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Abstract

Background In recent years, the effects of general anesthetics on the brain have been widely studied at the sedation level using
resting-state functional magnetic resonance imaging (rs-fMRI). Most anesthesia protocols use a single agent, and changes in
spontaneous brain activity are examined to show the characteristics of each anesthetic agent. However, no studies have used
rs-fMRI to evaluate the effects of anesthesia during actual surgery. We examined the feasibility of evaluating the effects of
general anesthesia with sevoflurane using rs-fMRI during neurosurgery.

Methods We enrolled 20 adult patients scheduled for transsphenoidal surgery. We compared differences between before
and during general anesthesia in terms of brain functional connectivity of the thalamus by seed-to-voxel correlation analy-
sis and local neural activity using fractional amplitude of low-frequency fluctuations (fALFF) analysis. An exclusion mask
was applied to exclude brain areas showing intraoperative spatial artifacts and correct for differences in the magnitude of
intra- and preoperative head movements.

Results We analyzed 16 patients. Functional connectivity of the thalamus to the contralateral thalamus, bilateral caudate
nucleus and globus pallidus were significantly decreased during anesthesia. The precuneus and posterior cingulate cortex
showed significantly decreased fALFF values during anesthesia.

Conclusion These findings were consistent with previous studies and indicate the feasibility of intraoperative rs-fMRI dur-
ing general anesthesia.

Keywords Functional connectivity - Functional MRI - General anesthesia - Intraoperative neurophysiological monitoring -
MR

Introduction

In recent years, the effects of general anesthetics on the
brain have been widely studied at the sedation level using
resting-state functional magnetic resonance imaging (rs-
fMRI) [1-4]. Most anesthesia protocols use a single agent,
and changes in spontaneous brain activity are examined to
show the characteristics of each anesthetic agent. However,
no studies have used rs-fMRI to evaluate the effects of anes-
thesia during actual surgery.

Evaluation of spontaneous brain activity during general
anesthesia using intraoperative rs-fMRI may be very useful
in characterizing the changes that occur in the brain under
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the influence of multiple drugs during general anesthesia.
We therefore examined the feasibility of evaluating the
effects of general anesthesia (mainly from sevoflurane) on
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the brain, and the thalamus in particular, using rs-fMRI dur-
ing neurosurgery.

Methods
Design and ethics

This study used a single-center, prospective, observational
design. This study was approved by the Kobe University
Hospital Ethics Committee (approval no. 1787) and was
conducted in accordance with the Declaration of Helsinki.
Written informed consent was obtained from all participants
prior to enrolment.

Setting and participants

We screened 20 adult patients scheduled for elective trans-
sphenoidal surgery in the study site from December 2015 to
April 2019. None of these 20 patients had any disturbance
of consciousness preoperatively as of the date of admis-
sion (1-3 days before surgery). Among these, we enrolled
those patients who were scheduled for intraoperative MRI
to evaluate the progress of surgery. Patients with valid scans
less than 90% of all scans, maximum body motion values
greater than 3 mm, and average body motion values greater
than 1 mm were excluded from the analysis of this study.

Anesthetic management during operation and fMRI

All patients were anesthetized with propofol, midazolam,
sevoflurane, fentanyl, remifentanil, and rocuronium before
intraoperative MRI. Each patient was intubated and received
an arterial line. Anesthesia with sevoflurane, fentanyl, and
rocuronium was induced using an MRI-compatible anes-
thetic machine (Aestiva/5 MRI; Datex-Ohmeda, Madison,
WI, USA) during the MRI session. We collected data from
the electronic medical records, including type and dose of
anesthetics, and the timing of administrations before and
during the intraoperative MRI session.

