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Abstract: Functional magnetic resonance imaging (fMRI) has been used extensively to understand the brain func-
tion of a wide range of neurological and psychiatric disorders. When applied to animal studies, anesthesia is always 
used to reduce the movement of the animal and also reduce the impacts on the results of fMRI. Several awake 
models have been proposed by applying physical animal movement restrictions. However, restraining devices were 
designed for individual subject which limits the promotion of fMRI in awake animals. Here, a clinical muscle relaxant 
rocuronium bromide (RB) was introduced to restrain the animal in fMRI scanning time. The fMRI reactions of the ani-
mal induced with RB and the other two commonly used anesthesia protocols were investigated. The results of the 
fMRI showed that there were increased functional connectivity and well-round visual responses in the RB induced 
state. Furthermore, significant BOLD signal changes were found in the cortex and thalamus regions when the ani-
mal revived from isoflurane, which should be essential to further understand the effects of anesthesia on the brain.
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Introduction

Due to its noninvasive imaging capacity and 
high spatial resolution [1], functional magnetic 
resonance imaging (fMRI) has been exten- 
sively used to understand the brain function of 
a wide range of neurological and psychiatric 
disorders [2, 3]. Combined with other research 
techniques, such as optogenetics, pharmaco-
genetics, and electrophysiology, fMRI technol-
ogy provides great promise for exploring nor- 
mal brain function, brain disease, or addiction. 
Thus, the preclinical fMRI study is a rapidly 

growing field aimed at bridging the translational 
gap between animal and human research.

The state of consciousness is a very important 
parameter for investigation, especially in ani-
mal studies. To prevent stress and motion arti-
facts, the animals under investigation are 
always given general anesthesia, such as iso- 
flurane [4], urethane [5], and propofol [6], etc. 
However, anesthetic agents could largely affect 
vascular reactivity and neurovascular coupling, 
which may result in changes of hemodynamic 
characteristics [7, 8], and alter brain metabo-
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lism, neural activity, neurovascular coupling, 
that seriously influence the results of fMRI [9].

In order to avoid the effects of anesthesia in 
fMRI studies, and bridge the gap between 
human and animal fMRI studies, several 
approaches have been proposed in recent 
years. There have been many prominent stud-
ies in the neuroscience community that utiliz- 
ed awake animal models in neurophysiological 
experiments in order to obtain better results 
[10-14]. The most commonly used awake ani-
mal model is the restraining model. Although 
restraining devices vary from laboratory to  
laboratory, the protocols are similar. Firstly, 
subjects are trained to accommodate to the 
noisy and immovable environment for MRI 
scanning. A restraining device is then placed  
on the subjects in formal scanning period [15-
19]. However, most of the restraining devices 
are designed for individual subjects, and the 
subjects will become unstable when the scan-
ning time is too long. Besides, head motion 
may also occur when stimulus is performed in 
the task-state fMRI with the restraining devic-
es, especially nociceptive stimulus such as 
mechanical and heat pain. Furthermore, the 
restraint training for awake animal models 
could potentially cause long-lasting changes in 
the brain functional connectivity to pain and 
stress responses [20]. 

Rocuronium bromide (RB) is a commonly used 
muscle relaxant in modern anesthesia to  
facilitate rapid tracheal intubation or rapid 
sequence induction [21, 22]. As a N2 acetyl- 
choline receptor competitive binder, RB is  
able to selectively block the activity of skeletal 
muscles, minimizing the movement of sub- 
jects. Besides, it does not influence the func-
tion of the heart and blood vessels, which  
are important to the BOLD (Blood oxygenation 
level dependent) signal change in fMRI. The 
central nervous system is also insusceptible 
because rocuronium bromide cannot pass 
through the blood brain barrier. The use of a 
muscle relaxant has been reported to induce  
a robust result in pharmacological fMRI when 
0.8% isoflurane and a neuromuscular blocker 
are administered [23]. These characteristics  
of rocuronium bromide make it an ideal agent 
to induce an immovable state in the fMRI  
study, which has less impact on the animal 
physiology and BOLD signal responses.

