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EDITOR’S PERSPECTIVE

What We Already Know about This Topic

e Patterns of connectivity between different brain regions (func-
tional connectivity) undergo structured shifts during stable general
anesthesia

e However, in the developing brain, the presence of these connectivity pat-
terns and how they may change across time have not been investigated

What This Article Tells Us That Is New

e During the stable maintenance phase of general anesthesia, func-
tional connectivity patterns in the developing brain are relatively
static, in contrast to the dynamic structured transitions previously
shown in adults

e Using conventional methods to measure functional connectivity, the
developing brain demonstrated a hyperconnected frontal cortex during
the loss of consciousness, maintenance, and emergence periods

e This was most marked for frequencies less than 14 Hz and between
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ABSTRACT

Background: Functional connectivity in cortical networks is thought to be
important for consciousness and can be disrupted during the anesthetized
state. Recent work in adults has revealed dynamic connectivity patterns
during stable general anesthesia, but whether similar connectivity state tran-
sitions occur in the developing brain remains undetermined. The hypothesis
was that anesthetic-induced unconsciousness is associated with disruption of
functional connectivity in the developing brain and that, as in adults, there are
dynamic shifts in connectivity patterns during the stable maintenance phase
of general anesthesia.

Methods: This was a preplanned analysis of a previously reported single-
center, prospective, cross-sectional study of healthy (American Society of
Anesthesiologists status | or Il) children aged 8 to 16 yr undergoing sur-
gery with general anesthesia (n = 50) at Michigan Medicine. Whole-scalp 3
(16-channel), wireless electroencephalographic data were collected from;”_r
the preoperative period through the recovery of consciousness. Functional g
connectivity was measured using a weighted phase lag index, and discrete &
connectivity states were classified using cluster analysis.
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Results: Changes in functional connectivity were associated with anesthetic 3
state transitions across multiple regions and frequency bands. An increase in 2
prefrontal—frontal alpha (median [25th, 75th]; baseline, 0.070 [0.049, 0.101] i
vs. maintenance 0.474 [0.286, 0.606]; P < 0.001) and theta connectivityi
(0.038 [0.029, 0.048] vs. 0.399 [0.254, 0.488]; P< 0.001), and decrease in s
parietal—occipital alpha connectivity (0.171 [0.145, 0.243] vs. 0.089 [0.055,
0.132]; P < 0.001) were among those with the greatest effect size. Contrary —
to the hypothesis, connectivity patterns during the maintenance phase of gen-
eral anesthesia were dominated by stable theta and alpha prefrontal—frontal
and alpha frontal—parietal connectivity and exhibited high between-cluster
similarity (r= 0.75 to 0.87).
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Conclusions: Changes in functional connectivity are associated with anes-
thetic state transitions but, unlike in adults, connectivity patterns are con-
strained during general anesthesia in late childhood and early adolescence.

(AnesTHESIOLOGY 2022; 137:28-40)

nderstanding changes in neural activity across anes-
thetic state transitions in children is of high clinical and

scientific importance. Clinically, despite the approximately
3.9 million surgeries performed on children annually in the

the prefrontal and frontal regions
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United States alone, there is no validated monitor for the
brain to guide perioperative care.! Scientifically, there remains
an incomplete understanding of the neurobiological cor-
relates of consciousness and developmental neurophysiology.

Although there are many approaches to investigating
neural activity across states of consciousness, one that has
received particular attention over the past decade is func-
tional connectivity, broadly defined as the statistical covari-
ation between two brain signals. Changes in functional
connectivity have been explored as an index for anesthetic
state transitions and have been shown to discriminate
between anesthetic-mediated changes in states of con-
sciousness.”” Additionally, functional connectivity has been
postulated to represent a potential mechanism for infor-
mation sharing and integration required for conscious pro-
cessing.””’ The majority of functional connectivity studies
across states of consciousness have been performed in adult
subjects, but a recent study in infants demonstrated reduced
functional connectivity during the maintenance phase of
general anesthesia compared to emergence.* Additionally,
studies of functional connectivity often select a specific
time period to analyze across states, for example a 100-s
epoch during general anesthesia versus a 100-s epoch during
emergence in the above pediatric study.* Although import-
ant, these studies are limited by the measurement of func-
tional connectivity at a single time epoch. More recently,
investigation in adults found that functional connectivity
patterns underwent structured transitions across time (i.e.,
dynamic shifts) during the course of stable general anesthe-
sia.”®! The finding that the connectivity patterns under-
went dynamic shifts during “real-world” surgical anesthesia
was also supported by a study of subjects with rigorously
controlled surgical levels of general anesthesia without a
surgical stimulus.”® However, whether dynamic connectiv-
ity patterns occur in anesthetized children or change during
development is unknown.

The primary objectives of this study in children ages 8
to 16 yr were to (1) determine whether measures of func-
tional connectivity reflect anesthetic-induced changes in
levels of consciousness and (2) identify temporal dynamics
of functional connectivity patterns during surgical anesthe-
sia. As a secondary objective, we aimed to test age-related
differences in functional connectivity transitions during
general anesthesia, complementing previous work in adult
subjects.”®!” We hypothesized that changes in functional
connectivity patterns reflect anesthetic-induced changes in
states of consciousness and that, similar to studies in adults,
the patterns would undergo dynamic shifts during the sta-
ble maintenance phase of general anesthesia.

