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Abstract

■ The qualities of remembered experiences are often used to
inform “reality monitoring” judgments, our ability to distinguish
real and imagined events. Previous experiments have tended to
investigate only whether reality monitoring decisions are accu-
rate or not, providing little insight into the extent to which real-
ity monitoring may be affected by qualities of the underlying
mnemonic representations. We used a continuous-response
memory precision task to measure the quality of remembered
experiences that underlie two different types of reality monitor-
ing decisions: self/experimenter decisions that distinguish
actions performed by participants and the experimenter and
imagined/perceived decisions that distinguish imagined and
perceived experiences. The data revealed memory precision to
be associated with higher accuracy in both self/experimenter

and imagined/perceived reality monitoring decisions, with lower
precision linked with a tendency to misattribute self-generated
experiences to external sources. We then sought to investigate
the possible neurocognitive basis of these observed associations
by applying brain stimulation to a region that has been implica-
ted in precise recollection of personal events, the left angular
gyrus. Stimulation of angular gyrus selectively reduced the
association between memory precision and self-referential
reality monitoring decisions, relative to control site stimulation.
The angular gyrus may, therefore, be important for the
mnemonic processes involved in representing remembered
experiences that give rise to a sense of self-agency, a key com-
ponent of “autonoetic consciousness” that characterizes epi-
sodic memory. ■

INTRODUCTION

Reality monitoring refers to a rememberer’s ability to keep
track of whether their memories are veridical, as opposed
to products of their imagination (Johnson & Raye, 1981).
To explain how rememberers may keep a grasp on reality,
a large body of previous research on reality monitoring has
supported a prominent theoretical account: the source
monitoring framework (Johnson, Hashtroudi, & Lindsay,
1993). The key hypothesis of this framework is that reality
monitoring involves considering the features of retrieved
memories against characteristics expected of real and
imaginary experiences. For example, memories full of
vivid visuoperceptual detail might bemore likely to be real
than those primarily comprising internally generated
thoughts (Johnson, Foley, Suengas, & Raye, 1988). One
prediction of this framework is that reality monitoring abil-
ity may depend, at least in part, on the precision with
which details of past experiences are remembered
(Simons, Ritchey, & Fernyhough, 2022; Simons, Garrison,
& Johnson, 2017). If, for example, a memory is relatively
vague and imprecise, the rememberer may struggle to
distinguish whether it relates to an event that actually
occurred or one that might have been imagined. Previous
experiments on reality monitoring have tended to focus
only on whether reality monitoring decisions are accurate

or not, leaving unresolved the degree to which reality
monitoring decisions are affected by the quality of the
underlying memories. We aimed to bridge previously
separate areas of research relating to reality monitoring
and memory precision by asking the following research
questions: (1) To what extent does reality monitoring abil-
ity depend on the precision with which memories are
retrieved? (2) What is the neurocognitive basis of this pos-
sible dependency?

These research questions have implications for the
understanding of symptoms concerning psychosis, such
as hallucinations. It is possible that in schizophrenia, for
example, patients’ memories lack precision, obscuring
the self-referential characteristics such as a sense of having
performed an action that distinguish them as personal
memories (Woodward, Menon, &Whitman, 2007; Waters,
Badcock, & Maybery, 2006; Seal, Crowe, & Cheung, 1997;
Bentall, Baker, & Havers, 1991). Patients may therefore
misattribute their past experiences or actions to another
person, exhibiting an “It had to be you” effect or “agency
externalization bias” ( Johnson & Raye, 1981; Johnson,
Raye, Foley, & Foley, 1981).

Conversely, imagined experiences full of unusually
vivid or precise perceptual details may resemble the
features often expected of veridical memories. Patients
with schizophrenia may therefore experience them as
hallucinations, possibly thinking: “It’s so vivid, it had to
be real” (Mondino, Dondé, Lavallé, Haesebaert, &1University of Cambridge, 2University of Leiden
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Brunelin, 2019). The patients may, for example, report
that they had seen objects move even when, in fact, they
had imagined the object—that is, exhibiting a “percep-
tual externalization bias” (Johnson & Raye, 1981).

Hallucinations are not only a symptom of mental illness.
Previous studies have observed “nonclinical voice hearers”
to report experiences of hallucinations despite no clinical
diagnosis or need for care (Baumeister, Sedgwick, Howes,
& Peters, 2017). Such healthy people who are prone to
hallucinations may misattribute imagined stimuli as real,
for example, exhibiting externalization bias. Previous
studies involving large samples of healthy people sought
to test this possible link between proneness to experience
hallucination and externalization bias, and some of these
studies have indeed observed such correspondence
(Allen, Freeman, Johns, & McGuire, 2006; Collignon,
Van der Linden, & Larøi, 2005; Larøi, Van der Linden, &
Marczewski, 2004), whereas other studies have not
(Moseley et al., 2021; Alderson-Day et al., 2019; Aynsworth,
Nemat, Collerton, Smailes, & Dudley, 2017; Garrison et al.,
2017). Note, however, that all these studies have used
categorical responses to measure their participants’ men-
tal experiences, which might have obscured variability in
the qualities of those experiences.

