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Only little research has been conducted on the pharmacological underpinnings of metacognition. Here, we tested the mod-
ulatory effects of a single intravenous dose (100 ng/ml) of the N-methyl-D-aspartate-glutamate-receptor antagonist keta-
mine, a compound known to induce altered states of consciousness, on metacognition and its neural correlates. Fifty-three
young, healthy adults completed two study phases of an episodic memory task involving both encoding and retrieval in a
double-blind, placebo-controlled fMRI study. Trial-by-trial confidence ratings were collected during retrieval. Effects on the
subjective state of consciousness were assessed using the 5D-ASC questionnaire. Confirming that the drug elicited a psy-
chedelic state, there were effects of ketamine on all 5D-ASC scales. Acute ketamine administration during retrieval had del-
eterious effects on metacognitive sensitivity (meta-d’) and led to larger metacognitive bias, with retrieval performance (d’)
and reaction times remaining unaffected. However, there was no ketamine effect on metacognitive efficiency (meta-d’/d’).
Measures of the BOLD signal revealed that ketamine compared to placebo elicited higher activation of posterior cortical
brain areas, including superior and inferior parietal lobe, calcarine gyrus, and lingual gyrus, albeit not specific to metacogni-
tive confidence ratings. Ketamine administered during encoding did not significantly affect performance or brain activation.
Overall, our findings suggest that ketamine impacts metacognition, leading to significantly larger metacognitive bias and
deterioration of metacognitive sensitivity as well as unspecific activation increases in posterior hot zone areas of the neural
correlates of consciousness.
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Many of our thoughts in everyday life revolve around other
thoughts, about something we said or a decision we made. It
has been postulated that these meta-thoughts constitute a dis-
tinct feature of consciousness. According to Block (1995), con-
sciousness can be divided into phenomenal consciousness,
access consciousness, self-consciousness, and monitoring con-
sciousness. The latter concerns metacognition, i.e., the ability to
reflect upon our own thoughts and knowledge and to monitor
the quality of ongoing cognitive or perceptual processes
(Grimaldi et al. 2015). The link between metacognition and con-
sciousness is based on the intuition that, if an individual is un-
able to reflect on a particular mental state, this state cannot be
conscious and consequently, some kind of metacognition
should accompany all conscious representations (Shea and
Frith 2019).

Metacognition is frequently measured on a trial-by-trial-
basis as participants indicate their level of confidence about the
accuracy of a perceptual or mnestic judgment (Grimaldi et al.
2015). A second-order confidence rating (Type 2 response) is
therefore based on a first-order judgment (Type 1 response).
Measures of metacognitive sensitivity tap how well participants
introspectively assess or monitor their own cognitive processes
(Fleming and Lau 2014). By applying signal-detection-theory
(SDT) methodology, metacognitive sensitivity (as meta-d’) can be
quantified independently of interindividual differences in re-
sponse tendencies (Maniscalco and Lau 2012). The meta-d'-
framework also allows to control for the influence of primary
task performance on metacognitive sensitivity (Maniscalco and
Lau 2014): metacognitive efficiency (meta-d'/d’) represents the
amount of signal strength available for the metacognitive pro-
cess, expressed as a fraction of the amount of signal strength
available for the Type 1 task (McCurdy et al. 2013). Finally, it is
important to consider the general tendency for higher or lower
confidence ratings, the so-called metacognitive bias (Fleming
and Lau 2014).

But what is the neural basis of metacognition? By drawing
on evidence from no-report paradigms, Koch et al. (2016) argue
that the neural correlates of consciousness are primarily local-
ized in a posterior cortical network labeled a “hot zone” for con-
scious functions. However, neuroimaging and lesion studies
suggest that higher-order conscious functions such as metacog-
nition may also engage a frontoparietal network (Rouault et al.
2018; Vaccaro and Fleming 2018).

A more complete understanding of the neural mechanisms
of metacognition also requires insight into the underlying neu-
rotransmitter systems. To date, very little is known about the
pharmacology of metacognition. Recently, Hauser et al. (2017)
revealed that blockade of noradrenaline led to increased meta-
cognitive sensitivity with unchanged perceptual decision-
making performance, whereas both perceptual discrimination
and metacognition remained unaffected by dopamine blockade.

One neurotransmitter likely to mediate aspects of con-
sciousness is the glutamatergic system. Antagonists at the N-
methyl-D-aspartate (NMDA) glutamate receptor, such as phen-
cyclidine or ketamine, provoke psychedelic states which are
clearly distinct from a normal waking state of consciousness
(Anis et al. 1983; Umbricht et al. 2002; Morris and Wallach 2014),
characterized by dissociative experiencing including vigilance
reduction, ego transcendence, disembodiment, and visual and
sensory disturbances (Vlisides et al. 2018). The noncompetitive
NMDA-receptor antagonist ketamine is dose-dependently used
for the treatment of depression (Murrough et al. 2013) and

general anesthesia (Kurdi et al. 2014; Sarasso et al. 2015); in addi-
tion, it is a well-established research tool with an excellent
safety record in both clinical and experimental applications
(Javitt et al. 2012; Doyle et al. 2013). Ketamine-induced psycho-
tropic effects such as distorted sense of space and time, eupho-
ria and out-of-body experiences have contributed to its abuse as
a recreational drug (Schifano et al. 2008; Giorgetti et al. 2015).
Based on findings that acute ketamine administration tempo-
rarily and reversibly induces a range of both positive (hallucina-
tions, thought disorder, delusions) and negative (social
withdrawal, emotional blunting) psychosis-like symptoms in
otherwise healthy volunteers, the compound is also a widely
used pharmacological model of schizophrenia (Krystal et al.
1994; Malhotra et al. 1996).

Ketamine effects on cognition include a selective degrada-
tion of episodic memory (Hetem et al. 2000; Morgan et al. 2004).
In episodic memory tasks, participants typically encode word
items, and later retrieve those items by writing down as many
words as they can remember (recall) or indicate whether a given
item had previously been encoded or not (recognition) (Honey
et al. 2005b). Previous findings suggest that retrieval perfor-
mance is disturbed when ketamine is administered during
encoding but remains unimpaired when only recognition, but
not encoding, takes place under the influence of ketamine (Oye
et al. 1992; Hetem et al. 2000; Honey et al. 2005b). This effect may,
however, also depend on the depth of semantic processing of
the encoded items: Honey et al. (2005b) found that ketamine re-
duced retrieval performance only when items were encoded at
an intermediate level of processing (LoP), not on deep or shallow
levels. A functional magnetic resonance imaging (fMRI) study by
Honey et al. (2005a) reported that ketamine affects brain func-
tion during retrieval even if encoding occurred prior to ketamine
administration: ketamine was associated with attenuated left
prefrontal cortical response to deeply encoded items, whereas
anterior cingulate activation was reduced for incorrect com-
pared to correct responses.

Even though growing research effort is directed towards
identifying the neural underpinnings of metacognition, and
previous studies have aimed at specifying the role of glutamate
in various cognitive functions, the involvement of this neuro-
transmitter system in metacognition has not yet been exam-
ined. In this double-blind, placebo-controlled fMRI study, the
primary aim was to investigate the role of the glutamate system
in metacognition and its underlying neural activity by applying
a psychotomimetic dose of ketamine. Confidence ratings were
collected in an episodic memory framework, based on the disso-
ciation of ketamine effects on encoding and retrieval as opera-
tionalized by Honey et al. (2005a).

Specifically, we applied a task in which differences in Type 2
responses should not be due to altered Type 1 performance,
since ketamine was previously shown to leave episodic memory
performance in deep and shallow encoding conditions unaf-
fected (Honey et al. 2005b). Metacognitive sensitivity was quanti-
fied using the meta-d’-framework, which was previously shown
to be sensitive to the effects of pharmacological challenges
(Clos et al. 2019) and drug consumption (Sadeghi et al. 2017). We
expected metacognitive sensitivity to be altered by ketamine in
both study phases and further predicted ketamine to affect neu-
ral activity during both metacognitive confidence ratings and
encoding. The secondary study aims included investigation of
LoP effects on retrieval performance and metacognitive accu-
racy as well as confirmation of the subjective, phenomenologi-
cal effects of ketamine by including a self-report measure of
altered states of consciousness.



Participants

Fifty-three healthy, non-smoking, right-handed volunteers
(aged 18-34, M =23.47, SD = 3.24; 29 female) with normal or cor-
rected to normal vision and native speaker level command of
German language were recruited for this study. Exclusion crite-
ria were as follows: prior experience with ketamine, history of
psychiatric or neurological disorder, claustrophobia, metallifer-
ous implants, pregnancy, positive drug test, under- or over-
weight (Body Mass Index: <17; >30), or consumption of any
medication. Further medical contraindications for the adminis-
tration of  ketamine included hypertension and
hyperthyroidism.

The study was approved by the Research Ethics Committee
at the Department of Psychology, University of Bonn (approval
number: 18-03-28). In accordance with this approval, data of the
study are not stored on public repositories, but behavioral data
are available as Supplementary materials, and fMRI data will be
made available upon request. Materials, analysis scripts, and
preregistration of the study are available in Open Science
Framework (https://osf.io/numzxs/).

Screening procedure

An online prescreening interview was conducted with individu-
als who responded to study advertisements. Those who met all
inclusion criteria were invited for a screening visit in the labora-
tory, where the German version of the 5.0.0 MINI-International
Neuropsychiatric Interview (Ackenheil et al. 1999), a urine drug
screen (Drug-Screen Multi-5T, nal von minden GmbH) and, for
females, a pregnancy test (NADAL hCG Pregnancy Test, nal von
minden GmbH) were carried out to screen for exclusion criteria
of psychiatric illness, drug abuse, and pregnancy.
Measurements of height, bodyweight, and blood pressure were
obtained. A medical questionnaire was used to exclude any cur-
rent or past medical conditions, or any diagnosis of psychotic
disorders among first-degree relatives. Additionally, the first
five questions of the Structured Instrument for Prodromal
Syndromes (SIPS 5.0) were included to rule out prodromal symp-
toms of schizophrenia (McGlashan et al. 2001). Suitable individu-
als were invited for assessment visits.

