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ABSTRACT
Background: It is a commonly held view that information flow between 
widely separated regions of the cerebral cortex is a necessary component 
in the generation of wakefulness (also termed “connected” consciousness). 
This study therefore hypothesized that loss of wakefulness caused by propofol 
anesthesia should be associated with loss of information flow, as estimated 
by the effective connectivity in the scalp electroencephalogram (EEG) signal.

Methods: Effective connectivity during anesthesia was quantified by  
applying bivariate Granger to multichannel EEG data recorded from 16 adult 
subjects undergoing a slow induction of, and emergence from, anesthesia 
with intravenous propofol. During wakefulness they were conducting various 
auditory and motor tasks. Functional connectivity using EEG coherence was 
also estimated.

Results: There was an abrupt, substantial, and global decrease in effective 
connectivity around the point of loss of responsiveness. Recovery of behav-
ioral responsiveness was associated with a comparable recovery in informa-
tion flow pattern (expressed as normalized values). The median (interquartile 
range) change was greatest in the delta frequency band: decreasing from 
0.15 (0.21) 2 min before loss of behavioral response, to 0.06 (0.04) 2 min 
after loss of behavioral response (P < 0.001). Regional decreases in informa-
tion flow were maximal in a posteromedial direction from lateral frontal and 
prefrontal regions (0.82 [0.24] 2 min before loss of responsiveness, decreas-
ing to 0.17 [0.05] 2 min after), and least for information flow from posterior 
channels. The widespread decrease in bivariate Granger causality reflects 
loss of cortical coordination. The relationship between functional connectivity 
(coherence) and effective connectivity (Granger causality) was inconsistent.

Conclusions: Propofol-induced unresponsiveness is marked by a global 
decrease in information flow, greatest from the lateral frontal and prefrontal 
brain regions in a posterior and medial direction. Loss of information flow may 
be a useful measure of connected consciousness.
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EDITOR’S PERSPECTIVE

What We Already Know about This Topic

•	 Information flow between brain regions is commonly hypothesized 
as a necessary component in the generation of wakefulness

•	 The issue of how loss of consciousness alters this information flow 
is incompletely understood

•	 Granger causality analysis of multichannel electroencephalogram 
recordings may provide a useful approach to study connectivity in 
the cerebral cortex

What This Article Tells Us That Is New

•	 In healthy adult volunteers, propofol anesthesia–induced loss of 
consciousness was associated with an abrupt, substantial, and 
global decrease in connectivity

•	 These changes are comparably reversed at regain of consciousness
•	 These observations suggest that information flow is an important 

indicator of wakefulness

The use of electroencephalogram (EEG) and functional 
magnetic resonance imaging during anesthesia has 

enabled some progress in understanding the neural basis 

of consciousness. Yet the details of the transition to and 
from unconsciousness remain unclear. It is plausible that 
free information flux between regions allows the brain 
to generate the complexity associated with the conscious 
state, the so-called “connectionist” paradigm.1,2 If so, anes-
thetic-induced loss of consciousness should be accompa-
nied by decreases in information measures. A number of 
studies have shown that general anesthesia might disrupt 
connectivity within and between large scale brain net-
works—as estimated by the EEG or functional magnetic 
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resonance imaging—and this may be the mechanism for 
anesthetic-induced reduction in consciousness,3 because 
it is common to different classes of anesthetic drugs, sleep, 
and pathologic coma.4 In particular, the reduction in fron-
tal-to-parietal interactions may be a key factor.5,6

A variety of different methods have been used to mea-
sure brain interactions, which has led to discordant results. 
Functional connectivity is estimated using measures of 
regional synchrony (coherence or correlation)—but, by 
definition, no information is flowing between perfectly 
synchronous sources. Because of differences in signal origin 
and temporal resolution, functional connectivity has been 
shown to decrease with anesthesia in functional magnetic 
resonance imaging studies,7–9 but to increase with anes-
thesia when applied to EEG data.10,11 Therefore, a number 
of directed measures have been developed to understand 
changes in regional brain information flux from the EEG 
signal (“directed functional” or “effective” connectivity). 
These quantify whether the information from a distant brain 
region has occurred just before that of the target region 
(directed phase lag index) and whether it has influenced 
the EEG time series at the target region (symbolic transfer 
entropy, Granger causality, dynamic causal modeling).10,11 In 
general, articles using symbolic transfer entropy and dynamic 
causal modeling align with the functional magnetic reso-
nance imaging work, and show varying degrees of reduction 
in effective connectivity between brain regions with loss of 
responsiveness.3,10 The application of Granger causality is 
less consistent; some report anomalous increases in informa-
tion flow with loss of responsiveness,11,12 while others found 
information flow to decrease with unresponsiveness.11–13 It is 
unclear whether these divergent results are real or are due to 
critical subtleties in the EEG signal processing.

Granger causality has been referred to as both directed 
functional connectivity14 and effective connectivity15–17; here 
we choose to describe Granger causality as an effective con-
nectivity metric, to distinguish it from the synchrony mea-
sures typical of functional connectivity metrics. Therefore, in 
this article we test the hypothesis that propofol-induced loss 
and regain of responsiveness in healthy volunteers is associ-
ated with decreased information flow (effective connectiv-
ity) between regions of the brain using Granger causality of 
scalp EEG. We also compare the time course of this measure 
of information flow with that of regional synchrony using 
coherence (a functional connectivity metric). We focus on 
establishing the typical continuous trajectories of informa-
tion flow during the transitions to and from unresponsive-
ness, and identify brain regions with the largest changes in 
information flow during these transitions.

