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Abstract

Background: Burst suppression occurs in the EEG during coma and under general anaesthesia. It has been assumed that burst

suppression represents a deeper state of anaesthesia from which it is more difficult to recover. This has not been directly

demonstrated, however. Here, we test this hypothesis directly by assessing relationships between EEG suppression in human

volunteers and recovery of consciousness.

Methods: We recorded the EEG of 27 healthy humans (nine women/18 men) anaesthetised with isoflurane 1.3 minimum alveolar

concentration (MAC) for 3 h. Periods of EEG suppression and non-suppression were separated using principal component

analysis of the spectrogram. After emergence, participants completed the digit symbol substitution test and the psychomotor

vigilance test.

Results: Volunteers demonstratedmarked variability inmultiple features of the suppressed EEG. In order to test the hypothesis that,

for an individual subject, inclusion of features of suppressionwould improve accuracy of amodel built to predict time of emergence,

two types ofmodelswere constructed: onewith a suppression-related feature included and onewithout. Contrary to ourhypothesis,

Akaike informationcriteriondemonstrated that the additionof a suppression-related feature didnot improve the ability of themodel

topredict time toemergence. Furthermore, theamountsofEEGsuppressionanddecrements incognitive taskperformancerelative to

pre-anaesthesia baseline were not significantly correlated.

Conclusions: These findings suggest that, in contrast to current assumptions, EEG suppression in and of itself is not an important

determinant of recovery time or the degree of cognitive impairment upon emergence from anaesthesia in healthy adults.
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Editor’s key points

� In most clinical circumstances, general anaesthesia is

regarded as being excessively deep when the EEG

shows a burst suppression pattern.

� Burst suppression has been associated with adverse

outcomes such as delirium in post-surgical and inten-

sive care settings.

� The authors exposed 27 healthy volunteers to a mini-

mumof isoflurane 1.3minimumalveolar concentration

anaesthesia for 3 h, and studied their recovery

characteristics.

� The duration of burst suppression was not correlated

with either the speed of emergence from anaesthesia or

with the quality of cognitive recovery.
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As an experimental tool, general anaesthesia provides a

valuable opportunity to study how a healthy brain recovers

from a dramatic perturbation that disrupts consciousness.1

EEG features under general anaesthesia have been exten-

sively studied and used to quantify anaesthetic depth for de-

cades.2 Burst suppression is one well-known EEG activity

pattern traditionally associated with deep anaesthesia. This

pattern is characterised by periods of isoelectric EEG punctu-

ated by bursts of electrical activity and is induced at high

concentrations of various general anaesthetics with different

mechanisms of action.3 During burst suppression, 95% of

cortical neurons are hyperpolarised,4 excitatory transmission

is greatly diminished,5 inhibitory postsynaptic potentials are

completely abolished,5 and cerebral metabolic rate is

reduced.6

Outside of the domain of anaesthesia, burst suppression is

observed during states of profound cerebral dysfunction,

including encephalopathy7 and coma.8 Furthermore, burst

suppression has been hypothesised to be a poor prognostic

indicator for recovery after brain injury.9 Burst suppression

has been associated with adverse outcomes such as delirium

and death in post-surgical10e12 and intensive care13 set-

tings.14,15 Yet, the fundamental physiology of burst suppres-

sion as a determinant of recovery from anaesthesia has not

been established.

We hypothesised that greater duration of EEG suppression

during anaesthesiawould be associatedwith increased time to

emergence, defined as time to recovery of consciousness after

discontinuation of the anaesthetic. Contrary to our hypothe-

sis, the addition of metrics of EEG suppression in a model built

to predict time to emergence did not sufficiently improve the

predictive ability of the model. We also hypothesised that

longer durations of EEG suppression would be correlated with

greater cognitive impairment at emergence from anaesthesia.

The assumption that suppression would predict cognitive

impairment also proved false. Thus, while burst suppression is

thought to reflect the deepest plane of general anaesthesia,

EEG suppression is not a good predictor of prolonged recovery

time or degree of impairment of cognition in healthy human

volunteers.
Methods

All data were collected as a part of the ReCCognition

(NCT01911195) study after appropriate institutional review
board approval: University of Pennsylvania, Philadelphia, PA,

USA (Protocol #818401), University of Michigan, Ann Arbor, MI,

USA (Protocol #HUM0071578), and Washington University in

St. Louis, St. Louis, MO, USA (Protocol #201308073). To be

eligible to participate, all subjects gave written informed

consent in accordancewith the Declaration of Helsinki. Details

of the study design and eligibility and exclusion criteria are

previously described.16
Anaesthetic administration

EEG was recorded in 30 healthy (ASA patient status 1 and 2)17

volunteers (12 women and 18 men, 22e39.5 yr), with 10 sub-

jects recorded at each of three sites: University of Michigan,

Washington University, and University of Pennsylvania. EEG

was sampled at 500 Hz using the Electrical Geodesics, Inc.

