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Abstract

Maintenance of information in working memory (WM) assumed to rely amfreshing
andelaboration, but clear mechanistic descriptions of these dognprocesses are lacking, and
it is unclear whether they are simply two labels the same process. This fMRI study
investigated the extent to which refreshing, elabon, and repeating of items in WM are
distinct neural processes with dissociable behalioutcomes in WM and long-term memory
(LTM). Multivariate pattern analyses of fMRI datavealed differentiable neural signatures for
these processes, which we also replicated in aepemtient sample of older adults. In some
cases, the degree of neural separation within dimidual predicted their memory performance.
Elaboration improved LTM, but not WM, and this b8héncreased as its neural signature
became more distinct from repetition. Refreshindg ha impact on LTM, but did improve WM,
although the neural discrimination of this procesas not predictive of the degree of
improvement. These results demonstrate that refrgsind elaboration are separate processes

that differently contribute to memory performance.
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Highlights

* Repeated reading, refreshing, and elaborationiiezethtiable in brain activation
patterns in both young and older adults.

» Elaboration selectively improved long-term memaryyoung adults, and the
size of the benefit was related to the neural sdpltly of elaboration from other
processes.

* Older adults implemented a sub-optimal form of efalion, and this may be a

factor contributing to age-related deficits in letegm memory.

Ethics statement
The study was approved by the ethical review botte canton of Zurich (BASEC-No.
2017-00190) and all subjects gave informed writensent in accordance with the Declaration

of Helsinki.

Data and code availability statement
All behavioral data and analysis scripts can bessexl on the Open Science Framework
(osf.io/p2h8b/). The fMRI data that support thedfilgs of this study are available on request frben t
corresponding author, LMB. The fMRI data are ndblly available due to restrictions of tiSaiss
Ethics Committees on resear ch involving humans regarding data containing information that could

compromise the privacy of research participants.
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Introduction

Working memory (WM) is a system for holding a ligdtamount of information
available for processing (Baddeley, 1986), wheegasodic long-term memory (LTM) stores
information permanently with presumably unlimitexpecity (Tulving, 1972). WM and LTM are
highly correlated constructs, and models of thelmtron suggest that how information is
processed in WM strongly affects how well it is ntained in LTM(D’Esposito & Postle, 2015;
Eriksson, Vogel, Lansner, Bergstrom, & Nyberg, 2015; Lewis-Peacock & Postle, 2008;
Ranganath, 2006; Ranganath & Blumenfeld, 2005; Ranganath, Cohen, & Brozinsky, 2005;
Crowder, 1982; Melton, 1963; Nairne, 1990, 2002; Cowan, 1995; Oberauer, 2002). Two control
processes on information in WM have been arguedmiribute to encoding in episodic LTM:
refreshing andelaboration (Bartsch, Singmann, & Oberauer, 2018; Camos & Portrat, 2015;
Craik & Tulving, 1975; Gallo, Meadow, Johnson, & Foster, 2008; Johnson, Reeder, Raye, &
Mitchell, 2002; Loaiza & McCabe, 2013). Refreshing is understood as briefly thinking of a
stimulus just after it is no longer physically prasbut while its representation is still active
(Johnson et al., 2002). Elaboration refers tootmg the representation of the stimulus with
knowledge about it, for instance by combining warde a meaningful sentence, or creating a
mental image of a word’'s meaning.

The aim of the present study is to investigatenfig¢ther refreshing and elaboration are
neurally and behaviorally distinguishable procesg8show they affect WM and episodic LTM
performance, and (3) to what extent age differentésese processes are responsible for

memory deficits in older adults.
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Refreshing and elaboration: Behavioral impacts on Wi and LTM

Refreshing has been argued to improve WM (see €atnal., 2018 for a review), but
the evidence for this claim is mixéSouza & Oberauer, 2017; Souza, Vergauwe, & Oberauer,
2018 Bartsch et al., 2018). Further, Refreshing has lokemed to also improve episodic LTM
(Johnson et al., 2002), nevertheless, evidencihi®is also ambiguous (Bartsch et al., 2018).
Currently, there are two experimental approachésvestigate the effects of refreshing on
memory: (a) Instructions to "think of" an item inNyand (b) variations of free time during a
WM task that could be used for refreshing. Botlthelse approaches are subject to an alternative
interpretation: When instructed to "think of" a Wppeople are likely to think of its meaning,
and this could include forming a mental image, anc#lating it to other WM contents — that is,
they could elaborate the word. Likewise, when gifree time, people could use it to elaborate
rather than refresh the WM contents.

