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Abstract: Sedation has a graded effect on brain responses to auditory stimuli: perceptual processing persists at sedation levels that attenuate more complex processing. We used fMRI in healthy volunteers
sedated with propofol to assess changes in neural responses to spoken stimuli. Volunteers were scanned
awake, sedated, and during recovery, while making perceptual or semantic decisions about nonspeech
sounds or spoken words respectively. Sedation caused increased error rates and response times, and differentially affected responses to words in the left inferior frontal gyrus (LIFG) and the left inferior temporal gyrus (LITG). Activity in LIFG regions putatively associated with semantic processing, was
significantly reduced by sedation despite sedated volunteers continuing to make accurate semantic decisions. Instead, LITG activity was preserved for words greater than nonspeech sounds and may therefore
be associated with persistent semantic processing during the deepest levels of sedation. These results suggest functionally distinct contributions of frontal and temporal regions to semantic decision making. These
results have implications for functional imaging studies of language, for understanding mechanisms of
impaired speech comprehension in postoperative patients with residual levels of anesthetic, and may contribute to the development of frameworks against which EEG based monitors could be calibrated to
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Although apparently effortless, understanding the
meaning of a spoken word is a complex cognitive process,
underpinned by coordinated activity in multiple brain
regions over the duration of a typical spoken word lasting
just a few hundred milliseconds [Davis and Gaskell, 2009;
Friederici, 2002; Marslen-Wilson and Tyler, 1980; O’Rourke
and Holcomb, 2002]. Such processing commences with
acoustic analysis in Heschl’s Gyrus (common to all auditory stimuli) followed by identification of speech elements
(phonemes, syllables etc) in peri-auditory regions of the
Superior and Middle Temporal Gyri (STG, MTG) [Binder
et al., 2000; Davis and Johnsrude, 2003; Jacquemot et al.,
2003]. Current accounts of the neuroanatomical basis of
speech perception propose two or more hierarchically
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The success of semantic processing can be measured
using behavioural responses (e.g., decisions), but also
using neural measures (e.g., differential activity for highlow ambiguity sentences or N400 responses to semantically anomalous words). In this study we investigated
additional neural responses to spoken words (compared
with matched nonspeech sounds) during graded sedation
in volunteers performing a behavioral task involving
semantic decisions (compared with matched auditory decisions for nonspeech sounds). Semantic decision-making
refers to the underlying processes involved in making
decisions about the meaning of words. This involves processes in addition to accessing meaning, and in the context
of this experiment involves making (button-press) decisions about the meanings of single spoken words heard in
the scanner. This method provides a direct test of whether
the regionally selective and condition-specific attenuation
of frontal responses to spoken stimuli during propofol
sedation is associated with impaired semantic processing.
More specific hypotheses that we tested include whether
the decreased LIFG activation produced by propofol is
directly associated with impaired semantic processing of
single spoken words, as well as how activation in other,
posterior, regions involved in perceptual and semantic
processing of spoken language are modulated by sedation.
Concurrent assessment of behavioral responses and functional imaging was employed to assess whether intact
comprehension of spoken words can be established by the
presence of preserved patterns of neural activity known to
be associated with speech comprehension.

organized processing streams, dorsal and ventral to these
peri-auditory regions [Poeppel and Hickok, 2004; Saur
et al., 2008; Scott and Johnsrude, 2003]. More anatomically
distant regions of the ventral processing pathway in anterior temporal [Rauschecker et al., 2008] and posterior inferior temporal regions [Hickok and Poeppel, 2007] may
play a critical role in supporting successful access to word
meaning (semantic processing, see [Binder et al., 2009]). In
addition to these regions, parts of the anterior LIFG (Brodmann’s area 47, located in the junction between the pars
triangularis and pars orbitalis) are also considered to be
involved in semantic processing [Binder et al., 2009]. Several fMRI studies identify BA 47 activation during semantic tasks [Kapur et al., 1994] and implanted electrodes
[Abdullaev and Bechtereva, 1993] and lesion studies
[Swick and Knight, 1996] also provide converging evidence on the role of the LIFG in semantic processing.
Coordinated activity among these multiple regions may
be critical in supporting comprehension of and behavioural responses to spoken stimuli, thus contributing to conscious awareness for speech. This conclusion is supported
by the differential sensitivity of these regions to alterations
in the degree of awareness of speech seen, for example,
with auditory masking, or administration of varying doses
of anesthetic drugs. Findings from graded sedation can
both complement and extend results from behavioural
methods for studying neural responses to spoken language
in the absence of explicit perceptual awareness [e.g.,
divided attention, Sabri et al., 2008; or masked auditory
priming, Kouider et al., 2010]. It is important to note however, that the state of awareness as modulated by anesthetic drugs is different from the level of perceptual
awareness as modulated by divided attention or masking
strategies. Controlled sedation with anesthetic drugs thus
provides an important additional method for studying the
hierarchy of auditory and speech processing at varying
levels of awareness.
Graded conscious sedation provides a controlled method
for manipulating level of awareness. Relatively light sedation impairs complex auditory processing (for example, of
verbal or musical stimuli) [Davis et al., 2007; Heinke et al.,
2004; Plourde et al., 2006], whilst simple auditory processing (for example, processing of pure tones) may remain
intact even during surgical anesthesia [Dueck et al., 2005;
Kerssens et al., 2005]. In a previous fMRI study, we have
shown that activation of the LIFG in response to semantic
ambiguity in spoken sentences is sensitive to the effects of
sub-anesthetic doses of the anesthetic agent propofol [Davis
et al., 2007]. Even light sedation was associated with
reduced responses to semantic manipulations (high vs. low
ambiguity sentences) in the LIFG. However, since this study
only included a retrospective assessment of comprehension
based on subsequent memory for sentence content, it was
impossible to determine whether altered LIFG responses
under sedation were associated with decreased processing
of semantic content, or merely impaired subsequent memory for spoken material.
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MATERIAL AND METHODS
Ethical approval for these studies was obtained from the
Cambridgeshire 2 Regional Ethics Committee. Twenty participants were recruited to the study; all were fit, healthy,
native English speakers (11 male), and their mean (range)
age was 35 (19–53) years. Two senior anesthetists were
present during scanning sessions and observed the subjects throughout the study from the MRI control room and
on a video link that showed the subject in the scanner.
Electrocardiography and pulse oximetry were performed
continuously, and measurements of heart rate, noninvasive
blood pressure, and oxygen saturation were recorded at
regular intervals.

