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he brain is the primary target for the anesthetic end-
points of unconsciousness and amnesia. However, unlike
other major organ systems, there is no standard monitor for
the brain in the perioperative period. This striking gap in
clinical care is due to our incomplete understanding of the
neural correlates of consciousness. One principled approach
to addressing such knowledge gaps is to link drug-specific
electroencephalographic signatures with neural circuit-level
mechanisms of arousal states."? A complementary approach
is to search for state-specific signatures that reflect neural
correlates of conscious experience. The latter may help
establish agent-invariant signatures that can be used for rou-
tine perioperative brain monitoring. One such candidate
signature, corticocortical connectivity, has been presented as
a key discriminator between consciousness and anesthesia in
humans.** Indeed, data suggest that measures of frontal—pa-
rietal connectivity can reflect anesthetic-induced uncon-
sciousness due to a diverse array of agents.*>¢
Despite these encouraging findings, important questions
remain unanswered. First, it is unclear if functional con-
nectivity measures can be pragmatically obtained for “real-
world” monitoring in the perioperative period. Second, it
is unknown if such connectivity measures successfully dif-
ferentiate between arousal states in a clinical setting. Third,
cortical oscillations have been found in animal studies to
shift dynamically during anesthesia.”® However, clinical evi-
dence is required to support (or refute) preliminary basic

ABSTRACT

Background: Functional connectivity across the cortex has been posited
to be important for consciousness and anesthesia, but functional connectivity
patterns during the course of surgery and general anesthesia are unknown.
The authors tested the hypothesis that disrupted cortical connectivity patterns
would correlate with surgical anesthesia.

Methods: Surgical patients (n = 53) were recruited for study participa-
tion. Whole-scalp (16-channel) wireless electroencephalographic data were
prospectively collected throughout the perioperative period. Functional con-
nectivity was assessed using weighted phase lag index. During anesthetic ]
maintenance, the temporal dynamics of connectivity states were characterized 35
via Markov chain analysis, and state transition probabilities were quantified.

Results: Compared to baseline (weighted phase lag index, 0.163, = 0.091),
alpha frontal—parietal connectivity was not significantly different across the
remaining anesthetic and perioperative epochs, ranging from 0.100 (= 0.041)
t0 0.218 (= 0.136) (P> 0.05 for all time periods). In contrast, there were sig-
nificant increases in alpha prefrontal—frontal connectivity (peak = 0.201 [0.154, £
0.248]; P< 0.001), theta prefrontal—frontal connectivity (peak = 0.137 [0.091, 3
0.182]; P < 0.001), and theta frontal—parietal connectivity (peak = 0.128 §
[0.084, 0.173]; P < 0.001) during anesthetic maintenance. Additionally, shifts %
occurred between states of high prefrontal—frontal connectivity (alpha, beta) with %
suppressed frontal—parietal connectivity, and high frontal—parietal connectivity §
(alpha, theta) with reduced prefrontal—frontal connectivity. These shifts occurred &
in a nonrandom manner (P < 0.05 compared to random transitions), suggesting
structured transitions of connectivity during general anesthesia.
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Conclusions: Functional connectivity patterns dynamically shift during sur-
gery and general anesthesia but do so in a structured way. Thus, a single
measure of functional connectivity will likely not be a reliable correlate of
surgical anesthesia.

(AnesTHesloLogy 2019; 130:885-97)

EDITOR’S PERSPECTIVE
What We Already Know about This Topic

e Animal data, along with recent human observations (in this issue of
ANESTHESIOLOGY*), suggest that cortical oscillations and connectivity%
shift dynamically during what appears to be stable general anesthesia S

e Clinical evidence in the perioperative setting to support these obser-
vations is currently lacking

What This Article Tells Us That Is New

e During anesthesia and surgery, cortical networks display a dynamic
interplay among brain states, rather than a static equilibrium

e These findings suggest that a single measure of connectivity may
not be a reliable correlate of surgical anesthesia depth
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science findings.” To resolve these questions for neurosci-
ence and anesthesiology, further clinical investigation is
required.

The objective of this study was to assess the clinical
relevance of brain connectivity patterns in the perioper-
ative setting. Our primary hypothesis was that functional
connectivity between frontal and parietal cortices would
be depressed during general anesthesia and would increase
upon recovery. A secondary aim was to assess for dynamic
shifts in cortical connectivity during anesthetic mainte-
nance. In this context, anesthetic maintenance was defined
as epochs with minimum alveolar concentration (MAC)
greater than or equal to 0.7. Behavioral responsiveness was
not assessed during anesthetic maintenance in this study.

Materials and Methods

This was a prospective observational study assessing neu-
rophysiologic patterns in surgical patients. The study was
approved by the University of Michigan Medical School
Institutional Review Board (Ann Arbor, Michigan;
HUMO00113764), and written informed consent was
obtained from all participants prior to enrollment. All study
procedures were conducted at Michigan Medicine (Ann
Arbor, Michigan), and participants were enrolled from
March 2017 to August 2017.

Study Population

Adult patients (18 yr or older) presenting for surgery
requiring general anesthesia were approached for study
participation. Exclusion criteria included the following:
emergency surgery, surgery involving the head and neck,
known difficult airway, non—English speaking, or enrolled
in a conflicting research study.

