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EDITOR’S PERSPECTIVE

What We Already Know about This Topic

e Graph theory and network analysis have been applied to neuroim-
aging and neurophysiologic data in the anesthetized state, but there
has been little formal analysis of metabolic networks.

What This Article Tells Us That Is New

e The brains of rodents undergoing propofol anesthesia demonstrate
reduced metabolic network connectivity and efficiency. These
effects might inform the mechanism of the functional disconnec-
tions and network inefficiency observed during general anesthesia
in humans.

eneral anesthetics are widely used under both clinical
Gand experimental conditions. However, the neurobi-
ologic mechanism of anesthetic-induced unconsciousness
is still awaiting further exploration. Early positron emission
tomography studies have shown that general anesthetic-in-
duced loss of consciousness is associated with substantial
hypometabolism across widespread brain structures,' sug-
gesting consciousness may be a product of the organization
of energetic activity in the brain.* In several studies, there
were regional metabolic changes in the thalamus, as well as
bilaterally in the frontoparietal associative regions, whereas
metabolism in the sensory and motor cortices was relatively
preserved.>® These regional discrepancies in hypometabo-
lism may imply that cognitive operations are partially sup-
pressed within a hierarchically organized brain network.

ABSTRACT

Background: Loss of consciousness during anesthesia reduces local and
global rate of cerebral glucose metabolism. Despite this, the influence of
gradual anesthetic-induced changes on consciousness across the entire brain
metabolic network has barely been studied. The purpose of the present study
was to identify specific cerebral metabolic patterns characteristic of different
consciousness/anesthesia states induced by intravenous anesthetic propofol.

Methods: At various times, 20 Sprague—Dawley adult rats were intrave-
nously administered three different dosages of propofol to induce different
anesthetic states: mild sedation (20mg - kg=' - h~'), deep sedation (40mg g
- kg™ - h™"), and deep anesthesia (80mg - kg~ - h~"). Using ["®F]fluorode- 5
oxyglucose positron emission tomography brain imaging, alterations in the
spatial pattern of metabolic distribution and metabolic topography were inves- 5
tigated by applying voxel-based spatial covariance analysis and graph-theory
analysis.
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Results: Evident reductions were found in baseline metabolism along with !
altered metabolic spatial distribution during propofol-induced anesthesia.
Moreover, graph-theory analysis revealed a disruption in global and local
efficiency of the metabolic brain network characterized by decreases in§
metabolic connectivity and energy efficiency during propofol-induced deep S
anesthesia (mild sedation global efficiency/local efficiency = 0.6985/0.7190,
deep sedation global efficiency/local efficiency = 0.7444/0.7875, deep anes-
thesia global efficiency/local efficiency = 0.4498/0.6481; mild sedation vs.
deep sedation, global efficiency: P = 0.356, local efficiency: P = 0.079; mild
sedation vs. deep anesthesia, global efficiency: P < 0.0001, local efficiency:
P<0.0001; deep sedation vs. deep anesthesia, global efficiency: P< 0.0001
local efficiency: P < 0.0001). A strong spatial correlation was also found g
between cerebral metabolism and metabolic connectivity strength, which 8
decreased significantly with deepening anesthesia level (correlation coeffi-
cients: mild sedation, r = 0.55, deep sedation, r = 0.47; deep anesthesia,
r=0.23; P< 0.0001 between the sedation and deep anesthesia groups).
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Conclusions: The data revealed anesthesia-related alterations in spatial S
and topologic organization of metabolic brain network, as well as a close g
relationship between metabolic connectivity and cerebral metabolism during §
propofol anesthesia. These findings may provide novel insights into the meta-
bolic mechanism of anesthetic-induced loss of consciousness.

(AnesTHESIoLogY 2019; 131:850—65)

Indeed, recent theoretical and experimental evidence has
suggested that breakdown of brain network interactions
during anesthesia, leading to cortical information disinte-
gration and ultimately to loss of consciousness.”™"* Positron
emission tomography and functional magnetic resonance
imaging studies in both humans and animals have sup-
ported this hypothesis.'**
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Previous studies have demonstrated that brain functional
topology is tightly coupled with cerebral metabolism during
awake resting and that cognitive demands modulate this cou-
pling, 92"
associated with reorganized functional connectivity architec-

suggesting that changes in brain metabolism are

ture during changing brain states.'®* However, few studies have
directly examined the relationship between brain metabolism
and network connectivity at different levels of consciousness.

Interregional connectivity in the resting brain can be
detected using fluorodeoxyglucose positron emission tomog-
raphy, which can measure cerebral metabolism and reflect
neuronal activity and viability. Horwitz ef al.?' described
intersubject metabolic correlations among different brain
regions, demonstrating that fluorodeoxyglucose positron
emission tomography can reliably identify functionally con-
nected networks. Such methods are now increasingly used
to study metabolic connectivity in both the healthy and dis-

eased populations,*=*

as well as to examine the topologic
architecture of the metabolic brain network.

In the present study, we collected fluorodeoxyglucose
positron emission tomography data in rats across several
levels of propofol-induced anesthesia. We aimed to inves-
tigate (1) whether and how the spatial pattern of cerebral
metabolism changes when the animal is exposed to an
increasing dosage of propofol; (2) whether and how the
connectivity architecture of the metabolic brain network
reorganizes with changing consciousness/anesthesia level;
and (3) whether anesthesia-induced alterations to baseline
metabolism are related to changes in metabolic network
connectivity and, if so, whether this relationship is modu-
lated by changes in consciousness/anesthesia level.

