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Abstract: Recent studies at the cellular and regional levels have pointed out the multifaceted impor-
tance of neural synchronization and temporal variance of neural activity. For example, neural synchro-
nization and temporal variance has been shown by us to be altered in patients in the vegetative state
(VS). This finding nonetheless leaves open the question of whether these abnormalities are specific to
VS or rather more generally related to the absence of consciousness. The aim of our study was to
investigate the changes of inter- and intra-regional neural synchronization and temporal variance of
resting state activity in anesthetic-induced unconsciousness state. Applying an intra-subject design, we
compared resting state activity in functional magnetic resonance imaging (fMRI) between awake ver-
sus anesthetized states in the same subjects. Replicating previous studies, we observed reduced func-
tional connectivity within the default mode network (DMN) and thalamocortical network in the
anesthetized state. Importantly, intra-regional synchronization as measured by regional homogeneity
(ReHo) and temporal variance as measured by standard deviation (SD) of the BOLD signal were sig-
nificantly reduced in especially the cortical midline regions, while increased in the lateral cortical areas
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in the anesthetized state. We further found significant frequency-dependent effects of SD in the thala-
mus, which showed abnormally high SD in Slow-5 (0.01–0.027 Hz) in the anesthetized state. Our
results show for the first time of altered temporal variance of resting state activity in anesthesia. Com-
bined with our findings in the vegetative state, these findings suggest a close relationship between
temporal variance, neural synchronization and consciousness. Hum Brain Mapp 35:5368–5378, 2014.
VC 2014 Wiley Periodicals, Inc.
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INTRODUCTION

Recent functional neuroimaging studies exhibit impaired
functional connectivity within the default mode network
(DMN) [Boveroux et al., 2010; Schrouff et al., 2011] and
the thalamocortical network [Mashour, 2006; White and
Alkire, 2003] in anesthesia. These findings point to
impaired inter-regional synchronization and consequently
decreased communication between regions and networks
in anesthesia, but a specific association with loss of con-
sciousness as opposed to other factors of the anesthetized
state remains unclear [Alkire et al., 2000; Boveroux et al.,
2010].

The fluctuations of resting-state BOLD signals are gener-
ally observed to be present below 0.1 Hz frequency band
[Biswal et al., 1995; Fox and Raichle, 2007; Zhang and
Raichle, 2010]. The temporal variance of BOLD fluctua-
tions is usually calculated in this low-frequency band, and
higher temporal variance in resting-state has been shown
in the DMN as well as thalamocortical regions [Zang
et al., 2007]. This suggests temporal variance to some
extent reflects spontaneous neural activity, which is also in
line with studies demonstrating the importance of variance
at the cellular level [Churchland et al., 2010; Monier et al.,
2003; White et al., 2012]. The scale of the signals (e.g., tem-
poral variance) should be, theoretically, independent of
the correlation coefficient (e.g., functional connectivity).
However, recent studies observed a close relationship
between temporal variance of brain activity and functional
connectivity [Abou Elseoudetal., 2014; Di et al., 2013; Xuan
et al., 2012]. These observations were potentially extended
to the level of consciousness in a recent study of ours
[Huang et al., 2013], which demonstrated decreased tem-
poral variance of resting state activity and functional con-
nectivity in the cortical midline regions in patients with
vegetative state (VS). However, whether this effect is spe-
cific to the absence of consciousness or to other factors
implicated in the VS (like the brain lesion) remains
unclear. If the former, one would expect a similar effect in
other states characterized by loss of consciousness such as
anesthesia.