Materials and Methods

This was a prospective, single-center, cross-sectional, obser-
vational study in children undergoing general anesthesia for
elective outpatient surgery at C.S. Mott Children’s Hospital,
Michigan Medicine (Ann Arbor, Michigan). Recruitment
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took place from November 2018 to March 2020. The
study was approved by the University of Michigan Medical
School Institutional Review Board (Ann Arbor, Michigan;
approval No. HUMO00142298). Written informed consent
was obtained by parents/guardians and verbal or written
assent by pediatric patients were obtained before study
enrollment. This study adheres to the Strengthening the
Reporting of Observational Studies in Epidemiology
(STROBE) guidelines'' and was a preplanned substudy of
a previously analyzed cross-sectional study of cortical com-
plexity during the perioperative period.'? Statistical and
data analysis plans were defined a priori and written and
filed with a private entity. Instances where post hoc analyses
were performed are clearly identified.

Study Population

Pediatric patients (8 to 16 yr old) with American Society
of Anesthesiologists (ASA) physical status I or II who were
scheduled for outpatient elective surgery with general
anesthesia were selected for enrollment. This population
was chosen for the following reasons: first, this is a period
of massive developmental brain network change'’; second,
this population is compliant with baseline assessment before
general anesthesia; and third, adolescence is a relatively
understudied age period. An additional inclusion criterion
was the planned use of a halogenated ether as the primary
anesthetic maintenance agent. Exclusion criteria included
a patient history of developmental delay, seizure disorder,
neurologic disease, current use of stimulant medications
(e.g., amphetamine, dextroamphetamine), head or neck
surgery (which might preclude neurophysiologic moni-
toring), history or suspicion of a difficult airway, physical
characteristics that interfere with electrode contact with the
scalp, enrollment in conflicting research protocol, or where
English was not the primary language.

Anesthetic and Perioperative Management

The goal of this study was to determine changes in func-
tional connectivity across the perioperative period in a real-
world setting. As such, no protocol was implemented for
altering patient care. Care teams were blinded to the elec-
troencephalogram data to prevent additional sources of bias.

Electroencephalographic Data Acquisition

Electroencephalogram data were recorded as previously
described from 16 Ag/AgCl scalp electrodes using a
Cognionics (USA) Mobile-128 wireless system and applied
based on the international 10 to 20 system.'? Briefly, after
ensuring proper cap size (EASYCAP; Germany), placement
was based on electrode position Cz, which was localized
to 50% of the distance between the nasion and inion and
the preauricular notch measurements. Recordings were
sampled at 500 samples/s and referenced to the mastoid.
Electrode impedances were monitored continuously and
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maintained less than 100 k€2 per the manufacturer’s rec-
ommendations. Electroencephalographic = signals  were
exported to MATLAB (version R2019b; MathWorks, Inc.,
USA) and downsampled to 250 Hz. The 60-Hz power-line
interference, if present, was removed using multitaper
regression technique and Thomas F-statistics implemented
in CleanLine plugin for the EEGLAB toolbox."

Epoch Selection and Preprocessing

Study analysis are shown in
figure 1. Baseline electroencephalogram data (n = 50;
4.8810.39min; 15 to 16 channels) were recorded in the
preoperative eyes-closed resting state before any perioper-
ative medication administration. Loss of consciousness data
(n = 50;4.71+0.61min; 11 to 16 channels) were selected
immediately after clinical loss of responsiveness indicated

epochs selected for

by the clinical provider. Maintenance data (n = 49; 5min;
14 to 16 channels) were selected during the maintenance
phase of general anesthesia approximately halfway between
the surgical incision and cessation of the anesthetic with
adjustment to meet the following criteria: stable age-
adjusted minimum alveolar concentration value (greater than
0.7 and less than £0.1% change) and data suitable for anal-
ysis (i.e., free from artifact by visual inspection). Sevoflurane
was the most commonly used anesthetic for maintenance
(n = 24), followed by isoflurane (n = 15), then isoflurane
supplemented with nitrous oxide (n = 6), and sevoflurane
supplemented with nitrous oxide (n = 5). Emergence data
(n = 45; 4.28+0.78min; 9 to 16 channels) were selected
5min immediately before clinical recovery assessed via a
validated pediatric sedation assessment tool (University of
Michigan Sedation Scale score of O to 1)." Recovery data
(n = 45;3.06t1.21 min; 11 to 16 channels) were recorded

loss of
consciousness

eyes-closed
baseline

maintenance

[
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in the eyes-closed resting state immediately after achieving
a University of Michigan Sedation Scale score of 0 to 1.
One patient was excluded from analysis due to a minimum
alveolar concentration below selection criteria in the main-
tenance phase, and five patients were excluded in the emer-
gence and recovery phase due to data loss (e.g., associated
with emergence delirium and electrode displacement).

Electroencephalogram signals were preprocessed as
previously described.” First, bad channels and noisy time
segments with obvious artifacts were rejected by visual
inspection. Second, the signals were detrended using a local
linear regression method with a 10-s window at a 5-s step
size in the Chronux analysis toolbox'® and low-pass-filtered
at 50 Hz using the eegfiltnew function in the EEGLAB
toolbox." Third, the signals underwent independent com-
ponent analysis using the extended-Infomax algorithm in
EEGLAB toolbox."* Independent components representing
cardiac, eye, muscle, or other transient artifacts were identi-
fied and removed using visual inspection of the time-domain
waveform, power spectrum, and spatial scalp topography.
The number of independent components (median [25th,
75th]) removed were: 3 [2, 4] for the baseline epochs, 1
[1, 2] for the loss of consciousness epochs, 0 [0, 0] for the
maintenance epochs, 2 [1, 4] for the emergence epochs, and
4 12, 5] for the recovery epochs.