Anesthetic and Perioperative Management

The goal of this study was to assess connectivity patterns in
a real-world surgical setting, independently of any specific
anesthetic regimen.Thus, anesthetic and perioperative man-
agement proceeded as clinically indicated; no research pro-
tocol was implemented other than electroencephalographic
data acquisition as described in the following sections. All
patients underwent induction of general anesthesia with
propofol, and general anesthesia was maintained based on
the chosen drug regimen of anesthesia teams, often with
multiple agents (as described below).

Electroencephalographic Data Acquisition

The electroencephalogram was recorded from 16 silver/
silver chloride scalp electrodes using the Mobile-72 wireless
system (Cognionics Inc., USA; see Supplemental Digital
Content 1, http://links.Iww.com/ALN/B912, for the cor-
responding 10 to 20 system montage). Head circumference
was measured to assure the proper sized cap was utilized.
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Measurements from nasion (bridge of the nose) to inion
(occipital protuberance) were then taken along with mea-
surements between the preauricular notches. Finally, 50%
of the total length from the two aforementioned mea-
surements was used to properly align Cz. Data recorded
were referenced to the mastoid and sampled at 500 sam-
ples per second. Impedances were maintained less than 100
kQ during recording per manufacturer recommendations.
Upon entry into the operating room, impedance levels
were reassessed and corrected accordingly during surgery
and throughout the perioperative period. The electroen-
cephalographic recording computer was synchronized with
the electronic medical record in order to timestamp critical
events. Critical events depicted in manuscript figures (e.g.,
induction, loss of consciousness, extubation) were manu-
ally recorded by study team members who remained in the
operating room.

Electroencephalography Analysis

The raw electroencephalographic signals were exported
into MATLAB (version 2017a; MathWorks, Inc., USA), and
down-sampled to 250 Hz. We then performed two lines of
analysis. First,in terms of the primary outcome, we investigated
cortical oscillatory and connectivity changes across clinically
relevant perioperative periods with different levels of con-
sciousness (described in Epoch Selection and Preprocessing
section). Second, in terms of a secondary and exploratory
outcome, we focused solely on the anesthetic maintenance
phase to investigate whether cortical connectivity patterns
displayed static or dynamic properties during this period.

Epoch Selection and Preprocessing

Nine clinically relevant epochs were selected as displayed
in figure 1, and the strategies for spectral and connectiv-
ity data abstraction for each epoch are included in table 1.
The criteria for epoch selection included the following:
(1) using data as close as possible to each clinically relevant
event; and (2) having at least one usable channel in each
area of interest (prefrontal: Fp1, Fp2; frontal: F5, F6, Fz;
parietal: P5, P6, Pz).

During preoxygenation, participants were instructed
to keep their eyes closed. After induction, loss of con-
sciousness was assessed clinically by asking participants
to squeeze the hand of a research team member prior
to neuromuscular blockade. For periextubation data,
time points were chosen that would allow for clean data
abstraction (particularly in the setting of movement) while
remaining reasonably close to the extubation event. Based
on data review, time windows within 3min and 6 min
were chosen for pre- and postextubation, respectively.
Postanesthesia care unit data were obtained from a 2-min
eyes-closed period; consistently artifact-free data available
for abstraction were taken from 30- to 60-s epochs as out-
lined in table 1.These data were obtained after the patient
was deemed stable for assessment per clinical staft, which
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Fig. 1. Study epochs across the perioperative period. Blue squares represent the time periods from which electroencephalographic data
were abstracted. LOC, loss of consciousness; PACU, postanesthesia care unit; Surgical Epoch 1, data from 25% surgical completion; Surgical
Epoch 2, data from 50% surgical completion; Surgical Epoch 3, data from 75% surgical completion.

Table 1. Data Epoch Selection and Characteristics

Epochs Data Abstraction Characteristics Sample Size
Preoxygenation 30-60s from preoxygenation period n=144
LOC 1-min segment within 2 min after LOC n=46
Preincision 1-min segment prior to skin incision n=46
Surgery 1st quarter 1-min segment at 25% surgical completion n=49
Surgery 2nd quarter 1-min segment at 50% surgical completion n=>50
Surgery 3rd quarter 1-min segment at 75% surgical completion n=50
Preextubation 1-min segment within 3min of extubation n=239
Postextubation 1-min segment within 6 min after extubation n=238
PACU 30-60s eyes-closed period after PACU arrival n=45

Sample size indicates the number of participants whose data were available for each data epoch.

LOC, loss of consciousness; PACU, postanesthesia care unit.

occurred, on average, 24.7 (+11.6) min after postanesthe-
sia care unit admission.

For each epoch, the electroencephalographic signals
were preprocessed in a stepwise manner. First, bad chan-
nels with obvious artifacts were removed by visual inspec-
tion. Second, the signals were detrended using a local linear
regression method with a 10-s window at a 5-s step size in
Chronux analysis toolbox” and lowpass filtered at 55 Hz
via a fifth-order Butterworth filter using a zero-phase for-
ward and reverse algorithm. Third, the signals were further
examined by visual inspection of the waveform and spec-
trogram, and independent component analysis was applied
to remove the components representing cardiac artifact, eye
movement, muscle movement, and other artifacts if pres-
ent, using extended-Infomax algorithm in EEGLAB tool-
box."" For dynamic connectivity analysis (described further
below) the first two preprocessing steps were carried out in
the same manner, then noisy data segments were detected
and rejected as follows: the signals were divided into 2-s
windows, and the 2-s data window was rejected if: (1) its
average amplitude was more than four times the average
amplitude, or its SD was greater than two times the SD value
of the whole signal; and (2) the aforementioned was pres-
ent in at least one channel. This step rejected 14.6 £ 13.6%
(minimum—maximum, 0 to 56.4%) of the data across the
participants, mainly due to electrocautery artifacts.

