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Abstract

The neurophysiological mechanism underlying sedation, especially in school-aged children, remains largely un-
known. The recently emerged resting-state functional magnetic resonance imaging (rsfMRI) technique, capable of
delineating brain’s functional interaction pattern among distributed brain areas, proves to be a unique and pow-
erful tool to study sedation-induced brain reorganization. Based on a relatively large school-aged children pop-
ulation (n=28, 10.3£2.6 years, range 7-15 years) and leveraging rsfMRI and graph theoretical analysis, this study
aims to delineate sedation-induced changes in brain’s information transferring property from a whole brain sys-
tem perspective. Our results show a global deterioration in brain’s efficiency properties (p=0.0085 and 0.0018, for
global and local efficiency, respectively) with a locally graded distribution featuring significant disruptions of key
consciousness-related regions. Moreover, our results also indicate a redistribution of brain’s information-processing
hubs characterized by a right and posterior shift as consistent with the reduced level of consciousness during seda-
tion. Overall, our findings inform a sedation-induced functional reorganization pattern in school-aged children that
greatly improve our understanding of sedation’s effect in children and may potentially serve as reference for future

sedation-related experimental studies and clinical applications.
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Introduction

Low DOSES OF sedative anesthetics cause a state with anal-
gesia, amnesia, distorted time perception, depersonaliza-
tion, and increased sleepiness (Alkire et al., 2008). Despite of
the wide use of anesthetics to alter the level of consciousness
in both clinical and experimental settings, there is not a clear
understanding of the neurophysiological mechanisms under-
lying such state. Neuroimaging studies in adults have identi-
fied widespread changes in brain’s functional dynamics
during different levels of sedation. Positron emission tomog-
raphy (PET) studies have shown decreased metabolism in
thalamus and cortical regions under different levels of seda-
tion (Alkire and Miller, 2005; Schlunzen et al., 2006, 2010,
2012; Sun et al., 2008). Functional magnetic resonance imag-
ing (fMRI) studies have shown a dose-dependent reduction
of activity during musical (Dueck et al., 2005) and verbal
stimuli (Liu et al., 2012; Mhuircheartaigh et al., 2010). Recent
development of the resting-state fMRI (rsfMRI) technique
(Biswal et al., 1995) provides functional connectivity as an-

other unique perspective in the search for the neuronal mech-
anisms underlying sedation. Using this technique, previous
studies have shown decreases in functional connectivity
within widespread functional networks such as the default
mode network (Buckner et al., 2008; Greicius et al., 2008;
Raichle et al., 2001; Shulman et al., 1997), the frontoparietal
executive control network (Boly et al., 2008; Boveroux et al.,
2010; Greicius et al., 2008; Martuzzi et al., 2010), and the pri-
mary motor network (Peltier et al., 2004). Importantly, the de-
crease of functional connectivity seems to be linearly
dependent on the anesthetics dose (Boveroux et al., 2010;
Stamatakis et al., 2010), underscoring the quantitative rela-
tionship between sedation and functional connectivity dis-
ruption. More recently, Schrouff et al. (2011) and Schroter
etal. (2012) have shown that sedation-induced functional dis-
ruption is not limited to specific networks, but rather it in-
duces a global deterioration of the functional integration
among the whole brain system. This is consistent with the no-
tion that consciousness arises from brain’s ability to integrate
multichannel information into a unique and congruent
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experience (Mashour, 2004). Therefore, it is plausible that
sedation-induced reduced consciousness may be the conse-
quence of ineffective information integration of the whole
brain system.

Recently, pediatric procedural sedation, or non-operating-
room anesthesia for children, has increased exponentially in
the last years, in part due to the widespread availability of
sophisticated diagnostic and neuroimaging techniques
(Lalwani, 2006). However, most previous studies focus on
adult population leaving the effect of sedation in children
largely unstudied despite of the abundant evidence for the
developmental changes in brain’s functional organization
(Fair et al., 2008, 2009; Gao et al., 2009, 2011, 2012; Supekar
et al., 2009). Therefore, systematic investigation of the neuro-
physiological mechanism of sedation in children will have
both high scientific and clinical significance. In this study,
we aim to provide a detailed delineation of sedation’s effect
in school-aged children based on rsfMRI (Biswal et al,
1995) and graph theoretical analysis (Rubinov and Sporns,
2010). By monitoring different brain regions as nodes and
their functional interactions as edges, graph theoretical anal-
ysis provides a unique tool for the examination of brain’s in-
formation transferring properties and has been widely
applied in brain development (Gao et al, 2011; Supekar
et al., 2009), aging (Achard and Bullmore, 2007; Zhu et al,,
2012), and diseases (Wang et al.,, 2012; Xia and He, 2011;
Zhang et al., 2011). Such analysis, capable of delineating
brain’s information-processing efficiency at both global and
local levels (Achard and Bullmore, 2007; Latora and March-
iori, 2001; Rubinov and Sporns, 2010), may serve as an excel-
lent choice to investigate the effect of sedation on the whole
brain functional system. Specifically, we recruited a relatively
large healthy children population (n=28, 20 boys, aged
10.3+2.6 years) and used chloral hydrate (CH) to modulate
consciousness to achieve a pediatric sedation score of 5
(asleep, easily arousable) (Saint-Maurice et al., 1986). RsfMRI
data during both awake resting state and sedation-induced
sleeping state were acquired. Based on graph theory analysis,
brain’s global efficiency, local efficiency, and betweenness
centrality (i.e., brain’s functional “hubs”) were examined
and compared between the two brain states. Given the evi-
dence that effective information sharing and integration
among the whole brain system is essential for a conscious
brain state (Alkire et al., 2008; Schrouff et al., 2011), we hy-
pothesize that the sedation-induced lower level of conscious-
ness in children will be accompanied by a global deterioration
of brain’s global and local efficiency and a redistribution of
brain’s hubs due to the potentially regional inhomogeneous
sedation effect.