The general aim of our study was to investigate the
changes of inter- and intra-regional neural synchronization
and temporal variance of resting state activity in

anesthetic-induced unconsciousness state. First we used
functional connectivity (FC) analysis to examine the inter-
regional synchronization changes, and to define regions of
interest (ROI) in the DMN. Then we used regional homo-
geneity (ReHo) which employs the Kendall’s coefficient of
concordance (KCC) to measure the local functional coher-
ence, reflecting intra-regional synchronization [Zang et al.,
2004]. In a next step, we employed the measurement of
standard deviation of activity across time (SD) [Garrett
et al., 2010; 2011] to examine the temporal variance of the
brain’s spontaneous activity, which was also established in
our previous study [Huang et al., 2013]. Furthermore, we
studied BOLD frequency-dependent effects [Buzsaki and
Draguhn, 2004; Hoptman et al., 2010; Han et al., 2011; Wu
et al., 2008; Wee et al., 2012; Yu et al., 2012; Zuo et al.,
2010] of the temporal variance (SD) in two separate bands
within the traditional frequency range (0.01–0.1 Hz): Slow-
5 (0.01-0.027 Hz) and Slow-4 (0.027-0.073 Hz) [Buzsaki and
Draguhn, 2004; Han et al., 2011; Hoptman et al., 2010; Zuo
et al., 2010], as frequency-dependent effects in different
brain regions may reflect synaptic/functional/cytoarchitec-
tonic complexity [Baria et al., 2011; He et al., 2010] which
may be affected by the loss of consciousness as in anesthe-
sia. In order to distinguish between drug-related and
consciousness-related effects of anesthesia we included
two different subgroups where anesthesia was induced by
different drugs with different molecular targets, propofol
and sevoflurane [Hemmings et al., 2005; Franks, 2008;
Kaisti et al., 2003].

MATERIALS AND METHODS

Subjects

The study was approved by the Ethics Committee of
Huashan Hospital, Fudan University. Written informed
consent was obtained from all subjects. Twelve subjects
undergoing elective transsphenoidal approach for resec-
tion of pituitary microadenoma were included in this
study (5 women and 7 men; age range, 26–62 years;
mean 6 SD, 47 6 13 years). The pituitary microadenomas
were diagnosed by their size (less than 10 mm in diameter
without sella expansion) based on radiological findings
and plasma endocrinal indicators. These patients, who
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were ASA (American society of Anesthesiologists) physical
Status I or II grade, had no previous craniotomy, cerebral
neuropathy, vital organ dysfunction, or contraindication
for a MRI examination.

Protocol

The subjects were divided randomly to receive intrave-
nous propofol anesthesia (n 5 6) and inspiratory sevoflur-
ane anesthesia (n 5 6). Propofol, one of the intravenous
anesthetics, selectively modulates GABAA receptors by
enhancing gating of the receptors by GABA [Hales and
Lambert, 1991; Tomlin et al., 1998] reducing neuronal
excitability [Franks, 2006]. Sevoflurane, one of the inhaled
anesthetics, enhances GABAA receptor function [Krasow-
ski and Harrison, 1999] that increases channel opening to
enhance inhibition at both synaptic and extrasynaptic
receptors [Hemmings et al., 2005]. In the group with intra-
venous propofol anesthesia (Group P), a target-controlled
infusion (TCI) was used to set plasma concentration of
propofol at 3.0–5.0 lg/mL, followed by remifentanil 1.0
lg/kg and succinylcholine 1.5 mg/kg to facilitate endotra-
cheal intubation. The TCI propofol was maintained at a
stable effect-site concentration 4.0 lg/mL to reliably
induce an unconscious state [Xu et al., 2009]. In the group
with inspiratory sevoflurane anesthesia (Group S), anesthe-
sia induction was completed with 8% sevoflurane in 100%
oxygen, adjusting fresh gas flow to 6 L/min, combined
with remifentanil 1.0 lg/kg, succinylcholine 1.0 mg/kg
and maintained with 2.6% (1.3 MAC) ETsevo in 100% oxy-
gen, fresh gas flow at 2.0 L/min. The concentration of sev-
oflurane used in our study also fulfill the requirement to
maintain loss of consciousness in patients classified as
ASA physical Status I or II [Katoh and Ikeda, 1998]. Con-
sidering the quick elimination of the analgesic remifentanil
and depolarized neuromuscular relaxant succinylcholine
from plasma, the effects of drugs on the brain during
anesthetized status can be attributed solely to intravenous
anesthetic propofol or inhalational anesthetic sevoflurane
in respective groups.

