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Abstract

People often use external tools to offload cognitive demands in remembering future intentions. While previous research
has identified the causal role of metacognition in cognitive offloading, the neural mechanisms underlying this
metacognitive control process remain unclear. To address this gap, we conducted a study with 34 participants using
diffusion tensor imaging (DTI) to investigate how connections between brain regions support metacognition-driven
cognitive offloading. Behaviorally, we confirmed that under-confidence in using internal memory to execute delayed
intentions predicts a bias towards using external reminders. At the brain level we found that the fractional anisotropy
(FA) of the fornix, a memory-related white matter tract connected to the hippocampus, positively correlated with the
bias in setting up reminders. Additionally, the FA of the left uncinate fasciculus, which links the hippocampus to the
prefrontal cortex and is involved in memory error monitoring, negatively correlated with deviations from optimal
reminder use. Furthermore, the FA of the superior longitudinal fasciculus, a tract involved in metacognitive monitoring,
moderated how confidence influenced the use of reminders. Taken together, our findings reveal a temporal-frontal
neural circuit underlying metacognition-driven cognitive offloading, and provide new insights into the interaction

between metacognitive monitoring and control.
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Introduction

Prospective memory refers to the ability to remember an intention to be fulfilled under an appropriate context in the
futurel'I2I3]. Although successtul fulfillment of delayed intentions constitute a substantial part of meaningful life, 50%-70%
of memory failures stem from failures in prospective memory*.. Therefore, many people choose to use external aids to
support internal memorization of delayed intentions. For example, a person might write a shopping list before going to the
grocery store. In cognitive science, such a strategy of using physical actions to reduce information processing

requirements and cognitive demands is known as cognitive offloading®/6!.

Given the ubiquity of cognitive offloading in everyday life, recent studies have tried to understand when and why people
adapt the cognitive offloading strategy®1”!. For instance, cognitive offloading can be considered as a preference to avoid
the effort required to maintain information in prospective memory 81101111 Consequently, memory for offloaded items
tends to be relatively poor, if reminders are unexpectedly removed!'2/['3l[14] Recent evidence has also demonstrated that
cognitive offloading is causally driven by metacognition, or rather specifically metamemory, the ability to monitor and
control one’s own memory process!!2I16I17I1EI19] That is, people are more likely to commit to cognitive offloading
behaviors when they are under-confident about their prospective memory. The metacognitive account may also help

explain the allocation of mental effort during cognitive control29/21].

However, little is known about how the decision to use external aids and offload memory demand is supported and
implemented in the brain at the neural level. Previous functional neuroimaging research has highlighted the role of the
rostral prefrontal cortex (rPFC) in maintaining delayed intentions, with the medial and lateral rPFC serving dissociable
functions in this process!'22l[231[241[3] gpecifically, the medial rPFC has been hypothesized to maintain the specific
details of delayed intentions, while the lateral rPFC plays a more content-free rolel25]. A recent study by Boldt and

Gilbert?®! demonstrated how the cognitive offloading of setting external reminders may be driven by metamemory. They
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found that metamemory monitoring regions such as lateral PFC (IPFC), dorsal anterior cingulate cortex (dACC) and
precuneus!?/1281(29130] gre involved in rating the confidence in remembering a delayed intention. These metamemory

monitoring regions overlapped with the regions associated with generating a desire to use reminder[2°..

In the present study, we aimed to build upon previous findings related to BOLD signals by utilizing diffusion tensor imaging
(DTI), a white matter microstructural MRI technique, to explore the structural connections between brain regions that
facilitate metamemory-driven cognitive offloading. Based on the previous findings, we focused on the following white
matter fiber tracts: 1) the fornix which links the hippocampal formation and subcortical structures including the thalamus,
and supports episodic memory retrievall®'1321[331134]: 2) the uncinate fasciculus (UF) which links the temporal lobe
including hippocampus to the rPFC, and supports error monitoring in memory retrievall®>![26l: 3) the superior longitudinal
fasciculus (SLF) which links the inferior parietal lobe to the IPFC, a critical region for both metacognitive monitoring and
control®?I371138]; and 4) the cingulum bundle (CB) that links the metamemory-related region precuneus (e.g.?’)) to the
cognitive control-related region dACC9“%] We adapted the cognitive offloading task from Sachdeva and Gilbert' '] to
examine how the microstructure of specific white matter tracts is related to different aspects of task performance. We
found that the fractional anisotropy (FA) of the fornix was positively correlated with the bias towards using reminders, and
the FA of the left UF was negatively correlated with the deviation from optimal reminder use. Additionally, the FA of the
left CB and bilateral SLF was negatively correlated with the confidence in correctly executing delayed intentions using
internal memory. We also observed that the FA of the right SLF moderated the extent to which confidence influenced the

use of reminders to offload memory demands.

Method and Materials

Participants

38 adult participants were recruited through local advertisement. All participants had normal or corrected-to-normal vision,
reported no history of no color blindness, psychiatric and neurological diseases, and no other contraindications for MRI. All
participants provided written informed consent. The study was ethically approved by the Shanghai Jiao Tong University

Institutional Review Board.

Three participants were removed because they did not attend the MRI scanning. In line with the exclusion criteria used by
Gilbert et al.l'”], we further excluded one participant who had a negative correlation between target value and likelihood of
choosing to use reminders, implying a random or counter-rational strategy choice behavior. Therefore, 34 participants (19

females, mean age = SD = 28.47 + 8.82) were taken into analysis.

Task Procedure

Participants engaged in a cognitive offloading task adapted from Gilbert et al.' ). In this task, circles numbered from 1 to

17 would be presented within a box with colored borders. The primary objective for participants was to sequentially drag
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each circle to the bottom border in ascending numerical order (Fig. 1A).
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Figure 1. Task Procedure.

