensory and high-order cognitive systems are differ-
entially modulated by anesthetics during the critical stages of
losing and regaining behavioral responses.

Accordingly, the goal of this study was to determine the
region-specific changes of information content in the brain
during graded, propofol-induced alterations of the state of
consciousness as indexed by behavioral responsiveness.
Intrinsic brain activity was measured using resting-state func-
tional magnetic resonance imaging (rs-fMRI), which is a
unique tool for mapping state-dependent intrinsic, spontane-
ous brain activities with high spatial precision (Biswal 2012).
We scanned healthy volunteers in four states of consciousness:
wakeful baseline (conscious), light sedation (conscious), deep
sedation (loss of behavioral responsiveness), and the subse-
quent recovery state (the state immediately following the re-
turn of conscious responses after anesthesia). The region-
specific information content carried by rs-fMRI signals was
assessed by the entropy (H) of regional voxel blood oxygen
level-dependent (BOLD) fMRI signals based on the definition
of Shannon entropy for Gaussian processes. To make the
calculations mathematically tractable, entropy was calcu-
lated from the principal components of regional voxel
BOLD fMRI signals. By performing the analysis across
neuroanatomically defined brain regions, a quantitative
evaluation of the region-specific effects of propofol seda-
tion on the information content of rs-fMRI signals could be
obtained across the four states of consciousness.

With this approach, we tested two specific hypotheses.
First, we hypothesized that, consistent with the theory of
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information integration, propofol sedation would be associat-
ed with a general reduction of information content across the
brain. Second, motivated by the theory for disconnected
consciousness (Sanders et al. 2012; Boly et al. 2013), we
hypothesized that information content in the sensory and
high-order cognitive systems may be differentially modu-
lated when behavioral responsiveness is lost and regained.
Specifically, we theorized that the change of state of overt
behavioral responsiveness would be related to entropy
changes in the sensory systems, consistent with discon-
nection, rather than to those in high-order cognitive sys-
tems that support the potential generation of conscious
mentation. As we show, our results indeed reveal region-
specific entropy modulation by propofol, which supports
our hypotheses. Thus, our findings suggest a systems-
level mechanism for the presence of disconnected con-
sciousness in deep propofol sedation.

Materials and methods

The experimental protocol was approved by the Institutional
Review Board of the Medical College of Wisconsin (MCW).
Data analyzed here were obtained previously as described in a
former publication (Liu et al. 2017).

Study participants

Fifteen healthy volunteers aged 19–35 years (nine males and
six females, mean age 26.7 years, standard deviation 4.8, body
mass index <25) provided written informed consent to partic-
ipate in this study. Participants consisted of native English
speakers recruited from MCW communities with no history
of neurological or psychiatric conditions.

Propofol administration

The anesthetic agent propofol was administered with a bolus
dose followed by a target-controlled continuous infusion
(STANPUMP) (Shafer 1996). We targeted a plasma concentra-
tion of 0.98 ± 0.18 μg ml−1 for light sedation and 1.88 ±
0.24 μg ml−1 for deep sedation. If necessary, the target plasma
concentration was adjusted to achieve the desired state of seda-
tion in each participant. The lower dose for light sedation was
intended to induce a lethargic response to questions in partici-
pants (OAAS [observer’s assessment of alertness/sedation]
score: 4; (Chernik et al. 1990)). The higher dose for deep seda-
tion was chosen to achieve the desired endpoint at which the
participant showed no response when his/her name was called
loudly at the scanner bedside and did not respond to mild prod-
ding and shaking (OAAS score: 2–1). American Society of
Anesthesiologists standard monitoring, including pulse oxime-
try, noninvasive blood pressure, electrocardiogram, and end

tidal carbon dioxide, was followed for all subjects by a faculty
anesthesiologist. Supplemental oxygen was administered (2 L/
min) via nasal cannula.

Resting-state imaging acquisition

Structural and rs-fMRI data were acquired using a whole-
body 3 T Signa GE scanner (GE Healthcare, Waukesha, WI,
USA) with a standard 32-channel transmit-receive head coil.
Functional imaging data were acquired during each of four 15-
min scans in wakefulness, light sedation, deep sedation, and
recovery, respectively, with repetition time (TR), 2 s; total
volumes, 450; echo time, 25 ms; slice thickness, 3.5 mm; in-
plane resolution, 3.5 × 3.5 mm; number of slices, 41; flip an-
gle, 77°; field of view, 22.4 cm; matrix size, 64 × 64. High-
resolution three-dimensional spoiled gradient-recalled echo
axial images were acquired before functional scans with TE/
TR/TI, 3.2/8.2/450 ms; slice thickness, 1 mm; 150 slices; flip
angle, 12°; field of view, 24 cm; matrix size, 256 × 256.

