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a b s t r a c t 

Neuroimaging studies have found ‘reality monitoring’, our ability to distinguish internally generated experiences from those derived from the external world, to be 
associated with activity in the medial prefrontal cortex (mPFC) of the brain. Here we probe the functional underpinning of this ability using real-time fMRI neurofeed- 
back to investigate the involvement of mPFC in recollection of the source of self-generated information. Thirty-nine healthy individuals underwent neurofeedback 
training in a between groups study receiving either Active feedback derived from the paracingulate region of the mPFC (21 subjects) or Sham feedback based on a 
similar level of randomised signal (18 subjects). Compared to those in the Sham group, participants receiving Active signal showed increased mPFC activity over 
the course of three real-time neurofeedback training runs undertaken in a single scanning session. Analysis of resting state functional connectivity associated with 
changes in reality monitoring accuracy following Active neurofeedback revealed increased connectivity between dorsolateral frontal regions of the fronto-parietal 
network (FPN) and the mPFC region of the default mode network (DMN), together with reduced connectivity within ventral regions of the FPN itself. However, only 
a trend effect was observed in the interaction of the recollection of the source of Imagined information compared with recognition memory between participants 
receiving Active and Sham neurofeedback, pre- and post- scanning. As such, these findings demonstrate that neurofeedback can be used to modulate mPFC activity 
and increase cooperation between the FPN and DMN, but the effects on reality monitoring performance are less clear. 
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. Introduction 

Reality monitoring refers to the cognitive processes used to dis-
inguish internally generated experiences from those perceived in the
xternal world ( Johnson and Raye, 1981 ). Theory suggests that indi-
iduals make reality monitoring discriminations regarding the source
f information based on the balance between internal and external
ues, perhaps associated with spatial, temporal, sensory, and seman-
ic detail, along with cognitive content (Source Monitoring Framework;
ohnson and Raye, 1981 ). It is further suggested that there is overlap
etween the cognitive processes involved in the real-time discrimination
f internally and externally generated information and those involved
n memory recall ( Woodward and Menon, 2014 ). As such, and given the
ifficulties of testing the discrimination of externally and internally gen-
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rated information in real time, reality monitoring has been investigated
mpirically using memory experiments that manipulate the recollection
f internally generated and externally derived source information. Such
xperiments have typically involved recollection of whether words or
mages were seen or imagined during an encoding task or distinguish-
ng between word-pairs read aloud by the participant themselves vs. the
xperimenter ( Brookwell et al., 2013 ; Simons et al., 2017 ). 

Neuroimaging studies in healthy individuals have linked reality
onitoring with functional activity within the medial prefrontal cor-

ex (mPFC) (see Simons et al., 2017 for review), with the possibility of a
ausal link supported by a small navigated repetitive transcranial mag-
etic stimulation study ( N = 11; Subramaniam et al., 2020 ). Such a re-
ationship is consistent with evidence implicating the mPFC in recalling
nternal vs. external aspects of context ( Simons et al., 2008 ; Turner et al.,
wning St, Cambridge CB2 3EB, United Kingdom. 
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008 ), in making inferences about the mental states of others ( Frith and
rith, 2003 ) and more broadly, in tasks involving self-referential judge-
ents ( Davey et al., 2016 ; Qin and Northoff, 2011 ; van der Meer et al.,
010 ). A morphological basis has also been established between the ex-
ent of cortical folding within the paracingulate sulcus (PCS) which lies
ithin the mPFC, and reality monitoring accuracy in healthy individu-
ls ( Buda et al., 2011 ), with a possible functional explanation relating
o the differential connectivity of the paracingulate region as part of
arge-scale brain functional networks including the default mode (DMN)
nd fronto-parietal (FPN) networks ( Fornito et al., 2012 ; Garrison et al.,
015 ; Metzak et al., 2015 ). 

While behavioral source monitoring testing has shown reality mon-
toring to be a highly variable ability among healthy individuals
 Buda et al., 2011 ), it can be questioned whether such memory tasks
dequately operationalise perceptual reality monitoring. Correlational
vidence to support the use of source monitoring tasks to assess real-
ty monitoring comes from the study of hallucinations in schizophrenia
 Simons et al., 2017 ). When patients are tested and their results com-
ared with those of healthy individuals they have been found to show
educed reality monitoring accuracy even when their item recognition
emory is intact ( Brunelin et al., 2006 ; Waters et al., 2004 ) suggest-

ng a possible source monitoring deficit rather than a mnemonic one.
he use of source monitoring tasks to assess reality monitoring has also
evealed an association between patients’ experience of hallucinations
nd enhanced externalising bias ( Simons et al., 2017 ) supporting the
dea of a deficit in self recognition underlying hallucinations ( Frith and
one, 1988 ). Furthermore, investigation of the reality monitoring im-
airment in schizophrenia suggests it is mediated by task specific mPFC
ysfunction ( Garrison et al., 2017a ; Vinogradov et al., 2008 ) and we
ave also found a consistent morphological connection with the experi-
nce of hallucinations in patients associated with lower levels of cortical
olding within the PCS ( Garrison et al., 2015 ; Rollins et al., 2020 ). There
s thus empirical evidence both for the use of source monitoring tasks
n measuring reality monitoring, and for the role of the mPFC region
n reality monitoring. Given these findings, attention has now turned
o understanding the wider functional networks involved in the reality
onitoring process. 