Study design

A double-blind, randomized, placebo-controlled between-sub-
jects design was employed. Randomization lists were created
independently for females and males. The study team carrying
out the assessments was not involved in the process of random-
ization. An unblinded study anesthesiologist prepared the infu-
sion solution and constantly monitored oxygen saturation and
heart rate of the participants during the infusion. Twenty-four
participants were administered a subanesthetic dose of racemic
ketamine (Ketamin-Ratiopharm 500 injection solution,
Ratiopharm, Ulm, Germany), 29 participants received a saline
solution (0.9% sodium chloride).

Ketamine was administered as a 2mg/ml solution with a
constant target plasma level of 100 ng/ml by a bolus and contin-
uous infusion using a computerized infusion pump (Graseby
3500, Smith Medical Int. Ltd, Luton, UK). The solutions were ad-
ministered using the STANPUMP program (Steven Shafer, M.D.,
Anesthesiology Service, PAVAMC 3801 Miranda Ave., Palo Alto,
USA) based on the three-compartment model described by
Domino et al. (1982). Previous studies of our group (Steffens et al.

2016, 2018) using the same infusion equipment and procedure
confirmed that ketamine concentrations were close to the tar-
geted plasma level and no residual traces of ketamine solution
from the infusion site contaminated the results; therefore, no
blood samples were drawn in this study.

General procedure

On assessment days, participants were required to refrain from
solid food for 6 h and clear fluids for 2 h before the infusion.
Within 24 h before, participants were also instructed to take no
medication and to stay abstinent from alcohol. Female partici-
pants took another pregnancy test on the day of assessment.
After participants arrived, they completed the first study task
(see below) before an additional medical screening was per-
formed by the study anesthesiologist. Participants were then fit-
ted with intravenous access into the nondominant arm and
positioned in the MRI scanner. Following an individual adjust-
ment of the field of view and an initial high-resolution struc-
tural imaging scan, the infusion was started.

Ketamine effects on metacognition, encoding, and retrieval
in an episodic memory task were assessed in two separate
study-test phases. Stimuli were selected from the Berlin
Affective Word List (V0 et al. 2009); word class, frequency, emo-
tionality, arousal level, number of syllables, and vividness were
counterbalanced between conditions.

In Study Phase [, items were presented on a computer screen
outside the MRI scanner, prior to drug infusion. Retrieval was
tested ~60 min after the end of the first encoding task, while
BOLD data were acquired during infusion. In this first retrieval
task, participants responded to stimuli by categorizing them ei-
ther as “old items”, if they had previously been presented in the
encoding task, or “new items”, if they had not been presented,
and afterwards reported their metacognitive confidence (Type 2
response). Subsequently, in Study Phase II, another word list
consisting entirely of novel items was encoded, as participants
were still undergoing infusion in the MRI scanner. Retrieval of
these items was tested ~60 min after the infusion was termi-
nated and participants had left the scanner. Immediately upon
leaving the scanner, participants completed the 5D-ASC ques-
tionnaire to assess altered states of consciousness (Dittrich
1998). In the second retrieval task, items encoded in the second
encoding task (“old items”) were again presented on a computer
screen alongside “new items”, again requiring participants to
state their confidence after each Type 1 response. Figure 1 pro-
vides an overview of the general procedure of assessment days.

Task design

Study Phase I

Participants were presented with a total of 120 word items dis-
played in the center of a computer screen and were instructed
to make one of two types of judgments about these items,
which served as a manipulation of the depth of processing. We
aimed for two levels of processing (deep/shallow) and selected a
manipulation that could be expected to yield a pronounced LoP
effect (Honey et al. 2005b). For each of 60 word items, partici-
pants indicated their subjective judgment of the pleasantness
(pleasant/unpleasant) of the word (leading to deep encoding),
whereas the other 60 items were encoded in a shallow manner,
by participants reporting the number of syllables of each word
(even/odd). Participants were not told that the retrieval of these
items would be tested afterwards. These encoding tasks alter-
nated blockwise, with each of four blocks comprising 30 items;
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Figure 1. Study protocol. In Study Phase I (shown in blue), participants first encoded word items in the absence of infusion and before entering
the MRI scanner. After a medical screening (in purple), participants completed a structural scan (in gray). Following the start of the infusion (in
brown), retrieval of encoded items and corresponding metacognitive confidence was tested. As participants were still undergoing infusion in
the MRI scanner, in Study Phase II (in green), participants encoded a second word list which was later retrieved outside the scanner, after ter-
mination of the infusion. Questionnaire data were collected using the 5D-ASC (in yellow). The MRI scanning period is represented by the grey

box.

the starting condition was determined randomly. Items were
presented until keypress for a maximum of 3s, with an intersti-
mulus interval (ISI) of 0.5s.

The fMRI retrieval task was implemented in an event-related
design. Participants responded to items presented on the center
of a monitor behind the MRI scanner via a mirror by predefined
button presses. A total of 180 word items were used, including
the 120 items that had been encoded in the previous task as
well as 60 new items. The 2:1 ratio of old to new items was
based on previous studies (Honey et al. 2005a). Items were pre-
sented in randomized order for a duration of 2.5s followed by
an ISI that varied randomly between 2 s and 6s; participants
were instructed to respond to items which they considered to
be old, i.e., having previously been presented, with a left index
finger button press and to items which they labeled as new with
a right index finger button press.

There were two types of second-order ratings: subsequent to
120 of these Type 1 responses, participants rated their subjec-
tive confidence regarding the judgment on a 6-point Likert scale
(1 = “not confident at all”, 6 = “very confident”). In this “Report”
condition, designed to tap metacognitive processes, partici-
pants moved a cursor along the scale, using their index fingers,
until they reached the position on the scale that most accu-
rately matched their subjective confidence, which they were
instructed to confirm by a left or right thumb press. During the
60 “Follow” trials which served as a control condition not in-
volving the actual process of confidence formation (Yokoyama
et al. 2010; Fleming et al. 2012), participants were instructed to

navigate the cursor towards a predefined number on the scale,
highlighted in blue. The initial position of the cursor was ran-
dom in each condition; there were no written labels to either
point of the scale to avoid extreme responding bias (Overgaard
et al. 2006). “Report” and “Follow” trials alternated in random-
ized order; exactly two-third of each of the episodic memory
condition trials (deep/shallow/new) were followed by the
“Report” condition. The duration of the decision window for
this second-order response was 3.5s, followed by a 0.5s screen
where a change in cursor color from white to red highlighted
the participant’s response. Another variable ISI (2-6s) preceded
the onset of the next trial. In order to minimize exhaustion, the
experiment was paused halfway through the task and a sepa-
rate scan was started for the second half of the experiment.
Figure 2 provides an illustration of the task.

Study Phase II

Following the completion of this first retrieval task, participants
remained in the scanner and performed a second encoding
task. Here, they were presented 100 novel word items in a block
design; again, 50% of the items were encoded deeply by rating
the subjective pleasantness of each word, whereas 50% of the
items were encoded in a shallow manner by reporting the num-
ber of syllables. Again, encoding tasks alternated blockwise,
with 10 blocks each comprising 10 items. At the beginning of
each block, an instruction about the upcoming task was shown
for 2s. Participants responded via left or right button presses
within a 3s window (ISI = 0.5 s) for each item.
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Figure 2. Schematic trial representation for the first retrieval task (stimuli are not to scale). Each trial consisted of two parts: first, participants
categorized a presented word stimulus either as old (presented in the previous encoding task) or new (not having been presented before) (Type
1 task). Subsequently, they either indicated their subjective confidence (“Report” condition, shown in white) or placed the cursor at a color-
coded position on the scale (“Follow” condition, grey) (Second-order task). The second retrieval task was similar, only here, the second-order
task consisted entirely of “Report” trials, and the fixation period between task screens was shorter (1000 ms).

After termination of infusion and leaving the scanner, par-
ticipants filled in the 5D-ASC, marking their extent of agree-
ment with statements regarding various phenomenal
experiences (Dittrich 1998). The 5D-ASC is a self-report ques-
tionnaire to retrospectively assess five dimensions of altered
states of consciousness. These include three primary, etiology-
independent scales, “Oceanic Boundlessness”, “Dread of Ego
Dissolution”, and “Visionary Restructuralization”, which can be
conflated to a global measure of altered consciousness, and two
secondary, etiology-specific scales comprising further aspects
of altered experiences, “Auditory Alterations” and “Vigilance
Reduction”. 5D-ASC scale scores were formed following guide-
lines by Dittrich et al. (2006).

One hour after completion of the second encoding task, re-
trieval of those items was tested in a second retrieval task, with-
out infusion at a time when plasma levels of ketamine are
significantly reduced (Honey et al. 2005b). The design of the sec-
ond retrieval task was almost identical to the first one, with two
exceptions: ISI was constant (1s), and there was no “Follow”
condition, so participants had to report their confidence on
each of the 150 trials (100 old, 50 new).

fMRI data acquisition and analysis

Imaging was conducted using a 1.5T Avanto MRI scanner
(Siemens, Erlangen, Germany). High-resolution structural
images were acquired to optimize normalization of functional
imaging data using a T1-weighted 3D MPRAGE sequence
[Repetition time (TR) = 1660 ms, echo time (TE) =3.09, inversion
time = 800 ms, matrix size =256 x 256, slice thickness =1.0 mm,
FoV =256 mm, flip angle=15°, voxel size=1 x 1 x 1 mm?, 160
sagittal slices]. Task-related BOLD fMRI data were acquired us-
ing a T2*-weighted echo-planar imaging sequence (TR=2500
ms; TE =45 ms, matrix size =64 x 64, slice thickness =3.0mm,
FoV =192 mm, flip angle =90°, voxel size=3 x 3 x 3 mm, 31 sli-
ces). A standard 12-channel head coil was used for radio fre-
quency transmission and reception.

fMRI data were analyzed using Statistical Parametric
Mapping 12 software (Wellcome Centre for Neuroimaging,
London, UK; http://www. fil.ion.ucl.ac.uk/spm) implemented in

Matlab R2014a (The MathWorks Inc., Natick, USA). To allow for
T1 equilibration, the first five volumes of each functional time
series were discarded. Each participant’s structural image was
segmented into gray matter, white matter, and cerebro-spinal
fluid using a forward deformation field to map it onto template
tissue probability maps (Ashburner and Friston 2005).
Functional images were realigned to the first image of each
time series to correct for head movement, using a six-
parameter rigid body transformation. The realigned functional
images were then coregistered to the anatomical image. For
spatial normalization, functional scans were transformed into
standard stereotaxic space of the Montreal Neurological
Institute (MNI) template (Evans et al. 1992; Holmes et al. 1998)
and resampled at 2 x 2 x 2 mm voxel size. Finally, images were
spatially smoothed using an 8 mm full-width-at-half-maximum
Gaussian kernel.

