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a b s t r a c t
Being conscious is a profound aspect of human existence, and understanding its function and its inception is considered one of the truly grand scientiﬁc challenges. However, the nature of consciousness remains enigmatic, to
a large part because “being conscious” can refer to both the content (phenomenology) and the level (arousal) of
consciousness, and how these diﬀerent aspects are related remains unclear. To empirically assess the relation between level and content of consciousness, we manipulated these two aspects by presenting stimuli consciously or
non-consciously and by using Propofol sedation, while brain activity was measured using fMRI. We observed that
sedation aﬀected both conscious and non-conscious processes but at diﬀerent hierarchical levels; while conscious
processing was altered in higher-order regions (the intraparietal sulcus) and spared sensory areas, the opposite
eﬀect was observed for non-conscious processing. The observation that Propofol aﬀected non-conscious processing calls for a reconsideration of what kind of information one can gain on “consciousness” from recording neural
responses to sedation without considering both (content) conscious and (content) non-conscious processing.

1. Introduction
The concept of consciousness is multifaceted and can refer to at least
two aspects: the content and the level/state of consciousness. The “content” relates to the core characteristic of consciousness, which is the
subjective, phenomenal, “what-it-is-like” quality associated with experiencing something (Nagel, 1974). The level of consciousness commonly
refers to arousal/wakefulness, and occurs on a continuum e.g., from comatose to fully awake (Laureys, 2005). These two aspects have mostly
been investigated separately and there is much debate on how to conceptualize their relation (Bachmann, 2012; Bayne et al., 2016; Fazekas and
Overgaard, 2016; Hohwy, 2009; Koch et al., 2016; Laureys, 2005;
Overgaard et al., 2006).
On one hand, they can be considered as two aspects of the
same underlying phenomenon (Aru et al., 2020; Bachmann and
Hudetz, 2014; Mashour and Hudetz, 2017; Phillips et al., 2018;
Suzuki and Larkum, 2020), which is supported by the observation that
a certain level of arousal is required to enable conscious experiences.
Indeed, we have a rich repertoire of conscious experiences when we
are awake, and these experiences end during dreamless sleep or when
we otherwise “lose” consciousness (Searle, 2000). In addition, brain research has demonstrated that the level of arousal aﬀects integration of
information across multiple brain regions (Casali et al., 2013), which has
been proposed as fundamental for conscious experiences (Tononi et al.,
∗

2016). Moreover, it has been suggested that neural mechanisms related
to changes in the level of arousal overlap with the mechanisms generating conscious experiences (Aru et al., 2019). Yet, while general anesthesia, sleep, or coma, are commonly described as states that alter consciousness, the extent to which conscious experiences are lost/reduced
when we are unresponsive is diﬃcult to establish (Bayne et al., 2020;
Fernández-Espejo and Owen, 2013).
On the other hand, the content and level/state of consciousness may
be seen as separate phenomena (e.g., Bayne et al., 2016). A distinction between the two is apparent in every-day and clinical situations,
which suggests instead that the level and the content of consciousness
are not speciﬁcally interrelated. For example, vegetative-state patients
can display sleep-wake cycles but remain unresponsive to external stimuli (Wislowska et al., 2017), and on rare occasions fully anesthetized patients can have conscious experiences (Errando et al., 2008). Moreover,
we process information both consciously and non-consciously when we
are awake (Axelrod et al., 2014; Kouider and Dehaene, 2007).
To better understand how level (hereafter referred to as “arousal”)
and content (hereafter referred to as “conscious perception”) of consciousness are related, we set out to empirically assess their relation
by manipulating both aspects while brain activity was measured using fMRI. Arousal was manipulated by administering two levels of the
sedative Propofol. Importantly, participants were only mildly sedated
and able to report whether they consciously perceived stimuli or not
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and to perform tasks during both sedation levels. Within each sedation level, the content of consciousness was manipulated by presenting
visuospatial stimuli both consciously and non-consciously. As a reference condition, we also included “absent” trials during both levels of
sedation, where the subjective visual appearance during the trials was
identical to non-conscious trials, but no target stimulus was presented
(see Methods for details). This enabled us to isolate the blood-oxygenlevel-dependent (BOLD) signal change speciﬁcally related to conscious
and non-conscious visuospatial neural processing, and to exclude the
general, non-speciﬁc eﬀects of sedation, including e.g., basal physiological processes. Two possible outcomes may be expected. If reduced
arousal selectively reduces neural processing of consciously perceived
stimuli, the neural processes related to conscious perception would be
more or even uniquely aﬀected by a change in arousal compared to nonconscious perception. Alternatively, neural processes would be aﬀected
by a change in arousal regardless of whether stimuli are consciously
perceived or not.

ﬂow at the sedative concentrations (Veselis et al., 2005) and did not
modify ﬂow-metabolism coupling (Johnston et al., 2003), the MRI session included one pulsed arterial spin-labeling (ASL) sequences for each
sedation level.
2.3. Paradigm and stimuli
2.3.1. The visuospatial task
The main task, performed during stable periods of Propofol infusion,
consisted of noting the location of a gray disc presented in one of the display’s quadrants (Fig. 1B). The simplicity of the stimuli reduces the issue
of “partial awareness” (Kouider et al., 2010). Similarly, locating a stimulus in space is an uncomplicated task that seems to have a high probability to enable both conscious and non-conscious neural processing. There
were three presentation conditions: a conscious, a non-conscious, and
an “absent” condition. Conscious/non-conscious perception was manipulated with continuous ﬂash suppression (Tsuchiya and Koch, 2005).
The task was composed of 120 trials equally distributed in 2 blocks and
divided into 3 presentation conditions: 40 conscious, 60 non-conscious,
and 20 absent trials for each sedation level. Each trial was randomly
chosen from one of the three conditions.
For CFS, a mirror stereoscope was used to isolate visual input from
left and right side of the screen to participants’ corresponding eyes. For
non-conscious trials, the target stimulus (gray disc; size = 0.6°) was presented for 500 ms to the non-dominant (left) eye while colored squares
of random composition (“Mondrians”; size = 4.2° × 4.2°) where ﬂashed
(10 Hz) to the dominant eye to suppress conscious experience of the disc.
Mondrians were ﬂashed for 500 ms longer than the disc’s presentation,
minimizing the risk of adaptation after-eﬀects. To maximize stimulus
intensity during non-conscious trials, contrast between the disc and the
gray background was increased or decreased every 10 trials depending
on how many times participant reported the disc as seen. That way,
the proportion of actual non-consciously experienced disc presentations
was 80%. There were 17 possible contrast values. The diﬀerence between each contrast consisted of an increase or a decrease in RGB value
of 2 (range = 174–206; background = 210). For conscious trials, the
disc (RGB = 198) was superimposed on Mondrians, presented to the
dominant eye, and was thus consciously seen. For “Absent” trials, used
as reference condition, Mondrians were presented to the dominant eye
while an empty gray background (4.2° × 4.2°) was presented to the nondominant eye.
For conscious and non-conscious trials, the disc was presented in
one of the four quadrants of the screen. The position was randomly selected from a pre-speciﬁed list where positions were counterbalanced
within each condition. After the disc presentation, a probe was presented, pointing either to the same spatial location as the disc (match)
or to another spatial location (non-match). Participants had to decide
whether the probe was pointing to the disc’s location (yes/no). For nonconscious and absent trials, participants were instructed to guess on the
ﬁrst alternative that came to mind. There was 50% chance that the probe
pointed to the disc location. After the probe, participants estimated their
conscious experience of the disc on a three-point perceptual awareness
scale (PAS; Ramsøy and Overgaard, 2004), from 1: no visual experience
to 3: clear visual experience of the disc. For probe and PAS, participants
had to reply within a limit of 2.5 s after which the experiment automatically continued to the next trial. The inter-trial interval (ITI) was
adjusted according to participants’ response time in a way that two trials
were always separated by 5 s.

