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Abstract

Background: Emergence from sedation entails rapid increase in the levels of both awareness and wakefulness, the two

axes of consciousness. Functional MRI (fMRI) studies of emergence from sedation often focus on the recovery period,

with no description of the moment of emergence. We hypothesised that by focusing on the moment of emergence, novel

insights, primarily about subcortical activity and increased wakefulness, will be gained.

Methods: We conducted a resting state fMRI analysis of 17 male subjects (20e40 yr old) gradually entering into and

emerging from deep sedation (average computed propofol concentrations of 2.41 and 1.11 mg ml�1, respectively), using

target-controlled infusion of propofol.

Results: Functional connectivity analysis revealed a robust spatiotemporal signature of return of consciousness, in which

subcortical seeds showed transient positive correlations that rapidly turned negative shortly after emergence. Elements

of this signature included four components of the ascending reticular activating system: the ventral tegmentum area, the

locus coeruleus, median raphe, and the mammillary body. The involvement of the rostral dorsolateral pontine

tegmentum, which is specifically impaired in comatose patients with pontine lesions, in emergence was previously

unknown.

Conclusions: Emergence from propofol sedation is characterised, and possibly driven, by a transient activation of

brainstem loci. Some of these loci are known components of the ascending reticular activating system, whereas an

additional locus was found that is also impaired in comatose patients.
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Editor’s key points

� The mechanisms underlying emergence from anaes-

thesia and sedation are important clinically and pro-

vide insights into the neurobiology of consciousness.

� The authors analysed resting-state fMRI analysis of

brain activity during entry into and emergence from

deep sedation by target-controlled infusion of propofol.

� Emergence from propofol sedation was characterised

by transient activation of brainstem loci involved in the

ascending reticular activating system.

� This observed functional connectivity spatiotemporal

sequence suggests that emergence from sedation is an

active subcortically driven process.
Emergence from sedation induced by hypnotic drugs is of

clinical significance in human anaesthesia and a good model

for studying dynamics of states of consciousness. Previous

human studies1e3 using EEG, positron emission tomography

(PET), and functional MRI (fMRI) have advanced our under-

standing yet also demonstrated the methodological challenge

in unveiling the emergence dynamics phenomena. One chal-

lenge is the timing of emergence. EEG temporal resolution al-

lows for objective marking of the moment of emergence.1 Yet,

the critical involvement of brainstem loci that are poorly

measured by scalp EEG recording precludes satisfactory

investigation of the neural mechanisms that underlie regula-

tion of wakefulness. To overcome this spatial resolution hur-

dle,modalities such as PET and fMRI could be used, albeit at the

cost of low temporal resolution. Another challenge focuses on

personalised aspects of emergence; individuals exhibit

different emergence dynamics with respect to their pharma-

cological anaesthetic status. One way of dealing with this

challenge is to use a common design of estimated ‘sedation’ vs

‘recovery’dwithout an accurate probing of the individual

moment of emergence. Another approach to overcome both

the temporal and personalisation challenges is to reduce the

variability of the moment of emergence. This could be done

either via abrupt cessation of administered hypnotics1,2 or

administration of drugs to facilitate emergence (e.g. methyl-

phenidate,4 modafinil,5 physostigmine,3 and an orexin

agonist6), either of which shorten and sharpen the lag between

withdrawal of the hypnotic agent to eye opening, at the cost of

the introduction of another factor to the already complex

phenomenon of emergence.

We sought to overcome these challenges by coupling the

use of resting state fMRI, which can resolve subcortical

structures, with analysis of tightly clustered time windows

before, during, and immediately after emergence from pro-

pofol deep sedation. We compared the resting state activity of

the brain before and after the point of regaining response to

verbal command to find which specific areas increased their

activity significantly. Then we examined how the functional

connectivity of these areas (regions of interest [ROIs]) with the

rest of the brain changed during emergence.