In recent years a number of studies have used real-time fMRI neu-
ofeedback (henceforth ‘fMRI neurofeedback’) to train individuals to
elf-regulate neural activity in brain regions and networks thought to
nderlie certain behaviors ( deCharms et al., 2005 ), cognitive functions
 Sherwood et al., 2016 ; Zhang et al., 2013a , 2013b ) and psychiatric
ymptoms ( Linden et al., 2012 ; Morgenroth et al., 2019 ; Orlov et al.,
018 ). Researchers are able to focus on, and to precisely define, target
egions or networks of interest due to the high level of spatial resolution
hat can be achieved using MRI. As fMRI neurofeedback allows individ-
als to monitor and self-regulate their own brain activity in real time
 Thibault et al., 2018 ), training individuals to regulate neural activity
n particular brain regions or networks enables causal inferences to be
ade about that region’s involvement in a certain behavior or function.
oreover, if a region or network is known to be involved in a patholog-

cal behavior, such as hallucinations, then altering activity in the region
r network may have therapeutic benefits ( Humpston et al., 2020 ). 

The initial aim of our study was to determine whether healthy volun-
eers could be trained to self-regulate activity in their mPFC using fMRI
eurofeedback during a single scanner visit. We then examined the ef-
ects of the fMRI neurofeedback training on reality monitoring accuracy
or self-generated information (‘Imagined items’) using an established
nd validated behavioral reality monitoring task offline ( Garrison et al.,
017b ). We also used exploratory Independent Component Analysis
ICA) to examine whether neurofeedback training targeting the mPFC
ltered resting state functional connectivity (rsFC) associated with real-
ty monitoring ability for Imagined items. 

Our focus was on the PCS region of the mPFC and we therefore con-
entrated our ICA on components that correlated with two labeled func-
ional networks which both incorporate regions of the PCS and have
2 
reviously been implicated in reality monitoring ( Fornito et al., 2012 ;
etzak et al., 2015 ). The DMN ( Raichle, 2015 ; Yeo et al., 2011 ) in-

ludes areas of ventral medial and dorsomedial PFC (including ante-
ior paracingulate cortex), posterior cingulate cortex / precuneus, and
ateral parietal cortices ( Raichle, 2015 ; Yeo et al., 2011 ). The DMN is
bserved to be more active when the brain is at rest and during inter-
ally directed and self-referential processing ( Qin and Northoff, 2011 ;
avey et al., 2016 ), but shows deactivations during tasks that require ex-

ernal attention ( Harrison et al., 2008 ; Shulman et al., 1997 ). In contrast
he FPN includes more posterior regions of paracingulate cortex and
recuneus, lateral prefrontal cortices (especially middle frontal gyrus),
nterior inferior parietal lobule, anterior insula and subcortical struc-
ures including the caudate and thalamus ( Uddin et al., 2019 ; Yeo et al.,
011 ). The FPN is a component of the brain’s External Attention Sys-
em which shows increased activity during cognitive tasks ( Marek and
osenbach, 2018 ). Indeed it is suggested that there is a fundamental

unctional distinction between the DMN and External Attention System
 Golland et al., 2008 ) as the two networks often show antagonistic and
nti-correlated activity depending on the internal or external nature
f task demands ( Hugdahl et al., 2019 ; Marek and Dosenbach, 2018 ;
preng et al., 2013 ). The FPN is specifically implicated in attentional
spects of cognitive control by flexibly coupling with either the DMN or
orsal Attention component of the External Attention System depending
n internal / external task demands ( Marek and Dosenbach, 2018 ). 

The DMN has been implicated in reality monitoring processing, con-
istent with the internal attentional demands of the task: Metzak et al.,
015 showed that deactivation observed within the DMN during a non
elf-referential source monitoring task (consistent with external atten-
ion) was diminished during a reality monitoring task leading to higher
et levels of network activity. However, reality monitoring is also known
o coactivate areas of both the DMN and External Attention System in-
luding the FPN ( Simons et al., 2008 ) consistent with internal and ex-
ernal task demands. Fornito et al. (2012) used fMRI to provide more
uanced insight into the network interactions during reality monitoring
nding that increased cooperation between the DMN and right later-
lised FPN component of the External Attention System was associated
ith more rapid reality monitoring memory recollection. Furthermore,

his cooperation was facilitated by a component of the DMN, with the
ight posterior cingulate cortex in particular appearing to act as an infor-
ation processing hub to provoke context dependent reconfigurations

rom cooperative to antagonistic dynamics between the networks. 
Our hypotheses were as follows. Firstly, that relative to a Sham neu-

ofeedback condition, participants receiving veridical Active neurofeed-
ack would show an interaction for increased mPFC activity (or reduced
eactivation) over the course of three runs of neurofeedback training
argeting the mPFC / PCS. Secondly, given our previous finding that
ower reality monitoring accuracy in patients with schizophrenia was
ssociated with reduced mPFC activity ( Garrison et al., 2017a ), that up-
egulation of activity in the mPFC brought about by fMRI neurofeedback
raining would be associated with improvement in reality monitoring ac-
uracy for the recollection of Imagined items, but not with general item
ecognition. Finally, and consistent with the research ( Fornito et al.,
012 ; Metzak et al., 2015 ) discussed above, participants receiving Active
eurofeedback relative to Sham, would show increased rsFC (post > pre
eurofeedback training) associated with reality monitoring for Imagined
tems in areas of the DMN (consistent with enhanced self-recognition)
nd FPN, with evidence of increased rsFC cooperation between the DMN
nd FPN (both supporting a shift towards internal attention). 

. Methods 

.1. Participants 

39 healthy individuals (males = 15) participated in a between-
roups, single blind randomised control design. Participants were re-
ruited from the University of Roehampton, Royal Holloway University
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f London and from the general public using adverts on social media.
he mean age of participants was 21.9 years (SD = 3.0 years) and there
ere 36 right handed and 3 left handed participants. Participants had no
rior neurological or medical illness and were not using any psychiatric
edication. 