2. Materials and methods
2.1. Participants
Forty healthy right-handed adults took part in the experiment. Participants were recruited from Umeå University campus through poster
and internet advertisements. They had normal or corrected-to-normal
vision, right-eye dominance, gave their written informed consent, and
received ﬁnancial compensation for participation (600 SEK). Eight participants were excluded from the analyses, either due to excessive head
movement during fMRI scanning (n = 4) or for failing to follow task
instructions (n = 4). Thus, the ﬁnal sample in the analyses was 32 individuals (mean age ± SD: 26.7 ± 4.4 years; 13 males). The relatively
large number of excluded participants is likely related to the aim to implement the biggest possible reduction of arousal without having participants become too sedated to perform behavioral tasks reliably (see
below). This study was approved by the regional ethics review board
(dnr 2018–314–32 M).
2.2. Procedure overview
Each participant took part in three sessions spread out over a 10–
14 day period. On the ﬁrst session, participants were trained on short
versions of a visuospatial and a “metronome” task, to ensure that they
understood the tasks and that the procedure with continuous ﬂash suppression (CFS) worked as intended (see below for description of tasks
and CFS). On the second session, personalized levels of Propofol sedation
were identiﬁed (see section “Propofol sedation: individual adjustment”
below for details).
On the third session fMRI data were collected (see Fig. 1A for MRI
session overview). Propofol infusion started right before participants
were placed in the scanner bore. Participants began the experiment
with either low (LS) or moderate (MS) sedation. In the ﬁnal sample,
18 participants started with LS and 14 with MS. A certiﬁed intensivecare nurse with speciﬁc responsibility for pharmacological administration and monitoring was present throughout the session, and complete
resuscitation equipment was available at all times. The session started
with structural imaging (T1, T2 FLAIR and T2 PROPELLER sequences)
so that Propofol levels could stabilize before fMRI scanning. Then, two
resting-state fMRI sequences were run, one at each sedation level, for
the use of another study and will not be further reported here, and task
fMRI followed.
During task-fMRI, participants performed two 7 min blocks of the visuospatial task under both sedation levels. Each block was followed by
a 6 min stabilization period where sedation level was changed and during which participants performed the “metronome” task. This resulted
in 4 blocks of visuospatial task and 3 stabilization periods. Finally, to
verify that Propofol was not interfering with regional cerebral blood

2.3.2. The “metronome” task
A visual metronome task was also performed and used as a behavioral measure of participants’ arousal (Fig. 1C), and consisted of timing
motor responses as synchronous as possible to a gray disc presented in
one quadrant of the display. Participants were requested not to follow
the beat by moving other body parts or using covert counting. The stimulus was the same disc as for the visuospatial task but presented on
2
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Fig. 1. Methods overview. (A) Sequence of events during fMRI scanning. Participants started with either low (upper row) or moderate (lower row) sedation. Each
change in sedation is marked with an arrow at the bottom of the ﬁgure, leading to transitions from low (white) to moderate (blue) sedation, and vice versa, several
times during the experiment. (B) The visuospatial task was composed of three presentation conditions. In each condition, Mondrians were displayed to the dominant
(right) eye. (i) In the conscious condition, a gray disc was presented to the right eye, superimposed on the Mondrians. (ii) In the non-conscious condition, the disc
was presented to the left eye, superimposed on a gray background and (iii) in the absent condition, only the gray background without the gray disc was presented
to the left eye. The central column illustrates the visual experience of participants. After the 1 s Mondrian + disc presentation (note that the disc was presented for
500 ms during non-conscious trials, see Methods), a probe pointing to one of the four quadrants was presented for a maximum of 2.5 s or until participants decided
whether it was pointing to the correct location of the disc (yes/no response). The probe could point (iv) to the correct location of the sample (match), or (v) to an
incorrect location (non-match). Participants then estimated, within 2.5 s, their conscious experience of the disc on a three-point perceptual awareness scale. Finally,
trials were separated by an inter-trial interval (ITI). Note that for the purpose of illustration only, the gray dot is encircled in white. (C) The metronome task was
performed after each change in sedation, to measure the eﬀect of the change behaviorally and also to generate fMRI data on visuospatial stimulation independently
from the visuospatial task. To this end, a gray disc was presented in a semi-blocked fashion in a speciﬁc quadrant throughout a sequence of 20 metronome “clicks”.
(For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article).

the gray background with empty dotted circles reﬂecting the 4 possible
positions of the stimulus apparition. Although the location of the pacesetting dot was irrelevant for the metronome task, this setup mimics the
appearance of the stimuli in the visuospatial task and was designed in
this way to be used as a ROI-deﬁning sequence, in addition to gauge the
eﬀect of sedation behaviorally. One trial consisted of a 500 ms stimulus
presentation followed by a 500 ms ITI. In total, participants completed
12 sequences of 20 trials (240 visual presentations) where the stimulus was presented with a 1 Hz tempo. The stimulus’ position within
each block was selected in a pseudo-random order in a way that a block
mainly consisted (85% of the trials) of stimuli appearing in one quadrant. Finally, participants received feedbacks about their performance
at the end of each sequence.