Imaging data preprocessing

Imaging data preprocessing was conducted using a combination
of Analysis of Functional NeuroImages (AFNI, http://afni.nimh.
nih.gov/afni), Statistical Parametric Mapping (SPM, http://
www.fil.ion.ucl.ac.uk/spm), FMRIB Software Library (FSL,
(http://www.fmrib.ox.ac.uk), and Matlab software
(MathWorks, Natick, MA, USA). Raw functional images first
underwent retrospective correction for physiological motion
effects using recorded cardiac and respiratory activities
(3dretroicor in AFNI). The first five data points were
discarded to reduce the initial transient effects in data
acquisition. Subsequent data preprocessing included slicing
timing correction (3dTshift in AFNI), despiking (3dDespike in
AFNI), and motion correction (mcflirt in FSL, producing three
translational and three rotational parameters for each volume
image). No significant differences of head motion ranges were
found among the four functional scan conditions. Physiological
noise was estimated using the average voxel BOLD fMRI
signals from regions of white matter (WM) and cerebrospinal
fluid (CSF) determined in each individual’s anatomical images.
The BOLD fMRI signals from each run were then analyzed in a
voxelwise manner using a general linear regression model
(3dDeconvolve in AFNI) with eight regressors representing
noise artifacts from the motion parameters, WM, and CSF, re-
spectively. The residual voxelwise time courses from the regres-
sion analysis were considered as the resting-state BOLD fMRI
signals with potential noise contaminations minimized. The
denoised functional data were then transformed into the MNI
(Montreal Neuroimaging Institute) space (MNI152; flirt in FSL)
with resampling to a 3-mm cubic voxel size. In the MNI space,
the functional data were further cleaned by regressing out po-
tential artifacts originating from the subregions of theWM,CSF,
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and major vein (e.g., the superior sagittal sinus) areas. The
cleaned voxelwise BOLD fMRI signals were then standardized
to z-scores (i.e., zero mean and unity standard deviation) and
bandpass filtered to preserve only the amplitude of low-
frequency fluctuations within 0.01–0.1 Hz for the subsequent
analysis of regional information capacity.

Computation of PCA-based entropy of regional voxel
BOLD fMRI signals

Regional information capacity was quantitatively assessed by
the Shannon entropy (H) of voxel-based BOLD fMRI signals
contained within individual neuroanatomical regions,

H ¼ 1=2ð Þ * log 2πeð Þn * det COVð Þð Þ; ð1Þ
where n is the number of voxels (variables), COV is the co-
variance matrix of all voxel BOLD fMRI time series, and
det(COV) denotes the determinant of the covariance matrix.
Eq. 1 assumes that the distribution of the participating signal
time series is Gaussian (Gokhale et al. 1989).

Entropy is a quantitative measure of uncertainty about the
state of a dynamic system, with the uncertainty expressed by
useful information and/or noise (Ben-Naim 2012). The entropy
of a region-specific collection of voxel BOLD fMRI signals
with minimized influence of noise indicates the extent to which
regional neural activities acquire dynamic spatiotemporal con-
figurations that recur and fade over time.When applied directly
to regional voxel-based BOLD fMRI signals, the entropy for-
mula (Eq. 1) suffers from a practical limitation due to the large
number of voxels (variables in the signal space) and the strong
linear dependency among individual voxel BOLD time series.
This collinearity results in a near-zero determinant of the co-
variance matrix, making the calculation of entropy using Eq. 1
practically unfeasible. This limitation, however, can be over-
come by calculating the entropy of the principal components
(PCs) of regional voxel BOLD fMRI signals. Principal compo-
nent analysis (PCA) is an effective way to reduce the dimension
of multivariate BOLD fMRI signals into a set of linearly un-
correlated variables (PCs). The number of the first few signif-
icant PCs can be determined by specifying the total percentage
of variance explained (PVE), achieving both a reduction of the
dimensionality in the signal space and a further reduction of
noise with the preprocessed BOLD fMRI signals.