Sedation
Propofol was administered intravenously as a “target
controlled infusion” (plasma concentration mode), using
an Alaris PK infusion pump (Carefusion, Basingstoke, UK)
programmed with the Marsh pharmacokinetic model
[Absalom et al., 2009; Marsh et al., 1991]. With such a system the anesthesiologist inputs the desired (“target”)
plasma concentration, and the system then determines the
required infusion rates to achieve and maintain the target
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Figure 1.
Experimental design and fMRI protocol. Each sedation period comprised 5 blocks of words and
5 blocks of nonspeech stimuli. Semantic tasks alternated in 24 s blocks (presentation of 8 stimuli
interspersed with silence) in separate scanning runs with a nonspeech buzz/noise baseline task.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
(320.5) ng/ml during moderate sedation and 275.8 (75.42)
ng/ml during recovery. Mean (SD) total mass of propofol
administered was 210.15 (33.17) mg, equivalent to 3.0
(0.47) mg/kg.

concentration (using the patient characteristics which are
covariates of the pharmacokinetic model). The Marsh
model is routinely used in clinical practice to control propofol infusions for general anesthesia and for sedation. In
this study three target plasma levels were used - no drug
(baseline), 0.6 mg/ml (low sedation), and 1.2 mg/ml (moderate sedation). A period of 10 min was allowed for equilibration of plasma and effect-site propofol concentrations
before cognitive tests were commenced. Blood samples
(for plasma propofol levels) were drawn towards the end
of each titration period and before the plasma target was
altered. In total, 6 blood samples were drawn during the
study. The level of sedation was assessed verbally immediately before and after each of the scanning runs. Following cessation of infusion, plasma propofol concentration
decline exponentially and would theoretically never reach
zero (asymptote). Computer simulations with TIVATrainer
(a pharmacokinetic simulation software package- available
at www.eurosiva.org) revealed that plasma concentration
would approach zero by 15 minutes; hence we performed
the recovery scan at 20 minutes following cessation of
sedation. Three participants were initially unresponsive
after the deepest sedation scanning run, but were easily
roused by loud commands. At each level and after cessation of drug administration, participants made semantic
and auditory decisions while undergoing fMRI scanning.
The mean (SD) measured plasma propofol concentration
was 304.8 (141.1) ng/ml during light sedation, 723.3
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Semantic and Auditory Decision Tasks
Prior to the scanning session, all participants underwent
a practice session in which they were presented with a set
of eight words and eight nonspeech stimuli not repeated
in the main tasks. This session was intended to familiarize
participants with the semantic decision task such that they
learnt the nature of the task and response categories during the practice session, but not the specific stimuli that
would be presented in the scanner. All participants underwent four scanning runs; each run lasted 5.5 min and comprised alternating 30 s blocks of words and acoustically
matched nonspeech (buzz/noise) stimuli presented with
the Cognition and Brain Sciences Unit Audio Stimulation
Tool (CAST) (Fig. 1). Stimuli were presented with a stimulus onset asynchrony (SOA) of 3 s in the silent intervals
between scans. Words used in each of the four scanning
runs were pseudo-randomly drawn from a set of 280 items
(140 living items, e.g. tiger, birch, and 140 nonliving items,
e.g., table, stone) in subsets of 40 items (20 living, 20 nonliving), matched for relevant psycholinguistic variables
(word frequency, length, imageability, acoustic amplitude,
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computing statistics was repeated multiple times to create a
good approximation of the unknown true probability function underlying the statistic [Efron and Tibshirani, 1993].
Bootstrapping was performed in SPSS and data were analyzed using linear regression in SPSS.

and familiarity). Participants heard 4 of the 7 groups of
spoken words in the four scanning runs with assignment
of items to sedation levels counter-balanced over participants. Buzz/noise stimuli were generated from word stimuli by extracting the amplitude envelope of a spoken word
and using that envelope to modulate either a broad band
noise (noise) or a harmonic complex with a 150Hz fundamental frequency (buzz). These sounds were filtered to
match the average spectral profile of the source word. This
process, implemented using a custom script implemented
with Praat software (www.praat.org) generates complex,
non-speech stimuli matched to the spoken words for relevant acoustic characteristics (i.e., spectral composition and
amplitude envelope).
Blocks of 8 stimuli were presented with an additional
6 s of silence between blocks to allow estimation of resting
activity. Participants were asked to respond with a button
press to indicate whether presented words referred to living or nonliving items and whether nonspeech stimuli
were buzz-type or noise-type items.