Here, two sedation levels were used: a moderate level that was adjusted individually, and a low level (0.1 mg/kg/h). The choice of having 0.1 mg/kg/h rather than no sedative or saline injection, as a state
of comparison was motivated by the fact that the sedative may aﬀect
blood ﬂow or other non-neuronal parameters relevant to the fMRI signal (Qiu et al., 2017).
Individual adjustment of the moderate sedation level was evaluated during a pre-scanning session. Participants fasted from solids for
at least 6 h and from liquids 4 h before sedation. Propofol was infused
through an intravenous catheter placed into a forearm vein. Sedation
was achieved using computer-controlled intravenous infusion of Propofol to obtain constant eﬀect-site concentrations. Participants were initially injected with 2.0 mg/kg/h of Propofol. The infusion rate was then
increased in steps of 0.25 mg/kg/h, separated by a 6 min stabilization
period, until participants were considered moderately sedated, operationalized as when they showed signs of having diﬃculties to keep their
eyes open (i.e. increased frequency of blinks), but remained responsive
in the sense that they could converse with the experimenters and perform the visual metronome task at all times. If participants presented
diﬃculties to stay awake (i.e. dozed oﬀ, became unresponsive) or had
to be prompted to continue performing the metronome task, the seda-

2.4. Propofol sedation: individual adjustment
The anesthetic agent used to manipulate arousal was Propofol
(20 mg/ml), which activates GABAa receptors directly (O’Shea et al.,
2000). Propofol is considered safe and fast acting (reaches its steady
state ∼6 min after infusion) (Trapani et al., 2000), which allowed us
to change the level of arousal several times during the fMRI session.
3
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tion level was considered too high and the previous dose was selected as
the moderate sedation. Physiological parameters such as blood pressure,
pulse oximetry, and breathing frequency were continuously monitored
and were stable during Propofol infusion, and no side eﬀects were observed. Anesthesia administration and monitoring were based on clinical judgment of the anesthesiologist and the intensive care nurse. In the
ﬁnal population (n = 32), the range of the moderate sedation was 2.25
to 4.0 mg/kg/h (mean ± SD: 2.8 ± 0.5 mg/kg/h).

used as a sedation-eﬀect estimation. A positive slope (increased variability) with increased Propofol reﬂected a decrease in arousal and vice
versa. To assess changes in the sedation eﬀect over the three stabilization periods at the group level, the sign of the slopes related to participants who started the experiment with LS was switched, respectively
for each stabilization period. Group level comparison was done using
repeated-measure one-way ANOVA.
All post hoc tests with correction for multiple comparisons were conducted using the Holm-Bonferroni procedure and a p-value < 0.05 was
considered signiﬁcant.

2.5. MRI data collection
MRI data were collected with a General Electric 3 Tesla Discovery MR750 scanner (32-channel receive-only head coil). High-resolution
T1-weighted structural image was collected FSPGR with TE = 3.2 ms,
TR = 8.2 ms, TI = 450 ms, and ﬂip angle = 12°. Task-fMRI (1410 vol)
was recorded using a T2∗ -weighted gradient echo pulse sequence, echo
planar imaging, ﬁeld of view = 25 cm, matrix size = 96 × 96, slice thickness = 3.4 mm. The volumes covered the whole cerebrum and most of
the cerebellum containing 37 slices with 0.5 mm inter-slice gap and
an ASSET acceleration factor of 2. The orientation was oblique axial,
and slices were aligned with the anterior/posterior commissures, and
scanned in interleaved order with TE = 30 ms, TR = 2 s, ﬂip angle = 80°.
Finally, ASL was collected using a ﬁeld of view = 24 cm, matrix
size = 128 × 128, bandwidth of 62.50 kHz; slice thickness = 4 mm.
The acquisition orientation was axial aligned with the anterior/posterior
commissures. The 40 slices with 2 mm inter-slice spacing were acquired
from inferior to superior in an interleaved order to cover most of the
cortex with a TR = 4 s.

2.7. fMRI analyses
Image pre-processing, statistical fMRI, and ASL data analyses were
conducted with SPM12 (Wellcome Department of Imaging Neuroscience, London, UK) running in Matlab 8.4 (Mathworks, Inc., Sherbon, MA, USA) using custom-made Matlab scripts. Functional images
were (i) slice-time corrected, (ii) realigned to the ﬁrst image of the
time series to correct for head movement, (iii) unwarped to remove
residual movement-related variance (Andersson et al., 2001), and (iv)
co-registered to high-resolution structural data. Structural images were
normalized to the MNI (Montreal Neurological Institute) template using DARTEL (Ashburner, 2007) and resulting parameters were used
for functional images normalization, which were resampled to 2 mm
isotropic voxel size. Finally, functional images were smoothed with an
8 mm FWHM Gaussian kernel.
Pre-processed data were analyzed using a two-stage summary statistics random eﬀect model (Friston et al., 1995; Holmes and Friston, 1998). At the ﬁrst stage, task-dependent changes in BOLD signal
were modeled as zero-duration event regressors time-locked to (i) the
Mondrians’ onsets for the visuospatial task, including conscious, nonconscious and absent conditions for each Propofol level and each PAS
rating, and to (ii) the stimulus’ onsets for the visual metronome task,
including the four stimulus positions. These regressors were convolved
with the SPM12 canonical hemodynamic response function and entered
into a general linear model (GLM). The models also included constant
terms, 6 head movement parameters, nuisance regressors such as missed
responses, and physiological noise (6 parameters) from white matter and
cerebrospinal ﬂuid, estimated using aCompCor method (Behzadi et al.,
2007). Finally, a high-pass ﬁlter (cut-oﬀ = 128 s) was applied to remove low-frequency drifts in the data. Contrast maps were computed
on beta maps resulting from the estimated ﬁrst-level GLMs, and individuals’ maps were taken to second-level random-eﬀects analyses (onesample t-tests) to account for inter-individual variability.
For the ASL data, the mean CBF value for gray matter for both sedation levels was calculated using histogram-based segmentation algorithm of the upper brain CBF values, based on the ASL sequences.
Averaged diﬀerence images were converted to mL/100 g/min using a
single-compartment model. CBF images were (i) co-registered to highresolution structural data, (ii) motion-corrected using a 6-parameters
rigid body spatial transformation, and (iii) normalized to the MNI via
DARTEL template image. CBF images for each participant were taken
to second-level random-eﬀects analyses (paired t-tests) to estimate CBF
diﬀerences as a function of Propofol level.
Multiple comparisons correction of statistical maps at the second
level was conducted on the whole brain using cluster-based extent
thresholding of p < 0.05 (FWE corrected) calculated based on the Gaussian random ﬁeld method and following a cluster-deﬁning threshold of
p < 0.001.