To devise a more sensitive measure of remembered
experiences, the current study combined reality monitor-
ing tasks with a continuous-response long-term memory
precision task adapted from the working memory litera-
ture (Richter, Cooper, Bays, & Simons, 2016; Bays,
Catalao, & Husain, 2009). Richter et al. (2016) asked their
participants to first study a series of displays consisting of
objects overlaid at random locations around a circle and, in
a later memory test phase, recreate the exact location of
each object using a continuous response dial. We incorpo-
rated a similar memory precision task into the current
study design, which allowed us to measure the precision
of memory underlying two different reality monitoring
decisions (Simons, Henson, Gilbert, & Fletcher, 2008):
self/experimenter reality monitoring decisions that distin-
guish actions performed by either the self (i.e., the partic-
ipant) or an external agent (i.e., the experimenter) and
imagined/perceived reality monitoring decisions that dis-
tinguish internally imagined and externally perceived
experiences. Our novel experiment design bridges previ-
ously separate research on reality monitoring andmemory
precision and is thereby able to test the extent to which
different kinds of reality monitoring decisions may be
influenced by the precision of underlying memories.

Our second research question concerns the neurocog-
nitive basis of this possible association. If reality monitor-
ing decisions do indeed depend on memory precision, an
experimental manipulation that reduces memory preci-
sion should lead to poorer reality monitoring perfor-
mance. To test this hypothesis, this study sought to
disrupt the functioning of a brain region implicated in
long-term memory precision, the left angular gyrus
(Richter et al., 2016), by applying continuous theta burst

stimulation (cTBS; Huang, Edwards, Rounis, Bhatia, &
Rothwell, 2005).We predicted stimulation of angular gyrus
to disrupt the relationship betweenmemory precision and
reality monitoring decisions, compared with stimulation
of a control site, the vertex.
One further prediction concerns the possible role of

angular gyrus, and its neighboring posterior parietal
regions, in processing self-referential memories (Bonnici,
Cheke, Green, FitzGerald, & Simons, 2018; Rugg & King,
2018; Yazar, Bergström, & Simons, 2012, 2014, 2017;
Weniger, Ruhleder, Wolf, Lange, & Irle, 2009; c.f. Drowos,
Berryhill, André, & Olson, 2010). If angular gyrus does
indeed process personal memories preferentially, stimu-
lation of these regions may disrupt retrieval of self-
generated experiences, including both actions performed
by the rememberer themselves and internally imagined
experiences. We therefore predicted stimulation of angu-
lar gyrus to disrupt retrieval of self-referential and imag-
ined experiences disproportionately, relative to actions
performed by other people or previous perception of
the outside world, ultimately resulting in greater external-
ization bias compared with control site stimulation.
In summary, we aimed to answer two key questions

stemming from the source monitoring framework: (1)
To what extent do reality monitoring decisions depend
on the precision with which contextual details of memo-
ries are retrieved? (2) Does functioning of angular gyrus
represent a neurocognitive basis of this possible depen-
dency? Experiments 1 and 2 investigated whether or not
variability in memory precision affects self/experimenter
and imagined/perceived reality monitoring decisions,
respectively. Experiments 3 and 4 investigated whether
stimulation of angular gyrus reduces the link between
memory precision and reality monitoring, compared
with control site stimulation. We made three predictions:
(1) Variability in memory precision will influence reality
monitoring performance; (2) cTBS at angular gyrus will
disrupt the association between memory precision and
reality monitoring decisions relative to control site stim-
ulation; and (3) this effect of brain stimulation will dis-
proportionately affect retrieval of self-referential and
imagined experiences, relative to externally generated
experiences, resulting in a greater magnitude of exter-
nalization bias.

METHODS

Sample Size Estimation

A priori power analyses were conducted using the
pwr.f2.test R (www.r-project.org) function to estimate
the number of participants with which medium-sized
effects might be detected ( f = 0.25, α = .05, 1 − β =
0.8). The analyses were conducted for the following
regression models: a model with one outcome variable
(i.e., reality monitoring accuracy) and two predictors
(i .e. , memory precision and real ity monitoring
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conditions) in each behavioral experiment and a model
with an additional predictor (i.e., stimulation site) in each
brain stimulation experiment. They revealed that 32 and
37 participants were needed in each behavioral and brain
stimulation experiment, respectively. The numbers were
increased to 48 participants for each experiment to
counterbalance the order of stimulation site in the brain
stimulation experiments and to ensure that the main
statistical analyses were comparable across behavioral
and brain stimulation experiments ( f = 0.25, α = .05,
1 − β = 0.95). The number of participants in the current
experiments is considerably larger than those in previous
studies involving behavioral manipulations and brain
stimulation (e.g., Nilakantan, Bridge, Gagnon, VanHaerents,
& Voss, 2017; Yazar et al., 2014).

Participants

Forty-eight participants between 18 and 35 years of age
were included in the analysis for each of the four experi-
ments (192 participants in total). Each participant was
included in only one of the four experiments. All partici-
pants reported normal or corrected-to-normal vision and
hearing, and no history of psychiatric or neurological con-
ditions. They provided informed consent in accordance
with the procedure approved by the University of Cam-
bridge Human Biology Research Ethics Committee.
Four additional participants withdrew: One person

reported discomfort after administration of a single motor
threshold pulse, another one reported nausea after four
motor threshold pulses, one reported discomfort about
10 sec after administration of cTBS, and one reported pain
5 min after (but not during) administration of cTBS. Ses-
sions were terminated immediately when participants
reported any discomfort, nausea, or pain, following
approved safety protocols. No participants reported sub-
sequent side effects.
One further volunteer withdrew from Experiment 4,

explaining that they could not follow the instructions for
the “imagined” reality monitoring condition because of
self-reported inability to imagine visuospatial information
or “aphantasia” (Zeman, Dewar, & Della Sala, 2015).