Elaboration has been shown to reliably improve@psLTM (e.g. Craik & Tulving,
1975, Gallo, Meadow, Johnson, & Foster, 2008), eagrevidence for a benefit of elaboration
for WM is more mixed: Correlational studies showasitive relationship between elaborative
strategies and verbal WM recélailey, Dunlosky, & Kane, 2008, 2011; Dunlosky & Kane,
2007; Kaakinen & Hyon4, 2007), and some experimental work has shown that semanti
compared to shallow processing of the memoranddsygreater WM recall (Loaiza, McCabe,
Youngblood, Rose, & Myerson, 2011; Rose, Buchsbaum, & Craik, 2014; Rose, Craik, &
Buchsbaum, 2014). Conversely, other work has sHmemefits of semantic processing only for
episodic LTM but not WMLoaiza & Camos, 2016; Rose & Craik, 2012; Rose et al., 2010).
Bartsch, Singmann, and Oberauer (2018) and colésasfoowed that elaboration benefited LTM,

but refreshing did not, and neither elaborationnefnreshing benefited WM.
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Refreshing vs. elaboration: Neural correlates

Table 2 shows an overview of the reported brairegassociated with refreshing
and/or elaboration. Refreshing has been assoaidtBactivity in the left dorsolateral prefrontal
cortex (dIPFC, BA 8/9), and activity in the dIPFQriehg refreshing predicted subsequent LTM
for the refreshed informatiadohnson, Raye, Mitchell, Greene, & Adam, 2003; Raye, Johnson,
Mitchell, Greene, & Johms, 2007; Raye, Johnson, Mitchell, Reeder, & Greene, 2002). A meta-
analysis (Johnson et al., 2005) identified fronéglions, specifically left dIPFC (BA 9/46),
ventrolateral PFC (VIPFC, BA 44/45/47), and the éetterior PFC (BA 10) as associates of
refreshing various stimulus materials.

Although the dIPFC has been suggested to undeflieshing, its activation has also
been shown to predict subsequent LTM in studiedaiforation (or “relational encoding”)
wherein the semantic relationship between two itsnetaborated upon (e.g. Blumenfeld &
Ranganath, 2007). For the ease of the reader, liveeter torelational encoding aselaboration
from now on. The neural correlates of elaboratiamehnot always been specific or limited to the
dIPFC: earlier studies have more generally assetidie lateral PFC with semantic elaboration
(e.g.,Kapur et al., 1994; Wagner et al., 1998) and relational elaboration (e.g., Addis &
McAndrews, 2006; Fletcher, Shallice, & Dolan, 2000; Murray & Ranganath, 2007). Yet,
numerous studies have associated the dIPFC wiborton, showing higher activation in the
dIPFC when people elaborate, and that this actimatlso predicts subsequent memory
(Blumenfeld, Parks, & Yonelinag010; Blumenfeld & Ranganath, 2007; Davachi, Maril, &
Wagner, 2001; Ragland et al., 2012). Collectively, this evidence suggests that elatmmaof the

memoranda in WM is what makes the dIPFC important.TM.
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Despite the neural similarities observed for réfieg and elaboration, there are also
differences, which could be due to genuine diffeesnbetween these processes, or to
dissimilarities in the methods used to study thEeeesses. First, the neural correlates of
refreshing have been studied for single items amily) no instructed elaboration (e.g. Johnson et
al., 2005; Raye et al., 2007, 2002), and this item-specific neural processing wasliped almost
exclusively to left lateral dIPFC. Conversely, eledtion studies have used multiple items, such
as pairs (Blumenfeld et al., 2010) or triplets afrds (e.gBlumenfeld, 2006; Davachi, Maril, &
Wagner, 2001), and localized the associated agtiwithe bilateral dIPFC. Second, the
refreshing studies have relied on incidental enagpdivherein participants are not informed of
the upcoming memory test, whereas the elaboratimhes employ intentional encoding.
Therefore, clarifying the underlying neural pro@ssef refreshing and elaboration requires

greater consistency between the methods usedéstigate them.