After induction of anesthesia the subjects were ventilated
with intermittent positive pressure ventilation, set tidal vol-
ume 8–10 mL/kg, respiratory rate 10–12 beats per minute,
to maintain PetCO2 (end tidal partial pressure of CO2) at
35–40 mm Hg. No body movement was observed in any
subject during anesthesia, and no subject reported explicit
memory in the post-operative follow-up, hence all the sub-
jects are considered as unconscious during anesthesia.

Functional Data Acquisition

Functional magnetic resonance imaging (fMRI) acquisi-
tion consisted of two 8-min resting state fMRI (r-fMRI)
volumes in awake and anesthetized state. Under the
awake state r-fMRI scan, the subject’s head was fixed in
the scan frame to limit its movement. The subjects were

instructed to wear earplugs, take a comfortable supine
position, relax, eyes closed during scanning, and not to
concentrate on anything in particular. Eye-tracking during
fMRI was not available, but off-line post-scan recordings
ensured that subjects could well comply with this instruc-
tion. The subjects were anesthetized after the awake state
scan and given full hydration with hydroxyethyl starch to
avoid hypotension. Fifteen minutes after stabilization of
anesthetic levels and hemodynamics, the anesthetized state
r-fMRI scan was done.

A Siemens 3T scanner (Siemens MAGNETOM, Germany)
with a standard head coil was used to acquire gradient-echo
EPI images of the whole brain (25 slices, repetition time/
echo time TR/TE 5 2000/30 ms, slice thickness 5 6 mm,
field of view (FOV) 5 192 mm, flip angle 5 90�, image
matrix: 64 3 64). In addition, high-resolution anatomical
images were acquired for all the patients.

Data Analysis

Preprocessing steps were implemented in AFNI (Cox,
1996). After discarding the first two volumes the functional
images from each scan were aligned (head motion correc-
tion), slice timing corrected, temporally standardized,
resampled to 3 3 3 3 3 mm3, spatially smoothed (6-mm
full width at half maximum Gaussian blur), transformed
into Talaraich space [Talairach and Tournoux, 1988], and
linear trends were removed. The data was then filtered
with a band-pass filter preserving signals between 0.01–
0.10 Hz, which is thought to reflect mainly neuronal fluc-
tuations [Fox and Raichle, 2007; Zhang and Raichle, 2010],
and the estimated six parameters of head motion and
mean time series from the white matter (WM) and cere-
brospinal fluid (CSF) were regressed out. To minimize par-
tial voluming with gray matter, the WM and CSF masks
were eroded by one voxel [Chai et al., 2012]. The issue of
motion artifacts was addressed rigorously as minor group
differences in motion have been shown to artificially create
between-groups differences [Power et al., 2012; Van Dijk
et al., 2012]. We first calculated the index of the amount of
motion (shift and rotation) for each subject. No group dif-
ference (awake vs. anesthesia) was observed for either
shift or rotation by paired sample t-tests (p 5 0.78 for shift;
p 5 0.51 for rotation, see Supporting Information Fig. S1).
Further, the number of “outliers” for the data at each time
point was calculated to tag the outliers of global signal
intensity and motion. Head motion greater than 0.3 mm
per TR and TR’s with outliers comprising more than 10%
were censored for the following analysis.