(Eugene, OR, USA) EEG system with either a 32 (20 subjects), 64

(one subject), or 128 (nine subjects) channel montage refer-

enced to Cz. Sessions began with baseline cognitive testing.

After pre-oxygenation using a face mask, anaesthesia was

induced with a stepwise increasing infusion rate of propofol:

100 mg kg�1 min�1�5 min, increasing to 200 mg kg�1 min�1�5

min, and then to 300 mg kg�1 min�1�5 min. After 15 min of

propofol administration, we administered isoflurane 1.3 age-

adjusted MAC, delivered via a laryngeal mask airway, for 3 h.

Subjects breathed spontaneously with pressure support

adjusted to attain tidal volumes 5e8 ml kg�1.

During anaesthetic administration, vital signs and other

data (ECG, noninvasive BP, pulse oximetry, end-tidal carbon

dioxide and isoflurane concentration, and nasopharyngeal

temperature) were monitored and recorded in an electronic

anaesthetic record and analysed post hoc. Surface warming

blankets were applied to maintain body temperature in the

normal range. BP was maintained within 20% of starting

values by intermittent boluses or infusions of phenylephrine.

I.V. ondansetron (4 mg) was administered 30 min before

discontinuation of isoflurane.

At the discontinuation of isoflurane, an audio command

loop, issued every 30 s, asked the subject to squeeze either the

right or left hand twice. Emergence was defined by the initial

time at which participants responded correctly to two

consecutive commands. Recovery time was defined as the

period between isoflurane discontinuation and emergence.
Cognitive testing battery

Upon emergence, a cognitive testing battery was administered

at 30-min intervals. Six tasks from the computerised Cognition

test battery18 were used to serially assess cognitive task per-

formance with high temporal resolution. Here, we focused on

two robust cognitive tests in order to reduce the number of

statistical comparisons. We first used the digit symbol sub-

stitution test (DSST), a test of cognitive throughput and visual

scanning previously used to characterise cognitive recovery in

surgical patients recovering from general anesthesia.19e21 The

DSST requires participants to select keys based upon a menu

of nine matching symbols and numbers displayed on the

screen. We additionally used the psychomotor vigilance test

(PVT), a measure of vigilance and attention resistant to

learning effects with repeat administration.22 The PVT mea-

sures reaction time23 by requiring the space bar to be pressed

as quickly as possible after the appearance of a counter with

incrementing numbers.



Fig. 1. End-tidal isoflurane concentration and body temperature during anaesthetic exposure. (a) Age-adjusted isoflurane minimum

alveolar concentration (MAC) from the start of isoflurane administration (time 0) to the discontinuation of isoflurane at 180 min (vertical

dotted black line) for all 27 subjects. (b) Temperature is presented in �C over the 3 h of isoflurane administration.
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Tests were administered on a 1400 LCD Dell Latitude E4530

laptop computer(Dell, Round Rock, TX, USA). Test order was

randomised between participants. Alternate forms of cogni-

tive tests were used at each administration to reduce practice

effects. In considering a speed-accuracy trade-off,24 we ana-

lysed median response times and performance accuracy

separately for each test.
EEG analysis

The analyses presented herein were performed on the EEG

recorded during the 3 h of isoflurane administration at 1.3

MAC. Artifacts attributable to noise or movement were rejec-

ted manually. K-means clustering was performed on the

number ofminutes of clean data for all 30 subjects, resulting in

the exclusion of three subjects. These three excluded subjects

had only 92.2 (±12 min) (~51% of recorded data) of clean data

compared with the 158.8 (±9.8 min) (~88% of recorded data) of

clean data for the remaining 27 subjects (nine women, 22e39.5

yr). Thus, only the 27 subjects with longer clean EEG recordings

were used in all subsequent analyses.

Data were high pass filtered at 0.1 Hz using a 4th order

Butterworth filter. Spectrograms were computed on lead F3 for

each subject using the Thomson’s multitaper method25

implemented in MATLAB using the following parameters: 10

swindow length, 1 s step size, time-bandwidth product NW¼9,

andnumber of tapers K¼5. Power estimateswere computed for

frequencies up to 50 Hz. In order to expose fluctuations around

the mean spectrogram, the temporal mean spectrogram was

computed by averaging across all 10 s windows during the 3-h

isoflurane administration. This mean spectrum was sub-

tracted from the original spectrum obtained in each 10-s win-

dow, after a log transformation. For the group mean and

median spectrograms, the individual spectrograms were not

normalised. All subjects’ spectrograms were truncated to the

length of the shortest clean spectrogram, 124.35 min.