2.6. Data processing and statistical analyses
In the visuospatial task, trials with response time (RT) ⟨ 250 ms or ⟩
2.5 s were excluded prior to statistical analyses (Ratcliﬀ, 1993). Then,
PAS responses between LS and MS during conscious or non-conscious
trials were compared using multinomial logistic regression using a BeggGray approximation (Begg and Gray, 1984). Afterwards, only trials in
absent and non-conscious conditions with PAS = 1, and trials with
PAS = 3 in the conscious condition were included in the following analyses.
For the accuracy analyses, a hit was deﬁned as a position match
between disc location and probe together with a “yes” response, while
a “no” response was deﬁned as a miss. False alarm (FA) was considered
as a non-match between disc location and probe with a “yes” response,
while a “no” response deﬁned a correct rejection (CR). Accuracy was
deﬁned as the proportion of hits-FA for conscious and non-conscious
trials.
Accuracy, under the two sedation levels, was compared using
Wilcoxon’s matched pairs test in conscious and t-tests in non-conscious
conditions. The non-parametric test was chosen for the conscious condition because of the highly non-normal distribution, due to ceiling performance. RT diﬀerences between the two sedation levels were assessed
using repeated-measure two-way ANOVA across the three visual presentation conditions. Speciﬁc diﬀerences for RT in MS and in LS between
non-conscious and absent conditions were evaluated using Student’s ttests.
For the metronome task, the three ﬁrst trials of each sequence and
missed responses were discarded from analysis to include only trials
where participants were synchronized to the stimulus. Visual-to-tap
asynchrony was calculated as the absolute time diﬀerence between stimulus onset and participant’s response. In other words, the smaller the difference, the better the performance. Because variability has been shown
to be the most sensitive metric to capture performances’ intra-individual
changes with increase of cognitive fatigue (Wang et al., 2014), the variability in asynchrony was calculated for each sequence and each participant. Changes in variability due to Propofol sedation were estimated
with the slope of a linear regression across the 12 sequences, and were

3. Results
3.1. Sedation eﬀect on behavior
First, to ensure that participants’ arousal was aﬀected by Propofol sedation, we veriﬁed that the response variability relative to the
4
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Fig. 3. BOLD signal change for Conscious > Absent during low sedation. Bar
values are t-values.

to PAS = 2 (OR = 0.93, p = 0.75) for conscious trials. The odds of reporting stimuli as unseen (PAS = 1) increased compared to PAS = 2 during
MS (OR = 1.51, p = 0.0001) but not compared to PAS = 3 (OR = 0.88,
p = 0.52) for non-conscious trials. The odds of reporting Absent trials as
unseen (PAS = 1) did not change between sedation levels (PAS = 1 vs.
PAS = 2: OR = 0.98, p = 0.90; PAS = 1 vs. PAS = 3: OR = 0.85, p = 0.63).
To ensure no conscious visual experience in non-conscious trials and
clear perception in conscious trials, only trials with PAS = 1 in nonconscious (LS: 80.4 ± 19.6%; MS: 84.2 ± 19.8% of trials) and in absent
(LS: 86.8 ± 17.0%; MS: 85.9 ± 17.5% of trials) conditions, and trials
with PAS = 3 in conscious condition (LS: 97.5 ± 3.0%; MS: 94.7 ± 7.0%),
were included in the following analyses.
For conscious trials, participants had near perfect accuracy (hits –
false alarms; mean ± SD: LS = 1.00 ± 0.01; MS = 1.00 ± 0.01), with no
diﬀerence between sedation levels (Wilcoxon match pairs test: z = 0.45,
p = 0.66). For non-conscious trials, accuracy was at chance level (mean
± SD: LS = 0.02 ± 0.12, t31 = 0.89; p = 0.38; MS = 0.01 ± 0.12; t31 =
0.67; p = 0.51), again with no diﬀerence between sedation levels (paired
samples t-test: t31 = 0.15, p = 0.88). As such, these stimuli were nonconscious according to both subjective (only trials with a PAS rating
of 1 were included) and objective (chance-level performance on the
forced-choice task) criteria. Participants’ response time did not diﬀer
between non-conscious and absent trials for either sedation level (LS:
t31 = −1.41, p = 0.17; MS: t31 = 0.08, p = 0.94), but was generally slower
during MS compared to LS (trial type-by-sedation ANOVA: main eﬀect
of sedation: F1, 31 = 15.18, p = 0.00049). There was also a main eﬀect
of trial type (F2, 62 = 44.78, p < 0.0001), where conscious trials were
faster than non-conscious (t31 = −7.19, p = 4.4 × 10−8 ) and absent trials (t31 = −6.72, p = 1.6 × 10−7 ). A signiﬁcant trial type-by-sedation
interaction (F2, 62 = 4.31, p = 0.018) revealed that the eﬀect of sedation was strongest on non-conscious trials (t31 = −4.37, p = 0.00013;
conscious: t31 = −2.97, p = 0.006; absent: t31 = −2.55, p = 0.016), diﬀering signiﬁcantly from conscious (t31 = 3.95, p = 0.00042) but not from
absent trials (t31 = −0.91, p = 0.37).

Fig. 2. Estimation of the Propofol eﬀect over time using the visuo-motor
“metronome task”. A. Changes of the asynchrony variability (estimated with
the asynchrony standard deviation) across the 12 sequences for the three Propofol stabilization periods. Two participants are presented, (1) one starting with
MS and where the three stabilization periods correspond to MS-to-LS (Stab.1),
LS-to-MS (Stab.2), MS-to-LS (Stab.3), and (2) the other starting with LS and
where the three stabilization periods correspond to LS-to-MS (Stab.1), MS-to-LS
(Stab.2), LS-to-MS (Stab.3). B. Estimation of the Propofol eﬀect changes at the
group level. The boxplots represent the average of the regression slopes for the
three stabilization periods, with the sign ﬂipped for participants starting with
LS. Note that the ﬁrst and third transitions are signiﬁcantly diﬀerent from the
second one, conﬁrming the altered Propofol level before each block of the main
visuospatial task. Stab. = Stabilization period; ∗ ∗ p < 0.01; ∗ ∗ ∗ p < 0.001.
Table 1
Mean and standard deviation for behavioral variables. Response time (RT) is
reported in milliseconds. “Missing” refers to average number of trials with no
response during the visuospatial task. Metro. = metronome task; PAS = Perceptual Awareness Scale; LS = low sedation; Consc. = conscious trials; Nonconsc. = non-conscious trials.