To examine connectivity patterns across the perioper-
ative period (as further described below), electroencepha-
lographic recordings were subjected to the following step
to detect and reject noisy data segments. The signals were
divided into 2-s windows, and the 2-s data were rejected
if (1) the average amplitude was greater than 10 times the
average amplitude (or its SD was greater than three times
the SD value) of the whole recording, and (2) the above

eyes-closed

emergence
recovery

dynamic analysis

stable surgical
anesthetic period
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Fig. 1. Study paradigm and electroencephalogram epochs extracted for analysis. Blue squares represent epochs extracted for connectivity
analysis. Yellow parallelograms represent the dynamic connectivity analysis periods. The green parallelogram represents the stable surgical
anesthetic period (30 after surgical incision to anesthetic maintenance agent cessation or when the minimum alveolar concentrations fell
less than 0.7). MAC, minimum alveolar concentration.
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was present in at least 4 of the 16 channels. This step was
performed for the induction (n = 48), general anesthesia
(n = 49), and emergence periods (n = 45) separately
(median [25th, 75th]); 0 [0, 0] %, 3.69 [2.03, 7.16] %, and
9.54 [4.15,21.25] % of the data were rejected, respectively.

Quantification of Burst Suppression

Burst suppression was identified and quantified as previ-
ously described.® In brief, burst suppression was detected
based on instantaneous power at 5 to 30 Hz followed by
application of a threshold calculated from the manually
labeled suppression period yielding a binary series of bursts
and suppression states. The suppression ratio was then cal-
culated as a percentage of suppression time in each 60-s
binary series (50-s overlap). Because burst suppression con-
founds the estimation of functional cortical connectivity
(described in the next section), time windows with a sup-
pression ratio of greater than 20% were excluded.

Estimation of Functional Connectivity

Cortical functional connectivity was estimated using a
weighted phase lag index, which is a measure of the phase
synchronization of two signals."” It is relatively resistant to
the effects of volume conduction and reference montage
by accounting for only nonzero phase lead/lag relation-
ships.'!1® If the phase of signal consistently leads or lags that
of another signal, they are considered phase-locked, and the
weighted phase lag index equals 1. Conversely, if the phase
relationship is random, the weighted phase lag index would
be low. If there is no phase difference, the value will be 0.

As previously described, electroencephalographic signals
were divided into 60-s windows with a step size of 10s and
then subdivided into 2-s nonoverlapping subwindows.”®
For each subwindow, the cross-spectral density was esti-
mated using the multitaper method (time-band width prod-
uct = 2; number of tapers= 3; spectral resolution = 2 Hz)
in the Chronux analysis toolbox,'® and from these rep-
etitions, we estimated the weighted phase lag index as a
function of frequency between each pair of channels using
a custom-written function adapted from the Fieldtrip
toolbox."” To attempt to control for spurious connectiv-
ity with the weighted phase lag index measure, surrogate
data were generated by random shuffling the index of one
time series while keeping the other signal unchanged. The
cross-spectrum and weighted phase lag index of these shuf-
fled data pairs was subtracted from the original weighted
phase lag index to produce the final estimate of functional
connectivity.

For this study, we focused on three cortical connectivity
regions of interest (prefrontal—frontal [Fp1, Fp2, F5, F6, Fz],
frontal—parietal [F5, F6,Fz, P5,P6,Pz],and parietal—occipital
[P5,P6, Pz, O1, O2]) due to past studies indicating a role in
anesthetic-induced unconsciousness.>”#222 Connectivity
was calculated between individual pairs of channels in these

Cortical Dynamics in Pediatric Surgical Patients

regions and then averaged for the delta (0.5 to 3 Hz), theta
(3 to 7 Hz), and alpha (7 to 13 Hz) frequency bands. The
data were then averaged across all time windows in each
studied epoch for each participant.

Dynamic Connectivity Analysis

For the preprocessed data across the perioperative period,
together with those during baseline and recovery in each
participant, the frequency-resolved prefrontal—frontal,
frontal—parietal, and parietal-occipital weighted phase
lag index was estimated at each 60-s window with a
step size of 10s. The connectivity pattern obtained was a
210-dimensional vector that resulted from 70 frequency
estimates for 0.5 to 35 Hz (0.5 Hz step) across three
regions. These data were then aggregated across all par-
ticipants and subjected to principal component analysis.
This analysis method uses the covariance structure of the
variables to identify mutually orthogonal directions (i.e.,
principal components) for which most fluctuations occur.
Using principal component analysis, we reduced the orig-
inal 210-dimensional pattern into M-dimensional features
while maximally preserving the variance of the original
connectivity pattern. The M-dimensional connectiv-
ity features were further classitied into N_clusters using
k-means clustering algorithm with squared Euclidean dis-
tance with 100 replications of the initial centroid. For this
study, the number of clusters (N) and retained principal
components (M) were determined by the stability index,
which quantifies the reproducibility of clustering solu-
tions (smaller number suggests higher agreement; mean
across 100 realizations),** the explained variance by the
retained components, and the interpretability of the clus-
tering solutions (Supplemental Digital Content 1, fig. S1,
http://links.lww.com/ALN/C847).