A) In the intention offloading task, circles numbered from 1 to 17 would be presented within a box with colored borders. The primary objective for
participants was to sequentially drag each circle to the bottom border in ascending numerical order. Out of the 17 circles in each trial, the majority
(10 out of 17) were yellow and needed placement at the bottom of the box. However, occasionally (8 out of 17 circles), new circles would emerge in
non-yellow colors (blue, orange, or pink), corresponding to the left, top, or right border of the box. These non-yellow circles were instructed as target
circles, and participants were asked to drag these target circles to their color-matched border when the associated number reached in the
sequence. Notably, these non-yellow target circles transitioned into yellow after a 2-s interval, and successful placements of each target circle
accumulated task points. Therefore, participants had to form a delayed intention to drag the target circle to its designated location until the
associated numerical sequence was reached. In the internal trials, participants were expected to finish the task using their internal memory. In the
external trials, participants were instructed to set an external reminder for task performance by promptly dragging a target circle near its
corresponding box border upon appearance. This ensured that when the circle number was reached in the sequence, its location served as a
reminder for participants to fulfill the intended action.

B) Strategy selection prior to a trial: (i) In 3 out of the 13 trials, participants were explicitly instructed to rely solely on their internal memory to move
target circles; while in another 3 out of the 13 trials, participants were informed to rely solely on external reminders. In those forced-choice trials,
every correct drag of a target circle resulted in a 10-point increase, regardless of the chosen strategy. (ii) In 7 out of the 13 trials, participants were
free to choose strategies (internal memory or external reminders). In those trials, the awarded point associated with the external reminder strategy
varied from 2 to 8, while the point associated with the internal memory strategy was always 10.

C) Confidence judgment: Following practice trials, participants provided two separate confidence ratings (i.e., the prospective confidence) about
their upcoming task performance with (i) internal memory or (ii) external reminders respectively.

D) Overview of the task event sequence.

At the beginning of each trial, six yellow circles with numbers 1 to 6 were randomly positioned inside the box. Participants
were instructed to drag these yellow circles to the bottom of the box. When a circle reached the box bottom, a new circle
would replace it in its original location. For instance, dragging the circle numbered 1 to the bottom would be followed by

the appearance of a circle numbered 7, seamlessly taking its place.

Out of the 17 circles in each trial, the majority (10 out of 17) were yellow and needed placement at the bottom of the box.
However, occasionally (8 out of 17 circles), new circles would emerge in non-yellow colors (blue, orange, or pink),
corresponding to the left, top, or right border of the box. These non-yellow circles were instructed as target circles, and
participants were asked to drag these target circles to their color-matched border when the associated number reached in
the sequence. For example, when a yellow circle with number 1 was dragged to the bottom, an orange 7 appeared and
faded to yellow after 2 s. In this situation, participants needed to maintain the intention to drag circle 7 to the top while
dragging circles 2—6 to the bottom of the box. Notably, these non-yellow target circles transitioned into yellow after a 2-s
interval, and successful placements of each target circle accumulated task points. Therefore, participants had to form a
delayed intention to drag the target circle to its designated location until the associated numerical sequence was reached.

The color and number associated with the target circles were randomized in each trial.

In addition to maintaining the delayed intention, participants were instructed how to set an external reminder for task
performance. In such instances, participants needed to promptly drag a target circle near its corresponding box border
upon appearance. For example, if a blue circle appeared, participants should immediately drag it close to the left border.

This ensured that when the circle number was reached in the sequence, its location served as a reminder for participants

Qeios ID: MO1FUD - https://doi.org/10.32388/M01FUD 5/18



Q Qeios, CC-BY 4.0 - Article, October 2, 2024

to fulfill the intended action.

Each participant underwent 13 trials. In three trials, participants were explicitly instructed to rely solely on their internal
representation of the intention, while in another set of three trials, participants were informed to rely exclusively on
external reminders. In these forced-choice trials, every correct drag of a target circle resulted in a 10-point increase,
regardless of the chosen strategy (Fig. 1B i). However, in the remaining seven trials, participants were given the freedom

to choose their strategy (internal memory or external reminders) (Fig. 1B ii).

Importantly, the points awarded for each correct drag varied based on the chosen strategy. Opting for internal memory
yielded 10 points per accurate drag, while choosing external reminders resulted in a variable point range (2-8, randomly
selected for each trial) for each correct drag, which was lower than the internal memory strategy. Therefore, simply always
choosing to use reminders would not be an optimal strategy for task performance. Instead, participants have to balance
the higher number of points when remembering with internal memory against the greater chance of success when using

external reminders.

Before the proper trials, participants underwent practice trials to familiarize themselves with the task and the two
strategies. Following these practice trials, participants provided two separate confidence ratings (i.e., the prospective
confidence) in task accuracy using internal memory (Fig. 1C i) or external reminders (Fig. 1C ii) respectively. For a
demonstration of the task, please visit https:/cognitiveoffloading.net/YZ1/start.html and see Fig. 1D for the overall

structure of the paradigm.

Behavioral Indices

Based on previous studies*'!l'7I["1] we calculated the following behavioral indices to quantify several aspects of each

participant’s task performance:

Internal accuracy (ACCp)), the average number of target circles correctly moved to designated locations in forced

internal trials.

External accuracy (ACCgg), the average number of target circles correctly moved to designated locations in forced

external trials.

Optimal indifference point (OIP), the value of target circles at which an unbiased, reward-maximizing participant should
10 + ACCg

- . . , CC,
be indifferent towards either the internal strategy or external strategy. OIP is calculated as FE

. Suppose a
participant can accurately remember 60% of targets with internal memory (ACCp, = 0.6) and all targets with external
reminders (ACCp = 1), then in this case the OIP value should be 6. That is, obtaining 6 points per target with external
reminders would lead to the same amount of points as obtaining 10 points per target with internal memory. When the
value of a target circle is above 6, it would be optimal to choose external reminders, as it maximizes the rewards. Similarly,

the value of a target circle is below 6, it would be optimal to choose internal memory.
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Actual indifference point (AIP), the actual value of target circles at which participants showed indifference. The AIP is
determined by assessing the probability of choosing an external strategy over an internal one across all external target

values, and was obtained by fitting a psychometric function using the R package “quickspy.”