Many methods exist for detecting suppressed EEG

(e.g.26e28). Here, we sought to separate periods of suppression

in the EEG using the methodology similar to that described by

Hudson and colleagues1 such that the EEG spectrum of the

signal in each window is a vector. Each element of the vector

specifies the power estimate at each frequency. To reduce the

dimensionality of this vector, we subjected the matrix
consisting of spectral estimates at each 10-s window to prin-

cipal component analysis performed on each subject individ-

ually. To determine whether distribution of the data projected

onto first principal component (PC1) was unimodal, we used

Hartigan’s dip statistic (1000 bootstraps).29 For every subject, if

the null hypothesis of unimodality was rejected, k-means

clustering was performed on their data projected onto the first

two principal components. In the subjects with burst sup-

pression, this procedure resulted in suppressed epochs

grouped into a single cluster. Thus, each one of the 10-s win-

dows of the spectrogram was effectively categorised as either

EEG suppression or non-suppression.
Statistical analysis

To determine how time to emergence is related to experi-

mental variables, we began our statistical analyses by con-

structing linear regressionmodels for each of three isoflurane-

derived measures and four suppression-derived measures

with time to emergence. These isoflurane and suppression

measures are described in further detail below.

For all 27 subjects, end-tidal isoflurane values were collected

and analysed (Fig. 1a). The three predictors derived from iso-

fluranemeasureswere: 1) the summation from1 to30min; 2) the

mean value from 50 to 180 min; and 3) the rate constant of

exponential decay of a curve fit to the measured isoflurane

concentration after discontinuation of anaesthesia at 180 min

until time of emergence. This rate constant was calculated for

each subject individually using the following equation:½isoflurane� ¼ ae�kt (1)

where t is the time in minutes since isoflurane was shut off.

Parameters a and kwere fit to the data using the least-squares

method. The only isoflurane-derived variable that had a sig-

nificant relationship with time to emergence was the expo-

nential time constant for isoflurane expiration, k.

Several measures of suppression were also considered in

our initial analyses: fraction of total time spent in sup-

pression, longest single episode of suppression, number of

distinct suppression episodes, and the fraction of time

spent in suppression during the last 15 min of isoflurane

administration. Given the limited number of subjects

included in this study, we chose to focus subsequent ana-

lyses on the fraction of total time spent in suppression and
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the fraction of time spent in suppression in the last 15 min

at isoflurane 1.3 MAC.

To further investigate the relationship between suppres-

sion and time to emergence, we tested for independence be-

tween the rate of isoflurane expiration and durations of EEG

suppression. To assess this, we constructed a pair of linear

regression models with time to emergence as the dependent

variable and independent variables k and one of two sup-

pression measures (either the fraction of total time spent in

suppression or the fraction of suppression in the last 15min of

isoflurane exposure) in addition to an interaction term be-

tween k and the suppression measure.

In order to test the hypothesis that the inclusion of in-

formation about the amount of EEG suppression improves

model predictions of emergence time, we generated three

additional models. Each model was built to estimate the

emergence time based on measured and fitted parameters.

The general intuition we used in construction of these

models was that isoelectric EEG can be thought of as the

deepest state of anaesthesia. Recovery of consciousness can

then be conceptualised as the gradual evolution of the brain

state from its starting point towards some threshold brain

state at which emergence occurs. We modelled this trajec-

tory as an exponential decay from the starting brain state at

which anaesthetic was turned off to brain state at which

emergence is observed. This model is mathematically

expressed as follows:

U ¼ Ae�ktwake (2)

where U is the threshold brain state at which emergence oc-

curs, k is the rate constant obtained by fitting decay of expired

isoflurane to an exponential (Eq. 1) and A is the initial brain

state at the time of isoflurane shut-off. Finally, twake is the time

of emergence in minutes. The equation can be solved for twake

and rewritten as:

twake ¼ � ð1=kÞln
�
U
A

�
(3)

In order to determine whether the amount of EEG sup-

pression can predict twake, A was constructed in three different

ways; models 1 and 2 each include a different measure of EEG

suppression (s), while model 3 does not contain any infor-

mation concerning suppression of the EEG. The variable s is

percent of total time in suppression during the 3-h exposure,

in model 1. In model 2, s is percent of time in suppression

during the last 15min. Inmodels 1 and 2, A¼sþuwhere u is an

offset that ensures A is never equal to U. This offset allows us

to deal with subjects that had no suppression. Model 3 does

not include a suppression variable and A¼u.

We estimated U and A using least-squares fitting of Eq. 2 to

the observed emergence times and measured parameters.

Using the fitted parameters, we obtained three different sets of

predictions for the time to emergence, bt : one from eachmodel.

The ultimate question we aim to address in this study is

whether incorporating ameasure of EEG suppression (s) into a

model of emergence from anaesthesia improves predictions.