Following pre-processing, at the first (single-subject) level
for Study Phase I, the onset of each stimulus was defined as the
onset of the event; for Type 1 responses, the duration was set to
be the reaction time from stimulus presentation to button press.
For second-order responses, the function spanned the time
from onset of scale presentation to the first movement partici-
pants made on the scale. This was done as the decisive meta-
cognitive processes during Report trials were expected to take
place during that time, and to eliminate motion-related activa-
tion. The realignment parameters were added to the model as
covariates of no interest. Correctly retrieved deep, shallow and
new items were included as Type 1 regressors; since there were
too few cases of incorrect answers in the majority of partici-
pants, an overall residual regressor of no interest was formed
for incorrect answers, thereby departing from our preregistered
analysis plan.

Overall, there were four Type 1 regressors: “Deep” (mean
number of trials across participants: 49, SD=8.6); “Shallow”
(M=27.19, SD=11.34); “New” (M=47.02, SD=1165); and
“Incorrect” (M =41.85, SD=9.33). For each of these four regres-
sors, two separate regressors were included for second-order
ratings, resulting in a total of eight second-order regressors:
“DeepReport” (M=29.92, SD=8.05); “DeepFollow” (M=17.68,
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SD=7.58); “ShallowReport” (M=18.96, SD =8.95);
“ShallowFollow” (M=7.53, SD=4.7); “NewReport” (M=26.72,
SD =6.69); “NewFollow” (M =13.17, SD =3.53); “IncorrectReport”
(M =31.02, SD=9.04); “IncorrectFollow” (M =13.94, SD =5.03). All
contrasts were estimated by comparing specific effects against
the baseline of the respective first-level-model; consequently,
the two separate runs were conflated in this step. Additionally,
we set up an exploratory first-level-model, in which “Report”
regressors were parametrically modulated by the selected confi-
dence rating in each trial, all other regressors remaining
unmodified, as only “Report” ratings were expected to require
the engagement of metacognitive Type 2 evaluations.

For Study Phase II, the function spanned the time from onset
of word presentation to button press. Here, a simpler model
with conditions “Deep” and “Shallow” was specified. Also
departing from preregistration, the factor “Retrieval
Performance” (later correctly/incorrectly retrieved) could not be
applied, as there was an insufficient amount of incorrect
answers.

On the second level, a full factorial analysis was carried out
on Study Phase I data using between-subjects factor “Drug” (ke-
tamine/placebo) and within-subjects factor “Word Type” (deep/
shallow/new) for Type 1 contrasts with an additional within-
subjects-factor “Rating Type” (report/follow) for second-order
contrasts. A separate full factorial analysis was conducted on
Study Phase II data, using between-subjects-factor “Drug” (keta-
mine/placebo) and within-subjects-factor “Encoding Level”
(deep/shallow).

All second-level analyses were conducted at the whole-
brain-level. The statistical height threshold was P < 0.001, and
significant clusters were inferred if the peak voxel of the cluster
survived a statistical threshold of P < 0.05 family-wise-error
(FWE) corrected (cluster-level). In order to assign anatomical
labels, the anatomy toolbox was utilized (Eickhoff et al. 2005). To
determine whether significant clusters of each contrast repre-
sented activations or deactivations, mean summary functions
were created using MarsBaR (https://sourceforge.net/projects/
marsbar).

BOLD data of four participants during Study Phase I and of
three participants during Study Phase II had to be excluded
from fMRI analysis because normalization failed. Consequently,
fMRI data analysis was performed on 49 participants (23 keta-
mine, 26 placebo) for Study Phase I and on 50 participants (23
ketamine, 27 placebo) for Study Phase II. Behavioral data analy-
sis was carried out on all 53 participants who completed the
assessment.

Behavioral data analysis

Following our preregistration, Type 1 (retrieval) and Type 2
(metacognitive) performance was assessed in an SDT frame-
work (Green and Swets 1966; Barrett et al. 2013). We applied
meta-d’ analysis (Maniscalco and Lau 2012) to quantify meta-
cognitive sensitivity—i.e., the individual ability to discriminate
between correct and incorrect retrieval judgments. Meta-d' rep-
resents a response-bias free measure of how well confidence
ratings track task accuracy and is on the same scale as the Type
1 sensitivity measure d’ (Maniscalco and Lau 2014). Meta-d’ was
estimated in a maximum-likelihood-estimation model using
code by Maniscalco (http://www.columbia.edu/~bsm2105/
type2sdt) in Matlab R2016a (The MathWorks Inc., Natick, USA);
only “Report” trials in which participants provided button
presses on both retrieval and confidence rating were used for
calculation. Additionally, metacognitive efficiency was calculated

by dividing meta-d’ by d’ to provide an index of Type 2 perfor-
mance that takes into account differences in Type 1 perfor-
mance (Fleming and Lau 2014). To evaluate Type 2
performance, we therefore considered both absolute Type 2
sensitivity (meta-d’) and Type 2 efficiency relative to Type 1 per-
formance (meta-d'/d’).

In addition to our preregistered analyses, we also conducted
various exploratory analyses to facilitate mechanistic under-
standing of the outcomes. For example, we decided to expand
our analysis to investigate ketamine effects on performance-
corrected metacognitive bias (quantified as mean judgment minus
mean performance) to test for differences in the selected confi-
dence ratings between the two groups while controlling for the
confounding influence of performance on confidence levels
(Fleming and Lau 2014). Moreover, we explored Pearson’s corre-
lations between Type 1 and both Type 2 performance measures
as well as metacognitive bias in both study phases with the 5D-
ASC global measure of altered consciousness; alpha-level was
Bonferroni-corrected (x=.05/8=.006). Finally, we applied an ex-
tension of the HMeta-d toolbox (Fleming 2017), a hierarchical
Bayesian estimation of metacognitive efficiency (https://github.
com/metacoglab/HMeta-d) in Matlab R2016a, which estimates
group-level parameters over log(meta-d’/d’) while taking into
account uncertainty in model fits at the single-subject level. To
test for a true group difference in metacognitive efficiency, we
fitted separate models for the ketamine and placebo group and
calculated the 95% highest-density intervals (HDIs; the interval
containing 95% of the Markov chain Monte Carlo posterior sam-
ples) on the difference between the group posterior densities
and evaluated their potential overlaps with zero (Kruschke
2014). We ran three chains for estimation and ensured chain
convergence (Fleming 2017).

All other behavioral data analyses were conducted using
SPSS 22 (IBM Corp., Armonk, USA). Data were tested for violation
of statistical assumptions; Kolmogorov-Smirnov tests were ap-
plied to test for normality of distribution, Mauchly’s tests
checked for sphericity, Levene’s statistics tested for homogene-
ity of variances and Box-M-tests for homogeneity of covarian-
ces. When normality was violated in only one variable of a
group, none of the variables were transformed. Drug effects on
5D-ASC scales, Type 1 and Type 2 reaction times and metacog-
nitive bias were tested via independent samples t-tests. Paired
t-tests were employed to compare Type 1 and Type 2 reaction
times and metacognitive bias between deeply vs. shallowly
encoded items. Separate mixed-design ANOVAs were employed
with factors “Encoding Level” and the “Drug” for Type 1 and
Type 2 sensitivity and Type 2 efficiency. Effect sizes for t-tests
are given in Cohen'’s d (Cohen and Maydeu-Olivares 1992), effect
sizes for ANOVAs in partial eta-squared (Cohen 1973).

5D-ASC

There was a significant ketamine effect on the 5D-ASC global
measure of altered consciousness [t(23.7) = 4.69, P < 0.001,
d=1.35] and on all scales. Participants who had received keta-
mine scored significantly higher on the three primary dimen-
sions “Oceanic Boundlessness” [t(23.23) = 4.04, P < 0.001,
d=1.17], “Dread of Ego Dissolution” [t(25.73) = 4.56, P < 0.001,
d=1.31], and “Visionary Restructuralization” [t(23.43) = 3.48, P =
0.002, d=1.01]. They also achieved significantly higher values
on the “Auditory Alterations” [t(28.17) = 4.55, P < 0.001, d =1.29]
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Table 1. Descriptive statistics of 5D-ASC questionnaire scores by
drug.

Scale Placebo (n=29) Ketamine (n=24)
M SD M SD

[Global Index of Altered 1.08 1.87 14.51 13.91
States]

Oceanic Boundlessness 0.71 1.48 16.63 19.25

Dread of Ego Dissolution 2.05 3.26 13.71 12.18

Visionary 0.52 1.74 12.27 16.45
Restructuralization

Auditory Alterations 1.85 4.63 14.14 12.56

Vigilance Reduction 12.58 14.04 47.71 25.75

Note: Scale values are given in percent. M, mean; SD, standard deviation.

and “Vigilance Reduction” scales [t(34.01) = 5.99, P < 0.001,
d=1.69]. Descriptive statistics are provided in Table 1.

Exploratory analyses

There were no significant correlations of the 5D-ASC global
measure of altered consciousness with Type 1 and Type 2 out-
comes in either study phase (all P > 0.006).

Study Phase I

Descriptive statistics of Type 1 and Type 2 measures for Study
Phase I are provided in Table 2. Distribution plots of raw data
for all relevant dependent variables can be found in the
Supplementary materials.

Type 1 behavioral analyses

The LoP manipulation was successful: participants showed sig-
nificantly enhanced retrieval performance for deeply compared
to shallowly encoded items [main effect of “Encoding Level”:
F(1,51) = 241.44, P < 0.001, npz = 0.83]. However, there was no
main effect of “Drug” [F(1,51) = 1.78, P = 0.188, 5,> = 0.03]; keta-
mine did not significantly alter retrieval performance. Type 1 re-
action times were significantly shorter for deeply than
shallowly encoded items [t(52) = 9.17, P < 0.001, d = 0.71] but
were unaffected by ketamine [t(51) = 0.04, P = 0.972, d < 0.01].
There were no significant interactions (P > 0.05).

Type 1 fMRI analyses

For BOLD data during retrieval, there was no significant differ-
ence between ketamine and placebo (P>0.05). For a detailed
summary of LoP and Old vs. New effects, see Supplementary
materials.