21 participants were randomly assigned to the Active neurofeedback
ondition targeting the mPFC, and 18 participants to the Sham neuro-
eedback condition. Our group sample sizes were supported by a review
f published fMRI neurofeedback studies where moderate to strong ef-
ect sizes were achieved using behavioral or clinical measures similar to
hose used in the current study, with group sample sizes ranging from
 to 30 (mean = 13.6, SD = 6.6; Bauer et al., 2020 ; deCharms et al.,
005 ; Pamplona et al., 2020 ; Sherwood et al., 2016 ; Young et al., 2014 ;
hang et al., 2013a , 2013b ). In these studies, correlation coefficients be-
ween activity increases due to neurofeedback and associated behavioral
r clinical effects ranged from 0.37 to 0.96 (mean = 0.65, SD = 0.28),
nd group differences between Active and Sham groups ranged from
 = 0.57 to d = 0.78 (mean = 0.66, SD = 0.10). Based on these mean
rior effect sizes, our samples gave an estimated 96% power to detect a
ossible correlation effect, and 65% to detect a possible group difference
ffect (alpha = 0.05, 1 tailed). 

There were no significant differences between the groups (Active vs.
ham) in terms of age [t(37) = 1.154, p = .539], sex [ 𝜒2 (1) = 0.003,
 = .959] or handedness [ 𝜒2 (1) = 2.786, p = .235]. 

.2. Ethics statement 

The study was approved by the University of Roehampton Ethics
ommittee and all participants gave written informed consent prior to
aking part in the study. 

.3. Study protocol 

Participants underwent questionnaire assessment, offline reality
onitoring testing (pre and post neurofeedback) and scanning in a sin-

le three-hour visit. Details of the study protocol are given in Fig. 1 . 

.4. Assessment for schizotypy and proneness to hallucinations 

Individuals’ proneness to hallucinations and schizotypy were as-
essed by self-report using a written questionnaire prior to scanning,
o ensure that the groups were matched on trait measures previously re-
ated to reality monitoring and hallucinations ( Simons et al., 2017 ). Hal-
ucination proneness was assessed using ( Morrison et al., 2000 ) Revised
aunay-Slade Hallucination Scale ( Bentall and Slade, 1985 ). The LSHS-
 scale comprises twelve questions with each item scored on a five-point
ikert scale ranging from ‘never’ (0) to ‘almost always’ (4). Total scores
ould thus range from 0 to 60 with higher scores indicating a greater
redisposition to hallucinations. The mean LSHS-R score of the Active
roup was 16.3 (SD = 6.6) and for the Sham group 13.6 (SD = 7.2),
here was no significant difference between the groups [ t (37) = 1.206,
 = .235]. 

Schizotypy was assessed using the Brief O-LIFE scale (OLIFE-B), a
0-item shortened version of the original 104-item Oxford-Liverpool In-
entory of Feelings and Experiences ( Mason et al., 2005 , 1995 ). OLIFE-
 comprises two sub-scales of 15 items each. Odd numbered items con-
ribute to OLIFE-B(-) which is a measure of introvertive anhedonia (lack
f enjoyment and social withdrawal), a key negative feature of schizo-
ypy, and even numbered items to OLIFE-B( + ) as a measure of unusual
xperiences / positive features. Each item is scored with a simple 1 for
yes’ and 0 for ‘no’ with the scores summed for each scale to give a value
rom 0 to 15. The mean OLIFE-B(-) score for the Active group was 3.3
SD = 2.9) compared with 2.7 (SD = 2.5) for the Sham group, while the
ean OLIFE-B( + ) score for the NFB group was 6.1 (SD = 4.0) compared
ith 5.3 (SD = 2.8) for the Sham group. There was no significant differ-
3 
nce between the groups for either OLIFE-B(-) [t(37) = 0.695, p = .491],
r OLIFE-B( + ) [t(37) = 0.722, p = .475]. 

.5. MRI acquisition 

All MRI scans were acquired on a 3 Tesla Siemens Magnetom TIM
rio scanner using a 32-channel head coil at the Combined Univer-
ities Brain Imaging Center at Royal Holloway, University of London
CUBIC; http://www.cubic.rhul.ac.uk ). Each participant underwent an
natomical scan which comprised a T1-weighted Magnetization Pre-
ared Rapid Acquisition Gradient Echo (MPRAGE) image (1mm 

3 res-
lution, in plane resolution 256 × 256 × 176 slices, acquisition time
pproximately 5 min). fMRI neurofeedback runs were also acquired for
ach participant comprising of five feedback vs. seven rest blocks each
asting 30 s ( Fig. 1 ). Resting state fMRI scans were collected from all par-
icipants before and after the acquisition of the 3 x fMRI neurofeedback
raining runs. All functional resting state and neurofeedback scans were
cquired using echo-planar image sequences: TR = 2 s, TE = 40 ms, 28
lices, 4 mm slice thickness, in-plane resolution 3 mm × 3 mm. 

.6. Anatomical localiser 

The mPFC target region for fMRI neurofeedback was delineated
natomically in all participants using their T1-weighted anatomical
can. To aid localization we delineated an anatomical region along the
ilateral PCS because the morphology of this sulcus lies within the mPFC
nd has been shown to be associated with reality monitoring perfor-
ance ( Buda et al., 2011 ). The bilateral PCS was delineated manu-

lly using tools in Turbo-BrainVoyager (Brain Innovation, Maastricht,
etherlands) by an investigator trained to recognise the morphology
nd anatomy of the region (JG). The extent of the mean binary mask
cross all participants is shown in Fig. 3 A. The bilateral PCS target re-
ions were then transferred into a Turbo-BrainVoyager file format and
sed to define the neurofeedback target region (volume of interest) on
cho-planar images during neurofeedback training runs. 

.7. fMRI neurofeedback 

Neurofeedback was administered over three x 6 min scanner runs
uring a single scanner visit using Turbo-BrainVoyager with each run
omposed of Feedback and Rest blocks (see Fig. 1 ). Reconstructed DI-
OM images were directly transferred from the MRI scanner via a se-
ure data transfer protocol to an analysis computer where TBV was in-
talled. Pre-processing was performed on all transferred images, includ-
ng Gaussian spatial smoothing with a kernel of 4 mm full width half
aximum, and motion correction. The functional data was registered

o the anatomical scan acquired at the beginning of the scanning ses-
ion. 