Spectral Analysis

The power spectrograms were estimated using the multi-
taper method in Chronux analysis toolbox” with window
length equal to 2s with 50% overlap, time-bandwidth prod-
uct equal to 2, number of tapers equal to 3. We focused on
the cortical power in prefrontal (averaged across Fp1, Fp2),
frontal (averaged across F5, F6, Fz), and parietal (averaged
across P5, P6, Pz) regions. The group-level spectrogram was
obtained by (median) averaging the spectrograms from all
available participants and concatenating the nine epochs
previously described.

Estimation of Functional Connectivity

The functional connectivity was estimated using weighted
phase lag index,'" which is a measure of phase synchroni-
zation less affected by volume conduction and reference
montage by accounting for only nonzero phase lead/lag
relationships.'"'? The weighted phase lag index is a mea-
sure of how well the instantaneous phases of two signals are
phase-locked to each other. If the instantaneous phase of
one signal consistently leads or lags those of another signal,
the phases are considered locked, and weighted phase lag
index is equal to 1; on the other hand, if the phase lead/lag
relationship of two signals is random, the weighted phase
lag index value will be low. If there is no phase difference
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between the two signals, the weighted phase lag index value
will be 0.

For implementation, the electroencephalographic signals
were divided into 30-s windows at a 10-s step size, which
was further divided into 2-s subwindows with 50% over-
lapping. For each subwindow, the cross-spectral density was
estimated using the multitaper method,” with time-band-
width product equal to 2 and the number of tapers equal
to 3; from these repetitions the weighted phase lag index
values were estimated as a function of frequency, using a
custom-written function adapted from the Fieldtrip tool-
box." To mitigate the potential bias of the weighted phase
lag index measure, surrogate data were generated by the
trial-shuffling method, from which the weighted phase
lag index was calculated and subtracted from the original
weighted phase lag index as the final estimation of func-
tional connectivity."

In this study, we focused on the cortical connectivity
among a few regions of interest, i.e., frontal—parietal con-
nectivity as the averaged weighted phase lag index across
the combinations between F5, F6, Fz and P5, P6, Pz, and
prefrontal—frontal connectivity as the averaged weighted
phase lag index across the combinations between Fp1, Fp2
and F5, F6, Fz. Connectivity across prefrontal-frontal chan-
nels was analyzed because this region is implicated in anes-
thetic-induced unconsciousness (via highly synchronized

thalamocortical oscillations).'* !¢

For statistical comparisons,
the mean frontal—parietal and prefrontal—frontal connectiv-
ity were calculated in bandwidths with apparent changes
throughout difterent perioperative epochs (delta [0.5 to 3
Hz]|, theta [3 to 7 Hz|, and alpha [7 to 15 Hz]; see Results
section), which were then averaged across all of the time

windows in each studied epoch for each participant.

Dynamic Connectivity Analysis during Surgical
Anesthesia

To assess for evidence of dynamic cortical connectiv-
ity during surgical anesthesia, the temporal variations of
cortical connectivity were analyzed during the anesthetic
maintenance phase. For the purpose of this analysis, the
anesthetic maintenance phase was defined as 30 after skin
incision to the last MAC of 0.7 toward the end of surgery.
The value of 0.7 was chosen as a clinically relevant low-
er-limit of surgical anesthesia for preventing intraoperative
awareness with explicit recall.'” MAC levels are age-adjusted
and account for multiple, simultaneous anesthetic agents
per previously published algorithms.'® The event mark for
skin incision was not available for three participants; in
these cases, 2min after intubation (n = 2) and loss of con-
sciousness (n = 1) were used as surrogate markers based on
data availability. After carrying out the preprocessing steps
described above (see Epoch Selection and Preprocessing),
analysis was performed on n = 45 participants; 8 of 53 par-
ticipants (15.1%) were excluded due to bad or incomplete
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electroencephalographic recordings (n = 5) or insufficient
MAC data (n = 3).The frequency-resolved frontal—parietal
and prefrontal-frontal connectivity were estimated with a
window size of 30s at a 10-s step size for each participant.
As the presence of burst suppression precludes reliable esti-
mation of functional cortical connectivity, time windows
with suppression ratio greater than 20% were excluded.
Segmentation and quantification of burst and suppression
were performed using previously described methods.”
Briefly, the burst and suppression episodes were detected
based on instantaneous power at 5 to 30 Hz followed by
applying a threshold determined from manually labeled
suppression periods, thus yielding a binary series of burst
and suppression states, from which the suppression ratio was
calculated as percentage of suppression time in each 30-s
binary series with a 20-s overlap. Only the electroenceph-
alographic time windows with suppression ratio less than
20% were included for the subsequent connectivity analysis.