Consc. LS
Consc. MS
Non-consc. LS
Non-consc. MS
Absent LS
Absent MS

LS
MS

LS
MS

% PAS = 1

% PAS = 2

% PAS = 3

2.2 (3.0)
4.6 (6.1)
80.4 (20.0)
84.2 (19.8)
86.8 (17.0)
85.9 (17.5)

0.2 (0.7)
0.7 (1.6)
18.9 (19.6)
14.4 (19.6)
12.5 (16.8)
12.6 (17.6)

97.5 (2.9)
94.7 (7.0)
0.7 (1.0)
1.4 (2.6)
0.6 (1.7)
1.5 (3.3)

RT Conscious

RT non-consc.

RT Absent

710 (121)
748 (129)

966 (246)
1090 (307)

993 (276)
1088 (337)

Missing, Consc.

Missing, Non-consc.

Missing, Absent

0.09 (0.53)
1.0 (2.72)

0.41 (0.61)
2.72 (6.39)

0.06 (0.35)
0.87 (1.56)

3.2. Neural response to stimulus presence
metronome response cue (i.e., how precisely participants paced the responses) increased for moderate sedation (MS). Among the three stabilization periods, we observed that participants’ performance changed
during stabilization of the Propofol level (F2, 62 = 13.27, p = 0.00002;
Fig. 2B). Indeed, variability increased with the change of sedation from
low sedation (LS) to MS and decreased from MS to LS. This conﬁrmed
that participants’ arousal changed before each block of the main task.
The number of trials without a response during the main visuospatial task increased during MS for conscious (Wilcoxon match pairs test:
z = 2.54, p = 0.011), non-conscious (z = 3.68, p = 0.000023), and absent
trials (z = 3.24, p = 0.0012), but remained infrequent (on average ca.
1–3 trials during MS, see Table 1). These trials were excluded from the
following analyses.,
A comparison of PAS responses between the sedation levels revealed
a signiﬁcant eﬀect in conscious and in non-conscious conditions. Specifically, the odds of reporting stimuli as seen (PAS = 3) decreased compared to PAS = 1 during MS (OR = 0.46, p = 0.0013) but not compared

We then investigated the neural response related to visuospatial
processing at a low level of sedation, to verify task-related BOLD
signal change in brain areas consistent with visuospatial processing
(Wang et al., 2015) for both conscious and non-conscious stimuli, which
could potentially be modulated by sedation. Whole-brain univariate
analyses of fMRI data, contrasting the Conscious LS to the Absent LS condition, revealed signiﬁcant BOLD signal change in the expected regions
related with visuospatial processing, including superior parietal cortex,
intraparietal sulcus, and occipitotemporal regions bilaterally (Fig. 3).
Contrasting Non-conscious LS to Absent LS did not reveal any signiﬁcant BOLD signal change at the whole-brain level. Such lack of signiﬁcant signal change during non-conscious trials is not unexpected given
previous research where continuous ﬂash suppression (CFS) is used to
suppress consciousness (e.g., Sterzer et al., 2014), or for non-conscious
processing in general. Speciﬁcally, CFS produces powerful suppression
and the multiple-comparisons corrections needed for whole-brain sta5
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lateral occipitotemporal cortex (MNI coordinates: 46 −660) and a corresponding left-hemisphere region (−48 −72 2). Importantly, the signal
change in these two regions are expected to go in opposite directions for
stimuli that appear on the left vs. right side of the screen, and the signal diﬀerence between regions would thereby constitute a more sensitive
measure of stimulus processing compared with a consideration of signal change in each region by itself (cf. the “contralateral delay activity”
commonly used in research on visual working memory; e.g., Luria et al.,
2016).
Subtracting signal change related to right- from left-sided stimuli during the visuospatial task under low sedation (median beta
value across voxels within each region), and comparing this diﬀerence
across the two regions, revealed a signiﬁcant hemispheric diﬀerence for
both conscious (t31 = 3.46, p = 0.002) and non-conscious (t31 = 2.59,
p = 0.014) stimuli (Fig. 4). Importantly, this latter ﬁnding conﬁrms that
the stimuli were processed also during suppression from consciousness.

3.3. Sedation eﬀect on neural responses
To evaluate the eﬀect of sedation on conscious neural processing, we submitted the BOLD signal change from the left/right ROIs
to a Sedation-by-Hemisphere (2 × 2) repeated measures ANOVA. As
expected, there was a main eﬀect of Hemisphere (F1, 31 = 17.52,
p = 0.0002). However, there was no eﬀect from sedation (main eﬀect of
Sedation: F1, 31 = 1.62, p = 0.21; Sedation-by-Hemisphere interaction:
F1, 31 = 0.074, p = 0.79).
The corresponding ANOVA on non-conscious neural processing revealed a main eﬀect of Hemisphere (F1, 31 = 10.38, p = 0.003), and,
notably, also a main eﬀect of Sedation (F1, 31 = 4.97, p = 0.033). The
Sedation-by-Hemisphere interaction was not signiﬁcant (F1, 31 = 0.12,
p = 0.73).
Taken together, the above results demonstrate that moderate sedation aﬀected non-conscious and conscious neural processing diﬀerently (Fig. 4). To formally evaluate this diﬀerence across conscious/nonconscious conditions we performed a Consciousness-by-Sedation-byHemisphere (2 × 2 × 2) repeated measures ANOVA. Indeed, the
Consciousness-by-Sedation interaction was signiﬁcant (F1, 31 = 5.80,
p = 0.022), conﬁrming that sedation aﬀects conscious and non-conscious
neural processing diﬀerently in the ROIs. There was also a main eﬀect
of Hemisphere (F1, 31 = 25.02, p = 0.00002) and a Consciousness-byHemisphere interaction (F1, 31 = 4.47, p = 0.043). This latter interaction
signiﬁes a larger diﬀerence across hemispheres for conscious relative
non-conscious stimuli. No other eﬀects were signiﬁcant. As can be seen
in Fig. 4, there was an outlier in two of the non-conscious conditions.
Exclusion of these participants did not change the outcome of the analyses.
Intuitively, it could be expected that an eﬀect from increased sedation would primarily show as a Sedation-by-Hemisphere interaction,
such that the lateralized response to left- and right-sided stimuli would
decrease in both left and right hemispheres (i.e., both the left/“blue”
and right/“orange” bars in Fig. 4 would shift towards zero, the left going up and the right going down), as a result of decreased signal strength
and/or increased noise. Instead, the BOLD signal during non-conscious
neural processing increased in both hemispheres (i.e., the main eﬀect
of Sedation). Given that the BOLD signal change was calculated as the
diﬀerence between stimuli appearing on the left vs. right side of the
screen, a common increase across hemispheres could be due to an increased response to left-sided stimuli, or a decreased response to rightsided stimuli, or both. As can be seen in Fig. 5, when re-plotting the
data by subtracting MS from LS for each hemisphere and stimulus side
separately, it is evident that moderate sedation changed the neural processing of left- and right-sided stimuli equally across hemispheres, such
that the response to stimuli occurring on the left increased whereas the
response to stimuli on the right decreased during MS compared with LS
– i.e., a leftward bias.