Participants received either Active (based on the fMRI neurofeed-
ack signal from the PCS) or Sham signal during Feedback blocks via a
isual ‘gauge’ interface ( Fig. 3 C). Participants were instructed to move
he gauge ’up’ during Feedback blocks, so that all cells in the gauge were
urned grey (achieved in active blocks by up-regulation of the BOLD sig-
al in the PCS). Participants were instructed to relax during Rest blocks.
o specific direction or instructions were given to participants regard-

ng how to self-regulate their neurofeedback signal but participants were
old to allow 5 to 7 s for their efforts to result in a change in the gauge
to allow for the haemodynamic response). During Feedback blocks, a
ontinuous signal from the PCS target area was displayed via the visual
auge and updated for every scan volume (TR = 2 s). Changes in am-
litude were indicated in terms of the percentage signal change, calcu-
ated as the current signal value compared with the average value deter-
ined from the immediately preceding rest block (Turbo-BrainVoyager
ser’s Guide). The thermometer was scaled with a maximum value of
.5%, and gradations of 0.05%, chosen to match previous successful
eurofeedback studies ( Cohen Kadosh et al., 2016 ; Linden et al., 2012 ).

http://www.cubic.rhul.ac.uk
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Fig. 1. Study Protocol. Participants were randomly allocated to Active and Sham groups but aside from neurofeedback, experienced identical protocols. Blue text- 
boxes indicate scanned sessions, grey boxes indicate off-line activities. Note: NFB = neurofeedback. An extra rest session is included at the start of the imaging run 
to establish a longer baseline for the neurofeedback contrast. (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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he thermometer remained visible during rest blocks, with a change
n colour of the top box on the thermometer gauge from red to white
ndicating a switch from a Rest to a Feedback block, simultaneously ac-
ompanied by a two second presentation of the word ‘ Rest’ (and vice
ersa with the words ‘ Move Thermometer’ ). The Active feedback signal
as calculated using a real-time general linear model based on a single
redictor for the Feedback / Rest onsets function convolved with the
aemodynamic reference function, with the top third of the voxels in
he target PCS region (defined by the t value for the contrast of predic-
or vs. baseline) used to compute the signal. The Sham feedback signal
as based on a saved pattern of randomised activity at a similar level of

ntensity to active feedback (provided by Turbo-BrainVoyager technical
upport), but derived from no specific brain region. 

.8. Offline fMRI data analyses 

Functional data were analyzed using SPM12 ( http://www.fil.ion.
cl.ac.uk/spm) . Functional volumes were spatially realigned to the first
mage of the first series and volumes normalised against the MNI refer-
nce brain using tri-linear interpolation, and smoothed with an isotropic
efault 8 mm full-width half-maximum Gaussian kernel. Block analysis
as undertaken with separate regressors coding for the onsets of Feed-
ack and Rest blocks. These together with the six regressors coding head
otion parameters, comprised the full model for each run. The data and
odel were high-pass filtered to a cut off of 1/ 128 Hz. 

A simple contrasts of interest analysis was performed on individ-
al participant data at the first level using the contrast of Feedback >
est. Each participant’s contrast file was then submitted to a full facto-
ial ANOVA at the second level to test the interaction between group
Active vs. Sham) and neurofeedback training run (Run1, Run2, Run3).
4 
o test our first a priori hypothesis, we examined the interaction term
ithin the mPFC region using a small volume correction (SVC) for mul-

iple comparisons, with a familywise-error (FWE) corrected voxel-wise
eight threshold of p < .05. The region of interest was defined as an
 mm radius sphere (consistent with the smoothing kernel used for pre-
rocessing) centered on a priori coordinates of a PFC brain region which
s dysfunctional in schizophrenia [15, 52, − 1; Whalley et al., 2004 ] and
ssociated with reality monitoring in healthy subjects ( Simons et al.,
006 ). Significant effects were reported at a FWE corrected voxel level
f p < .05. 

.9. Reality monitoring task 

Two reality monitoring tasks were used, one prior to scanning and
ne after scanning was complete – these were identical apart from the
hoice of word-pair stimuli which were unique to each version. The task
sed was similar to that described ( Garrison et al., 2017b ) involving a
eries of five blocks each lasting around 5 min, with each block compris-
ng a study phase when a series of 24 word-pairs were presented and a
est phase ( Fig. 2 ). In the test phase, the participant was asked whether
 word had previously been presented during the study phase within an
ntact word-pair using the response ‘ Seen’ , or had been presented in a
ord-pair which had needed to be completed by imagining the missing
ord, with the response ‘ Imagined’ . Participants were also required to

udge whether a word-pair had previously been spoken aloud by them-
elves (‘ Self’ response) or was spoken by the researcher (‘ Researcher’ re-
ponse). 12 previously unstudied words were used in addition to the 24
ord-pairs from the study phase for each test phase, requiring a ‘ New’

esponse. The stimuli comprised 360 well-known word-pairs across the
wo tasks (e.g. ‘ Hit and Miss’, ‘Rhubarb and Custard ’) which were pilot

http://www.fil.ion.ucl.ac.uk/spm\051
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Fig. 2. Stimuli used in the study and test Phases of the Reality Monitoring Tasks. 
Note: In a 2 × 2 design, either the participant or researcher spoke aloud the 
stimuli, which were presented either complete (Seen) or incomplete (requiring 
the second word to be Imagined). Subjects were then presented at test with the 
first word of a word-pair, and asked to respond as to whether the accompanying 
word had been Seen or Imagined, or if the presented word was New; or whether 
they or researcher had read aloud the word-pair, or the presented word was 
New. 
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2  
ested before the study to ensure familiarity among adults in the target
emographic range. Six word-pairs were presented in four combinations
f Self / Researcher x Seen / Imagined for each study phase. A practice
ask was used before testing to ensure participants’ familiarity and un-
erstanding of the task protocol. 