Then we computed the difference OIP and AlPas reminder bias. An unbiased participant’s AIP should align with the OIP.
Otherwise, a higher OIP than AIP indicates a bias toward external reminders because the participant would set up
reminders even when the reward associated with the target is less than optimal. Conversely, a higher AIP than OPI would

indicate a bias toward using internal memory.

The participants’ prediction on their task accuracy with internal memory only at the beginning of the experiment was
recorded as confidence prediction. We then subtracted this value from the objective percentage of targets remembered
when using internal memory (i.e., ACCp) to calculate the metacognitive bias. The degree of metacognitive bias reflects
how much a participant was over- or under-confident about their ability to remember targets with their internal memory.

Negative values indicate under-confidence and vice versa.

DTI image acquisition

All participants underwent magnetic resonance imaging (MRI) on a 3-tesla system equipped with a standard 32-channel
head and neck coil (UMR790, United Imaging, Shanghai, China). The MRI protocol included the following sequences: (1)
3D T4-weighted gradient-recalled echo sequence with repetition time (TR) = 8.1 ms, echo time (TE) = 3.4 ms, inversion
time (Tl) = 1060 ms, matrix size = 320 x 300 x 208, voxel size = 0.8 mm isotropic, flip angle = 8°, bandwidth = 260
Hz/pixel, acceleration factor = 2, and field of view (FOV) = 256 x 240 mma2. (2) Multi-shell diffusion-weighted imaging
(DWI) using multi-band accelerated echo planar imaging (EPI): 96 diffusion-weighted directions, including 32 directions at
b = 1000 s/mm?2 and 64 directions at b = 3000 s/mm?, along with 4 b = 0 images. The acquisition parameters for the DWI

included: voxel size = 1.5 mm, TR = 5150 ms, TE = 77 ms, FOV = 210 x 210 mm?, and flip angle = 90°.

DTI data processing

The multi-shell diffusion magnetic resonance imaging (dMRI) data underwent preprocessing for denoising and removal of
Gibbs artifacts utilizing tools from MRtrix 3.0 (http://www.mrtrix.org). Following this, head-motion correction and eddy
current correction were carried out using the Functional Magnetic Resonance Imaging of the Brain Software Library (FSL;
v6.0; https://fsl.fmrib.ox.ac.uk/fsl/fslwiki). Subsequently, the diffusion tensor fitting for the processed diffusion image was

performed using the dtifit function within FSL. The fractional anisotropy (FA) images were obtained for each participant.

Each individual’s FA map was nonlinearly registered to the standard FMRIB-58 FA template in MNI space utilizing the
non-linear registration tool FNIRT1. The column and body of fornix (Fornix), the bilateral uncinate fasciculus (UF), the
cingulum bundle, and the superior longitudinal fasciculus (SLF) were selected from the ICBM-DTI-81 white matter labels
atlas. The mean values of FA were then computed for each subject’s fornix, UF, cingulum bundle, and SLF, incorporating

all voxels within the respective tracts. The FA is interpreted as a quantitative biomarker of white matter ‘integrity’ (for
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reviews see Assaf and Pasternak“2); Beaulieu“3!). We will use this biomarker for our investigation for the cognitive

processes.

Statistical analysis and code availabilit

All the pairwise t-tests, Pearson’s correlation tests, and linear regression analyses in this study were conducted using the
R “stats” package. To further determine statistical significance, we employed the R “boot” package for bootstrapping
resampling and reported the adjusted bootstrap percentile (BCa) confidence intervals. We also computed a Bayes factor
for each statistical analysis with R “BayesFactor” package. The preprocessed behavioral and DTI data, along with all

relevant analysis code, are available at https://osf.io/jdnk4/.

Results

Behavioral results

We first investigated if there was a significant difference in accuracy between the forced internal and the forced external
conditions. Results from a one-sided t-test reveal a significantly lower accuracy in forced internal memory conditions (M =
60.3642, SD = 15.54) than in the forced external reminder conditions M = 95.6583, SD = 8.4020; {50.775) = -11.649, p

<.001), providing evidence that external reminders increased the delayed intention task performance.

Next, with a one-sided paired t-test, we observed the estimated actual indifference point M = 5.5967, SD = 1.8494) is
significantly smaller than the optimal indifference point (M = 6.1827, SD = 1.3179; #(59.644) = -1.5047, p =. 0257). This
showed that our participants demonstrated a bias towards setting external reminders to assist their task performance,

consistent with previous studies (e.g. Gilbert et al.l'”l; Sachdeva & Gilbert'']).

Furthermore, one-sided Pearson correlation test reveals a significantly negative correlation between reminder bias and the
metacognitive bias for internal memory (n(32) = -.384, p =.0125). This shows that participants who were more under-
confident in their ability to use internal memory were more likely to set up external reminders, confirming that the decision

to use external reminders was indeed a metacognition-guided strategy.

DTI Tractography and relationship with behavioral indices

We next examined the relationship between the structure integrity of white matter (WM) tracts (indexed by fractional
anisotropy; FA) and participants’ behavioral indices relevant to the cognitive offloading process. These behavioral indices
include the accuracy in remembering target circles in the forced internal memory condition (ACCgp), the confidence
prediction on task performance in the forced internal memory condition, the metacognitive bias between confidence
prediction and actual performance in the internal memory condition, and the reminder bias in setting up external reminders
in the free-choice condition. Additionally, we computed the absolute values of metacognitive bias and reminder bias and

investigated their correlations with the microstructure of the WM tracts of interest (listed in the Introduction). The

Qeios ID: MO1FUD - https://doi.org/10.32388/M01FUD 8/18


https://osf.io/jdnk4/

Q

correlation results are summarized in Table 1.

Table 1. Correlation between behavioral indices and WM tracts of Interest

Correlation between behavioral indices and WM Internal
tracts of Interest Accuracy
Fornix .225
Uncinate fasciculus (Left) 167
Uncinate fasciculus (Right) .209
Cingulum bundle (Left) -.329
Cingulum bundle (Right) -.118
Superior longitudinal fasciculus (Left) -.130
Superior longitudinal fasciculus (Right) -.660

Confidence
Prediction

.168

176

.014

-.344 "

-.193

-.363 *

-.386 *

Meta
Bias

.018

.062

-.188

-119

-.109

-.263

-.325

Qeios, CC-BY 4.0

Reminder
Bias

.392*

-.070

-.002

-.045

120

.043

-.023

Absolute Meta
Bias

-.186

-177

-.109

.039

.100

.106

-.022

Note. Two-sided Pearson’s r correlation analyses were conducted. * indicates p-value < .05.