Whole Brain Functional Connectivity (FC)

Analysis—Inter-Regional Synchronization

To identify the default mode network, functional con-
nectivity (FC) with a seed region in the posterior cingulate
cortex (PCC) was used. The seed region was 12 mm
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diameter (spherical) centered on a previously published
focus (Talairach coordinates: [22, 251, 27], Greicius et al.,
2003). To study the thalamocortical connectivity, bilateral
thalamus was anatomically defined from TT_N27 template
in AFNI [Eickhoff et al., 2005]. The Talairach coordinates
of the centers at the left and right thalamus are [212, 219,
8] and [12, 219, 8], respectively. As the BOLD signal of
the bilateral thalamus was homogenous (Supporting Infor-
mation Fig. S2), the two regions were collapsed to yield a
single mask. To minimize potential partial voluming with
other brain regions, the mask was eroded by one voxel
yielding a seed region with 338 voxels. For both awake
and anesthetized states in each subject, voxel-wise FC
maps to a given seed were computed as maps of temporal
correlation coefficients between blood oxygenation level-
dependent (BOLD) time course in each voxel and BOLD
time course averaged across voxels in the seed region. The
FC maps from individual subjects were then transformed
by Fisher’s Z transform for group-level t-tests.

Whole Brain Regional Homogeneity (ReHo)

Analysis—Intra-Regional Synchronization

ReHo is supposed to measure intra-regional synchroni-
zation—that is, coordination of activity between voxels
within a region [Zang et al., 2004]. ReHo analysis was per-
formed for each subject by AFNI program 3dReHo. As
spatial smoothing could artificially enhances ReHo inten-
sity and reduce its reliability [Zuo et al., 2013], we calcu-
lated ReHo based on unsmoothed BOLD time series.
Specifically, for each voxel in the whole brain Kendall’s
coefficient of concordance (KCC) was calculated between
the BOLD time series for the voxel and those of its 26
nearest neighbor voxels [Zang et al., 2004, 2013], giving a
voxel-wise ReHo map. Spatial smoothing was then per-
formed with a 6-mm full-width at half-maximum (FWHM)
Gaussian kernel. All individual ReHo map were computed
and standardized into ReHo Z-values by subtracting the
mean voxel-wise ReHo obtained for the entire brain (i.e.,
global ReHo), and then dividing by the standard deviation
[Zuo et al., 2013]. This subject-wise ReHo normalization
has been demonstrated to be able to improve both normal-
ity and reliability across subjects [Zuo et al., 2010, 2013].

Whole Brain Standard Deviation (SD) of BOLD

Signal Analysis—Temporal Variance

The standard deviation (SD) of BOLD signal [Garrett
et al., 2010, 2011] describes the temporal variance of brain
activity across time within a particular region. The stand-
ard deviation (SD) of the BOLD signal change across the
time series for each voxel was also calculated to yield an
SD map for each subject. Subject-level voxel-wise SD maps
were standardized into subject-level Z-score maps, i.e. by
subtracting the mean voxel-wise SD obtained for the entire

brain, and then dividing by the standard deviation [Zuo
et al., 2010].

Group Analysis of the Whole Brain

The FC maps with PCC as seed region were used to
identify the DMN for awake and anesthetized states
respectively. Specifically, one-sample t-tests against zero
were conducted for the awake state (n 5 12), both propofol
and sevoflurane-induced anesthetized states (pooling
Groups P and S together, n 5 12) with anesthesia type
(propofol or sevoflurane) as a covariate, propofol-induced
anesthesia only (Group P, n 5 6), and sevoflurane-induced
anesthesia only (Group S, n 5 6). Different thresholds (top
10%, top 5%, and top 2% of voxels for the whole brain)
were used to generate difference views of DMN
connectivity.

To test the group difference between propofol and
sevoflurane-induced anesthetized states in FC, ReHo, and
SD, two-sample t-tests with age as a covariate were con-
ducted for each measurement. Group P and Group S were
then pooled together in order to enhance the subject sam-
ple size for the comparison with the awake state. FC,
ReHo, and SD maps were tested in paired t-tests, with
anesthesia type as a covariate, to examine the differences
between the awake state (n 5 12) and anesthetized state
(n 5 12). Unless otherwise stated, all resulting t-maps were
thresholded at a corrected P value< 0.05. Specifically, the
multiple-comparison error was corrected using Monte
Carlo simulation as implemented in AFNI program Alpha-
Sim, yielding a family-wise error rate (FWER) at P< 0.05
with a minimal cluster size of 97 voxels. The smoothness
used in the AlphaSim was the average smoothness across
subjects.