Each study trial commenced with a screen indicating whether the
articipant or researcher should read aloud the word-pair. The word-
air was then shown, either complete (Seen trials) or with only the first
etter of the second word provided such that the second word needed
o be self-generated (Imagined trials). In both cases the participant or
esearcher then had 3 s to read aloud the word-pair, completing it as
ecessary for Imagined trials. Each study phase was followed by its cor-
esponding test phase, consisting of one sub-block for each of the two
eality monitoring conditions. The sub-blocks commenced with a ques-
ion screen indicating which condition was being tested, i.e. for the Seen
 Imagined condition: ‘ Was the accompanying word Seen or Imagined or
ew? ’, and for the Subject / Researcher condition: ‘ Was the accompany-

ng word said by Self or Researcher or New? ’ These were then followed by a
est screen containing the first word from one of the studied word-pairs,
r a new word, together with the instruction to provide the appropriate
esponse. Participants had four seconds in which to respond. The or-
er of presentation of sub-blocks in the test phase alternated across the
ve full blocks of the task and was counterbalanced across participants.
he word-pairs assigned to the Seen / Imagined and Self / Researcher
onditions, as well as New words, were also counterbalanced across par-
icipants. 
5 
.10. Analysis of behavioral data 

Old / New recognition accuracy was calculated as the adjusted item
ecognition score (hits minus false alarms) in order to differentiate sen-
itivity from response bias. Hits were defined as the proportion of words
orrectly recognised as previously seen during the study phase and false
larms as the proportion of new words incorrectly endorsed as old. To
xclude the effects of changes in recognition memory from the reality
onitoring assessment, reality monitoring accuracy was calculated as

he number of accurate source responses divided by the number of cor-
ect responses recognising an item as old. Reality monitoring and recog-
ition memory accuracy were assessed separately for Seen / Imagined
ub-blocks, and for Self / Researcher sub-blocks. 

We focused our behavioral analysis on changes in recognition mem-
ry accuracy and reality monitoring accuracy for Imagined items and
arried out planned contrasts of accuracy scores post-scanning with
cores pre-scanning for the two groups separately. To assess the speci-
city of any group effect to self-recognition we then analyzed this be-
avioral data using a 3-way mixed ANOVA with group (Active vs. Sham)
s a between subjects factor, and session (before or after scanning), and
ondition (recognition memory or reality monitoring accuracy for Imag-
ned items) as within subjects factors. 

To investigate a possible direct association between improved self
ecognition ability and increased functional activity within mPFC, we
arried out a correlation analysis between the change in memory accu-
acy scores for Imagined items, and for recognition memory as a control,
ith the signal change in the peak PFC voxel between training Run1 and
un3. 

.11. Resting state functional connectivity (rsFC) analyses 

Resting state data (acquired pre and post fMRI neurofeedback) were
nalyzed with FMRIB Software Library (FSL; Jenkinson et al., 2012 ).
olume reorientation and head motion correction was performed using
CFLIRT software ( Jenkinson et al., 2002 ) with the rigid body trans-

ormation default setting. Brain extraction was undertaken on both the
1-weighted images and EPI motion corrected sequence scans using BET
 Smith, 2002 ) with the f parameter set to 0.5, and with visual inspec-
ion of the images to ensure appropriate extraction of the brain. Spatial
moothing was applied using a default 6 mm full-width half maximum
aussian kernel (twice the voxel size of the images; Worsley and Fris-

on, 1995 ), with a band-pass filter [0.01–0.1 Hz] cut-off. Co-registration
nd normalization to standard MNI template were undertaken using
LIRT software ( Jenkinson et al., 2002 ). This involved three steps: (i) co-
egistration of the mean standard functional image to the T1-weighted
rain extracted image, (ii) saving the transformation between the T1
natomical images to MNI space (trilinear interpolation), (iii) applica-
ion of this transformation to the pre-filtered functional sequence. 

The pre-processed resting-state fMRI data was then analyzed using
ultivariate Exploratory Linear Optimized Decomposition into Indepen-

ent Components 3.0 (MELODIC). The multiple 4D data sets were de-
omposed into their distinct spatial and temporal components using In-
ependent Component Analysis (ICA). As the aim of the analysis was to
ompare group differences post > pre fMRI neurofeedback training, we
id not assume consistent temporal responses between subjects. As such,
he ICA was temporarily concatenated (FSL; Jenkinson et al., 2012 ). A
ingle 2D analytical run was undertaken on the concatenated data ma-
rix obtained by stacking the 2D data matrices of every dataset for all
ubjects in the group. The Independent Component number was man-
ally set to 20 ( Abou Elseoud et al., 2011 , 2010 ; Calhoun et al., 2004 ;
i et al., 2007 ). 

In order to separate noise components from the underlying resting-
tate networks, two Independent Components used in the functional
onnectivity analysis were chosen after establishing a threshold of r -
alue > 0.2 of correlation as recommended in FSL ( Jenkinson et al.,
012 ) with the DMN and FPN reference networks ( Yeo et al., 2011 ).
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Table 1 

Accuracy for recognition memory and reality monitoring for Imagined items in Active and Sham group participants, 
pre and post fMRI neurofeedback scanning. 