Stimuli

Participants were presented with visual displays, each of
which consisted of an image of a real-world object overlaid
on a faint patterned background. Both the images of
objects and the backgrounds were obtained from a real-
world object stimuli bank from Brady, Konkle, Alvarez,
and Oliva (2008) (https://bradylab.ucsd.edu/stimuli
.html) and Google Image searches. The pairing between
objects and backgrounds was randomized. The target loca-
tion of each object was allocated randomly at a location
around a circle between 1° and 360° angle. The displays
were allocated randomly to reality monitoring conditions

(i.e., “self,” “experimenter,” “imagined,” and “perceived”)
and stimulation sites (i.e., angular gyrus and vertex). Dis-
plays were identical between participants, but the order of
display presentation within each study–test cycle was
randomized for each participant. A total of 360 displays,
each with a unique object and background, were used in
the current study. All displays were presented on a 17-in.
computer screen with 1920 × 1080 resolution.

Procedures

Experiment 1: Self/Experimenter Reality Monitoring

Participants were asked to complete a practice task
followed by seven study–test cycles. Each cycle consisted
of 24 displays. Half of these displays were presented in
the “self” condition, where the participants themselves
moved an object, and the other half were presented in
the “experimenter” condition.

In each study phase trial, a cue was presented (lasting
1 sec), indicating whether the participant or the experi-
menter was to move the object that was subsequently
presented at the center of the computer screen. The exper-
imenter sat next to the participant through the experi-
ment. In the “self” condition, participants were asked to
hold down the spacebar on a keyboard to move the object
in a straight line progressively to its target location. In the
“experimenter” condition, participants were asked to
watch the object move progressively to its target location
as the experimenter held down the “Q” key on the same
keyboard. Both the participant and the experimenter had
3 sec to move the object to its target location. When the
object reached its target location, participants were asked
to think about what the object was, where its target loca-
tion was, and whether they themselves or the experi-
menter had moved the object (3 sec).

In each test phase trial, a studied object was presented
at a random location around an invisible circle. Participants
were asked to first recreate the target location of each
object by holding down the left and right arrow keys,
which moved the object continuously counterclockwise
and clockwise around the circle, respectively. Participants
were also asked to indicate whether the object had been
moved by the participant themselves or the experimenter
during the preceding study phase by pressing the “S” and
“E” keys, respectively. The trials were subject paced, termi-
nating if participants did not respond after 9 sec. Text in
the center of the computer screen reminded participants
what each key represented. This text reminder turned red
to let participants know when 3 sec was left before the
trial expired.

Experiment 2: Imagined/Perceived Reality Monitoring

Participants were asked to complete a practice task
followed by 10 study–test cycles. Each cycle consisted of
18 displays, half of which were in the “imagined”
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condition, and the other half were in the “perceived” con-
dition. We used fewer displays for each study–test cycle in
Experiment 2 (i.e., 18 displays) relative to Experiment 1
(i.e., 24 displays) to prevent floor effects that emerged
in pilot testing of Experiment 2.

In each study phase trial, an object was presented at the
center of the computer screen (3 sec). In the “imagined”
condition, the object was replaced by a black cross, and
participants were asked to imagine the object moving in
a straight line progressively to the target location as the
cross moved progressively to the target location (1 sec).
In the “perceived” condition, participants were asked to
watch the object move progressively to its target location
(1 sec). When the cross or the object reached its target
location, participants were asked to think about what the
object was, where its target location was, and whether the
movement of the object had been imagined or perceived
(3 sec).

Each test phase trial in Experiment 2 was identical to
those in Experiment 1, with participants recreating the
target location of each object, except that participants
were asked to press the “I” and “P” keys to indicate
whether the movement of the object had been imagined
or perceived during the preceding study phase, respec-
tively (9 sec). See Figure 1 for an overview of the proce-
dures in Experiments 1 and 2.

Experiments 3 and 4: Brain Stimulation

The procedures in Experiments 3 and 4 were identical to
those in Experiments 1 and 2, respectively, except each
participant received cTBS at angular gyrus and the control
stimulation site (i.e., vertex) just before the first study
phase on separate stimulation sessions. The order of stim-
ulation site was counterbalanced. To prevent the effect of
stimulation accumulating between sessions, stimulation
sessions were separated by at least 48 hr (and no longer
than a week).
Experiments 3 and 4 sought to control for the possibility

that cTBS at angular gyrus might disrupt either perception
or recognition of objects during the study phase. To con-
trol for this possibility, we asked participants to make a
semantic decision at the end of each study phase trial, in
which they had to successfully perceive and recognize
each object to decide whether the object would fit inside
a shoebox or not. Participants were asked to indicate “yes”
and “no” by pressing “Y” and “N” keys, respectively (within
3 sec or until a response was made).