Currently, an approach that uses RB to re- 
strain the animal in an fMRI study was pro-
posed. An isoflurane induced group and a dex-
medetomidine induced group were selected  
for comparison. The physiological parameters 
and the fMRI reaction in the task-state fMRI 
and resting-state fMRI were investigated. This 
study provides a new perspective in investigat-
ing the function of RB and may be essential  
for optimizing the aesthesia protocol of animal 
fMRI studies. 

Material and methods

Animal preparation

Adult male Sprague-Dawley rats (200-400 g) 
were purchased from Hubei provincial cen- 
ter for disease control and prevention (P. R. 
China). All animals were housed under a 12 h 
light/dark cycle in constant temperature  
environment (21 ± 2°C) with food and water 
available ad libitum. All experiments were  
performed after at least three days’ adapt- 
ation to the new environment. All animal  
experimental protocols were approved by the 
animal care and use committee of Wuhan 
Institute of Physics and Mathematics (2017- 
10068). Experimental procedures were con-
ducted in accordance with the institutional 
guidelines and in compliance with Chinese laws 
and policies. 

Physiological parameters detection

RB (bolus 10 mg/kg, maintained with 1.2 mg/
kg/h) was used to restrain the animal accord-
ing to a preliminary experiment and a bench 
study was performed to monitor the physio- 
logical parameters when subjects were re- 
strained (Figure 1). Anesthesia was induced 
with 5.0% isoflurane, followed by oral en- 
dotracheal intubation, tail vein catheteriz- 
ation, and femoral artery catheterization. 
Lidocaine cream was used to reduce the  
excessive stimulation during endotracheal  
intubation and femoral artery catheterization.  
A small animal ventilator (Zhenhua, China) was 
used to maintain normal breathing of the ani-
mal (pump rate 80 bpm, tidal volume 10 mL/
kg) when RB was injected into the subject. 
When the state of the animal became stable, 
physiological parameters were monitored at 
different isoflurane levels (1.5%-0%). Through- 
out the experiment, the mean arterial blood 
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pressure (MABP) and heart rate (HR) were con-
tinuously monitored using an electrocardio-
gram and blood pressure monitor, and the 
blood gas analysis was regularly measured 
through an automatic blood gas analyzer.  
Blood was withdrawn from the femoral artery 
and the same volume of saline was injected 
back into the animal to balance the blood 
pressure.

Preparation of MRI scanning

In order to reduce animal stress during MRI 
scanning, all subjects were trained outside the 
MRI scanner room before the official experi-
ment. Training lasted seven days, and for 3-4 
hours a day.

Before MRI scanning, the same operation as in 
the bench study was performed on subjects 
except for femoral artery catheterization. The 
anaesthetized animal was transferred to an 
MRI scanning bed and fixed with two ear sti- 
cks and a tooth stick. In order to perform con-
trollable stimulation in the task-state fMRI,  
an optical fiber was fixed on the animal bed 
towards the right eye of the subject, connected 
with a laser generator (Anilab, China) and a  
programmable stimulator (Master-8, Israel). 
The left eye was covered to avoid interference. 
A small quilt and a warm water-cycling system 

was used to maintain the body temperature of 
the subject. A pair of earplugs was used to 
reduce the noise of MRI scanning. The body 
temperature and respiration rate were moni-
tored in real-time.