- Article, October 2, 2024

Absolute Reminder
Bias

-157

-.372*

-.216

.159

-.044

.042

-.021

We found that the FA of the fornix was positively correlated with the degree of bias in choosing external reminders over

internal memory in the free-choice condition (1(32) =.392, p =.022, Bayes Factor, BF; = 3.659), but not with other

behavioral indices (p’s >.201, all BF{y <.766). To further determine the significance, we implemented bootstrapping

procedures. Through 10,000 bootstrapped samples, we found the 95% confidence interval for correlation coefficients was

[.034,.658], suggesting that the observed positive correlation between the fornix FA and the degree of bias in choosing

external reminders over internal memory (i.e., the reminder bias) was robust (Fig. 2A).
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Figure 2. Correlations between behavior and DTI indices.

A) The FA of the fornix was positively correlated with the bias in using external reminders.
B) The FA of the left uncinate fasciculus (UF L) was negatively correlated with the absolute value of reminder bias, suggesting a deviation from the
optimal use of external reminders. The gray areas in A) and B) represent the bootstrapped confidence intervals of the observed correlations. BCa Cl

refer to the adjusted bootstrap percentile confidence intervals.
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C) The FA of the right superior longitudinal fasciculus (SLF R) moderates the relationship between participants’ under-confidence in their ability to
perform the task with internal memory (i.e., meta bias, x-axis) and the bias they exhibit in setting up external reminders (i.e., reminder bias, y-axis).

The lower the right SLF FA, the stronger relationship between metacognitive bias and reminder bias.

For the uncinate fasciculus (UF), we found a negative correlation between the FA of the left UF and the absolute value of
reminder bias (1(32) = -.372, p =.030, BF( = 2.866, bootstrapped 95% CI [-.595, -.059]), and not with other behavioral
indices of interest (p’s >.219, all BF; <.583).

The absolute value of reminder bias reflects the deviation from the optimal use of external reminders. This negative
correlation indicates that as the structural integrity of the left UF increases, participants become more optimal in setting up

reminders to assist their task performance (Fig. 2B).

We also observed that the FA of the left cingulum bundle (CB) and the bilateral superior longitudinal fasciculus (SLF)
negatively correlated with the level of confidence that participants predicted they would remember delayed intentions with
internal memory only (left CB: n(32) = -.344, p =.046, bootstrapped 95% ClI [-.637,.006]; right SLF: r(32) = -.386, p =.024,
BFp =2.101, bootstrapped 95% ClI [-.612, -.068]; left SLF:1(32) = -.363, p =.024, BF;( = 2.587, bootstrapped 95% ClI [-
.612, -.008]). The FA of the left CB also marginally correlated with task performance in the condition where participants
were forced to use internal memory (n(32) = -.329, p =.057, BFy¢ = 1.796, bootstrapped 95% Cl [-.622,.022]). The FA of
the bilateral CB and SLF did not correlate with metacognitive bias, reminder bias, or their absolute values (all p’s >.133, all

BF 1o <.537).

Since the FA of the right SLF was previously reported to correlate with metacognitive monitoring ability, we conducted an
analysis to examine how the FA of the right SLF modulates the correlation between metacognitive bias and reminder bias.
We used a multiple linear regression model to predict the degree of reminder bias with the degree of metacognitive bias,
the FA of the right SLF, and the interaction between the two. The results suggest that the FA ofthe right SLF had a
moderation effect on metacognition-guided use of reminders (b = 2.097, p =.009, BF( = 6.982, bootstrapped 95% CI
[.610, 3.716]). For participants with higher right SLF structural integrity, their degree of reminder bias was poorly predicted
by the degree of under-confidence in their ability to remember delayed intentions with internal memory, whereas for
participants with lower right SLF structural integrity, their degree of reminder bias was better predicted by the degree of

metacognitive bias (Figure 2C).

Discussion

In everyday life, people often use external reminders to offload memory loads and assist themselves in remembering
delayed intentions. This cognitive offloading strategy is driven by a metacognitive sense of confidencel'![*4l. When
individuals are under-confident about their ability to execute delayed intentions, they are more likely to set up external
reminders. However, the neural mechanisms underlying this metacognitive control during cognitive offloading are

relatively unexplored. Building on previous functional neuroimaging work?61129] we resorted to an anatomical
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neuroimaging technique, diffusion tensor imaging (DTI), in a study with 34 participants to examine the neural basis of
metacognition-driven cognitive offloading. Our results demonstrated that the fractional anisotropy (FA) of the fornix
positively correlated with the bias towards using external reminders over internal memory. The FA of the left uncinate
fasciculus (UF) negatively correlated with deviations from optimal reminder use. We did not only replicate previous
findings that the bias in setting up reminders is predicted by under-confidence in correctly executing delayed intentions
with internal memory (e.g. Gilbert et al.l'”)), but also found that this correlation was moderated by the FA of the right
superior longitudinal fasciculus (SLF). We additionally found that the FA of the left cingulum bundle and the bilateral SLF

negatively correlated with the confidence prediction on one’s own task performance.

Previous studies have shown that higher-level metacognitive monitoring relies on information from lower-level cognitive
processes[*?/[461471148] _Our current findings demonstrate that memory-related input might also be crucial for the
metacognitive control process. The fornix, as the output tract of the hippocampus, has been found crucial in mnemonic
functions[“?132]134] Through the connection to the thalamus, the fornix project to the prefrontal cortex (PFC), the hub for
executive functions and metacognition[®111261501[37I(51] The hippocampal-prefrontal interactions are vital for aiding
decision-making, such as via simulating future events based on past experiences!®2/[53]. Kwok and Buckley®*! also
reported the functional role of the fornix in memory-guided exploration. Therefore, the positive correlation between fornix
FA and the bias in using reminders observed in the current study suggests that the prefrontal cortex requires episodic
memories of previous task performance from the hippocampus to engage in the metacognitive control process. This
evidence linking a memory-related tract and adjacent MTL structures to metacognitive behaviors is one of the first and

should open up new questions tackling the hippocampo-cortical cross-talk underlying metamemory processes[55].