The cluster analysis partitioned each non—burst sup-
pression time window into one of the N clusters. Each
cluster can be regarded as a connectivity state that is char-
acterized by distinct spectral and spatial properties. Based
on the squared Euclidean distance with these characterized
patterns, each time window can be assigned a unique state
label; for the windows with burst suppression, we classi-
fied them into an additional state as “burst suppression.”
The connectivity state time series for consecutive time
windows for each participant was thus obtained, which
represents the evolution of connectivity states during
anesthetic-mediated perturbations of consciousness. We
quantified the occurrence rate of each connectivity state,
which is defined as the fraction of time spent in that state,
for baseline, induction, anesthesia, emergence, and recovery,
respectively. Furthermore, to assess how cortical connec-
tivity shifts over time, we calculated the distribution of
participants across the N+ 1 states (i.e., the percentage of
participants in each state) at each time window, by rescaling
the time spans during baseline, induction, general anesthe-
sia (from loss of consciousness to the discontinuation of
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anesthetic maintenance agent), emergence, and recovery
across all participants.

Temporal Variation in Cortical Connectivity during Stable
Surgical Anesthesia

We further employed an alternative method to quantify the
temporal variability of the dominant cortical connectivity
patterns during the stable surgical anesthesia period and
assessed its relationship with participant age (rounded to
year). The stable surgical anesthesia period was defined as
starting 305 after skin incision to the cessation of anesthetic
maintenance agent or when terminal minimum alveolar
concentration values fell to less than 0.7 toward the end
of surgery. We chose this minimum alveolar concentration
value for the purposes of consistency and comparison with
our previous study in adults,” and because it is a clinically
relevant lower limit of surgical anesthesia for preventing
intraoperative awareness with explicit recall.” As demon-
strated in epoch analysis results, connectivity was dominant
in the prefrontal—frontal (2 to 6.5 Hz and 7 to 13 Hz) and
frontal—parietal (7 to 13 Hz) regions. For each pattern, we
averaged the weighted phase lag index values over the cor-
responding frequency band for each time window and then
calculated the coefficient of variation (defined as the ratio
of the SD to the mean) of the values over all available time
windows for each participant.

Statistical Analysis

No a priori statistical power calculation was performed for
sample size estimation. Previous studies that successfully
investigated dynamic cortical connectivity in adult surgical
patients’” as well as healthy volunteers® were used to justify
the targeted enrollment.

The data were tested for normality of distribution by
Lilliefors corrected Kolmogorov—Smirnov tests. As the
null hypothesis of normality of distribution was rejected
in some of the data sets (P < 0.05), a two-tailed Wilcoxon
signed rank test was used to compare the electroencephalo-
gram measure, the weighted phase lag index (median [25th,
75th]) across study epochs, with Bonferroni correction;
P < 0.05/4 (4 pairs) was considered statistically significant.
Pearson correlation was used to measure the similarity of
the connectivity patterns between clusters.

Patient characteristics were summarized using means
and standard deviations for continuous variables and counts
and percentages for categorical variables. Univariate linear
regressions were used to assess the association of age and
the coefficient of variation of minimum alveolar concen-
tration each with the weighted phase lag index. Then, the
same values were used in a multivariable linear regression
with weighted phase lag index as the dependent variable
and both age and coefficient of variation of minimum
alveolar concentration as the independent variables. This
enabled quantification of the association between age
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and the coeficient of variation of the weighted phase lag
index while controlling for minimum alveolar concentra-
tion. Goodness of fit was assessed using R?. Statistical anal-
yses were performed using SPSS version 26, MATLAB,
and R version 4.0.4 (R Core Team [2021]. R: A language
and environment for statistical computing. R Foundation
for Statistical Computing, Vienna, Austria).

Results

As previously reported, 50 participants completed the
study.'? In total, 175 children were screened for eligibility,
36 declined participation, 52 were excluded due to oper-
ative time change or time constraints, 37 were enrolled in
another study, 21 were excluded due to research staff avail-
ability, 10 due to cancellation or no show for surgery, 3
due to change in the anesthetic plan, and 2 due to tech-
nical complications. Participant, anesthetic, and surgical
characteristics are presented in table 1. Five participants had
incomplete data for race.

Table 1. Participant Characteristics

Participant Characteristics (n = 50) Values
Age, yr (mean =+ SD) 125+24
Age, n (%)

8-10yr 5(30)

11-13 yr 21 (42)

14-16 yr 4(28)
Female sex, n (%) 21 (42)
Race, n (%)

White 41 (82)

Black or African American 4(8)

Other/unknown 5(10)
Anesthetic duration, min (mean + SD) 85+44.7
Age-adjusted MAC (mean =+ SD)

Maintenance epoch 1.26+0.35

Stable surgical anesthetic period 1.24+0.27
Induction type, n (%)

Mask (mean age 11 yr) 30 (60)

IV (mean age 13 yr) 20 (40)
Maintenance agent, n (%)

Sevoflurane 24 (48)

Sevoflurane + nitrous oxide 5(10)

Isoflurane 15 (30)

Isoflurane + nitrous oxide 6(12)
Intraoperative opioid administration, n (%)

Morphine 13 (26)

Fentanyl 48 (96)

IV morphine equivalents (mg/kg)* 0.13+0.07
Surgical type, n (%)