The connectivity pattern so obtained was a 140-dimen-
sional vector (each has 70 frequency estimates for 0.5 to
35 Hz), which was aggregated across all participants and
subjected to principal component analysis for dimensional-
ity reduction. By principal component analysis, we reduced
the original 140-dimensional to M-dimensional feature,
while maximally preserving the amount of variation from
the original connectivity pattern. The M-dimensional
connectivity patterns were then classified into N_clusters
using k-means algorithm with squared Euclidean distance
and 100 replications of the initial centroids. The number of
clusters (), and the number of retained principal com-
ponents (M) was determined by the stability index that
estimates the normalized minimum Hamming distance
between different clustering solutions for the studied data-
set,”?! the amount of explained variance by the retained
principal components, and the interpretability of the clus-
tering results (see Supplemental Digital Content 2, http://
links.Iww.com/ALN/B913). Each cluster can be regarded
as a connectivity state characterized by distinct spectral and
spatial properties. Besides these N connectivity states, we
defined an additional state as “BS” that contains all the win-
dows with burst suppression. Thus, we obtained the con-
nectivity state time series for consecutive time windows for
each participant.

Finally, to evaluate the temporal dynamics of the connec-
tivity state time series, we quantified the occurrence rate of
a given state together with the distribution of dwell time for
each state. The former is defined as the fraction of time spent
in each connectivity state, while the latter measures the tem-
poral durations of each state visit. Furthermore, to investi-
gate how cortical connectivity transitions among different
states, we assumed the connectivity state time series to be a
Markov chain (i.e., the state transition depends only on the
current state).”?' We counted the number of times each par-
ticipant stayed in a certain brain connectivity state (defined
as the cortical connectivity at time f+1 remaining within the
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same state as time f) as well as the number of transitions to

other states. Based on prior studies,”?'

we hypothesized that
cortical connectivity would be persistent—or “sticky”—and
reside in the same state. Furthermore, we hypothesized that
state transitions would be much less frequent and uneven
across states and participants. The analysis was performed in
two ways. First, at a participant level, all states were aggre-
gated and cumulative times spent in the same state i (i =1,
2, ..., N+1) were calculated. The number of transitions to
any of the other states, j (j=1,2, ..., N+1,but j # i) was also
calculated. Next, probabilities of state stays and transitions
were each calculated by dividing the total times of state stays
and transitions for each participant. Second, following pre-

vious studies,>' >

the transition probability for each pair of
connectivity states was calculated using all participants. The
transition probably is the likelihood that the current state
will transition to another state at a future time at the group
level. For the transition from State i to State j (i, j=1, 2, ...,
N+1), the transition probability was estimated by counting
the number of this transition divided by the total number
of all state transitions (including state persistencies) across
all participants, and the matrix so obtained represented the
transition probability for each pair of connectivity state, with
all elements of the matrix summing up to 1.

Statistical Analysis

No a priori statistical power calculation was conducted to
guide sample size. The sample size of 53 patients (maximum
of 50 for any given data epoch, table 1) is consistent with
(and exceeds) previous efforts investigating whole-scalp
oscillatory electroencephalographic patterns in adult surgi-
cal patients.>2*?

For static connectivity analysis, statistical comparisons
were performed using linear mixed models (IBM SPSS
Statistics version 24.0 for Windows; IBM Corp. USA) to
test (1) the difference between the nine studied epochs for
both frontal-parietal and prefrontal-frontal connectivity
measures, and (2) the difference between frontal—parietal
and prefrontal—frontal connectivity. Linear mixed model-
ing analysis offers more flexibility with missing values and
accounts for individual differences by including a random
intercept associated with each participant. For the con-
nectivity values at each frequency band, the fixed effects
included the studied epoch, region pair, and the interaction
between them. We used restricted maximum likelihood
estimation and variance components as covariance struc-
ture of random effects. The post hoc pairwise comparisons
were performed between each studied epoch relative to the
baseline preoxygenation epoch and between frontal—pari-
etal and prefrontal—frontal connectivity if the regional pair
fixed effects were statistically significant (P < 0.05). The
mean and 95% CI values of the estimated difference along
with the two-sided, Bonferroni-corrected P values were
reported in the Results section.

Cortical Connectivity in Surgical Patients

For dynamic connectivity analysis, the statistical analyses
were performed using MATLAB. The normality of data
distribution  was  evaluated by Lilliefors
Kolmogorov—Smirnov test. To compare the likelihood of
remaining in the same state or switching to a different state,
paired-sample two-sided ¢ test was used to compare the
probabilities of state stays and state switches across the par-
ticipants. Before the test, the null hypothesis of normality of
distribution was not rejected at the 5% significance level. To
test the statistical significance of state transitions between
each pair of connectivity states, a multistep surrogate data
analysis was performed. First, N = 1,000 surrogate time
series were generated by randomly shuffling the connectiv-
ity state time series for each participant, which permutated
the temporal order of the state occurrence while keeping
the occurrence rate of the states. Second, regarding
between-state transitions, we generated N = 1,000 surro-
gate time series by randomly permutating the retained state
time series (including only state switches) after removing

corrected

the state stays, with the constraint of each state’s occurrence
rate across all participants. With each surrogate time series,
the transition probability was then calculated for each pair
of connectivity states, and a state transition was deemed sta-
tistically significant by comparing the original transition
probability with those from surrogate data. The significance
value was obtained through the cumulative distribution

o
function, p=1— J- P (h)dh ,where & denotes the origi-

nal transition probability and p_, (h) denotes the esti-
mated normal distribution if the null hypothesis of
normality of surrogate data could not be rejected, or empir-
ical surrogate distribution otherwise.” Across all the studied
state transitions, the false discovery rate—adjusted P < 0.05
was considered significant.