fMRI Pre-Processing and Analysis
Imaging data was pre-processed and analyzed with
SPM5 (Wellcome Institute of Imaging Neuroscience, London, UK, http://www.fil.ion.ucl.ac.uk/spm) implemented
in MATLAB version 6.5 (Mathworks, Natick, MA). Preprocessing involved movement correction using within subject realignment. The mean image of the realigned scans
was computed during realignment and was spatially normalized to the Montreal Neurological Institute (MNI) standard space. Normalization parameters calculated in this
manner were applied to all EPI images. Data were then
spatially smoothed with an 8 mm3 full-width half-maximum Gaussian isotropic kernel. The time series in each
voxel were high pass-filtered to 1/128 Hz to remove low
frequency noise, and corrected for temporal autocorrelation.
Data were analyzed with SPM5 using the general linear
model and event-onsets convolved with the canonical hemodynamic response function. We modeled conditions of interest for correct responses only, in order to assess the
neuroanatomical correlates of successful semantic processing. In addition to the conditions of interest (words and
nonspeech sounds), we also modeled incorrect and time-out
responses as a separate event type. Movement parameters
from the realignment preprocessing step were included as
covariates of no interest in the design matrix to account for
any residual movement artifacts. Parameter estimates from
the least mean square fit of this model in each participant
were used to calculate linear contrasts between words and
non-speech sounds separately for each phase of sedation. A
further contrast was used to assess additional activity for
responses to non-speech sounds compared to the inter-block
rest periods. Contrast images obtained from single subject
analyses were combined in group-level random effects analyses. Results were thresholded at a voxel-level of P < 0.001
uncorrected, and reported at random field corrected P < 0.05
for cluster extent adjusted for the entire brain, unless otherwise stated [Friston, 1995]. Peak activation clusters are
reported in MNI coordinates (which were converted to
Talairach space such that anatomical and cytoarchitectonic
nomenclature could be assigned to peak voxels) [Lancaster
et al., 2007; Talairach and Tournoux, 1988].
To test whether decreased LIFG activation is associated
with impaired semantic processing, we employed a region
of interest (ROI) analysis approach to assess the influence of
sedation on the LIFG. We also performed similar ROI analyses on the left middle temporal gyrus (LMTG) and LITG,
regions which are also important for semantic processing of
spoken words [Binder et al., 2009]. Spherical ROIs (radius
8mm) were created, centered on the peak co-ordinates from

fMRI Acquisition
Scanning was performed on a Siemens Trio Tim 3 Tesla
MRI system (Erlangen, Germany) equipped with a 12channel head matrix transmit-receive coil, using a fastsparse 32 slice axial oblique sequence, with a repetition time
of 3 s, and acquisition time of 2 s, leaving a 1 s silent period
for stimulus presentation (TE 30 ms, flip angle 78, voxel size
3.0 3 3.0 3 3.0 mm3, matrix size 64x64, field of view 192
mm 3192 mm, slice thickness 3.0 mm, 0.8 mm gap between
slices, bandwidth 2,442 Hz/Px). One hundred and ten EPI
images were acquired during the total acquisition time for
each scanning run. At the start of each run, eight dummy
scans were discarded to allow for T1 equilibrium effects.

Behavioral Data Analysis
Behavioral responses were categorized into correct
responses, incorrect responses, and time-outs (no response
to stimuli within 3 s of presentation). Response times (RTs)
were analyzed for correctly classified stimuli (measured
from word onset); the number of incorrect responses
excluding “time-outs,” and number of “time-outs” were
averaged over trials in each condition and scanning run for
each participant and reported as error rates and “time-out”
proportions. The resulting mean responses times, error rates
and time-out proportions for each condition were analyzed
in SPSS16 (SPSS Inc, Chicago, IL) to detect behavioral differences between levels of sedation. The data were analyzed
to check for outliers; when present, data were subjected to
a statistical bootstrap procedure to test the reliability of the
slope estimate. Bootstrapping generates a random
“bootstrap” sample with replacement from the original
dataset. The statistic under investigation is then computed
using the bootstrap sample. This process of resampling and
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TABLE I. Areas showing a significant response to words compared to signal correlated noise averaged across all levels of sedation
Cluster p (cor)

Cluster
size (vox)

0.000

2837

0.000

414

Talairach
coordinate (x y z)

Voxel (T)
8.95
8.32
8.06
7.36
6.94
6.17
6.71
5.56
5.38

262
258
248
238
238
236
58
68
64

24
28
212
214
224
226
22
0
28

L Middle Temporal G BA21
L Middle Temporal G BA21
L Inferior Temporal G BA37
L Inferior Frontal G BA47
L Fusiform G BA20
L Cerebellum
R Middle Temporal G BA21
R Superior Temporal G BA22
R Superior Temporal G BA21

stimuli compared to “time-outs” to nonspeech stimuli
with increasing sedation (P 5 0.005, F[3,76]5 7.23).

the LIFG, LMTG and LITG from the group level wordssounds contrast averaged across all levels of sedation
(Table I). Since all sedation conditions contributed equally to
the definition of these ROIs, the choice of ROI was not influenced by the level of sedation. This is considered a valid
approach to ROI selection and not “double-dipping”, see
[Kriegeskorte et al., 2009, Supporting Information]. MarsBaR
version 0.41 (http://marsbar.sourceforge.net/index.html)
was used to extract time series data from each of the ROIs,
and repeated measures ANOVA implemented in MarsBaR
was used to test differences between the means.