Region of Interest (ROI) Analysis

All regions within the DMN were defined as ROI’s from
the one-sample t-test results of the FC maps with PCC
seed in the awake state thresholded at top 5% of voxels in
the whole brain, combined with a cluster size of 58 voxels
at threshold P< 0.01, corrected. For additional analysis, FC
with the thalamus seed was also computed based on the
extensive literature on the role of the thalamus in the neu-
rophysiology of consciousness [Bonhomme et al., 2001;
Boveroux et al., 2010; Mhuircheartaigh et al., 2010]. The
values of FC, ReHo and SD were extracted from each ROI
and then entered into paired t-tests. Furthermore, we stud-
ied frequency-dependent effects [Buzsaki and Draguhn,
2004; Han et al., 2011; Hoptman et al., 2010; Wee et al.,
2012; Wu et al., 2008; Yu et al., 2012; Zuo et al., 2010] of
the SD in two separate bands within the traditional fre-
quency range (0.01–0.1 Hz): Slow-5 (0.01–0.027 Hz) and
Slow-4 (0.027-0.073 Hz) [Buzsaki and Draguhn, 2004; Han
et al., 2011; Hoptman et al., 2010; Zuo et al., 2010], as the
frequency-dependent effects in different brain regions may
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reflect synaptic/functional/cytoarchitectonic complexity
[Baria et al., 2011; He et al., 2010]. A two-way repeated-
measures analysis of variance (ANOVA) was performed to
examine the potential interaction effect between states
(awake and anesthetized states) and frequency bands
(Slow-5 and Slow-4) for each ROI. For ROIs showing sig-
nificant interaction, post-hoc paired t-tests were further
performed. All ROI results were corrected for multiple
comparisons to a significant level of P< 0.05 (Bonferroni
correction across 6 ROIs).

RESULTS

Default Mode Network (Frequency Band 0.01–0.1

Hz) in the Awake and Anesthetized State

Based on FC with the PCC seed region, a robust DMN
pattern including the medial prefrontal cortex (MPFC),

perigenual anterior cingulate cortex (PACC), posterior cin-
gulate cortex (PCC), precuneus (PreCu), inferior temporal
cortex (ITC), and inferior parietal cortex (IPC), was
observed for both awake (Fig. 1 left) and anesthetized
states (Fig. 1 middle and right; Group P 1 S, Group P (5
Propofol) only and Group S (5 Sevoflurane) only) in two
relatively strict thresholds (top 10% and top 5% of voxels
across the whole brain at P< 0.01 corrected at the cluster
level). The regions in the DMN we observed were highly
consistent with previous studies [Fox et al., 2005; Fox and
Raichle, 2007; Greicius et al., 2003; Mason et al., 2007]. Five
clusters in the awake state (top 5%) including the left ITC,
left IPC, right IPC, PCC/precuneus, and MPFC/PACC
were selected as ROI’s in the following ROI analysis.

Interestingly, connectivity between PCC seed and voxels
in the frontoparietal network disappeared in the anesthe-
tized state of Group P 1 S and Group P when setting the
threshold at top 2% of voxels (P< 0.005 corrected at the

Figure 1.

Default Mode Network in the awake and anesthetized state. The

inflated cortical surfaces show the group results (one-sample t-

test against zero) of functional connectivity (FC) with a seed

region in the PCC (Talairach coordinates: [–2 251 27], Greicius

et al., 2003), in the awake state (n 5 12), both propofol and

sevoflurane-induced anesthetized state (Group P 1 S, n 5 12),

propofol-induced anesthesia only (Group P, n 5 6), and

sevoflurane-induced anesthesia only (Group S, n 5 6), respectively.