The hippocampal-prefrontal communications during metacognitive control and cognitive offloading could also be
evidenced by the correlation between the uncinate fasciculus (UF) and the optimal reminder use. The UF is a white matter
tract that links the anterior part of the hippocampus to the orbitofrontal cortex (OFC) and the rPFC. The UF, through its
connection to the OFC, plays a functional role in error monitoring in object-location associations and attention
states[®°/[56] which is a form of metacognitive monitoring®”[°8l. Additionally, the rPFC was related to the maintenance

and execution of delayed intentions (e.g., Burgess et al.l??]).

Therefore, our findings on the UF imply that individuals who can better maintain and metacognitively monitor
hippocampus-encoded delayed intentions(®! in the prefrontal cortex are more optimal in selecting external reminders over
internal memory. Moreover, in line with previous fMRI investigations?612°] our results also highlight the possibility of a

brain activation pattern shared between metacognitive monitoring and control.

Another important insight into the interaction between metacognitive monitoring and control can be derived from the
moderation effect of the SLF FA on the correlation between metacognitive bias and reminder bias. Our findings revealed
that for participants with lower right SLF structural integrity, the degree of bias in using reminders (i.e., reminder bias) was
more strongly correlated with the degree of under-confidence in their ability to execute delayed intentions using internal
memory (i.e., meta bias) (Fig. 2C). Previous research indicated that right SLF structural integrity positively correlates with

the ability of metacognitive monitoring!®8l. Therefore, the SLF moderation effect here implies that for individuals with lower
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metacognitive monitoring ability, metacognitive signals have a stronger influence on offloading behavior. This seems to
contradict with previous studies reporting a weaker confidence-action link among people with obsessive-compulsive
disorder (OCD) and impaired metacognitive monitoring ability!°°/(6*]. However, a critical difference is that in those studies,
confidence was measured as trial-by-trial local confidence, while in the current study, confidence was measured globally
(Fig. 1C-D), with participants predicting the percentage of delayed intentions they would successfully execute prior to
starting the formal taskl*']. It is possible that people with better metacognitive monitoring ability weigh local metacognitive

signals more heavily than global ones when guiding decisions. Future research is needed to validate this hypothesis.

Our study also highlights the involvement of a frontoparietal network in global confidence. Recent studies have
investigated how global confidence is formed and updated from local confidence!621163]164] Additionally, Rouault and
Fleming!®°] reported that the activity related to local confidence in the ventromedial prefrontal cortex (vmPFC) and the
precuneal activity was stronger when global confidence was lower. Although Rouault and Fleming!®°! found that activity in
the dACC negatively correlated with local confidence and was not modulated by global confidence, Eisenberger et

al.16] discovered that activity in this performance monitoring and error detection region was negatively related to self-
esteem. Our findings suggest that as information is better transmitted along the superior longitudinal fasciculus (SLF)
(linking the inferior parietal lobe and the PFC) and the cingulum bundle (linking the precuneus and the dACC), people
would better monitor their task performance and become more conservative in giving global confidence on upcoming task
performance. Thus, aligning with previous findings, we support the notion for an involvement of a frontoparietal network in

global confidence in another dimension.

To partially address the issue of having a relatively modest sample size of participants, we have employed bootstrapping
methods to increase the robustness of the results. Additionally, we calculated Bayes Factors for all correlations and the
SLF moderation effect. The results indicate that the evidence related to reminder use strategy is moderate, while the
evidence related to confidence prediction is somewhat anecdotal. To draw more definitive conclusions, a large-scale
replication will be necessary in the future. Future research could also explore whether and how aging and gender
influence metacognition-driven cognitive offloading strategies via brain structural connectivity6”1681l6°] Another area for
future investigation is to ask if cognitive offloading could happen in other contexts, by for example including an array of
cognitive offloading conditions. This generalization should then be combined with tractography neuroimaging data to

extend our current neural findings’ generalizability to other contexts and domains.

In conclusion, our findings help identify a previously undocumented temporal-frontal tractography circuit underlying
metacognition-driven cognitive offloading. It provides neural insights into the interaction between metacognitive monitoring

and control, and also between local and global metacognition.

Statements and Declarations

Author Contributions

Qeios ID: MO1FUD - https://doi.org/10.32388/M01FUD 13/18



Q Qeios, CC-BY 4.0 - Article, October 2, 2024

Conceptualization, YZ, SG, SCK, YL ; methodology, YZ, SG, SCK, YL; investigation, YZ, BB, DW, SCK, YL ; formal

analysis, YZ, BB, DW, YyL, SG, SCK, YL; visualization, YZ, BB, YyL, DW, YL.; writing — original draft, YZ, BB, YyL.;
writing — review & editing, YZ, SG, SCK, YL; supervision, SCK, YL ; funding acquisition, SCK, YL.

Acknowledgements

This work received support from National Natural Science Foundation of China (32071060), Jiangsu Provincial

Department of Science and Technology (BK20221267) to SCK; Shanghai Pilot Program for Basic Research-Shanghai

Jiao Tong University (No. 21TQ1400203), Program for Professor of Special Appointment (Eastern Scholar) at Shanghai

Institutions of Higher Learning to YL.

Conflict of interests

The authors declare no competing interests.

References

1

10.

11.

L& bBurgess PW, Quayle A, Frith CD (2001). "Brain regions involved in prospective memory as determined by positron

emission tomography". Neuropsychologia. 39 (6): 545-555. doi:10.1016/50028-3932(00)00149-4.