We studied healthy adult male subjects, who while lying in

the fMRI scanner were subjected to a gradually increasing level

of sedation through controlled increments of propofol infu-

sion. Subsequently, a similarly graded decrement of propofol

led to emergence. This experimental approach minimised the

effect of changing drug concentrations on emergence by

allowing equilibration of drug levels in the brain at each level

of increment/decrement.
Based on previous suggestions,7,8 we hypothesised that

emergence from sedation shares common features with

other alterations of consciousness and arousal, including

sleep and coma. Therefore, our fMRI analyses focused

mainly on subcortical regions known to promote wakeful-

ness and sleepewake transitions: a group of nuclei in the

ascending reticular activating system (ARAS) including the

pons, through the midbrain and thalamus up to the basal

forebrain. The ARAS has been studied extensively,9,10 both in

relation to sleep and anaesthesia, in animals and

humans.11,12 Another ROI not previously regarded as a

component of the ARAS, but which has been identified as

critical in comatose patients, is the rostral dorsolateral

pontine tegmentum (RDLPT).13,14 By focusing on these re-

gions, we identified a robust signature of return of con-

sciousness (ROC) that ties modulation of consciousness by

hypnotic drugs to both sleep and coma.
Methods

Subjects

Twenty-fivehealthymale subjects (ages 20e40yr,ASAphysical

status 1) from the local communitywith a dominant right hand

provided informed consent for their participation in the study.

Three participants were excluded because of medical condi-

tions. Data from five subjects were excluded from the analyses

because of excessive movement throughout the scan (see

“Preprocessing” section below). Thus, data from17participants

are presented. Procedures were approved by the Helsinki

Committee on Activities Involving Human Subjects in the Tel

Aviv Sourasky Medical Center (TASMC), Tel Aviv, Israel.
Sedation and monitoring

Subjects abstained from any medication for 24 h before the

study session and fasted overnight. Participants were placed in

theMRI scanner and continuouslymonitored Invivo Expression

(Gainseville, FL. USA) for heart rate, SpO2 and end-tidal CO2.

After baseline acquisition, sedation ensued by target-controlled

infusion (TCI) of propofol Lipuro 20mgml�1 (Braun, Melsungen,

Germany) with an Alaris PK (BD, San Diego, CA. USA) syringe

pump, using a Schnider protocol. Propofol infusionwas initially

set to a plasma concentration of 1 mg ml�1 with 0.5 mg ml�1 in-

crements every 5 min. Participants’ responses were assessed

every minute. After achieving a Modified Ramsay Scale15 score

of 5/6, no response to repeated loud verbal stimuli (an anaes-

thesiologistnear thescannercalling theirname),wedetermined

lossof consciousness (LOC).Durationof this stagevariedslightly

between participants because of variable LOC entry points.

Gradual 0.5 mgml�1 decrements of propofol infusionweremade

every 5 min until subjects opened their eyes in response to a

verbal stimulus (name þ open your eyes), defined as ROC. Par-

ticipants remained in the MRI scanner until fMRI acquisition

ended. Subjects were monitored for another hour, and were

dischargedonly aftermeetingappropriate criteria asperTASMC

guidelines.
Experimental procedure

A preliminary interview, before the fMRI session, was con-

ductedwith each subject which included an explanation of the

study and experimental procedures, pre-anaesthesia physical

checkup, and signing of informed consent. On the day of the

scan, subjects were placed in the scanner after verifying their
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well-being in a brief conversation. Acquisition included two

consecutive sequences. The first sequence (30 min) included a

baseline without propofol, followed by gradual sedation with

propofol TCI as described above until LOC was achieved. After

a brief pause owing to safety concerns of overheating, the

second sequence (36 min) followed and comprised 5 min of

sedation before graded decrements of propofol led to ROC. A

typical session lasted 75 min.
fMRI data acquisition

fMRI scanning was performed with a 3.0 T Signa Excite echo

speed scanner (General Electric Medical Systems, Waukesha,

WI. USA) using a 20-channel head coil at the TASMC. The MR

protocol consisted of high-resolution FLASH T1-weighted im-

aging (T1WI), with field of view (FOV)¼256 mm,

matrix¼256�256, slice thickness of 1mm (1mm iso voxel), and

TR/TE¼1860/2.74 ms. Functional whole-brain scans were per-

formed in interleaved order with a T2*-weighted gradient echo

planar imaging pulse sequence (TR/TE¼2500/30 ms, flip

angle¼90�, FOV¼220 mm, slice thickness¼3 mm, 42 slices, 861

volumes). Optoactive II MRI-compatible headphones (Opto-

acoustics, Mazor, Israel) were used to attenuate the scanner

noise and to communicate with subjects.
Preprocessing

BrainVoyagerQX version 2.8.4 (Brain Innovation, Maastricht,

The Netherlands) was used for preprocessing and co-

registration of standardised anatomical and functional data.