Type 2 behavioral analyses

Participants showed enhanced metacognitive sensitivity for
deeply compared to shallowly encoded items [F(1,51) = 186.36, P
< 0.001, 2 = 0.79]. Importantly, there was a significant main ef-
fect of “Drug” [F(1,51) = 4.64, P = 0.036, ,> = 0.08]: metacognitive
sensitivity deteriorated under ketamine. However, there was no
significant main effect of either “Drug” [F(1,50) = 1.03, P = 0.315,
np? = 0.02) or “Encoding Level” [F(1,50) = 2.17, P = 0.147, n,° =
0.04] on metacognitive efficiency. Type 2 reaction times were
faster for deeply encoded items [t(52) = 4.25, P < 0.001, d = 0.41]
but were found to be unaltered by “Drug” [t(51) = 0.03, P = 0.98, d
< 0.01]. There were no significant interactions (P > 0.05).

Table 2. Descriptive statistics of study phase I sensitivity measures
(type 1 and type 2) and reaction times (type 1 and type 2) by drug and
encoding level.

Measure Placebo (n=29) Ketamine (n=24)
M SD M SD

Type 1 performance (d’)?

Deep vs. new 211 0.63 1.94 0.49

Shallow vs. new 0.85 0.38 0.74 0.37
Type 2 sensitivity (meta-

dv)a,b

Deep vs. new 241 0.95 2.06 0.72

Shallow vs. new 0.89 0.49 0.58 0.39
Type 2 efficiency (meta-

da/d)

Deep vs. new 1.17 0.38 1.13 0.48

Shallow vs. new 1.15 0.61 0.92 0.69
Type 1reaction times (in

ms)?

Deep 1415.66  216.69 1458.75 189.0

Shallow 1572.63 197.31 1576.0 174.66

New 1600.11  227.04 1549.02 152.33
Type 2 reaction times (in

ms)?

Deep 1592.22  210.58 1578.45 221.79

Shallow 1670.7 229.7 1698.43 297.13

New 1755.37  251.38 1731.03 284.39

M, mean; ms, milliseconds; SD, standard deviation.
Significant effects of encoding level.
YSignificant effects of drug.

Exploratory analyses. Hierarchical Bayesian estimation of
group-level meta-d'/d’ confirmed that we cannot be certain that
there is a true difference in metacognitive efficiency between
the two groups, even though the estimated difference between
groups was relatively high [mean: 0.23 (highest-density interval:
—0.04 to 0.58)]. Figure 3 provides an illustration of the estimated
group-level parameters of metacognitive efficiency.

There was also a significant effect of “Drug” on metacogni-
tive bias scores [t(51) = 2.15, P = 0.037, d = 0.59), with partici-
pants under ketamine being overconfident. In addition, there
was a significant effect of “Encoding Level” on metacognitive
bias, with ratings for shallowly encoded items reflecting over-
confidence [t(48) = 7.25, P < 0.001, d = 1.24].

Second-order fMRI analyses

Report vs. follow effects. Higher BOLD responses during Report
than Follow were found in a right visual cluster of right calcar-
ine and lingual gyrus (Figure 4, Table 3). The cluster furthermore
encompassed left and right cuneus, as well as bilateral superior
occipital gyrus. A second, left-hemispheric, cluster was located
in the posterior medial frontal cortex (pMFC).

The reverse effect (Follow>Report, indicating BOLD
responses that were higher when participants had to select a
predefined specification on the scale) revealed a total of 11 clus-
ters (Figure 4, Table 4). These correspond to the default-mode
network (DMN) that is active in the absence of task demands
(Andrews-Hanna 2012), which encompasses angular gyrus, pre-
cuneus, posterior cingulate cortex (PCC), superior frontal areas,
and parahippocampal gyrus, all of which were activated in the
contrast.
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Figure 3. Hierarchical Bayesian estimation of metacognitive efficiency (imeta-asa) in Study Phase 1. Left panel: Group-level values for the keta-
mine group (red histogram) and the placebo group (green histogram). Right panel: Difference in group posteriors (in log units). The white bar
indicates the 95% highest-density interval which narrowly overlaps with zero.

Figure 4. Second-order fMRI results. Significant activation in the contrasts Ketamine>Placebo (red), Report>Follow (blue) and Follow>Report
(green) at significance level P < 0.001 (uncorrected).

Table 3. Summary of significant clusters for the report > follow contrast.

Anatomical label Laterality Cluster size [K] T-value Peak voxel MNI coordinates

Calcarine gyrus R 1599 5.33 8 —-86 4

Lingual gyrus R 5.24 12 —-80 -8

Cuneus R 4.88 8 -86 26

Cuneus L 4.61 -6 -94 22

Superior occipital L 4.58 -10 -96 20
gyrus

Superior occipital R 3.81 18 -96 18
gyrus

pMFC L 352 6.08 —4 16 48

Combined sample. Only unique anatomical labels are reported for each cluster at one laterality. Whole-brain cluster-level FWE corrected (P < 0.001 uncorrected).
FWE, family-wise error; L, left; MNI, Montreal Neurological Institute; pMFC, posterior medial frontal cortex; R, right.



Table 4. Summary of significant clusters for the follow > report contrast.

Anatomical label Laterality Cluster size [K] T-value Peak voxel MNI coordinates
Angular gyrus R 3662 9.36 56 —52 36
Superior parietal lobule R 4.8 36 —44 58
Middle occipital gyrus R 4.53 36 —-80 10
Postcentral gyrus R 3.36 24 —44 66
Precuneus R 3384 7.18 10 -50 38
PCC R 6.96 4 —48 28
MCC R 6.85 10 —44 32
Precuneus L 5.46 —6 -52 44
MCC L 5.11 —4 —46 48
Superior frontal gyrus R 2630 7.22 4 46 30
Middle frontal gyrus R 5.54 30 24 54
IFG (p. Triangularis) R 4.53 48 24 24
Inferior parietal lobule L 2548 7.14 -54 -54 36
Angular gyrus L 5.97 —40 -72 38
Supramarginal gyrus L 4.37 —62 -36 38
Middle occipital gyrus L 4.05 -36 -80 28
Fusiform gyrus L 1094 7.34 -30 —52 -16
Inferior temporal gyrus L 4.61 —54 —54 -8
Middle temporal gyrus L 4.07 —60 -50 -2
Parahippocampal gyrus L 3.32 -22 -28 -18
Fusiform gyrus R 807 7.5 30 -52 -16
Inferior occipital gyrus R 5.35 36 -72 -10
Inferior temporal gyrus R 3.88 52 —64 -8
Precentral gyrus R 753 5.67 38 -22 54
Middle temporal gyrus R 682 5.5 60 -20 -10
Posterior insula R 4.49 34 -6 -12
Insula lobe R 4.41 40 -18 -2
Superior temporal gyrus R 3.45 50 -12 -10
Middle frontal gyrus L 674 5.57 -32 24 50
Superior frontal gyrus L 4.3 -22 22 56
Superior frontal gyrus R 203 4.48 14 66 16
Anterior insula L 162 4.99 —28 6 -14
Insula lobe L 4.49 -32 16 -12

Combined sample. Only unique anatomical labels are reported for each cluster at one laterality. Whole-brain cluster-level FWE corrected (P < 0.001 uncorrected).
FWE, family-wise error; IFG, inferior frontal gyrus; L, left; MCC, midcingulate cortex; MNI, Montreal Neurological Institute; PCC, posterior cingulate cortex; R, right.

Table 5. Summary of significant clusters for the ketamine > placebo contrast.

Anatomical label Laterality Cluster size [k] T-value Peak voxel MNI coordinates

Superior parietal R 642 5.51 36 -52 64
lobule

Supramarginal R 3.56 60 —28 48
gyrus

Middle occipital R 3.32 30 —64 33
gyrus

Inferior parietal R 3.26 40 —54 48
lobule

Angular gyrus R 3.23 36 —-56 48

Calcarine gyrus L 257 4.59 -2 -72 18

Lingual gyrus R 212 4.42 18 -70 -10

Inferior parietal L 188 4.24 —40 -52 60
lobule

Lingual gyrus L 172 5.21 —-18 —68 -8

Fusiform gyrus L 3.98 -28 —52 -12

Only unique anatomical labels are reported for each cluster at one laterality. Whole-brain cluster-level FWE corrected (P < 0.001 uncorrected).
FWE, family-wise error; L, left; MNI, Montreal Neurological Institute; R, right.



Table 6. Descriptive statistics of study phase II sensitivity measures
(type 1 and type 2) and reaction times (type 1 and type 2) by drug and
encoding level.

Measure Placebo (n=29) Ketamine (n=24)
M SD M SD

Type 1 performance (d’)?

Deep vs. new 1.79 0.58 1.59 0.54

Shallow vs. new 0.68 0.41 0.57 0.31
Type 2 sensitivity (meta-

a’)?

Deep vs. new 1.97 0.78 1.77 0.68

Shallow vs. new 0.44 0.41 0.4 0.58
Type 2 efficiency (meta-

da/d’)?

Deep vs. new 1.08 0.35 12 0.6

Shallow vs. new 0.69 0.65 0.71 1.19
Type 1reaction times (in

ms)?

Deep 1267.99  235.79 1233.3 187.04

Shallow 1368.44  245.62 1306.19 186.04

New 1416.41  268.68 1286.1 187.95
Type 2 reaction times (in

ms)?

Deep 1132.52 2131 1077.98 300.41

Shallow 1194.43  253.64 1112.9 301.18

New 1228.7 290.89 1117.47 272.8

M, mean; ms, milliseconds; SD, standard deviation.
Significant effects of encoding level.

Drug effects. During second-order ratings (both Report and
Follow), there was larger BOLD with ketamine than placebo in
five clusters (Figure 4, Table 5): The first, right-hemispheric,
cluster included superior parietal lobule (SPL), supramarginal
gyrus, inferior parietal lobule (IPL), and angular gyrus. A second
cluster was located in left calcarine gyrus, a third cluster in right
lingual gyrus. The fourth cluster included left IPL, whereas a
fifth, left-hemispheric cluster encompassed lingual gyrus and
fusiform gyrus. There were no significant effects for the reverse
contrast and no significant interactions (P > 0.05).

Exploratory analyses. Parametric modulation analysis (“Report”
trials parametrically modulated by the selected confidence rat-
ing) revealed very similar results, i.e., higher BOLD response for
ketamine than placebo in bilateral lingual, fusiform, and calcar-
ine gyrus and right SPL (see Supplementary Table 6). There were
no significant effects for the reverse contrast and no significant
interactions (P> 0.05).