MRI acquisition

MRI experiments were conducted using a 
Bruker Biospec70/20USR small animal MR  
system (Bruker, Germany) operating at 300 
MHz (7T). A 10 mm surface coil was used for 
signal reception and a partial volume transmit 
coil (Bruker, Germany). Functional BOLD imag-
es were obtained using single-shot spin-echo 
planar imaging sequence (SE-EPI) with the  
following parameters: FOV = 28×28 mm3, 
matrix size = 70×70, TR = 1500 ms, TE = 14 
ms, segments = 2, number of average = 1,  
spatial resolution = 0.4×0.4 mm2, slice thick-
ness = 0.8 mm, 18 slices without gap. For  
the resting-state fMRI, 300 volumes were 
acquired when animal physiological parame-
ters remained stable while for the task-state 
fMRI, 58 volumes were acquired when the  
programmed laser was given. The programm- 
ed laser was generated by the laser genera- 
tor and a programmable stimulator Master-8 
(487 nm, 200 μW, 20 Hz, 10 ms pulses, 24 s 
training after 60 s baseline measurement). A 
T2-weighted high resolution was obtained using 

Figure 1. Flow charts of the experimental design. A. Bench study, the physiological parameters of subjects were 
monitored in ISO+RB state and RB state. The parameters in ISO+RB state were obtained when the animal was sta-
ble, and the RB state was obtained when isoflurane was removed. B. fMRI study, the same fMRI scanning protocol 
was performed in ISO+RB state and then RB state. Note: ISO: isoflurane; RB: Rocuronium bromide; fMRI: functional 
Magnetic Resonance Imaging; Task state: fMRI study with laser stimulation; Resting state: Resting state fMRI study.
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fast spin-echo sequence (Turbo-RARE) with the 
same geometry as the functional image (spatial 
resolution = 0.11×0.11 mm2). 

Induction of anesthesia 

The MRI study was performed under three dif-
ferent anesthetic protocols (Figure 1). In the 
ISO-group, animals were anesthetized with RB 
(bolus 10 mg/kg, maintained with 1.2 mg/
kg/h) and isoflurane (1.0-1.5%). For the 
RB-group, animals were induced with RB only 
(bolus 10 mg/kg, maintained with 1.2 mg/
kg/h). In the MED-group, the animal was 
induced with dexmedetomidine only (main-
tained with 0.1 mg/kg/h).

MRI data preprocessing 

All fMRI data was preprocessed with spm12 
(http://www.fil.ion.ucl.ac.uk/spm), DPABI (ht- 
tp://rfmri.org/dpabi) and spmratIHEP [24]. The 
MRI data was first converted to NIFITI format 
using the Bru2Anz converter (https://people.
cas.sc.edu/rorden/mricro/Bru2anz). Slice tim-
ing and head motion correction were perform- 
ed on all functional images using spm12. The 
parameters estimated by the head motion cor-
rection were transformed to the FD Jenkinson 
value using DPABI which were used to es- 
timate the movement of subjects. The fun- 
ctional images were normalized to a home-
made rat brain template and spatially smooth- 
ed with a Gaussian kernel FWHM of 0.8×0.8× 
1.6 mm3. Finally, the external brain tissue was 
removed from all of the normalized images. 

Statistical analysis 

Statistical analysis on animal physiological 
parameters under different anesthetic proto-
cols (ISO-group and RB-group) were perform- 
ed using two-sample student’s test, and sig- 
nificant differences were shown when P<0.05. 
The comparison of the mean FD Jenkinson 
among the three groups (ISO-group, RB-group 
and MED-group) were performed using one-
way analysis of variance (ANOVA), and signifi-
cant differences were shown when P<0.05.

For task-state fMRI analysis, the preprocessed 
fMRI data were analyzed on a voxel-by-voxel 
basis using generalized linear model (GLM) 
based on the laser stimulation pattern, and  
the head motion parameters were imported as 

regressors. All the evoked voxels were obtain- 
ed and the statistical results were calculated 
using the permutation test. Significant regions 
were shown utilizing the voxel threshold-free 
cluster enhancement (TFCE) P<0.05 and the 
cluster size >8 voxels. The time course of each 
subject was further extracted based on the 
evoked regions. All of the time courses were 
normalized by their baseline, and the mean and 
variance of each groups were shown.