Materials and Methods

Dataset

We reanalyzed a previously collected 31-channel EEG anes-
thesia dataset recorded from 16 healthy adult volunteers in 

Oxford, United Kingdom.18 The study was approved by the 
local Oxford University Research Ethics Committee, and 
written informed consent was given. The volunteers experi-
enced a resting period with eyes closed and no drug adminis-
tration for 10 min, followed by an ultraslow induction to loss 
of consciousness using propofol sedation. A target-controlled 
intravenous infusion of propofol was used with step increases 
of 0.2 μg/ml to achieve a maximum effect site concentra-
tion of 4 μg/ml over 48 min. After resting at the peak propo-
fol dose for 10 min, the propofol sedation was switched off, 
and subjects were allowed to emerge to wakefulness while 
EEG recording continued for 48 min. Noxious laser, words, 
and tone stimuli were presented to the volunteers during the 
induction and emergence phases of the experiment. Time of 
loss and regain of behavioral responsiveness was assessed by 
button presses to an auditory cognitive word task approxi-
mately every 60 s. Volunteers were asked to respond using a 
two-option button box whether the two words presented 
were the same or different. Further details of the proce-
dures and changes in EEG slow wave power are described 
in Ní Mhuircheartaigh et al.18 (“bench” dataset). The raw 
data is available at request via Zenodo (https://zenodo.org/
record/1168447#.XuqPBC3Mync). No power calculation 
was conducted before the analysis presented in this article; 
sample size was based on the available data.

Preprocessing of EEG

The EEG recordings were re-referenced to the average sig-
nal and downsampled to 125 Hz to ensure a reasonable 
model order for autoregressive modeling. For each elec-
trode, a simple Hjorth-type spatial filter was applied by 
subtracting the average of the three surrounding electrodes. 
This is to mitigate the effect of noise, volume conduc-
tion, and global common mode signals and enhance the 
localization of EEG information.19 No other filtering was 
performed since filtering has been shown to disturb the 
information content and time ordering of data, which alters 
the regression coefficients of autoregressive models of the 
data and in turn interferes with the estimation of Granger 
causality.20 Artefacts were managed by excluding EEG seg-
ments with an amplitude above 200 µV.

Effective Connectivity: Granger Causality

Granger causality describes the amount of information 
flow between two electrodes using autoregressive models, as 
described in the Supplemental Digital Content (http://links.
lww.com/ALN/C400). We used frequency-domain Granger 
causality to quantify how information flow during propofol 
anesthesia changes with frequency. We opted to use bivariate 
(pairwise) Granger causality rather than multivariate Granger 
causality because we were interested in capturing the overall 
effects of propofol on the brain. Bivariate Granger causality is 
often criticized because it cannot distinguish between direct 
and indirect information flow between the source and the tar-
get, whereas multivariate Granger causality isolates the direct 
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path between source and target by excluding all (known) com-
mon sources. The problem with multivariate Granger causality 
is that the exclusion of these common sources hides potentially 
important global effects. Propofol is acting to some degree on 
the whole brain, so it would be expected that a large pro-
portion of the information flow would be mediated though 
indirect paths in the brain. If common effects are regressed out 
with multivariate Granger causality, it is likely that the global 
effects of propofol would be missed. Since we are interested 
in capturing the global effects of propofol, we therefore con-
centrated on bivariate Granger causality analysis. For the same 
reason, we have chosen not to do source-level analysis.

Granger causality was applied to nonoverlapping 4-s seg-
ments to each bivariate combination of electrodes for each 
subject. The EEG signals in each segment were first normal-
ized by subtracting the mean and dividing by the SD. We 
chose short segment lengths of 4 s in order to balance the 
competing demands of stationarity (shorter time series are 
more likely to be stationary) and model fit (longer time series 
support better parameter estimation).14 This segment length 
is consistent with window lengths of 2 and 4 s that are com-
monly used for Granger causality analysis on EEG data.13,14,21 
A model order of 3 (24 ms) was used for all Granger causality 
analysis. This model order was chosen as it minimized the 
Bayesian Information Criterion, calculated for 5,000 ran-
dom windows from each subject for model orders 1 to 20. 
Akaike’s Information Criterion was also calculated to deter-
mine the optimal model order but often failed to produce a 
minimum. To test whether our results were robust to model 
order and sampling rate, we also ran our analysis on further 
downsampled data (62.5 Hz) and found no difference in the 
trajectory of Granger causality over time or in the electrode 
pairs that were subsequently identified to be dominant in 
the transition to and from unresponsiveness.

Morf ’s modified Locally Weighted Regression method 
was used to calculate the autoregressive coefficients.21 The 
autocorrelation of the residuals was assessed with the Durbin–
Watson test, and any EEG segments with P < 0.05 were 
excluded from the analysis. Frequency domain Granger cau-
sality was calculated at frequencies of 0.5 Hz and each whole 
number between 1 and 30 Hz. Thus, for each electrode pair 
in a subject’s EEG recording (930 unique pairs in total), we 
obtained a time-frequency Granger causality matrix (for 
example, see Supplemental Digital Content fig. S1, http://
links.lww.com/ALN/C400). Granger causality trajectories 
over time for each electrode pair were smoothed by kernel 
regression22 using a Gaussian kernel with a bandwidth of 
50 s. This form of nonparametric curve fitting avoids impos-
ing an excessive degree of constraint on the resulting curves. 
Compared to a moving average, kernel regression produces a 
smoother trajectory while still capturing changes in direction.

Functional Connectivity: Coherence

Coherence, a commonly used functional connectivity 
metric, was also calculated for each 4-s EEG segment. 

Coherence measures the alignment of phase angles between 
two electrodes. If the EEG signals from two electrodes are 
synchronous (i.e., in phase), then coherence will be 1; if the 
signals are out of phase, then they will have a coherence of 
0. Coherence is nondirectional, such that the coherence of 
electrode A to B will be the same as B to A, as coherence 
measures the synchrony between two signals rather than 
information flow. Coherence was calculated at the same fre-
quencies as Granger causality: 0.5 Hz and whole numbers 
between 1 and 30 Hz. To extract the frequency of interest, 
the EEG signal was high- and low-pass filtered with third 
order Butterworth filters (0.8 Hz either side of the desired 
frequency), and instantaneous phases were computed with 
the Hilbert transform. Coherence is the mean difference in 
phase between two electrodes, weighted by power. Results 
were smoothed in the same way as Granger causality values, 
by kernel regression with a bandwidth of 50 s.