Behavioral Data and Plasma Propofol Levels
A linear regression analysis showed a significant association between RT to words and plasma propofol concentrations (r2 5 0.1288, P 5 0.0049) (Fig. 3), and between error
rates and plasma propofol concentrations (r2 5 0.086,
P 5 0.023). Since there were outlier data points in both these
analyses, data were further analyzed using linear regression
after bootstrapping in SPSS. This analysis revealed a significant association between response times and plasma propofol concentrations (bootstrapped significance P[2-tailed]5
0.02; 95%CI5 0.051 to 0.334) and between error rates and
plasma propofol concentrations (bootstrapped significance
P[2-tailed]50.036; 95% CI53.15 3 1026 to 0.000).

RESULTS
Behavioral Data
Volunteers under low sedation displayed normal to
slowed responses to conversation (Fig. 2). Moderately
sedated volunteers displayed delayed or occasionally no
conversational response, but were always rousable by loud
commands. Repeated measures ANOVAs performed on
error rates and RT data for words and sounds during the
semantic task showed concordant changes with sedation.
RT to words was significantly slower during light and
moderate sedation than baseline (main effect of sedation
condition: P < 0.0001, F[3,76]56.631). Errors in categorizing
word stimuli were also significantly increased during
moderate sedation (P < 0.0001, F[3,76]54.256). In contrast,
RT to nonspeech sounds were significantly increased during moderate sedation only when compared with the
recovery stage (P < 0.0003, F[3,76]55.842). There was no
change in error rates to sounds across sedation level.
“Time-outs” were non-normally distributed and subjected to Friedman’s test (with posthoc Dunn’s multiple
comparison test). Moderate sedation induced a 17%
increase in “time-outs” to words (P 5 0.0016, Friedman statistic 15.26) and a 24% increase to sounds (P 5 0.0011,
Friedman statistic 16.07). Nonetheless, over 75% of trials
were completed successfully at all stages of the study
(including the moderate level of sedation). There was also
a significantly greater change in “time-outs” to speech

r

218
28
252
28
236
240
226
218
26

Brain region

Imaging Results
Activation persisted in bilateral primary auditory cortex
to both words and nonspeech buzz and noise stimuli compared to inter-block silent periods at all levels of sedation.
Additional cortical and subcortical activations were present during the awake state, which did not persist with
sedation (Fig. 4).
BOLD signal changes in response to the speech specific
contrast (words > nonspeech) showed significant activation
along bilateral STG and MTG, fusiform gyri, LIFG (orbitalis and triangularis), LITG and left insula when participants were awake (Fig. 4a and Table II). A mask created
from these activations obtained in the awake state was
used for small volume correction of data obtained during
sedation (though not for ROI analyses looking for differences between different levels of sedation, see methods). We
report results which achieved significance within this
mask because the regions comprising the mask are recognized to be crucial in semantic processing, and also
because they were significantly active in the awake comparison. Conclusions concerning differential responses to
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light sedation, Fig. 4b and Table III). Activation in the
LITG and a trend towards activation in the posterior
LMTG persisted at the deepest level of sedation tested
(Fig. 4c). Recovery from sedation was associated with
robust activations to words and non-speech stimuli in primary auditory cortical regions, superior and middle temporal regions similar to the awake state. Similarly, the
contrast between words and sounds resulted in activation
along bilateral STG and MTG, LIFG (all three subdivisions), and the left insula, left fusiform gyrus and LITG
(Fig. 4d and Table III).

Region of Interest (ROI) Analyses
A group ROI analysis of the LIFG revealed a significant
effect of sedation on LIFG activation for the words versus
non-speech contrast (8 mm spherical ROI centered on the
peak LIFG co-ordinate [238 28 214]; MarsBar ANOVA;
F 5 3.15 P 5 0.03; awake>moderate sedation: t 5 2.01
P 5 0.024; recovery>moderate sedation: t 5 1.69 P 5 0.048)
(Figs. 5 and 6). ROI analysis of the LMTG also revealed a
significant effect of sedation on LMTG activity for the
words>nonspeech contrast (8 mm radius spherical ROI

Figure 2.
Behavioral results. (a) RTs vs. sedation level (b) Error rates vs.
sedation level and (c) Time-outs vs. sedation level. * denotes
significance at P < 0.05. Error bars show standard error. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Figure 3.
Relationship between plasma concentration and (a) Response
times (b) Error rates. Increasing response times (top panel) and
error rates (bottom panel) in response to increasing propofol
plasma concentrations (awake is modeled as zero). [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

sedation, however, will only be drawn from ROI analyses.
With deepening sedation, the same contrast revealed activation in the LMTG, LITG and LIFG (orbitalis) (during
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Figure 4.
Group average responses to words vs. nonspeech sounds at
awake (a), low (b), and moderate (c) levels of sedation and
recovery (d), shown superimposed on a standard T1 weighted
structural image. Talairach and Tournoux z coordinates are
shown. Red color in the brain slices represents responses to
words vs. nonspeech sounds and blue color represents

responses to nonspeech sounds vs. rest. We report clusters
that survived a voxel threshold of P  0.001 uncorrected and a
random field cluster threshold of P  0.05 corrected for the
entire brain. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

centered on the peak LMTG co-ordinate [262 218 24];
MarsBar ANOVA; F 5 2.85 P 5 0.045, awake>moderate
sedation: t 5 1.83 P 5 0.036). However, sedation did not
have a significant effect on LITG activity for the same contrast (8 mm spherical ROI centered on the peak LITG coordinate [248 252 212]; MarsBar ANOVA; F 5 1.84
P 5 0.15). Figure 6 shows the fitted hemodynamic response
function profiles of voxels in the LIFG showing activation
and deactivation to the task (relative to inter-stimulus rest
periods) in the awake state and under moderate sedation.
Comparing the ROIs for a region specific difference in
speech vs. nonspeech activity revealed a significant difference between the LIFG and the LITG ROIs (2 3 4
ANOVA; F 5 3.47 P 5 0.04). To test the hypothesis that the
effect of sedation is specific to responses to words in these
regions, we also performed an ROI analysis of these three
regions for the nonspeech versus rest contrast. Sedation
did not affect activity in any of these three ROIs for this
contrast (LIFG: F 5 2.11 P 5 0.11; LITG: F 5 0.72 P 5 0.55;
LMTG: F 5 0.66 P 5 0.58). Thus, the region by sedation
interaction seen for speech vs. nonspeech responses

confirms the differential impact of sedation on speechspecific processes in frontal and temporal lobe regions.