Orthopedic 25 (50)

Urology 14 (28)

General 10 (20)

Gynecology 1(2)

*For intraoperative morphine equivalent calculation, 100 pg fentanyl = 8 mg morphine.
IV, intravenous; MAC, minimum alveolar concentration.
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Cortical Connectivity across the Perioperative Period

Group-level averaged functional connectivity using
weighted phase lag index values between prefrontal—frontal,
frontal—parietal, and parietal-occipital regions across base-
line, loss of consciousness, maintenance, emergence, and
recovery epochs are shown in figures 2 and 3A (topograph-
ical representation). Analysis of region-specific changes is
shown in figure 3B and table 2. In the prefrontal—frontal
region, significant increases in weighted phase lag index in
the delta, theta, and alpha frequency bands were found with
loss of consciousness, maintenance, and emergence epochs
compared to baseline (table 2; Wilcoxon signed rank test
with Bonferroni correction for four pairs comparison). In
the recovery epoch, functional connectivity in the delta,
theta, and alpha frequency bands returned to baseline
levels (table 2). In the frontal—parietal region, there was a
significant increase in delta connectivity with loss of con-
sciousness, increase in theta connectivity with maintenance,
and decreased alpha connectivity with loss of conscious-
ness (table 2). In the parietal-occipital region, a significant
increase in connectivity in delta with loss of consciousness,
and reductions across all epochs were found with the alpha
frequency band (table 2). Additional analyses of these data
without removal of segments contaminated by artifacts (i.e.,
cardiac, eye, and/or movement artifact[s|) were consistent
with the reported results (data not shown).

Cortical Dynamics in Pediatric Surgical Patients

Dynamic Patterns of Cortical Connectivity across the
Perioperative Period

To investigate the temporal dynamics of connectivity pat-
terns across the perioperative period in subjects at the group
level using frequency resolved weighted phase lag index,
k-means cluster analysis was used. Multiple cluster solu-
tions were tested. The seven-cluster solution was selected
(1) because this was the best solution when accounting for
the reproducibility of the clustering results (stability index;
Supplemental Digital Content 1, fig. S1, http://links.Iww.
com/ALN/C847) and (2) because of the empirical obser-
vation that the dominant connectivity characteristics during
baseline are different than general anesthesia (fig. 2). For
the 7-cluster solution, when the first 39 principal compo-
nents were retained, 90.13% of the variance was contained.
The characteristics of the identified clusters (connectivity
states) are described in table 3 and shown in figure 4A.The
identified clusters demonstrated distinct differences across
states of consciousness (e.g., cluster 1 vs. 4 representing the
eyes closed baseline/recovery vs. emergence period, respec-
tively; fig. 4C), but constrained diversity patterns were
found during the maintenance phase of general anesthesia
(i.e., clusters 5 to 7), with a between-cluster correlation of
0.851 for cluster 5 versus 6, 0.868 for cluster 6 versus 7, and
0.748 for cluster 5 versus 7 (Pearson correlation; fig. 4B).
Due to the strong similarity of cluster patterns found in the
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Fig. 2. Functional connectivity measured using weighted phase lag index values between the prefrontal—frontal (red), frontal—parietal (b/ue),
and parietal—occipital (green) regions across baseline (n = 50), loss of consciousness (n = 50), maintenance (n = 49), emergence (n = 45),
and recovery epochs (n = 45). In each, the bold line represents the median, and the shaded area indicates the 25th and 75th percentiles

across subjects for each period and region.
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Fig. 3. Group-level topography of functional connectivity strength using mean weighted phase lag index in each channel (black dot) across
all other channels (A4) and in the prefrontal—frontal (red), frontal—parietal (blue), and parietal-occipital (green) regions for the delta, theta, and
alpha frequency bands across analysis epochs (B). The central marks in the boxes represent the median values, with the edges representing
the 25th and 75th percentiles. The extending whiskers are the most extreme data points determined by the MATLAB algorithm (version
R2019b; MathWorks, Inc., USA) to be nonoutliers, and the red crosses are those values deemed to be outliers. The asterisks denote signifi-
cance using the Wilcoxon signed rank test with Bonferroni correction (P < 0.05/4 for four-pair comparison).
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Table 2. Weighted Phase Lag Index Values in Different Regions of the Brain

Perioperative Epoch

Maintenance Emergence Recovery

Loss of Consciousness

Baseline

Frequency and Brain Region

Delta

0.038
0.870

0.070[0.052, 0.095], P < 0.001* 0.048 [0.033, 0.067], P

0.166 [0.097, 0.264], P < 0.001*

0.407 [0.232, 0.578], P< 0.001*
0.125[0.062, 0.201], P< 0.001*
0.101[0.066, 0.178], P < 0.001*

0.041[0.030, 0.052]
0.041[0.034, 0.061]
0.049 [0.040, 0.080]

Prefrontal—frontal

0.041[0.030, 0.056], P

0.042
0.413

0.053[0.038, 0.073], P

0.092
0.442

0.048 [0.037, 0.064], P

Frontal—parietal
Parietal—occipital

Theta

0.942

0.049[0.041, 0.067], P

0.052 [0.036, 0.061], P

0.050 [0.037, 0.061], P

0.044

0.0451[0.031, 0.080], P

0.081[0.045,0.112], P< 0.001*

0.399 [0.254, 0.488], P < 0.001*

0.222 [0.112,0.369], P < 0.001*

0.060 [0.045, 0.095], P

0.038 [0.029, 0.048]
0.059 [0.039, 0.076]