To answer this question, we use a model selection strategy

grounded in information theorydAkaike Information Crite-

rion (AIC).30 The best model is not necessarily the one that

minimises residuals. This is because models with more pa-

rameters will generally fit data better than models with fewer

parameters, regardless of how relevant the additional pa-

rameters are. To ensure that there is not a bias formodels with
more parameters, AIC assigns a penalty for each additional

parameter used in a model. With correction for a finite sample

size, AIC was implemented according to the following equa-

tion:

AIC¼2n� 2ln
�bL�þ 2n2 þ 2n

N � n� 1
(4)

where, n is the number of parameters in the model, L is the log

likelihood of the residuals, and N is the total number of sub-

jects. L is calculated using the following equation:

L ¼ �N
2
ln

�
SS
N

�
; where SS ¼

XN
i¼1

�
twakei � bt i�2 (5)

Models 1 and 2 include suppression and have two pa-

rameters (k and s). whereas model 3 has only one parameter

(k). AIC can be converted to the probability that the ith model,

out of a set of consideredmodels, is preferred. This probability

is computed according to the following equation:31

Pi ¼ e
AICmin�AICi

2 (6)

In order to maximise reproducibility, we bootstrapped

our calculation of AIC probabilities (1000 bootstraps).
Analysis of cognitive task performance

Accuracy and response time measures for the PVT and DSST

were standardised as z-scores based upon the distribution of

pre-intervention baseline scores from the study sample. The

standardised scores were expressed as differences from in-

dividuals’ baseline performance before anesthesia.16 Cogni-

tive task performance as a function of time was fit using non-

linear mixed effects model using a damped exponential

function:

YiðtÞ¼F1;ie
�f2;i �t þ F3 (7)

where i is the subject index and t represents time after re-

covery of consciousness.F1-2 weremodelled as random effects

that were fit for each subject independently, while F3 was

treated as a fixed effect and accounted for differences relative

to baseline. The sum of F1,i and F3 was used to model the

change in cognitive performance at the time of emergence (t0).

This accounted for the variability in the timing of DSST and

PVT task administration and allowed cognitive task perfor-

mance to be compared at a common time point across par-

ticipants. As the modelled cognitive task measures at time of

emergence were not normally distributed, Spearman’s rank-

order correlation was used to assess for relationships be-

tween measures of burst suppression and impairment in task

performance at emergence.

Non-linear mixed effects modelling of cognitive task per-

formance was performed in SAS (SAS Institute Inc., Cary, NC,

USA). All further analyses were performed in R or in Matlab

R2017a using customised scripts. All errors are shown in terms

of standard deviation (SD) unless otherwise indicated.
Results

Individual variability in EEG characteristics during
constant anaesthetic administration

The end-tidal isoflurane concentration (Fig. 1a) was main-

tained near 1.3 age-adjusted MAC. Temperature (Fig. 1b) was



Fig. 2. Group spectrograms show canonical low frequency oscillations in the anaesthetised brain. Spectrograms measured from F3

combined over all 27 subjects. Spectra are computed for the last 2 h of isoflurane administration (starting 1 h into the administration). (a)

The mean spectrogram computed over all subjects shows consistent power over all frequencies for the duration of anaesthetic exposure

after equilibration. (b) The median spectrogram computed over all subjects shows similar results to the mean spectrogram. Both ways of

combining the data across subjects show the well-known slow oscillations in the EEG under anaesthesia.
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maintained in the physiologic range. The population mean

(Fig. 2a) andmedian (Fig. 2b) spectrogramexhibited a canonical

high power of low frequency oscillations during isoflurane

administration. Yet, both the mean and median spectrograms

conceal two important sources of variability: inter- and intra-

subject variability (Fig. 3). In the absence of surgical stimulus,

and despite a constant isoflurane concentration, the spectra of

EEG fluctuate as a function of time. Four examples of this

variability are highlighted in Fig. 3. One subject (Fig. 3a) had two

periods of prolonged isoelectric EEG in the first hour of iso-

flurane administration. During the remaining 2 h, no signifi-

cant suppression was observed, but the frequency of a
oscillations waxed and waned. In contrast, another subject

(Fig. 3b) exhibited short periods of EEG suppression throughout

the 3-h administration of isoflurane, and another (Fig. 3c) had

EEG dominated by suppression interrupted by a consolidated

period of non-suppressed period. Finally, a fourth subject

(Fig. 3d) did not exhibit any appreciable EEG suppression at all.

Thus, the population mean and median spectrograms do not

reflect individual EEG dynamics under anaesthesia in healthy

human volunteers undergoing constant isoflurane exposure.

In the remainder of themanuscript,wewill focus ononeaspect

of EEG activitydEEG suppressiondto determine whether it is

associated with a longer time to recovery of consciousness or

greater impairment of cognition at emergence.
The first two principal components separate
suppression from non-suppression

Periods of suppression are characterised as flat-lined, or iso-

electric EEG, which is associated with a dramatic decrease in

cortical activity. In the frequency domain, this is seen as a

broadband decrease in power (blue regions in the spectro-

grams in Fig. 3).

Because EEG suppression is associated with a broadband

decrease in EEG power, we reasoned that projecting the

spectra onto the first principal component should separate

periods of suppressed EEG into a distinct cluster. In 21 out of 25
subjects with burst suppression, assessed by visual inspection,

the null hypothesis that the distribution is unimodal was

rejected (P<0.05 after multiple comparison correction).

Consistent with the results of the Hartigan dip test, spec-

trograms projected onto a plane spanned by the first two PCs

formed two clusters (Fig. 4a). Points were assigned to each

cluster using a standard k-means algorithm and overlaid on the

spectrogram to demonstrate the accuracy of cluster assign-

ments (Fig. 4b).