Results

In total, 97 patients were screened for eligibility and enroll-
ment. Of the 65 enrolled patients, 12 (18.5%) were with-
drawn, leaving 53 participants who completed the study
and were included for analysis. Demographic and surgical
characteristics are presented in table 2. Mean participant
age was 50 * 17, and cases spanned various subspecialties.
Anesthetic maintenance regimens and MAC values are
presented in Supplemental Digital Content 3, http://links.
Iww.com/ALN/B914.1n total, 98% of all MAC values were
at least 0.7 or greater during the evaluated anesthetic main-
tenance phase (see Supplemental Digital Content 3, fig.
1A, http://links.Iww.com/ALN/B914). Individual anes-
thetics varied both among patients and during individual
cases during anesthetic maintenance, though the majority
of patients received nitrous oxide paired with either sevo-
flurane or isoflurane (see Supplemental Digital Content 3,
fig. 1B, http://links.Iww.com/ALN/B914).
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Table 2. Participant Characteristics

Surgical Patients (N = 53)

Age, yr, (mean + SD) 50 +17
Male sex, No. (%) 29 (54.7)
Race, No. (%)
White 46 (86.8)
Black 4(7.5)
Other 3(5.7)
Ethnicity, No. (%)
Non-Hispanic 46 (86.8)
Other/unknown 4(7.5)
Hispanic 3(6.7)
Type of surgery, n (%)
Urology 26 (49.1)
Orthopedic 10 (18.9)
Surgical oncology 6(11.3)
Plastics 6(11.3)
Neurosurgery 3(.7)
Minimally invasive surgery 2(3.9)

Spectral Analysis

Group-level spectrograms are presented in figure 2. Most
notably, spectral analysis revealed increases in alpha and
theta power during surgery, with alpha increases noted most
prominently in the prefrontal and frontal channels (fig. 2).
Gamma power was increased both before and after extuba-
tion, which was decreased in the postanesthesia care unit in
all channels compared to postextubation levels (fig. 2).

Cortical Connectivity across the Perioperative Period

Group-level connectivity data from the perioperative period
are presented in figure 3. The cortical connectivity during
preoxygenation was characterized by a predominance of
frontal—parietal connectivity in the alpha band. However,
compared to preoxygenation baseline (weighted phase lag
index, 0.163 = 0.091), alpha frontal-parietal connectivity
was not significantly different across all remaining epochs
(range,0.100 + 0.041 to0 0.218 £ 0.135; P > 0.05 for all com-
parisons). With induction, delta connectivity was increased
compared to baseline for both frontal—parietal (0.083 [0.042,
0.124]; P < 0.001) and prefrontal—frontal channels (0.154
[0.113, 0.195]; P < 0.001; prefrontal—frontal vs. frontal—
parietal: 0.066 [0.026,0.107]; P = 0.011). Prefrontal—frontal
alpha connectivity increased during anesthetic and surgi-
cal epochs (preincision: 0.201 [0.154, 0.248]; P < 0.001;
first surgical epoch: 0.169 [0.123,0.215]; P < 0.001; second
surgical epoch: 0.178 [0.132, 0.224]; P < 0.001; third sur-
gical epoch: 0.173 [0.127,0.219]; P < 0.001). Compared to
frontal—parietal channels, prefrontal-frontal alpha connec-
tivity was also stronger throughout the anesthetic and sur-
gical periods (preincision: 0.135 [0.089, 0.181]; P < 0.001,
first surgical epoch: 0.077 [0.032,0.122]; P = 0.007; second
surgical epoch: 0.067 [0.022, 0.111]; P = 0.030; third sur-
gical epoch: 0.078 [0.033, 0.122]; P = 0.006). Additionally,
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Fig. 2. Group-level power spectrogram, generated by concate-
nating the nine clinically relevant epochs and averaging median
power values (decibels, dB) across all available patients. For
each patient, the power spectrogram was averaged over pre-
frontal (Fp1, Fp2), frontal (F5, F6, Fz), and parietal (P5, P6, Pz)
channels. LOC, loss of consciousness; PACU, postanesthesia
care unit; pre-oxy, preoxygenation; pre-extub, preextubation;
post-extub, postextubation.

there was an increase in theta connectivity during anes-
thetic and surgical epochs in both frontal-parietal (prein-
cision: 0.114 [0.068, 0.160]; P < 0.001; first surgical epoch:
0.112 [0.067, 0.157]; P < 0.001; second surgical epoch:
0.128 [0.084, 0.173]; P < 0.001; third surgical epoch: 0.088
[0.043, 0.133]; P = 0.001) and prefrontal—frontal channels
(preincision: 0.117 [0.071, 0.162]; P < 0.001; first surgi-
cal epoch: 0.137 [0.091, 0.182]; P < 0.001; second surgical
epoch: 0.123 [0.079,0.168]; P < 0.001; third surgical epoch:
0.076 [0.031, 0.121]; P = 0.007) compared to preoxygen-
ation baseline values. Before extubation, alpha and theta
connectivity returned to baseline levels.