Data analysis was performed separately for each subject. Data

were high pass filtered at 0.002 Hz and spatially smoothed

with a 4 mm full-width at half-maximum (FWHM) kernel.

Headmotions were detected and corrected using trilinear/sinc

interpolation. Owing to extensive head movements (de-

viations higher than 2 mm), five subjects were excluded from

the study. The cortical surface was reconstructed from the

anatomical images using standard procedures implemented

in the BrainVoyager software. The complete functional dataset

was transformed to a common 3D Talairach space16 and pro-

jected on a reconstruction of the cortical surface.
Selection of time windows

Subjects attained ROC and LOC at different propofol concen-

trations and therefore, at different time points throughout the

resting state fMRI. By aligning all subjects’ scans around the

primary event, which was defined as emergence from deep

sedation (ROC), we were able to conduct group analyses.

Although continuous fMRI data were acquired, all data pre-

sented below were parcelled into four time windows. A 1 min

time window that ended with ROC was flanked by two 2.5 min

timewindows, spacedwith 2.5min from the ROC timewindow,

‘sedation’ and ‘post’, respectively. An additional 2.5 min time

window ‘recovery’ was defined at the end of the acquisition

sequence. An additional temporal segmentation analysis was

conducted, with varying ROC time windows of 2 and 2.5 min,

and ‘sedation’ time windows of 1 and 3 min. In choosing these

time windows, our aim was to balance between sufficient data

time points and the dynamic nature of emergence which we

sought to capture, while ruling out potential idiosyncrasies

arising from a specific temporal windows selection.
Statistical analysis

First-level single study general linear models (GLMs) were pre-

paredwith the second sequence (fMRI Sequence 2, containing the

moment of ROC). The conditions of interest were defined ac-

cording to the subjects’ state of consciousness, and periods be-

tween these conditionsweredefinedasa confounder andmarked

as ‘don’t-care’. The GLM contained four conditions of interest:

sedation, ROC, post-sedation, and recovery. The predictors were

convolved with a standard haemodynamic response function

(HRF). Movement regressors were included as confounders in the

GLM to account for possible headmovement related variance. To

account for the long scan and sedated state, in addition to the

standardmotioncorrection,weappliedspike informationasnoise

relatedpredictors.Toevaluate theneural impactof theprocedure,

we conducted second-level whole brain random effect group

analysis (RFX-GLM) (n¼17subjects).Thecentresofactivationwere

identified with a significance threshold of P<0.02 (false discovery

rate [FDR] corrected), with a minimal cluster size of 25 voxels. In

order to examine whether patterns of activation obtained at the

group level were similar to those obtained at the individual level,

we randomly selected 10 subjects from the first level analysis and

examined the compatibility of their activation pattern compared

with the pattern obtained at the group level. The centres of acti-

vationwere identifiedwith a significance threshold of P<0.05 (not

corrected).
Selection of ROIs

ROIs were selected from the preliminary neural activity anal-

ysis contrasting ROC vs sedation conditions. ROIs included the

mammillary body (MB), median raphe (MR), RDLPT, thalamus

and right inferior frontal gyrus (rIFG), chosen at a statistical

threshold of P<0.02 (FDR corrected). The ventral tegmental

area (VTA) and locus coeruleus (LC) were identified after

relaxation of the statistical threshold to P<0.03 (FDR cor-

rected). Using the Harvard Ascending Arousal Network (AAN)

atlas17 provided in the MNI space, and MNI2TAL conversions

(Yale BioImage suite, New Haven, CT. USA), the coordinates of

the ROIs were validated. Supplementary Table S1 provides the

Talairach coordinates for the centres of the selected regions.
Functional connectivity analysis