r

Correlational Analyses
Behavioral data and imaging data
No significant correlation could be demonstrated
between activity in the three ROIs (from all levels of sedation) and behavior (RT and error rates); however there
was a trend towards an increase in RT with decreasing
activity in the LIFG (P 5 0.07).

Plasma propofol levels and imaging data
Plasma propofol concentrations from the different levels
of sedation were correlated against the parameter estimates extracted from the three ROIs; there was significant
negative correlation between plasma levels and activity in
the LIFG ROI (r2 5 0.174, P 5 0.0009). This association was
confirmed with a statistical bootstrapping technique in
SPSS (P[2-tailed]5 0.036; 95%CI5 20.003 to 20.006).
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TABLE II. Areas showing a significant response to words compared to signal correlated noise in awake volunteers
Cluster p (cor)

Cluster size (vox)

Voxel (T)

0.000

2465

0.000

651

0.000

1087

0.002

250

0.004

227

0.028

151

0.009

195

10.33
9.46
8.83
8.07
6.85
5.06
7.9
6.99
6.25
6.03
5.32
4.25
5.64
4.09
3.66
4.93
4.35
4.2
4.74
4.15
3.87

Talairach co-ordinate (x y z)
262
258
242
66
60
48
236
248
236
210
22
8
36
38
40
8
24
210
26
16
12

26
28
214
24
22
22
224
214
234
214
216
212
228
224
218
28
26
216
238
234
228

L Middle Temporal G BA21
L Middle Temporal G BA21
L Inferior Frontal G BA47
R Superior Temporal G BA21
R Superior Temporal G BA21
R Superior Temporal G BA22
L Fusiform G BA20
L Fusiform G BA37
L Uncus BA20
L Substantia Nigra
L Red Nucleus
R Substantia Nigra
R Culmen
R Parahippocampal G BA36
R Parahippocampal G BA36
R Culmen
L Culmen
L Culmen
R Pyramis
R Uvula
R Declive

experiments [Franceschini et al., 2010] and occasional
human studies [Klein et al., 2011; Masamoto and Kanno,
2012] there is broad consensus on this issue. Further, at
the sedative doses used in our study, propofol did not
cause significant changes in mean arterial pressure, and
hence the cerebral autoregulatory response is likely to
have been preserved. We therefore believe that the
observed changes in BOLD contrast are likely to reflect
propofol-induced changes in neural activity and not
changes in neuro-vascular or flow-metabolism coupling.
The present findings therefore build on previous results
in showing regional, condition-specific effects of sedation
and anesthesia on neural responses to complex auditory
stimuli. However, none of these previous investigations
collected concurrent behavioral measures of auditory and
speech-specific processing during sedation. Our data, in
addition to demonstrating decreases in fMRI activation in
response to speech specific stimuli in the LIFG and LMTG,
allow assessment of the impact of reduced activation in
these regions on semantic decisions to spoken words and
auditory decisions to non-speech sounds. Sedation was
associated with an increase in error rates and response
times; this behavioral effect persisted even when outlier
data were accounted for using bootstrapping analyses. The
increased error rates for semantic judgments with sedation
might suggest that the decrease in LIFG activity we
observed is associated with impaired semantic processing.
However, since participants remained able to respond rapidly (less than 20% slower than when fully awake) and
with a high degree of accuracy (mean 88% correct where
chance is 50%), it is clear that successful semantic processing of spoken words remains possible even during

DISCUSSION
The results presented here show a graded, brain-region
and condition-specific effect of sedation on BOLD
responses to speech and nonspeech sounds. This is demonstrated by the persistence of primary auditory cortical
activation to both words and non-speech stimuli during
sedation, suggesting that basic auditory information processing persists during sedation. Our findings of region by
sedation level interactions of LIFG and LITG BOLD
responses to speech vs. nonspeech suggest conversely, that
higher level information processing is impaired in both a
region-specific and dose-dependent manner. This is in
agreement with findings from previous fMRI studies
[Dueck et al., 2005; Kerssens et al., 2005], and the widely
held view that during propofol sedation, higher cognitive
functions are impaired earlier and to a greater degree than
early cortical sensory processing [Bonhomme et al., 2001;
Fiset et al., 1999; Heinke and Schwarzbauer, 2001; Veselis
et al., 2002]. However, before we explore these results, we
must first rule out the possibility that condition-specific
effects of sedation are purely hemodynamic in the absence
of any impact on neural activity. Propofol has been demonstrated to have no major direct effects on cerebrovascular tone and preserve flow-metabolism coupling [Johnston
et al., 2003]. Studies by Veselis et al. and Engelhard et al.
[Engelhard et al., 2001; Veselis et al., 2009] provide good
evidence that any observed changes in activation patterns
with sedative concentrations of propofol are likely to
represent effects on brain activity itself, a consensus
that is broadly accepted in the context of human fMRI
studies, notwithstanding some disagreement in animal
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218
210
26
28
224
226
236
254
212
222
222
212
236
224
230
262
270
268
276
280
272