Different thresholds, top 10%, top 5%, and top 2% voxels of the

whole brain, were chosen to give different views of the DMN con-

nectivity pattern. A robust DMN pattern, including the MPFC,

PACC, PCC, ITC, and IPC, was observed for both the awake (left

part) and anesthetized (middle and right parts) state in top 10%

and top 5%. Five clusters in the awake state (top 5%) including the

left ITC, left IPC, right IPC, PCC/precuneus, and MPFC/PACC

were selected as ROIs. The frontoparietal connectivity disap-

peared in the anesthetized state of Group P 1 S and Group P at

top 2%, while this connectivity remains in the awake state and

Group S. The color bar shows voxel-wise t-value. [Color figure

can be viewed in the online issue, which is available at wileyonline-

library.com.]
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cluster level), while still existing in the awake state and
Group S (Fig. 1). This was further confirmed by the group
comparison of FC between the awake (n 5 12) and anesthe-
tized state (n 5 12) (Fig. 2A), showing deceased FC
between PCC seed and other midline regions (e.g., MPFC
and PACC).

Propofol Group (Group P) vs. Sevoflurane Group

(Group S) During the Anesthetized State

No group difference was observed between propofol
and sevoflurane-induced anesthetized state for inter-

regional (FC) and intra-regional (ReHo) resting state meas-
ures during the anesthetized state. Differences in SD was
only detected in two clusters (less than 2.2 cm3 each) along
the left precentral gyrus (BA4) (Talairach coordinates of
the peak values: [–31 222 62] and [–40 213 38]) for Group
P versus Group S. In the next step, the Group P and
Group S were pooled into one group to enlarge the sample
size and examine the differences between awake (n 5 12)
and anesthetized states (n512) in the following results.
The results may suggest that the differences between anes-
thetized and awake states as reported in the following are
due to differences in the level of consciousness rather than

Figure 2.

Inter- and Intra- regional synchronization and temporal variance

(Awake vs. Anesthetized). A: Group comparison of the functional

connectivity (FC) with a seed region in the PCC showed reduced

FC between the PCC and other brain regions (e.g., MPFC, PACC,

visual cortex, thalamus, etc.). B: Group comparison of the FC

with a seed region in the thalamus showed widespread decreased

thalamocortical connectivity during the anesthetized state. C:

Group comparison of regional homogeneity (ReHo) showed

reduced ReHo in cortical midline regions while ReHo was

increased in widespread lateral regions during the anesthetized

state. D: Group comparison of temporal variance (SD) also

showed significant decrease in cortical midline regions while SD

was increased in lateral regions during the anesthetized state. All

t-maps were thresholded at corrected P< 0.05. The color bar

shows voxel-wise t-value. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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other drug-specific factors (Kaisti et al., 2003). Alterna-
tively, the results could also indicate there is not enough
power to detect the difference between anesthetic agents
due to relatively small simple size.

Awake vs. Anesthesia: Functional Connectivity

(FC) – Inter-Regional Synchronization

Significantly reduced FC between the PCC and other
regions (MPFC, PACC, visual cortex, thalamus, etc.) was
observed during the anesthetized state (Fig. 2A and Sup-
porting Information Table S1), in line with previous stud-
ies [Boveroux et al., 2010; Schrouff et al., 2011].

For the group comparison of FC with the thalamus seed, a
widespread decrease in thalamocortical connectivity was
observed during the anesthetized state (Fig. 2B and Support-
ing Information Table S1), encompassing the MPFC, PCC, pre-
cuneus, cuneus, dorsal anterior cingulate cortex (dACC),
primary/supplemental motor cortex, auditory cortex, and
temporoparietal junction areas, which confirmed previous
findings [Bonhomme et al., 2012; Martuzzi et al., 2010;
Mhuircheartaigh et al., 2010; White and Alkire, 2003]. The ROI
results also showed significant reduction of functional connec-
tivity between MPFC/PACC and PCC/PreCu (P< 0.001, cor-
rected), between MPFC/PACC and thalamus (P 5 0.049,
corrected), and between PCC/PreCu and thalamus (P 5 0.008,
corrected) during the anesthetized state (Fig. 3A).