Fig. 4. Regions of interest were deﬁned based on the metronome task by comparing stimuli that appeared on the left vs. right side of the display (upper part
of ﬁgure). Within each region, beta values from the visuospatial task related to
right-sided stimuli were subtracted from beta values related to left-sided stimuli (y-axes in box plots, where the central line represents the median value).
Thus, negative values are expected in the left ROI (where activity is driven
more by stimuli appearing in the right visual ﬁeld) and positive values are expected in the right ROI. Across these regions, beta value estimates were compared for conscious and non-conscious stimuli, when participants were under
low (LS) or moderate (MS) sedation. The comparisons across sedation levels
and across conscious/non-conscious conditions are from the ANOVAs described
in the main text. Taken together, the results show that moderate sedation altered non-conscious and conscious neural processing diﬀerently. ∗ = p < 0.05.
(For interpretation of the references to color in this ﬁgure, the reader is referred
to the web version of this article.)

tistical inference makes such approach insensitive to detect a relatively
subtle non-conscious signal change.
To optimize sensitivity and speciﬁcity when quantifying the signal
change related to non-conscious perception, and later the eﬀect of sedation on such signal, we limited further analyses to regions related to
visuospatial processing. To generate regions of interest (ROIs) we used
data from the metronome task, where the pace-setting dot appeared in
one of the four quadrants of the screen. Capitalizing on the retinotopic
organization of visual cortex, we compared left- > right-sided stimuli
to deﬁne a region in the right hemisphere, and right- > left-sided stimuli for a region in the left hemisphere (p < 0.05, FWE corrected at the
voxel level; Fig. 4). This resulted in a right-hemisphere region located in
6
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Fig. 5. Re-plotting of the eﬀect of sedation on non-conscious neural processing
from Fig. 4. By plotting the diﬀerence between low (LS) and moderate sedation (MS) for each hemisphere and stimulus side separately, it is evident that
sedation alters the balance in response to left- vs. right-sided stimuli equally in
both hemispheres. Note that the corresponding (Hemisphere-by-Stimulus Side)
ANOVA provides the exact same statistics as displayed in Fig. 4, but here in
terms of a main eﬀect of stimulus side (F1, 31 = 4.97, p = 0.033). This is because
the input to the original ANOVA was the diﬀerence between Stimulus Left and
Stimulus Right, while the current input data is the diﬀerence between LS and
MS. Note also that an increased BOLD signal during MS will result in a reduced
value from the subtraction LS – MS. That is, the boxplots move below zero when
the response to left-sided stimuli increase during MS (gray boxes), and vice versa
for a decreased response to right-sided stimuli (white boxes).

There is extensive evidence to suggest that the right hemisphere is
dominant for spatial attention, with a concurrent left hemiﬁeld neglect
in e.g. stroke patients (Corbetta and Shulman, 2011; Vuilleumier, 2013)
and a positive leftward bias in healthy individuals (De Schotten et al.,
2011; Jewell and Mccourt, 2000; Thut et al., 2006). We therefore hypothesized that there might be a change in attentional control with increased sedation, which could potentially explain the sedation-related
increase in leftward bias during non-conscious neural processing. To investigate this, we ﬁrst sought to ﬁnd a possible neural correlate to “attentional control” of leftward bias during LS, by comparing left- vs. rightsided stimuli, and vice versa, for conscious stimuli (because there was no
signiﬁcant signal change in the whole-brain analysis for non-conscious
stimuli, see above). Left > Right trials during LS revealed a pattern of
right-lateralized signal change in occipital cortex that overlapped with
the right ROI from the metronome task, and in parietal cortex that overlapped with part of the activity pattern from Conscious > Absent reported above (Fig. 6). Notably, the pattern of signal change included
the right intraparietal sulcus (IPS), which is associated with attentional
control and leftward bias (Siman-Tov et al., 2007; Vuilleumier, 2013).
By contrast, there was no signiﬁcant diﬀerence for Right > Left trials.
Comparing signal change in the right IPS (sphere with 3 mm radius
at the local maxima within the right IPS, see Fig. 6) with the corresponding left IPS (deﬁned based on the Conscious > Absent contrast),
a Hemisphere-by-Stimulus Side ANOVA, with Stimulus Side ﬂipped in
one hemisphere, revealed a signiﬁcant Hemisphere-by-Stimulus Side interaction (F1, 31 = 5.62, p = 0.024). The signiﬁcant interaction despite
Stimulus Side being ﬂipped in one hemisphere conﬁrms a signiﬁcant
hemispheric diﬀerence, or “dominance” (cf. Shulman et al., 2010, for a
similar approach). Moreover, BOLD signal in the right IPS was modulated by sedation, as revealed by a signiﬁcant Sedation-by-Stimulus Side
interaction (F1, 31 = 6.97, p = 0.013). Thus, the right IPS is a candidate
region as a source of sedation-modiﬁed leftward bias.
The signiﬁcant modulation of BOLD signal in the right IPS from moderate sedation is in itself an important addition to the ﬁndings presented
above. However, since the signal change was occurring during conscious
trials, an explanation to the leftward bias during non-conscious trials remains unﬁnished. Speciﬁcally, the right IPS would in addition need to be
responsive to non-conscious stimuli. This was not the case, as t-tests during both LS and MS were non-signiﬁcant (LS: paired t-test of Stimuli Left
> Right, t31 = −0.61, p = 0.55; MS: t31 = −0.46, p = 0.65). Per the same
logic as presented above, a diﬀerence across hemispheres may be more
sensitive to signal change related to lateralized stimulus presentations.
Including right and left IPS in a Hemisphere-by-Stimulus Side ANOVA