Brain region
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TABLE III. Areas showing a significant response to words compared to signal correlated under sedation and during
recovery from sedation
Cluster p (cor)

Talairach co-ordinate (x y z)

Cluster size (vox)

Voxel (T)

Brain region

Low sedation
0.000

632

0.000

255

0.023

58

7.43
6.85
5.68
6.33
4.69
4.66
6.24
6.13

258
260
252
244
242
236
234
238

220
24
216
256
252
240
28
216

24
212
210
210
218
224
236
230

L
L
L
L
L
L
L
L

Middle Temporal G BA21
Middle Temporal G BA21
Middle Temporal G BA21
Inferior Temporal G BA19
Fusiform G BA37
Fusiform G BA20
Uncus BA20
Fusiform G BA20

Moderate sedation
0.059
0.061
0.069
Recovery from sedation
0.000

34
33
30

5.69
5.09
6.5

246
236
264

252
228
236

210
226
4

L Inferior Temporal G BA37
L Parahippocampal G BA36
L Middle Temporal G BA22

982

0.000

506

0.000

387

0.000

1157

0.001

312

0.000

556

8.18
6.4
5.79
7.94
4.41
4.4
5.96
5.26
5
5.62
5.35
5.32
5.37
5.04
5.13
4.65
4.53

256
260
248
66
46
60
256
242
248
242
238
240
244
238
26
22
0

212
238
238
228
236
210
250
240
248
40
30
22
14
6
10
32
12

28
4
0
2
2
26
214
222
216
4
26
222
24
30
64
58
72

L Middle Temporal G BA21
L Middle Temporal G BA22
L Superior Temporal G BA22
R Superior Temporal G BA22
R Superior Temporal G BA41
R Middle Temporal G BA21
L Middle Temporal G BA37
L Fusiform G BA20
L Fusiform G BA37
L Inferior Frontal G BA46
L Inferior Frontal G BA47
L Inferior Frontal G BA47
L Inferior Frontal G BA9
L Inferior Frontal G BA9
L Superior Frontal G BA6
L Superior Frontal G BA8
L Superior Frontal G BA6

decision making, whereas activation in the LITG remained
significant and unchanged. This difference between LITG
and LIFG responses to sedation was confirmed by a significant brain-region by sedation-condition interaction. This
finding suggests that the LIFG may not play quite such a
key role in supporting intact semantic processing during
sedation. We instead propose that preserved activity in the
LITG is more directly associated with successful semantic
retrieval and this implies persistent semantic processing at
moderate levels of sedation.
How then can we explain participant’s ability to make
accurate semantic decisions despite sedation-induced
reduction in BOLD responses in inferior frontal regions?
We propose that making semantic judgments during
experimental tasks involves several diverse processes in
addition to word recognition and access to semantic representations. Before the first judgments can be made, participants must attend to specific elements of their amodal
semantic representations in order to map particular words
onto semantic decisions (e.g., deciding that “tree” is a living thing, whereas “desk” is nonliving despite being composed of the same material, i.e., wood). This requires

moderate sedation. Instead, the most pronounced changes
are observed in the number of time-out or no-response trials which increased significantly both for semantic decisions to words and for auditory decisions to nonspeech
sounds. During moderate sedation, therefore, it appears
that participants are able to access semantic information
about spoken words up to the point at which overt
responses cease. This leads us to consider in more detail
whether frontal and/or temporal lobe responses are necessarily associated with semantic processing of spoken
words.

Fronto-Temporal Contributions to Semantic
Processing
Our analysis of changes in speech-specific activity during sedation focused on three ROIs in left inferior frontal
and lateral and inferior temporal regions. During moderate
sedation we observed region- and condition-specific effects
of sedation in that both the LIFG and LMTG showed a significant reduction in activation for semantic (vs. auditory)
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Figure 5.
ROI analyses with MarsBar showing changes in activity in the
LIFG (top panel), LMTG (middle panel) and LITG (lower panel)
in response to increasing sedation. * denotes significance at
P < 0.05. Error bars show standard error. The relationship
between changes in activity in the LIFG and plasma propofol

concentrations is shown in the correlation plots to the right.
Activity in the LIFG negatively correlates with plasma propofol
concentration (P 5 0.0009). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

frontal systems for flexible, goal-directed behavior [Duncan, 2010] to ensure that appropriate aspects of word
meaning are activated and mapped onto the two response
alternatives in order to make semantic decisions. This
executive element in guiding semantic retrieval is therefore crucial for successful task-relevant behavior. Jeffries
and Lambon-Ralph [2006] proposed a distinction between
these executive functions (performed by the left prefrontal
region) and accessing semantic content and representations (performed by both the left prefrontal and lateral
temporal regions) in patients with semantic dementia and
stroke, two populations with superficially similar deficits
in word comprehension. Consistent with this proposal,
Thompson-Schill et al. [1997] have argued that activity in
the LIFG is driven by selection of information among