Materials and Methods
Animal Preparation

A total of 23 adult male Sprague—Dawley rats aged 8 to
10 weeks and weighing 300 to 350¢g were acquired from
Shanghai Sippr-BK Laboratory Animal Co. Ltd. (China) for
use in the present study. The animals were housed in a tem-
perature- (21 + 1°C) and humidity-controlled (45 to 60%)
facility with a 12/12-h reverse light—dark cycle. They had

Propofol infusion(20 or 40 or 80 mg-kg-'-h-)
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ad libitum access to food and water. The present study proto-
col was approved by the Fudan University Animal Care and
Use Committee of Medical College (Shanghai, China) and
was conducted in compliance with the Guide for the Care
and Use of Laboratory Animals.

Experimental Protocol

Fluorodeoxyglucose positron emission tomography data
were acquired from each rat during the daytime at three
different levels of anesthesia induced by propofol dosages
of 20, 40, and 80mg - kg™' - h™". Before positron emission
tomography scanning, the rats were fasted for 12h. They
then underwent tail vein cannulation while immobilized
in the prone position with a rat fixator. The experimental
procedure is summarized in figure 1. A randomized cross-
over method was used to avoid bias in anesthetic dosage
administration. No blinding methods were used during
fluorodeoxyglucose positron emission tomography data
acquisition. Briefly, to reach steady state, we intravenously
infused propofol at a rate of either 20, 40, or 80mg - kg ™" -
h™' for 15min using a syringe pump (B. Braun, Germany).
During the infusion, 1 1/min oxygen was delivered via a
catheter around the rat’s nose, and an infrared heating
lamp (Xupurui Lighting Source Manufacture Co., Ltd.,
China) was used to avoid hypothermia. The rat’s behavioral
response was tested using the righting reflex, and then each
animal was injected with less than 1ml of ["*F]fluorode-
oxyglucose (1 mCi) through the tail vein. After a 40-min
uptake period® involving continued propofol infusion, the
rats were transferred and fixed to the micro—positron emis-
sion tomography/computed tomography scanner frame,
inspiring a mixture of 1% isoflurane in 30% oxygen gas.
After scanning, the animals were returned to their cages.
The positron emission tomography scans were repeated
in each rat at another two sessions 3 days apart according
to a predefined order of propofol dosage (40/80/20 and
80/20/40mg - kg™ - h™").

1% isoflurane
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Fig. 1. Time course of small animal positron emission tomography (PET) scanning during three different levels of propofol-induced anesthe-
sia at dosages of 20, 40, and 80 mg - kg~' - h-". FDG, fluorodeoxyglucose.
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Measurement of Physiologic Parameters

Vital signs and blood biochemical parameters were exam-
ined outside the scanner in a subgroup of rats (n = 3) at the
three different propofol dosages. Local anesthesia with 2%
lidocaine was administered subcutaneously to allow femoral
artery cannulation. After tail-vein cannulation, the rats were
intravenously infused with propofol (administered sequen-
tially: 20, 40, and 80mg - kg™' - h™"). Invasive arterial blood
pressure and heart rate were measured using a connected
monitor (Datex—Ohmeda, USA). An arterial blood sam-
ple (0.5ml) was drawn 15min after the start of propofol
infusion at each dosage to measure the arterial oxygen and
carbon dioxide tension (Pao, and Paco,), pH, and glucose
levels using a blood gas analyzer (ABL 900, Radiometer,
Denmark).

Behavioral Test and Electroencephalogram Monitoring

To define the anesthesia state at different propofol infusion
rates, we performed both behavioral testing, as described

in previous studies,**!

and scalp electroencephalogram
monitoring in a subgroup of three rats. First, we assessed
behavioral response using the righting reflex: the animal
was placed on its side, and its attempts to right itself were
observed.” An animal that made no righting attempt was
considered unconscious. The test procedure was repeated
three times at each propofol dosage 15 min after propo-
fol infusion. In addition, we acquired electroencephalo-
gram scalp recordings using needle electroencephalogram
electrodes and electroencephalogram recorder software
(EBNeuro, Italy). The electroencephalogram electrodes
were placed as follows: two on the frontal region, two on
the temporal region, one reference electrode at the base
of the nose, one ground electrode on the left forelimb,
and one electrocardiogram electrode on the left chest.
The recording parameters during collection were as fol-
lows: sampling rate of 5,000 Hz per channel, resistance
of less than 20 MQ, and band-pass filter between 2 and
150 Hz.

Positron Emission Tomography Data Acquisition

Positron emission tomography data were acquired for
about 10min using a Siemens Inveon MM microposi-
tron emission tomography/CT scanner (Siemens Medical
Solutions, USA). Using emission acquisition, the energy
window was 350 to 650 keV, with a time window of 3.432
ns. This was followed by an attenuation correction CT
scan in the same machine (exposure time of 250 ms, volt-
age of 80kV, current of 500 mA, field of view of 3,072
X 2,048, binning of 4, low resolution, three beds, and
overlap ratio of 36.44%). The images were reconstructed
using the ordered subsets expectation maximization algo-
rithm, with attenuation, scatter, and random correction.
The final voxel size of the image was 0.776 X 0.776 X
0.796 mm”.
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Positron Emission Tomography Data Preprocessing