Awhole-brain psychologicalephysiological interaction (PPI)18,19

random effect GLM analysis was conducted to test functional

connectivity of the functionally identified ROIs. Regressors

included the regressor of the specific experimental condition

(psychological variable), the time course in a seed ROI (physio-

logical variable) and the interaction between them. Subse-

quently, contrast images of the interaction gained from the PPI

analyses were introduced to a random effects group (RFX-GLM)

analysis and tested for statistical significance with a threshold

of P<0.01 (uncorrected). Briefly, 1.5 mm sphere ROIs (19 voxels

surrounding peak of activation) were functionally extracted

from the contrast of ‘ROC vs Recovery’. These clusters were

extracted using the Brain Voyager plug-in: ‘Talairach Coordi-

nate toVOI’ (Brain Innovation) andanatomically validatedusing

BrainVoyager Brain Tutor Tool and neurosynth.org: (http://

www.neurosynth.org/). In order to compare connectivity be-

tween the experimental conditions, beta valueswere generated

for eachVOIover all conditions (i.e. sedated,ROC,post-sedation,

and recovery).

http://www.neurosynth.org/
http://www.neurosynth.org/
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Results

The data shown in this study focus on emergence from deep

sedation. This part of the experimental time line was par-

celled into four time windows: sedation, ROC, post-sedation
Fig 1. Experimental protocol. (a) Experimental timeline. After an anatom

sedation, ROC, post-sedation, and recovery. Sedation procedure, using

with an effect site calculated concentration of 1 mg ml�1 with 0.5 mg ml�

to verbal stimulationdloss of consciousness (LOC). After a steady-state

min) until return of consciousness (ROC) was verified as each participan

participant achieved LOC and ROC at different propofol concentrations

subject analyses were made possible by alignment of the moment of em

time from ROC to the recovery time window was variable. (b) Predicte

centrations were derived from the pharmacokinetic calculator. Data in

graph, x represents the mean, horizontal line the median.
(tightly grouped, with 2.5 min between them), and a recovery

time window at the end of the scans, summarised in Fig. 1a,

with propofol concentrations for each time window shown

in Fig. 1b. The average propofol concentration during ROC
ical sequence, the time line was parceled into four time windows:

target-controlled infusion (TCI) of propofol, commenced. Starting
1 increments every 5 min. Sedation was titrated to loss of response

of deep sedation, serial decrements of propofol (0.5 mg ml�1 every 5

t responded to his name being called. It should be noted that each

, thus at different times throughout the session. Subsequent inter-

ergence from sedation (ROC) between participants. As a result, the

d propofol concentrations at various time windows. Propofol con-

table are presented as mean (standard error of the mean). In the
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was 50% lower than that during the LOC time window, and

virtually identical to that in the post-sedation time window

(2.41, 1.6, 1.11, and 0.88 mg ml�1, respectively).
Neural activity during emergence from propofol deep
sedation

Neural responses during different conditions were analysed

using a GLM by contrasting different time windows. The

contrast of ‘Sedation’ and ‘ROC’ conditions was selected to

reflect brain activity during emergence. The analysis revealed

multiple subcortical and cortical activations (Fig. 2, P<0.02,
FDR corrected; see also Supplementary Fig. S1 for individual

maps). Details for clusters of activity and their Talairach co-

ordinates are provided in Table 1. Within the subcortical ac-

tivations, we identified the MB, VTA, LC (right) and MR,

components of the ARAS, and the thalamus. Additionally, we

identified a pontine locus, unrelated to the ARAS, located in

the RDLPT, which was found to affect the arousal state of pa-

tients with pontine lesions.14

In addition to subcortical activations, a wide set of cortical

and cerebellar areas was found including right and left inferior

temporal gyri, right superior frontal gyrus and left middle

frontal gyrus, and posterior dorsal anterior cingulate cortex.
Fig 2. Neural activations upon emergence. Contrast of fMRI blood oxyg

ROC vs Sedation are shown. (a) Sagittal sections. (b) Axial sections. Late

false discovery rate; fMRI, functional magnetic resonance imaging; ST
Functional connectivity analyses

As we found neural activations in discrete subcortical loci

known to promote or be involved in the regulation of arousal,

we performed functional connectivity analyses for these loci.

To that end, we performed PPI analyses with specific ROIs.

RDLPT, LC, MB, MR, VTA, and medial left thalamus were used

as the seed ROIs (Fig. 3aef, Table 2, Supplementary Table S1

and Fig. S2).

For all seed ROIs, most correlated regions were found to be

subcorticaldnamely, the medulla was functionally correlated

with the RDLPT; pontine loci were correlated with the RDLPT,

MR, LC, and VTA. All the seed ROIs were correlated with the

midbrain loci. Thalamic seedswere correlated to themidbrain.