competing alternatives from semantic memory, rather than
retrieval of semantic knowledge per-se. Studies involving
target detection across a range of domains (not just semantic) point to LIFG involvement in task-specific decision
making that reduces with increased practice [Hampshire
et al., 2008].
On this basis, then, we argue that a critical part of our
experimental design is that participants have already practiced the semantic task (though not the specific words)
prior to performing the actual experiment. This practice
period suffices for participants to learn the two response
alternatives for the task, and to understand that their goal
is to make living/nonliving decisions for spoken words.
Given evidence for frontal contributions to flexible, goaldirected behavior, we would anticipate that making their
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Figure 6.
Fitted hemodynamic response function profiles of voxels in the LIFG to words (left panel) and
nonspeech sounds (right panel) with changes in sedation.
semantic ambiguity during sedation. Ambiguity resolution
is a controlled, frontal process that changes from sentence
to sentence and hence requires flexible, frontal computations [Rodd, 2010]. Any decrease in frontal activity will
therefore be associated with impairment in resolving
semantic ambiguity in sentences, whilst preserving participants’ ability to retrieve meanings from isolated words for
a well practiced task. A similar explanation can apply to
results showing impaired comprehension especially for
more complex sentences following chronic damage to
anterior portions of the LIFG (BA47) [Dronkers et al.,
2004]. Previous studies in healthy volunteers [Tyler et al.,
2010] have shown that reduced volume of gray matter in
LIFG is also associated with increased right IFG recruitment during sentence comprehension. These studies suggest an LIFG contribution to semantic processing in the
context of sentence comprehension that might involve
other component processes (e.g. syntactic processing or
working memory). One piece of counter-evidence, however, comes from transcranial magnetic stimulation (TMS)
studies which show slower and more error prone
responses following TMS to inferior frontal regions
[Gough et al., 2005]. It might be that further studies
exploring the impact of task-familiarity and decision components would be valuable in exploring whether inferiorfrontal TMS disrupts semantic processing per-se, rather
than semantic decision making. The present results, however, demonstrate persistent successful semantic decisions
with concurrent significant reductions in LIFG activity, a
surprising and novel finding.
A second brain area previously associated with semantic
retrieval is the left posterior inferior temporal lobe [Binder
et al., 2009; Dronkers et al., 2004; Rodd et al., 2005]. In this
study, subjects activated the LITG for spoken words compared to non-speech sounds and these activations were

first few semantic decisions requires inferior frontal
regions. However, if living/nonliving decisions have been
practiced previously, then successful decisions could be
made without frontal contributions to semantic processing.
Even during a practiced task, these frontal regions may
still contribute to performance (e.g., in monitoring for
errors, or adjusting response criteria to ensure optimal
responding). Had we used an unpracticed task, sedated
participants could have struggled not only due to a failure
of semantic processing, but also due to a failure of flexible,
goal-directed behavior. Yet, for the practiced task used
here, participants make successful semantic decisions and
thereby show that they are able to process the meanings of
spoken words. The present findings can therefore be taken
to imply that access to the meaning of spoken words can
be achieved without these frontal processes. Thus, our use
of a well-practiced task is a vital part of our experimental
design; it allows us to show that semantic processing
remains possible during moderate sedation (albeit with
reduced efficiency) despite reduced frontal activity.
It is important to note however, that the reduced activation under sedation cannot be attributed to practice alone.
Activation (and behavioral performance) returned to
supra-baseline levels in the recovery phase. Furthermore,
this order confound was eliminated in the experimental
design through counterbalancing of the order of the light
and moderate levels of sedation (there was no difference
between the two groups, and hence the decrease in activity during moderate sedation occurred irrespective of
order).
These frontal contributions to establishing and maintaining task-relevant behavior may go some way towards
explaining inconsistencies in the existing literature. For
example, our previous findings [Davis et al., 2007] linked
decreased LIFG activity with impaired processing of
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by sedation [Liu, et al., 2012, 2013; Stamatakis et al., 2010;
Supp et al., 2011]. This may result in less efficient and
accurate semantic decisions, but residual semantic activation in isolated cortical regions. Further research could
therefore test disruptions of these functional interactions
by sedation.
In summary, these results suggest that LIFG activation
traditionally associated with accurate semantic judgments
might not be a reliable marker of successful semantic processing. In contrast, the LITG does not appear to be as
strongly affected by sedation, and may account for the
persistence of semantic processing of spoken language
under sedation. These results suggest an account in which
multiple fronto-temporal brain regions contribute to persistent semantic processing, and motivate exploring connectivity patterns that explain the potential persistence of
semantic processing during sedation.