Awake vs. Anesthesia: Regional Homogeneity

(ReHo)—Intra-Regional Synchronization

Significantly reduced intra-regional synchronization
(ReHo) in the anesthetized state was observed in espe-
cially cortical midline regions while increase in the lateral
brain areas (Fig. 2C and Supporting Information Table S1).
The ROI analysis further confirmed the above results by
showing decreased ReHo in the PCC/PreCu (P 5 0.014,
corrected), but increased ReHo in the left ITC (P 5 0.008,
corrected) during the anesthetized state (Fig. 3B).

Awake vs. Anesthesia: Standard Deviation

(SD)—Temporal Variance

Significantly reduced SD in the anesthetized state was
observed in the MPFC, PACC, PCC, visual cortex, and
IPC, while widespread increased SD was observed in the
lateral part of the brain, including dorsal lateral prefrontal
cortex, temporal cortex, and other regions (Fig. 2D and
Supporting Information Table S1). For the ROI analysis, a
significantly reduced SD was found in the MPFC/PACC
(P 5 0.005, corrected), PCC/PreCu (P 5 0.029, corrected),
and right IPC (P 5 0.048, corrected) during the anesthe-
tized state (Fig. 3C). In contrast, significantly increased SD
was observed in the left ITC (P 5 0.018, corrected) during
the anesthetized state (Fig. 3C). Furthermore, we observed
a significant interaction effect between states (awake and

anesthetized states) and frequency bands (Slow-5 and
Slow-4) only in the thalamus (F 5 14.5, P 5 0.017, corrected
by Bonferroni correction across 6 ROIs). Further post-hoc
t-tests revealed significantly increase in SD only in Slow-5
(P 5 0.009) during the anesthetized state (Fig. 4).

DISCUSSION

We report reduced functional connectivity (FC) (inter-
regional synchronization) between regions of the DMN in
both propofol and sevoflurane-induced anesthesia, extend-
ing the results of a previous macaque study [Vincent et al.,
2007] to humans [Greicius et al., 2008, 2009; Martuzzi et al.,
2010]. Reduced functional connectivity was also observed
between thalamus and cortical midline regions during anes-
thesia, in line with previous work [Bonhomme et al., 2012;
Martuzzi et al., 2010; Mhuircheartaigh et al., 2010]. We
extend these FC results by showing decreased regional
homogeneity (ReHo) (intra-regional synchronization) and
temporal variance (SD) of spontaneous activity in especially
cortical midline regions while both ReHo and SD increased
in lateral regions during the anesthetized state. Finally, we
observed significant frequency-dependent effects in the
thalamus, where SD increased in Slow-5 (0.01–0.027 Hz)
during the anesthetized state. Taken together, these novel
findings extend our current knowledge about the neural
correlates of anesthetic-induced unconsciousness and our
understanding of the relationship between the temporal var-
iance of resting state brain activity, neural synchronization,
and consciousness.

Decreased Inter-Regional Synchronization (FC)

Within the DMN and Thalamocortical Network

We found decreased FC within the DMN (Fig. 2A),
especially between the MPFC/PACC and PCC/PreCu dur-
ing the anesthetized state. These results are consistent
with previous findings on sedation/anesthesia [Boveroux
et al., 2010; Schrouff et al., 2011]. We also observed a
remarkable decrease FC within the thalamocortical net-
work in anesthetized state, e.g. between the thalamus and
cortical regions including the MPFC, PCC/PreCu, dACC,
SMA, auditory cortex, and temporoparietal junction areas
(Fig. 2B). The results were consistent with a PET study of
both halothane- and isoflurane-induced anesthesia [White
and Alkire, 2003] as well as other fMRI studies [Bon-
homme et al., 2012; Martuzzi et al., 2010; Mhuircheartaigh
et al., 2010]. Our results thus further emphasize the central
role of the thalamus in consciousness [Tononi, 2008].