Prefrontal—frontal
Frontal—parietal
Parietal-occipital

Alpha

0.474

0.052 [0.038, 0.072], P

0.474

0.061[0.041, 0.076], P

0.077 [0.063, 0.109], P < 0.001*

0.212

0.077

=0.792 0.057 [0.042, 0.083], P= 0.751 0.060 [0.041, 0.077], P= 0.504 0.050 [0.034, 0.076], P=

0.054 [0.042, 0.075], P

0.059 [0.045, 0.079]

0.453
0.167

0.066 [0.053, 0.128], P

0.178[0.078, 0.315], P< 0.001*

0.474[0.286, 0.606], P < 0.001*

0.151[0.071, 0.305], P< 0.001*
0.060 [0.045, 0.095], P < 0.001*

0.044[0.038, 0.071], P< 0.001*

0.070[0.049, 0.101]

Prefrontal—frontal
Frontal—parietal
Parietal—occipital

0.1140.081,0.178], P

0.014

0.085[0.056, 0.159], P< 0.001*

0.096 [0.071, 0.154], P

0.036

0.089 [0.055, 0.132], P< 0.001*

0.194 [0.106, 0.279], P

0.126 [0.072, 0.196]

0.003*

0.135[0.086, 0.221], P

0.171[0.145, 0.243],

Shown are the weighted phase lag index values across perioperative epochs for the prefrontal—frontal, frontal—parietal, and parietal-occipital brain regions in the delta, theta, and alpha frequency bands. Analysis was performed with the Wilcoxon signed

rank test with Bonferroni correction for four pairs comparison. The values are shown as the median [25th, 75th].

*P < 0.05/4, which was considered statistically significant.
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developing brain during the surgical stable period and lim-
itations of cluster analysis (i.e., possibility of forced cluster-
ing with similar data), we were unable to further investigate
dynamic transition characteristics in connectivity patterns
during this period nor test for an association with age.

Age-related Changes in Temporal Connectivity during
the Stable Surgical Anesthesia Period

Using an alternative post hoc approach to address age-related
temporal changes in functional connectivity during the sta-
ble surgical anesthetic period, we investigated the temporal
variations in weighted phase lag index values as a func-
tion of age. Using the three prominent connectivity bands
(prefrontal—frontal 2 to 6.5 and 7 to 13 Hz; and frontal—-
parietal 7 to 13 Hz; representative connectograms are shown
in Supplemental Digital Content 1, fig. S2, http://links.Iww.
com/ALN/C847), we measured the coefficient of variation
of the weighted phase lag index as a function of age while
controlling for changes in minimum alveolar concentration
values during the surgical stable anesthetic period (mul-
tivariable analysis). A significant association of the coeffi-
cient of variation in weighted phase lag index and age was
found for the prefrontal—frontal 2 to 6.5 Hz connectivity
band (slope = 0.02, P = 0.007, R* = 0.34) but not for the
prefrontal—frontal 7 to 13 Hz band (0.01, P = 0.209, R* =
0.14) or the frontal—parietal 7 to 13 Hz band (0.02, P =
0.053, R* = 0.10; fig. 5). Additional analyses of the associa-
tion of age and the coeflicient of variation for the weighted
phase lag index (across the three prominent connectivity
bands) while controlling for the average intraoperative min-
imum alveolar concentration values or intraoperative mor-
phine equivalent administration were relatively consistent
with the findings above; however, maintenance of general
anesthesia supplemented with nitrous oxide was associated
with an increased coefficient of variation of the weighted
phase lag index (Supplemental Digital Content 1, fig. S3,
http://links. Ilww.com/ALN/C847).

Discussion

This study demonstrated that general anesthesia in chil-
dren correlates with changes in functional connectivity
patterns but, unlike in adults, functional connectivity
changes appear stable rather than dynamic. Specifically,
during the maintenance phase of general anesthesia, con-
nectivity patterns were consistently dominated by theta
and alpha prefrontal-frontal and alpha frontal-parietal
connectivity, which exhibited high between-pattern
similarity. Additional post hoc investigation of temporal
changes in connectivity patterns suggests the possibil-
ity of age-dependent increases in connectivity variations
(i.e., age-dependent increase in the temporal variation of
prefrontal—frontal theta connectivity). Overall, these data
support the hypothesis that during the stable mainte-
nance phase of general anesthesia, functional connectivity
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Copyright © 2022, the American Society of Anesthesiologists. All Rights Reserved. Unauthorized reproduction of this article is prohibited.