Study Phase II

Encoding: fMRI analyses

There were no significant ketamine effects on BOLD during
encoding (P>0.05). For LoP effects, see Supplementary
materials.

Type 1 behavioral analyses
Descriptive statistics of Type 1 and Type 2 measures for Study
Phase II are provided in Table 6. Distribution plots of raw data
for all relevant dependent variables can be found in the
Supplementary materials.

Items that had been encoded deeply were recognized more
often than shallowly encoded items [significant main effect of
“Encoding Level”: F(1,51) = 273.94, P < 0.001, ,? = 0.85]. There
was no significant effect of “Drug” on d’ [F(1,51) = 1.8, P = 0.185,
np> = 0.04]. “Drug” also had no effect on Type 1 reaction times
[t(51) = 1.29, P = 0.203, d = 0.36]; when deeply encoded items
were presented, participants made significantly quicker button
presses [t(52) = 5.7, P < 0.001, d = 0.4]. There were no significant
interactions (P > 0.05).

Type 2 behavioral analyses

There were significant main effects of “Encoding Level” on
metacognitive sensitivity [F(1,50) = 263.38, P < 0.001, 5, = 0.84]
and metacognitive efficiency [F(1,49) = 18.01, P < 0.001, y,% =
0.27), but no effects of “Drug” on either meta-d’ [F(1,50) = 0.655,
P = 0.422, n,> = 0.01] or metacognitive efficiency [F(1,49) = 0.16, P
=0.691, n1,” < 0.01]. Type 2 reaction times were also significantly
shorter for deeply encoded items [t(51) = 2.68, P = 0.01, d = 0.19],
but there was no effect of “Drug” [t(50) = 1.13, P = 0.264, d =
0.34). There were no significant interactions (P > 0.05).

Exploratory analyses. Corresponding to overlaps of 95% HDIs
with zero, we found no significant group difference in metacog-
nitive efficiency between ketamine and placebo [0.03 (-0.35 to
0.043)]. Thus, there was no significant ketamine effect on any
measure of Type 2 performance when retrieval took place after
termination of the infusion. We did, however, observe a signifi-
cant effect of “Drug” on metacognitive bias [t(50) = 2.75, P =
0.008, d = 0.76], with participants under ketamine displaying
overconfidence. There was also significantly larger metacogni-
tive bias for shallowly than for deeply encoded words [t(50) =
9.31,P <.001, d=1.33].

This study investigated the role of the glutamate system in
metacognition and associated brain activity using a ketamine
challenge during episodic memory tasks in two study phases.

Study Phase I

Task effects
For a detailed discussion on LoP effects both at the behavioral
and the brain functional level, see Supplementary materials.

Two clusters were significantly more active during Report
than Follow; the first includes right calcarine gyrus, bilateral
cuneus, and right lingual gyrus. The latter structure has been
demonstrated to display increased functional connectivity with
prefrontal cortex (PFC) in Report compared to Follow trials
(Fleming et al. 2012). The second cluster in left pMFC provides
further evidence for its role in metacognition and resembles the
anatomically adjacent dorsal anterior cingulate cortex cluster
which Fleming et al. (2012) found to be involved in reporting
confidence in a similar task design. A recent meta-analysis
(Vaccaro and Fleming 2018) identified bilateral pMFC as one of
the prime neural correlates of metacognitive judgments, repre-
senting the biggest cluster in the composite meta-analysis of all
metacognition-related activity and the second-biggest cluster
associated with metacognitive ratings following memory
judgments.

In the reverse contrast (Follow>Report), increased activation
was found in brain regions involved in the DMN, which has
been linked to introspective mental activities such as mind
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wandering (Andrews-Hanna 2012). Again, this confirms Fleming
et al. (2012), who reported similar patterns in this contrast.

Drug effects
As expected, subjective measures (5D-ASC) revealed that keta-
mine caused phenomenological experiences significantly devi-
ating from a normal state of consciousness on all scales of the
questionnaire. This finding confirms the known psychotomi-
metic effects of ketamine (Anis et al. 1983; Vlisides et al. 2018)
and validates the rationale for using this pharmacological chal-
lenge to investigate the glutamatergic basis of metacognition.
Our study is one of only very few to indicate a potential
pharmacological modulation of metacognitive performance
(Lou et al. 2011; Hauser et al. 2017) and the first to investigate ke-
tamine effects on metacognition. We show that disrupting the
glutamatergic system by means of ketamine administration
may challenge introspective monitoring processes: at the be-
havioral level, ketamine application during retrieval resulted in
deterioration of metacognitive sensitivity (meta-d’) and over-
confidence (larger metacognitive bias). Differences in metacog-
nitive bias have been suggested to reflect genuine differences in
awareness (Schwiedrzik et al. 2011), suggesting a role of various
conscious processes giving rise to this ketamine effect on meta-
cognitive bias. Furthermore, as overconfidence has been
reported in patients with schizophrenia (Moritz et al. 2014), this
finding provides another piece of evidence for use of ketamine
as a model system of schizophrenia. Importantly, ketamine did
not affect retrieval (Type 1) performance, in line with previous
reports (Honey et al. 2005b), even though some group-
heterogeneity has to be considered in Type 1 performance.
Additionally, both Type 1 and Type 2 reaction times were unaf-
fected by ketamine, which also indicates that the drug did not
lead to a general deterioration of cognitive performance.
However, when controlling for the influence of Type 1 per-
formance (d’) on metacognitive sensitivity (meta-d’) by calculat-
ing metacognitive efficiency (meta-d’/d’), there was no
significant group difference. It is advised to apply metacognitive
efficiency measures when comparing different groups (Fleming
and Lau 2014; Vaccaro and Fleming 2018) although the theoreti-
cal assumption of the relationship of Type 1 and Type 2 perfor-
mance measures (Galvin et al. 2003; Maniscalco and Lau 2012) is
frequently violated in cases of “hyper”’-metacognitive efficiency
(meta-d'/d’ > 1), potentially arising as a consequence of post-
decisional and/or second-order computation (Fleming and Daw
2017) as evidence continues to be accumulated after the Type 1
response (Murphy et al. 2015; Rausch and Zehetleitner 2016). In
general, meta-d’ represents a measure of an individual’s ability
to discriminate between their own correct and incorrect
responses independently of differences in response bias
(Fleming and Lau 2014) and prior studies have reported meta-d’
either as the only measure of metacognitive sensitivity (Rausch
et al. 2015) or alongside the meta-d’/d’ ratio (Beck et al. 2019).
While it is necessary to keep in mind that the ketamine-
associated deterioration of Type 2 sensitivity might be influ-
enced by non-significant group-heterogeneity in Type 1 perfor-
mance, rather than reflecting a general deficit in the underlying
metacognitive processes (Maniscalco and Lau 2012), it is still im-
portant to understand ketamine effects on meta-d’ in Study
Phase I. This is based on the absence of group effects on Type 1
performance in our study but also on the fact that 95% HDIs
only narrowly overlapped with zero in two-sided testing for
group differences in metacognitive efficiency. The group-level
estimation in a hierarchical Bayesian framework offers several
methodological advantages over previous estimation methods

for metacognitive efficiency (Fleming 2017). As illustrated in
Figure 3, there was an almost perfect fit of the ideal observer
model in the placebo group (group-level meta-d'/d’: 0.99),
whereas the ketamine group (0.76) substantially deviated from
the ideal observer model implied in the meta-d’-framework
(Fleming 2017).

Furthermore, we observed a pronounced up-regulation of ac-
tivity in posterior brain regions with ketamine. This effect was
observed only during second-order ratings (including both
metacognitive reports and the control condition), whereas Type
1 BOLD showed no difference in activation between the groups.
Specifically, there was increased activity in the right-
hemispheric superior-posterior cortex compared to placebo.
The superior parietal lobe is mainly associated with spatial at-
tention and plays a pivotal role in somatosensory and visuomo-
tor integration (Culham and Valyear 2006; Iacoboni 2006), motor
learning (Weiss et al. 2003; Wenderoth et al. 2004), mental rota-
tion (Wolbers et al. 2003; Gogos et al. 2010), with a mosaic of spe-
cialized subregions (Wang et al. 2015). Increased BOLD with
ketamine also occurred in left calcarine gyrus, where the pri-
mary visual cortex is concentrated (Goebel et al. 1998; Seghier
et al. 2000); bilateral lingual gyrus, which has been linked to
processing vision (especially letter-reading) and encoding visual
memories (Mechelli et al. 2000); and left IPL, which is involved in
language processing, mathematical operations and body image
(Radua et al. 2010), agency (Chaminade and Decety 2002), and
working memory (Ravizza et al. 2004). Importantly, these keta-
mine effects on BOLD were observed for both second-order rat-
ing types (Report/Follow) and are therefore not specific to
genuine metacognitive processes. It should be noted, however,
that Report trials were overall more frequent (2:3) than Follow
trials and thus had a greater overall contribution to the keta-
mine effects on second-order BOLD.

Overall, it appears that ketamine affects brain function dur-
ing second-order ratings by means of an up-regulation of poste-
rior visuospatial cortical brain areas. The visual, affective word
stimuli employed in this study may have evoked vivid, imagina-
tive processes in all participants, irrespective of drug, during re-
trieval. In participants experiencing the altered state of
consciousness induced by ketamine, these imaginative pro-
cesses may yet have persisted well beyond the retrieval process
and consequently perturbed the signal available for the second-
order task, irrespective of its specific demands, which could ac-
count for both the deterioration in metacognitive sensitivity as
well as the increased activation in visuospatial areas during
second-order ratings. However, it should be reiterated that it is
uncertain to what extent the observed effects are related to
metacognition, or whether they do not simply reflect neural
responses to the presentation of the rating scale.

It is intriguing, however, that the anatomical location of our
results is of interest with regards to the “hot zone” for conscious
functions proposed by Koch et al. (2016): As this hot zone pri-
marily encompasses sensory areas, it is mainly associated with
phenomenal qualities of conscious experiences, which self-
reported 5D-ASC measures confirmed to be altered by ketamine.
Thus, as individuals under the influence of ketamine processed
the demands of the second-order task (including introspective
assessments of their internal mental world), phenomenal quali-
ties of their normal waking-state experience may be distinctly
altered. The posterior parietal cortical areas found in this study
have been proposed to encode decision confidence (Kiani and
Shadlen 2009), but recent studies suggest that activity in these
areas tracks reliability of the sensory input rather than the core
process of confidence formation (Bang and Fleming 2018).