Lastly, the MR, VTA, LC, and thalamic seeds were also func-

tionally correlated with the basal ganglia. Only a few cortical

regions were functionally correlated with the seed ROIs: the

RDLPT and MR had but one cortical functional connectivity (to

the right medial temporal gyrus). The MB, VTA, and the

thalamic seed, with multiple subcortical functional correla-

tions, were functionally connected, within the cortex, to the

insula only. The LC was correlated to the superior temporal

and the inferior frontal gyri.

Next, we plotted beta values for the functional correlations

of the resulting loci for all time windows (Fig. 4aeg, blue
en level dependent (BOLD) signals between the two time windows

ralisation of cortical signals, primarily temporal, can be seen. FDR,

G, superior temporal gyrus.



Table 1 Activation network for ROC vs sedation contrast. Brain areas of significant activation during sequence II, practice Talairach
coordinates. The activation centres were identified with the significance threshold set to P<0.02 (FDR corrected), with minimum
cluster size set to 25 voxels. FDR, false discovery rate; IFG, inferior frontal gyrus; PAG, periaqueductal grey; pdACC, posterior dorsal
anterior cingulate cortex; ROC, return of consciousness.

X Y Z Cluster size t P

Superior frontal gyrus R 21 21 35 556 4.561 0.0003
Superior frontal gyrus R 20 50 32 240 4.430 0.0004
Middle frontal gyrus L e20 40 25 304 4.548 0.0003
Middle frontal gyrus L e20 14 42 820 4.559 0.0003
IFG R 43 33 9 279 4.939 0.0002
IFG L e33 4 32 1042 4.994 0.0002
pdACC R 11 6 34 132 4.723 0.0002
pdACC L e8 1 35 233 4.642 0.0002
Superior-middle temporal gyrus L e45 e8 e12 3243 5.387 0.0001
Superior temporal gyrus L e45 e20 e3 2226 5.425 0.0001
Superior temporal gyrus L e38 11 e24 781 4.919 0.0002
Inferior temporal gyrus R 54 e13 e21 394 4.839 0.0002
Parahippocampal gyrus L e24 e6 e16 423 4.840 0.0002
Caudate-head L e14 19 3 419 5.076 0.0001
Caudate-body L e12 11 14 66 4.444 0.0004
Caudate-body R 8 15 6 81 4.490 0.0003
Caudate-head R 17 24 3 209 5.560 0.0000
Thalamus-medial dorsal nucleus L e8 e16 6 51 4.468 0.0004
Thalamus-ventral lateral nucleus L e7 e10 5 82 4.602 0.0003
Thalamus-pulvinar L e13 e30 11 252 4.617 0.0003
Thalamus-pulvinar R 8 e25 13 154 4.828 0.0002
Mammilary body R 3 e9 e8 30 4.612 0.0003
Midbrain-PAG L e6 e27 e5 818 4.919 0.0002
Midbrain-pons L e6 e27 e17 367 4.642 0.0003
Medulla BIL 3 e34 e41 62 4.608 0.0003
Cerebellum-culmen L e6 e44 e17 447 4.569 0.0003
Cerebellum L e8 e54 e17 416 4.548 0.0003
Cerebellum L e25 e38 e26 1941 4.927 0.0002
Cerebellum-Cerebellar lingual R 4 e43 e15 559 4.481 0.0004
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panels). The following recurring pattern emerged: functional

correlations thatwere positive at the time of emergence turned

negative at the next time window (post-sedation, 2.5 min after

emergence), intensifying in the recovery time window.

To rule out the possibility that the emergent correlation

patterns were arbitrary, we performed several control ana-

lyses. First, we tested additional loci in each PPI analysis.

Specifically, (i) primary sensory areas such as primary

auditory (A1þ) and primary visual (V1þ); (ii) areas involved

in the executive functions, that is medial frontal and infe-

rior frontal gyri; and (iii) the anterior and posterior cingulate

gyri regions involved in the default mode network (DMN)

which are implicated in the generation of ‘internal aware-

ness’ and have previously been shown to be activated after

emergence from sedation.23 The patterns of positive corre-

lations upon emergence and negative correlations there-

after were not observed in most of these instances

(Fig. 4aeg, red panels).