Visual inspection suggested that all episodes of suppressed

EEGwere assigned to a single cluster. To verify that this was the

case, we concatenated all epochs of the EEG assigned to the

suppressed and the non-suppressed cluster (Fig. 4c). Additional

examples of the robust separation of suppression from non-

suppression using principal component analysis (PCA) can be

found for the remaining subjects in Supplementary Figs. S1eS5.
EEG suppression is not independently associated with
increased time to recovery of consciousness

As demonstrated in Fig. 3 and Supplementary Figs. S2eS4, the

suppression patterns varied over all 27 subjects, including two

subjects who failed to exhibit any EEG suppression. Variability

occurred in the total amount of suppression, number of

distinct suppression episodes, dwell time of suppression epi-

sodes, and the organisation of suppressed episodes during

isoflurane administration.

Of the 25 subjects exhibiting suppression, the cumulative

percentage of suppression ranged from 1.1 to 67.9% (average:

25%; SD: 21) of the recording. The maximum length of sup-

pression ranged from 0.28 to 13 min (average: 3.5; SD: 3.3 min).

The number of transitions between suppression and non-

suppression ranged from six to 412 (average: 150.8; SD: 120.2).

We also calculated the percentage of suppression during the

last 15 min of isoflurane administration, as this might be a

better indicator of whether a subject is likely to recover con-

sciousness more quickly or more slowly than their suppression

over the entire 3 h of isoflurane administration. Fourteen



Fig. 3. Individual spectrograms reveal the variability of EEG activity between subjects and across time. (aed) Spectrograms of four indi-

vidual subjects computed over the entire 3 h isoflurane administration. To better expose fluctuations in the spectral content, the mean of

the spectrum across 3 h is subtracted. Periods in which there is suppressed EEG appear in the spectrogram as vertical blue lines, as these

periods have decreased spectral activity across all frequencies. There is individual variability in the overall amount of suppression that

occurred during the recording, the number of times a subject transitioned between suppressed and non-suppressed states, and the

duration of a suppression period. (a) Suppression condensed into distinct periods. (b) Suppression occurring intermittently throughout the

recording. (c) Suppression dominating the recording, but interrupted by a period without suppression. (d) No suppression. A lack of

suppression was seen for two subjects (second subject in Supplementary Fig. S4c).
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subjects showed no suppression during the last 15 min of iso-

flurane administration. In the remaining subjects, the average

suppression duration was 2.9 min (2.3 SD).

None of the four suppression-derived measures were

individually correlated with time to emergence (percent sup-

pression: R2¼0.03, P¼0.40, longest suppressed episode:

R2¼8�10�4, P¼0.89, number of suppressed episodes: R2¼0.02,

P¼0.51, percent suppression in the last 15 min: R2¼0.02,

P¼0.44) (Fig. 5).

We investigated the relationship between time to emer-

gence and three measures derived from the age-adjusted iso-

flurane MAC values. Two showed no relationship with time to

emergence (MAC in the first 30 min: R2¼9�10�5, P¼0.96 and

mean MAC from 50 to 180 min: R2¼0.02, P¼0.53). The third

isoflurane-derived measure k is the exponential decay rate for

the end-tidal isoflurane starting from the moment isoflurane

was shut off (Eq. 1). As expected, the decay rate constant was
strongly correlated with time to emergence (R2¼0.39,

P¼5�10�4), but accounted for less than 40% of the variance

(Fig. 6). Therefore, the rate constant, k, was included in all

subsequent models that predict the time of emergence and

impairment of cognition.

We start with the conventional approach using linear

regression. The regression models incorporated the isoflurane

decay rate constant, k, and either the percent of total time in

suppression or percent of the last 15 min of isoflurane expo-

sure spent in suppression. Both of thesemodels demonstrated

statistical significance (Tables 1 and 2). Yet, neither the frac-

tion of total time spent in suppression nor the fraction of the

last 15 min of isoflurane exposure spent in suppression

showed a statistically significant association with time to

emergence. Furthermore, no statistically significant interac-

tion was found between the isoflurane decay rate constant

and EEG suppression.



Fig. 4. Illustration of principal component analysis (PCA)-based method for isolating episodes of EEG suppression. (a) Projection of the

spectrogram in (b) onto its first two principal components reveals two well-separated groups of points. These data were subjected to k-

means clustering which revealed two distinct clusters (red and black). (b) Suppression-classified times (black) and non-suppression-

classified (red) times are shown over the spectrogram. Suppression times do indeed correspond to periods of broadband power de-

creases. The overlaid spectrograms of all other subjects are plotted in Supplementary Figs. S1eS4. (c) To illustrate that PCA and k-means

reliably separate periods of suppressed EEG from non-suppressed periods, all EEG time periods classified as suppressed (black) were

concatenated. Note that almost no detectable voltage oscillations are observed. In contrast, EEG epochs classified as non-suppressed (red)

exhibit sustained activity. Plots showing the concatenated suppressed and non-suppressed time series data for all other subjects

exhibiting suppression are plotted in Supplementary Fig. S5.