Extracting Frequency-band Trends

We reduced the frequency dimension of the time-fre-
quency spectrums of Granger causality and coherence by 
extracting the lower delta, alpha, and beta frequency bands. 
These frequencies are often of interest during the transition 
to and from consciousness. For each subject and metric, fre-
quencies 0.5 and 1 Hz were averaged for the delta range, 
8 to 14 Hz inclusive for the alpha range, and 21 to 30 Hz 
inclusive for the beta range. As the period around loss of 
behavioral response and recovery of behavioral response 
was of interest, the delta, alpha, and beta trajectories 15 min 
before and after each subject’s loss of behavioral response 
and recovery of behavioral response were extracted for each 
electrode pair. Granger causality values were normalized to 
the 95th centile value of the first 2 min of propofol infusion 
for that subject (i.e., before any measurable brain concen-
trations of propofol were reached). This was considered a 
more appropriate baseline than the 10 min of resting before 
propofol infusion, because the subject’s eyes were closed 
during resting. A Granger causality greater than 1 therefore 
indicates a value larger than at the start of the propofol infu-
sion. Normalizing in this way put Granger causality values 
for all subjects on a similar scale, allowing their trajectories 
to be combined appropriately. Coherence values were not 
normalized since they were already similar among subjects. 
The Granger causality trend for each electrode pair was 
summarized by the log-mean over all subjects, where loss 
of behavioral response and recovery of behavioral response 
were aligned as time zero. The log-mean was used since 
Granger causality is an asymmetrical, positive distribution 
and taking the logarithm transforms the data toward a nor-
mal distribution.23

Identifying Networks and Regions of Interest

We were interested in identifying which brain regions 
showed large changes in Granger causality with change in 
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level of consciousness, and also those that did not change 
much. Groups of electrode pairs with a large-magnitude 
Granger causality response at loss of behavioral response or 
recovery of behavioral response were identified by prin-
cipal component analysis24 for each frequency band. The 
first principal component explained >90% of variability in 
the data for delta and alpha loss of behavioral response and 
recovery of behavioral response, so the electrode pairs in the 
top 5% of first principal component coefficients common to 
at least three of the four categories (delta loss of behavioral 
response/recovery of behavioral response and alpha loss of 
behavioral response/recovery of behavioral response) were 
selected to represent these large magnitude changes. This 
was repeated for the lowest 5% of first principal component 
coefficients to capture those electrode pairs with minimal 
change. Beta loss of behavioral response/recovery of behav-
ioral response changes were excluded from the electrode 
pair selection because the magnitude of change was much 
smaller than for delta and alpha, and at these frequencies it 
is possible these changes are due to muscle activity (despite 
spatial filtering being used).

A similar principal component analysis was applied to 
the coherence loss of behavioral response and recovery of 
behavioral response trajectories; however, the trajectories 
were first divided into two groups according to whether 
coherence increased or decreased over the loss of behav-
ioral response/recovery of behavioral response transition. 
Electrode pairs that were in the top 5% of first principal 
component coefficients for both loss of behavioral response 
and recovery of behavioral response transitions for each fre-
quency band (i.e., delta, alpha, beta) were selected.

Statistical Analysis

Granger causality at various time points are presented as 
median and interquartile range of the mean bivariate trajec-
tories over all participants. To facilitate visual presentation, 
some of the figures use logarithmic axes, and we also loga-
rithmically transformed the data before modeling to achieve 
the normal distribution required. All statistical comparisons 
were two-tailed, with a significance level of 5%. Analysis 
was carried out in MATLAB 2019a (Mathworks, USA).

The groups of electrode pairs identified during the 
principal component analysis were analyzed across loss of 
behavioral response and recovery of behavioral response 
using a repeated measures ANOVA model. Granger cau-
sality was compared from 2 min before loss of behavioral 
response/recovery of behavioral response to 2 min after 
loss of behavioral response/recovery of behavioral response. 
Subject identifier and electrode pairs were included as 
between-subject factors, and time as a within-subject fac-
tor. Each frequency band and stage (i.e., loss of behavioral 
response or recovery of behavioral response) was modeled 
separately.

We performed a further statistical analysis to ascertain 
whether the differences in Granger causality observed at 

the transition to unresponsiveness could be due to eyes 
closing rather than the anesthetic-induced changes in brain 
state. To separate out significant within- and between-sub-
ject effects, we fitted a linear mixed-effects model to logged 
Granger causality values at four time points for the elec-
trode pairs identified to be in the top 5% of principal com-
ponent analysis coefficients. The time points chosen to be 
representative of each stage in the recording process were as 
follows: 5 min (eyes closed, no propofol), 12 min (eyes open, 
propofol started), 60 min (eyes closed, subject unresponsive), 
and 110 min (eyes open, subject responsive). Fixed effects 
variables investigated were (i) eyes closed (true/false), (ii) 
propofol administered (true/false), and (iii) frequency band 
(categorical; delta, alpha, beta). The subject identifier num-
ber was included as a random effect.

Results
Loss of behavioral response varied from 21 to 36 min after 
the start of the EEG recording (recall the propofol infu-
sion started at 10 min after a period of resting) and recov-
ery of behavioral response varied from 76 to 109 min. Two 
of the 16 subjects regained responsiveness less than 15 min 
before the end of the recording (at 7.5 and 12 min) and thus 
had incomplete data for 15 min postrecovery of behavioral 
response time segment. These datasets were still included 
in the analysis. A total of 886,538 four-second windows 
of EEG data were considered for analysis. A total of 4,384 
(0.5%) EEG windows were excluded from the Granger 
causality analysis because of a maximum absolute amplitude 
of more than 200 µV. Since Granger causality acts on each 
bivariate pair of electrodes, the total number of Granger 
causality model fits was 26,464,620. The Durbin–Watson 
test excluded 892,189 (3.4%) of these fits due to residual 
autocorrelation. No exclusions were made for the coher-
ence analysis. As previously reported, the EEG showed the 
usual increases in delta and alpha power with increasing 
propofol (Supplemental Digital Content fig. S2, http://
links.lww.com/ALN/C400).