For resting-state fMRI, the preprocessed  
fMRI data were detrended, covariant regress- 
ed and filtered (0.01-0.1 Hz) using DPABI. A 
series of regions of interest (ROIs) were defin- 
ed according to the rat brain anatomic atlas 
[25], which are listed in Table S1. Functional 
connectivity (FC) of ROI-ROI or ROI-voxels  
were computed using Pearson correlation, and 
Fisher z-transformation was performed be- 
fore statistical analysis. At ROI-voxels analy- 
sis, left DLG was set as the ROI, and FC inten-
sity was computed from voxel to voxel. One-
sample t-test was used for statistical analysis, 
and significant correlated regions with left DLG 
were shown based on the t-state. For ROI-ROI 
analysis, one-way ANOVA was used for statisti-
cal analysis among the three groups, and post 
hoc test Dunnett-t test (P<0.05) was used  
to show statistical differences between the 
RB-group and the other two groups.

In order to evaluate the BOLD signal changes 
from ISO-state to RB-state, the resting-state 
fMRI data of the ISO-group and RB-group were 
compared. For each individual image, the fixed 
effects analysis was performed based on the 
general linear model with a box-car response 
function as the reference waveform convolved 
with the canonical hemodynamic response 
function. Brain regions with significant BOLD 
changes were yielded based on a voxel-level 
height threshold of P<0.05 (FWE corrected) 
and a cluster-extent threshold of five voxels.

Results

Physiological parameter recordings

In order to estimate the influence of RB and  
isoflurane, a bench study was conducted to 
monitor the physiological parameters of the 
subjects. The mean arterial blood pressure 
(MABP) and heart rate (HR) were recorded in 
the ISO+RB and RB states. The MABP and HR 
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in the ISO+RB state were set at time-point 0  
as shown on the graph (Figure 2A and 2B), and 
the x-axis represents the recovery period after 
isoflurane was turned off. The blood pressure 
rose rapidly when isoflurane was turned off, 
reaching the peak value after 15 min and 
remained stable during the following 30 min. 
The heart rate was also elevated and continu-
ously increased, reaching the peak at 30 min. 
The time-point 0 and 30 were chosen to repre-
sent the ISO-group and the RB-group, the  
mean and variance of the MABP and the HR 
were calculated (Figure 2C and 2D). There  
were significant differences between the ISO-
group (MABP: 76.7 ± 12.5 mmHg, HR: 355.1 ± 
18.69 bpm, n = 7) and the RB-group (MABP: 
108.3 ± 6.6 mmHg, HR: 425.0 ± 17.22 bpm, n 
= 7).

Oxygen saturation as the main factor involved 
in the maintenance of oxyhemoglobin forma-
tion also influenced the BOLD signal change. 
The oxygen saturation of each subject was 

recorded during the induction of RB (Table S2). 
The oxygen saturation of subjects was grea- 
ter than 90%, which represented that enough 
oxygen was provided during the RB induced 
state.

Head motion estimation

The FD Jenkinson was used to estimate the 
movement of subjects during resting-state  
and task-state experiments [26]. An estimated 
value above 0.2 in the FD Jenkinson indi- 
cated that excessive head motion occurred 
during scanning. All three groups (ISO-group, 
RB-group, MED-group) underwent a stable 
state during the long scanning periods with  
the FD Jenkinson value of less than 0.2  
(Figure 3, left upper). In particular, there was  
no abrupt change of the FD Jenkinson value 
when stimulation was given (Figure 3, 20-28 
volume, marked by grey background), indicat-
ing that there was no obvious movement  
during the stimulation period. The mean FD 

Figure 2. Comparisons of the physiological parameters of ISO+RB state and RB state. A and B. The MABP and HR 
quickly increased when isoflurane was removed. C and D. Significant differences were observed in MABP and HR 
when isoflurane was removed. Note: two-sample t-test, ‘***’ for P<0.001; ISO: isoflurane; RB: Rocuronium bromide; 
MABP: Mean arterial blood pressure; HR: heart rate.
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Jenkinson values of the three groups are illus-
trated with a box figure (Figure 3, right side). 
Although greater head motion was found in the 
RB-group, it was acceptable when the maxi-
mum value was much lower than 0.2.