Recognition Memory Reality Monitoring for Imagined Items 

Active Sham Active Sham 

Before Scanning .737 (.166) .771 (.189) .683 (.266) .707 (.314) 
After Scanning .719 (.180) .817 (.075) .800 (.172) .736 (.324) 
t -test t(20) = - 0.930 p = .364 t(17) = 0.991 p = .336 t(20) = 2.422 p = .025 t(17) = 0.946 p = .357 

Notes: SD in parentheses; none of the t -test results are significant after Bonferroni correction for multiple comparisons 
for four tests carried out. 
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Fig. 3. A. Statistical parametric map showing group (Active vs. Sham) by fMRI 
neurofeedback training run (interaction effect) in the mPFC region of interest 
(green circle). The red boundary line shows the mean PCS mask across all 39 
participants. Images are centered on the peak mPFC voxel at [8, 48, − 4, p = .045 
FWE], and activity thresholded at p < ⟨ .05 uncorrected for visualisation presen- 
tation. B. Example of the visual neurofeedback gauge interface. C. Plot from the 
peak mPFC voxel [8, 48, 4] showing increasing activation / reducing deactiva- 
tion for the Feedback > ⟩ Rest contrast across the three neurofeedback runs in the 
Active group, and decreasing activition / increasing deactivation in the Sham 

group. Note: The mean number of 1mm 

3 voxels in the anatomical localizer for 
participants in the Active group was 12,961 (SD = 3,249) compared to 12,885 
(SD = 2,104) for participants in the Sham group [ t (37) = 0.085, p = .932]. (For 
interpretation of the references to color in this figure legend, the reader is re- 
ferred to the web version of this article). 
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he actual correlations achieved were well in excess of this threshold
nd together with the Independent Components used and their compar-
son to the reference networks, are shown in Supplementary Fig. S1. 

The two Independent Components were then submitted to second
evel analysis. Pre-training spatial maps for each subject were first
ontrasted with post-training maps (i.e. post > pre fMRI neurofeed-
ack). A dual regression comprising group-average ICA analysis fol-
owed by single subject estimation of specific group-level spatial maps
 Beckmann et al., 2009 ; Nickerson et al., 2017 ) was then performed to
nvestigate group (Active vs. Sham) differences in rsFC related to the
MRI - neurofeedback training. To restrict the rsFC analysis to regions
ssociated with changes in reality monitoring accuracy for Imagined
tems, the Z-scores for the change in accuracy for the recollection of
magined items (post > pre fMRI neurofeedback, calculated as (differ-
nce score – group mean) / standard deviation) were added as a vari-
ble of interest to the general linear models to investigate group effects
n rsFC (post > pre fMRI neurofeedback). Statistical group differences
ere tested using non-parametric permutation testing, with threshold-

ree cluster enhancement ( Smith and Nichols, 2009 ). Functional connec-
ivity results are reported for p < .05 FWE threshold corrected for multi-
le comparisons across voxels, and p < .025 with Bonferroni correction
or multiple comparisons across the two Independent Components (net-
orks). 

.12. Data and software availability 

Data obtained in the study has been made publicly available:
ttps://doi.org/10.17863/CAM.76750. The software used in the study
s publicly available with sources cited in the manuscript. 

. Results 

.1. fMRI neurofeedback 

Analysis of the fMRI data over the three neurofeedback scanning runs
evealed a significant group (Active vs. Sham) x run (Run1, Run2, Run3)
nteraction in the mPFC region of interest [peak 8, 48, − 4, Z = 2.79,
 FWE peak = 0.045, SVC; Fig. 3 A]. 

Violin plots showing the distribution of participants’ fMRI contrast
stimate from the peak mPFC voxel [8, 48, − 4] reveal a high level of
ndividual differences in values across the two groups (Supplementary
ig. S2). 

.2. Reality monitoring 

Planned contrasts of recognition memory and reality monitoring ac-
uracy for Imagined items pre and post scanning revealed a significant
ncrease in reality monitoring for Imagined items post scanning in Ac-
ive group participants but not in Sham group participants ( Table 1 and
ig. 4 ). This effect was not significant following Bonferroni correction
or multiple comparison. There were no significant differences in recog-
ition memory accuracy post scanning in either group. 

To compare the effect of active neurofeedback on reality monitoring
ccuracy for Imagined items with that for recognition memory ( Fig. 4 ),
6 
e then analyzed the behavioral data using a 3-way mixed ANOVA with
roup (Active vs. Sham) as a between subjects factor and session (before
r after scanning), and condition (recognition memory or reality mon-
toring for Imagined Items) as within subjects factors. This revealed no
ain effects of group F(37,1) = 0.154, p = .697, 𝜂p 

2 = 0.004 or memory
ondition F(37,1) = 0.636, p = .430, 𝜂p 

2 = 0.017, but a significant effect
f session F(37,1) = 5.928, p = .020, 𝜂p 

2 = 0.138. There were no sig-
ificant two way interactions, but there was a trend effect in the three
ay interaction of group x session x memory condition, F(37,1) = 3.976,
 = .054, 𝜂p 

2 = 0.097. 
There were no significant correlations between the signal change in

he peak mPFC voxel [8, 48, -4] between training Run1 and Run3, and
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Table 2 

Group differences in changes in resting state functional connectivity following fMRI neurofeedback scanning associated 
with changes in reality monitoring accuracy for Imagined items, within the DMN Independent Component. 

Contrast Cluster Cohen’s d t -value p -value MNI coordinates Extent of coverage 

x y z 

Active > Sham 1 1.9 6.1 .010 − 38 − 82 − 8 Lateral Occipital Cortex, Fusiform Gyrus 
2 1.8 5.6 .016 29 38 20 Middle Frontal Gyrus 

Note : Significant results are shown for p -value < 0.05 FWE voxel-wise corrected and p -value < 0.025 Bonferroni cor- 
rected for multiple Independent Components tested. Note: The results in Tables 2 and 3 are displayed against overlays 
of the standard DFM and FPN in Supplementary Figs. S4 & S5 to highlight possible cooperation between these networks 
associated with increased attention to internally focused tasks. 