Refreshing and elaboration: Age effects

Past research has provided extensive evidencepisddic LTM declines with age (e.g.,
Hoyer & Verhaeghen, 2006; Naveh-Benjamin & Old, 2008; Zacks, Hasher, & Li, 2000), but the
source of the deficit is still under debate. Onewviis that WM maintenance processes and
recruitment of corresponding brain areas declinelder age (Hoareau, Lemaire, Portrat, &
Plancher, 2016; Plancher, Boyer, Lemaire, & Portrat, 2017; Smith, 1980). For instance, it has
been shown that older adults exhibit reduced rbingsrelated brain activity in the left dIPFC
and reduced refreshing benefits for episodic LTMtree to young adults (Johnson, Mitchell,
Raye, & Greene, 2004; Raye, Mitchell, Reeder, Greene, & Johnson, 2008). Another possibility is

that older adults are less likely than younger &didl engage in elaboration, thereby resulting in
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deficient retention (Smith, 1980). For example, sonwork has shown older adults are able to
capitalize on experiment-administered elaborativategies but show deficiencies in generating
elaborative strategies themselves (Rankin & Cqllir®#85, see also Kamp & Zimmer, 2015). A
meta-analysis reported that age-related differemcesibsequent memory are associated with
under-recruitment of the occipital and fusiform tear in older adults, as well as an over-
recruitment of medial and lateral regions of PF@ aarietal lobe (Maillet & Rajah, 2014).

These findings suggest inefficient recruitment @i regions that are important for elaboration,

thereby leading to age-related memory deficits.

The present study

The goal of the present study was to investigatehat extent elaboration and refreshing
are separable processes, given their neural ovaslagell as their similar proposed beneficial
effects for memory. So far, only one study has stigated both processes in one experiment,
and the behavioral results demonstrated that theegses have divergent contributions to LTM
(Bartsch et al., 2018). We aimed at extendingphevious study by not only investigating
whether refreshing and elaboration are distin¢h&wr contribution to WM and LTM formation,
but also whether they are supported by separabi@ha&ctivation patterns. Furthermore, we
aimed to investigate their contribution to agetedamemory deficits.

We applied multivariate pattern analyses (MVYRA., Haxby, Connolly, & Guntupalli,
2014; Haxby et al., 2001; Haynes & Rees, 2006; Lewis-Peacock & Norman, 2014; Norman,
Polyn, Detre, & Haxby, 2006) to fMRI data of youadults and older adults performing the
word list encoding task of Bartsch et al. (2018)isTanalysis approach allowed us to evaluate

whether brain activity patterns associated withegiing items and with elaborating items in
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WM could be differentiated. These neural measur®\then linked to behavioral outcomes on
tests of both WM and LTM. MVPA is especially seivstto detecting fine-grained differences
between neural activation patterns that are n@totighle using conventional analyses
(Kriegeskorte & Bandettini, 2007).

If refreshing and elaboration are two labels fa slame process, then the pattern of
behavioral effects should be similar for WM andLdiM, and the patterns of brain activity
supporting these processes should be indistingoiishi refreshing and elaboration are distinct
processes, they should have different behaviofetesfand separable patterns of neural

activation.

Method

Subjects and general procedure

We recruited 30 healthy, right-handed young addlfsfemalesmean age =24.2, SD =
2.97 years) from the student population of the ©rsity of Zurich as well as 27 healthy, right-
handed older adults from the community (13 femate=an age = 69, SD = 3.47 years). None of
the participants had taken part in our prior st(iBigrtsch et al., 2018). Handedness was
measured through observation of the writing hantbjé&ts were screened for their ability to
undergo a magnetic resonance imaging session.dfontine, they completed the Digit—Symbol
Substitution test (DSS; Wechsler, 1982), serving as an indicator of prdogsspeed, and the
mini-mental-status examinatigMMSE; Folstein, Folstein, & McHugh, 1975) to screen for
cognitive impairment. We ensured that all subjeli8ISE score was above 25. All subjects
performed a WM task while being scanned with aldR1 scanner, and subsequently an LTM