Acquisition of rs-fMRI data

We performed rs-fMRI preoperatively (control) and intraop-
eratively. Data acquisition was performed using a 3-T MRI
scanner (MAGNETOM Skyra 3-Tesla; Siemens Health-
ineers, Erlangen, Germany). A 20-channel head/neck coil
was used for preoperative MRI, and an 8-channel head/
holder coil (FLEXIBILITY OR Head Holder & 8-Ch Coil;
NORAS MRI products, Hoechberg, Germany) was used
for intraoperative MRI. Prior to performing preoperative
rs-fMRI, each patient was given the following instructions:
“Close your eyes, relax, and do not think of anything in
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particular. Do not fall asleep.” Intraoperative imaging was
performed after the completion of tumor removal under
general anesthesia. Functional images were acquired using
a gradient-echo echo-planar imaging sequence with two
slightly different parameters (in this study, two different data
sets were used for analysis). For Patients 1-9, the follow-
ing parameters were applied: repetition time, 2530 ms; echo
time, 30 ms; flip angle, 80°; voxel size, 3.75x3.75x%3.0
mm? with 0.6-mm gap; images, 150. For Patients 10-16,
the parameters applied were: repetition time, 2000 ms; echo
time, 30 ms; flip angle, 90°; voxel size, 3.75x3.75x%3.0
mm?® with 0.6-mm gap; images, 300 (the first 150 images
were used for analysis). Anatomical images were acquired
using a T1-weighted three-dimensional (3D) magnetization-
prepared rapid acquisition with gradient echo sequence. For
the preoperative scan, the following parameters were used:
repetition time, 2300 ms; echo time, 2.3 ms; flip angle, 8°;
sagittal slices, 192; voxel size, 1 1x 1 mm?. For the intra-
operative scan, the following parameters were used: repeti-
tion time, 2300 ms; echo time, 2.3 ms; flip angle, 8°; sagittal
slices, 512; voxel size, 0.5x 1.0x 1.0 mm?>.

Analysis of rs-fMRI data

Preprocessing procedures were performed using the CONN
functional connectivity toolbox (version 17.f; www.nitrc.
org/projects/conn) and SPM12 (version 7771; www.fl.ion.
ucl.ac.uk/spm/). Briefly, functional magnetic resonance
(fMR) images of each patient were first realigned (motion
correction) and corrected for slice acquisition timing (slice
timing correction). Functional and structural images were
normalized to Montreal Neurological Institute templates of
echo-planar images and 3D T1-weighted images followed by
nonlinear transformation, respectively. Finally, images were
smoothed with a Gaussian kernel of 8 mm at full width at
half maximum. In individual analyses, we performed seed-
to-voxel correlation analysis. Before functional connectiv-
ity (FC) and fractional amplitude of low-frequency fluctua-
tions (FALFF) analysis, we performed band-pass filtering
(band-pass frequency, 0.008—0.09 Hz) and linear regression
to remove noise components from fMRI signals, such as
non-neural physiological noise components derived from
aCompCor [5], head motion, and low-frequency drift. To
make individual FC and fALFF maps, we performed seed-
based FC analysis and fALFF analysis for each patient.
These maps were used for second-level between-condition
comparisons.

The seeds used for FC analysis were the left and right
thalamus, as previous reports have noted that the loss of
consciousness resulting from induction of anesthesia was
related to declines in FC between the thalamus and cortex
[6], and declines in thalamic activity [7].
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We also performed fALFF analysis to investigate differ-
ences in the degree of local neural activity between pre- and
intraoperative conditions [8].

Spatial artifacts on intraoperative fMRI and masking

The following three types of spatial artifacts were observed
on intraoperative fMRI (Fig. 1). The first type was head fixa-
tion pin artifacts, representing artifacts around the pins used
to fixate the head during surgery. The second type was air
artifacts, representing artifacts around the air that enters the
skull. The third type was off-center artifacts (field inhomo-
geneity artifacts or susceptibility artifacts caused by an off-
center position on the gantry), representing artifacts caused
by the head fixation position being off the center of the gan-
try due to the surgical procedure.

Signal loss on fMRI due to these artifacts covers a large
number of regions, and masking was performed to exclude
these regions from analysis (Fig. 1).

SPM12 was used to create the exclusion mask by super-
imposing extracted images of the areas showing signal
loss in the functional images for each patient, and exclud-
ing those areas found to show signal loss in more than four
patients (Supplementary Fig. 1).

The present study compared FC strength and fALFF val-
ues taken preoperatively in a resting, eyes-closed condition
with those taken intraoperatively under general anesthesia.
Preoperative rs-fMRI data with eyes closed at rest were

A

Fig. 1 Spatial artifacts on intraoperative functional magnetic reso-
nance (fMR) images. Upper images are fMR images and lower
images are 3-dimensional (3D) TI1-weighted structural images
(T1WI) corresponding to the same slice as the upper images. A An
example of air (susceptibility) artifacts: blue arrows on fMR images
indicate susceptibility artifacts caused by intracranial air, and the
white arrows on 3D T1WI indicate intracranial air. B An example
of head fixation pin (metal) artifacts: blue arrows indicate metal arti-

affected by head movements, such as swallowing, that are
seen in an awake state, but intraoperative data under general
anesthesia were unaffected by such head movements. We
therefore corrected for differences in head motion to cancel
head movement effects on FC strength and fALFF values.

