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       Abstract 

Which factors determine how well information held 
in working memory (WM) can later be remembered 
from long-term memory (LTM)? Prior behavioral 
work (presented at CCN 2024)  from our lab 
suggests that active WM retrieval (WM-”testing”), 
particularly when retrieving information that has 
been deprioritized in WM, can enhance 
subsequent LTM performance; similar to the 
well-known “testing-effect” in LTM research. 
However, the neural mechanisms underlying these 
effects remain unknown. Here, we used fMRI to 
study which neural signatures of WM processing 
predict later LTM performance, so-called 
"subsequent memory effects" (SMEs). Using a 
dual-retro-cue paradigm to manipulate attentional 
priority in WM, we replicate key behavioral effects 
from our prior work and address the underlying 
neural mechanisms in ongoing fMRI analysis. 
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Introduction 

Which aspects determine if information processed in 
WM becomes durable in LTM? One possibility is that 
WM functions as a gateway to LTM and that processes 
like attentional prioritization or retrieval within WM 
influence whether information integrates with long-term 
storage (e.g., Fan & Turk-Browne, 2013; Griffin & 
Nobre, 2003; McCabe, 2008). In this context, a 
long-standing question in contemporary WM research 
is how WM contents survive temporary deprioritization 
— a phase that may offer a critical window in which 
WM contents make contact with LTM. Several models 
propose that deprioritized (i.e., unattended) WM 
information is offloaded into “activated” LTM (Cowan, 

1999; Oberauer, 2002; Beukers et al., 2021). 
Competing accounts suggest that information could be 
stored in short-term synaptic (“activity-silent”) engrams 
(Stokes, 2015) or is outsourced to other brain regions 
(Christophel et al., 2017). A small number of 
behavioral studies (e.g., Jeanneret et al., 2023; 
LaRocque et al., 2014; Mao Chao et al., 2023; Strunk 
et al., 2019) have investigated how WM prioritization 
affects LTM retention. However, findings have been 
mixed (Hartshorne & Makovski, 2019): while some 
studies report enhanced LTM for prioritized items, 
other work suggests improved LTM for information 
moved outside the “focus of attention” (Oberauer, 
2002; e.g., Rose et al., 2014). Thus, whether and how 
attentional prioritization affects subsequent LTM 
remains subject to debate, especially when it comes to 
linking neural activity during attentional 
(de)prioritization to LTM outcomes. In our prior 
behavioral work, we show that overt WM retrieval 
(“WM testing”), particularly from a deprioritized WM 
state, benefits LTM (Born & Spitzer, 2024). This 
suggests that retrieval in WM may function similarly to 
the well-known “testing effect” in LTM literature 
(Roediger & Butler, 2011).  
Here, we build on these behavioral findings by asking: 
What are the neural substrates of WM (de)prioritization 
that predict subsequent LTM retention? To this end, we 
will examine SMEs to assess how strongly neural 
activity during a dual retro-cue WM task is predictive of 
subsequent LTM recall. 
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Methodology 