Brain Stimulation Methods

The target stimulation site was the left angular gyrus,
centered on coordinates identified previously in which

Figure 1. Reality monitoring tasks. In the self/experimenter reality monitoring task (A), participants were presented with a cue, which indicated
whether the participant or the experimenter was to move the following object (1 sec). Participants were asked to either move the object
progressively from the center of the screen to its target location (i.e., a random location around a circle) or to watch the experimenter move the
object to its target location (3 sec). In the later test phase, participants were asked to recreate the target location and indicate whether the
participants themselves or the experimenter had moved the object (9 sec). In the imagined/perceived reality monitoring task (B), participants were
presented an object at the center of the computer screen (3 sec). In the “imagined” reality monitoring condition, the object was replaced by a black
cross, and participants were asked to imagine the object moving progressively to the target location as the black cross progressively moved to the
target location. In the “perceived” reality monitoring condition, participants were asked to watch the object move progressively to its target location
(1 sec). In the later test phase, participants were asked to recreate the object location and indicate whether the movement of the object had been
imagined or perceived (9 sec). The arrows were not presented in the experiments but illustrate to which directions objects might have moved.
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average peak hemodynamic activity tracked memory pre-
cision (Montreal Neurological Institute [MNI] coordinates:
−54,−54, 33; Richter et al., 2016). The control stimulation
site was the probabilistic anatomical vertex (MNI coordi-
nates: 0,−15, 74; Okamoto et al., 2004). To identify these
stimulation sites on each participant’s scalp, half of the
participants were registered to their respective T1-
weighted structural magnetic resonance head scan,
whereas the other half of the participants, for whom no
structural scan was available, were registered to the aver-
age MNI template head scan provided by Brainsight 2.3.3.
The registration method made no significant difference
to the main results. See Figure 2 for an illustration of
the target and control stimulation sites.
To induce electrical currents in participants’ brains, we

used the Magstim Rapid 2 stimulator connected to a
70-mm figure-eight coil. The resting motor threshold of
each participant was estimated by identifying the mini-
mum intensity required to elicit a motor response in
each participant’s right index finger or thumb. To this
end, we used the TMS Motor Threshold Assessment Tool
2.0 (https://www.clinicalresearcher.org/software.htm).
Participants who did not show any motor response were
administered the default resting motor threshold, which
is 70%of themaximum stimulator output. A standard cTBS
protocol was used, where three pulses at 50 Hz were deliv-
ered every 200 msec for 40 sec at 70% of resting motor
threshold. All TMS procedures in the current study were
in line with safety guidelines (Rossi et al., 2021; Rossi,
Hallett, Rossini, Pascual-Leone, & Safety of TMS Consen-
sus Group, 2009). The distance between the target stimu-
lation site and the center of the coil did not exceed 2 mm

during the 40-sec cTBS for all participants in both Experi-
ments 3 and 4.

Analysis Approach

In all experiments, we excluded trials with less than 0.5-sec
RT or no responses (852 trials were excluded out of 33,408
trials or 0.256% of all trials). Reality monitoring accuracy
was measured on a binary scale: “1” for correct and “0”
for incorrect responses. To estimate memory precision,
we first calculated the angular error (in degrees) between
the target location angle and participants’ recreation of
the target location angle. The angular error was then
subtracted from the maximum possible angular error
(i.e., 180°), so that higher values represented higher mem-
ory precision. To prevent random guesses from confound-
ing the estimate of memory precision, trials with less than
or equal to 5% likelihood of originating from successful
recollection were excluded (see Richter et al., 2016;
Schneegans & Bays, 2016; Bays et al., 2009). Memory
precision was scaled using the “scale” function in the “stan-
dardize” package in the programming language R to
reduce the likelihood of discrepancies between the scales
of memory precision and other variables, such as reality
monitoring accuracy, reality monitoring condition, and
stimulation site.

Excluding random guess trials varied the number of
remaining observations between reality monitoring con-
ditions, stimulation sites, and participants, potentially
confounding within-subject level analysis. To enable
within-subject analyses, we matched the number of
observations in each condition by randomly sampling,

Figure 2. Brain stimulation
sites. Participants in
Experiments 3 and 4 received
(A) brain stimulation at angular
gyrus (MNI: −54, −54, 33) and
(B) the control stimulation site
vertex (MNI: 0, −15, 74).
Stimulation of each site was
separated into two sessions
on different days, and the
order of stimulation site was
counterbalanced. The colors in
the figure represent simulations
of electric field “E” generated
by a 70-mm figure-eight coil
when delivering a single
electromagnetic pulse to a
template brain, generated using
the open source software
SimNIBS.
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with replacements, trials with more than 95% likelihood
of successful recollection. The number of sampled
data points was the maximum number of trials in each
reality monitoring condition: 84 for each self/experimenter
reality monitoring condition and 90 in each imagined/
perceived reality monitoring condition. To reduce resam-
pling bias, all analyses were permutated in increments of
100 permutations, until the average standard error of all
model outputs across resampling approached 0. Outputs
from these permutations of regression models, including
generalized eta squared (ges) values, were averaged across
all permutations. These average permutated model out-
puts are reported in the Results section.

RESULTS

Lower Memory Precision Is Associated with
Externalization Bias

Analyses in behavioral Experiments 1 and 2 first sought to
assess whether or not participants exhibited externaliza-
tion bias by testing if reality monitoring performance
tended to be reduced in the internal compared with exter-
nal reality monitoring conditions. Repeated-measures
ANOVAs testing for an effect of Reality Monitoring Condi-
tion on Reality Monitoring Accuracy revealed significant
effects in both Experiment 1, F(1, 47) = 39.75, ges =
0.02, p < .001, and Experiment 2, F(1, 47) = 12.74,
ges= 0.09, p= .001. In both experiments, reality monitor-
ing accuracy was significantly less accurate in the internal
compared with external reality monitoring conditions,
consistent with externalization bias (see Tables 1 and 2
for descriptive statistics).