Granger Causality: Overall Effects

The normalized mean Granger causality trajectories for 
all electrode pairs around loss of behavioral response and 
recovery of behavioral response are shown in figure 1. The 
most obvious effect is that the state of unresponsiveness is 
marked by a profound decrease in information flow all over 
the brain. The largest magnitude changes are in the delta 
frequency band, where the median (interquartile range) 
of all the electrode pairs decreased from 0.15 (0.21) 2 min 
before loss of behavioral response (and 0.11 [0.12] at loss 
of behavioral response) to 0.06 (0.04) 2 min after loss of 
behavioral response (P < 0.001 vs. 2 min preloss of behav-
ioral response); and 0.01 (0.005) 15 min after loss of behav-
ioral response (P < 0.001 vs. 2 min preloss of behavioral 
response). Delta Granger causality returned to 0.48 (1.02) at 
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recovery of behavioral response—that is, around four times 
the preloss of behavioral response level. This new Granger 
causality was sustained for 15 min postrecovery of behav-
ioral response. The changes are least pronounced in the beta 
frequency range.

Individual participant trajectories across the entire time 
course are shown for the delta band in figure 2 (alpha and 
beta are included in Supplemental Digital Content figs. S3 
and S4, http://links.lww.com/ALN/C400). It shows that, 
for 14 out of the 16 subjects, the decrease in Granger cau-
sality at the responsiveness transitions is very abrupt. This 
is suggestive of a process after that of an explosive (de)syn-
chronization.25 We also see that for two subjects (i.e., ID 1 
and ID 9), there is a partial change in Granger causality just 
before recovery of behavioral response, followed by a bigger 
change at recovery of behavioral response—suggesting an 
initial failed return of responsiveness.

The mean of the absolute Granger causality resid-
uals was found to be highly correlated with the mean 
Granger causality values (Supplemental Digital Content 
fig. S5, http://links.lww.com/ALN/C400); that is, as mean 
Granger causality increased, the variance around the mean 
also increased.

Granger Causality: Regional Effects

There was significant variability between different regions. 
Figure 3 presents a series of multiple topoplots that show 
the delta-band mean Granger causality value from each 
electrode to the rest of the head around loss of behav-
ioral response. The largest changes in Granger causality are 
observed from lateral frontal and prefrontal electrodes in a 
posterior and medial direction. Information flow is roughly 
symmetrical across the left and right hemispheres at all 
timepoints. In contrast, the information flow from posterior 
to anterior regions is much smaller and appears unchanged 
around loss of behavioral response.

Principal component analysis of Granger causality tra-
jectories returned 37 electrode pairs for the largest 5% of 
coefficients for delta and alpha loss of behavioral response/
recovery of behavioral response and 31 electrode pairs for 
the smallest 5% coefficients (fig.  4). The position of the 
electrode pairs of these two groups in the principal compo-
nent space is shown in Supplemental Digital Content figure 
S6 (http://links.lww.com/ALN/C400). The largest coeffi-
cients represent the electrode pairs with the greatest change 
in the 15-min window before and after loss of behavioral 
response/recovery of behavioral response. As evident in 

Fig. 1.  Mean Granger causality trajectories (expressed as normalized values) for the 15 min before and after loss of behavioral response (top 
row) and regain of behavioral response (bottom row) for the delta, alpha, and beta frequency bands. Each gray line represents one electrode 
pair (930 in total), calculated as the log-mean over all 16 participants. The vertical black dashed lines indicate the time of loss or regain of 
behavioral response. Note the logarithmic y-axis.
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the topoplots in figure  3, these are predominantly from 
lateral electrodes to the medial (frontal, central, and pari-
etal) regions, and from prefrontal to central electrodes. In 
the delta frequency band, the median (interquartile range) 
of this group of electrode pair means decreased from 0.82 
(0.24) 2 min before loss of behavioral response to 0.17 (0.05) 
2 min after. When taking into account electrode pair and 
participant, the changes across loss of behavioral response/
recovery of behavioral response for all frequency bands 
were significant (repeated measures ANOVA, P < 0.001).  
Similarly, the smallest principal component coefficients 
identify those electrode pairs with minimal variability across 
loss of behavioral response/recovery of behavioral response. 
These are predominantly those associated with posterior to 
frontal information flow; however, even these showed statis-
tically significant changes (P < 0.001).

The mixed effects modeling of the logged Granger cau-
sality demonstrated that both the eyes closed condition  
(P < 0.001) and propofol infusion (P < 0.001) had sig-
nificantly lower Granger causality values across all elec-
trode pairs. Thus, while closing of the eyes introduces 
modest reductions in Granger causality, it alone does not 
explain the total reduction in Granger causality during the 

transition to unresponsiveness, as shown by the following 
model equation:
log (Granger causality) = 

3.0 4.7 (0.27) (eyes closed) 2.8 – – ((0.33) (propofol)

Coherence

In contrast to the uniform decrease in Granger causality with 
propofol anesthesia, coherence decreased for some elec-
trode pairs during anesthesia and increased for other elec-
trode pairs, depending on the frequency (see Supplemental 
Digital Content fig. S7, http://links.lww.com/ALN/C400, 
for mean coherence trajectories for all electrode pairs). In 
general, delta band coherence decreased and alpha band 
coherence increased for the period of unresponsiveness. 
The electrode pairs identified by the principal component 
analysis on coherence are shown in figure 5. Decreases in 
delta band coherence are mainly among the frontal and pre-
frontal electrodes, with some connections to occipital elec-
trodes O1 to O2: a median (interquartile range) decrease in 
electrode pair means from 0.31 (0.13) 2 min before loss of 
behavioral response to 0.25 (0.09) 2 min after loss of behav-
ioral response (repeated measures ANOVA, P < 0.001). The 