task outside the scanner. The session ended witmpauterized version of a vocabulary test
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(Lehrl, 2005), a marker test for crystallized ihggnce. Table 1 shows the descriptive statistics
of the age differences in our sample, indicatireg thur sample of young and old adults show
typical differences in measures of crystallizeeliigence and processing speed (Li et al., 2004).
The study was approved by the ethical review boatte canton of Zurich and all subjects gave
informed written consent in accordance with thelBedion of Helsinki. The participants were
compensated with either 60 Swiss Francs (about&D)Wr partial course credit for the two-

hour session.

Paradigm

The paradigm is the same as reported in a reagay gBartsch et al., 2018), adapted for
use in the MRI scanner. We asked participantsrteeraber six nouns in serial order (see Figure
1). After list presentation, either the first thrgerds or the last three words were to be processed
again in one of four ways, depending on the expamiad condition. During encoding it was not
predictable which half of the items would have éogoocessed. In threpeat condition the three
words appeared again sequentially on the scredmntharsubjects had to simply re-read them
silently. In therefreshing condition, the to-be-processed words were replagaefreshing
prompts appearing at the same location. The sughyeete instructed to "think of" the
corresponding words as soon as the prompts wekershio theelaboration condition, the three
to-be-processed words were shown again sequentialliige screen, and subjects were instructed
to generate a vivid mental image of the three dbjederacting. The stimuli appearing on the
screen in that condition did not differ from th@eat condition, leaving the instruction to form a
vivid mental image as the only difference betwdesé conditions. Finally, in the combined

refreshing with elaboration condition, the participants had to "think of" therds replaced by
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the prompts, and additionally form a vivid mentabige of those items. Again, the event
sequence of this condition does not differ fromrifeeshingcondition apart from the instruction
to form a mental image. Memory was tested withua-fdternatives forced-choice task, which
we describe in detail below (see section ProceddMogking memory task).

The experiment used a 2 x 2 x 2 x 2 (repeat/refiiegieat, refresh] x elaboration [with
elaboration, without elaboration] x processing ff@ssed triplet, unprocessed triplet] x age
[young adults, older adults]) within-subject, betmeage group design. As in the studies of Raye
and colleagues, we compared instructed refresbiag€peating (re-reading) baseline during the
maintenance phase of a WM task (e.g. Raye et@2)2In the two additional conditions we
instructed participants to elaborate a subseteftdms they held in memory. Elaboration
logically entails attending to the words, eithememory or in the environment. When
elaboration is applied to words just encoded intd Wut no longer presented, it entails
refreshing, whereas when elaboration is appliedd@s while they are presented, it entails (re-
)reading, as in theepeat condition. Therefore, we implemented two elaboratonditions: One
in which words were repeated and elaborated, ardrowhich they were refreshed and
elaborated. Contrasting these two conditions altbugto gauge any unique effects of
elaboration. In addition, this design allowed ugtaluate whether combining elaboration with
refreshing is more effective than either of theomal

How can we measure the effect of refreshing inpawadigm? The Johnson et al. studies
— testing the effect of refreshing on LTM — usepkeat as the baseline, and therefore we
followed their precedent for assessing the effécéfmeshing on LTM. For assessing the effect of
refreshing on WM, theepeat condition is not a suitable baseline becauseoitiged a second

chance for encoding the word into WM. Therefore, assessed the effect of refreshing against
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the baseline used in Souza, Rerko, & Oberauer, gG.5comparison within the memory set
between items refreshed more vs. less) by comp#ragems that were processed in refreshing

trials to the items within the same trial that weae processed further after initial encoding.