Spatial processing was performed using PMOD 3.4 software
(PMOD Technology, Switzerland) and Analysis of Functional
Neurolmages (http://afni.nimh.nih.gov/afni. Accessed April
30, 2018). The reconstructed positron emission tomogra-
phy images were first coregistered to the ["*F]fluorodeoxy-
glucose rat brain template (Schiffer template) in the fusion
module. The Schiffer template was then affine-transformed
to the minimal deformation template generated by Valdés-
Hernandez et al.,>® the transformation matrix of which was
used to bring the coregistered fluorodeoxyglucose positron
emission tomography images into the minimal deforma-
tion template space. After spatial smoothing (full width of
half-maximum of 1.2mm) to increase the signal-to-noise
ratio, the fluorodeoxyglucose positron emission tomography
images were scaled using the mean fluorodeoxyglucose value
within the cerebellum to correct for variability in injection
activity. The resulting fluorodeoxyglucose positron emission
tomography data (expressed as standardized uptake value
ratios) were used for further analysis.

Spatial Variability and Similarity in Brain Metabolism

To explore changes in interregional variability induced by
the different propofol dosages, we assessed the spatial vari-
ability of brain metabolism in each rat by calculating the SD
of the fluorodeoxyglucose value across gray-matter voxels,
which 1s similar to the SD of blood oxygen level-dependent
signaling, as shown by functional magnetic resonance imag-
ing studies describing the variance of brain activity within
a particular region across time.*** To directly compare the
37 among the differ-
ent propofol-induced consciousness states, we computed
between-state similarity at both group and individual levels.
For spatial similarity at the group level, we averaged the

spatial pattern of brain metabolism

standardized uptake value ratio maps across rats within each
state; we then computed between-state similarity by cal-
culating the Pearson correlation coefficient of the group-
averaged standardized uptake value ratio values between
every state pair. To ascertain spatial similarity at the individ-
ual level, we computed the voxel-based correlation in stan-
dardized uptake value ratio value between different states
in each rat. In addition, we calculated spatial variability and
similarity at the regional level to account for possible over-
estimation of correlations.

Metabolic Connectivity Strength Analysis

To identify the metabolic hubs of the whole-brain network,
we computed voxel-wise metabolic connectivity strength,
which determines the extent to which the standardized
uptake value ratio at any particular voxel is correlated with
the standardized uptake value ratio of all other cortical voxels.
The metabolic connectivity between any two gray-matter
voxels was computed by calculating the Pearson correlation
coeflicients of the standardized uptake value ratio values
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across all rats at the group level during each anesthesia state.
In particular, the standardized uptake value ratio values
for each voxel from each rat were compiled into separate
vectors, and the intervoxel Pearson correlation coefficients
were calculated for each pair of voxels. We applied a range
of correlation thresholds (0 < r < 0.8) to eliminate weak
correlations that may have arisen from spurious sources of
noise. Given that our findings were consistent across differ-
ent correlation thresholds (Supplemental Digital Content,
fig. S1, http://links.lww.com/ALN/B996), we presented
the results at a cutoft threshold of 0.4 in the main text. The
metabolic connectivity strength at a given voxel was then
defined as the sum of the weights of its metabolic connec-
tivity to all other gray-matter voxels. Voxels with high met-
abolic connectivity strength (more than the mean of 1 SD)
were identified as metabolic hubs because they had high
metabolic connectivity to the rest of the brain. To exam-
ine whether changes in metabolic connectivity strength are
related to alterations in metabolic activity, we calculated the
spatial correlation between metabolic connectivity strength
and the standardized uptake value ratio across voxels at each
of the three anesthesia states.

Energy Efficiency Analysis

To evaluate the efficiency of glucose use during functional
communication, we analyzed energy efficiency during the
different anesthesia states by calculating the ratio between
metabolic connectivity strength and standardized uptake

value ratio at both the voxel-wise and region-wise levels.**

Metabolic Network Analysis

To ensure computational efficiency during network analysis
and permutation tests, we calculated the network efficiency
metrics at the regional level by parcellating the rat brain
into 110 regions based on the combined atlas provided by
Valdés-Hernandez et al.,>® Schwarz et al.,*” and Calabrese

et al.®*

In each of the three propofol groups, a correlation
matrix was constructed by calculating the Pearson correla-
tion coeflicient of the average standardized uptake value
ratio between any pair of brain regions across each rat.
All the resulting network properties were computed on
weighted matrices using weight-conserving algorithms.*!
Before metabolic network analysis, the connectivity matri-
ces were thresholded using the false discovery rate to avoid
nonsignificant links, with a threshold false discovery rate
of less than 0.05 for multiple-comparison correction. To
explore the influence of thresholding on small-world attri-
butes, the small-world analysis was repeated at different
correlation thresholds (0.1 < r < 0.9, with an incremental
interval of 0.1) and network densities (0.1 < K < 0.9, with
an incremental interval of 0.1).

The global and local efficiencies were calculated at the
group level using the Gretna Toolbox.* These values were
then used to measure how efficiently parallel information
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was exchanged over wide-scope and local brain regions, as
described by Latora and Marchiori.* Small-world networks
have high global and local efficiency, representing efficient
global and local communication.

Global efficiency is commonly defined as the inverse,
average shortest path length as follows:

1 1
Epy=———— > —
global N (N _ 1) 2 d‘..

i#jeG ij

where N is the number of nodes in the graph G, and dij is
the shortest path length between node 1 and node j.

Local efficiency plays a similar role to the clustering
coefficient of the network,* as estimated by the following
formula:

1
B = E;B (G.')
where G, is the subgraph of the neighbors of node i with-
out including node 1. Local efficiency indicates how effi-
cient communication is between the first neighbors of i
when 1 is removed.