"Rummel J, Kvavilashvili L (2023). "Current theories of prospective memory and new directions for theory
development". Nature Reviews Psychology. 2 (1): 40—-54. doi:10.1038/544159-022-00121-4.

a.bSimons JS, Schélvinck ML, Gilbert SJ, Frith CD, Burgess PW (2006). "Differential components of prospective
memory?: Evidence from fMRI". Neuropsychologia. 44 (8): 1388—1397. doi:10.1016/j.neuropsychologia.2006.01.005.
"Crovitz HF, Daniel WF (1984). "Measurements of everyday memory: Toward the prevention of forgetting". Bulletin of
the Psychonomic Society. 22 (5): 413—414. doi:10.3758/BF03333861.

a bGilbert SJ, Boldt A, Sachdeva C, Scarampi C, Tsai PC (2023). "Outsourcing Memory to External Tools: A Review of
‘Intention Offloading’. Psychonomic Bulletin & Review. 30 (1): 60—76. doi:10.3758/513423-022-02139-4.

"Risko EF, Gilbert SJ (2016). "Cognitive Offloading”. Trends in Cognitive Sciences. 20 (9): 676—688.
doi:10.1016/j.tics.2016.07.002.

"Gilbert SJ (2024). "Cognitive offloading is value-based decision making: Modelling cognitive effort and the expected
value of memory". Cognition. 247: 105783. doi:10.1016/j.cognition.2024.105783.

"Chiu G, Gilbert SJ (2024). "Influence of the physical effort of reminder-setting on strategic offloading of delayed
intentions". Quarterly Journal of Experimental Psychology. 77 (6): 1295—1311. doi:10.1177/17470218231199977.
"Dupont D, Zhu Q, Gilbert SJ (2023). "Value-based routing of delayed intentions into brain-based versus external
memory stores". Journal of Experimental Psychology: General. 152: 175—187. doi:10.1037/xge0001261.

"Kelly MO, Risko EF (2022). "Studly effort and the memory cost of external store availability". Cognition. 228: 105228.
doi:10.1016/j.cognition.2022.105228.

a.b,c.dgachdeva C, Gilbert SJ (2020). "Excessive use of reminders: Metacognition and effort-minimisation in cognitive

Qeios ID: MO1FUD - https://doi.org/10.32388/M01FUD 14/18



Q Qeios, CC-BY 4.0 - Article, October 2, 2024

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28

offloading”. Consciousness and Cognition. 85: 103024. doi:10.1016/j.concog.2020.103024.

"Eskritt M, Ma S (2014). "Intentional forgetting: Note-taking as a naturalistic example". Memory & Cognition. 42 (2):
2837-246. doi:10.3758/513421-013-0362-1.

"Kelly MO, Risko EF (2019). "The isolation effect when offloading memory". Journal of Applied Research in Memory
and Cognition. 8: 471-480. doi:10.1037/h0101842.

"Sparrow B, Liu J, Wegner DM (2011). "Google Effects on Memory: Cognitive Consequences of Having Information at
Our Fingertips". Science. 333 (6043): 776—778. doi:10.1126/science.1207745.

abpunn TL, Risko EF (2016). "Toward a Metacognitive Account of Cognitive Offloading”. Cognitive Science. 40 (5):
1080-1127. doi:10.1111/cogs.12273.

"Gilbert SJ (2015). "Strategic use of reminders: Influence of both domain-general and task-specific metacognitive
confidence, independent of objective memory ability". Consciousness and Cognition. 33: 245-260.
doi:10.1016/j.concog.2015.01.006.

a,b,c.d.e. T Gjbert SJ, Bird A, Carpenter JM, Fleming SM, Sachdeva C, Tsai PC (2020). "Optimal use of reminders:
Metacognition, effort, and cognitive offloading". Journal of Experimental Psychology: General. 149: 501-517.
doi:10.1037/xge0000652.

"Hu X, Luo L, Fleming SM (2019). "A role for metamemory in cognitive offloading". Cognition. 193: 104012.
doi:10.1016/j.cognition.2019.104012.

"Risko EF, Dunn TL (2015). "Storing information in-the-world: Metacognition and cognitive offloading in a short-term
memory task". Consciousness and Cognition. 36: 61—74. doi:10.1016/j.concog.2015.05.014.

"Boldt A, Schiffer AM, Waszak F, Yeung N (2019). "Confidence Predictions Affect Performance Confidence and Neural
Preparation in Perceptual Decision Making". Scientific Reports. 9 (1): Article 1. doi:10.1038/541598-019-40681-9.
"Frémer R, Lin H, Dean Wolf CK, Inzlicht M, Shenhav A (2021). "Expectations of reward and efficacy guide cognitive
control allocation". Nature Communications. 12 (1): Article 1. doi:10.1038/s41467-021-21315-z.

abBurgess PW, Scott SK, Frith CD (2003). "The role of the rostral frontal cortex (area 10) in prospective memory: A
lateral versus medial dissociation". Neuropsychologia. 41 (8): 906—918. doi:10.1016/S0028-3932(02)00327-5.
"Gilbert SJ (2011). "Decoding the Content of Delayed Intentions". The Journal of Neuroscience. 31 (8): 2888-2894.
doi:10.1523/jneurosci.5336-10.2011.

"Momennejad I, Haynes J-D (2013). "Encoding of Prospective Tasks in the Human Prefrontal Cortex under Varying
Task Loads". The Journal of Neuroscience. 33 (44): 17342—17349. doi:10.1523/JNEURQOSCI.0492-13.2013.
"Landsiedel J, Gilbert SJ (2015). "Creating external reminders for delayed intentions: Dissociable influence on “task-
positive” and “task-negative” brain networks". Neurolmage. 104: 231-240. doi:10.1016/j.neuroimage.2014.10.021.
a.b,c.d.eBolgt A, Gilbert SJ (2022). "Partially Overlapping Neural Correlates of Metacognitive Monitoring and
Metacognitive Control". The Journal of Neuroscience. 42 (17): 3622-3635. doi:10.1523/jneurosci. 1326-21.2022.
"McCurdy LY, Maniscalco B, Metcalfe J, Liu KY, de Lange FP, Lau H (2013). "Anatomical Coupling between Distinct
Metacognitive Systems for Memory and Visual Perception”. The Journal of Neuroscience. 33 (5): 1897—-1906.
doi:10.1523/JNEUROSCI.1890-12.2013.