The calculation of the PCA-based entropy of regional voxel
BOLD fMRI signals was based on volumetric rs-fMRI data.
The final results were overlaid on the brain surface (fsaverage
in FreeSurfer) for a better visualization. First, a segmentation
of 116 anatomical regions covering the whole brain was ob-
tained using a standard brain atlas (Tzourio-Mazoyer et al.
2002) in the MNI space. For each participant, BOLD fMRI
time series of all voxels included in each of the 116 anatomical
regions were arranged into a data matrix, resulting in 116

matrices with column entries of each matrix representing indi-
vidual voxels (variables) and row entries representing BOLD
signals indexed by time (TR = 2 s). PCA was then conducted
with each of the 116 matrices. The number of the first few
significant PCs was then determined for each anatomical re-
gion by varying the PVE threshold across a range of values,
i.e., 70%, 80%, 85%, and 90%, respectively. Next, the covari-
ance matrix (COV) of the sets of PCs obtained at each PVE
threshold was computed and the corresponding entropy was
subsequently obtained using Eq. 1 for each anatomical region.
In our analyses, we found that varying the PVE threshold
across a range of values does not significantly alter the results
and conclusions of our study. In this study, we chose to report
the primary results obtained at the PVE threshold of 85%.

To examine the general trend of anesthetic-dependent re-
gional changes in the number of PCs (the dimension of the
signal space) and entropy (information content) at the chosen
PVE threshold (i.e., 85%), the group mean differences of the
two measures among the four conditions were calculated for
each of the 116 anatomical regions, resulting in a total of six
paired-state comparisons for each anatomical region. The six
paired-state comparisons were arranged in the order of in-
creasing dose to aid the visualization of anesthetic effects
using a same colormap. To quantify changes in the number
of PCs and entropy in the sensory and high-order cognitive
systems of the brain, group paired t-tests of both measures
were conducted for two sets of six well-known regions in each
system. The set of sensory regions consisted of (1) sensorimo-
tor cortex, (2) visual cortex, (3) superior temporal gyrus (STG;
the auditory cortex), (4) fusiform gyrus (facial information
encoding), (5) orbital prefrontal cortex (PFC; reward and ol-
factory information encoding), and (6) thalamus (relay of sen-
sory information). The set of high-order cognitive regions
contained (1) bilateral PFC and medial superior PFC
(msPFC); (2) insula; (3) anterior cingulate cortex (ACC), pos-
terior cingulate cortex (PCC), and precuneus; (4)
supramarginal gyrus (SMG) and angular gyrus (AG); (5) hip-
pocampus and parahippocampal gyrus; and (6) temporal
poles. We report the results significant at P < 0.05.

Results

The statistical distribution of data of PCs

We performed a one-sample Kolmogorov-Smirnov test with
the individual PC scores obtained in all 116 anatomical regions
of all subjects to test the null hypothesis that data in individual
PC scores come from a Gaussian distribution at its mean and
standard deviation. The results indicated that 99.0%, 98.8%,
97.7%, and 99.0% of the PC scores of all subjects in wakeful
baseline, light sedation, deep sedation, and recovery, respec-
tively, were consistent with the null hypothesis at the 1%
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significance level. Therefore, on average, more than 98.5% of
the obtained PC scores could be considered coming from
Gaussian distribution, supporting the calculation of entropy
using Eq. 1 based on the PCs of regional voxel BOLD fMRI
signals.

The number of PCs and entropy in the four states
of consciousness

The resulting total number of PCs (i.e., the sum of the number of
PCs across the 116 regions) in individual subjects varied in a
state-dependent manner with the highest number found in wake-
ful baseline. The number of PCs was moderately reduced in
light sedation, further reduced in deep sedation, and returned
to the same level as in light sedation in recovery (Fig. 1a top).
The same trend was present with the total amount of entropy
(i.e., the sum of entropy across the 116 regions) in individual
subjects across the four states of consciousness (Fig. 1a bottom).
We found that the regional number of PCs and entropy obtained
at the chosen PVE threshold (i.e., 85%) were linearly dependent
on the number of voxels contained within individual anatomical
regions (Fig. 1b and c). For both PCs and entropy, the amplitude
of the linear regression line was greater in wakeful baseline than
in deep sedation, with those of light sedation and recovery fall-
ing in between. Therefore, entropy also scales proportionally

with the number of PCs obtained in individual anatomical re-
gions (Fig. 1d). These results indicate that deepening the level of
sedation was associated with a decrease in the total number of
PCs and entropy identified in individual subjects, and that the
decreasing trend was partially reversed in recovery. Varying the
PVE threshold across a range of values (e.g., 70%, 80%, 85%,
and 90%) did not alter the observed trends.