Fig. 2.  Delta-band Granger causality trajectories (expressed as normalized values) for individual participants. Each gray line represents the 
Granger causality trajectory of an electrode pair (930 in total). The three vertical black dashed lines indicate (i) start time of propofol (always 
at 10 min), (ii) time of loss of behavioral response, and (iii) time of regain of behavioral response. Note the logarithmic y-axis.

http://links.lww.com/ALN/C400
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increase in alpha band coherence is across hemispheres in 
frontal and central electrodes; a median (interquartile range) 
increase in electrode pair means from 0.24 (0.05) 2 min 
before loss of behavioral response to 0.29 (0.05) 2 min after 
loss of behavioral response (repeated measures ANOVA, 
P < 0.001). Beta band coherence also has some increase 
during anesthesia with a similar across-hemisphere pattern 
to alpha.

The groups of electrode pairs identified using Granger 
causality principal component analysis do not show consis-
tent changes in coherence (Supplemental Digital Content 
fig. S8, http://links.lww.com/ALN/C400). Thus, it is appar-
ent that coherence and Granger causality reflect different 
changes in the brain that occur with drug-induced unre-
sponsiveness. Examples of the variability of state-space tra-
jectories for coherence versus Granger causality for a select 
few electrodes are shown in figure  6. The 15 min before 
loss of behavioral response and after recovery of behav-
ioral response (i.e., responsive) are shown in blue, and the 
15 min after loss of behavioral response and before recov-
ery of behavioral response (i.e., unresponsive) are shown 
in orange/red. The top row shows examples of electrodes 
where there is a decrease in coherence that precedes loss of 
behavioral response and the subsequent decrease in Granger 
causality. In contrast, the lower rows in figure 6 show exam-
ples of a negative correlation between Granger causality 
and coherence, i.e., coherence increasing with anesthesia, 
but Granger causality decreasing.

Discussion
We have presented the changes in Granger causality and 
coherence between 31 scalp electrodes during propofol-in-
duced transitions to and from unresponsiveness. The most 
confronting result is the profound global decrease in infor-
mation flow (i.e., effective connectivity) between all electrode 
pairs for the duration of the unresponsive period. Granger 
causality drops to near zero at loss of behavioral response 
and is reversed at recovery of behavioral response. Although 
present at all frequencies, the Granger causality decrease is 
greatest in the delta frequency band and directed from lat-
eral electrodes to the medial (frontal, central, and parietal) 
regions, and from prefrontal to central electrodes. In con-
trast, the changes in functional connectivity—as estimated by 
coherence—are less, and vary between different brain regions 
and frequency bands. The most marked effects are a decrease 
in delta band coherence in prefrontal-midline regions, and an 
increase in anterior cross-hemispheric alpha band coherence.

A global decrease in information flow during unre-
sponsiveness has not previously been reported using the 
Granger causality metric. Barrett et al.14 reported a small 
increase in bidirectional Granger causality during loss of 
behavioral response (also in response to propofol) that 
was most pronounced in the beta and gamma frequency 
bands. However, there were some critical methodologic 

Fig. 3.  Two level hierarchical “topoplot-of-topoplots” for del-
ta-band Granger causality (expressed as normalized values). 
For both the large composite topoplot and each small individual 
channel topoplot, the view is from the top of the head, oriented 
with the nose at the top and left hemisphere displayed on the 
left of the figure (i.e., neurologic convention). The small topoplots 
at each electrode position shows the strength of the informa-
tion flow (mean relative Granger causality) from that electrode to 
every other electrode for the delta frequency range. Three sets 
of topoplots are shown, with time relative to loss of behavioral 
response.

http://links.lww.com/ALN/C400
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differences. They used a higher-order model (20; 80 ms) 
and examined only interactions between the midline struc-
tures (posterior and anterior cingulate cortices). Perhaps 
more important, their use of source localization would have 
the somewhat misleading effect of removing any global 
effects of anesthesia that were common to all electrodes. 
Bivariate Granger causality will estimate the total informa-
tion flow between the two channels. In previous analyses, 
this has been seen to be a problem, because the “direct” 
information flow between the channels is almost always 
confounded by indirect information flow via other media-
tor linkages, or by a distant common source (with differing 
neuronal conduction delays). These are the so-called “latent 
confounders,”26 which have been blamed for introducing 
“spurious” correlations between brain sources. However, it 
is known that propofol acts on a wide range of brain tar-
gets—many outside the cerebral cortex. The use of multi-
variate Granger causality would therefore have the effect of 
being blind to any widespread effects of propofol, which 
may be the dominant cause of the anesthesia state. Such 
correlations could therefore be causal, not spurious. Using 
bivariate methods, we indeed found that propofol causes 
a widespread drop in total information flow between the 
EEG channels. This is in agreement with articles using 
symbolic transfer entropy3,27—which is a bivariate method 

of estimating information flow. In contrast, the articles by 
Barrett et al.14 (for anesthesia) and Lee et al.28 (for slow wave 
sleep) show either no effects, or a small increase in high-fre-
quency direct information flow using multivariate Granger 
causality methods. We might therefore conclude that the 
decrease in cortical information flow is primarily mediated 
by propofol’s effects on distant circuits that coordinate the 
cortex, principally the thalamus, basal forebrain, and ana-
tomical cortical networks.29 This is in complete agreement 
with the observation of chaotic traveling delta and slow 
waves seen with propofol anesthesia.30