To evaluate the small-worldness of each metabolic net-
work, the normalized small-world parameters N (global effi-
ciency) and N (local efficiency) were computed from the
average parameters of 500 randomly rewired null-model
networks. These random networks were generated using the
random rewiring procedure described by the Markov-chain

45,46

algorithm,** which preserves the same number of nodes and
edges as real brain metabolism networks, as well as the same
degree distribution. Typically, classical small-world topology
should have a normalized global efficiency of approximately

1 and a normalized local efficiency of more than 1.

Statistical Analysis

The sample size was based on previous studies into rat brain
metabolism and metabolic networks"” rather than on a cal-
culation of statistical power. Two-sided P values of less than
0.05 were considered statistically significant.

To evaluate the effect of propofol dosage on brain
metabolism, one-way repeated-measures ANOVA, with
propofol dosage as the within-subject factor, was applied to
the standardized uptake value ratio of glucose; this was fol-
lowed by post hoc, independent, two-sample f tests between
every pair of groups (Analysis of Functional Neurolmages,
http://afni.nimh.nih.gov/afni). The group difference maps
were first thresholded with a voxel-wise significance of
P < 0.05. A multiple comparison correction was then car-
ried out using a cluster size threshold of 675 voxels derived
from Monte Carlo simulations to reach a cluster level sig-
nificance of P < 0.05 (AlphaSim correction in Analysis of
Functional Neurolmages). To test whether the effect of
propofol varied between cortical and subcortical regions,
a two-way, repeated-measures ANOVA (factor “propo-
fol dosage”: 20, 40, and 80mg - kg™' - h™'; factor “region”:
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cortex and subcortex) was performed on the standardized
uptake value ratio averages within the cortical and subcor-
tical regions, with dosage as the between-subject factor and
region as the within-subject factor (IBM SPSS Statistics,
version 17). 1 was used to measure the effect size.*®

A preplanned, independent, two-sample ¢ test was applied
to the spatial variability between the different propofol dos-
ages, and Bonferroni-corrected P values of less than 0.05
were considered statistically significant in multiple compar-
isons. A one-way, repeated-measures ANOVA, with propo-
fol dosage as the within-subject factor, was applied to spatial
similarity at the individual level, followed by independent,
post hoc, two-sample ¢ tests between every pair of groups
(IBM SPSS Statistics, version 17).

To analyze spatial similarity at the group level, the correla-
tion coefficient between metabolic connectivity strength and
standardized uptake value ratio, and the metabolic connectiv-
ity metrics (energy efficiency, global efficiency, and local effi-
ciency), a nonparametric permutation test was used, whereby
dosage-related differences were evaluated using Matlab R2016a
software.A total of 10,000 random permutations were generated
independently; for each permutation, the standardized uptake
value ratios of the images were randomly permuted across the
three groups, and the test statistic of interest was recalculated,
yielding a distribution of 10,000 values from the permuted data.
The P value was determined by comparing the observed value
with the permutation-generated distribution.™ This procedure
was applied each time a permutation test was performed in
the analysis. For multiple comparisons, Bonferroni-corrected P
values of less than 0.05 were considered statistically significant
for the metrics including correlation coefficient between meta-
bolic connectivity strength and standardized uptake value ratio,
global efficiency and local efficiency. We used the false discov-
ery rate method at a threshold false discovery rate of less than
0.05 for multiple-comparison correction of metabolic connec-
tivity and energy efficiency in each brain region.

Results

In total, we acquired 60 positron emission tomography
images from 20 rats. Among them, three scans in the 40 mg
~ kg™ - h™' group were excluded because the images were
blurred. Thus, spatial and topologic analyses of rat brain
metabolism were applied to 57 positron emission tomogra-
phy images under three levels of anesthesia: 20 scans in the
20mg - kg' - h™! group, 17 in the 40mg - kg™' - h™' group,
and 20 in the 80mg - kg™' - h™! group.

Physiologic Variables, Behavior, and
Electroencephalogram Activity

The physiologic measurements acquired 15min after
propofol infusion are shown in table S1 of the Supplemental
Digital Content (http://links.Iww.com/ALN/C4). Higher
dosages of propofol were associated with decreased mean
arterial blood pressure and heart rate, whereas pH, Pao,,

Anesthesiology 2019; 131:850-65

Paco,, and blood glucose levels remained unchanged
among the three propofol dosages. Based on the animals’
behavioral performance and electroencephalogram char-
acteristics (Supplemental Digital Content, fig. S2, http://
links.lww.com/ALN/B997, shows the raw electroenceph-
alogram traces), we defined the anesthesia states induced
by the different propofol dosages as follows (Supplemental
Digital Content, table S2, http://links.Iww.com/ALN/C4):
mild sedation (20mg - kg™' - h™" propofol), as evidenced by
low-amplitude and high-frequency electroencephalogram
activity, as well as the existence but slow response to right-
ing reflex; deep sedation (40mg - kg™ - h™"), as evidenced
by lower frequency and higher amplitude electroencepha-
logram activity, as well as loss of righting reflex in some ani-
mals; and deep anesthesia (80mg - kg™' - h™"), as evidenced
by high amplitude, low-frequency waves mixed with spiked
or sharp waves, and occasional burst suppression, as well as
loss of righting reflex in all animals.