To assess whether the observed externalization bias
might be linked to lower memory precision, subsequent
analyses tested whether memory precision tended to be
lower in the internal relative to the external reality moni-
toring conditions. Repeated-measures ANOVAs testing for
an effect of Reality Monitoring Condition on Memory Pre-
cision did not reveal an effect in Experiment 1, F(1, 47) =
0.88, ges = 0.001, p = .41, but a significant effect was
observed in Experiment 2, F(1, 47) = 19.59, ges = 0.008,
p < .001, where Memory Precision tended to be lower
when participants imagined objects moving to the target
location, rather than watching while the objects moved.

We then sought to test directly whether memory preci-
sion in each reality monitoring condition (i.e., “self,”
“experimenter,” “imagined,” and “perceived” conditions)
tended to be associated with reality monitoring perfor-
mance. To estimate these possible associations, we com-
puted mixed effects logistic regression models within
each reality monitoring condition, where the outcome
variable was reality monitoring accuracy, the predictor
was memory precision, and the random effects variable
was participants. These regression models revealed signif-
icant positive associations in the “self,” “imagined,” and
“perceived” reality monitoring conditions (β ≥ 2.73, R2 ≥
.3, p ≤ .014), whereas no such association was observed
in the “experimenter” reality monitoring condition (β =
1.92, R2 = .32, p = .27).
We further analyzed these associations to test if, for

example, memory precision tends to be relatively low, par-
ticipants are more likely to misattribute self-referential
memories to other people. If participants did indeed
exhibit this possible “It had to be you” effect in the
self/experimenter reality monitoring experiment, the
observed association betweenmemory precision and real-
ity monitoring performance would be disproportionately
greater in the “self” condition compared with the “exper-
imenter” condition. Repeated-measures ANOVA compar-
ing the association between “self” and “experimenter”
conditions did indeed reveal a significant effect of Reality
Monitoring Condition, F(1, 47) = 9.69, ges = 0.12, p =
.003, where the association was greater in the internal
“self” condition (M = 4.36, SE = 0.51) compared with
the external “experimenter” condition (M = 1.91, SE =
0.42). We also sought to test if, conversely, in instances
where memory precision is disproportionately greater,
participants aremore likely tomisattribute imagined expe-
riences to be real. This possible “It had to be real” effect
would correspond to a disproportionately smaller associa-
tion in the “imagined” condition compared with the “per-
ceived” condition. Repeated-measures ANOVA comparing
the association between “imagined” and “perceived” con-
ditions did indeed reveal a significant effect of Reality Mon-
itoring Condition, F(1, 47) = 5.48, ges = 0.05, p = .024,
where the association was smaller in the internal “imag-
ined” condition (M = 2.77, SE = 0.43) compared with
the external “perceived” condition (M = 4.25, SE =
0.44). An a posteriori mixed ANOVA comparing these

Table 1. Mean (Standard Error) Reality Monitoring Accuracy (%) and Memory Precision in Experiments 1–4

Experiment 1 Experiment 2 Experiment 3 Experiment 4

Self Experimenter Imagined Perceived Self Experimenter Imagined Perceived

Reality monitoring
accuracy

74.98
(2.36)

88.78
(1.37)

77.27
(2.45)

86.05
(1.43)

79.5
(5.827)

88.48
(4.61)

71.87
(6.49)

85.2
(5.13)

Mean memory
precision

140.35
(7.09)

140.23
(6.97)

129.6
(7.62)

139.16
(7.14)

166.46
(1.93)

166.6
(1.85)

162.9
(2.21)

165.13
(2.04)

Memory precision was measured on a scale ranging between 0 and 180, where higher values represent higher memory precision.
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effects observed in Experiments 1 and 2 revealed a signif-
icant cross-over interaction between Reality Monitoring
Conditions (i.e., internal and external conditions) and
Experiments, F(3, 141) = 6.1, ges = 0.09, p = .006.

Stimulation of Angular Gyrus Reduces the
Association between Memory Precision and
Self-referential Reality Monitoring Accuracy

Turning to Experiment 3 and 4, we first sought to test our
directional prediction that cTBS at angular gyrus might
reduce disproportionately the association between mem-
ory precision and reality monitoring accuracy in the inter-
nal reality monitoring conditions compared with external
conditions. We computed separate mixed effects regres-
sion models for each reality monitoring condition at each
stimulation site (see Figure 3). These regression models
revealed significant positive associations between mem-
ory precision and reality monitoring accuracy in all reality
monitoring conditions at both stimulation sites (β ≥ 1.98,
R2 ≥ .19, p ≤ .002), consistent with the results of Experi-
ments 1 and 2.
We then tested whether themain effect of cTBS at angu-

lar gyrus reduced disproportionately the observed associ-
ation in the “self” reality monitoring condition, compared
with the “experimenter” condition in Experiment 3.

Repeated-measures ANOVA testing whether an interac-
tion between Reality Monitoring Condition and Stimula-
tion Site affected these associations did indeed reveal a
significant interaction in the self/experimenter reality
monitoring task, F(1, 47) = 14.46, ges = 0.07, p <
.001. Follow-up pairwise comparisons revealed cTBS at
angular gyrus to have significantly reduced the associa-
tion in the “self” reality monitoring condition, t(1, 47) =
4.25, d = 0.87, p < .001, but not in the “experimenter”
condition, t(1, 47) = 1.36, d = 0.31, p = .18. Consistent
with this observation, a Wilcoxon signed-rank test that
compared regression coefficients for the “self” reality
monitoring condition following angular gyrus and control
site stimulation revealed angular gyrus stimulation to
have indeed significantly reduced the coefficient (M =
0.59, SE = 0.34) compared with control site stimulation
(M = 2.54, SE = 0.4, Z = 3.8, p < .001). This was not
the case for the “experimenter” condition, in which there
was no significant difference in regression coefficient
between angular gyrus stimulation (M = 3.28, SE =
0.28) and control site stimulation (M = 2.51, SE = 0.42,
Z = 1.47, p = .14).