To evaluate the effects of head movements, we compared
pre- and intraoperative head movements based on framewise
displacement (FD) [9]. We then calculated the difference
between pre- and intraoperative FD values for each subject
by averaging the FD values for each subject detected by
CONN. The difference in FD values between the pre- and
intraoperative rs-fMRI data was used for paired t-tests as a
covariate (or a nuisance regressor), correcting for the influ-
ence of head motion.

Statistical analysis

Paired t-testing was performed to investigate differences in
brain FC and fALFF between pre- and intraoperative condi-
tions. In all comparisons of FC strength between pre- and
intraoperative conditions, the significance level was p <0.001
(uncorrected for multiple comparisons) at the voxel level and
p <0.05 (family-wise error [FWE]-corrected) at the cluster
level. Moreover, Bonferroni correction for multiple compari-
sons was applied to the cluster-level threshold because the
left and right thalamus were seeds. Thus, an FWE-corrected
value of p <0.025 (0.05/2) was required for a statistically sig-
nificant result. In the comparison of fALFF between pre- and

facts due to the cranial fixation device, and white arrows indicate the
defect in the scalp from the cranial fixation device. C An example of
off-center artifacts: blue arrows show off-center artifacts caused by
magnetic field inhomogeneity at off-center locations. In contrast, no
distortion is evident on 3D TIWI. The difference between the two
images results from the fact that echo-planar images are more vulner-
able to magnetic field inhomogeneity
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intraoperative conditions, the significance level was p <0.001
(uncorrected for multiple comparisons) at the voxel level and
p<0.05 (FWE-corrected) at the cluster level. We performed
these statistical analyses using SPM12.

Results

During the study period, 20 adult patients underwent intraop-
erative rs-fMRI during elective transsphenoidal surgery. We
excluded 1 patient who was lacking an accurate anesthesia
record during intraoperative fMRI and 3 patients showing
motion artifacts in MRI signals. Eventually, we analyzed rs-
fMRI data from 16 patients.

Characteristics of patients

Analyzed data were acquired from 8 women and 8 men with
a mean age of 49 years (range, 21-76 years). The underly-
ing pathology in these patients was pituitary adenoma in 9
patients, craniopharyngioma in 2 patients, and Rathke’s cleft
cyst, chondrosarcoma, sebaceous carcinoma, fibrous dysplasia
and suspected hypophysitis in 1 patient each (Table 1).

Management of anesthesia

Table 1 shows the anesthetic agents used before and during
intraoperative MRI. Four patients (Patients 2, 8, 9, and 15)
were anesthetized using propofol (target-controlled infusion)
and all others were anesthetized using sevoflurane before the
intraoperative MRI session. The effect-site concentration
of propofol, the inspired sevoflurane concentration, and the
dose of remifentanil administered just before intraoperative
MRI were 2.3-3.6 pg/ml (mean, 2.93 pg/ml), 1-3% (mean,
1.83%), and 0.05-0.3 pg/kg/min (mean, 0.177 pg/kg/min),
respectively. The total dose of fentanyl administered before
the intraoperative MRI session was 1.96-10.57 pg/kg (mean,
6.11 pg/kg). Only Patient 2 was administered 2 mg (0.031 mg/
kg) of midazolam intravenously.

All patients were anesthetized with sevoflurane during the
intraoperative MRI session. Half of the patients (Patients 1,
2,4,6,7,12, 13, and 16) were administered fentanyl during
the intraoperative MRI session, but the others were not. The
inspired sevoflurane concentration and total dose of fentanyl
administered during intraoperative MRI were 1.5-3% (mean,
2.05%) and 0.83-2.41 pg/kg (mean, 1.66 pg/kg), respectively.