Fig. 5. The time to emerge from isoflurane (time to recovery of consciousness) is not significantly correlated with different measures of

suppression. (a) The cumulative percentage of the recording spent in suppression (R2¼0.03, P¼0.40); (b) the longest period of continuous

suppression (R2¼8�10�4, P¼0.89); (c) the number of transitions between suppression and non-suppression (R2¼0.02, P¼0.51); and (d) the

cumulative percentage of the last 15 min of the recording before isoflurane is discontinued spent in suppression (R2¼0.02, P¼0.44).

212 - Shortal et al.



Fig. 6. The time to emerge from isoflurane (time to recovery of

consciousness) is significantly correlated with the rate of iso-

flurane expiration. The subjects that clear isoflurane more

rapidly tend to be those that recover consciousness more

quickly after discontinuation of isoflurane anaesthesia (R2¼0.39,

P¼5�10�4).
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We, next, turn to a more physiologically motivated

modelling approach graphically illustrated in Fig. 7. We model

recovery of consciousness as a process that starts from some

anaesthetic depth observed at the time when isoflurane is

turned off (u). As the anaesthetic is eliminated, the system

gradually evolves towards a threshold (U) at the rate dictated

by the elimination rate constant (k). We model the percent of

time spent in suppression as an additive anaesthetic depth (s),
as we expect that the brain with more EEG suppression should

take longer to recover. To test this intuition, we determine

whether the ability to predict the time of emergence is

significantly improved by incorporating the fraction of time

spent in suppression.

The ability of each model to predict time of recovery is

shown in Table 3 as the Pearson correlation coefficient be-

tween the model and the time to emergence of each subject.

Notice that eachmodel has a similar correlation coefficient. To
Table 1 Results of linear regression model including decay
time constant and overall percent suppression. Overall sup-
pression is not significantly associated with time to recovery
and fails to show statistically significant interaction with the
isoflurane elimination time constant.

Linear regression with elimination time constant and
overall percent suppression

Overall significance
(F-statistic: 6 on 3
and 23 DF)

Adjusted
R2: 0.37

P-value: 0.004*

Isoflurane elimination
time constant (k)

0.79 (0.6) P-value: 0.18

Percent suppression
(overall)

0.23 (0.3) P-value: 0.46

Interaction 0.02 (0.01) P-value: 0.27

Asterisk denotes statistical significance at the level defined as p<0.05.
select the best one among the considered models, we

computed the AIC for each. From the AIC, we computed the

probability that each model minimises loss of information

relative to the other models considered.31 From an informa-

tion theoretic standpoint, the model with the highest proba-

bility is chosen as the most appropriate model. Using this

approach, we conclude that themodel without anymeasure of

EEG suppression is the most appropriate model. In the interest

of testing the consistency of the AIC and the associated rela-

tive probabilities, we bootstrapped our calculation of corrected

AIC values. This was accomplished by randomly selecting

(with replacement) a set of 27 subjects. Each model was then

fit to this subset. The best model was selected for each such

subset as the one that maximises relative probability. The

model that did not include ameasure of burst suppressionwas

chosen in 86% of the 1000 bootstraps.

EEG suppression is not associated with impairment in

cognitive task performance at emergence.

Having established that there is no statistically significant

relationship between EEG suppression and recovery of con-

sciousness, we asked whether increased EEG suppression is

associated with greater impairment of cognitive function at

this time point. For this purpose, we turned to estimates of

changes in cognitive performance on the DSST and the PVT at

emergence. Performances on both the PVT and DSST, in terms

of both accuracy and response time, were impaired immedi-

ately upon recovery of consciousness. We hypothesised that

subjects exhibiting more burst suppression would exhibit

greater impairment relative to baseline. Additionally, we

hypothesised that slower elimination kinetics of isoflurane

would result in greater impairment. Yet, we found no evidence

that the duration of EEG suppression is associated with greater

impairment in accuracy or response time for both the PVT and

DSST (Fig. 8 and Tables 4 and 5). Likewise, the time constant of

isoflurane elimination was not correlated with estimates of

impairment at emergence for either cognitive task, in terms of

accuracy or response times (Table 6).
Discussion

The results of this study do not reveal an association between

EEG suppression and time to recovery from general anaes-

thesia. Furthermore, we failed to find an association between

the amount of EEG suppression and the degree of impairment

in cognitive performance at emergence, as measured using

two independent cognitive tests. Anaesthetic exposure pro-

foundly impeded performance on both of these tests. Burst

suppression, however, did not confer any additional decre-

ment in cognitive function after anaesthesia.

Absence of evidence is clearly not evidence of absence.

However, our findings reduce the probability of a strong rela-

tionship between EEG suppression and recovery of con-

sciousness or impairment of cognition in healthy subjects.