Accordingly, our findings suggest that not confidence formation
itself, but early aspects of the metacognitive process could be
impacted by ketamine as individuals struggle to make sense of
a distorted input signal which results in an up-regulation of
neural activity, whereas episodic memory or processing speed
remain largely unaffected.

This interpretation is supported by evidence that ketamine
increases bilateral temporoparietal functional connectivity
(Hoflich et al. 2015) and causes a significant alpha current reduc-
tion in posterior cortical areas such as precuneus and temporo-
parietal junction, which may reflect efforts to maintain ego
integrity (Carhart-Harris et al. 2014; Vlisides et al. 2018). The
ketamine-induced psychedelic state is characterized by ele-
vated entropy in certain aspects of brain function, thereby col-
lapsing the highly organized, low-entropy activity within the
DMN (Carhart-Harris et al. 2014). This is in line with the notion
by Carhart-Harris et al. (2014) that DMN integrity is a key foun-
dation for accurate metacognition: upon perturbing DMN activ-
ity by inducing a psychedelic state, the functionality of
metacognitive processes should hence be reduced, whereas the
retrieval process may in many cases be based on a notion of fa-
miliarity with the word item, and therefore depend less on DMN
integrity.

To achieve a comprehensive understanding of the findings,
there are additional aspects to be considered. First, the lack of
correlation between the 5D-ASC index of altered consciousness
and ketamine effects on metacognitive sensitivity makes it dif-
ficult to draw a direct connection between the ketamine-
induced altered subjective state and the observed objective
effects on metacognition—although it may not be adequate to
assume both effects to take place on the same conscious level,
since the impairment of metacognition represents unconscious
effects on conscious decisions (such as ratings given on the 5D-
ASC). Second, it has to be considered that different causes might
result in a deterioration of metacognitive sensitivity. Both a re-
duction in the sensory reliability of the input to the metacogni-
tive process (i.e. increased noise in the evidence on which
confidence formation is based) as well as trial-to-trial variability
in the placement of confidence criteria might account for this
effect. A clear interpretation remains difficult, but exploratory
analysis of metacognitive bias, which revealed significantly
higher bias (i.e. overconfidence) for the ketamine group, offers
potential insights into the underlying mechanisms: fluctuations
across individual trials in participants’ confidence indicate that
participants under the influence of ketamine based their confi-
dence ratings on certain conscious experiences, which could be
due to changes in conscious access as well as altered,
hallucinatory-like experiences, and which are ultimately un-
known to the experimenter (Fleming and Lau 2014). Ultimately,
it is possible that the unspecific up-regulation of the posterior
parietal areas during second-order ratings reflect either the dis-
turbances in signal input or alterations in conscious experience,
or even both.

Study Phase II

Drug effects

There were no ketamine effects on Type 1 sensitivity or Type 2
sensitivity and efficiency of items encoded during maintained
drug infusion. This was confirmed by exploratory hierarchical
Bayesian estimation of group-level metacognitive efficiency;
unexpectedly, there was no group difference in metacognitive
performance for Study Phase II. The absence of ketamine effects
on retrieval is in accordance with previous studies (Honey et al.

2005a,b) using a very similar LoP manipulation. We found no
drug-related group differences in functional activity during
encoding in the continued presence of drug infusion and were
thus unable to reproduce the increased activation for deeply
encoded items in left PFC with ketamine reported by Honey
et al. (2005a). Moreover, there were no effects of ketamine on ei-
ther Type 1 or Type 2 reaction times, again indicating that keta-
mine did not affect reaction speed. However, metacognitive bias
(overconfidence) was again significantly higher in the ketamine
group, as was the case in Study Phase 1. Even when ketamine
was absent at retrieval, ketamine participants were overconfi-
dent about their mnestic judgments, suggesting that ketamine
evokes substantial distortions in the placement of confidence
criteria, irrespective of whether encoding or retrieval took place
under the influence of ketamine. While it not possible to retro-
actively rule out a baseline difference in confidence level be-
tween the groups, an overall diffuse memory trace might
account for the observed overconfidence, as ketamine affects
source memory (Honey et al. 2005b). Therefore, ketamine effects
on metacognitive bias could be driven by shared and distinct
mechanisms for the two study phases.

Limitations

The employment of a between-subjects-design might be a po-
tential shortcoming, as homogeneity in all relevant individual
factors can never be achieved across the groups. However, the
advantage of this design is that expectancy biases based on ex-
perience with the first of two assessments in a within-subjects-
design are eliminated.

Whilst the infusion protocol served to keep plasma levels of
ketamine constant, it cannot be ruled out that participants be-
came accustomed to the ketamine-induced state of conscious-
ness and developed mechanisms to stabilize higher-order
cognitive functions over the course of the infusion. This poten-
tial habituation effect may account for the observation that
encoding processes in Study Phase II were less affected by keta-
mine than previously observed (Honey et al. 2005a,b).

As participants were not informed about the subsequent re-
trieval task at encoding in either study phase, it is important to
point out that during the encoding task in Study Phase II, partic-
ipants might have been more likely to infer the subsequent
memory testing, which could have altered their encoding strat-
egy. This introduces an additional difference between the two
study phases, which complicates a direct comparison of keta-
mine effects between the phases.

Another limitation is that only trials with correctly retrieved
items could be included in the fMRI analyses, due to the fact
that the majority of participants produced an insufficient
amount of incorrect answers in the Type 1 task. Finally, even
though the combined sample size of both groups corresponded
to sample sizes of previous within-subject designs (Steffens
et al. 2016, 2018; Van Loon et al. 2016), it is possible that the study
lacked sufficient power to detect a statistically significant differ-
ence between groups not only on metacognitive sensitivity but
also on efficiency.

Generally, additional research is required to gain further un-
derstanding of ketamine effects on metacognition. Such poten-
tial future research efforts could encompass the application of
advanced modeling capable of contrasting theories, such as the
Stochastic Detection and Retrieval Model (Jang et al. 2012),
which could help disentangle the underlying mechanisms of
the observed effects and allow to discriminate between in-
creased noise in the sensory evidence accumulation and trial-



by-trial variability in the placement of confidence criteria.
Furthermore, dynamic causal modeling of fMRI results could
also help to clarify the extent to which the vivid, imaginative
processes affect brain activity during second-order ratings.

In summary, we present evidence for a role of the NMDA-
glutamate-receptor antagonist ketamine in metacognition, in-
cluding significantly larger metacognitive bias and deterioration
of metacognitive sensitivity with ketamine. We also observed
unspecific up-regulation of activity in posterior brain areas dur-
ing second-order ratings compared to placebo. Importantly, ke-
tamine did not affect metacognitive efficiency as estimated in a
hierarchical Bayesian framework. The reported effects are nei-
ther sufficiently strong nor specific enough to attribute meta-
cognition solely to the function of the glutamatergic system.
Our results do, however, suggest that ketamine impacts on
metacognition, which could be due to a reduction in the sensory
reliability of the input to the metacognitive process as well as
alterations in conscious experience. Further research is required
in order to expand our understanding of the neural and phar-
macological underpinnings of metacognition.
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We would like to thank Dr. Elisabeth Behrens-Callsen and
Laura Augsburg for their excellent support on assessment
days. We are grateful to all the participants who volun-
teered to take part in this study.

Conflict of interest statement. None declared.

Behavioral data available in supplementary material; fMRI
data will be made available upon request.

Ackenheil M, Stotz G, Dietz-Bauer R, et al. Mini International
Interview-German Version 5.0. 0. Miinchen, Germany:
Psychiatrische Universitétsklinik Miinchen,1999.

Andrews-Hanna JR. The brain’s default network and its adaptive
role in internal mentation. Neuroscientist. 2012;18(3):251-70.
doi: 10.1177/1073858411403316.

Anis NA, Berry SC, Burton NR, et al. The dissociative anaesthetics,
ketamine and phencyclidine, selectively reduce excitation of cen-
tral mammalian neurones by N-methyl-aspartate. Br. J. Pharmacol.
1983;79(2):565-75. doi: 10.1111/j.1476-5381.1983.tb11031.x.

Ashburner J, Friston K]J. Unified segmentation. Neurolmage 2005;
26:839-51. doi: 10.1016/j.neuroimage.2005.02.018.

Bang D, Fleming SM. Distinct encoding of decision confidence in
human medial prefrontal cortex. Proc. Natl. Acad. Sci. USA 2018;
115:6082-7. doi: 10.1073/pnas.1800795115

Barrett AB, Dienes Z, Seth AK. Measures of metacognition on
signal-detection theoretic models. Psychol. Methods 2013;18:
535. doi: 10.1037/20033268

Beck B, Pena-Vivas V, Fleming S, et al. Metacognition across
sensory modalities: vision, warmth, and nociceptive pain.
Cognition 2019;186:32-41. doi: 10.1016/j.cognition.2019.01.018

Block N. On a confusion about a function of consciousness. Behav.
Brain Sci. 1995;18:227-47. doi: 10.1017/S0140525X00038188.

Carhart-Harris RL, Leech R, Hellyer PJ, et al. The entropic brain: A
theory of conscious states informed by neuroimaging research
with psychedelic drugs. Front. Hum. Neurosci. 2014;8:1-22. doi:
10.3389/fnhum.2014.00020

Chaminade T, Decety J. Leader or follower? Involvement of the
inferior parietal lobule in agency. NeuroReport 2002;13:1975-8.
doi: 10.1097/00001756-200210280-00029

Clos M, Bunzeck N, Sommer T. Dopamine is a double-edged sword:
dopaminergic modulation enhances memory retrieval perfor-
mance but impairs metacognition. Neuropsychopharmacology
2019;44:555-63. doi: 10.1038/s41386-018-0246-y

Cohen ]. Eta-squared and partial eta-squared in fixed factor
ANOVA designs. Educ. Psychol. Measure. 1973;33:107-12. doi: 10.
1177/001316447303300111

Cohen J, Maydeu-Olivares A. A power primer. Psychol. Bull. 1992;
112(1):155-9. doi: 10.1038/141613a0

Culham JC, Valyear KF. Human parietal cortex in action. Curr.
Opin. Neurobiol. 2006;16:205-12. doi: 10.1016/j.conb.2006.03.005

Dittrich A. The standardized psychometric assessment of altered
states of consciousness (ASCs) in humans. Pharmacopsychiatry
1998;31:80—4. doi: 10.1055/s-2007-979351

Dittrich A, Lamparter D, Maurer M. 5D-ABZ: Fragebogen zur
Erfassung Aussergewohnlicher Bewusstseinszustinde. Eine kurze
Einflihrung.[5D-ASC: Questionnaire for the Assessment of Altered
States of Consciousness. A Short Introduction]. Zirich,
Switzerland: PSIN PLUS,2006.