Materials
The stimuli were nouns randomly drawn from a pdd@@8 German abstract and
concrete nouns for each subject. The nouns weveebeatthree and 15 letters long and had a

mean normalized lemma frequency of 30.81/milliora{¢h from the dlexdb.de lexical database).
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Procedure

Working memory task. The sequence of an experimental trial is illusttateFigure 1.
The experiment was performed using Presentatiorfitdvare (Version 18.0, Neurobehavioral
Systems, Inc., Berkeley, CA, www.neurobs.com). Silkdo-be-remembered words in each trial
were sequentially presented in boxes from top ttoboon the screen, each for 500 ms. A
processing cue was presented 1000 ms after theméamabry item, indicating whether the first
half or the second half of the list had to be psseel again, and in which way. In the repeat and
elaboration conditions, each word in the to-be-pssed triplet was shown again for 1400 ms,
followed by a 600 ms inter-stimulus interval. Irettefreshing and refreshing-with-elaboration
conditions, each to-be-processed word of a tripket replaced by a refreshing promigH?#)
in its corresponding box, and participants wer¢rutded to "think of" the word in that box. In
the elaboration and refreshing-with-elaborationditbons, participants were additionally
instructed to form a vivid mental image of the threords interacting with each otter.

After processing the words in the cued triplettipgrants' memory for each list item was
tested in their order of presentation using a draditive forced-choice procedure. For each tested
item, four words were presented from which the sctbgould choose the correct word in the
currently tested list position with a button presi§test sets included the following four
response options: the target (i.e., correct) wone, lure from the same triplet of words within

the present list, one lure from the other triplethe present list, and one new word. This choice

! The timing parameters where chosen based onteepip@riment with young adults, which
allowed participants to process the items in edt¢heo4 experimental conditions in a self-paced enod
The mean processing times (PT) where PT = 141%ieirepeat condition, PT = 1491 ms in the
elaboration condition, PT = 1197 ms in the refreghand PT = 1198 ms in the refreshing with
elaboration condition.
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had to be made for each of the serial positionsessively and with a time limit of 2500 ms for
the young and 3500 ms for the older adults pealpasition to ensure controlled timing for the
fMRI image acquisition. We applied this 4-alternatforced-choice recognition task in order to
test both memory for items (i.e., discriminatindvizeen items that have been presented in the
current memory list and new items) and for sendko (i.e., discriminating between the item in
the tested position and other list items). A vdea— 10 second inter-trial interval preceded the
start of each trial.

Within each block of four trials, the same typgadcessing was instructed throughout,
and a screen repeating the instructions of thécp#at condition was shown prior to the
beginning of each block. The order of the conditidocks was randomized between subjects.
Each of the four fMRI runs consisted of four bloctse for each condition (with 4 trials per
block as described above). In total, each subjdbpmed 64 trials across 4 runs, with 16 trials
per condition (repeat, refreshing, elaboration, eaiceshing with elaboration), and 4 trials per
condition per run.

Long-term memory task. After leaving the scanner participants were brougfat a
separate room, where they performed the computkLE® task. We assessed participants’
LTM for the words they had encoded for the WM téstsughout the experiment. To this end,
we presented in each trial the first word of alétifrom one of the studied memory lists. We
asked participants to choose, from four differgatians, the word that had followed the target
word in that triplet. The probe words included toerect word (i.e., which could be either the
word in the second or third position of the targglet for the first prompt, and the fifth or sixt
word for the second prompt), two words from anottsty and a new word. This allowed us to

keep the format of the LTM test very similar to iMM test, and furthermore to compare in each
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trial the memory performance for words from thegessed versus unprocessed triplets. As in
the WM test, the LTM test also provided informatedsout both item memory (i.e., which words
have been presented in the experiment) and regtnemory (i.e., which words have been
together in a triplet). The participants were madeare of the LTM test before the start of the

experiment.

fMRI Data Acquisition and Preprocessing

Whole brain images were acquired with the 3 T philngenia MRI scanner with a 32-
channel head coll, located at the University Hadpdurich, Switzerland. High-resolution T1-
weighted images were acquired for all subjects wiffurbo field echo (TFE) sequence (8ms
time repetition (TR), 3.7ms time echo (TE), 8° fipgle, 160 sagittal slices, 240 x 240 inplane,
1.0mm isotropic). Blood oxygen level-dependent (BMsensitive functional MRI data were
acquired using a gradient-echo, echo planar sequU2® TR, 35ms TE) within a 72 x 70 matrix
(32 transverse slices, 3 mm isotropic).