Here we defined recovery of consciousness as the time when

the subject was first able to follow instructions to squeeze

either the right or left hand twice. The ability to follow this

command implies that the subject is capable of parsing a

simple sentence, has an elementary conception of numbers,

and the ability to communicate via the execution of a simple

motor task. Thus, recovery of consciousness as defined herein,

signifies return of at least rudimentary cognition. In an

attempt to discover a relationship between the time it takes to

recover consciousness and EEG suppression, we used several

complementary modelling approaches. None reveals a



Table 2 Results of linear regression model including decay
time constant and percent of last 15 min of isoflurane expo-
sure spent in EEG suppression. EEG suppression is not
significantly associated with time to recovery and fails to
show a statistically significant interaction with the isoflurane
elimination time constant.

Linear regression with elimination time constant and
percent suppression in the last 15 min

Overall significance
(F-statistic: 5.35 on
3 and 23 DF)

Adjusted R2: 0.33 P-value: 0.006*

Isoflurane elimination
time constant (k)

1.4 (0.4) P-value: 0.003*

Percent suppression
(overall)

22.8 (51.8) P-value: 0.66

Interaction �0.49 (2.9) P-value: 0.87

Asterisk denotes statistical significance at the level defined as (p<0.05).
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significant association between EEG suppression and time to

recovery of consciousness. This conclusion is further rein-

forced by the finding that subjects whose EEG exhibited sig-

nificant suppression were no more impaired in performance

time or performance accuracy of two cognitive tests that
Fig. 7. Schematic of physiologically motivated model. Emergence occu

state (U) at which consciousness is regained. The rate of this progressio

(k). Suppressed EEG (s) is modelled as increased anaesthetic depth in

anaesthetic depth is expected to be correlated with increased time to
assess distinct neurobehavioral processes18,23 than those

without any suppression of the EEG. This is a counterintuitive

observation, as isoelectric EEG is universally considered to be

the deepest attainable state of anaesthesia.

Animal studies have established previously that EEG sup-

pression is not necessarily associated with prolonged recov-

ery.32 For example, Hambrecht-Wiedbusch and colleagues32

added ketamine to an isoflurane anaesthetic, which induced

burst suppression but nevertheless accelerated emergence

time. Our findings here are distinct from those of Hambrecht-

Wiedbusch and colleagues32 as we demonstrated that burst

suppression induced in humans with a single anaesthetic

agent is not associated with longer time to recovery of

consciousness.

Although the effect of various anaesthetics on the EEG has

been extensively studied in humans,33e37most studies present

EEG characteristics averaged across subjects and time. When

group averages (e.g. Fig. 2) and individual EEG recordings (e.g.

Fig. 3) are compared, it becomes clear that the population and

time averaging fail to represent the behaviour of any individ-

ual subject. We exploited this natural inter- and intra-subject

variability to isolate the effect of EEG suppression on the

timing of subsequent recovery of consciousness and impair-

ment of cognition without the confounds of variably noxious

surgical stimuli, changing anaesthetic concentrations, or
rs as the progression from initial brain state to a threshold brain

n is defined by the rate of exponential decay in expired isoflurane

(a). The motivating hypothesis for this model is that increased

emergence.



Table 3 Statistical results of three exponential decay models.
Pearson’s R2 shows similar predictive ability of eachmodel for
time of emergence from anaesthesia. Probabilities based on
Akaike information criteria indicate the probability that a
single model is the best one to fit experimental data, given the
set of models being considered. AIC, Akaike Information
Criterion.

Model with %
suppression

Model with %
suppression
in last
15 min

Model
with no
suppression
term

R2 0.41 0.40 0.39
p 3�10�4 4�10�4 5�10�4

No. of
parameters

2 2 1

AIC
probability

0.24 0.19 0.58
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complex polypharmacy commonly used in the operating

room. Yet, we were unable to discover any statistically sig-

nificant association between features of EEG suppression and

1) restoration of consciousness or 2) cognitive impairment at

this time point.
Fig. 8. Association between amount of EEG suppression on performanc

and digit symbol substitution test (DSST). (aed) The dashed line at ze

demonstrated impaired performance upon emergence from anaesthes

the amount of EEG suppression.
A major limitation of the study was that only a single

anaesthetic and a single concentration were evaluated. Full

exploration of the possible activity patterns of the EEG and

their dependence on the anaesthetic agent and concentration

will require additional investigation. Further, it is likely that

EEG activity patterns and the dynamics of switching among

them could be dramatically altered by clinically relevant fac-

tors such as brain pathology, surgical stimulation, and the

addition of opioids. Yet, this study in a healthy volunteer

population establishes that, even when many variables are

constrained, variability in EEG activity does not vanish in the

anaesthetised brain.