Regional group mean entropy in the four states
of consciousness

To examine the region-specific entropy changes among the
four states of consciousness, six pair-wise state comparisons
of regional group mean entropies were performed. In light
sedation compared with wakeful baseline, group mean entro-
py decreased in all brain areas (Fig. 2a). The entropy further
decreased in deep sedation, especially in the major sensory
cortices (Fig. 2b). Contrasting light and deep sedation re-
vealed entropy decreases in most sensory information-
processing areas including the auditory, visual, and somato-
sensory cortices; fusiform gyrus; and regions of the orbital
PFC (Fig. 2c). In contrast, there was no change in group mean
entropy in high-order cognitive regions including the bilateral
PFC, ACC, PCC, insula, and others. In the recovery state, the
decreases in entropy were reversed in the same set of sensory

Fig. 1 The regional number of
PCs and entropy in the four
states of consciousness. a The
sums of the number of PCs (top)
and entropy (bottom) across all
116 anatomical regions obtained
at the 85% PVE threshold in all
15 participants in the four states of
consciousness. b The linear rela-
tionship between the regional
number of voxels and PCs in all
study participants in the four
states of consciousness. c The
linear relationship between the
regional number of voxels and
regional entropy in all study par-
ticipants in the four states of con-
sciousness. Note the similarity of
distributions to (b). d The linear
relationship between the regional
number of PCs and regional en-
tropy in the four states of con-
sciousness. Entropy scales linear-
ly with the number of PCs
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regions (Fig. 2d), with additional increases in the thalamus,
right parietal lobule, and right cuneus and precuneus.

Contrasting recovery and light sedation (Fig. 2e) revealed a
similar trend of increased group mean entropy in sensory cor-
tices but to a lesser extent than in contrasting recovery and

deep sedation (i.e., Fig. 2d). Contrasting wakeful baseline
and recovery (Fig. 2f) showed that entropywas restored during
recovery in most sensory systems but not in the high-order
cognition regions including the bilateral PFC, insula, cingulate
cortices, precuneus, AG, hippocampus, and temporal poles.

Fig. 2 Pairwise comparisons of groupmean entropy among the states
of consciousness. a–fGroup mean differences in entropy among the four
states of consciousness at the PVE threshold of 85%. Data from 90
anatomical regions are mapped onto the brain surface (fsaverage in
Freesurfer). Regions with differences near zero are shown in gray to
allow emphasis of changes in other regions. The results suggest that

anesthetic suppression of consciousness is associated with a trend for
global decrease of entropy across the entire brain (a – b). The critical
transitions of losing and regaining overt responsiveness (used to index
consciousness) are associated respectively, with a significant decrease and
increase of entropy in the sensory systems but not in the high-order
cognitive systems (c–f)
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The corresponding changes of the regional number of PCs
across the PVE thresholds were similar to those of the group
mean entropies (Supplemental Fig. 1). Together, these results
suggest that the loss and return of behavioral responsiveness
from light to deep sedation and to recovery was predominant-
ly associated with a decrease and increase in entropy and in
the number of PCs in the sensory systems but not in the high-
order cognitive systems.

State-dependent changes of entropy in the sensory
and high-order cognitive systems

In further data analysis, state-dependent changes in the num-
ber of PCs and entropy were evaluated in six sets of sensory-
information-processing-related regions including the sensori-
motor cortex, visual cortex, STG, fusiform gyrus, orbital PFC,
and thalamus (Fig. 3a–b). Compared with wakeful baseline
and recovery, deep sedation was associated with a significant
decrease in the number of PCs and entropy in all the sensory
regions (20.8% ± 3.3% and 19.1% ± 2.6% reduction, respec-
tively). In addition, a decreasing trend from wakeful baseline
to light sedation and then to deep sedation was present in the
six sets of sensory regions.