Task-state fMRI

As a well-studied pathway, the visual sensory 
pathway was used to measure the reaction of 
subjects when light stimulation was given [27, 
28]. The t-stats of the student’s test was used 
to represent the reaction strength of the three 
groups, and the significant (FDR P<0.05) 
evoked regions were identified through group 
analysis. All groups showed significant activa-
tion of the left lateral geniculate body (DLG_L), 
which was the first station of visual signaling 

transmission (Figure 4). The superior colliculus 
(SC) also responded in these three different 
groups, as it received direct projection from  
the optic nerve. However, there were more  
activated regions related with the visual sy- 
stem in the RB-group, such as the contralateral 
lateral geniculate body (DLG_R), spinothalamic 
(LDDM, VPL) and the visual cortex (V1, V2). In 
addition, responses to the DLG_L and the SC in 
the MED-group were stronger than in the other 
two groups (Figure 4), and responses in the 
RB-group were also stronger than in the 
ISO-group.

To investigate BOLD signal changes under light 
stimulation, the ROIs (region of interest) of  
the stimulated brain regions were extracted, 
including V2, V1, SC, DLG_L, DLG_R, MDI/Mhb, 

Figure 3. Comparisons of the head motion among three different groups (Red: ISO-group; Blue: RB-group; and 
Green: MED-group) during fMRI studies. Note: The FD Jenkinson values are illustrated in the whole scanning time 
with mean ± SEM and the mean FD Jenkinson values for the different groups were calculated and shown in a box 
plot. A. Resting-state fMRI, the head motions were acceptable in all the groups (FD Jenkinson <0.2). B. Task-state 
fMRI, the head motion was also stable in both of the baseline and the stimulus given period (grey background); ISO: 
isoflurane; RB: Rocuronium bromide; Med: Dexmedetomidine.
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LDVL/LDDM (Figure 5). As expected, signal 
changes of the regions DLG_L and SC could be 
found in all of the three groups. More regions 
were found in the MED-group, such as MDI/
Mhb and LDVL/LDDM. However, the other visu-
al related regions such as V2, V1 and DLG_R 
could only be found in the RB-group. The signal 

changed in the MDI/Mhb and LDVL/LDDM. On 
the other hand, the RB-group also showed 
stronger signal changes in those visual sensory 
related regions. It reached 2% signal changes 
in the region of SC in the RB-group, while the 
changes of the ISO-group and the MED-group 
were around 0.5%.

Figure 4. Cerebral activities during the task-state fMRI studies in the three different groups. Note: ISO: isoflurane; 
RB: Rocuronium bromide; Med: Dexmedetomidine; Group analysis of the significant evoked regions were shown by 
the permutation test, corrected by the TFCE P<0.05. Only the DLG_L and SC were shown in the ISO-group (A) and 
MED-group (C), and the most widely evoked regions were found in the RB-group (B), such as DLG_R, V2, V1 and 
LDDM; DLG_L: the dorsal lateral geniculate nucleus (left); SC: superior colliculus; DLG_R: dorsal lateral geniculate 
nucleus (right); V2: secondary visual cortex; V1: primary visual cortex; and LDDM: the laterodorsal thalamic nucleus, 
the dorsomedial part.