Comparisons of FC involving the thalamus
between pre- and intraoperative conditions,
and effects of FD correction and spatial artifact
masking

FC strengths of the right thalamus with the contralateral
thalamus, bilateral caudate nucleus, and globus pallidus
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were significantly decreased during anesthesia without FD
correction (Fig. 2A, Table 2). In contrast, FC strengths of the
right thalamus with the operculum, insula, parahippocam-
pal gyrus, hippocampus, and fusiform gyrus were signifi-
cantly increased during anesthesia without FD correction
(Fig. 2B, Table 2). However, after FD correction, differences
in FC strength between the two conditions decreased. As a
result, the region in which FC decreased during anesthesia
was reduced in size (Fig. 2C, Table 2), and clusters with
increased FC strength during anesthesia no longer showed
significant differences (Fig. 2D, Table 2). In addition, the
application of the exclusion mask partially excluded the
region in which FC decreased during anesthesia (Fig. 2E,
Table 2). Almost no differences in the results of FC of the
thalamus were seen between the left and right sides (Sup-
plementary Fig. 2).

Comparisons of fALFF between pre-
and intraoperative conditions, and effects of FD
correction and masking

The thalamus, precuneus, posterior cingulate cortex (PCC),
supramarginal gyrus, lingual gyrus, occipital pole, lateral
occipital cortex, and postcentral gyrus showed signifi-
cantly decreased fALFF values during anesthesia (Fig. 3A,
Table 3). In contrast, fALFF values were significantly
increased in the temporal pole, middle temporal gyrus, infe-
rior temporal gyrus, fusiform gyrus, frontal pole, several
parts of the cerebellum, and left orbitofrontal cortex during
anesthesia (Fig. 3B, Table 3). However, after FD correction,
the extent of significant clusters was markedly decreased
(Fig. 3C, D, Table 3). Conversely, no differences were seen
in the results of the fALFF analysis, regardless of the appli-
cation of the exclusion mask (Fig. 3E, F, Table 3).

Discussion

In this study, rs-fMRI was performed during transsphenoi-
dal surgery under general anesthesia (mainly with sevoflu-
rane), and FC and fALFF with the thalamus were compared
between anesthesia and wakefulness. In these analyses,
differences in the magnitude of body movements between
awake and anesthetized patients were corrected based on
differences in mean frame displacement. In addition, spatial
artifacts due to intraoperative conditions were observed in
rs-fMRI during surgery, and an exclusion mask was created
and applied to minimize the effects of these artifacts.

This study showed that intra- and interthalamic FC and
FC between the thalamus and basal ganglia both decreased
during anesthesia. In addition, this study showed that fALFF
values in the precuneus and PCC decreased during anesthe-
sia. Application of body motion correction and the spatial
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Fig.2 Differences in functional connectivity (FC) of the right thal-
amus before and during anesthesia. A, C, E Brain regions showing
significant FC decrease during anesthesia (intraoperative MRI). B, D,
F Brain regions showing significant FC increase during anesthesia.
A, B FC maps without framewise displacement (FD) correction and
the exclusion mask. C, D FC maps with FD correction and without

artifact exclusion mask to the results of FC and fALFF
analysis eliminated some areas that had shown significant
differences.

Since the purpose of this study was to compare images
taken while awake and during surgery and a state of general
anesthesia results in virtually no body movement, the effects
of the magnitude of body movement needed to be excluded.
Corrections were therefore made based on the difference in
mean frame displacement for each subject. FD represents the
sum of the magnitude of linear motions of the head in the x,
y, and z directions and rotational motion in the three direc-
tions, providing an indicator of overall head movements.

Previous reports have evaluated the effects of head move-
ments in neonates [10] and the elderly [11] on rs-fMRI using
FD. With this method, we were able to exclude the effects of
body motion in the FC and fALFF analyses. In the present
study, spatial artifacts caused by the intraoperative condi-
tion were observed, resulting in signal loss from functional
brain images.

To minimize the effects of artifacts while maintaining
detection power, a mask was created and adapted to exclude
areas in which artifacts were seen in four or more subjects.