Materials and Methods
Participants

All participants were recruited from Hunan Children Hospi-
tal following a flyer posted in the hospital. Exclusion criteria in-
clude history of head trauma or surgery, mental disorders,
respiratory neuromuscular disorders, asthma, drug addiction,
motion sickness, or allergy to CH. After exclusion, all subjects
were short in stature, but only those showing normal pituitary
structure and growth hormone based on MRI examination
and blood test, respectively, were considered for participation.
Finally, 28 children (aged 10.3+2.6 years, range 7-15 years; 20
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boys; body weight 26.8+6.4kg) were included. All of them
were right-handed. Written parental consent was obtained for
all participants. All participants received financial compensation
for inconvenience and time lost during the experiment. The eth-
ical committee of the Hunan Children Hospital approved the
study protocol.

Imaging acquisition

All scans were performed on a Siemens Sonata 1.5-T scan-
ner (Siemens AG, Erlangen, Germany) equipped with a
12-channel phased-array head coil at the Hunan Children
Hospital. For each subject, 180 resting-state functional im-
ages were acquired with a single-shot echo-planar imaging se-
quence [repetition time (TR)=2000ms, echo time (TE)=28ms,
matrix=64x 64, field of view (FOV)=192mm x 192 mm, 5-mm
slice thickness, 22 axial slices, 0.5-mm gap, flip angle=90°].
All subjects were instructed to relax, stay awake, lie still, keep
their eyes closed, and not to think of anything in particular. A
high-resolution T1-weighted anatomical image for each subject
was also acquired, using a sequence with 160 sagittal contigu-
ous slices (TR=1900ms; TE=3.4ms; flip angle=15°; FOV=
240 mm X 240 mm; matrix =256 256; slice thickness=1.0mm,
no gap). After the initial awake resting acquisition, subjects
were sedated and scanned again under sedation.

Sedation protocol

Each participant received 50 mg/kg oral CH guided by a
radiology nurse, trained and certified to administer sedation,
following guidelines and protocols established by the radiol-
ogy sedation committee at the hospital. The sedative effect of
CH was assessed using a pediatric sedation scoring system
(Saint-Maurice et al., 1986). This score is in the range 1-6: 1
(awake, anxious, jittery, or crying), 2 (awake, alert, normal),
3 (awake, still, quiet), 4 (light sleepiness, decreased reactivity),
5 (asleep, easily arousable), and 6 (deep sleep, hardly arous-
able). After the administration of CH, participants laid in
bed in a quiet place until a sedation score of 5 was achieved.
Subsequently, the participants were carried to the scanner
bed where another evaluation was done and we waited
until a sedation score of 5 was reached before we started
the scanning. During the scan, our technicians visually mon-
itored all subjects. Besides, a radiology nurse was inside the
scanner room monitoring the subject during the scan. No
wake-up or apparent movement was reported for any in-
cluded subject during the scanning session. The administra-
tion of CH was never repeated. Blood pressure, heart rate,
and respiratory rate were continuously monitored by the ra-
diology nurse for 4 h after scan.

Data preprocessing

Functional data were preprocessed using FMRIB’s Software
Libraries (FSL, v 4.1.9) (Smith et al., 2004). The preprocessing
steps included discarding the first 10 volumes, slice timing cor-
rection, motion correction, spatial smoothing with a Gaussian
kernel (full width at half maximum=6mm), and high-pass
(>0.01Hz) and low-pass filtering (<0.08 Hz). Mean signal
from white matter, cerebrospinal fluid, global brain signal,
and six motion parameters estimated in the motion correction
step were removed using linear regression. To test the effect
of global signal regression on our results, the efficiency changes
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FIG.1. Sedation-induced functional connectivity changes. (a) Effect of sedation on density of significant positive connections

based on the group-mean matrices. (b) Effect of sedation on the magnitude of significant positive connections based on the
group-mean matrices. (c) Effect of sedation on the lobe-wise connectivity measures based on the group-mean matrices.
Error bars denote standard error of the mean. For (c): F, frontal lobe; O, occipital lobe; T, temporal lobe; S, subcortical. **Sig-
nificant at false discovery rate (FDR)-corrected p <0.05 in (see Table 1). *Significant at p <0.05 [note that no FDR correction is

needed for comparison in (b)].