Figure 5. Time courses of the BOLD signals in the three different groups (ISO-group; red, RB-group; blue and MED-
group; green) during the task-state fMRI study. Note: ISO: isoflurane; RB: Rocuronium bromide; Med: Dexmedetomi-
dine; Left-top: Locations of the selected regions; V1: primary visual cortex; V2: secondary visual cortex; SC: superior 
colliculus; DLG_L: dorsal lateral geniculate nucleus (left); DLG_R: dorsal lateral geniculate nucleus (right); MDI/
Mhb: mediodorsal thalamic nucleus, lateral part/medial habenular nucleus; LDVL/LDDM: laterodorsal thalamic 
nucleus, ventrolateral/dorsomedial part. There were obvious changes observed in the RB-group during the stimulus 
periods (grey background), and there were similar BOLD signal changes found in the regions of DLG_L and SC for 
ISO-group and MED-group. 
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Voxel-wise resting-state fMRI

The functional connections of the brain in the 
resting-state fMRI were similar to those in the 
task-state fMRI. In order to explain the chang- 
es of the task state, the region of DLG_L was 
selected as the ROI, and the functional con- 
nections in the whole brain with DLG_L was  
calculated to estimate the spontaneous con-
nections in these three groups. The statistic 
result was obtained using the one-sample 
t-test. In order to show the differences of the 
three groups, the regions were shown when  
the t-stats was greater than eight. There was  
a greater range of connections found in the 
RB-group (Figure 6). Most of them were relat- 
ed to the visual sensory pathway, such as 
DLG_R, LDVM/L, RSD/C and V2 while only 
weak connections were found in the ISO-group 
and MED-group, such as contralateral DLG 
(DLG_R).

ROI-wise resting-state fMRI

In order to investigate the differences of the 
whole brain activity in these three groups, 18 

different brain regions were chosen as the 
regions of interest (ROIs, Table S1). All ROIs 
were carefully selected with an anatomical  
map of the rat brain [29]. The functional con-
nectivity from ROI to ROI was calculated and 
the statistical results were obtained using  
multiple comparisons for one-way ANOVA, and 
the significant different connections were 
screened using the Dunnett-t test (hoc test) 
when P<0.05. Each side of the voxel in the 
matrix represented one ROI (Figure 7). The 
color of each voxel represented the conne- 
ction strength between two different ROIs,  
and the significant different regions compared 
to the RB-group was marked with a ‘*’. Many 
significant different regions could be found in 
the ISO-group and MED-group, such as the 
motor cortex (M12), parietal lobe (MPtA) and 
sensory cortex (S2). Significant change could 
also be found in the hippocampus of the MED-
group. The top 9 significant different ROI  
pairs of the connectivity are shown (Figure 8), 
and the RB-group displayed the strongest  
functional connectivity among the 9 ROI pairs 
of the sensory network.

Figure 6. Functional connectivity for the specific ROI (DLG_L) in the three groups (ISO-group, RB-group and MED-
group). Note: ISO: isoflurane; RB: Rocuronium bromide; Med: Dexmedetomidine; One-sample t-test (t-stats >8) was 
used to calculate the activated regions with DLG_L in each group. During the same threshold, the most widely con-
nected regions could be found in the RB-group, and limited connected regions were illustrated for ISO-group and 
MED-group.
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Fixed effects analysis of BOLD signal

In order to investigate the BOLD signal change 
between the isoflurane induced condition and 

isoflurane free condition, fixed effects analysis 
was calculated in the whole brain range using 
resting state data in the ISO-group and 
RB-group (Figure 9). When animals revived 
from isoflurane anesthesia, increased bold  
signals were found in the cortical regions,  
such as the motor cortex, somatosensory cor-
tex, visual cortex and the auditory cortex. At  
the same time, decreased signals could be 
found in the thalamus and periaqueductal  
gray in the midbrain. Furthermore, the signal 
changes (both that increased and decreased) 
in the brain wide maps were almost symmetri-
cal, which improved the reliability of the results.

Discussion

A robust fMRI reaction induced by RB was pro-
posed in the current study. The whole-brain 
resting connectivity and visual stimulation of 
three different anesthesia protocols were 
investigated, including RB induced, RB and  
isoflurane mixing induced, and dexmedetomi-
dine induced. Results showed that the RB 
induced group had the highest brain network 
connectivity compared with the other two 
groups, and the BOLD signal changed when  
the animal was revived from isoflurane.