35

20z Iudy 01 uo 3senb Aq Jpd't71.000-0"00L02202/€¥SE69/82/ /L€ L /4pd-01o1E/ABO|OISBLISBUE/WOD JIBYIIBA|IS ZESE//:RY WOI) papeojumoq


http://links.lww.com/ALN/C847
http://links.lww.com/ALN/C847
http://links.lww.com/ALN/C847

PERIOPERATIVE MEDICINE

Table 3. Characteristics of Connectivity States across the Perioperative Period

36

Connectivity State  Dominant Frequency Range Predominant Region Predominant Associated Conscious State
1 71013 Hz Prefrontal—frontal, frontal—parietal, parietal-occipital Baseline and recovery

2 — — Induction and emergence

3 2t06Hz Prefrontal—frontal After loss of consciousness

4 71013 Hz Prefrontal—-frontal Emergence

5 2to6and7to 13 Hz Prefrontal—-frontal Maintenance

6 2to6and7t0o 13 Hz Prefrontal—-frontal Maintenance

7 2to6and 7 to 13 Hz Prefrontal—frontal, and frontal—parietal (7 to 13 Hz only) Maintenance

Burst suppression — — After loss of consciousness

patterns in the developing brain are constrained, in con-
trast to the structured transitions (both bandwidth and
region specific) previously shown in adults.”®

We first investigated changes in functional connectivity
using the conventionally defined time epochs (i.e., static
analysis) across anesthetic-mediated changes in states of con-
sciousness. Consistent with what has been shown in animal
models and adult subjects, we found a breakdown in frontal—
parietal alpha functional connectivity with the loss of con-
sciousness but return during the maintenance and emer-
2627 This finding supports the conclusion of
Vlisides et al.” that a single measure of frontal—parietal func-

gence periods.

tional connectivity is likely insufficient to reflect surgical
anesthetic levels. However, we observed a hyperconnected
frontal cortex during the loss of consciousness, maintenance,
and emergence periods (across the delta, theta, and alpha
frequencies),”** which may reflect thalamocortical hyper-
synchronization previously shown to occur with y-amino-
butyric acid—mediated (GABAergic) anesthetic agents.”

To address dynamic changes in functional connectivity
across the perioperative period, we applied a cluster analysis
method (k-means) and identified functional connectivity
patterns (clusters) associated with the various perioper-
ative/anesthetic states. The associated cluster during the
baseline and recovery periods in the eyes-closed resting
state demonstrated predominant alpha connectivity across
all three regions tested (prefrontal—frontal, frontal—parietal,
and parietal-occipital), which parallels findings in our com-
plementary study in adults.® Although the significance of
alpha oscillation synchronization in neuronal networks is
still under investigation, evidence supports both an inhibi-
tory and task-relevant role in neuronal processing.’'** The
similarity in connectivity states found in this study of pedi-
atric subjects compared to what was previously shown in
adults may reflect developmental milestones that are already
achieved (e.g., modulation of neural network activity, sen-
sory integration, and/or perception).**'** Considering
this possible functional role, in addition to empirical evi-
dence supporting posterior alpha oscillations as a poten-
tial surrogate of the conscious state (i.e., anteriorization
with unconsciousness and slow gradual return with recov-

ery),”>>* it 1s not surprisin at these connectivi attern
v), 2% it t surprising that th tivity patt
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clusters are associated with the baseline and recovery states.
However, contrary to our hypothesis, we were not able
to further investigate dynamic transition characteristics
during the stable maintenance phase of general anesthesia
because certain connectivity patterns (i.e., clusters 5, 6, and
7) exhibited high between-cluster correlations. This is in
contrast to what was found in both a pragmatic surgical
setting and a rigorously controlled anesthetic exposure par-
adigm in younger adults not undergoing surgery.”® Both
of these studies in adults found a diversity of distinct con-
nectivity patterns that toggled between connectivity states
in a structured manner.”® Additionally, beyond the lack of
distinct connectivity patterns during general anesthesia in
this developmental period, clusters displayed more regional
congruence (i.e., strong alpha connectivity in both the
prefrontal—frontal region as well as the frontal—parietal
region) as well as bandwidth overlap (i.e., strong prefrontal—
frontal theta and alpha connectivity; fig. 4A).

The constrained or restricted repertoire of connectivity
patterns found in this study highlights an important func-
tional neural network difference during this developmental
period. This finding is further supported by the pragmatic
setting in which this study was conducted. Despite lim-
iting the maintenance anesthetic agent to a halogenated
ether, there were clinical variations in minimum alveolar
concentrations used for the maintenance phase of general
anesthesia as well as nitrous oxide supplementation in some
subjects, yet connectivity patterns were remarkably similar
across the study cohort. In terms of a biologically plausible
explanation, first consider the hypothesis that the brain is a
dynamical system that exists in multiple metastable states.*
This is often conceptually described as an energy landscape
using a ball and well model, where the wells represent states
and the hills between them represent the energy barriers to
transition between these states.”® Applying this hypothetical
model to our findings of children undergoing general anes-
thesia, it may be that the restricted states (and/or restricted
transitions) are attributable to an immature structural and
functional architecture that results in either the increase in
the energy barrier required for transition (i.e., deeper well),
or a decrease in the number of metastable states during gen-
eral anesthesia (i.e., decreased number of wells). Although
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Fig. 4. Dynamic cortical connectivity across the perioperative period. (4) Representative connectivity patterns for each cluster/connec-
tivity state measured using the weighted phase lag index. Red, prefrontal—frontal; blue, frontal-parietal; green, parietal—occipital. (B) The
between-cluster similarity for each pair of clusters/connectivity states. (C) The temporal progression of the distribution of the participants
across clusters/connectivity states (i.e., percentage of participants in each state). (Left to righf) The left-hand black vertical line indicates
the start of induction that separates the baseline and induction periods, the left-hand red line indicates the time when loss of consciousness
occurred, the right-hand black line indicates the discontinuation of anesthetic maintenance agent (or minimum alveolar concentration less
than 0.7), and the right-hand red line indicates recovery of consciousness that separates the emergence and recovery periods. The time
spans during baseline (n = 50), induction (n = 48), maintenance (n = 49), emergence (n = 45), and recovery (n = 45) were rescaled before

the calculation.