Global Reduction in Brain Metabolism during Propofol
Anesthesia

We first compared the standardized uptake value ratios
among the three anesthesia states to elucidate any dosage-re-
lated changes in brain metabolic activity. We found that brain
metabolism decreased gradually with increasing dosage of
propofol (fig. 2A). Specifically, in deep sedation, global brain
metabolism was lower than in mild sedation across widely
distributed cortical and subcortical areas (corrected P < 0.05,
using Monte Carlo simulations; fig. 2B). In contrast, when
comparing deep anesthesia with deep sedation, decreases in
metabolism were more evident in the cortical than in the
subcortical regions. This observation was further confirmed
by two-way ANOVA (between-subject factor “propofol
dosage”: 20, 40, 80mg - kg™ - h™" and within-subject factor
“region’: cortex and subcortex), which showed a significant
douge 12:54] = 85.64, 17 = 0.75; P <
0.0001), as well as a significant interaction effect between
dosage and region (F, . . [2,54] = 63.46, N> =0.53;P<
0.0001; fig. 2C), indicating that brain metabolism in the cor-
tical and subcortical regions is affected differently by increas-

main effect of dosage (F

ing propofol dosages. Furthermore, the propofol-induced
reduction in brain metabolism was closely related to initial
metabolic level (standardized uptake value ratio [SUVr]

correlates with SUVr

sedation—deep sedation mild sedation

0.0001, and 95% CI, 0.782 to 0.791; SUVr

X deep sedation-deep anesthesia
correlates with SUVrdeep wnmon: T = 0.65, P < 0.0001,and 95%

CI, 0.645 to 0.658; SUVr correlates with

mild sedation-deep anesthesia
SUVr

:r=0.84, P < 0.0001, and 95% CI, 0.839 to

mild sedation”

0.846; fig. 2D).

mild

r=0.79, P <

Propofol Altered the Spatial Variability and Spatial
Similarity of Brain Metabolism with Increasing Dosage

To assess whether propofol-induced reductions in glucose
consumption were accompanied by alterations in its spatial
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Fig. 2. Propofol-induced reduction in glucose metabolic rate. (4) Spatial distribution of brain metabolism (standardized uptake value ratio
[SUVr]) during different propofol anesthesia states. A voxel-wise mean metabolism map was calculated by averaging the metabolism map
across all rats in each state. (B) Statistically significant decreases in SUVr across widespread brain regions between different consciousness
states (corrected P < 0.05, using Monte Carlo simulations). Decreases in metabolism are more evident in the cortex than in the subcortical
regions, especially when comparing deep sedation with deep anesthesia. (C) Two-way ANOVA analysis revealed significant main effects of
propofol dosage, as well as an interaction effect between dosage and region, confirming that propofol has distinct effects in the cortical and
subcortical regions. (D) Scatterplot of the relationship across voxels between changes in brain metabolism and initial cerebral metabolic level.

distribution, we computed spatial variation and spatial sim-
ilarity. The spatial variability of brain metabolism indicates
anatomical variation in metabolism across the whole brain.
Comparisons among different anesthesia states revealed sig-
nificantly reduced spatial variability in brain metabolism
with increasing propofol dosage after Bonferroni’s correc-
tion for multiple comparisons (spatial variability [mean *
SD]: mild sedation, 0.192 * 0.019; deep sedation, 0.150
+ 0.023; deep anesthesia, 0.120 * 0.014; independent
two-sample ¢ test, mild sedation vs. deep sedation, t = 6.32,
P < 0.0001, Cohen’s d = 2.07; deep sedation vs. deep anes-
thesia, t = 4.87, P < 0.0001, Cohen’s d = 1.65; mild sedation
vs.deep anesthesia, t = 13.96, P < 0.0001, Cohen’s d = 4.37,
fig. 3A), suggesting that glucose metabolism tends to con-
verge to a similar level in different brain regions during
propofol-induced anesthesia. Spatial similarity in brain
metabolism was examined to directly compare metabolism
distribution between different anesthesia states. The results

Chen et al.

at group level showed that the mild sedation/deep seda-
tion between-state spatial similarity (r = 0.927, P < 0.0001,
95% CI, 0.926 to 0.929) was statistically significantly higher
(nonparametric permutation test: P < 0.0001) than the
mild sedation/deep anesthesia spatial similarity (r = 0.63,
P < 0.0001; 95% CI, 0.627 to 0.641) and the deep seda-
tion/deep anesthesia spatial similarity (r = 0.80, P < 0.0001,
95% CI,0.799 to 0.807; fig. 3B).At the individual level, spatial
similarity was performed on data from 17 rats; three images
in the deep sedation group were excluded because they were
blurred. The statistical analysis was consistent with that at group
level (spatial similarity [mean * SD]: mild sedation correlates
with deep sedation, r = 0.72 £ 0.12; deep sedation correlates
with deep anesthesia, r = 0.53 £ 0.23; mild sedation cor-
relates with deep anesthesia: r = 0.36 = 0.25, F [2,48] = 19.9,
P < 0.0001; fig. 3C). There was significantly weakened spa-
tial similarity between the mild sedation and deep anesthesia
states, indicating that the spatial pattern of brain metabolism in

Anesthesiology 2019; 131:850-65

Copyright © 2019, the American Society of Anesthesiologists, Inc. Unauthorized reproduction of this article is prohibited.