Secondly, we performed PPI analysis using the rIFG (that

was active in the same GLM contrast, in which all other ROIs

were selected) as the seed ROI (Figs 3g and 4g). The resulting

beta correlations demonstrated a different pattern, one of

gradual increase, from negative correlations during sedation

to positive correlations upon recovery.

Third, we performed a temporal analysis with slight vari-

ation in time window selection in order to rule out the possi-

bility that results were idiosyncratic to the selected time

windows, thus impairing their generalisability. The activation

patterns in the tested ROIs were very similar to those obtained

in the original analysis (Supplementary Fig. S3).
Discussion

Weperformeda two-stepanalysisbyselectingsignificantneural

activations during emergence from deep sedation in a data-

driven approach as seed ROIs for subsequent functional con-

nectivity analysis. We found a functional connectivity spatio-

temporal sequence that accompanies, and possibly drives,

emergence from deep sedation. Its two distinctive features are:

(1) subcortical predominance of loci correlated with the seeds

and (2) a pattern of transient positive correlations upon emer-

gence that abruptly turn to negative correlations thereafter.
Localisation of ARAS components

The ARAS, a collection of nuclei that promotes wakefulness

and participates in the regulation of physiological

sleep,9,11,20,21 has been implicated in the effects of hypnotic

drugs on consciousness. Identification of discrete subcortical

loci should be approached with caution, but identification of

the aforementioned loci has been reported.17,18,22e25 In our

neural activation analysis, we identified multiple components

of the ARAS: primarily the dopaminergic VTA, noradrenergic

LC, histaminergic MB, and serotonergic MR. Of these ARAS

components, only the VTA was found to be functionally con-

nected to the thalamus during emergence from sedation.
Cortical activations during emergence

At emergence from sedation, multiple cortical activation loci

were observed. As the stimulus for emergence was calling a



Fig 3. Psychophysiological interaction (PPI) analyses. Functional connectivity was assessed using PPI. Seed regions of interest (ROIs) are

marked with yellow circles. Resulting views for each PPI analysis, within Talairach space, are shown for (a) rostral dorsolateral pontine

tegmentum (RDLPT), (b) locus coeruleus (LC), (c) mammillary body (MB), (d) ventral tegmental area (VTA), (e) left medial thalamus seed, (f)

median raphe (MR), and (g) right inferior frontal gyrus (rIFG) as a control to the subcortical seed ROIs. P<0.01 without false discovery rate

(FDR) correction.

304 - Nir et al.
participant’s name, observed activation in the left superior

temporal gyrusmay reflect processing of linguistic stimuli and

not directly related to emergence. Other cortical activity pat-

terns were scarce, and primarily frontal. PPI analysis was

conducted in the rIFG as a control ROI for the subcortical seeds.

This showed a spatiotemporal sequence of a gradual increase

of functional connectivity, distinct from the predominant

subcortical sequence.

The observed relative paucity of cortical activations is in

agreement with Langsjo and colleagues2 and Xie and col-

leagues.3 Our data differ from these studies in the fact that we

did not observe activations associated with the DMN: the

posterior cingulate cortex (in both studies) and the anterior

cingulate cortex (in the Langsjo and colleagues study). A

possible explanation for this discrepancy is our ability to

resolve themoment of emergence as a discrete event, whereas

the other studies contrasted sedation with recovery time

windows without capturing the actual moment of emergence.
Evidence supporting active emergence from sedation

We propose the interpretation of the observed functional

connectivity spatiotemporal sequence as evidence for active

reanimation, that is emergence from sedation as an active

process. This is in contrast to exogenous administration of

drugs to facilitate emergence, that ismethylphenidate,4 orexin

receptor agonist,6 or physostigmine,3 but rather endogenous

neural activity: the transient increased functional connectivity

of multiple subcortical loci may not only accompany, but also

drive emergence. There are multiple arousal promoting loci

with possible redundancy.26 Our results imply a convergent

effect of multiple arousal promoting loci during emergence

from sedation. After emergence, we found negative
correlations of arousal promoting loci. This should not be

interpreted as if no arousal promoting signals are needed to

maintain arousal, but may highlight the redundancy of

arousal promoting pathways that may be active but segre-

gated (hence anti-correlated). Were emergence a passive pro-

cess, determined mainly by the reduction in concentrations of

hypnotic agents,7 one would expect a different functional

connectivity spatiotemporal sequence, such as that of the

rIFG, which showed a pattern of gradual increase in connec-

tivity from sedation to recovery, concomitant with alterations

in propofol levels.