Dynamic Patterns of Cortical Connectivity during
Surgical Anesthesia

The aforementioned analysis demonstrated that corti-
cal connectivity exhibited, on average, distinct spatial and

Vlisides et al.
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Fig. 3. Functional cortical connectivity changes across the studied epochs, as assessed by weighted phase lag index (WPLI). (4) Group-level
(mean across all available patients) connectogram of the mean wPLI between frontal (F5, F6, Fz) and parietal (P5, P6, Pz) channels, and
between prefrontal (Fp1, Fp2) and frontal channels. (B) The mean and SD of wPLI values at alpha (7 to 15 Hz), theta (3 to 7 Hz), and delta
(0.5 to 3 Hz) bands. *Significant changes relative to the preoxygenation epoch for frontal—parietal (blue) and prefrontal—frontal (red) wPLlI,
respectively (Bonferroni-corrected P < 0.05); # significant difference between frontal—parietal and prefrontal—frontal wPLI (Supplemental
Digital Content 4, fig. 1, Bonferroni-corrected P < 0.05), using linear mixed model analysis.

spectral properties across the studied perioperative epochs
at a group level. We then investigated if the cortical con-
nectivity, as assessed by frequency-resolved frontal—parietal
and prefrontal—frontal weighted phase lag index, was static
or dynamic during anesthetic maintenance in individual
patients. These regions were chosen given their postulated
role in consciousness and anesthetic-induced unconscious-
ness.”*!>1¢ Frontal—parietal and prefrontal—frontal connec-
tivity were subjected to principal component analysis for
dimensionality reduction and then grouped into five clus-
ters via k-means clustering. In this study, the first five prin-
cipal components were retained, which contained 63.1% of
the total variance of the original connectivity patterns. With
five principal components and five clusters, the stability
index 1s 0.30 + 0.08, and the 1- minimum Hamming dis-
tance is 0.76 * 0.07 across the different clustering solutions
(see Supplemental Digital Content 2, http://links.Iww.
com/ALN/B913). This suggests that 76% of the data were
allocated to the same clusters through different solutions
and the clustering was 76% consistent among participants.
Each cluster (connectivity state) demonstrated its charac-
teristic connectivity pattern with distinct spatial and spectral
properties (fig. 4A, table 3). States 1 and 2 are characterized
by suppressed frontal-parietal connectivity with elevated
prefrontal—frontal connectivity at 10 to 20 Hz and 7 to 15
Hz, respectively, state 3 is distinguished by a predominance

of delta prefrontal-frontal connectivity, and states 4 and 5
demonstrate minimal prefrontal-frontal connectivity with
high frontal-parietal connectivity at theta and alpha fre-
quency bands separately. Based on the squared Euclidean
distance with these characterized patterns, each time win-
dow was assigned to one of the five states, and those with
burst suppression were grouped into an additional state
as “BS,” yielding the time series of connectivity states for
each participant (see Supplemental Digital Content 4, fig. 1,
http://links.lww.com/ALN/B915). Except for a few par-
ticipants with a short duration of surgery, the majority of
the participants demonstrated changing frontal—parietal and
prefrontal—frontal connectivity states over time. The tem-
poral dynamics of the connectivity state time series were
assessed by occurrence rate (fig. 4B) and the distribution
of dwell time (fig. 4C) for each state. A certain state is not
specific for a subgroup of a few participants, but rather,
occurred for most of the participants. The dwell time was
varied from 30s to tens of minutes among multiple vis-
its to a certain state; for example, across all the states, the
dwell time for 70.6 to 80.8% of the visits were longer than
30s, among which 8.2 to 21.3% were longer than 2min.
Opverall, these results suggest that the cortical connectivity
is not static, as transitions occurred among states.

State transitions were low and variable across states and par-
ticipants (see Supplemental Digital Content 5, fig. 1, http://

Anesthesiology 2019; 130:885-97
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Fig. 4. Dynamic cortical connectivity during anesthetic maintenance (i.e., skin incision until the last recorded minimum alveolar concentra- §
tion value of 0.7 toward the end of surgery). (4) Representative connectivity states characterized by distinct spectral patterns of frontal—pa- R

rietal and prefrontal—frontal weighted phase lag index from cluster analysis. (B) State occurrence rate, i.e., the fraction of time spent in each
connectivity state, with the central black bar and error bars indicating the median and interquartile range of the values across patients with
individual values shown in gray dots. (€) Cumulative dwell time for each connectivity state across all patients. The dwell time was variable
(from 30s to a few minutes) among multiple visits to a certain state. (D) Transition probability between the connectivity states, with each
element in the transition matrix indicating the probability of transitioning from any state in a given row to another state in the given column,
with the element on the diagonal line indicating the probability of staying in a certain state. (F) Graphical representation of the significant
state persistencies and state switches as compared to random transitions through surrogate data analysis (false discovery rate—adjusted P
< 0.05; see Supplemental Digital Content 5, http://links.lww.com/ALN/B916). Each node indicates a connectivity state, the size of the node
is proportional to the persistence probability in each state, and the directed, weighted edges are proportional to the transition probability
between the two states. The significant probability values were estimated by the original persistence or transition probability values after
subtracting the mean of those from surrogate data.
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Table 3. Connectivity States