We also evaluated the state-dependent changes of the num-
ber of PCs and entropy in six sets of brain regions involved in
high-order cognition, memory, and multimodal information
integration. These regions included the bilateral PFC and me-
dial PFC; insula; ACC, PCC, and precuneus; SMG and AG;
hippocampus and parahippocampal gyrus; and temporal
poles. Compared with wakefulness, the states of light seda-
tion, deep sedation, and recovery showed significant de-
creases in the number of PCs and entropy in the six sets of
regions (Fig. 3c–d). However, there were no significant dif-
ferences in the number of PCs and entropy among light seda-
tion, deep sedation, and recovery, suggesting that, after the
initial decrease in light sedation, neither the number of PCs
nor the entropy of the high-order cognitive systems correlated
with the loss and return of overt behavioral responsiveness in
deep sedation and recovery.

Discussion

Understanding how information processing in various brain
systems is altered during anesthetic-induced loss and return of
conscious responsiveness provides an important insight into
the neurobiological mechanisms of consciousness and general

Fig. 3 State-dependent changes of the number of PCs and entropy in
the sensory and high-order cognitive systems. a State-dependent
changes in the number of PCs (group paired t-tests) in six sets of
sensory information processing-related systems consisting of the sen-
sorimotor cortex, visual cortex, auditory cortex, fusiform gyrus, orbital
PFC, and thalamus. b State-dependent changes in entropy in the same
six sets of sensory systems. c State-dependent changes in the number
of PCs in six sets of high-order cognitive systems consisting of the
bilateral PFC and msPFC; insula; ACC, PCC, and precuneus; SMG

and AG; hippocampus (Hipp) and parahippocampal (Parahipp) gyrus;
and temporal poles. d State-dependent changes in entropy in the same
six sets of high-order cognitive systems. The number of PCs and entro-
py of the sensory systems vary consistently with the state of conscious-
ness. In contrast, the number of PCs and entropy of the high-order cog-
nitive systems decrease to their minimum in light sedation, remain at the
same level in deep sedation, and do not reverse upon the recovery of
consciousness. (*: P < = 0.05; error bars represent the standard error of
measurement)
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anesthesia. From an information theory perspective, the
amount of information generated by a dynamic system is
equivalent to the degree of uncertainty of its intrinsic states
measured by the system’s entropy, given that the influence of
noise is minimized (Ben-Naim 2012). A high entropy of in-
trinsic brain activity indicates a high degree of uncertainty
and, therefore, a rich repertoire of intrinsic metastable states
that the brain can access over time (Haldeman and Beggs
2005; Shanahan 2010; Carhart-Harris et al. 2014; Tognoli
and Kelso 2014). According to the Information Integration
Theory (Tononi 2004; Oizumi et al. 2014), the richness of
conscious experience is dependent on the diversity or
Brepertoire^ of causal states available to the brain, and anes-
thesia may suppress consciousness by shrinking this repertoire
or, equivalently, information capacity (Alkire et al. 2008).
Using a novel PCA-based entropy analysis of regional voxel
BOLD fMRI signals, our study provides direct evidence for
the global reduction of information content in the brain during
propofol-induced reduction of consciousness. Moreover, we
show, for the first time, that the amount of information as
carried by rs-fMRI signals in sensory and high-order cognitive
systems is differentially modulated by propofol sedation dur-
ing the critical stages of losing and regaining behavioral
responsiveness.

It is worth emphasizing that entropy can be assessed at
different spatial scales, from the level of single imaging voxels
to large-scale networks. The appropriate scale of spatiotempo-
ral organizational at which the repertoire of brain states should
be defined and assessed is currently undetermined. Previously,
the entropy of BOLD fMRI signals at the single voxel level as
well as motifs of brain network connectivity were used to
characterize alterations of the repertoire of brain states in al-
tered states of consciousness (Carhart-Harris et al. 2014;
Tagliazucchi et al. 2014; Huang et al. 2016). Entropy mea-
sures were also applied to brain networks identified by spatial
independent component analysis in individuals receiving
propofol sedation (Schrouff et al. 2011). In this study, we
examined entropy at a spatial scale of neuroanatomical re-
gions (Tzourio-Mazoyer et al. 2002). Because the input data
for calculating entropy (Eq. 1) were the PCs of regional voxel
BOLD fMRI signals, the derived entropy reflects the extent of
richness of the instantaneous functional configurations of
voxels in individual anatomical regions. This is a consequence
of the definition that each PC is a linear combination of re-
gional voxel signals. These functional configurations may be
considered metastable functional states of the brain as
constrained by neuroanatomical organization for two reasons.
First, the macroscopic anatomical boundaries have a general,
though imperfect, relation to functional boundaries. Second,
according to the theory of nested network organization of the
central nervous system, the basic functional units of the brain
first emerge within individual anatomical structures (Agnati
et al. 2004; Sporns et al. 2007). In future comparative studies,