Fig. 6. Boxplots for BOLD signal change relative to the Absent conditions in left
and right intraparietal sulcus (IPS) during low and moderate sedation (LS and
MS, respectively), separately for stimuli appearing on the left (gray) and right
(white) side of the screen. The brain rendering illustrates in hot colors the network of regions active during Conscious > Absent during LS (same as in Fig. 3),
with Stimuli Left > Stimuli Right during Conscious LS trials overlaid in cool
colors. The reverse contrast of Stimuli Right > Stimuli Left did not reveal any
signiﬁcant results. Neither IPS region was responsive to non-conscious stimuli
(bottom row).

did not provide any signiﬁcant results for non-conscious trials (LS: main
eﬀect of Hemisphere, F1, 31 = 0.18, p = 0.68; main eﬀect of Stimulus
Side, F1, 31 = 0.66, p = 0.42; Hemisphere-by-Stimulus Side, F1, 31 = 0.07,
p = 0.79; MS: main eﬀect of Hemisphere, F1, 31 = 0.33, p = 0.57; main
eﬀect of Stimulus Side, F1, 31 = 0.04, p = 0.84; Hemisphere-by-Stimulus
Side, F1, 31 = 1.90, p = 0.18). We thus conclude that sedation modulates BOLD signal in sensory regions (the ROIs, see Fig. 4) during nonconscious trials by biasing the lateralized stimulus response towards leftsided stimuli, and that the origin of this bias remains unclear.
To explore if sedation might alter brain activity related to conscious
neural processing outside the current ROIs, we also performed a wholebrain analysis of [Conscious LS – Absent LS] > [Conscious MS – Absent
MS] (p< 0.05 FWE, cluster-deﬁning threshold = 0.001). There was no
signiﬁcant signal change. However, when comparing LS to MS across all
conditions (Conscious, Non-conscious, and Absent), there was a significant reduction of BOLD signal in the inferior occipitotemporal cortex
during moderate sedation (xyz = −44 −48 −20, peak t = 4.79, k = 275).
Finally, non-speciﬁc changes in cerebral blood ﬂow (CBF) were
quantiﬁed with Arterial Spin Labeling (see Methods). There was a
widespread reduction of CBF in frontal, parietal, temporal, and cerebellar regions (p < 0.05 FWE corrected, cluster-deﬁning threshold = 0.001;
Fig. 7). Reduced CBF was also evident in the ROIs used in the analyses
of BOLD signal change above (CBF averaged across ROIs: t31 = 3.90,
7
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to implement diﬀerent aspects of attention (Vuilleumier, 2013), and the
speciﬁc contribution of IPS to the current task is unclear.
The ﬁnding of altered neural processing of non-conscious stimuli
from Propofol sedation has several implications for the concept of consciousness and for clinical situations. Firstly, it could be argued that the
conception of “levels of consciousness” when referring to arousal is a
misnomer. To denote a reduced level of arousal as an altered level (or
state) of consciousness is potentially misleading, because such terminology suggests a speciﬁcity that apparently is non-existent. In light of
our current ﬁndings, the correct term would be an “altered level of consciousness and unconsciousness”. It may be more appropriate to simply
use “arousal”, “alertness”, or similar terminology, because a change in
arousal does not only aﬀect conscious neural processing. Our ﬁndings
are consistent with theories of consciousness that explicitly separate levels and content (e.g., Northoﬀ and Huang, 2017), but are problematic for
hypotheses that suggest integrating these two dimensions as subtending
consciousness (e.g., Aru et al., 2019; Bachmann and Hudetz, 2014).
Secondly, our ﬁndings have implications for the development of
“consciousness markers” in people with low levels of arousal and/or
altered “states of (un)consciousness”. One great challenge in consciousness research, which has substantial ethical implications, is to know
whether patients that are non-responsive due to anesthesia or trauma
retain their capacity for conscious experiences. One candidate marker,
suggested to reﬂect conscious experience (i.e., content consciousness),
is the perturbational complexity index (PCI), which reliably discriminates between lower “levels of consciousness”, including sleep, anesthesia, and in patients with consciousness disorders (Casali et al., 2013;
Sarasso et al., 2015). To our knowledge, the PCI and other candidate
markers do not take changes in non-conscious neural processing into
account. Again, the lack of speciﬁcity, i.e., the inability to isolate neural processing speciﬁcally related to (the content of) consciousness and
to exclude eﬀects emanating from changes in non-conscious neural processing, is problematic for existing markers of consciousness. The same
goes for research on the neural correlates of consciousness where manipulations of arousal are used (Koch et al., 2016). That is, given our current
ﬁndings, changes in markers/indices or correlates may have been driven
by alterations in non-conscious rather than conscious neural processes.
While it is possible for non-conscious processes to occur without cooccuring conscious processing, it is impossible for conscious processes to
occur without non-conscious processes. Accordingly, non-conscious processes will always need to be accounted for when studying consciousness (Eriksson et al., 2020). For practical purposes, e.g., when trying
to determine if a patient is capable of conscious experiences or not, a
correlation between arousal and the capacity for conscious experiences
may suﬃce, but should be veriﬁed.
Previous neuroimaging research on the eﬀects of sedation has
demonstrated a sparing of neural activity in sensory regions combined
with a reduction in higher-order regions, including frontal and parietal
cortex (Demertzi et al., 2019; Hudetz and Mashour, 2016). Such previous ﬁndings are consistent with our current ﬁnding of altered BOLD
signal in the right IPS with no concomitant signal change in sensory
regions during conscious perception. A crucial diﬀerence between the
current experiment and previous research is that we here directly compare conscious and non-conscious neural processing, while also controlling for non-speciﬁc eﬀects from sedation by subtracting BOLD signal
during the “absent” condition. While the current study is the ﬁrst to
manipulate both arousal and conscious perception simultaneously, we
have only used two levels of sedation. It therefore remains unknown
whether the relation is linear or non-linear, and may diﬀer for conscious
and non-conscious neural processing. Further characterization of the effects of arousal on conscious and non-conscious neural processing is an
important task for future research.
The two main approaches to study the neural correlates of consciousness, by manipulating “level”/”state” or by manipulating “content”,
have diﬀerent pros and cons (Dehaene and Changeux, 2011; Koch et al.,
2016). The information gained by manipulating content is highly spe-
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Fig. 7. Reduced cerebral blood ﬂow from moderate sedation, as measured with
arterial spin labeling during rest. Bar values are t-values.