(as described below) were also examined without the step of
global signal regression. To further reduce the effect of mo-
tion on functional connectivity measures, the global measure
of signal change (root mean square variance of the deriva-
tive time series over voxels [DVARS]) and frame-wise dis-
placement (FD) were controlled to be <0.5% blood oxygen
level dependent signal and 0.5 mm, respectively, as proposed
by Power et al. (2012). Moreover, to test whether there is a sig-
nificant difference in movement parameters between states, we
performed a paired t-test on the average FD (defined as the sum
of the absolute displacements between consecutive volumes;
rotations are converted to translations considering the corre-
sponding translation on the surface of a sphere of radius
50 mm) between awake and sedation (Table S1; Supplementary
Data are available online at www. liebertpub.com/brain). For
each subject and session, after an initial rigid alignment be-
tween functional data and T1 high-resolution structural
image using flirt (Jenkinson and Smith, 2001), another transfor-
mation field from individual T1 image to the MNI152-T1 tem-
plate was obtained using FSL nonlinear transformation (fnirt)
and the combined transformation field was used to warp the
preprocessed rsfMRI data to the standard Montreal Neurolog-
ical Institute space.

Data analysis

For each subject, 90 mean time series were extracted, one for
each cerebral region defined in the automated anatomical label-
ing template (Tzourio-Mazoyer et al., 2002). The Pearson’s cor-
relation coefficients for each pair of regions were obtained to
form a correlation matrix for each individual subject. After Fish-
er’s Z transform, average matrix was obtained and two-tailed ¢-
test was applied to identify significant interactions for each state
at p<0.05 after controlling for false discovery rate (FDR) <0.05
(Benjamini and Hochberg, 1995). Connection density (the num-
ber of significant positive connections over all possible ones)
was calculated for each state separately and the collections of
significant positive connections were compared between the
two states using two-sample t-test to detect potential significant
changes in the connection strength. The breakdown of the con-
nection strength changes within and between different lobes

To calculate graph theoretical measures, a significant con-
nection mask was defined for awake resting and sedation
state separately and applied to each subject to extract indi-
vidual functional connectivity matrices for calculation of ef-
ficiency measures. For each individual matrix, only positive
values in the significant connection mask were included. To
remove the potential bias of the different number of connec-
tions in the comparison, we applied a density normalization
strategy. Briefly, for the paired matrices of each subject dur-
ing the two states, the connections with the lowest values in
the denser network were sequentially removed until the
same connection density was achieved between the two
states for the same subject. This procedure ensures that the
detected differences in graph theoretical measures will
only result from different magnitude/arrangement of con-
nections rather than the number of connections. To validate
the robustness of our findings regarding the selection of
masks, five different approaches of defining masks were ex-
plored: (1) applying separate significant connection masks
with the density normalization step (main result); (2) apply-
ing separate significant connection masks without the
density normalization step; (3) applying the significant con-
nection mask defined from awake state to both sets of data
(awake and sedation); (4) applying a range of different
costs (from 23.5% to 27.5% at a 0.5% step size, which is cen-
tered at the cost defined by the significance masks of the two
states; see Fig. 1) and obtain the average graph theoretical
measures; and (5) applying a full mask (i.e., including all
positive values regardless of their significance) for both
states. Considering the two preprocessing strategies (i.e.,
with and without global signal regression), this results in
5x2=10 different schemes to calculate the efficiency mea-
sures (Table S3).

Brain’s global and local efficiency measures estimate the
ease with which brain regions share information with each
other and were obtained using the brain connectivity toolbox
implemented in Matlab (Rubinov and Sporns, 2010). The
whole brain global efficiency is defined for weighted undi-
rected networks as,

(ie., frontal, parietal, occipital, temporal, and subcortical; 1 1 Z i1
Table S2) was also conducted to delineate the lobe-wise distribu- GE=-Y GE;i=-~ SJENTY
tion of such changes. ieN nigy n—1
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where 1 is the number of nodes, N the set of nodes within
the whole brain system, d;; is the shortest path between nodes
i and each other node j, and GE; is the global efficiency for the
node i (Rubinov and Sporns, 2010). The whole brain local ef-
ficiency uses similar formula:

Y e i (@iton dp (N~
Kk —1)

1 1
LE=-Y LE==
nieZN zieZN

where 7 is the number of nodes, N the set of nodes within
the whole brain system, LE; is the local efficiency for the
node i, N; is the neighborhood regions of node i, d;,(N;) is
the shortest path between nodes j and each other node h
within N;, w; and wy, are the connection weights between
nodes i and j, and j and & respectively, and k; is the degree
of node i (Rubinov and Sporns, 2010). After calculation, both
the global and local efficiency values were compared between
the two states using paired t-test at both whole brain and re-
gional levels to detect statistically significant changes. At the re-
gional level, significant changes were considered at p <0.05 after
FDR correction. After that, the collections of significant positive
connections (based on the group-mean correlation matrices) as-
sociated with the nodes showing significant changes were com-
pared between the two states using two-sample t-test to detect
potential significant changes in connection strength.

To further explore the regions showing important controls
of information flow (i.e., hubs) (Rubinov and Sporns, 2010),
the betweenness centrality was also calculated and com-
pared. Betweenness centrality is defined for weighted undi-
rected networks as,

! oly

(n—1n-2) o Phj

It It

i

where pnj is the number of shortest paths between /1 and j, and
pi" is the number of shortest paths between 1 and j that pass
through the node i (Rubinov and Sporns, 2010). The top 10
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hubs during each of the two states were presented to show
the redistribution pattern of the most important hubs. Simi-
larly, the collections of significant positive connections pos-
sessed by the two sets of hubs (based on the group-mean
correlation matrices) were compared using two-sample f-
test to delineate potential connection strength changes. All ef-
ficiency /betweenness measures were calculated based on the
weighted undirected matrices.