Domino EF, Zsigmond EK, Domino LE, et al. Plasma levels of keta-
mine and two of its metabolites in surgical patients using a gas
chromatographic mass fragmentographic assay. Anesth. Analg.
1982;61(2):87-92 .doi: 10.1213/00000539-198202000-00004

Doyle OM, De Simoni S, Schwarz AJ, et al. Quantifying the attenu-
ation of the ketamine pharmacological magnetic resonance
imaging response in humans: a validation using antipsychotic
and glutamatergic agents. J. Pharmacol. Exp. Ther. 2013;345(1):
151-60. doi: 10.1124/jpet.112.201665

Eickhoff SB, Stephan KE, Mohlberg H, et al. A new SPM toolbox for
combining probabilistic cytoarchitectonic maps and func-
tional imaging data. NeuroImage 2005;25:1325-35. doi: 10.1016/
j.neuroimage.2004.12.034.

Evans AC, Marrett S, Neelin P, et al. Anatomical mapping of func-
tional activation in stereotactic coordinate space. Neuroimage
1992;1:43-53. doi: 10.1016/1053-8119(92)90006-9.

Fleming SM. HMeta-d: hierarchical Bayesian estimation of meta-
cognitive efficiency from confidence ratings. Neurosci.
Conscious. 2017;2017:1-14. doi: 10.1093/nc/nix007

Fleming SM, Daw ND. Self-evaluation of decision-making: a gen-
eral Bayesian framework for metacognitive computation.
Psychol. Rev. 2017;124:91-114. doi: 10.1037/rev0000045

Fleming SM, Huijgen ], Dolan R]. Prefrontal contributions to
metacognition in perceptual decision making. J. Neurosci. 2012;
32:6117-25. doi: 10.1523/JNEUROSCI.6489-11.2012

Fleming SM, Lau HC. How to measure metacognition. Front. Hum.
Neurosci. 2014;8:1-9. doi: 10.3389/fnhum.2014.00443

Galvin SJ, Podd JV, Drga V, et al. Type 2 tasks in the theory of sig-
nal detectability: discrimination between correct and incorrect
decisions. Psychon. Bull. Rev. 2003;10:843-76. doi: 10.3758/
BF03196546

Giorgetti R, Marcotulli D, Tagliabracci A, et al. Effects of ketamine
on psychomotor, sensory and cognitive functions relevant for


https://academic.oup.com/nc/article-lookup/doi/10.1093/nc/niaa028#supplementary-data
https://academic.oup.com/nc/article-lookup/doi/10.1093/nc/niaa028#supplementary-data
https://doi.org/10.1016/j.neuroimage.2005.02.018
https://doi.org/10.1017/S0140525X00038188
https://doi.org/10.3389/fnhum.2014.00020
https://doi.org/10.1177/001316447303300111
https://doi.org/10.1177/001316447303300111
https://doi.org/10.1016/j.conb.2006.03.005
https://doi.org/10.1055/s-2007-979351
https://doi.org/10.1124/jpet.112.201665
https://doi.org/10.1016/j.neuroimage.2004.12.034
https://doi.org/10.1016/j.neuroimage.2004.12.034
https://doi.org/10.1016/1053-8119(92)90006-9
https://doi.org/10.1093/nc/nix007
https://doi.org/10.1037/rev0000045
https://doi.org/10.1523/JNEUROSCI.6489-11.2012
https://doi.org/10.3389/fnhum.2014.00443
https://doi.org/10.3758/BF03196546
https://doi.org/10.3758/BF03196546

driving ability. Forensic Sci. Int. 2015;252:127-42. doi: 10.1016/j.
forsciint.2015.04.024

Goebel R, Khorram-Sefat D, Muckli L, et al. The constructive na-
ture of vision: direct evidence from functional magnetic reso-
nance imaging studies of apparent motion and motion
imagery. Eur. J. Neurosci. 1998;10:1563-73. doi: 10.1046/j.1460-
9568.1998.00181.x

Gogos A, Gavrilescu M, Davison S, et al. Greater superior than in-
ferior parietal lobule activation with increasing rotation angle
during mental rotation: an fMRI study. Neuropsychologia 2010;
48:529-35. doi: 10.1016/j.neuropsychologia.2009.10.013.

Green DG, Swets JA. Signal Detection Theory and Psychophysics. New
York, NY: Wiley & Sons, Inc., 1966: doi: 10.1901/jeab.1969.12-475.
Grimaldi P, Lau H, Basso MA. There are things that we know that
we know, and there are things that we do not know we do not
know: confidence in decision-making. Neurosci. Biobehav. Rev.

2015;55:88-97. doi: 10.1016/j.neubiorev.2015.04.006.

Hauser TU, Allen M, Purg N, et al. Noradrenaline blockade specifi-
cally enhances metacognitive performance. ELife 2017;6:1-13.
doi: 10.7554/eLife.24901

Hetem LAB, Danion JM, Diemunsch P, et al. Effect of a subanes-
thetic dose of ketamine on memory and conscious awareness
in healthy volunteers. Psychopharmacology 2000;152:283-8. doi:
10.1007/s002130000511

Hoflich A, Hahn A, Kiiblbock M, et al. Ketamine-induced modula-
tion of the thalamo-cortical network in healthy volunteers as a
model for schizophrenia. Int. J. Neuropsychopharmacol. 2015;18:
1-11. doi: 10.1093/ijnp/pyv040

Holmes CJ, Hoge R, Collins L, et al. Enhancement of MR images us-
ing registration for signal averaging. J. Comput. Assist. Tomogr.
1998;22(2):324-33. doi: 10.1097/00004728-199803000-00032

Honey GD, Honey RAE, O’Loughlin C, et al. Ketamine disrupts
frontal and hippocampal contribution to encoding and re-
trieval of episodic memory: an fMRI study. Cerebral Cortex
2005a;15:749-59. doi: 10.1093/cercor/bhh176

Honey GD, Honey RAE, Sharar SR, et al. Impairment of specific
episodic memory processes by sub-psychotic doses of keta-
mine: the effects of levels of processing at encoding and of the
subsequent retrieval task. Psychopharmacology 2005b;181:
445-57. doi: 10.1007/s00213-005-0001-z

Iacoboni M. Visuo-motor integration and control in the human
posterior parietal cortex: evidence from TMS and fMRI.
Neuropsychologia 2006;44:2691-9. doi: 10.1016/j.neuropsycholo
gia.2006.04.029

Jang Y, Wallsten TS, Huber DE. A stochastic detection and re-
trieval model for the study of metacognition. Psychol. Rev. 2012;
119:186-200. doi: 10.1037/a0025960

Javitt DC, Zukin SR, Heresco-Levy U, et al. Has an angel shown
the way? Etiological and therapeutic implications of the PCP/
NMDA model of schizophrenia. Schizophr. Bull. 2012;38:958-66.
doi: 10.1093/schbul/sbs069

Kiani R, Shadlen MN. Representation of confidence associated
with a decision by neurons in the parietal cortex. Science 2009;
324:759-64. doi: 10.1126/science.1169405

Koch C, Massimini M, Boly M, et al. Neural correlates of con-
sciousness: progress and problems. Nat. Rev. Neurosci. 2016;17:
307-21. doi: 10.1038/nrn.2016.22

Kruschke J. Doing Bayesian Data Analysis: A Tutorial with R, JAGS,
and Stan. New York, NY: Academic Press, 2014.

Krystal JH, Karper LP, Seibyl JP, et al. Subanesthetic effects of
the noncompetitive NMDA antagonist, ketamine, in humans:
psychotomimetic, perceptual, cognitive, and neuroendocrine
responses. Arch. Gen. Psychiatry 1994;51:199-214. doi: 10.1001/
archpsyc.1994.03950030035004.

Kurdi M, Theerth K, Deva R. Ketamine: current applications in
anesthesia, pain, and critical care. Anesth. Essays Res. 2014;8:
283-90.doi: 10.4103/0259-1162.143110

Lou HC, Skewes JC, Thomsen KR, et al. Dopaminergic stimulation
enhances confidence and accuracy in seeing rapidly presented
words.J. Vis. 2011;11:1-6. doi: 10.1167/11.2.1

Malhotra AK, Pinals DA, Weingartner H, et al. NMDA receptor
function and human cognition: The effects of ketamine in
healthy volunteers. Neuropsychopharmacology 1996;14:301-7.
doi: 10.1016/0893-133X(95)00137-3

Maniscalco B, Lau H. A signal detection theoretic approach for esti-
mating metacognitive sensitivity from confidence ratings.
Conscious. Cogn. 2012;21:422-30. doi: 10.1016/j.concog.2011.09.021

Maniscalco B, Lau H. Signal detection theory analysis of type 1
and type 2 data: meta-d’, response-specific meta-d’, and the
unequal variance SDT model. In Fleming, S.M., Frith, C.D.
(Eds.): The Cognitive Neuroscience of Metacognition. Basel,
Switzerland: Springer Verlag Publishing, 2014, 25-66.

McCurdy LY, Maniscalco B, Metcalfe ], et al. Anatomical coupling
between distinct metacognitive systems for memory and vi-
sual perception. J. Neurosci. 2013;33:1897-906. doi: 10.1523/
JNEUROSCI.1890-12.2013

McGlashan TH, Miller TJ, Woods SW, et al. Instrument for the as-
sessment of prodromal symptoms and states. In Miller, T.J.,
Mednick, S.A., McGlashan, T.H., Liberger, J., Johannessen, J.O.
(Eds.): Early Intervention in Psychotic Disorders. Dordrecht,
The Netherlands: Kluwer Academic Publishers, 2001, 135-49.
doi: 10.1007/978-94-010-0892-1_7.