the neurobiological mechanism(s) that account for these
findings remain speculative, the transition from childhood
to adulthood is marked by a general increase in functional

12,37,38 and

integration,” increased neural signal complexity,
brain signal variability.” Moreover, this period is associated
with a transition from stronger short-range connections
to stronger long-range connections, as well as progression
in hierarchical organization.”**™ A recent comparative
study of children (8 to 15 yr) versus young adults (20 to
33 yr) undergoing a face memory task demonstrated that

brain maturation was associated with greater brain signal

variability and task performance, as well as reduced response
time.” Another comparative study of children (7 to 9 yr
vs. 19 to 22 yr) demonstrated increased strength of long-
range functional connectivity and increased corticocortical
connectivity with maturation.*> Further, there is evidence
to suggest that constrained connectivity patterns may be a
developmental effect. In a study examining dynamic tran-
sition probabilities of functional connectivity states during
surgical anesthesia in adult subjects, there was no correlation
with age.'” Collectively, our data, interpreted in the context
of these developmental findings, support the hypothesis

Anesthesiology 2022; 137:28-40
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Fig. 5. Association of age and temporal variations in the three dominant connectivity patterns during the stable surgical anesthesia period.
Multivariable linear regression assessing the association of age and coefficient of variation for the weighted phase lag index controlling for
changes in the minimum alveolar concentration (MAC) in the prefrontal—frontal 2 to 6.5 Hz (/eff), prefrontal—frontal 7 to 13 Hz (middle), and
frontal—parietal 7 to 13 Hz (right) bands. The /ine is plotted at the mean coefficient of variation of the minimum alveolar concentration value,
0.120. The line equation and P values for slopes (age and coefficient of variation of minimum alveolar concentration) are shown in the upper

left corner of each connectivity band. The asterisk denotes statistical significance (P < 0.05).

that brain network development undergoes an evolution of
connectivity states in which maturation is associated with
increased diversity (or access) and measurable during gen-
eral anesthesia. However, additional studies are required to
fully support this interpretation.

Due to the cluster similarity during the maintenance of
general anesthesia, we were unable to test for the association
of age and functional connectivity “state” transitions. As an
alternative approach, our post hoc analysis of the variation in
the weighted phase lag index during general anesthesia with
age indicated that an effect may be present in some (e.g.,
prefrontal—frontal 2 to 6.5 Hz band) but not all connec-
tivity bands and potentially influenced by supplementation
with nitrous oxide. Although this finding is preliminary;, it
is consistent with the increased neural oscillatory diversity
and network development discussed above. It is also gener-
ally supported by our findings of increased baseline corti-
cal complexity (measured before any drug administration)
with age in this same cohort of children, but understanding
the relationship between baseline dynamics and how they
covary with functional measures of connectivity during
general anesthesia remains an open question.'?

Limitations

There are several limitations to consider when interpreting
these findings. First, this was a pragmatic study in children
undergoing surgery and general anesthesia and thus has the
potential for the presence of selection bias (i.e., convenience
sampling); however, we attempted to address this using a
prespecified stratified recruitment paradigm representative
of our regional population. Additionally, although we used

Anesthesiology 2022; 137:28-40
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study enrollment and analysis criteria to control for anes-
thetic type, induction method, maintenance agent, and min-
imum alveolar concentration values, clinical variations in
anesthetic minimum alveolar concentration as well as sup-
plementation with nitrous oxide occurred in some children.
Despite this variability, constrained connectivity patterns
were found, which further supports our state-specific inter-
pretation of these data. Second, behavioral responses during
the loss of consciousness with the induction of general
anesthesia were clinically assessed by the anesthesia provider
without behavioral testing, thus limiting timing precision.
Third, electroencephalogram data were collected with a rel-
atively low channel density (i.e., 16 channels), limiting reso-
lution. Fourth, the analysis method, the weighted phase lag
index, lacks directionality of the functional connection but
is relatively resistant to the effects of volume conduction and
reference montage by accounting for only nonzero phase
lead/lag relationships, which supports our rationale for use
in the current study with limited channel numbers.'”'® Fifth,
following our adult studies, the k-means algorithm was used
for the clustering analysis, which partitioned the connec-
tivity during anesthesia into different clusters (clusters 5 to
7), although they are characterized by similar spectral and
regional properties. The integration of hierarchical cluster-
ing or probabilistic clustering may improve the clustering
performance. Sixth, the analysis of the association of tem-
poral variation in functional connectivity with age was per-
formed post hoc and thus should be considered exploratory.
Last, this study was performed in the real-world periopera-
tive space. Although this study design confers external valid-
ity, confounding factors such as anxiety, errant noises during
baseline recordings, among others, were possible.
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Conclusions

Our results suggest that, unlike functional connectivity pat-
terns in adults, those recorded during late childhood and
early adolescence are more stable during general anesthesia.
We also provide further evidence that a single measure of
frontal—parietal functional connectivity is likely to be inad-
equate as a reliable neural correlate of surgical anesthesia
but support previous findings of a hyperconnected frontal
cortex during general anesthesia. These data contribute to
the growing body of knowledge of developmental neurobi-
ology and inform the advancement of monitoring strategies
of the immature brain during the perioperative period.
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