Results

Minimal motion was detected and paired t-test of average
FD between awake (0.0603£0.0143mm) and sedation
(0.0659 £0.0246 mm) conditions showed no significant differ-
ence (p=0.2483; Table S1). Consistently, the scrubbing process
also revealed no volumes to be removed due to excessive
movement in any subject/condition. Compared with awake
resting, sedation results in reductions of both the density and
the magnitude of the whole brain functional connectivity ma-
trix (Fig. 1). Specifically, the density of significant positive con-
nections is reduced from 26.24% during awake to 24.54%
during CH-induced light sedation (Fig. 1a) and the magnitude
of those significant positive connections is also significantly de-
creased (p=0.0162; Fig. 1b). The breakdown of the connection
strength changes within and between lobes is provided in Table
1. A general reduction of lobe-wise connectivity is observed
with those between frontal-occipital and temporal-subcortical
lobes showing statistically significant changes (p=0.002 and
0.0028, respectively; Fig. 1c) and frontal-subcortical connec-
tions showing marginally significant changes (p=0.0254; not
significant after FDR correction; Fig. 1c).

For graph theoretical measures, the global and local effi-
ciency are both significantly reduced during sedation
(p=0.0085 and p=0.0018, respectively; Fig. 2), which is
highly consistent with our hypothesis. Actually, a significant
decrease of global/local efficiency is consistently observed re-
gardless of the different masking strategies and the applica-
tion of global signal regression (except for local efficiency

TABLE 1. LoBE-WI1SE CONNECTION STRENGTH CHANGES BETWEEN AWAKE RESTING AND SEDATION

Awake Sedation
Lobe-lobe interactions Mean SD Mean SD t p-Value
Frontal- Frontal 0.2865 0.1499 0.2644 0.1417 —1.5882 0.1130
Parietal 0.2532 0.1276 0.2308 0.1072 —1.5107 0.1321
Occipital 0.1466 0.0320 0.1157 0.0215 —3.3109 0.0020
Temporal 0.2155 0.1157 0.2044 0.1025 —0.8595 0.3908
Subcortical 0.1999 0.0922 0.1707 0.0662 —2.2568 0.0254
Parietal- Parietal 0.3455 0.1729 0.3326 0.1712 —-0.3703 0.7120
Occipital 0.1808 0.0368 0.1924 0.0720 0.8950 0.3738
Temporal 0.1818 0.0727 0.1776 0.0815 —0.2332 0.8163
Subcortical 0.1399 0.0393 0.1349 0.0320 —0.2948 0.7717
Occipital- Occipital 0.3867 0.1593 0.4153 0.2115 0.9929 0.3222
Temporal 0.1880 0.0756 0.1697 0.0624 —1.1587 0.2501
Subcortical 0.1305 0.0180 N.A. N.A. N.A. N.A.
Temporal—- Temporal 0.2713 0.1373 0.2736 0.1326 0.1136 0.9097
Subcortical 0.1734 0.0587 0.1420 0.0297 —3.0746 0.0028
Subcortical- Subcortical 0.3835 0.1213 0.3178 0.1444 —1.8415 0.0710

Differences evaluated with two-group t-test on significant positive connections in the group mean connectivity matrices. Bold values: sig-
nificant at p <0.05. Underscored bold values: significant at false discovery rate—corrected p <0.05. There were no significant occipital-subcor-
tical connections during sedation. N.A., not applicable; SD, standard deviation.
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FIG. 2. Sedation-induced efficiency changes. (a) Whole brain global efficiency comparison between awake and sedation
states. (b) Whole brain local efficiency comparison between awake and sedation states. (c) Differences of global and local ef-
ficiency between the two states (sedation-awake). **Significant at p<0.05 after FDR correction.

using separate masks without controlling for density and pared between states. Thirty-two regions, residing in all lobes
regressing out the global signal; Table S3), strongly support- of the brain, show a significant decrease in local efficiency
ing the robustness of this finding. (p<0.05, FDR corrected; Fig. 3a, b and Table 2). Collectively,

To further examine the regional changes of global/local ef-  these regions show less number of significant positive con-
ficiency induced by sedation, nodal efficiency values are com- nections (Fig. 3c) and significantly weaker connectivity
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TABLE 2. SIGNIFICANT DIFFERENCES IN REGIONAL LOCAL EFFICIENCY BETWEEN AWAKE RESTING AND SEDATION
(S1GNTFICANT AT FALSE D1sCOVERY RATE-CORRECTED p < 0.05)