Altered Intra-regional Synchronization (ReHo)

and Temporal Variance (SD)

We extend these FC results by showing decreased intra-
regional synchronization (ReHo) and temporal variance
(SD) of spontaneous activity in cortical midline regions
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(including MPFC/PACC and PCC/PreCu) while increased
in widespread lateral regions (including dorsal lateral pre-
frontal and temporal cortex) during anesthetized state.
Our findings indicate a disrupted neural synchronization
and temporal variance pattern across brain regions during
anesthesia, which is also consistent with studies on light
sleep showing increased SD in the sensory areas [Fuku-
naga, 2006; Horovitz, 2008]. Taken together, the results
strongly suggest abnormal balance between medial and
lateral cortical networks in anesthesia: the balance seems
to shift from the midline regions (decreased in ReHo and
SD) toward the lateral networks (increased in ReHo and

SD). A recent study by Vanhaudenhuyse et al. [2010]
showed that the balance between midline and lateral
regions/networks is relevant to the contents of conscious-
ness. Our results in anesthesia (this study) and vegetative
state [Huang et al., 2013] suggest that the midline-lateral
balance may also be central for the level or state of con-
sciousness as an independent dimension.

Our observation of decreased temporal variance in the
midline regions is in line with several recent findings indi-
cating a central role for temporal variance in shaping neu-
ral activity [Abbott et al., 2009; Churchland et al., 2010;
He, 2013; Monier et al., 2003]. Most importantly, our

Figure 3.

The ROI results of FC, ReHo, and SD in 0.01–0.1 Hz (Awake

vs. Anesthetized). A: Group comparison of FC between MPFC/

PACC and PCC/PreCu, between MPFC/PACC and thalamus, and

between PCC/PreCu and thalamus. B: Group comparison of

ReHo in 6 ROIs showed significantly decreased ReHo in the

PCC/PreCu but increased ReHo in the left ITC during the anes-

thetized state. C: Group comparison of SD in 6 ROIs showed

significantly reduced SD in the MPFC/PACC, PCC/PreCu and

right IPC during the anesthetized state. In contrast, significantly

increased SD was observed in the left ITC during the anesthe-

tized state. *P< 0.05, **P< 0.01, ***P< 0.005, all corrected.

[Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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findings in anesthesia suggest a role for temporal variance
in consciousness. We scanned the same subjects twice,
once awake and once anesthetized state, with clear differ-
ences between states emerging in resting state temporal
variance. The reduction in temporal variance is unlikely to
be drug-specific since it was consistent across two drugs
with different molecular targets [Franks, 2008; Hemmings
et al., 2005; Kaisti et al., 2003]. Further, the assumption of
consciousness-related reduction in DMN temporal var-
iance is consistent with our previous findings in the mid-
line regions of VS patients [Huang et al., 2013].
Mechanisms underlying the importance of midline tempo-
ral variance for the support of consciousness remain for
future investigation.

Besides the midline regions, we observed significant
frequency-dependent effects in the thalamus, where SD
increased in Slow-5 (0.01–0.027 Hz) during the anesthe-
tized state. The variance of activation changes in thalamus
may be related to the hyperpolarization of thalamic neu-
rons during anesthesia [Meuth et al., 2003; Ries and Puil,
1999] by potentiating GABA-A receptors [Belelli et al.,
2005; Jia et al., 2005], as well as glutamatergic and cholin-
ergic neurotransmission inhibition [Alkire et al., 2000].

CONCLUSIONS

Our results shed light on the relationship between the
temporal variance of spontaneous brain activity, neural
synchronization, and consciousness by studying the anes-
thetized state. Aside from alterations in neural synchroni-
zation measures of resting state activity including
functional connectivity (inter-regional) and regional homo-

geneity (intra-regional), our data reveals significant abnor-
mality in the temporal variance of resting state activity in
subcortical, cortical midline regions, and lateral brain areas
in anesthesia. This extends the recently demonstrated rele-
vance of temporal variance for neural activity to the realm
of consciousness. However, the exact mechanisms by
which temporal variance of neural activity mediates con-
sciousness remain unclear [see Northoff 2013a,b].
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