Table 3 

Group differences in changes in resting state functional connectivity following fMRI neurofeedback scanning associated with changes in reality monitoring 
accuracy for Imagined items, within the FPN Independent Component. 

Contrast Cluster Cohen’s d t -value p -value MNI coordinates Extent of coverage 

x y z 

Active > Sham 1 1.6 5.2 .011 14 46 24 Paracingulate Gyrus 
2 2.0 6.2 .008 − 34 46 28 Superior Frontal Gyrus 
3 1.9 5.9 .010 26 42 − 8 Middle Frontal Gyrus 
4 2.2 6.9 .005 − 30 34 20 Middle Frontal Gyrus, Inferior Frontal Gyrus, pars triangularis 
6 1.8 5.7 .017 54 − 2 44 Middle Frontal Gyrus, Precentral Gyrus, Postcentral Gyrus 
7 1.7 5.5 .022 − 46 46 16 Middle Frontal Gyrus 

Sham > Active 2 1.4 4.5 .015 10 26 − 16 Middle Frontal Gyrus 
4 1.5 4.7 .015 14 − 2 − 12 Amygdala, Pallidum 

5 1.7 5.3 .014 − 18 − 18 28 Caudate 
6 1.5 4.6 .014 30 30 − 20 Inferior Frontal Gyrus 
7 1.6 1.2 .010 − 30 − 18 12 Putamen 
9 1.9 6.1 .001 − 18 34 − 20 Inferior Frontal Gyrus 
10 1.6 4.9 .021 − 38 14 28 Middle Frontal Gyrus, Inferior Frontal Gyrus, pars opercularis, Precentral Gyrus 
11 1.3 4.1 .023 − 2 − 2 32 Cingulate Gyrus 
12 1.6 5.2 .024 38 − 70 − 12 Fusiform Gyrus, Lateral Occipital Cortex 
13 1.0 3.1 .017 − 30 − 70 − 8 Fusiform Gyrus, Lateral Occipital Cortex, 
14 1.4 4.4 .023 − 6 − 26 8 Thalamus 
15 2.0 6.4 .021 26 − 62 68 Lateral Occipital Cortex, Superior Parietal Lobule 
16 0.8 2.3 .024 − 38 − 10 48 Precentral Gyrus 

Fig. 4. Changes in recognition memory and reality monitoring accuracy for 
Imagined items (post > pre fMRI neurofeedback training) for participants within 
the Active (orange) and Sham (blue) groups. Violin plots showing the group 
distributions of this data are given in Supplementary Fig. S3. 
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he change in reality monitoring accuracy for Imagined items in either
he Active ( r = 0.161, p = .485) or Sham group ( r = 0.093, p = .713), nor
ith the change in recognition accuracy in either the Active ( r = 0.086,
 = .710) or Sham group ( r = 0.095, p = .707). 

.3. Resting state functional connectivity 

Results of the Independent Component interaction analysis showing
roup differences in pre vs. post changes in rsFC following neurofeed-
ack training and associated with changes in reality monitoring accu-
acy for Imagined items are shown in Fig. 5 and Tables 2 and 3 . 
7 
Within the DMN Independent Component, fMRI neurofeedback in-
reased rsFC relating to reality monitoring for Imagined items in the
ight middle frontal gyrus and left fusiform gyrus. There were no re-
ions where fMRI neurofeedback decreased rsFC ( Fig. 5 and Table 2 ).
he middle frontal gyrus cluster overlapped with the standard FPN (Sup-
lementary Fig. S5). 

Within the FPN Independent Component, Active fMRI neurofeed-
ack increased rsFC within more dorsal regions of the lateral and medial
refrontal cortex, including the right paracingulate gyrus (which over-
apped with the standard DMN, Supplementary Fig. S4), the left superior
nd inferior frontal gyrus and bilateral middle frontal gyrus. Decreased
sFC was also seen in more ventral prefrontal regions in the right middle
rontal gyrus and the bilateral inferior frontal gyrus (extending to the
eft superior temporal gyrus), as well as in subcortical regions including
eft basal ganglia, amygdala and the left thalamus and in the bilateral
ccipital cortex and right superior parietal lobule ( Fig. 5 and Table 3 ). 

. Discussion 

In this study we have shown that participants provided with Ac-
ive fMRI neurofeedback were able to successfully up-regulate activity
ithin the mPFC over the course of three neurofeedback training runs
ndertaken in a single scanning session compared to participants re-
eiving Sham neurofeedback training. These findings suggest that par-
icipants can learn to self-regulate and increase activity within their
PFC using the real-time fMRI neurofeedback protocol. We found only
 trend effect in the behavioral analysis of pre vs. post neurofeedback
eality monitoring accuracy for recollection of Imagined items. As such
hese findings do not provide conclusive evidence of a specific causal
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Fig. 5. 3D brain rendering showing areas of increased (yellow) and decreased (dark blue) resting state functional connectivity due to Active compared to Sham fMRI 
neurofeedback, and associated with increases in reality monitoring accuracy for Imagined items. A: FPN Independent Component, B: DMN Independent Component. 
Significant ICA results are shown for p-v alue < 0.05 FWE voxel-wise corrected and p -value < .025 Bonferroni corrected for two Independent Components tested. 
Scatter plots of participant data are given in Supplementary Fig. S6 (For interpretation of the references to color in this figure legend, the reader is referred to the 
web version of this article.) 
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ink between neurofeedback-induced changes in mPFC activity and re-
lity monitoring ability. However, we did find significant rsFC group ef-
ects in regions associated with reality monitoring accuracy for Imagined
tems. This provides preliminary evidence of a possible link between
ctive neurofeedback training and changes in the networks underlying
eality monitoring ability for Imagined items which may be mediated
y mPFC activity. 