Local efficiency
Awake Sedation

AAL index AAL region description Mean SD Mean SD t p-Value

1 Precentral_L 0.3313 0.0822 0.258 0.0473 —4.2699 0.0002

2 Precentral_R 0.3149 0.0738 0.2703 0.0524 —2.5775 0.0157
13 Frontal_Inf Tri_L 0.2973 0.066 0.2456 0.0437 —3.4911 0.0017
18 Rolandic_Oper_R 0.3146 0.0665 0.2691 0.0512 —2.7003 0.0118
19 Supp_Motor_Area_L 0.3218 0.0781 0.2479 0.0535 —4.4467 0.0001
20 Supp_Motor_Area_R 0.3484 0.094 0.2628 0.058 —3.8694 0.0006
22 Olfactory_R 0.2859 0.0756 0.2333 0.0514 —2.7687 0.0100
25 Frontal_Med_Orb_L 0.3193 0.0791 0.2594 0.0465 —3.1913 0.0036
26 Frontal_Med_Orb_R 0.3178 0.0922 0.2605 0.0443 —2.6468 0.0134
27 Rectus_L 0.3241 0.0665 0.2736 0.04 —3.3069 0.0027
28 Rectus_R 0.3353 0.0788 0.2707 0.0511 —3.3286 0.0025
29 Insula_L 0.3122 0.061 0.2585 0.0545 —3.1285 0.0042
36 Cingulum_Post_R 0.2939 0.0718 0.2323 0.0604 —3.1367 0.0041
37 Hippocampus_L 0.2909 0.0734 0.2375 0.0427 —3.3469 0.0024
38 Hippocampus_R 0.2777 0.0589 0.2344 0.0544 —2.7763 0.0099
40 ParaHippocampal _R 0.3066 0.0587 0.2524 0.0416 —4.0312 0.0004
51 Occipital_Mid_L 0.3268 0.0778 0.2517 0.0493 —4.7529 0.0001
52 Occipital_Mid_R 0.3211 0.0774 0.2356 0.049 —4.9609 0.0000
53 Occipital_Inf_L 0.3503 0.0897 0.2871 0.0702 —3.411 0.0021
55 Fusiform_L 0.2947 0.0679 0.2539 0.0444 —2.6692 0.0127
56 Fusiform_R 0.2842 0.0754 0.2405 0.0501 —2.5356 0.0173
57 Postcentral_L 0.3252 0.0731 0.2736 0.0558 —3.0898 0.0046
59 Parietal_Sup_L 0.2816 0.0784 0.2206 0.0466 —3.2591 0.003
71 Caudate_L 0.2882 0.0743 0.2317 0.0534 —2.7412 0.0107
73 Putamen_L 0.3099 0.069 0.2582 0.0555 —2.936 0.0067
74 Putamen_R 0.3011 0.0648 0.2409 0.0468 —3.769 0.0008
76 Pallidum_R 0.2842 0.0658 0.2255 0.049 —3.8864 0.0006
78 Thalamus_R 0.2874 0.0643 0.2381 0.0686 —2.5651 0.0162
84 Temporal_Pole_Sup_R 0.3046 0.0578 0.256 0.0556 —2.6592 0.013
86 Temporal_Mid_R 0.2653 0.0654 0.226 0.038 —2.6577 0.0131
87 Temporal_Pole_Mid_L 0.3058 0.0693 0.2386 0.0536 —3.5639 0.0014
88 Temporal_Pole_Mid_R 0.3001 0.0722 0.2503 0.0499 —2.7785 0.0098

AAL, automated anatomical labeling.

strength (p=1.8x10"7; Fig. 3d). Moreover, 20 regions show
significantly reduced global efficiency (p<0.05, FDR cor-
rected; Fig. 4a, b and Table 3). The only region showing in-
creased global efficiency during sedation is the right
angular gyrus (p=0.001, FDR corrected; Fig. 4a, b and
Table 3). Consistently, the set of regions showing reduced
global efficiency collectively possess less significant connec-
tions (Fig. 4c), while right angular region shows an increase
in the number of significant connections (Fig. 4e). The collec-
tion of connections associated with the regions showing sig-
nificant decrease in global efficiency shows a trend of
decrease in connection strength (p=0.0876; Fig. 4d), while
that of the right angular regions shows nonsignificant
changes (p=0.9420; Fig. 4f).

Finally, the top 10 hubs with the highest betweenness cen-
trality (i.e., hubs) and their associated connections are shown
in Figure 5a and b, for awake and sedation state, respectively.
Their corresponding statistics during each state are shown in
Figure 5c and d. Specifically, the top 10 hubs in the awake
condition include the left superior medial frontal gyrus, bilat-
eral superior frontal gyri, left inferior orbital frontal gyrus,
right superior orbital frontal gyrus, right heschl gyrus, left

amygdala, left posterior cingulum, and bilateral superior pa-
rietal gyri. Such a distribution features a roughly bilateral
symmetric distribution (6/4 hubs in the left/right hemi-
sphere) and an emphasis on frontal regions (5 hubs). How-
ever, the hubs show an apparent redistribution during
sedation. First, there is a clear shift to the right hemisphere:
7 out of 10 hubs are now in the right hemisphere, including
the right middle occipital, right middle and inferior temporal
gyri, right posterior cingulum, right putamen, right precu-
neus, and right olfactory gyrus; the three left hemisphere
hubs are left middle frontal, left inferior parietal, and left mid-
dle occipital gyri. Second, there is an apparent shift to the pos-
terior part of the brain, leaving only one frontal hub (i.e., left
middle frontal gyrus). Finally, the top 10 hubs in sedation col-
lectively possess less number of connections (Fig. 5¢) and a
trend for weaker connectivity strength (Fig. 5d).