855

¥202 UdJel €1 uo 1senb Aq ypd'52000-0 000161 0Z/68609+/058/v/1.€ L /4pd-81o1E/ABOJ0ISBUISBUE/WOD JIBYIIBA|IS ZESE//:dRY WO papeojumoq



856

PERIOPERATIVE MEDICINE

A B Group level c Individual level
*kk
*kk o
0.25- dedede 1.0+
ek 1.07 — Kkk
g £
£ B S o
3 0.20- 2 &
s & =
§ 7 7
> i p
s g g
E 0.154 2 H
& & @
0.10-
Mild sedati DA i Mild sedati " ' .
Mild sedation Deep sedation Deep anesthesia ! O eepcm_ . possisn Mild Deep Mild

Deep sedation  Deep anesthesia Deep anesthesia

corr. corr. corr.
Deep sedation  Deep anesthesia Deep anesthesia
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deep anesthesia differed markedly from that in sedation states.
Note that the voxel-wise level observations of spatial variation
and spatial similarity in brain metabolism remained consistent
in regional-wise analyses (Supplemental Digital Content, fig.
S3, http://links.lww.com/ALN/B998), confirming that these
findings were robust.

Propofol Decreased the Spatial Correlation between
Brain Metabolism and Hub Connectivity with Increasing
Dosages

The above results showed changes in brain glucose metab-
olism during propofol-induced anesthesia. Because previ-
ous evidence has indicated that brain metabolism is closely
connected to functional connectivity hubs in both resting
and task states, we next explored whether the relationship
between brain metabolism and connectivity strength would
be preserved during anesthesia and modulated by propofol
load. Metabolic connectivity strength was computed at the
voxel level. That is, the average metabolic connectivity was
calculated between a given voxel and all other voxels in
the rat brain. In mild and deep sedation states, metabolic
hubs with high metabolic connectivity strengths were pri-
marily distributed in the anterior cingulate cortex, medial
prefrontal cortex, retrosplenial cortex, parietal association
cortex, primary/secondary motor and somatosensory cor-
tices, temporal association cortices, and striatum (fig. 4A),
overlapping with the key components of the default mode
network. In contrast, during deep anesthesia, metabolic
connectivity strength decreased in the midline cortical
regions of the medial prefrontal and retrosplenial cortices,
and several subcortical regions in the diencephalon and
striatum arose as metabolic hubs with elevated standard-
ized uptake value ratio values (fig. 4, A and B; Supplemental
Digital Content, fig. S1, http://links.Iww.com/ALN/B996;
and fig. S4, http://links.Iww.com/ALN/B999). The spatial
pattern of these metabolic hubs resembled the distribution
of brain regions with high glucose metabolism. Indeed,

Anesthesiology 2019; 131:850-65

correlation analysis across all voxels showed a striking spatial
overlap between metabolic connectivity strength and stan-
dardized uptake value ratio during all three anesthesia states
(mild sedation: r = 0.55, P < 0.0001, and 95% CI, 0.543
to 0.559; deep sedation: r = 0.48, P < 0.0001, and 95%
CI, 0.471 to 0.489; deep anesthesia: r = 0.23, P < 0.0001,
and 95% CI, 0.222 to 0.244). The between-state permuta-
tion tests revealed a significant reduction in the correlation
between metabolic connectivity strength and standardized
uptake value ratio from mild sedation to deep anesthesia
(nonparametric permutation test: P < 0.0001) and from
deep sedation to deep anesthesia (nonparametric permuta-
tion test: P = 0.014; fig. 4C; Supplemental Digital Content,
fig. S5, http://links. Ilww.com/ALN/B1000), indicating that
the coupling between metabolic connectivity strength and
standardized uptake value ratio was modulated by propofol
dosage.

Decrease in Energy Efficiency during Propofol
Anesthesia

To evaluate the energy demands of neural communication
and investigate energy efficiency at different anesthesia
states, we further computed the ratio between metabolic
connectivity strength and standardized uptake value ratio
in each voxel. Energy efficiency was high in most corti-
cal regions, including the anterior cingulate cortex, medial
prefrontal cortex, retrosplenial cortex, parietal association
cortex, and primary/secondary motor and somatosensory
cortices, as well as in a few subcortical regions, including
the striatum, diencephalon, and pallidum (fig. 5, A and B;
Supplemental Digital Content, fig. S6, http://links.Iww.
com/ALN/C2). Because it is difficult to perform a com-
parison at the voxel-wise level, we further computed energy
efficiency at the region-wise level and compared it between
states. As shown in Figure 5C, under deep anesthesia, mark-
edly lower energy efficiency was found than under either
mild or deep sedation, mainly in the left medial prefrontal
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cortex, retrosplenial cortex, primary somatosensory cor-
tex, primary visual cortex, pallidum, and left diencephalon
(uncorrected P < 0.001); a marginal reduction was found in
the right medial prefrontal cortex, primary somatosensory
cortex, right diencephalon, left hypothalamus, and amygdala
(uncorrected P < 0.005). No changes in energy efficiency
were found between the mild sedation and deep sedation
states except for amygdala and pallidum.

Propofol Modulated the Topologic Organization of the
Metabolic Brain Network

To assess whether propofol-induced anesthesia changes the
topologic organization of the metabolic brain network, we
estimated metabolic network connectivity and efliciency

at the region-wise level during the different conscious-
ness levels. The results showed that metabolic connectiv-
ity among several regions was significantly stronger during
deep sedation than during mild sedation (1,172 of 5,578
[21%] of all connectivity pairs; false discovery rate cor-
rected at P < 0.05; fig. 6, A through C) but significantly
weaker during deep anesthesia than during the other two
consciousness states across a wide range of brain regions
(3,960 of 5,578 [71%] of all connectivity pairs; fig. 6, A
through C). Moreover, there were more dosage-depen-
dent differences in the number of connections among
the various cortical regions than among the cortico—sub-
cortical and subcortical regions (fig. 6C; Supplemental
Digital Content, table S3, http://links.Iww.com/ALN/C4).
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visual cortex.