The sudden switch-like change in Granger causality is 
seen clearly in the individual subject data, and seems to be 
more closely aligned with change in behavioral respon-
siveness than with the continuously and slowly changing 
propofol concentrations. Also, Granger causality did not 
progressively decrease much after the loss of behavioral 
response, suggesting that it is primarily an indicator of 
wakefulness—i.e., conscious connectedness to the external 
world.31 Supportive of this is the fact that the electrodes 
that showed the biggest Granger causality decreases were 
overlying brain regions that reflect the functional anatomy 
required to perform the forced-choice auditory word task 
that was used to define behavioral unresponsiveness. The 
electrodes FC5/FC6 and F7/F8 estimate information flow 

Fig. 4.  Visual representation of electrode pairs that have the largest 5% (red, left) and smallest 5% (blue, right) first principal component 
coefficients common to the delta and alpha frequency bands. That is, the electrode pairs with the largest and smallest changes in normalized 
Granger causality values during the loss and regain of behavioral responsiveness. Electrode pairs are illustrated on a headmap where the 
black tips of the connecting line indicate the destination electrode of the information flow (like the tip of an arrow, since Granger causality 
is directional). Each topoplot is a view from the top of the head, oriented with the nose at the top and left hemisphere displayed on the left 
of the figure (i.e., neurologic convention). In the center, the median trajectory (dashed line) and the range (shaded area) of these electrode 
pairs are shown.
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from the extended Broca’s area (Brodmann Areas 47, 44, 
and 45), which is involved in language and semantic pro-
cessing. Similarly, decreases in information flow from the 
orbitofrontal regions (Fp1-Fp2, Brodmann Area 10 to FC5/
FC6 and Cz) could result in loss of executive function, and 
higher-order motor preparation required for the button 
presses. In contrast, the flow of information from the pos-
terior/parietal brain areas is much smaller, and less affected 
around loss of behavioral response/recovery of behavioral 
response. Our findings are in keeping with previous work 
using symbolic transfer entropy, which showed a similar 
predominant decrease in lateral anterior-to-medial/poste-
rior information flow with anesthesia.3,5 However, for the 

aforementioned reasons, we are cautious not to overinter-
pret local regional effects.

While the Granger causality always decreased with anes-
thesia, the coherence paradoxically increased with anesthe-
sia in the central regions for the delta frequency band (fig. 6, 
middle row), and for most of the cortex in the alpha frequency 
band (fig. 6, bottom row)—a graphic example that increased 
synchrony may often be paradoxically associated with loss of 
information flow. Theoretically, information flow is minimal 
both with time series that are completely independent, and 
also with those that are perfectly correlated. Information flow 
peaks at an intermediate strength of causal linkage between 
the transmitter and receiver time series. Our results would 

Fig. 5.  Visual representation of electrode pairs that have the largest 5% first principal component coefficients for coherence changes 
when considering those electrode pairs that decrease across loss of behavioral responsiveness (left column), and those electrode pairs that 
increase across loss of behavioral responsiveness (right column). The opposite trend typically occurs during regain of behavioral responsive-
ness. Principal components for the delta, alpha, and beta frequency bands are calculated independently. Electrode pairs are illustrated on a 
headmap in the outer columns, where the color of the connections corresponds to the colored trajectory across loss and regain of respon-
siveness (inside columns; dashed line indicates median, shaded area indicates range). Note coherence is nondirectional.
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Fig. 6.  Comparison of Granger causality (expressed as normalized values) and coherence for six representative electrode pairs. The top row 
is two electrode pairs that have a decrease in delta coherence during anesthesia (FC5 to F8 and Fp1 to O1); the middle row is an increase in 
delta coherence (C3 to Cz and Fp2 to T8); and the bottom row is an increase in alpha coherence (F7 to F8 and Fp2 to FC1). Color indicates 
whether the measurements were during the responsive period (blue; before loss of responsiveness, after regain of responsiveness), or during 
the unresponsive period (orange/red; between loss of responsiveness and regain of responsiveness). “+” symbols are the loss of behavioral 
response transition; “o” symbols are the regain of behavioral response transition.
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suggest it is the information flow, rather than the regional 
synchrony, that is the important determinant of wakefulness.

Granger Causality Considerations

Note that we follow convention in using the word “causal-
ity” solely in the context of Granger causality information 
flow. It could be argued that the term “Granger precedence” 
might more accurately reflect a somewhat limited Humean 
definition of causality as consisting only of temporal prece-
dence,32 without including some physical influence/manip-
ulation as a necessary component.

Although widely used, the application of Granger causality 
to neuroscience has engendered some controversy,33,34 because 
of both the somewhat abstract notion of information flow 
and its sensitivity to the details of its implementation. We have 
focused on the mean electrode-pair trajectories, averaged over 
the 16 subjects. We normalized each subject’s Granger causal-
ity values before combining and then took the mean of the 
logarithmically transformed Granger causality values (since 
the Granger causality distribution is chi-square rather than 
Gaussian). This method was effective for bringing out com-
mon trends among subjects, but its generalizability to indi-
vidual subjects is unclear. We performed a sensitivity analysis 
by removing subjects with visually artefactual data (6/16), but 
there was no observed difference in the trajectory shape, so we 
included all subjects in our final analyses. Other measures of 
connectivity have shown more nuanced results when applied 
to clinical data35; we recommend this analysis is repeated on a 
larger, clinical dataset with high-density EEG systems.
Spatial Filtering.  We found muscle artefacts increased Granger 
causality values in the outer electrodes. This is because spuri-
ous causality appears when the electrodes are influenced by 
external sources that are not taken into account. The fact that 
these muscle artefacts were still present after taking the net 
Granger causality values would suggest differences in time lag 
from the external muscle sources. Thus we decided to use a 
spatial filter at the electrode level. A Laplacian filter would be 
the obvious choice, but as it is not recommended for less than 
64 electrodes, we subtracted the mean of the surrounding 
three electrodes (Hjorth derivation). This is an approximate 
method that could spread large-amplitude artefacts, and may 
have an effect on the Granger causality values. However, we 
found no change in the overall trend of Granger causality 
during the transition to and from unresponsiveness with this 
spatial filter, and the Granger causality of electrode pairs with 
muscle-like artefacts was successfully diminished.
Stationarity.  Granger causality assumes stationary data. EEG 
windows of less than 10 s are generally assumed to be sta-
tionary, but this is not always true. In our data we found 
that variance often fluctuated within a data window. We 
removed windows where the EEG amplitude was above 
200 µV to improve stationarity, but since we were not able 
to low-pass filter (due to the consequences on Granger 
causality estimation), about 0.1% of our windows remained 
nonstationary, and were excluded.