Discussion

In this study, we adopted a whole brain efficiency perspec-
tive to explore the effect of mild sedation in children. Our re-
sults showed a reduction in whole brain functional
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gion. Error bars denote standard error of the mean.

connectivity in terms of both connection density and magni-
tude (Fig. 1 and Table 1). Moreover, brain’s global and local
efficiencies show global but locally graded reduction during
sedation (Figs. 2-4 and Table S3). Finally, brain’s hub distri-
bution is also dramatically altered featuring a right and pos-
terior shift (Fig. 5). These findings inform a specific functional

reorganization pattern during CH-induced light sedation in
school-aged children.

At the whole brain level, consistent with previous findings
using a similar graph theoretical analysis in adults (Schrouff
et al., 2011; Schroter et al., 2012), our results show significant
decreases of the whole brain connectivity/efficiency



184

WEI ET AL.

TABLE 3. SIGNIFICANT DIFFERENCES IN REGIONAL GLOBAL EFFICIENCY BETWEEN AWAKE RESTING AND SEDATION
(S1GNTFICANT AT FALSE D1sCOVERY RATE-CORRECTED p < 0.05)

Global efficiency

Sedation

AAL index AAL region description Mean SD Mean SD t p-Value

2 Precentral _R 0.2327 0.0293 0.2103 0.0272 -3.0736 0.0048

3 Frontal_Sup_L 0.2209 0.0221 0.1903 0.0236 —6.0516 0.0000
15 Frontal_Inf Orb_L 0.2365 0.0307 0.2115 0.0298 —3.0451 0.0051
17 Rolandic_Oper_L 0.2572 0.0336 0.2272 0.0299 —3.3965 0.0021
18 Rolandic_Oper_R 0.2567 0.0338 0.2297 0.0315 —3.1106 0.0044
23 Frontal_Sup_Medial L 0.2298 0.0363 0.2032 0.0303 —2.855 0.0082
46 Cuneus_R 0.2395 0.0275 0.2218 0.0194 —2.956 0.0064
51 Occipital_Mid_L 0.2194 0.0261 0.2021 0.016 —2.9738 0.0061
56 Fusiform_R 0.2275 0.0334 0.2075 0.0225 —2.7451 0.0106
57 Postcentral _L 0.2496 0.0313 0.2126 0.0261 —4.8946 0.0000
58 Postcentral_R 0.2382 0.0315 0.2085 0.0266 —4.1801 0.0003
59 Parietal Sup_L 0.2157 0.0261 0.1955 0.0231 —3.2918 0.0028
60 Parietal_Sup_R 0.2134 0.0264 0.1939 0.0268 —3.0218 0.0054
63 SupraMarginal L 0.2193 0.0259 0.1928 0.0282 —3.6885 0.0010
71 Caudate_L 0.2244 0.0361 0.1824 0.0296 —4.2883 0.0002
72 Caudate_R 0.218 0.0424 0.1638 0.0283 —5.163 0.0000
80 Heschl R 0.2431 0.0391 0.2081 0.0298 —3.6399 0.0011
81 Temporal_Sup_L 0.2608 0.0341 0.2326 0.031 —3.1797 0.0037
84 Temporal_Pole_Sup_R 0.2404 0.0324 0.2157 0.0285 —2.788 0.0096
87 Temporal_Pole_Mid_L 0.2201 0.0307 0.193 0.0256 —3.1357 0.0041
66 Angular_R 0.1945 0.021 0.2129 0.0209 3.6775 0.0010

measures at both global and local levels during sedation
(Figs. 1 and 2), indicating disrupted functional integration
among the whole brain system. More specifically, our results
highlight significant cortical-subcortical connectivity disrup-
tion (i.e., frontal-subcortical, temporal-subcortical; Fig. 1 and
Table 1), which was also consistently observed in both adult
studies, underscoring the importance of subcortical structures
in the maintenance of consciousness (Alkire and Miller, 2005;
Schlunzen et al., 2006, 2010, 2012; Sun et al., 2008; Van der
Werf et al., 2002). Moreover, the observed frontal-occipital
connectivity disruption is consistent with animal electroence-
phalography studies showing reduced frontal-occipital co-
herence during general anesthesia (Imas et al., 2005, 2006;
John et al., 2001). These findings are in great support of the
cognitive unbinding model which states that the hypnotic an-
esthetic agents alter the functional interactions among differ-
ent brain areas resulting in a reduced capability to integrate
information at the whole brain level and hence reduced con-
sciousness (Mashour, 2004, 2005; Massimini et al., 2005;
Tononi, 2004). Interestingly, natural sleep also represents a
state with a reduced level of consciousness (Franks, 2008)
and shares similar electroencephalographic patterns and met-
abolic changes with drug-induced sedation (Franks, 2008;
Heine et al., 2012; Murphy et al., 2011; Stamatakis et al.,
2010). Therefore, it is likely that similar disruption of the
brain’s functional integration also occurs during natural
sleep (Tononi, 2004; Tononi and Massimini, 2008). Indeed, re-
cent studies have shown reduced thalamocortical connectiv-
ity at sleep onset (Spoormaker et al., 2010), as well as
diminished cortical network connectivity (Horovitz et al.,
2008; Samann et al., 2011; Wu et al., 2012) and whole brain
connectivity (Spoormaker et al., 2010) during slow-wave

sleep. Collectively, these findings imply that the disrupted
ability for functional integration may be a common denomi-
nator underlying the reduced level of consciousness during
both natural sleep and drug-induced sedation. However,
the potential brain mechanism differences between these
two states deserve further delineation.