The rat metabolic brain network showed a classical small-
world topology under all three anesthesia states (normalized
global efficiency of approximately 1, normalized local effi-
ciency of more than 1). Nevertheless, there were signifi-
cant between-state differences in the small-world efficiency
parameters: both global efficiency and local efficiency were
significantly lower under deep anesthesia than under either
mild or deep sedation. No significant differences were
found between mild sedation and deep sedation in this
regard (mild sedation global efficiency/local efficiency of
0.6985/0.7190, deep sedation global efficiency/local effi-
ciency of 0.7444/0.7875, deep anesthesia global efficiency/

Anesthesiology 2019; 131:850-65

local efficiency of 0.4498/0.6481; nonparametric permuta-
tion test: mild sedation vs. deep sedation, global efficiency:
P = 0.356,local efficiency: P = 0.079; mild sedation vs. deep
anesthesia, global efficiency: P < 0.0001, local efficiency:
P < 0.0001; deep sedation vs. deep anesthesia, global effi-
ciency: P < 0.0001, local efficiency: P < 0.0001; fig. 6D and
Supplemental Digital Content, fig. S7, http://links.Iww.
com/ALN/C3).

Discussion

Using ["®F]fluorodeoxyglucose micro—positron emission
tomography, the present study demonstrated significant
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reductions in baseline metabolism alongside altered met-
abolic spatial distribution during propofol-induced anes-
thesia. Moreover, based on graph-theory analysis, we
revealed disruptions to both global and local efficiency of
the metabolic brain network, characterized by decreases
in metabolic connectivity and energy efficiency during
propofol-induced deep anesthesia. We also found a strong
spatial correlation between cerebral metabolism and met-
abolic network connectivity; this decreased significantly
as the level of anesthesia deepened. These findings provide
compelling evidence that the changes in brain metabolism

Chen et al.

are associated with functional brain network breakdown
during loss of consciousness induced by propofol anesthe-
sia. Our findings may contribute to a deeper understand-
ing of the neural correlates of consciousness, and they have
clinical implications, particularly in the differential diagno-
sis and outcome prediction in patients with disorders of
consciousness.” For instance, partially preserved specific
network metabolism may indicate the presence of covert
consciousness.”

1-3,51-53

In accordance with previous studies, we found

prominent metabolic decreases in widely-distributed
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brain regions during high-dosage propofol administra-
tion. Interestingly, glucose metabolism decreased more
markedly in the cortical than in the subcortical areas with
deepening anesthesia level. This difference in metabolic
change between the cortical and subcortical regions was
also reflected in the metabolic distribution during differ-
ent anesthesia states. Although metabolism in the cortex
was higher than in the subcortex under mild sedation, a
contrasting pattern of higher metabolism in the subcortical
regions was observed at deeper levels of anesthesia, indicat-
ing a spatial shift in glucose metabolism from the cortical to
the subcortical regions during deep anesthesia.>

Moreover, our results showed that changes in energy
consumption during higher propofol dosage (40 and 80 mg
~ kg™ - h™") correlated significantly with initial metabolic
levels across all brain regions. That is, higher initial meta-
bolic levels in a given brain region were associated with
greater decreases in metabolic cost with increasing propo-
fol dosage, suggesting that brain regions of high metabolic
demand are more vulnerable to deepened anesthesia with
propofol. These hierarchical changes in glucose metabo-
lism across different brain regions were further evidenced
because the spatial variation in brain metabolism was grad-
ually attenuated from mild sedation through deep sedation
to deep anesthesia. These observations corroborate previous
isoflurane studies showing that cerebral metabolism became
more uniform across the whole brain during anesthesia, in
contrast with the awake state.”>*

Propofol potentiates ‘Yy-aminobutyric acid type A
(GABA,) receptor—mediated postsynaptic inhibition,>
so its effect may depend on the regional distribution of
GABA, receptors’ and may therefore give rise to differing
metabolism changes in various brain regions. Future stud-
ies will be needed to directly evaluate this mechanism by
monitoring both y-aminobutyric acid and metabolic activ-
ity during propofol anesthesia.

Similarly to functional connectivity, metabolic connec-
tivity,™ as measured in terms of interregional metabolic
correlations in glucose uptake, which can be estimated
using fluorodeoxyglucose positron emission tomography,
reflects interregional covariance patterns in neuronal activ-
ities.®*! Previous studies have shown that the metabolic
connectivity is a sensitive marker of individual variability
in cognitive functioning under both normal conditions
and disease.®™*%* In the current study, we found wildly
decreased metabolic connectivity during deep anesthesia,
which is consistent with several previous functional mag-
netic resonance imaging studies in general anesthesia,®
which suggested that interregional metabolism synchro-
nization is impaired, reducing communication between
brain regions during anesthesia.” Interestingly, metabolic
connectivity increased from mild sedation to deep sedation,
suggesting complicated changes in brain functional con-
nectivity between these two states, specifically partial pres-

ervation or even increases in some specific networks.”!'%6

Anesthesiology 2019; 131:850-65

Considering that brain activity is coupled with metabolic
flux, the increasing uniform state of metabolic activity
across the whole brain with deepening anesthesia may sug-
gest that brain activity is more synchronized in such states,
consistent with previous studies showing that a disrupted
balance between network segregation and integration is
associated with impairment to higher brain functions like
cognition and consciousness.'® Furthermore, in line with
our observation of divergent changes to regional metabo-
lism between the cortical and subcortical areas, the number
of reduced metabolic connections among cortical regions
appeared to be larger than that among cortico—subcortical
and subcortical regions with increasing propofol dosage.
This may reflect the nonuniform effects of anesthesia on
brain topologic organization.®>7%72