it will be important to clearly define the spatiotemporal scale
as well as the neurophysiological meaning of entropy
measures.

To assess regional information content measured by rs-
fMRI, a direct calculation of entropy using voxel-based
BOLD fMRI signals is not feasible because of the presence
of collinearity among individual voxel signals within each
anatomical region. To overcome this limitation, we applied a
PCA-based approach to quantify entropy carried by regional
BOLD fMRI signals. We showed that the time series of a
predominant portion of the PC (>98.5%) conformed to the
Gaussian distribution, supporting the use of Eq. 1 for entropy
calculation. The predominantly Gaussian distribution of PCs
is probably due to fact that each PC is a linear combination of
many voxel BOLD fMRI signals within each anatomical re-
gion. According to the central limit theorem, the resulting time
series of individual PCs converge to Gaussian distribution.

A few former studies more directly estimated the repertoire
of brain states during anesthesia. Dynamic functional connec-
tivity patterns derived from the short-time sliding-window
analysis of rs-fMRI showed that wakefulness was associated
with a rich repertoire of functional configurations that deviat-
ed from the anatomical structure more often than it did during
anesthesia (Barttfeld et al. 2015; Tagliazucchi et al. 2016; Ma
et al. 2017). A reduction in the temporal variability of regional
homogeneity of BOLD fMRI signals suggested a reduced
repertoire of large-scale brain states (Hudetz et al. 2015) and
predicted reduced functional complexity (Hudetz et al. 2016).
Computer simulations using a mean-field model (Steyn-Ross
et al. 1999), a modified spin-glass model (Hudetz et al. 2014),
and the Greenberg-Hastings model (Haimovici et al. 2013;
Tagliazucchi et al. 2016) also predicted a reduction in the
repertoire of brain states in anesthesia. Our findings add to
the current body of literature, providing further evidence about
the relationship between regional information from BOLD rs-
fMRI and altered states of consciousness by propofol
sedation.

A key finding of our study is the differential modulation of
information content by propofol in the sensory and high-order
cognitive systems. Specifically, the transition from light to
deep sedation, the critical step in losing behavioral responsive-
ness, was marked by a significant additional decrease in en-
tropy of the sensory systems but not of the high-order cogni-
tive systems. Subsequently, the recovery of consciousness
was accompanied by a reversal of the entropy decrease in
the sensory systems alone. At first sight, we found this result
surprising. Prior investigations reported that task-related
BOLD response in the primary sensory cortices is reduced
but preserved during anesthesia (Plourde et al. 2006; Davis
et al. 2007; Bonhomme et al. 2011; Liu et al. 2012). In con-
trast, task-related responses in higher-order frontal-parietal re-
gions, as well as their resting-state functional connectivity
with the lower sensory regions, are suppressed during
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anesthesia-induced unconsciousness (Bonhomme et al. 2011;
Liu et al. 2012). Thus, prior observations suggest a primary
role for the high-order association regions and networks in
supporting consciousness. At variance, here we found that
the entropy was reduced in the higher-order cognitive systems
during light sedation only, whereas the change in entropy of
the sensory systems was dose- or state-dependent. Clearly, the
regional information content measured by entropy and task-
related activation are not the same and probably reflect differ-
ent functional properties of regional neural activities. While
under sedation the sensory regions may still respond to stim-
ulation, the information content processed by these structures
may be distorted or diminished, due to a reduction of their
representational diversity or complexity, and thus may not
be properly interpreted and transmitted upstream.
Meanwhile, higher-order cognitive systems engaged in pro-
cessing internally generated information may continue to
function autonomously, disconnected from the sensory sys-
tems, contributing to generate endogenous subjective experi-
ence. Thus, our findings do not invalidate the earlier
activation- and connectivity-based findings in anesthesia.
Rather, they support a different behavior of information-
based properties in various brain systems modulated by
anesthetics.