At the regional level, in line with previous PET studies
(Alkire and Miller, 2005; Fiset et al., 1999; Schlunzen et al.,
2006, 2010, 2012; Sun et al., 2008), our results showed locally
graded disruption in both local and global efficiencies. Specif-
ically, the regions with significant decrement in local effi-
ciency are distributed in frontal (n=12 regions), parietal
(n=3), temporal (n=7), occipital (n=5), and subcortical
(n=>5) areas. Of notice, the frontal lobe includes the most re-
gions affected such as bilateral primary and supplementary
motor areas in charge of motor output; right olfactory and
bilateral rectus gyri important for olfactory perception (Kill-
gore et al., 2010); the left triangular part of the inferior fron-
tal gyrus related to language production (Geschwind, 1970);
and medial orbitofrontal gyri involved in decision making
(Glascher et al., 2012). Other areas include the bilateral mid-
dle occipital gyri, left postcentral gyrus for visual and sen-
sory processing, respectively, and hippocampus area
related to long- and short-term memory (Woodward et al.,
2012). The significant decrease of local efficiency in these
areas may represent disruptions in their local information
communication and hence reduced functioning of their spe-
cialized functions (Davis et al.,, 2007; Liu et al., 2012;
Mhuircheartaigh et al., 2010). Notably, we also observed a
decrease of local efficiency among subcortical structures
such as left caudate nucleus, right pallidum/thalamus,
and bilateral putamen. Thalamus has long been recognized
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mean.

as an important structure implicated in sedation-induced
loss of consciousness (Alkire and Miller, 2005; Schlunzen
et al., 2006, 2010, 2012; Sun et al., 2008; Van der Werf
et al., 2002). Although still in debate, the thalamus has
been proposed as a switch-like structure controlling the con-
sciousness—unconsciousness switching (Alkire, 2008; Alkire
et al., 2008). Our findings, although still not able to inform
the debate regarding whether this is a consequence or trig-
ger of loss of consciousness, do provide further support
for the association between subcortical structure function
and consciousness.

The regions with significant decrement in global efficiency
are also widespread and cover frontal (=6 regions), parietal
(n=>5), temporal (n=4), occipital (n=3), and subcortical areas
(n=2). Among these regions, parietal association areas such
as bilateral superior parietal gyri and left supramarginal
gyrus are synchronized during the resting state (Fox et al.,
2006) and have been related to a dorsal attention network
involved in preparing and applying goal-directed selection
for stimuli and responses (Cabeza et al., 2011; Corbetta and
Shulman, 2002). As a result, the reduced global efficiency
may suggest interrupted attention processing potentially
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contributing to the reduced ability to orient attention during
mild sedation (Corbetta and Shulman, 2002). Moreover, while
other studies have shown that motor and other primary net-
works (e.g., auditory and visual) preserve or even increase
their within-network connectivity (Boveroux et al., 2010;
Greicius et al., 2008), our results implied that sedation affects
the interaction of primary motor and sensory areas (i.e., the
postcentral and rolandic operculum gyri in both hemi-
spheres and right precentral gyrus) with other remote
brain areas, potentially leading to the observed compro-
mised global efficiency (Fig. 4). Such disruption could be re-
lated to the reduced level of somatosensory information
integration with higher order decision-making cortices and
diminished motor output as commonly observed during se-
dation (Campagna et al., 2003). Consistent with our results,
Martuzzi et al. (2010) found reduced connectivity between
brodmann area 1 and distant brain areas in healthy adults
under light anesthesia. Moreover, Schrouff et al. (2011)
also found decreased functional integration between the
motor network and the salience, dorsal attention, and visual
networks in adults under deep propofol sedation. Among
the other regions, the left medial superior frontal cortex is
one of the main hub regions within the default network typ-
ically involved in self-referential mental activities (Goldberg
et al., 2006; Gusnard et al., 2001). The significant disruption
of global efficiency associated with this region is consistent
with previous findings (Boveroux et al., 2010) suggesting a
reduced level of self-awareness during sedation. Surpris-
ingly, the right angular gyrus shows an increase in global ef-
ficiency during mild sedation. The angular gyrus, also part
of the default network, located in the posterior part of the in-
ferior parietal lobule, has been shown to participate in a va-
riety of tasks (for a review, see Seghier, 2012), including
memory retrieval, internal mentation, autobiographical
memory, and mental scene construction (Andrews-Hanna
et al., 2010; Kim, 2010; Spaniol et al., 2009; Vilberg and
Rugg, 2008). It is possible that part of these cognitive pro-
cesses remains active during the light sedation status used
in this study, potentially leading to the observed increase
in global efficiency. However, future studies particularly fo-
cusing on this region are needed to pinpoint the exact role of
the angular gyrus during sedation.