Bias.  Granger causality analysis in a sample yields an esti-
mate that is biased away from zero, as compared to the 
“true” Granger causality value. Since we were more inter-
ested in the shape of the Granger causality trajectory during 
the transition to and from unresponsiveness rather than the 
absolute Granger causality values, we did not remove the 
bias from our estimates. Thus, we might have underesti-
mated the true changes in Granger causality.
Nonlinear Information.  Granger causality is based on autore-
gressive modeling that captures linear information flow; 
nonlinear information flow is therefore not captured.

Conclusions

At propofol-induced loss of responsiveness, cortical infor-
mation flow—as assessed by bivariate Granger causali-
ty—abruptly decreases in all parts of the brain, although it 
is most pronounced in lateral, frontal, and central networks 
and in the delta frequency band. These changes are reversed 
at regain of responsiveness. The Granger causality results 
contrast with those of coherence—a nondirected measure 
of synchronous activity—suggesting that it is the informa-
tion flow, rather than regional synchrony, that is the import-
ant indicator of wakefulness.

Acknowledgments

The authors would like to thank the volunteers and team 
involved in data collection, and the reviewers for their help-
ful comments.

Research Support

The analysis presented in this article is funded by a project 
grant (20/006) from the Australian and New Zealand College 
of Anaesthetists, and the James S. McDonnell Foundation 
(St. Louis, Missouri) grant No. 220023046. The original 
study was funded by the National Institute for Academic 
Anesthesia (United Kingdom) and the International 
Anesthesia Research Society. Dr. Warnaby is funded by the 
LUMINOUS Project and the Medical Research Council 
Development Pathway Funding Scheme (award ref. MR/
R006423/1). The LUMINOUS project is the European 
Union’s Horizon 2020 research and innovation program 
H2020-FETOPEN-2014-2015-RIA under agreement No. 
686764. The Wellcome Center for Integrative Neuroimaging 
receives core funding from the Wellcome Trust (United 
Kingdom; 203139/Z/ 16/Z). Funding also came from insti-
tutional and departmental sources.

Competing Interests

The authors declare no competing interests.

Correspondence

Address correspondence to Dr. Pullon: Waikato Clinical 
School, Waikato DHB, Pembroke St., Hamilton 3240, New 



	 Anesthesiology 2020; 133:774–86	 785

Cortical Information Flow Loss during Anesthesia

Pullon et al.

Zealand. r.pullon@auckland.ac.nz. This article may be 
accessed for personal use at no charge through the Journal 
Web site, www.anesthesiology.org.

References

	 1.	 Aru J, Suzuki M, Rutiku R, Larkum ME, Bachmann 
T: Coupling the state and contents of consciousness. 
Front Syst Neurosci 2019; 13:43

	 2.	 Hudetz AG: General anesthesia and human brain con-
nectivity. Brain Connect 2012; 2:291–302

	 3.	 Lee U, Ku S, Noh G, Baek S, Choi B, Mashour GA: 
Disruption of frontal-parietal communication by ket-
amine, propofol, and sevoflurane. Anesthesiology 
2013; 118:1264–75

	 4.	 Hudetz AG, Mashour GA: Disconnecting conscious-
ness: Is there a common anesthetic end point? Anesth 
Analg 2016; 123:1228–40

	 5.	 Ku SW, Lee U, Noh GJ, Jun IG, Mashour GA: 
Preferential inhibition of frontal-to-parietal feedback 
connectivity is a neurophysiologic correlate of gen-
eral anesthesia in surgical patients. PLoS One 2011; 
6:e25155

	 6.	 Dehaene S, Changeux JP: Experimental and theoreti-
cal approaches to conscious processing. Neuron 2011; 
70:200–27

	 7.	 Boveroux P, Vanhaudenhuyse A, Bruno MA, 
Noirhomme Q, Lauwick S, Luxen A, Degueldre C, 
Plenevaux A, Schnakers C, Phillips C, Brichant JF, 
Bonhomme V, Maquet P, Greicius MD, Laureys S, 
Boly M: Breakdown of within- and between-network 
resting state functional magnetic resonance imaging 
connectivity during propofol-induced loss of con-
sciousness. Anesthesiology 2010; 113:1038–53

	 8.	 Martuzzi R, Ramani R, Qiu M, Rajeevan N, 
Constable RT: Functional connectivity and alterations 
in baseline brain state in humans. Neuroimage 2010; 
49:823–34

	 9.	 Warnaby CE, Seretny M, Ní Mhuircheartaigh R, 
Rogers R, Jbabdi S, Sleigh J, Tracey I: Anesthesia-
induced suppression of human dorsal anterior insula 
responsivity at loss of volitional behavioral response. 
Anesthesiology 2016; 124:766–78

	10.	 Boly M, Moran R, Murphy M, Boveroux P, Bruno MA, 
Noirhomme Q, Ledoux D, Bonhomme V, Brichant JF, 
Tononi G, Laureys S, Friston K: Connectivity changes 
underlying spectral EEG changes during propo-
fol-induced loss of consciousness. J Neurosci 2012; 
32:7082–90