The present study found a decrease in FC within and
between the thalamus during anesthesia. These results indi-
cate that sevoflurane anesthesia reduces both neural activity

@ Springer

FD+, mask+

tvalue

tvalue

the exclusion mask. E, F FC maps with FD correction and the exclu-
sion mask. All FC maps used a threshold of p<0.001 (uncorrected
for multiple comparisons) at the voxel level and p <0.025 (FWE-cor-
rected) at the cluster level. FD+, FC map with FD correction; FD—,
FC map without FD correction; mask+, FC map with the exclusion
mask; mask—, FC map without the exclusion mask

in the thalamus and interthalamic synchrony. Previous stud-
ies on the thalamus and anesthesia have reported that loss
of consciousness during anesthesia is associated with hypo-
metabolism in the thalamus, decreased interthalamic FC, or
decreased thalamocortical interactions [6, 7, 12, 13]. The
results of the present study demonstrate that those findings
from previous studies of reduced activity and FC of the
thalamus itself in association with anesthesia-induced loss
of consciousness are also observed during balanced anes-
thesia with sevoflurane. One study using electroencepha-
lography (EEG) showed that the waveforms of the left and
right cerebral hemispheres became similar under anesthesia.
This finding suggests that interthalamic FC increases under
anesthesia, which appears inconsistent with our findings.
The cause of this inconsistency is unclear but may be attrib-
utable to differences in methods of measurement and tem-
poral resolution between fMRI and EEG. Further studies are
needed to clarify and validate our results.

In this study, fALFF values in the precuneus and PCC
decreased during anesthesia. The PCC and precuneus are
components of the default mode network (DMN), which
is thought to play an important role in the formation of
consciousness. Previous studies on the DMN and anes-
thesia have shown that anesthesia is related to impaired
FC within the DMN [14-16], and decreases both local
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Table 2 Results of functional connectivity (FC) analysis

Comparison Seed FD Mask Clusters (x, y, z)

Size (voxels) Peak f value Brain regions

pre>intra  Right thalamus — — +10,—-12,+6

+ - +10,—-12,+6
+ + +10,—-12,+6

Left thalamus

+12,-24,48

+ - -8,-12,+6
+ + -8,-12,46

intra>pre  Right thalamus

—30,+10,—-40

—44,42,+8
0,—70,—38

+46,0,+12
- No suprathreshold clusters
+ No suprathreshold clusters
Left thalamus — — +26,—18,-32

+42,42,410

—34,+14,+6
—32,-38,-24

-6,-62,—-20

+ - No suprathreshold clusters
+ + No suprathreshold clusters

4105

2368

1586

3706

1926

1362

1092

187

151

146

350

307

223
172

136

14.87

9.87

9.87

14.2

10.68

10.68

8.91

5.17

5.67

8.16

5.74

6.91

5.88
5.56

5.73

Left thalamus, right thalamus, left caudate,
right caudate, right pallidum, left pal-
lidum

Left thalamus, right thalamus, right pal-
lidum, right caudate, left caudate

Left thalamus, right thalamus, right pal-
lidum, right caudate, left caudate

Right thalamus, left thalamus, left pallidum,
left caudate, right caudate, left putamen,
right pallidum

Right thalamus, left thalamus, right cau-
date, left pallidum

Right thalamus, left thalamus, left caudate,
right pallidum

Left TP, left Cereb45, left posterior TFusC,
left posterolateral ITG, left posterior
PaHC, left anterior STG, left anterior
TFusC, left anterior PaHC, left hippocam-
pus, left PP, left Cereb6, left anterolateral
ITG, left amygdala, left anterior MTG,
brainstem

Left IC, left CO, left PreCG, left opercular
IFG, left FO, left putamen

Ver8, Ver7, right Cereb2, right Cereb7, left
Cereb2, right Cereb8, left Cereb8

Right CO, right IC

Right anterior PaHC, right anterior TFusC,
right amygdala, right hippocampus, right
posterior PaHC, right TP, right FOrb,
brainstem, right posterior TFusC

Right IC, right CO, right FO, right opercu-
lar IFG

Left IC, left FO 1, left CO

Left posterior TFusC, left Cereb45, brain-
stem, left Cereb6
Ver8, left Cereb6, Ver6, right Cereb2, Ver7,

left Cereb45, left Cereb8, right Cereb7,
right Cereb8

“PaHC, parahippocampal gyrus; TFusC, temporal fusiform cortex; TP, temporal pole; FOrb, frontal orbital cortex; IC, insular cortex; CO, cen-
tral opercular cortex; FO, frontal opercular cortex; IFG, inferior frontal gyrus; ITG, inferior temporal gyrus; MTG, middle temporal gyrus; STG,
superior temporal gyrus; PP, planum polare; PreCG, precentral gyrus; Cereb, cerebellum; Ver, vermis; pre > intra, brain regions that showed sig-
nificant FC decrease during anesthesia; intra> pre, brain regions that showed significant FC increase during anesthesia; FD, framewise displace-

ment

synchronicity in the DMN [17] and neural activity in the
DMN [18, 19]. The present results and findings from those
previous studies support the association of reduced activity
and FC of the DMN with anesthesia-induced loss of con-
sciousness in humans under anesthesia with sevoflurane.