Physiological parameters

The physiological parameters were used to 
investigate the recovery time of the animal 

Figure 7. Comparison of the default network of ROI-wise resting-state fMRI in the three different groups (ISO-group, 
RB-group and MED-group). Note: Color of each block was represented with the mean functional connectivity strength 
of a pair of ROIs; *: The significant different pairs compared to the RB-group with one-way ANOVA and the post hoc 
test (Dunnett-t test) comparison; Results showed that there were many pairs observed with significant differences 
in the groups of ISO and MED (P<0.05, marked by ‘*’), and the mean values of functional connectivity for most of 
them were weaker than the RB-group.

Figure 8. Functional connectivity of the top nine dif-
ferent pairs of ROI-wise resting-state fMRI analyzed 
in the three different groups. Note: Names of the ab-
breviations of brain regions were collected in Table 
S1; *: P<0.05 with One-way ANOVA and the post hoc 
test (Dunnett-t test) between RB-group and the other 
two groups.
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from the isoflurane induced condition and the 
isoflurane free condition. The blood pressure 
and heart rate were taken into consideration  
at the same time to estimate a suitable wait- 
ing time in the MRI scanner. When isoflurane 
was turned off, the heart rate of the animal 
recovered quickly and become stable within  
5 min while the blood pressure kept rising in 
5-15 min. Therefore, we finally chose 30 min  
as the waiting time in the MRI scanner be- 
cause the data was stable within 25-30 min. 
Besides, the measured values were similar to 
those of a previous study which reported nor-
mal blood pressure to be around 130 mmHg 
and the heart rate around 440 bpm [30].

Application of anesthetics

As one kind of a neuromuscular blocking  
agent or muscle relaxant, RB is commonly us- 
ed in modern anesthesia to facilitate rapid  
tracheal intubation or rapid sequence induc-
tion by providing skeletal muscle relaxation  
[21, 22]. Currently, RB was used as a muscle 
relaxant to keep the immovable state of the  
animal during fMRI scanning. The dosage of  
RB was tested in a bench study assessing  
when an animal cannot respond to toes pinch-
ing. The isoflurane was given using a minimal 
dose to maintain anesthesia. The dexmedeto-
midine was given using a dosage which was 
reported to have a robust reaction in an fMRI 
study [31] while lidocaine was administered 
during oral tracheal intubation to minimize 
stimulation to the throat. 

Visual response in the fMRI study

In all of the three groups (ISO-group, RB-group 
and MED-group), visually evoked BOLD signal 
changes were investigated after direct laser 
stimulation of the right eye. As expected, the 
DLG (left) and SC were activated in all of the 
three group (Figure 3), which were involve in 
the visual sensory [28, 32]. Retinal ganglion 
cells (RGCs), which receive treated visual infor-
mation from the eyes as the primary visual  
neurons, are connect to lateral geniculate 
nucleuses (DLG) and superior colliculus (SC) 
through retinal recipient neurons. In addition, 
the RB-group showed more regional respons- 
es in the DLG_R, V1, V2, LDDM and VPL.  
Among those regions, the activation of DLG_R 
may come from the ipsilateral projection or 
bilateral communication from DLG_L. The V1 
and V2 were the higher sensory region that 
received the message from DLG, and the  
thalamus region (LDDM, VPL) was involved in 
sensation [33]. The time course of the BOLD 
signal in the task-state fMRI also supports the 
results because the ISO-group only showed  
significant changes in the DLG_L and SC  
region whereas, the RB-group showed signifi-
cant changes in all selected regions. More- 
over, the robust spontaneous connections 
between advanced visual sensory regions (V1, 
V2) and DLG_L were only found in the RB- 
group (Figure 5). The strength of the higher 
spontaneous connections of those regions  
may have led to the activation of V1 and V2 
task-state fMRI in the RB-group.