"Morales J, Lau H, Fleming SM (2018). "Domain-General and Domain-Specific Patterns of Activity Supporting

Qeios ID: MO1FUD - https://doi.org/10.32388/M01FUD 15/18



Q Qeios, CC-BY 4.0 - Article, October 2, 2024

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

Metacognition in Human Prefrontal Cortex". The Journal of Neuroscience. 38 (14): 3534—3546.
doi:10.1523/JNEUROSCI.2360-17.2018.

ab.c.dQjy L, Su J, Ni Y, Bai Y, Zhang X, Li X, Wan X (2018). "The neural system of metacognition accompanying
decision-making in the prefrontal cortex". PLOS Biology. 16 (4): e2004037. doi:10.1371/journal.pbio.2004037.

abYe Q, Zou F, Lau H, Hu Y, Kwok SC (2018). "Causal Evidence for Mnemonic Metacognition in Human Precuneus."
The Journal of Neuroscience. 38 (28): 6379-6387. doi:10.1523/jneurosci.0660-18.2018.

a.bAggleton JP, Wright NF, Rosene DL, Saunders RC (2015). "Complementary Patterns of Direct Amygdala and
Hippocampal Projections to the Macaque Prefrontal Cortex". Cerebral Cortex. 25 (11): 4351—4373.
doi:10.1093/cercor/bhv0189.

& bKwok SC, Buckley MJ (2010). "Fornix transection selectively impairs fast learning of conditional visuospatial
discriminations”. Hippocampus. 20 (3): 413—422. doi:10.1002/hipo.20643.

"Morand A, Segobin S, Lecouvey G, Gonneaud J, Eustache F, Rauchs G, Desgranges B (2021). "Brain Substrates of
Time-Based Prospective Memory Decline in Aging: A Voxel-Based Morphometry and Diffusion Tensor Imaging Study".
Cerebral Cortex. 31 (1): 396—409. doi:10.1093/cercor/bhaa232.

a.bSenova S, Fomenko A, Gondard E, Lozano AM (2020). "Anatomy and function of the fornix in the context of its
potential as a therapeutic target”. Journal of Neurology, Neurosurgery & Psychiatry. 91 (5): 547-559. doi:10.1136/jnnp-
2019-322375.

a. b\etzler-Baddeley C, Jones DK, Belaroussi B, Aggleton JP, O’Sullivan MJ (2011). "Frontotemporal Connections in
Episodic Memory and Aging: A Diffusion MRI Tractography Study". The Journal of Neuroscience. 31 (37): 13236—
13245. doi:10.1523/JNEUROSCI.2317-11.2011.

"Petrides M, Pandya DN (2007). "Efferent Association Pathways from the Rostral Prefrontal Cortex in the Macaque
Monkey". The Journal of Neuroscience. 27 (43): 11573—11586. doi:10.1523/JNEUROSCI.2419-07.2007.

a.bShekhar M, Rahnev D (2018). "Distinguishing the Roles of Dorsolateral and Anterior PFC in Visual Metacognition".
The Journal of Neuroscience. 38 (22): 5078-5087. doi:10.1523/JNEUROSCI.3484-17.2018.

a.bzheng Y, Wang D, Ye Q, Zou F, Li Y, Kwok SC (2021). "Diffusion property and functional connectivity of superior
longitudinal fasciculus underpin human metacognition." Neuropsychologia. 156: 107847.
doi:10.1016/j.neuropsychologia.2021.107847.

"Heilbronner SR, Haber SN (2014). "Frontal Cortical and Subcortical Projections Provide a Basis for Segmenting the
Cingulum Bundle: Implications for Neuroimaging and Psychiatric Disorders". Journal of Neuroscience. 34 (30): 10041—
10054. doi:10.1528/jneurosci.5459-13.2014.

"Shenhav A, Botvinick MM, Cohen JD (2013). "The Expected Value of Control: An Integrative Theory of Anterior
Cingulate Cortex Function". Neuron. 79 (2): 217-240. doi:10.1016/j.neuron.2013.07.007.

a.bBoldt A, Fox CA, Gillan C, Gilbert S (2024). "Transdiagnostic compulsivity is associated with reduced reminder
setting, only partially attributable to overconfidence". OSF. doi:10.31234/osf.io/gf7mr.

"Assaf Y, Pasternak O (2008). "Diffusion tensor imaging (DTI)-based white matter mapping in brain research: a
review". Journal of Molecular Neuroscience. 34: 51-61.

"Johansen-Berg H, Behrens TEJ, Beaulieu C (2009). "The biological basis of diffusion anisotropy". In: Johansen-Berg

Qeios ID: MO1FUD - https://doi.org/10.32388/M01FUD 16/18



Q Qeios, CC-BY 4.0 - Article, October 2, 2024

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

H, Behrens TEJ (Eds.), Diffusion MRI: From Quantitative Measurement to In-vivo Neuroanatomy. Academic Press, pp.
105-126.

"Gilbert SJ (2023). "Cognitive offloading is value-based decision making: Modelling cognitive effort and the expected
value of memory". PsyArXiv. doi:10.31234/0sf.io/5e8mg.

"Fleming SM, Daw ND (2017). "Self-evaluation of decision-making: A general Bayesian framework for metacognitive
computation”. Psychological Review. 124: 91—114. doi:10.1037/rev0000045.

"Nelson, T. O., & Narens, L. (1990). Metamemory: A theoretical framework and some new findings. In G. H. Bower
(Ed.), Psychology of Learning and Motivation (Vol. 26, pp. 125— 173).

"Ye Q, Zou F, Dayan M, Lau H, Hu Y, Kwok SC (2019). "Individual susceptibility to TMS affirms the precuneal role in
meta-memory upon recollection.” Brain Structure and Function. 224 (7): 2407-2419. doi:10.1007/500429-019-01909-6.
"Zheng Y, Recht S, Rahnev D (2023). "Common computations for metacognition and meta-metacognition."
Neuroscience of Consciousness. 2023 (1): niad023. doi:10.1093/nc/niad023.