Cortical Connectivity in Surgical Patients

State Dominant Frequency Range (Hz) Predominant Region
State 1 10-20 Prefrontal—frontal

State 2 7-15 Prefrontal—-frontal

State 3 0.5-3 Prefrontal—-frontal

State 4 3-7 Frontal—parietal

State 5 3-15 Frontal—parietal

State BS Burst suppression --

BS, burst suppression.

links.Iww.com/ALN/B916). Aggregated over all connectiv-
ity states, cortical connectivity demonstrated high persistency,
with probability of 86.6 & 8.1%, which was significantly higher
than that of switching to a different state (13.4 £ 8.1% across
all participants; P < 0.001). Additionally, figure 4D presents
the group-level transition probability matrix using all patients,
with each element indicating the probability of transitioning
from any state in a given row to another state in the given
column, with the element on the diagonal line indicating the
probability of staying in a certain state. It is visibly evident that
persistence in the same state was more probable than transi-
tioning to a different state. When compared with the transi-
tion probability from surrogate data generated by randomly
shuffling the state time series while keeping state occurrence
rate, only the persistence probability on the diagonal line was
significantly higher than that from surrogate data (P < 0.05;see
Supplemental Digital Content 5, fig. 2, http://links.lww.com/
ALN/B916). Furthermore, we focused on the between-state
transitions and compared the original transition probability
with that of surrogate data generated by randomly shuffling
the state time series after removing the state persistencies.
Analysis revealed that the transitions between states were not
evenly distributed, and a few between-state transitions did hap-
pen more frequently than predicted by random occurrence
(P < 0.05; see Supplemental Digital Content 5, fig. 3, http://
links.Iww.com/ALN/B916). Figure 4E shows the significant
persistence probability and between-state transition probability.
It is expected that the two states with high prefrontal—fron-
tal connectivity (states 1 and 2) have a higher probability of
transitioning into and out of each other, as do the two states
with relatively higher frontal-parietal connectivity (states 4 and
5). However, across these states, only state 2 is more proba-
ble than random chance when transitioning out of the state
associated with delta connectivity (state 3). In other words, it
is more probable to stay in a certain connectivity state than
transitioning to another state, though when transitions occur,
a few between-state transitions are more probable than others.

Discussion

With this study, cortical connectivity was assessed through-
out the course of surgery and general anesthesia. The results

demonstrate distinct patterns of dynamic cortical connec-
tivity throughout the perioperative period. Alpha fron-
tal—parietal connectivity, assessed via weighted phase lag
index, was unable to distinguish among multiple levels of
consciousness. Anesthetic-induced loss of consciousness was
initially accompanied by an increase in delta connectivity
between prefrontal—frontal and frontal-parietal channels,
and theta connectivity—along with alpha prefrontal—frontal
connectivity—were observed to gradually increase during
subsequent anesthetic and surgical epochs. During the anes-
thetic maintenance phase specifically, connectivity shifted
among neurophysiologic states with distinct oscillatory and
spatial characteristics. Overall, the results suggest that brain
states undergo dynamic shifts during surgery and anesthesia.

Alpha frontal-parietal connectivity, as assessed by
weighted phase lag index, was unable to distinguish levels
of consciousness or anesthetic states in surgical patients as a
single, static measure. These findings may appear discrepant
with prior studies demonstrating disrupted frontal—parietal

6,29-33

connectivity during general anesthesia. However, fron-

tal—parietal connectivity has often been studied as a single

epoch after induction of anesthesia,**

as opposed to lon-
ger durations that parallel surgical time length (and with
surgical stimulation). Indeed, if only the preoxygenation
baseline and induction periods were considered, the alpha
frontal—parietal connectivity decrease would have reached
statistical significance (—0.063 [—0.110, 0.016]; uncor-
rected P = 0.009). By observing the subsequent surgical
and anesthetic epochs, and correcting for multiple com-
parisons, dynamic connectivity changes were observed and
rendered statistically insignificant compared to the base-
line period. Other surrogate measures of connectivity (e.g.,

symbolic transfer entropy®?)

may have revealed different
results, though weighted phase lag index was chosen given
the relatively low susceptibility to volume conduction and
reference montage confounding.'"'*> Such static connectiv-
ity measures may also be unable to detect the rich net-
work and brain state repertoire changes that occur during
23+ Additionally, frontal—parietal connectivity

was measured during surgery, and noxious stimulation may

anesthesia.

modulate connectivity between anterior and posterior
brain regions.”** As such, complementary analysis could

Anesthesiology 2019; 130:885-97
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focus on frontal—parietal connectivity patterns at surgical
anesthetic depths, with longer temporal duration (i.e., mul-
tiple hours, to mimic surgery), and without the confound of
surgical stimulation. The possibility also remains that brain
states require more dynamic analysis to differentiate levels
of consciousness. In fact, accumulating evidence suggests
that network topology and reconfiguration, rather than sin-
gle-dimensional measures of connectivity, may be required
to discriminate anesthetic states.”’** Indeed, connectivity
values varied widely among bandwidths and neuroanatom-
ical regions during anesthetic maintenance and surgical
phases. As such, the previously described dynamic connec-
tivity analysis was performed to further explore these con-
nectivity dynamics with higher temporal resolution across
the entire anesthetic maintenance phase.