Mechelli A, Humphreys GW, Mayall X, et al. Differential effects of
word length and visual contrast in the fusiform and lingual
gyri during reading. Proc. R. Soc. B 2000;267:1909-13. doi: 10.
1098/rspb.2000.1229

Morgan CJA, Mofeez A, Brandner B, et al. Acute effects of keta-
mine on memory systems and psychotic symptoms in healthy
volunteers. Neuropsychopharmacology 2004;29:208-18. doi: 10.
1038/sj.npp.1300342

Moritz S, Ramdani N, Klass H, et al. Overconfidence in incorrect per-
ceptual judgments in patients with schizophrenia. Schizophr. Res.
Cogn. 2014;1:165-70. doi: 10.1016/j.scog.2014.09.003

Morris H, Wallach J. From PCP to MXE: a comprehensive review
of the non-medical use of dissociative drugs. Drug Test. Anal.
2014;6:614-32. doi: 10.1002/dta.1620

Murphy PR, Robertson IH, Harty S, & O’Connell, R.G. et al. Neural ev-
idence accumulation persists after choice to inform metacogni-
tive judgments. ELife 2015;4:e11946. doi: 10.7554/eLife.11946.

Murrough JW, losifescu DV, Chang LC, et al. Antidepressant effi-
cacy of ketamine in treatment-resistant major depression: a
two-site randomized controlled trial. Am. J. Psychiatry 2013;
170:1134-42. doi: 10.1176/appi.ajp.2013.13030392.

Overgaard M, Rote ], Mouridsen K, et al. Is conscious perception
gradual or dichotomous? A comparison of report methodolo-
gies during a visual task. Conscious. Cogn. 2006;15:700-8. doi: 10.
1016/j.concog.2006.04.002

Oye I, Paulsen O, Maurset A. Effects of ketamine on sensory per-
ception: evidence for a role of N- methyl-D-aspartate recep-
tors. J. Pharmacol. Exp. Ther. 1992;260:1209-13.

Radua J, Phillips ML, Russell T, et al. Neural response to specific
components of fearful faces in healthy and schizophrenic
adults. NeuroImage 2010;49:939-46. doi: 10.1016/j.neuroimage.
2009.08.030

Rausch M, Miiller HJ, Zehetleitner M. Metacognitive sensitivity of
subjective reports of decisional confidence and visual experience.
Conscious. Cogn. 2015;35:192-205. doi: 10.1016/j.concog.2015.02.011.


https://doi.org/10.1016/j.forsciint.2015.04.024
https://doi.org/10.1016/j.forsciint.2015.04.024
https://doi.org/10.1046/j.1460-9568.1998.00181.x
https://doi.org/10.1046/j.1460-9568.1998.00181.x
https://doi.org/10.1016/j.neuropsychologia.2009.10.013
https://doi.org/10.1016/j.neubiorev.2015.04.006
https://doi.org/10.7554/eLife.24901
https://doi.org/10.1007/s002130000511
https://doi.org/10.1093/ijnp/pyv040
https://doi.org/10.1093/cercor/bhh176
https://doi.org/10.1007/s00213-005-0001-z
https://doi.org/10.1016/j.neuropsychologia.2006.04.029
https://doi.org/10.1016/j.neuropsychologia.2006.04.029
https://doi.org/10.1037/a0025960
https://doi.org/10.1093/schbul/sbs069
https://doi.org/10.1038/nrn.2016.22
https://doi.org/10.1016/0893-133X(95)00137-3
https://doi.org/10.1016/j.concog.2011.09.021
https://doi.org/10.1523/JNEUROSCI.1890-12.2013
https://doi.org/10.1523/JNEUROSCI.1890-12.2013
https://doi.org/10.1098/rspb.2000.1229
https://doi.org/10.1098/rspb.2000.1229
https://doi.org/10.1038/sj.npp.1300342
https://doi.org/10.1038/sj.npp.1300342
https://doi.org/10.1016/j.scog.2014.09.003
https://doi.org/10.1002/dta.1620
https://doi.org/10.1016/j.concog.2006.04.002
https://doi.org/10.1016/j.concog.2006.04.002
https://doi.org/10.1016/j.neuroimage.2009.08.030
https://doi.org/10.1016/j.neuroimage.2009.08.030

Rausch M, Zehetleitner M. Visibility is not equivalent to confi-
dence in a low contrast orientation discrimination task. Front.
Psychol. 2016;7:591. doi: 10.3389/fpsyg.2016.00591.

Ravizza SM, Delgado MR, Chein JM, et al. (2004). Functional disso-
ciations within the inferior parietal cortex in verbal working
memory. Neurolmage 2004;22(2):562-73. doi: 10.1016/j.neuro
image.2004.01.039

Rouault M, McWilliams A, Allen MG, et al. Human metacognition
across domains: insights from individual differences and neuro-
imaging. Personal Neurosci. 2018;1:e17: doi: 10.1017/pen.2018.16

Sadeghi S, Ekhtiari H, Bahrami B, et al. Metacognitive deficiency
in a perceptual but not a memory task in methadone mainte-
nance patients. Sci. Rep. 2017;7:1-8. doi: 10.1038/s41598-017-
06707-w

Sarasso S, Boly M, Napolitani M, et al. Consciousness and com-
plexity during unresponsiveness induced by propofol, xenon,
and ketamine. Curr. Biol. 2015;25:3099-105. doi: 10.1016/j.cub.
2015.10.014

Schifano F, Corkery J, Oyefeso A, et al. Trapped in the “K-hole™:
overview of deaths associated with ketamine misuse in the UK
(1993-2006). J. Clin. Psychopharmacol. 2008;28:114-6. doi: 10.1097/
JCP.0b013e3181612cdc.

Schwiedrzik CM, Singer W, Melloni L. Subjective and objective
learning effects dissociate in space and in time. Proc. Natl.
Acad. Sci. USA 2011;108:4506-11. doi: 10.1073/pnas.1009147108.

Seghier M, Dojat M, Delon-Martin C, et al. Moving illusory con-
tours activate primary visual cortex: an fMRI study. Cerebral
Cortex 2000;10(7):663-70. doi: 10.1093/cercor/10.7.663

Shea N, Frith CD. The global workspace needs metacognition.
Trends Cogn. Sci. 2019;23:560-71. doi: 10.1016/j.tics.2019.04.007

Steffens M, Becker B, Neumann C, et al. Effects of ketamine on
brain function during smooth pursuit eye movements. Hum.
Brain Map. 2016;37:4047-60. doi: 10.1002/hbm.23294

Steffens M, Neumann C, Kasparbauer AM, et al. Effects of ketamine
on brain function during response inhibition. Psychopharmacology
2018;235:3559-71. doi: 10.1007/s00213-018-5081-7

Umbricht D, Koller R, Vollenweider FX, et al. Mismatch negativity
predicts psychotic experiences induced by NMDA receptor an-
tagonist in healthy volunteers. Biol. Psychiatry 2002;51:400-6.
doi: 10.1016/S0006-3223(01)01242-2

Vaccaro AG, Fleming SM. Thinking about thinking: a coordinate-
based meta-analysis of neuroimaging studies of metacognitive
judgements. Brain Neurosci. Adv. 2018;2:239821281881059.doi: 10.
1177/2398212818810591

Van Loon AM, Fahrenfort JJ, Van Der Velde B, et al. NMDA recep-
tor antagonist ketamine distorts object recognition by reduc-
ing feedback to early visual cortex. Cerebral Cortex 2016;26:
1986-96. doi: 10.1093/cercor/bhv018

Vlisides PE, Bel-Bahar T, Nelson A, et al. Subanaesthetic keta-
mine and altered states of consciousness in humans. Br. J.
Anaesth. 2018;121:249-59. doi: 10.1016/j.bja.2018.03.011

Vo MLH, Conrad M, Kuchinke L, et al. The Berlin Affective Word
List Reloaded (BAWL-R). Behav. Res. Methods 2009;41:534-8. doi:
10.3758/BRM.41.2.534.

WangJ, Yang Y, Fan L, et al. Convergent functional architecture
of the superior parietal lobule unraveled with multimodal neu-
roimaging approaches. Hum. Brain Map. 2015;36:238-57. doi: 10.
1002/hbm.22626

Weiss PH, Marshall JC, Zilles K, et al. Are action and perception in
near and far space additive or interactive factors? Neurolmage
2003;18:837-46. doi: 10.1016/51053-8119(03)00018-1

Wenderoth N, Debaere F, Sunaert S, et al. Parieto-premotor areas
mediate directional interference during bimanual movements.
Cerebral Cortex 2004;14:1153-63. doi: 10.1093/cercor/bhh075

Wolbers T, Weiller C, Blichel C. Contralateral coding of imagined
body parts in the superior parietal lobe. Cerebral Cortex 2003;
13(4):392-9. doi: 10.1093/cercor/13.4.392

Yokoyama O, Miura N, Watanabe J, et al. Right frontopolar cortex
activity correlates with reliability of retrospective rating of
confidence in short-term recognition memory performance.
Neurosci. Res. 2010;68:199-206. doi: 10.1016/j.neures.2010.07.
2041


https://doi.org/10.1016/j.neuroimage.2004.01.039
https://doi.org/10.1016/j.neuroimage.2004.01.039
https://doi.org/10.1017/pen.2018.16
https://doi.org/10.1038/s41598-017-06707-w
https://doi.org/10.1038/s41598-017-06707-w
https://doi.org/10.1016/j.cub.2015.10.014
https://doi.org/10.1016/j.cub.2015.10.014
https://journals.lww.com/psychopharmacology/Fulltext/2008/02000/Trapped_in_the__K_hole___Overview_of_Deaths.27.aspx
https://doi.org/10.1093/cercor/10.7.663
https://doi.org/10.1016/j.tics.2019.04.007
https://doi.org/10.1002/hbm.23294
https://doi.org/10.1007/s00213-018-5081-7
https://doi.org/10.1016/S0006-3223(01)01242-2
https://doi.org/10.1177/2398212818810591
https://doi.org/10.1177/2398212818810591
https://doi.org/10.1093/cercor/bhv018
https://doi.org/10.1016/j.bja.2018.03.011
https://doi.org/10.3758/BRM.41.2.534
https://doi.org/10.1002/hbm.22626
https://doi.org/10.1002/hbm.22626
https://doi.org/10.1016/S1053-8119(03)00018-1
https://doi.org/10.1093/cercor/bhh075
https://doi.org/10.1093/cercor/13.4.392
https://doi.org/10.1016/j.neures.2010.07.2041
https://doi.org/10.1016/j.neures.2010.07.2041

	tblfn1
	tblfn2
	tblfn3
	tblfn4
	tblfn5
	tblfn6
	tblfn7
	tblfn8
	tblfn9
	tblfn10
	tblfn11
	tblfn12