Analogous analyses concerning the imagined/perceived
reality monitoring task in Experiment 4 did not reveal an
interaction between reality monitoring condition and
stimulation site, F(1, 47) = 1.95, ges = 0.007, p = .17.

Table 2. Mean (Standard Error) Control Semantic Task Accuracy (%) in Experiments 3 and 4

Experiment 3 Experiment 4

Self Experimenter Imagined Perceived

AnG Vertex AnG Vertex AnG Vertex AnG Vertex

Semantic task accuracy 96.97 97.07 97.02 96.52 95.2 95.45 95.42 95.61

SE 0.27 0.38 0.31 0.31 0.37 0.41 0.4 0.34

The term “AnG” refers to the target brain stimulation site, angular gyrus.

Figure 3. Associations between
memory precision and reality
monitoring accuracy. Plots in
the top and bottom rows of the
figure represent performance
in self/experimenter and
imagined/perceived reality
monitoring tasks, respectively.
Plots on the left and right sides
of the figure represent task
performance under vertex
and angular gyrus stimulation,
respectively. The lines
represent mean regression
coefficients, where the outcome
variable is reality monitoring
accuracy and the predictor is
memory precision. The shaded
areas represent standard
error of the respective mean
regression coefficient.
-p > .05; ***, p < .001.
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Planned pairwise comparisons did not reveal cTBS at angu-
lar gyrus to reduce significantly the association in either
the “imagined” reality monitoring condition, t(1, 47) =
0.14, d = 0.31, p = .88, or the “perceived” condition,
t(1, 47) = 1.82, d = 0.37, p = .08. Similarly, there was
no significant difference in regression coefficient in the
“imagined” condition between angular gyrus stimulation
(M = 2.01, SE = 0.3) and control site stimulation (M =
2.07, SE = 0.28, Z = 0.13, p = .9) or in the “perceived”
condition (angular gyrus:M=4.96, SE=0.38; control site:
M = 4.3, SE = 0.29, Z = 1.72, p = .09).

A mixed ANOVA directly comparing the effects observed
in the self/experimenter and imagined/perceived reality
monitoring tasks revealed a significant three-way interaction
between Reality Monitoring Condition, Stimulation Site,
and Experiment, F(1, 94) = 4.33, ges = 0.01, p = .04.
See Figure 3 for an illustration of this three-way interaction.

Participants who did not show a motor response might
have been less susceptible to the effect of brain stimula-
tion, potentially influencing the observed interactions.
We therefore repeated the main analyses reported above
without data from participants who did not show a motor
response, observing conceptually identical results. There
was still a significant interaction between Reality Monitoring
Condition and Stimulation Site in the self/experimenter
reality monitoring task, F(1, 21) = 8.88, ges = 0.09, p =
.007, but not in the imagined/perceived reality monitoring
task, F(1, 28) = 0.14, ges= 0.009, p= .71, as before. More-
over, there was a similar significant three-way interaction
between Reality Monitoring Condition, Stimulation Site,
and Experiment, as observed with the full sample, F(1,
55) = 4.98, ges = 0.08, p = .03. We also tested whether
the observed changes in regression coefficients might be
attributable to variation in participants’ motor threshold.
Pearson’s correlation between squared differences in
coefficients, andmotor threshold did not, however, reveal
a significant association (r = .05, p = .75), ruling out that
possible explanation.

Stimulation of Angular Gyrus Does Not Reduce
Overall Memory Precision or Reality
Monitoring Accuracy

We also sought to test whether the effect of cTBS at angu-
lar gyrus might simply be attributable to reduced overall
memory precision or reality monitoring performance,
compared with control site stimulation. Looking first
across reality monitoring conditions, repeated-measures
ANOVAs revealed no significant main effect of Stimulation
Site on Memory Precision, F(1, 47) ≤ 0.79, ges ≤ 0.004,
p ≥ .438, or Reality Monitoring Accuracy, F(1, 47) ≤ 0.27,
ges ≤ 0.001, p ≥ .658.

We then tested whether cTBS at angular gyrus might
selectively reduce memory precision and reality monitor-
ing accuracy in the internal relative to external reality
monitoring conditions. Repeated-measures ANOVAs
testing possible interactions between Stimulation Site

and Reality Monitoring Condition did not, however, reveal
an interaction effect onMemory Precision, F(1, 47)≤ 0.36,
ges ≤ 0.001, p ≥ .439, or Reality Monitoring Accuracy, F(1,
47) ≤ 4.99, ges ≤ 0.002, p ≥ .074). Similarly, pairwise
comparisons testing possible effects of Stimulation Site
for each reality monitoring condition revealed no signifi-
cant effects on Memory Precision, t(1, 47) ≤ 1.15, d ≤
0.24, p ≥ .29, BF ≤ 0.36, or Reality Monitoring Accuracy,
t(1,47) ≤ 1.69, d ≤ 0.35, p ≥ .13, BF ≤ 0.89.