We conducted an fMRI experiment with n = 26 
participants (scanning is ongoing; n = 40 planned). 
The experiment consisted of two stages: (1) a WM 
task using oriented real-world objects in a dual 
retro-cue paradigm (Fig. 1a), and (2) a subsequent 
surprise LTM test for the objects’ orientation. 
Tasks and procedures. In the WM task (Fig. 1a), 
participants memorized the orientation of two objects 
per trial. A retro-cue then indicated which of the two 
objects would be tested (via a continuous orientation 
report) after delay 1 (12s). Following delay 1 and WM 
test, a second retro-cue indicated the same or the 
other object to be recalled after delay 2 (9s). In this 
design, during delay 1, one item is prioritized and the 
other deprioritized (LaRocque et al., 2014). After the 
WM task, in the subsequent surprise LTM test, 
participants recalled the orientations of all previously 
seen WM samples (without scanning; using 
continuous reports). Neuroimaging data collection. 
We collected whole-brain anatomical and functional 
data using a 3T Siemens Magnetom TrioTim MRI 
scanner  (isotropic   3 mm3, Time Repetition = 750 ms). 
Planned neuroimaging analysis. We will focus our 
analysis on the cued WM maintenance periods (delay 
1 & 2) (see Fig. 1a). To capture the fine-grained 
temporal dynamics of (de)prioritized WM storage, we 
will estimate the neural activity at each time point and 
relate these to subsequent LTM performance. We will 
examine SMEs, an approach that is widely used in 
fMRI research to link trial-by-trial variability in neural 
activity during WM processing to subsequent LTM 
performance (Axmacher et al., 2008; Kim, 2011; Paller 
& Wagner, 2002). The dependent variable in our SME 
analysis will be the absolute angular error in LTM 
recall. We will perform a regression-based SME 
analysis separately for prioritized vs. deprioritized 
items in WM. The analysis will specifically focus on 
regions-of-interest (ROIs) in the occipital cortex, LOC, 
and IPS previously implicated in visual  WM 
processing (Harrison & Tong, 2009; Huang et al., 
2024; Kwak, 2022; Mackey & Curtis, 2017), as well as 
on medial temporal areas associated with LTM 
encoding (Kim, 2011; Paller & Wagner, 2002; Xue, 
2018). Alongside SME analyses, we will use 
multivariate pattern analysis  (MVPA) (Kriegeskorte et 
al., 2006) to track and characterize the representation 
of prioritized and deprioritized WM contents during 
delay 1 & 2. 

Behavioral Results and Conclusions 

Figure 1b shows the mean errors (absolute angular 
difference from the sample orientation; note inverted 
y-axis) of participants’ reports in the WM task. As 
expected, WM accuracy was highest (i.e., smallest 
error) for the first-cued items, which had been 
prioritized during delay 1 [Attended: M = 13.17°, SE = 
1.33°]. Accuracy was lower for WM samples cued 
second in the dual-retro-cue paradigm, particularly for 
samples that were deprioritized during delay 1 
[Unattended: M = 29.25°, SE = 2.84°]. Attended items 
were recalled with significantly higher accuracy than 
both attended-repeat [t(24) = -13.70, p < .001] and 
unattended items [t(24) = -8.83, p < .001]. The 
difference between attended repeat and unattended 
items was not significant [t(24) = -1.74, p = .094]. As 
expected, participants’ LTM reports (Fig. 1c) were 
overall considerably less accurate than their previous 
WM reports [LTM: M = 60.56°, SE = 3.10°; WM: M = 
22.93°, SE = 1.95°; t(24) = -13.71, p < 0.001]. 
Critically, preliminary data replicate a WM-”testing” 
benefit: probed WM items were better remembered in 
LTM than unprobed ones (M = 71.88°, SE = 3.11°; all p 
< 0.01). Moreover, like in our previous work 
(double-blind review), ‘deprioritized’ samples (cued 
second and recalled only poorly in WM) paradoxically 
showed the highest LTM accuracy [Attended Repeat: 
M = 55.38°, SE = 4.08°; Unattended: M = 52.18°, SE = 
4.14°] compared to prioritized items [Attended: M = 
62.79°, SE = 3.40°]. 
In sum, this (smaller) fMRI sample replicates our key 
behavioral finding from a large online sample (n = 
450): a robust 'WM-testing effect', particularly for 
content that had been temporarily deprioritized in WM. 
The results complement existing LTM-”testing” 
literature by suggesting a similar retrieval practice 
benefit for overtly retrieved WM content. In our 
(ongoing) fMRI analysis, we anticipate replicating 
well-established SMEs, linking neural activity during 
encoding to subsequent memory performance. 
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Figure 1: Behavioral paradigm overview and 
behavioral WM and LTM results. a) Dual-retro-cue 
WM task. b) WM Performance (left) and LTM 
performance (right). Red dots and dark blue numbers 
represent means; grey dots, individual participants. 
Violin outlines illustrate the distribution over 
participants using kernel density estimation. Dashed 
horizontal lines mark ceiling (0°) and chance-level 
performance (90°).  
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