Dynamic connectivity analysis during the anesthetic
maintenance period revealed novel findings. Although
brain states tended to remain within a low number of clus-
ters, cluster transitions frequently occurred during anes-
thetic maintenance, even prior to surgical stimulation (see
Supplemental Digital Content 4, fig. 2, http://links.Iww.
com/ALN/B915), suggesting a dynamic interplay among
brain states rather than a static equilibrium.This pattern may
suggest metastability during general anesthesia,” though this
hypothesis would require formal testing in the setting of
stable anesthetic depth and without surgical stimulation.
Fluctuation in prefrontal—frontal and frontal—parietal con-
nectivity was observed during anesthetic maintenance, par-
ticularly in the alpha and theta bandwidths (fig. 4). Alpha
prefrontal—frontal connectivity was more robust, given the
associated persistence probability and high connectivity
values during anesthesia. This may reflect thalamocortical
hypersynchrony that occurs with y-aminobutyric acid—me-
diated anesthetics (e.g., propofol).'®**# Furthermore, these
prefrontal—frontal connectivity states (1 and 2) occur during
suppressed frontal—parietal connectivity, and frontal—parietal
connectivity states (4 and 5) appear to emerge during rel-
ative suppression of prefrontal—frontal connectivity (fig. 4).
This possible “toggling” between brain states may reflect
disrupted cortical communication as frontal hypersyn-
chrony blocks long-range communication with temporal
and parietal cortices.* Thus, these findings may suggest
a limited repertoire of connectivity states during general
anesthesia, with inhibited capacity for flexibly processing or

integrating information in the brain.**

Limitations

MAC was adjusted throughout surgery as clinically indicated,
rather than maintained at a constant value. Thus, neurophysi-
ologic changes occurring during the maintenance phase may
have been reflective, in part, of changing anesthetic concen-
trations. Nonetheless, connectivity states did not appear to
correlate with anesthetic depth, variability, or maintenance
regimen (see Supplemental Digital Content 3, figs. 2 and 3,
http://links.lww.com/ALN/B914). To test more rigorously

Anesthesiology 2019; 130:885-97
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for intrinsic brain state shifts during general anesthesia, such
experiments should be conducted in the absence of surgical
stimulation, shifting anesthetic depths, or multiple anesthetic
agents. Surgical stimulation, in particular, also varied consid-
erably (e.g., catheter placement, skin incision, tissue excision)
given procedural heterogeneity. Adjuvant medications, such
as opioids, may have also impacted the underlying neuro-
physiology and anesthetic requirements.**” These consid-
erations could, however, be considered a strength from the
perspective of pragmatic design and generalizability. Indeed,
the express goal of this investigation was to test the transla-
tional significance of past connectivity studies in the con-
text of real-world surgery and general anesthesia. We did not
have a dedicated baseline conscious period; thus, connectivity
and metastability comparisons cannot be compared to a pro-
longed state of wakeful consciousness.Additionally, behavioral
responsiveness was not assessed throughout the anesthetic
maintenance phase. Our analyses were also restricted to
one measure of functional connectivity (weighted phase lag
index); alternative methodologies might result in different
conclusions. Although frontal—parietal connectivity did not
reliably appear to decrease during general anesthesia, Naci
et al. recently demonstrated a number of complementary
possibilities, including a disrupted frontal—parietal network
or a maintained frontal-parietal connectivity that is func-
tionally disconnected from sensory cortex.”® Lastly, despite
the outlined artifact-reduction and filtering strategies, arti-
factual contamination remains possible. Nonetheless, we have
demonstrated the ability to acquire these neurophysiologic
data in a pragmatic surgical setting.

Conclusions

Dynamic fluctuations in connectivity states are apparent
during surgery and anesthesia, particularly involving the
alpha and theta bandwidths. Thus, a single measure of con-
nectivity is unlikely to be a reliable correlate of surgical
anesthesia. Subsequent investigation is warranted to fur-
ther understand the clinical and scientific relevance of the
dynamic state changes observed in this study.
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France’s Daniel Bovet and Gallamine, the First Synthetic
Nondepolarizing Muscle Relaxant Used Clinically
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A Swiss-born Italian pharmacologist, Daniel Bovet (1907 to 1992, right) was a research scientist famous for
discovering the first antihistamine (1937) and for synthesizing (1947) gallamine, a reversible nondepolarizing
muscle relaxant. Named by the multilingual Bovet after France (Latin: Gallia), gallamine was synthesized in
Paris by Bovet as a bulky trisquaternary curariform compound. Ironically, high doses of gallamine triethiodide
(boxed and branded as Flaxedil, leff) released histamine, which Bovet had researched previously. His success
with gallamine contributed to Bovet’s forsaking his 18-yr career at the celebrated Pasteur Institute for a series
of research opportunities back in his family’s homeland of Italy. In 1957, Bovet won the Nobel Prize in
Physiology or Medicine “for his discoveries relating to synthetic compounds that inhibit the action of certain
body substances, and especially their action on the vascular system and the skeletal muscles.” Unfortunately,
Bovet clouded his Nobelist laurels in a tobacco fog about 8 yr later by publishing that individuals could
raise their intelligence by smoking. (Copyright © the American Society of Anesthesiologists’ Wood Library-
Museum of Anesthesiology.)
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