Further analysis demonstrated that metabolic connec-
tivity strength was closely related to standardized uptake
value ratio during mild sedation, indicating tight coupling
between functional connectivity and energy consump-
tion.'””” However, this tight relationship was gradually
weakened during deep sedation and anesthesia, implying a
dosage-dependent effect on the relationship between met-
abolic connectivity strength and metabolism. Because the
brain must receive an adequate energy supply to maintain
normal functions such as synaptic transmission and commu-
nication,” the propofol-induced decreased cerebral metab-
olism may be insufficient to support functional connectivity
between distinct regions. Furthermore, the reduced cor-
relation between metabolic connectivity strength and stan-
dardized uptake value ratio during deep anesthesia was
accompanied by decreases in energy efficiency, indicating
that the rat brain uses energy for functional communica-
tion less efficiently during propofol-induced loss of con-
sciousness. The principle of energy efficiency has been
used to study the energy cost of functional connectivity,
based on the ratio between the metabolic connectivity of
brain regions and energy consumption. In fact, 85% of total
brain energy consumption in the awake state is devoted to
neuronal communication,” whereas the remaining 15% is
reserved for cellular homeostasis.”® This led us to hypothe-
size that the brain tends to preserve its energy budget for
basic cellular functions rather than for functional connec-
tivity when cerebral metabolism is depressed by propofol,
leading to a decrease in energy efficiency. It follows that the
reduction in energy efficiency was not likely a reflection of
mathematical fact but rather of the underlying efficient use
of glucose for functional connectivity.

Analyses into the small-world topology of the metabolic
brain network have shown additional insights into network
dysregulation during anesthesia.”* Although the brain
networks retained their small-world topology during deep
anesthesia, both the global and local efficiency of the meta-
bolic brain network deteriorated with deepening anesthesia
levels. Global efficiency reflects effective information trans-
formation across remote cortical regions, which is believed
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to form the basis of many cognitive processes. Local effi-
ciency predominantly depends on connections between
neighboring regions that mediate the modularized infor-
mation processing and fault tolerance of a network.* Thus,
one could speculate that increased propofol dosages cause
widespread loss of functional interactions between spatially
remote brain regions, giving rise to decreased global and
local efficiency, which is probably responsible for the dis-
ruptions in information processing and cognitive ability
during anesthesia.'®®!

Limitations

There were several limitations in the present study. First, we
did not measure the plasma concentration of propofol or
monitor scalp electroencephalogram in all rats, so the level of
consciousness in different rats may have been slightly differ-
ent under the same propofol dosage. Second, the fluorodeox-
yglucose positron emission tomography data were obtained
under 1% isoflurane anesthesia to limit head movement,
which may have influenced the metabolic signals. However,
metabolic activity measured using ["*F]fluorodeoxyglucose
positron emission tomography reflects cumulative energy
consumption within the presumed steady resting state,®' so
positron emission tomography signals after 40min of brain
equilibrium are unlikely to be affected by isoflurane in this
context. Third, the present study revealed the metabolic
patterns of the GABA -enhancing anesthetic propofol. In
contrast, ketamine, an N-methyl-D-aspartate—receptor antag-
onist, increases cerebral metabolism in most brain regions.*%
Future studies should examine whether the disrupted meta-
bolic patterns observed during propofol-induced alterations
of consciousness are drug-dependent or state-dependent.

Based on our results, we concluded that anesthetic-in-
duced unconsciousness is correlated with disruptions to the
metabolic network, although the causal direction remains
unclear. Further research is needed to elucidate whether
this state-related change in the metabolic network reverses
after recovery from anesthesia. Such research would validate
and extend the conclusions of the present study.

Finally, unlike functional magnetic resonance imaging,
which is collected in the order of seconds, stationary pos-
itron emission tomography measurement of brain metab-
olism activity is restricted because it has poor temporal
resolution—over minutes to hours. As such, we carried out
correlational analyses between different brain regions across
rats at the group level. This is a well accepted method to
8485 and metabolic
networks.”*# However, the across-rat analysis and nonpara-
metric permutation test between groups may limit further
analysis and affect confidence in related results. Further
studies should investigate the brain metabolism network
during anesthesia using within-subject metabolic connec-

analyze anatomical connectivity networks

tivity analysis with dynamic positron emission tomography
acquisition.’”* Because electroencephalogram is a more
direct tool to measure neuronal activity, it is important

Propofol Affects Brain Metabolic Connectivity

that researchers directly evaluate the relationship between
electroencephalogram-derived and metabolism-derived
networks in future studies by simultaneously acquiring

electroencephalogram data and metabolism signals.

Conclusions

In summary, we found state-related alterations in the spa-
tial and topologic organization of metabolic brain systems
induced by increasing dosages of propofol. We also revealed
a close relationship between metabolic connectivity and
cerebral metabolism and that this relationship is modulated
by changes in anesthesia level. These findings may provide
novel insights into the metabolic mechanisms of anesthetic-
induced loss of consciousness.
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