The increase in functional activity following neurofeedback training
n the Active group was measured in an mPFC region of interest based
n a brain area previously shown to be associated with reality monitor-
ng accuracy in healthy individuals and dysfunctional in schizophrenia
 Simons et al., 2006 ; Whalley et al., 2004 ). Peak activity was observed
n a voxel [8, 48, -4] that lay within the mean anatomical mask from
ll 39 participants. Inspection of the mean group functional activity pat-
ern within the peak voxel during scanning (activity measured during
eedback blocks relative to rest blocks), showed sequentially reduced
eactivation in the Active group across the three feedback runs with
equentially increased deactivation in the Sham group ( Fig. 3 C). 

Notably, violin plots of participants’ peak voxel activity indicated
igh individual variation across the two groups (Supplementary Fig. S2).
his may help explain the observation of a mean level of deactivation in
un 1 for participants in the Active group compared to a mean level of
ctivation in Run 1 from those in the Sham group, especially as to cause
he thermometer to rise, participants needed to increase activity within
he PCS ROI during a feedback block relative to the preceding rest block.
articipants are likely to have employed a number of different strategies
n their attempts to move the visual thermometer, some of which are
ikely to have been successful and some not. As the anterior mPFC is
 key component of the DMN where deactivation is seen during exter-
al attention-demanding and non-self-referential tasks ( Raichle, 2015 ;
preng et al., 2013 ) we would expect these strategies to result in greater
eactivation or activation within the mPFC ROI relative to the rest con-
8 
ition, depending on the extent of external and self-referential process-
ng. Thus strategies involving greater self-referential processing might
e expected to increase mPFC activity compared to the rest condition,
hiles strategies utilising more external attention might be expected to
ecrease mPFC activity relative to the rest condition. When viewed on a
ithin subject basis, the observed pattern of sequentially reduced deac-

ivation over the three neurofeedback runs in participants in the Active
roup is consistent with a pattern of increasing success on the task, and
uggests a net increase in internally directed attention required for ef-
ective self-regulation, while the pattern of increased deactivation over
he three runs in the Sham group, particularly runs 2 and 3, is consistent
ith participants’ increased external focus as they failed to gain control
ver their ability to move the thermometer. 

Overall, these results suggest that neural activity within the mPFC
an be self-regulated in healthy volunteers and is consistent with pre-
ious fMRI neurofeedback studies that show that individuals can be
rained to regulate activity in medial cortical regions such as the cin-
ulate cortex ( Mathiak et al., 2015 ; Zilverstand et al., 2017 ) and the
recuneus ( Zhang et al., 2013a , 2013b ; Garrison et al., 2013 ). 

We also observed alterations in the functional networks associated
ith changes in reality monitoring for Imagined items. Active neuro-

eedback targeting the mPFC was associated with increased rsFC within
oth the FPN and DMN Independent Components, primarily in dorsal
rontal areas including paracingulate cortex. Active neurofeedback was
lso associated with reduced rsFC within the FPN network Independent
omponent in more ventral frontal regions, in subcortical areas (includ-

ng thalamus and caudate) as well as areas of lateral parietal and occip-
tal cortex. It thus appears that the effect of the Active neurofeedback
ay have been to increase connectivity between the dorsolateral frontal

reas of the FPN (particularly middle frontal gyri, observed within both
he FPN and DMN Independent Components) and the mPFC region of the
MN (paracingulate gyrus; see Supplementary Figs. S4 and S5), while
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lso reducing connectivity within the FPN itself (across ventral lateral
rontal regions and subcortical areas) and possibly also with sensory re-
ions of the visual network. Although a speculative interpretation, this
ould be consistent with the effect of increased cooperation between

he FPN and DMN ( Fox et al., 2005 ; Hugdahl et al., 2019 ) as attention
s switched more internally as Active group participants learn how to
egulate mPFC activity during the neurofeedback task. This could then
ave a possible impact on behavioral reality monitoring post scanning,
onsistent with the earlier finding that increased cooperation between
he FPN and DMN was associated with more rapid and accurate reality
onitoring ( Fornito et al., 2012 ). 

Despite these changes in mPFC activity and the wider network rsFC
ssociated with reality monitoring, our findings did not provide con-
lusive support for our prediction that active neurofeedback training
argeting the mPFC would result in improved recollection of the source
f self-generated information. In particular, the interaction term for the
ecognition of source of Imagined information compared with recogni-
ion memory, between group (Active vs. Sham neurofeedback) and ses-
ion (pre and post scanning) fell short of a significant alpha value of .05,
nd there were no significant correlations in either group between the
hange in peak voxel signal and reality monitoring accuracy for Imag-
ned items post scanning. However, the direction and effect size of the
hange in reality monitoring accuracy (i.e. post > pre) in the Active
roup, together with the associated changes in rsFC is consistent with
he suggestion of increased cooperation between the DMN and FPN to
upport enhanced internally focused attention. Furthermore, while we
id not detect significant effects on our behavioral measure, previous
MRI neurofeedback studies with similar samples have reported signif-
cant behavioral effects (e.g. Pamplona et al., 2020 ; Sherwood et al.,
016 ; Zhang et al., 2013a , 2013b ). As such, a replication study may be
f benefit in establishing whether a statistically significant reality mon-
toring behavioral effect is associated with fMRI neurofeedback training
o the mPFC. 

. Conclusions 

We have shown that healthy participants receiving Active neurofeed-
ack were able to successfully self-regulate activity within the mPFC,
hich was associated with altered functional connectivity across regions
nd networks that may support reality monitoring performance. How-
ver, these activity and connectivity changes brought about by active
eurofeedback training did not track with a clear improvement in accu-
acy for the recognition of the source of self-generated information and a
eplication study in a larger sample is proposed. It would also be interest-
ng to extend the study to include a sample of patients with schizophre-
ia who experience hallucinations to explore whether improved reality
onitoring and enhanced rsFC associated with neurofeedback to mPFC

ould reduce the intensity or frequency of hallucinatory experiences. 
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