Stimulation of Angular Gyrus Does Not Reduce
Control Semantic Task Performance

As a final control analysis, we aimed to test whether the
observed effects of cTBS at angular gyrus might have been
attributable to a reduced ability of participants to perceive
or recognize objects, relative to control stimulation. If
there was indeed an effect of stimulation on semantic con-
trol task performance, we sought to assess whether reality
monitoring conditions were affected disproportionately.
We therefore compared participants’ performance on
the control semantic judgment task between stimulation
sites and reality monitoring conditions. In both Experi-
ments 3 and 4, ANOVAs comparing participants’ accuracy
on the control semantic task between stimulation sites and
reality monitoring conditions did not reveal any significant
effect of Stimulation Site, F(1, 47) ≤ 0.45, ges ≤ 0.002,
p ≥ .507, or Reality Monitoring Condition, F(1, 47) ≤ 0.95,
ges ≤ 0.003, p ≥ .335. No significant interaction was
observed between Stimulation Site and Reality Monitoring
Condition, F(1, 47) ≤ 1.04, ges ≤ 0.004, p ≥ .313.

DISCUSSION

The current study aimed to test a key hypothesis stem-
ming from the source monitoring framework, that reality
monitoring decisions may depend, at least partly, on the
quality of the underlying mnemonic representation
(Johnson et al., 1993). We sought to test this prediction
by combining a memory precision task with self/
experimenter and imagined/perceived reality monitoring
tasks in behavioral Experiments 1 and 2, respectively. Both
experiments revealed relatively lower memory precision
to be associated with less accurate reality monitoring deci-
sions, substantiating the sourcemonitoring view. To inves-
tigate a possible neurocognitive basis of the observed
behavioral association, Experiments 3 and 4 tested
whether cTBS at angular gyrus would disrupt the relation-
ship between memory precision and reality monitoring
performance. When participants recalled actions they
had performed as opposed to actions carried out by
another person, stimulation of angular gyrus selectively
reduced the association between memory precision and
self-referential reality monitoring decisions, compared
with the control site stimulation. In light of these findings,
we discuss below how angular gyrus may be important
for the mnemonic processes involved in representing
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remembered experiences that give rise to a sense of self-
agency, enabling a key component of “autonoetic con-
sciousness” that characterizes episodic memory (Tulving,
1985).
The current behavioral findings suggest that lower epi-

sodic memory precision might obscure the self-referential
features that characterize a mnemonic representation as
the rememberer’s personal experience. Previous studies
have found that participants expect to experience a sense
of self-agency when remembering their past actions
(Johnson et al., 1981), but if they cannot remember who
performed a task, they tend to misattribute their own
actions to another person, rather than the other way
around, yielding the “It had to be you” effect ( Johnson
& Raye, 1981). This effect or “agency externalization bias”
has also been observed in previous studies involving
patients with schizophrenia, where the magnitude of the
bias was greater among the patients than healthy controls,
suggesting that these patients’ ability to imbue remem-
bered experiences with a sense of self-agency may be
reduced compared with healthy people (Woodward
et al., 2007; Waters et al., 2006; Seal et al., 1997; Bentall
et al., 1991). Patients may, for example, misattribute their
self-generated actions to another person or to other exter-
nal sources, such as voices of people they cannot see, or
shadows of people they cannot touch physically.
Whereas a sense of self-agency is particularly important

in self-referential reality monitoring decision-making,
visuoperceptual features of a remembered experience
may be more relevant in imagined/perceived reality mon-
itoring decisions. If, for example, patients with schizophre-
nia experience vivid multisensory hallucinations, those
imaginary experiences may be misattributed as real, at
least partly because the vivid and rich multisensory imag-
ined stimuli resemble real experiences (Mondino et al.,
2019). Even healthy people may exhibit instances of per-
ceptual externalization bias where, for example, they
report having seen objects moving when, in fact, they
had only imagined the movement of objects, especially if
they retrieve precise visuoperceptual details of a similar
but different experience (Richter, 2020). In line with such
previous findings, participants in the current study might
have been more likely to misattribute imagined experi-
ences as real, rather than the other way around, if the
internally generated experiences were unusually vivid or
precise, or if the participants mistakenly incorporated into
their memory rich visuoperceptual details of a similar pre-
vious experience.
These links between lowermemory precision and exter-

nalization biasesmay help to resolvemixed findings in pre-
vious studies (Moseley et al., 2021; Alderson-Day et al.,
2019; Garrison et al., 2017; Allen et al., 2006; Collignon
et al., 2005; Larøi et al., 2004). Those previous studies
sought to test whether healthy people with greater prone-
ness to hallucinations might exhibit cognitive profiles
often associated with psychosis, such as externalization
biases. However, the tasks used typically involved

categorical responses to measure mental experiences that
might have obscured variability in the qualitative charac-
teristics of the mental representations tested. This study
observed relatively robust links between memory preci-
sion and externalization biases, perhaps because the con-
tinuousmeasure ofmemory precision provided additional
sensitivity that was able to reveal a link between reality
monitoring decisions and the qualities of underlying mne-
monic representations.

Turning to the possible neurocognitive basis of memory
precision and reality monitoring, stimulation of angular
gyrus selectively reduced the observed link between
memory precision and self-referential reality monitoring
decisions, consistent with proposals that functioning of
angular gyrus may contribute to the self-referential quality
of memories (Bonnici et al., 2018; Rugg & King, 2018;
Yazar et al., 2012, 2014, 2017; Weniger et al., 2009). This
self-referential mnemonic function may involve integrat-
ing multiple modalities of retrieved features, such as
visual and auditory details (Yazar et al., 2017), within an
egocentric, first-person perspective framework (Bonnici
et al., 2018), to reconstruct rich and subjectively vivid
mnemonic representations that give rise to a sense of
self-agency (Simons et al., 2022; Zou & Kwok, 2021). Con-
sistent with this account, Bonnici, Richter, Yazar, and
Simons (2016) found that a pattern classifier was able to
decode multimodal memories from functional activity
patterns in angular gyrus, whereas unimodal visual or
auditory memories were represented in sensory process-
ing areas only. Notably, classifier accuracy in angular gyrus
tracked the subjective vividness with which participants
rated their memories. Thus, it appears that angular gyrus
does not play a role in reinstating perceptual aspects of an
event per se, explaining its relative insensitivity to the
imagined/perceived manipulation in the present data.
Instead, the evidence indicates that angular gyrus sup-
ports the integration of multimodal memory features
within a self-referential framework, producing the kind
of first-person perspective representation that enables
the subjective reexperiencing of past events (Simons
et al., 2022).