	11.	 Ryu JH, Kim PJ, Kim HG, Koo YS, Shin TJ: Investigating 
the effects of nitrous oxide sedation on frontal-parietal 
interactions. Neurosci Lett 2017; 651:9–15

	12.	 Nicolaou N, Georgiou J: Neural network-based 
classification of anesthesia/awareness using Granger 

causality features. Clin EEG Neurosci 2014; 
45:77–88

	13.	 Nicolaou N, Hourris S, Alexandrou P, Georgiou J: 
EEG-based automatic classification of ‘awake’ versus 
‘anesthetized’ state in general anesthesia using Granger 
causality. PLoS One 2012; 7:e33869

	14.	 Barrett AB, Murphy M, Bruno MA, Noirhomme Q, 
Boly M, Laureys S, Seth AK: Granger causality anal-
ysis of steady-state electroencephalographic signals 
during propofol-induced anaesthesia. PLoS One 2012; 
7:e29072

	15.	 Rubinov M, Sporns O: Complex network mea-
sures of brain connectivity: Uses and interpretations. 
Neuroimage 2010; 52:1059–69

	16.	 Friston K, Moran R, Seth AK: Analysing connectivity 
with Granger causality and dynamic causal modelling. 
Curr Opin Neurobiol 2013; 23:172–8

	17.	 Kaminski M, Brzezicka A, Kaminski J, Blinowska KJ: 
Measures of coupling between neural populations 
based on Granger causality principle. Front Comput 
Neurosci 2016; 10:114

	18.	 Ní Mhuircheartaigh R, Warnaby C, Rogers R, Jbabdi 
S, Tracey I: Slow-wave activity saturation and thalamo-
cortical isolation during propofol anesthesia in humans. 
Sci Transl Med 2013; 5:208ra148

	19.	 Trongnetrpunya A, Nandi B, Kang D, Kocsis B, 
Schroeder CE, Ding M: Assessing Granger causality in 
electrophysiological data: Removing the adverse effects 
of common signals via bipolar derivations. Front Syst 
Neurosci 2015; 9:189

	20.	 Barnett L, Seth AK: Behaviour of Granger causality 
under filtering: Theoretical invariance and practical 
application. J Neurosci Methods 2011; 201:404–19

	21.	 Morf M, Vieira A, Lee DT, Kailath T: Recursive mul-
tichannel maximum entropy spectral estimation. IEEE 
Trans Geosci Electron 1978; 16:85–94

	22.	 Wand MP, Jones MC: Kernel Smoothing, Chapman 
and Hall/CRC, Boca Raton; 1995

	23.	 Kim PJ, Kim HG, Noh GJ, Koo YS, Shin TJ: Disruption 
of frontal-parietal connectivity during conscious seda-
tion by propofol administration. Neuroreport 2017; 
28:896–902

	24.	 Abdi H, Williams LJ: Principal component analysis. 
Wiley interdisciplinary reviews: computational statis-
tics 2010; 2:433–59

	25.	 Kim M, Mashour GA, Moraes SB, Vanini G, Tarnal V, 
Janke E, Hudetz AG, Lee U: Functional and topolog-
ical conditions for explosive synchronization develop 
in human brain networks with the onset of anesthet-
ic-induced unconsciousness. Front Comput Neurosci 
2016; 10:1

	26.	 Ramb R, Eichler M, Ing A, Thiel M, Weiller C, Grebogi 
C, Schwarzbauer C, Timmer J, Schelter B: The impact 
of latent confounders in directed network analysis in 

mailto:r.pullon@auckland.ac.nz


786	 Anesthesiology 2020; 133:774–86	

PERIOPERATIVE MEDICINE

Pullon et al.

neuroscience. Philos Trans A Math Phys Eng Sci 2013; 
371:20110612

	27.	 Ranft A, Golkowski D, Kiel T, Riedl V, Kohl P, Rohrer 
G, Pientka J, Berger S, Thul A, Maurer M, Preibisch 
C, Zimmer C, Mashour GA, Kochs EF, Jordan D, Ilg 
R: Neural correlates of sevoflurane-induced uncon-
sciousness identified by simultaneous functional mag-
netic resonance imaging and electroencephalography. 
Anesthesiology 2016; 125:861–72

	28.	 Lee M, Baird B, Gosseries O, Nieminen JO, Boly M, 
Postle BR, Tononi G, Lee SW: Connectivity differ-
ences between consciousness and unconsciousness in 
non-rapid eye movement sleep: A TMS-EEG study. Sci 
Rep 2019; 9:5175

	29.	 Leung LS, Luo T, Ma J, Herrick I: Brain areas that 
influence general anesthesia. Prog Neurobiol 2014; 
122:24–44

	30.	 Riedner BA, Hulse BK, Murphy MJ, Ferrarelli F, 
Tononi G: Temporal dynamics of cortical sources 

underlying spontaneous and peripherally evoked slow 
waves. Prog Brain Res 2011; 193:201–18

	31.	 Sanders RD, Tononi G, Laureys S, Sleigh JW: 
Unresponsiveness ≠ unconsciousness. Anesthesiology 
2012; 116:946–59

	32.	 Eichler M: Causal inference with multiple time series: 
Principles and problems. Philos Trans A Math Phys Eng 
Sci 2013; 371:20110613

	33.	 Barnett L, Barrett AB, Seth AK: Misunderstandings 
regarding the application of Granger causality in neuro-
science. Proc Natl Acad Sci U S A 2018; 115:E6676–7

	34.	 Stokes PA, Purdon PL: A study of problems encoun-
tered in Granger causality analysis from a neurosci-
ence perspective. Proc Natl Acad Sci U S A 2017; 
114:E7063–72

	35.	 Vlisides PE, Li D, Zierau M, Lapointe AP, Ip KI, 
McKinney AM, Mashour GA: Dynamic cortical con-
nectivity during general anesthesia in surgical patients. 
Anesthesiology 2019; 130:885–97