Previous studies using EEG targeting frontal and parietal

activities during general anesthesia surgery have provided a
common observation that dominant feedback connectivity
in the fronto-parietal network is disrupted during general
anesthesia with propofol, sevoflurane, or ketamine [20, 21].
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Fig.3 Differences in fractional amplitude of low-frequency fluc-
tuation (fALFF) between before (preoperative MRI condition) and
during anesthesia (intraoperative condition). A, C, D Brain regions
showing significant fALFF decrease during anesthesia. B, D, F Brain
regions showing significant fALFF increase during anesthesia. A, B
Maps of fALFF without framewise displacement (FD) correction and
the exclusion mask. C, D Maps of fALFF with FD correction and

The present study focused only on FC with the thalamus
for the purpose of validating the method. However, exami-
nation of FC in brain regions other than the thalamus is
important to elucidate the effects of anesthetics on brain
activity. Although imaging artifacts prevented us from
examining frontal activities, changes in FC in whole-brain
networks, particularly in the FPN, should be addressed in
future studies.

Decreased FC between the thalamus, caudate nucleus and
globus pallidus was observed during anesthesia. Previous
studies on anesthesia and thalamic-basal ganglia connectiv-
ity have reported that sevoflurane anesthesia decreases FC
between the thalamus and caudate nucleus [4], that isoflu-
rane decreases glucose metabolism in the thalamus and basal
ganglia [22], and that propofol decreases the neural activity
of the basal ganglia [23]. However, no previous rs-fMRI
studies appear to have mentioned the significance of changes
in neural activity in the thalamus and basal ganglia during
anesthesia. In contrast, EEG shows that sleep spindles and
delta waves predominate under anesthesia. Considering the
mechanisms involved in generating those waves, this phe-
nomenon suggests that FC between the thalamus and basal
ganglia increases under anesthesia. Meanwhile, periodic
suppression of the thalamic circuit is known as the essential
element in generating those waves. Thus, we speculate that
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FD+, mask-

FD+, mask+

tvalue 10 tvalue

tvalue

without the exclusion mask. E, F Maps of fALFF with FD correc-
tion and the exclusion mask. All maps used thresholds of p<0.001
(uncorrected for multiple comparisons) at the voxel level and p <0.05
(FWE-corrected) at the cluster level. FD+, fALFF map with FD cor-
rection; FD—, fALFF map without FD correction; mask+, fALFF
map with exclusion mask; mask—, fALFF map without exclusion
mask

such periodic suppression may appear as a decrease in FC
between the thalamus and basal ganglia. Alternatively, our
results suggest that the cortico-basal ganglia loop through
the thalamus may be inhibited under balanced anesthesia
with sevoflurane.

Despite the same eye closure condition, decreases in
fALFF values were seen in the lingual gyrus, occipital pole,
and lateral occipital cortex during anesthesia. Previous
studies on anesthesia and activity in visual areas suggest
that isoflurane decreases neural activity in the visual cortex
[18], that desflurane interferes with visual sensory process-
ing [24], and that volatile anesthetics suppress visual evoked
potentials [25-27].

As with findings from previous studies, the present results
suggest that anesthesia with sevoflurane results in decreased
neural activity in the visual area.