not significantly reduced even during moderate sedation.
However, despite successful meaning access during sedation, we observed that semantic decisions were slower and
less accurate under sedation than when awake. Activity in
the LITG alone is thus insufficient to respond to semantic
stimuli with maximal efficiency. One question that should
drive future research is whether these ITG activations (and
perhaps semantic access) can also be observed during
deeper levels of sedation. Such a finding would provide
(troubling) evidence of semantic processing even in the
absence of overt behavioral responses and motivate further
research to monitor ITG activity during anesthesia.
A third area that shows activation differences between
speech and nonspeech stimuli in our study was periauditory regions of the LMTG. There is considerable
debate regarding the functional contribution of the LMTG
to semantic processing. However, converging evidence
suggests that both the anterior most and the posterior
parts of the LMTG contribute to accessing abstract, semantic properties of spoken materials [Davis and Johnsrude,
2003; Okada et al., 2010; Peelle et al., 2010; Scott et al.,
2006]. Our study, however, focused on a central portion of
the LMTG (ventral to Heschl’s Gyrus, an anatomical landmark for primary auditory cortex), hence a region that
may contribute as much to perceptual as semantic processing of spoken materials. Previous findings have observed
contributions of this region to perception of categorical differences in speech stimuli [Jacquemot et al., 2003; Raizada
and Poldrack, 2007]. For this reason, then, we suggest that
the LMTG region activated in our study, and that shows a
sedation-induced reduction in activity, is likely not
involved in semantic processing, but rather in speechassociated perceptual processes that are critical for word
identification. Previous work from our group reported a
progressive decline in LMTG activity with increased sedation, and showed that activity in LMTG along with the
LIFG was predictive of subsequent sentence memory
[Davis et al., 2007]. Hence, the present demonstration of
sedation induced reduction in LMTG activity provides further evidence of the effects of sedation/anesthesia on perceptual processing of speech sounds in the left temporal
lobe, perhaps due to withdrawal of top-down support
from frontal regions [Davis et al., 2007]. However, since
the comparisons of activity in the LIFG vs. LMTG, and
LMTG vs. LITG were not statistically supported in the current study, we refrain from making specific conclusions
about the LMTG response and whether it contributes specifically to intact or impaired semantic decisions during
sedation.
Conscious awareness of speech in awake individuals
may thus involve activity in specific frontal systems and
coherent or concurrent activity in distributed frontotemporal regions [Davis and Johnsrude, 2007; Hickok and Poeppel, 2007; Rauschecker and Scott, 2009]. Our observation of
persistent activation in the LITG, associated with significant reduction in LIFG activity, may therefore arise
through disruption of long-range functional interactions
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Implications for Anesthetic Monitoring
Understanding the processing of speech during anesthesia has important clinical implications. Anesthetic awareness (defined as inadvertent return of consciousness
during general anesthesia with subsequent explicit recall
of intra-operative events) occurs in 0.2% of patientsmost of these patients also receive muscle relaxant drugs
that prevent behavioral motor responses during the period
of awareness [Sandin et al., 2000]. Up to 80% of such
patients develop severe long-term psychological sequelae,
including post-traumatic stress disorder [Lennmarken
et al., 2002]. However, use of this definition of anesthetic
awareness probably underestimates the true number of
patients who experience it, since explicit postoperative
recall of intraoperative events is only possible if memory
was intact during the period of awareness. Since anesthetic
agents are powerful amnesics, episodes of awareness without explicit recall may occur even more frequently (than
0.2%) and may be associated with implicit processing
which although not reported by patients, could contribute
to post-anesthetic psychological morbidity [Osterman and
van der Kolk, 1998] and modulate clinical course and
outcome.
The measured plasma propofol concentrations in this
study were variable, but scaled concordantly with behavioral and imaging findings (which were also variable), and
thus it was possible to include them as a regressor, which
we believe has enhanced the imaging and behavioral analysis. Pharmacokinetic model predictions are subject to
error (as are all models of all biological systems), and in
particular the model predictions were of little value during
the period after the drug infusion was stopped. Since the
residual plasma concentration in the recovery stage was
higher than predicted by the model, we refrain from commenting or making conclusions about the recovery data
from this study. The biological variability present in all of
nature is also present in the relationships between
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surgical anesthesia may have low levels of circulating
anesthetic drug, and impaired speech comprehension. The
comprehension of (sometimes complex) instructions given
to such individuals is of both clinical and medicolegal significance. Understanding and calibrating the effect of sedation on language processing allows a rational basis to
approach these issues.

anesthetic doses and clinical effects, which show considerable inter- and intra-individual variability. Among apparently similar individuals, the same dose will achieve a
range of plasma concentrations (pharmacokinetic variability), and among apparently similar individuals, the same
plasma concentrations will result in a spectrum of clinical
effects (pharmacodynamic variability). This variability is,
as expected, present too in the data we report here. Thus,
in during the conduct of anesthesia, we cannot assume
that any given dose, or blood concentration, of a drug, is
sufficient to prevent some patients from inadvertently
regaining consciousness during surgery.
At present we do not have a signal that reliably indicates return of consciousness in patients who have been
administered muscle relaxants (and thus cannot move to
indicate that they are suffering). Commonly used depth of
anesthesia monitoring devices analyze scalp recordings of
the spontaneous electroencephalogram (such as the Bispectral Index), provide an output that correlates with anesthetic depth, but cannot detect whether consciousness is
present or absent [Russell, 2013]. Furthermore, use of such
monitors has been shown to be no more effective at preventing anesthetic awareness than real-time measurements
of exhaled anesthetic concentrations (which correlate with
plasma concentrations) [Mashour et al., 2012].
Given this context, we believe that detection of conscious awareness during anesthesia requires techniques
that directly detect neural responses to intra-operative
stimuli, rather than inferring them from drug doses, drug
concentrations, spontaneous EEG activity, behavioral outputs, or subsequent memory. Detection of covert speech
processing is important since victims of awareness commonly recall conversations heard during surgery, and
there are currently no reliable methods of detecting higher
order auditory processing when behavioral outputs are
not accessible. The availability of validated fMRI techniques to detect such covert cognitive processing holds great
promise in this setting [Davis et al., 2007; Monti et al.,
2010]. Our finding of preserved ITG activity during sedation thus has potential implications for anesthetic monitoring. A clear definition of the functional neuroanatomy of
covert cognitive processing could provide a robust framework against which EEG-based monitors could be calibrated to develop endpoints that indicate that cognitive
processes, rather than their behavioral consequence, have
been obtunded.
Finally, the cognitive impact of graded sedation on
semantic processing in apparently awake patients is also
clinically relevant. It is important to understand the mechanisms and extent of preserved language processing in
order to optimize the verbal instructions given to subjects
as they undergo surgical procedures under conscious
sedation. For example, a simple instruction to “lie still”, or
“don’t cough” may be readily understood and performed,
whereas more complex or novel verbal instructions may
be followed more effectively if they have been practiced
prior to sedation. Further, patients recovering from full
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