Figure 9. Changes of the BOLD signal when subjects were revived from isoflurane. Note: Higher BOLD signal was 
observed in the cortex region when isoflurane was removed (ISO-group < RB-group), and lower BOLD signals were 
found in most of the thalamus region and the periaqueductal gray in the midbrain (ISO-group > RB-group).
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Default mode network under anesthesia

Resting state fMRI studies have illustrated  
that the default mode network of the brain is 
varied in different states, such as awake,  
anesthesia and sleep [34]. Here the default 
mode network involved in the somatosensory 
was investigated. The results showed that 
stronger functional connections in the whole 
brain could be obtained in the RB-group. All  
the functional connectivity strength in the  
ISO-group and MED-group were restricted 
because isoflurane and dexmedetomidine  
were able to influence brain activity [35, 36].  
As shown in Figure 6, the top 3 affected re- 
gions between the RB-group and ISO-group 
were the motor cortex, parietal cortex and lat-
eral spinothalamic. Those regions were res- 
pectively responsible for movement [37], pro-
cession of visual information [38] and input  
of sensory information [39]. The top 3 affected 
regions between the RB-group and MED-group 
were the motor cortex, secondary sensory cor-
tex and lateral spinothalamic. Those regions 
were responsible for movement, high-class  
procession of sensory information [39] and 
input of sensory information. 

The BOLD signal change occurred in the ISO-
group and RB-group, and the increased BOLD 
signal was found in the cortex area, but was 
decreased in thalamus regions. The result is 
similar to previous findings which reported that 
the function of the cortex can be inhibited in 
the anesthesia state [34] and the thalamus 
activated in the rapid eye movement state [40].

Conclusion

The fMRI study investigated the simple use of 
RB (RB-group) in the current study. When com-
paring two commonly used anesthesia proto-
cols (ISO-group and MED-group), the RB-group 
showed stronger and more expected results 
than the other two groups. While the simple 
use of RB in an fMRI study was not advised, the 
stress levels of animals was still a problem  
due to the noisy environment from mechanical 
ventilation. A low dosage of anesthesia mixed 
with RB maybe a better option in order to  
obtain robust fMRI data and at the same time 
minimize animal stress.
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Table S1. List of 28 selected regions of interested (ROIs) in the whole brain for resting state analysis
Number Abbreviation Full Name
1 HIP hippocampus
2 Cg12 cingulate cortex, area 1; cingulate cortex, area 2
3 LDVM/L laterodorsal thalamic nucleus, dorsomedial part; laterodorsal thalamic nucleus, ventrolateral part
4 M12_L primary motor cortex (left); secondary motor cortex (left)
5 M12_R primary motor cortex (right); secondary motor cortex (right)
6 MPtA_L medial parietal association cortex (left)
7 MPtA_R medial parietal association cortex (right)
8 postIns_L insular cortex (left, bregma 0 mm to -2.92 mm)
9 postIns_R insular cortex (right, bregma 0 mm to -2.92 mm)
10 preIns_L insular cortex (left, bregma 4.20 mm to 0 mm)
11 preIns_R insular cortex (right, bregma 4.20 mm to 0 mm)
12 RSC retrosplenial granular cortex
13 S1HL_L primary somatosensory cortex, hindlimb region (left)
14 S1HL_R primary somatosensory cortex, hindlimb region (right)
15 S2_L secondary somatosensory cortex (left)
16 S2_R secondary somatosensory cortex (right)
17 VPML_L ventral posteromedial thalamic nucleus (left); ventral posterolateral thalamic nucleus (left)
18 VPML_R ventral posteromedial thalamic nucleus (right); ventral posterolateral thalamic nucleus (right)

Table S2. Oxygen saturation of each subject 
of arterial blood in the induction of rocuroni-
um bromide
Subject Number Oxygen saturation (%)
1 95.8
2 96.1
3 97.1
4 95.5
5 97.6
6 96.8
7 97.3