Various limitations to this study need to be kept in mind
when interpreting our findings. Variations in anesthesia
concentration and image artifacts may have affected the
results. We chose transsphenoidal surgery as a relatively less
invasive procedure for the brain parenchyma and enrolled
20 patients to this prospective study. However, even in a
prospective study, variations due to individual differences
are inevitable and will be an issue to be addressed in the
future. Although we selected the least invasive surgical
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Table 3 Results of fractional amplitude of low-frequency fluctuations (ALFF) analysis

Comparison FD Mask

Clusters (x, v, z)

Size Peak ¢ value Brain regions

pre>intra - +12,-56,+30 226 691 Precuneus, PC, right cuneus

+58,-20,+28 92 525 Right anterior SMG, right postCG
—46,—26,+30 77 7.14 Left anterior SMG, left postCG, left PO
—16,-08,+12 76 6.93 Left thalamus, left pallidum, left putamen
-08,-26,+36 71 7.1 PC
—-20,+14,+452 53 6.53 Left SFG, left midFG
—40,-12,+30 53  5.51 Left postCG
+40,—80,+08 47 544 Right inferior LOC
+40,-56,+22 42 574 Right AG
—14,-106,+04 42 5.16 Left OP
+22,-96,+18 40 594 Right OP
—10,—64,+38 34  5.38 Precuneus
+18,+14,+50 32 6.68 Right SFG
+38,-66,+02 30 6.33 Right inferior LOC
+16,-50,+02 30 436 Right LG, right Cereb45

+ +40,—-82,4+06 64  6.660 Right inferior LOC
+10,—58,+36 60 11.91 Precuneus, PC

+ +40,—-82,4+06 64  6.66 Right inferior LOC
+10,—58,+36 60 11.91 Precuneus, PC

intra>pre - +60,+12,—-12 251 8.28 Right TP, right anterior MTG, right anterior STG
+46,—44,-20 251 85 Right temporooccipital ITG, right posterior ITG, right Cereb1, right TOFusC,
right posterior MTG, right Cereb2
—46,—68,—-22 199 9.99 Left OFusG, left Cerebl, left inferior LOC, left temporooccipital ITG, left
TOFusC, left Cereb6

—08,+22,—-24 136 6.24 SubCalC, left FOrb, MedFC
—-64,—-08,—-22 127 6.53 Left anterior MTG, left posterior MTG, left anterior STG
—-04,+64,—18 97 5.34 left FP, right FP, MedFC
—-48,+08,—-32 95 7.69 Left TP
+54,-22,-38 67 7.18 Right posterior ITG, right posterior TFusC
—40,—-46,—-52 61 7.05 left Cereb8

+ - +48,-42,—-14 102 7.16 Right posterior ITG, right temporooccipital ITG, right Cereb1, right TOFusC
—-42,-70,—16 73 6.94 Left inferior LOC, left OFusG, left Cerebl

+ + +48,-42,—14 102 7.16 Right posterior ITG, right temporooccipital ITG, right Cerebl, right TOFusC

-42,-70,—-16 73 6.94

Left inferior LOC, left OFusG, left Cerebl

“PC, posterior part of cingulate gyrus; LOC, lateral occipital cortex; SMG, supramarginal gyrus; OP, occipital pole; SFG, superior frontal gyrus;
PostCG, postcentral gyrus; LG, lingual gyrus; Cereb, cerebellum; MidFG, middle frontal gyrus; AG, angular gyrus; PO, parietal opercular cor-
tex; TP, temporal pole; ITG, inferior temporal gyrus; SubCalC, subcallosal cortex; OFusG, occipital fusiform gyrus; MTG, middle temporal
gyrus; FP, frontal pole; FOrb, frontal orbital cortex; TOFusC, temporal occipital fusiform cortex; MedFC, frontal medial cortex; STG, superior
temporal gyrus; TFusC, temporal fusiform cortex; Cereb, cerebellum; pre > intra, brain regions showing significant decrease in fALFF value
during anesthesia; intra > pre, brain regions showing significant increase in fALFF value during anesthesia; FD, framewise displacement

cases possible, we could not exclude the effects of surgical
invasion. We therefore cannot conclude that the results were
exclusive to the effects of anesthesia. In particular, we could
not perform network analysis using the whole brain, because
we excluded areas in which spatial susceptibility artifacts
were observed. In addition, the results may vary depending
on the dose of inhaled anesthetics and narcotics used, and
the generalizability of results from this study needs to be
verified in the future.

In this study, we performed rs-fMRI during neurosurgery
and showed results consistent with previous findings indicat-
ing the feasibility of intraoperative rs-fMRI during general
anesthesia. We were able to evaluate brain function during
general anesthesia as close as possible to actual clinical con-
ditions. In addition, we were able to present solutions to the
problems of differences in body movements and spatial arti-
facts compared to awake patients, which are problems when
analyzing rs-fMRI during actual neurosurgical procedures.
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