The rememberer may then evaluate whether this self-
referential representation resembles the characteristics
often expected of personal memories, enabling the reality
monitoring decision-making that is thought to be sup-
ported by functioning of anterior medial prefrontal cortex
(Simons et al., 2017). Although angular gyrus and anterior
medial prefrontal cortex may support episodic memory
precision and self-referential reality monitoring decision-
making, respectively, it is likely to be through their interac-
tion that a holistic subjective experience of remembering
may arise (Simons et al., 2022). This ability to project
rememberers themselves into subjective mental experi-
ences characterizes the “autonoetic consciousness” that
defines episodic memory (Tulving, 1985).

On the basis of the evidence considered above, one pos-
sible alternative explanation for the effect of cTBS at
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angular gyrus in the present datamight have been reduced
overall episodic memory precision, but no such effect was
observed. This finding suggests the possibility that when
the functioning of angular gyrus is disrupted, other func-
tionally connected regions such as hippocampus may step
in and support memory performance. If this is the case,
enhancing the functional connection between hippocam-
pus and angular gyrus might be expected to increase
memory precision. Consistent with this possibility, a pre-
vious study stimulated the functional connection between
hippocampus and posterior parietal regions, including
angular gyrus, and observed the stimulation to increase
memory precision, substantiating the notion that inter-
connected regions may step in to support recollection
(Nilakantan et al., 2017). In typical situations, however, it
is likely that these functionally connected brain regions
work together to support precise recollection (Cooper &
Ritchey, 2019).

Overall reality monitoring performance also remained
intact following angular gyrus stimulation, suggesting that
reality monitoring decisionsmay not solely depend on just
one quality of mnemonic representations. The remem-
berer might instead consider other qualities of the under-
lying mnemonic representation, such that performance
may be maintained even in situations where one of the
ways to experience autonoetic consciousness is disrupted.
If, for example, the precise visuoperceptual location of an
object had been forgotten, the rememberer might instead
retrieve other visuoperceptual features such as the color
or orientation of the object and, in turn, consider whether
these precisely remembered features resemble character-
istics often expected of real and imagined experiences.
Such adaptations may allow the rememberer to ade-
quately distinguish such experiences in most situations,
resulting in the measurement of intact reality monitoring
performance.

It is appropriate to be cautious, however, in attempting
to interpret null results as in the present data, as they
might simply reflect insufficient power or another techni-
cal deficiency such as failure to stimulate the correct
underlying brain region. Because of these possible rea-
sons, it might be that the current brain stimulation exper-
iments were unable to observe the stimulation of angular
gyrus to reduce overall memory precision or reality mon-
itoring performance. Note, however, that the sample size
in the present experiments was supported by power calcu-
lations and was considerably larger than in many previous
brain stimulation studies of memory (e.g., Nilakantan
et al., 2017; Yazar et al., 2014). Furthermore, the present
data revealed the significant effect of angular gyrus stimu-
lation on the relationship between memory precision and
self-referential reality monitoring performance discussed
above, which suggests that these experiments were capa-
ble of revealing such significant effects if they did exist.

In summary, the current study observed relatively lower
memory precision to be associated with less accurate real-
ity monitoring performance, substantiating the key notion

from the source monitoring framework: Reality monitoring
ability may depend, at least in part, on the quality of the
underlying mnemonic representation. We also observed
participants to misattribute their past actions to other peo-
ple, especially when the underlying memory precision
tended to be reduced, consistent with the “It had to be
you” effect (Johnson&Raye, 1981). Conversely, participants
were more likely to misattribute imagined experiences as
real, rather than the other way around, if imagined experi-
ences were remembered with unusually precise visuoper-
ceptual details that meant they resembled veridical events.
Turning to the neurocognitive basis of these observed links
between memory precision and reality monitoring ability,
angular gyrus may be important for the mnemonic pro-
cesses involved in representing remembered experiences
that give rise to a sense of self-agency, enabling the auton-
oetic consciousness that characterizes episodic memory.
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pattern of gender imbalance: Although the proportions
of authorship teams (categorized by estimated gender
identification of first author/last author) publishing in
the Journal of Cognitive Neuroscience ( JoCN) during this
period were M(an)/M = .407, W(oman)/M = .32, M/W =
.115, and W/W = .159, the comparable proportions for
the articles that these authorship teams cited were M/M =
.549, W/M = .257, M/W = .109, and W/W = .085 (Postle
and Fulvio, JoCN, 34:1, pp. 1–3). Consequently, JoCN
encourages all authors to consider gender balance explic-
itly when selecting which articles to cite and gives them
the opportunity to report their article's gender citation
balance. The authors of this article report its proportions
of citations by gender category to be as follows: M/M =
.343; W/M = .314; M/W = .200; W/W = .143.
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