A cautious attempt to connect these facts to the pre-

existing theoretical background of consciousness studies

yields a similarity to Laurey and colleagues’27 description of

wakefulness and awareness as two dimensions of conscious-

ness. The subcortical functional connectivity sequence of

arousal-promoting loci represents increased wakefulness.

Awareness, or the content of consciousness, may be repre-

sented by the rIFG used as a seed ROI for the executive network

which showed a different profile with a more gradual increase

in functional connectivity from sedation to recovery. Such a

gradual increase in functional connectivity of cortical seed

regions is in accordance with the integrated information

theory.28
RDLPT, coma, and emergence

Fischer and colleagues14 recently described a pontine locus

that is strongly associated with coma-causing lesions. We

identified a pontine locus that resides within the aforemen-

tioned locus, although the peak coordinate reported here is

different. This locus exhibits a similar functional connectivity

pattern to known ARAS components during emergence. The



Table 2 Psychophysiological interactions (PPI) networks. Brain areas of significant correlation with seed region, practice Talairach co-
ordinates. 1.5mmsphereROIs (19 voxels-surroundingpeakof correlation)were functionally extracted from the correlationmapswith the
contrast of ROC vs Recovery. The brain regions were identified with the significance threshold set to P<0.01 (uncorrected). IFG, inferior
frontal gyrus; PAG, periaqueductal grey; ROC, return of consciousness; STG, superior temporal gyrus; VTA, ventral tegmental area.

PPI-rostral dorsolateral pontine tegmentum (RDLPT)
Parahippocampal gyrus R 24 4 e29 178 3.46 0.004
Midbrain-PAG BIL 0 e28 e14 71 3.52 0.004
Pons-midbrain tegmentum BIL 2 e23 e17 114 3.24 0.005
Midbrain BIL 1 e22 e10 28 3.11 0.006
Pons L e5 e28 e33 60 3.18 0.006
Pons R 3 e28 e34 211 3.47 0.004
Medulla BIL 1 e28 e40 104 3.3 0.005
Cerebellum L e4 e52 e32 262 3.23 0.005
PPI-locus coeruleus (LC)
IFG R 30 34 e11 57 3.32 0.005
STG L e51 4 e9 195 3.44 0.004
STG R 56 4 e13 101 3.34 0.004
Caudate R 17 7 13 89 3.35 0.005
Putamen L e22 9 5 196 3.15 0.006
Midbrain-PAG BIL 0 e27 e12 1173 3.4 0.004
VTA BIL 1 e15 e7 315 3.31 0.005
Pons-RDLPT BIL e2 e32 e25 499 3.64 0.003
Pons L e7 e29 e20 186 3.4 0.004
Cerebellum BIL 1 e57 e26 427 3.42 0.004
Cerebellum BIL e2 e42 e16 554 3.23 0.005
PPI-mammillary bodies (MB)
Insula L e40 0 e7 125 3.35 0.004
Midbrain-VTA R 4 e14 e8 40 3.36 0.004
Midbrain L e8 e19 e10 71 2.85 0.012
PPI-ventral tegmental area (VTA)
Insula R 39 5 7 56 2.7 0.016
Putamen R 20 6 e3 218 2.8 0.0127
Striatum R 25 e5 e4 458 2.91 0.011
Striatum L e26 e10 e4 277 2.83 0.012
Thalamus R 8 e12 4 315 2.94 0.0107
Midbrain-tegmentum L e4 e23 e13 521 3.16 0.008
Hypothalamus R 3 e4 e7 129 2.85 0.012
Pons R 2 e26 e18 355 2.89 0.011
Cerebellum L e20 e56 e19 312 2.8 0.013
Cerebellum R 30 e56 e22 387 2.87 0.016
Cerebellum R 13 e20 e40 567 3.004 0.0092
PPI thalamus
Insula R 39 1 11 2044 3.37 0.004
Posterior insula L e38 e12 7 1260 3.59 0.003
Median thalamus BIL 1 e20 8 421 3.65 0.003
Pulvinar R 8 e25 10 516 3.85 0.002
Pulvinar L e9 e28 10 716 3.77 0.002
Hippocampus R 25 e35 7 428 3.96 0.002
Caudate L e7 9 7 954 3.41 0.004
Caudate R 7 13 8 188 3.16 0.006
Midbrain L e2 e26 e9 206 3.29 0.005
Midbrain R 9 e29 e10 158 3.24 0.005
PPI-median raphe nucleus (MR)
Parahippocampal gyrus R 28 e3 e18 338 3.114 0.007
Uncus R 33 e3 e32 314 3.241 0.005
Uncus L e27 5 e30 221 3.243 0.005
Middle temporal gyrus L e44 3 e21 332 3.421 0.004
Putamen L e21 1 3 184 3.3 0.005
Midbrain-VTA BIL 2 e20 e9 351 3.3 0.005
Midbrain BIL 3 e29 e12 319 3.308 0.005
Midbrain-thalamic junction BIL 2 e11 e4 220 3.25 0.005
Pons-midbrain L e5 e33 e17 565 3.214 0.005
Pons BIL 2 e32 e29 654 3.361 0.005
Cerebellum (culmen) L e25 e49 e24 748 3.302 0.005
Cerebellum (lingual) BIL 2 e41 e14 559 3.108 0.007
Cerebellum (pyramis) L e10 e71 e26 321 3.089 0.007
Cerebellum (uvula) R 17 e73 e25 272 3.1 0.007
PPI-right inferior frontal gyrus (RIFG)
Superior frontal gyrus L e3 e20 47 342 3.48 0.003
Superior frontal gyrus R 1 e20 47 208 3.59 0.003
Post central gyrus R 42 e20 54 1625 3.5 0.003
Pre/post central gyrus L e36 e23 51 2461 3.55 0.003
Precuneus L e13 e57 53 3302 3.37 0.005
Precuneus L e17 e77 38 1809 3.27 0.005
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Fig 4. Functional connectivity profiles. For each seed ROI, functionally connected loci are shown (blue panels). Beta values (covariate values