"Kwok SC, Mitchell AS, Buckley MJ (2015). "Adaptability to changes in temporal structure is fornix-dependent".
Learning & Memory. 22 (8): 354-359. doi:10.1101/Im.038851.115.

AF/eming SM, Maniscalco B, Ko Y, Amendi N, Ro T, Lau H (2015). "Action-Specific Disruption of Perceptual
Confidence". Psychological Science. 26 (1): 89-98. doi:10.1177/0956797614557697.

"Xue K, Zheng Y, Rafiei F, Rahnev D (2023). "The timing of confidence computations in human prefrontal cortex."
Cortex. 168: 167—175. doi:10.1016/j.cortex.2023.08.009.

"Bendor D, Spiers HJ (2016). "Does the Hippocampus Map Out the Future?". Trends in Cognitive Sciences. 20 (3):
167-169. doi:10.1016/].tics.2016.01.008.

"Eichenbaum H (2017). "Prefrontal-hippocampal interactions in episodic memory". Nature Reviews Neuroscience. 18
(9): 547-558. doi:10.1038/nm.2017.74.

"Kwok SC, Buckley MJ (2006). "Fornix transection impairs exploration but not locomotion in ambulatory macaque
monkeys". Hippocampus. 16 (8): 655—663. doi:10.1002/hipo.20195.

"Pan, K., Guo, X., Zheng, Z., Zhu, Z., Wu, H., Zhu, J., ... & Jiang, H. (2024). Disentangling Mnemonic Metacognition
from Confidence by Communication between the Precuneus and Hippocampus. bioRxiv, 2024-02.

"Westlye LT, Walhovd KB, Bjernerud A, Due-Tennessen P, Fjell AM (2009). "Error-Related Negativity is Mediated by
Fractional Anisotropy in the Posterior Cingulate Gyrus—A Study Combining Diffusion Tensor Imaging and
Electrophysiology in Healthy Adults." Cerebral Cortex. 19 (2): 293—-304. doi:10.1093/cercor/bhn084.

"Desender K, Ridderinkhof KR, Murphy PR (2021). "Understanding neural signals of post-decisional performance
monitoring: An integrative review". eLife. 10: e67556. doi:10.7554/eLife.67556.

! Yeung N, Summerfield C (2012). "Metacognition in human decision-making: Confidence and error monitoring."
Philosophical Transactions of the Royal Society B: Biological Sciences. 367 (1594): 1310-1321.
doi:10.1098/rstb.2011.0416.

"Ferbinteanu J, Shapiro ML (2003). "Prospective and Retrospective Memory Coding in the Hippocampus". Neuron. 40
(6): 1227-1239. doi:10.1016/S0896-6273(03)00752-9.

"Seow TXF, Gillan CM (2020). "Transdiagnostic Phenotyping Reveals a Host of Metacognitive Deficits Implicated in

Qeios ID: MO1FUD - https://doi.org/10.32388/M01FUD 17/18



Q Qeios, CC-BY 4.0 - Article, October 2, 2024

61.

62.

63.

64.

65.

66.

67.

68.

69.

Compulsivity". Scientific Reports. 10 (1): 2883. doi:10.1038/541598-020-59646-4.

"Vaghi MM, Luyckx F, Sule A, Fineberg NA, Robbins TW, De Martino B (2017). "Compulsivity Reveals a Novel
Dissociation between Action and Confidence." Neuron. 96 (2): 348—-354.e4. doi:10.1016/j.neuron.2017.09.006.
"Lee ALF, de Gardelle V, Mamassian P (2021). "Global visual confidence". Psychonomic Bulletin & Review. 28 (4):
1233-1242. doi:10.3758/513423-020-01869-7.

"Mei N, Rankine S, Olafsson E, Soto D (2020). "Similar history biases for distinct prospective decisions of self-
performance”. Scientific Reports. 10 (1): 5854. doi:10.1038/541598-020-62719-z.

"Rouault M, Dayan P, Fleming SM (2019). "Forming global estimates of self-performance from local confidence".
Nature Communications. 10: 1141. doi:10.1038/s41467-019-09075-3.

& bRouault M, Fleming SM (2020). "Formation of global self-beliefs in the human brain". Proceedings of the National
Academy of Sciences. 117 (44): 27268-27276. doi:10.1073/pnas.2003094117.

AEisenberger NI, Inagaki TK, Muscatell KA, Byrne Haltom KE, Leary MR (2011). "The Neural Sociometer: Brain
Mechanisms Underlying State Self-esteem”. Journal of Cognitive Neuroscience. 23 (11): 3448—-3455.
doi:10.1162/jocn_a_00027.

"Scarampi, C., & Gilbert, S. J. (2021). Age differences in strategic reminder setting and the compensatory role of
metacognition. Psychology and Aging, 36(2), 172—-185.

"Tsai, P. C., Scarampi, C., Kliegel, M., & Gilbert, S. J. (2023). Optimal cognitive offloading: Increased reminder usage
but reduced proreminder bias in older adults. Psychology and Aging, 38(7), 684—695.

"Xue K, Zheng Y, Papalexandrou C, Hoogervorst K, Allen M, Rahnev D. No gender difference in confidence or
metacognitive ability in perceptual decision making. SSRN Scholarly Paper 4820298. 2023. doi:
10.2139/s5rn.4820298.

Qeios ID: MO1FUD - https://doi.org/10.32388/M01FUD 18/18



	Fornix and Uncinate Fasciculus Support Metacognition-Driven Cognitive Offloading
	Abstract
	Introduction
	Method and Materials
	Participants
	Task Procedure
	Behavioral Indices
	DTI image acquisition
	DTI data processing
	Statistical analysis and code availability

	Results
	Behavioral results
	DTI Tractography and relationship with behavioral indices

	Discussion
	Statements and Declarations
	Author Contributions
	Acknowledgements
	Conflict of interests

	References