The surprising results from this study indicate that no

aspect of EEG suppression assessed here (cumulative time in

suppressed EEG, longest epoch of suppressed EEG, percent of

time in suppressed EEG during the penultimate 15 min before

discontinuing the anaesthetic, and the frequency with which

the anaesthetised brain transitions into and out of the sup-

pressed state) correlate with the time to emerge from anaes-

thesia. Furthermore, features of EEG suppression were not

significantly associated with estimates of cognitive impair-

ment on the PVT and DSST at emergence. Such a result, while

not definitive, is clearly consistent with the notion of a non-

linear depth of anaesthesia, a dissociation between the dy-

namics governing the state of anaesthesia and recovery from
e speed and accuracy on both the psychomotor vigilance test (PVT)

ro marks individuals’ baseline performance. While most subjects

ia, the degree of this impairment does not appear to be related to



Table 4Analysis of correlation between the total time spent in
EEG suppression and the degree of impairment in cognitive
performance upon emergence. No significant relationship
was observed between total duration of suppression and
change in cognitive metrics relative to baseline. DSST, digit
symbol substitution test; PVT, psychomotor vigilance test.

Association between EEG suppression and cognitive
performance

Spearman’s Rho P-value

DSST reaction time �0.0519 0.7971
DSST accuracy 0.036 0.8584
PVT reaction time 0.3444 0.078
PVT accuracy 0.1105 0.5832

Table 6 Analysis of correlation between the time constant of
elimination of isoflurane and the degree of impairment in
cognitive performance upon emergence. The time constant of
elimination was not significantly associated with any of the
cognitive task measures. DSST, digit symbol substitution test;
PVT, psychomotor vigilance test.

Association between isoflurane elimination time constant
(tau) and cognitive performance

Spearman’s Rho P-value

DSST reaction time �0.3291 0.0941
DSST accuracy �0.3065 0.1201
PVT reaction time �0.0122 0.9527
PVT accuracy 0.1099 0.5839
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anaesthesia. It also instructs the clinician that heretofore

unrecognised factors underlie the variable fluctuation be-

tween states of EEG suppression and non-suppression in the

presumptively healthy human brain.

In the clinical literature, burst suppression has received

much attention because of its reported association with

adverse outcomes in surgical and ICU patients. Monk and

colleagues38 showed in a prospective study that increased

cumulative deep anaesthesia time was associated with

increased mortality after noncardiac surgery. While they did

not directly study burst suppression, bispectral index below

45ddefined as deep anaesthesia by Monk and colleagues38dis

typically associated with burst suppression.39 Watson and

colleagues15 found that burst suppression is associated with

increased mortality in the ICU patient population. In addition

to mortality, burst suppression has been reported to be asso-

ciated with delirium in ICU13 and in surgical patients.10�12,40

One interpretation of these findings is that administering

excessive doses of anaesthetics may have deleterious effects

on the brain. This view is consistent with the multiple lines of

evidence demonstrating potentially neurotoxic effects of an-

aesthetics (reviewed by Vutskits and Xie41).

In studies on surgical and ICU patients, it is difficult to

delineate why certain patients had more burst suppression

than others. One possibility is that patients with more burst

suppression received higher doses of anaesthetics and seda-

tives. Another possibility is that some patients are more
Table 5Analysis of correlation between the fraction of the last
15 min of isoflurane exposure spent in EEG suppression and
the degree of impairment in cognitive performance upon
emergence. As with the measure of total duration of sup-
pression, suppression in the last 15 min of anaesthetic expo-
sure was not significantly correlated to initial cognitive task
performance at emergence. DSST, digit symbol substitution
test; PVT, psychomotor vigilance test.

Association between EEG suppression in the last 15 min
and cognitive performance

Spearman’s Rho P-value

DSST reaction time �0.1656 0.409
DSST accuracy �0.0165 0.9351
PVT reaction time 0.2754 0.1645
PVT accuracy 0.3007 0.1275
sensitive to the effects of anaesthetics, and therefore are more

likely to exhibit burst suppression at anaesthetic doses that do

not typically elicit burst suppression in others. As all subjects

in our study were exposed to similar anaesthetic concentra-

tions, it is tempting to speculate that subjects who exhibit

more suppression are more sensitive to the effects of iso-

flurane. If so, one would expect that more sensitive subjects

should take a longer time to recover from anaesthesia and

experience greater cognitive impediment.We find no evidence

to support this hypothesis. Instead, we find that a parsimo-

nious measure of deep anaesthesiadisoelectric EEGdis not

useful in predicting the time to recovery of consciousness or

subsequent decrement in cognitive function. While our find-

ings do not invalidate the previously published association

between suppressed EEG and cognitive outcomes,42 they

illustrate that burst suppression per se may not be an impor-

tant determinant of the recovery of consciousness and

cognition. Indeed, none of the subjects in this cohort exhibited

delirium based on the standard confusion assessmentmethod

for the intensive care unit (CAM-ICU) assessment. However, it

is possible that EEG suppression is associated with subtle

cognitive deficits upon recovery in normal subjects that were

not captured in our study. This relationship will require

further investigation, but results herein suggest that EEG

suppression caeteris paribus is not associated with significantly

greater impairment of cognition or increased time to recovery

in healthy adults.
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