between the seed and each locus) for all analysed time windows: sedation, ROC, post-sedation and recovery. Red panels represent control

loci, related to sensory pathways, executive networks and the DMN (selected from the literature). (aef) Subcortical seed ROIs selected

functionally from the neural activations contrast ROC vs Sedation. An emerging correlation pattern emerged in which peak correlation

were found in the ROC time window followed by negative correlations in subsequent time windows (blue panels). Mostly negative cor-

relations, without a signature pattern, were found in internal controls (red panels). (g) Right inferior frontal gyrus (rIFG) cortical activation

seed ROI. A pattern of increasing correlations, from negative correlations in the sedated time window to positive correlations in the post-

sedation and recovery time windows, is distinct from the subcortical correlations pattern (aer). RDLPT, rostral dorsolateral pontine

tegmentum; LC, locus coeruleus; MB, mammillary body; MR, median raphe; VTA, ventral tegmental area; PAG, periaqueductal grey; Teg,

tegmentum; Put, putamen; Cau, caudate; IFG, inferior frontal gyrus; MTG, medial temporal gyrus; STG, superior temporal gyrus; PHG,

parahippocampal gyrus; MFG medial frontal gyrus. PCC, posterior cingulate cortex; ACC, anterior cingulate cortex; A1þ, primary auditory

cortex; V1þ, primary visual cortex; ROC, return of consciousness; ROI, region of interest.
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finding of a locus that plays a part both in coma and in

emergence from deep sedation points to an association be-

tween these states.
Limitations and future studies

Although our analytic time windows were tightly packed and

marked an advance in temporal resolution, they may still be

regarded as a compromise. Future studies should include dy-

namic resting state fMRI in order to further increase the

temporal resolution of emergence from sedation. Our study

focused specifically on emergence. Although we related re-

sults to the dual dimensions of consciousness proposed by

Laurey and colleagues,27 our data for the networks that

represent awareness, consciousness’ content dimension, were

scarce and derived originally as a cortical control to the

subcortical seeds. Future studies may directly investigate

distinctive patterns of functional connectivity in wakefulness

and awareness by expanding the networks representing the

content of consciousness. In order to be able to relate to

subcortical ROIs, we were forced to relax some of our thresh-

olds for secondary analysis (PPI of subcortical loci) up to P<0.01
(uncorrected). Although such practice has been successful,14

lack of statistical stringency increases the likelihood of a

false positive signal.
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