Our findings are also consistent with the recently proposed
concept of Bdisconnected consciousness^ (Sanders et al.
2012) that more precisely defines the state of complete behav-
ioral unresponsiveness produced by general anesthesia. This
state presumes a loss of Bexternal awareness,^ i.e., the aware-
ness of the entire environment and all exogenous sensory
stimuli, but allows for Binternal awareness,^ i.e., the possibil-
ity to have subjective experience of internally generated
thoughts, images, or dreams (Sanders et al. 2012; Boly et al.
2013; Hudetz and Mashour 2016). In fact, dreaming is com-
monplace in anesthesia (Sanders et al. 2012), being reported
by about a third of patients clinically anesthetized with
propofol and desflurane (Eer et al. 2009; Leslie et al. 2009).
The dose-dependent decrease of entropy of the sensory sys-
tems found in our study is a plausible indication of the brain
being en route to disconnected consciousness. This is also
supported by the reversal of entropy in the sensory systems
upon the recovery of responsiveness. In contrast, the entropy
of the high-order cognitive systems, which showed no differ-
ence between light and deep sedation, suggested the possibil-
ity for at least partially preserved information processing. It is
plausible that the preservation of such information processing
capability is the necessary condition for any form of internal
mentation relying on information generated from within, e.g.,
from memory and imagination.

An acknowledged limitation of our study, as well as of
many other similar studies, is that we do not have direct
information about the study participants’ internal mental
state during deep sedation. We also did not take post-

sedation dream reports from our participants. A posteriori
assessment of internal consciousness during sedation is not
trivial. Given the amnestic effects of anesthetics, not all
internal conscious experience during a state of disconnect-
ed consciousness is reportable (Sanders et al. 2012). In
addition, entropy was derived using rs-fMRI BOLD sig-
nals that are indirect, coarse-grained indicators of mass
neuronal activity (Logothetis 2008). The signals also re-
quired denoising, which is an imperfect procedure. Our
concerns on the denoising issue, however, were mitigated
because of the reversal effects observed in recovery rela-
tive to changes observed from light to deep sedation, which
could not be introduced by noise. In addition, the PCA
performed in this study eliminated a portion of nuisance
components that account for a small percentage of signal
variance, thus contributing to further signal denoising. We
also considered the possibility that changes in the physio-
logical conditions of participants (blood pressure, breath-
ing and heart beat rates, etc.) across different states of con-
sciousness may have produced artificial changes in BOLD
fMRI signals (e.g., the amplitude and variance) and in the
entropy results. To minimize this effect, we performed a
voxelwise z-score standardization of BOLD fMRI time se-
ries before low-pass filtering. Lastly, there is not always a
clear-cut distinction between the sensory and high-order
cognitive systems, especially with regard to certain neural
structures. For example, while several thalamic nuclei
serve sensory and motor functions, the intralaminar nuclei
are related to multimodal information integration (Llinas
et al. 1998; Liu et al. 2013; Mashour and Alkire 2013).
In addition, structures like the fusiform gyrus and orbital
prefrontal cortex are likely involved in high-level sensory
information processing (e.g., facial information and reward
encoding) compared with, for example, the primary visual
cortex, but the high-order cognition and information inte-
gration may still require the participation of medial and
lateral prefrontal cortices (Bokde et al. 2006; Farras-
Permanyer et al. 2015; Zhang et al. 2016). Thus, the divi-
sion of sensory and high-order cognitive systems in this
study is only loosely defined to reflect the general trend
of dose-dependent entropy changes in the respective sys-
tems. Future investigations may employ more advanced
clustering approaches to reveal spatially detailed entropy
changes.

In summary, our findings provide novel evidence for a
general decrease of entropy or information content carried
by rs-fMRI BOLD signals across brain regions during seda-
tion by propofol. Importantly, the critical transition of losing
and regaining behavioral responsiveness from light to deep
sedation and to recovery are associated with differential
changes in the entropy of the sensory and high-order cognitive
systems such that the overtly expressed conscious state is cor-
related with entropy changes of the sensory but not of the
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high-order cognitive systems. Together, these findings suggest
a systems-level mechanism for disconnected consciousness
during deep propofol sedation in terms of the regional entropy
of hierarchically organized functional systems of the brain.
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