p = 0.00049). Importantly, sedation-induced changes in CBF did not
correlate with changes in non-conscious neural processing (r30 = 0.26,
p = 0.15), and the main eﬀect of sedation on non-conscious neural processing remained signiﬁcant when adding CBF change as a covariate
to the previous analysis of BOLD signal change (i.e., an ANCOVA: F1,
30 = 7.29, p = 0.011). This conﬁrms that the approach to subtract the
signal change in the Absent condition successfully controlled for nonspeciﬁc changes of sedation in the preceding analyses.
4. Discussion
The ﬁnding that a reduced level of arousal suppresses brain activity regardless of condition (Conscious, Non-conscious, and Absent), and
the widespread reduction of CBF during resting state (ASL), is consistent with a bulk of previous research that has compared brain activity
during sedated and unsedated conditions (e.g., Macdonald et al., 2015).
Our current contribution to the ﬁeld is to clarify how reduced arousal
alters brain activity speciﬁcally related to conscious and non-conscious
stimulus processing.
The most striking ﬁnding in our opinion is that reduced arousal affected non-conscious neural processes, and that this eﬀect diﬀered from
the eﬀects of Propofol on conscious neural processes. Speciﬁcally, for
non-conscious stimuli Propofol sedation changed the balance of the lateralized response from left- and right-sided stimuli, thus increasing a
leftward bias. There is substantial evidence for an attentional bias towards the left based on data from both healthy participants (De Schotten et al., 2011; Jewell and Mccourt, 2000; Siman-Tov et al., 2007) and
neurological patients (Corbetta and Shulman, 2011; Vuilleumier, 2013).
This body of research commonly point to parietal regions as a key source
of such bias. Our attempt to explain the increased leftward bias as resulting from higher-order control of spatial attention, by investigating the
BOLD signal change in the right IPS, was unsuccessful. It is noteworthy,
however, that Propofol sedation reduced CBF in parietal and frontal regions, as evidenced by the ASL data. We speculate that this non-speciﬁc
decrease in brain regions that overlap with several attention networks
(Miller and Buschman, 2013; Petersen and Posner, 2012) may alter the
cognitive context in which stimuli are processed non-consciously, which
may have led to the observed increase in leftward bias. Alternatively, the
bias may result from “preattentive” processing and would by such account reﬂect processing within sensory regions. However, the fact that
the bias was symmetric across hemispheres/ROIs, combined with the
retinotopic organization of ventral visual regions which would predict
a lateralized eﬀect, makes such a scenario less likely.
While the IPS was unresponsive to non-conscious stimuli, we found
that IPS activity was modulated by moderate sedation during conscious
trials. Interestingly, the diﬀerential response to stimuli appearing on
the left vs. right side of the screen basically disappeared during moderate sedation, making the IPS equally responsive to left- and right-sided
stimuli (Fig. 6). The altered IPS activity is consistent with a report by
Henke and Schwarzbauer (2001), where they used subanesthetic levels
of isoﬂourane combined with a visual search task. As in their report,
sedation modiﬁed IPS activity and reaction time increased, while accuracy was unaﬀected. Diﬀerent subsections of the IPS has been suggested
8
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ciﬁc and excludes many important confounds, but will be limited to
the speciﬁc content used and cannot provide information on consciousness “in general” (if there is such a thing). Manipulating level/state can
provide information in a much broader sense, but lacks control for effects unrelated to consciousness. Recent eﬀorts to improve speciﬁcity,
for example by looking at similarities across sedatives and other altered states of consciousness (e.g., Huang et al., 2018; Pal et al., 2020;
Scheinin et al., 2021, 2018) show promise, but has not yet managed to
take non-conscious neural processing into account, as far as we know.
Here we combine the two approaches, thereby providing new insights
into the eﬀects of manipulating arousal (i.e., the “level” of consciousness). However, with this combined approach comes also the drawback
of manipulating the content, i.e., the results are informative only with
regard to the speciﬁc content that is being manipulated. Thus, generalizability of the current ﬁndings is limited by the speciﬁcs of the experimental protocol. Further investigations of how the current ﬁndings generalize to other stimuli, tasks, and manipulations of arousal, are needed.
Moderate sedation reduced the number of trials reported as subjectively seen (i.e., given a PAS rating > 1) both for “conscious” and “nonconscious” presentation conditions. Without additional measures such
as eye-movement recordings or pupillometry it is diﬃcult to know why,
but we speculate that it may reﬂect an increased frequency of attentional
lapses and/or eye blinks. The possibility of such a non-speciﬁc factor
aﬀecting subjective ratings, considered together with ﬁndings that (presumably non-conscious) pre-stimulus brain activity aﬀects which stimuli
are seen/unseen (He, 2018), makes the change in PAS response distribution itself unsuitable for drawing conclusions regarding conscious and
non-conscious processing. Relatedly, the lack of a signiﬁcant diﬀerence
in PAS responses as a function of sedation for Absent trials suggest that
the criterion for reporting awareness did not change with moderate sedation. Also, the relatively high number of Absent trials with a reported
conscious experience (PAS > 1) during both low and moderate sedation (ca 13%, see Table 1) suggests that the participants used a liberal
criterion for reporting awareness.
There exists a relatively large number of theories of consciousness,
and an exposition on how the current ﬁndings relate to each of them is
beyond the scope of the current paper. We refer the interested reader
to a recent theory review that also considers levels of consciousness
(Northoﬀ and Lamme, 2020). Notably, a key implication from our current ﬁndings is that the assumption that altered arousal can be straightforwardly used to elucidate (content) consciousness is problematic, as
argued above. A large body of empirical work relevant for various theories of consciousness would therefore need reconsideration. We note
also that arousal is but one connotation of “levels of consciousness”, and
that other conceptions may have better relevance for understanding the
complex phenomenon of consciousness.
In conclusion, our current results show that Propofol alters conscious and non-conscious stimulus processing diﬀerently. Speciﬁcally,
non-conscious neural processes were altered in sensory regions while
conscious neural processing was altered in a higher-order region. Interestingly, both eﬀects were related to a lateralized response to stimuli
appearing in diﬀerent spatial locations (left/right). By considering sedative eﬀects on non-conscious as well as on conscious neural processing
in future work, markers of (content) consciousness can be improved and
may lead to a better understanding of situations where content and level
dissociate, for example when sedated patients retain the capacity for
conscious experiences. We suggest that such future work would beneﬁt from avoiding the term “level of consciousness” when referring to
arousal, to reduce confusion.
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