The right and posterior shift of hubs during sedation is in-
triguing. Specifically, a roughly left-right symmetric hub dis-
tribution featuring medial prefrontal and parietal regions
during awake resting state is consistent with previous rest-
ing-state functional connectivity studies (Hagmann et al,,
2008; Tomasi and Volkow, 2011). However, during sedation,
the hubs become more right lateralized (seven right hemi-
sphere regions) and the frontal hubs largely disappear (only
the left middle frontal cortex remains as a hub). Given the
well-documented role of the left hemisphere in maintaining
consciousness (Gazzaniga, 1989; Turk et al., 2003), the loss
of left hemisphere hubs during sedation is not surprising.
Moreover, the frontal lobe hubs during the awake state ob-
served in this study are mainly responsible for executive con-
trol and self-referential processes (Collins and Koechlin, 2012;
Seniow, 2012; Stuss, 2011), which are likely inhibited during
sedation (Alkire et al., 2008). As a result, the disappearance
of frontal hubs may reflect the diminished executive/self-
referential functions during sedation-induced sleep (Boly
et al., 2012; Lee et al., 2009).

WEI ET AL.

Comparing our results in children and those in adult stud-
ies (Schrouff et al., 2011, 2012), we found that several differ-
ences exist. First, the reported dominant effect of parietal
connectivity disruption in Schrouff et al. (2011) was not ob-
served in this study. Second, although all three reports ob-
served a decrease of connection density and strength, the
decrease in the two adult studies seems to be more dramatic
than ours. Although these differences may potentially reflect
interesting developmental changes, confounding factors, in-
cluding different sedative drugs (i.e., CH in the current
study and propofol in the two adult studies) and sedation lev-
els (light sedation in this study but deep sedation in the two
adult studies), do exist. It is known that different sedation lev-
els result in differential functional connectivity modulation
(Boveroux et al., 2010) that likely underlies the reduced
level of connectivity disruption observed in this study. How-
ever, the effect of different sedative drugs needs to be better
characterized. Overall, a direct comparison using identical seda-
tion protocols and involving both children and adult population
is needed to disentangle these hypotheses. Nevertheless, given
the reasonable age span in the current population (7-15 years
of age), we performed a preliminary correlation analysis be-
tween age and changes in efficiency properties from awake to
sedation in order to delineate the potential developmental ef-
fect on sedation-induced brain functional reorganization. The
results show no significant correlation (age-global efficiency
changes: R=—0.1621, p=0.4100; age-local efficiency changes:
R=-0.2832, p=0.1443). Moreover, there is no significant cor-
relation between age and efficiency measured separately dur-
ing the two states either (age-global efficiency, awake:
R=0.2588, p=0.1835; sedation: R=0.0512, p=0.7959; age-
local efficiency, awake: R=0.3366, p=0.0799; sedation:
R=0.0158, p=0.9365). These results suggest that there is min-
imal age effect on brain’s efficiency properties and their seda-
tion-induced changes in the currently studied age range.
Consistent with our findings, previous studies directly com-
paring school-aged children and adults during the resting
state also showed no differences in their small-world proper-
ties (Fair et al., 2009; Supekar et al., 2009), suggesting that
such high-level efficiency measures might have already ma-
tured at school age. However, as both studies as well as our
own study (Gao et al, 2011) suggested, developmental
changes may focus more on specific local regions/networks
and the detection of such localized effects deserves further
research.

Regarding the sedative drug, we used CH to induce a light
sedation state because of its ease of use (liquid for oral intake)
and wide application in clinical settings. Moreover, CH was
documented to cause a lower adverse respiratory effect
than other sedatives such as propofol and pentobarbital
(Dalal et al., 2006). Given the wide use of CH in experimental
neuroimaging examinations and pediatric clinical settings,
our findings could not only provide a reference for future ex-
perimental studies using CH as a sedative agent but also in-
form clinical applications. One limitation of this study is
that all of our subjects have relatively short stature at the
time of scanning. However, we have carefully screened our
subjects to exclude pituitary structure and growth hormone
problems as well as a wide series of mental disorders/ill-
nesses, so we would expect minimal impact of this develop-
mental issue on brain organization and its interaction with
sedation. However, future studies involving a true normal
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children population are necessary to test the generalizability
of the current findings. Finally, although efforts were made
to ensure a sedation score of 5 immediately before scanning,
one could not guarantee that exactly the same sedation state
was maintained during the scan. However, no wake-up or
major movement was observed for any subject during the
scan, indicating, to some extent, a stable state during the
whole process. Future efforts using an independent seda-
tion-state monitoring system without the need for human in-
teractions are preferred to more rigorously address this issue.

Conclusions

By viewing the whole brain as an integrated system, we
examined the effect of CH-induced light sedation in brain’s in-
formation-processing properties in school-aged children using
the graph theory-based functional connectivity analysis. Our re-
sults revealed a global reduction/weakening of brain’s func-
tional interactions leading to compromised information-
transferring efficiency among a wide range of functional areas
dealing with spatial attention, sensory perception, motor execu-
tion, self-awareness, and others. Moreover, sedation also leads to
a redistribution of brain’s functional hubs featuring a right and
posterior shift. Overall, our results support a global detrimental
effect of sedation on brain’s functional interactions and point to
the importance of looking at brain’s information-processing
properties in future search for the neurophysiological mecha-
nism underlying sedation.
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