Following the acquisition of the structural imagisjr MRI acquisition runs were
collected for each subject, in which they performaelD-min block of a six-item WM task with a
processing delay. fMRI data preprocessing (slioeetcorrection and realignment) was
performed with SPM12 (Penny, Friston, Ashburneeld€l, & Nichols, 2011). Subjects’
functional scans were aligned by realigning th&t flolume in each run to the first volume of the
first run, and then registering each image in egaoho the first volume of that run. The middle
functional slice served as a reference for slioeetcorrection. Further, the functional volumes
were co-registered to the T1 anatomical image.péial smoothing was imposed on the data

and the data were analyzed in each subject’s nspiaee, since MVPA is known to capture fine-
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grained patterns in the brain activations, whicluldde blurred by spatial smoothing (e.g.

Brauchli, Leipold, & Jancke, 2019).

Analysis of Behavioral Data

All data and analysis scripts can be assessedec@plen Science Framework
(osf.io/p2h8b/). We analyzed the behavioral datagua Bayesian generalized linear mixed
model (BGLMM) implemented in the R packagtanarm (Stan Development Team, 2018)
following the exact analysis pipeline reported tart8ch and colleagues (20£8Jhe dependent
variable was the number of correct and incorregpoases in each cell of the design per
participant. Correct responses were defined assthgahe target item from the four alternatives.
Therefore, we assumed a binomial data distribygieadicted by a linear model through a probit
link function (i.e., a mixed effects probit regresy. The fixed effects were processing
(processed versus not-processed triplet), rep&aghe(repeated versus refreshed items),
elaboration (with versus without elaboration instion), age (young vs. older adults), and all
their interactions. Following the recommendatiorBafr and colleagues (Barr, Levy, Scheepers,
& Tily, 2013; see also Schielzeth & Forstmeier, 2009), we implemented the maximal random-
effects structure justified by the design; by-participant random intercepts and by-participant
random slopes for the fixed effects excluding agetliese factors were within-subject factors).

In addition, we estimated the correlation amongrémelom-effects parameters. As factor coding,

2 We chose this analysis because it tests the aggt@podel for accuracy data. Analyzing
accuracy data with a linear model (such as ANO\MaY incorrectly assumes normally distributed data i
highly discouraged because it can lead to spuriesidts (e.g., Jaeger, 2008).
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we used the orthonormal contrasts described in &piubrey, Speckman, and Province (2012)

section 7.2) that guarantee that priors affediaalior levels equally. For factors with two levels

as employed here this corresponds to contrastswaitles ofV2/2 and—/2/2. Following
Gelman et al. ( 2013), the regression coefficiergse given weakly informative Cauchy priors
with location 0 and scale 5. We used completelyiméormative priors for the correlation
matrices, so-called LKJ priors with shape parame{@&tan Development Team, 2018).
Bayesian procedures provide posterior probabiigyrithutions of the model parameters
(i.e., the regression weights) that express unogytabout the estimated parameters. The highest
density regions (HDRs) of these posteriors candeel dior statistical inference. A 95% HDR
represents the range in which the true value @rameter lies with probability 0.95, given
model and data (Morey, Hoekstra, Rouder, Lee, &&Magpkers, 2016). If zero lies outside the
Bayesian HDR there is strong evidence for the erts of the corresponding effect. Although
the strength of evidence varies continuously, impsicity we will describe effects as "credible”
if their HDRs exclude zero. We used an MCMC aldomt(implemented in StaiCarpenter et
al., 2017) that estimated the posteriors by samgglarameter values proportional to the product
of prior and likelihood. These samples are gendréit®ugh 4 independent Markov chains, with
1000 warmup samples each, followed by 1000 sangpéasn from the posterior distribution
which were retained for analysis. Following Gelnaaual colleagues (2013), we confirmed that
the 4 chains converged to the same posterior lligioin by verifying that th® statistic —
reflecting the ratio of between-chain variance tthin-chain variance — was 1.01 for all

parameters, and we visually inspected the chamsdiavergence.
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Generation of ROIs

We included voxels within a distributed mask of RGlencompassing frontal, fusiform
and parietal regions — that were previously regbitefMRI studies investigating either
refreshing or elaboration and that had shown sulesggnemory effects and/or significant
activation differences between repeating and rbiingsor elaboration in univariate analyses (see
Table 1 for details). The search for those ROIs peaformed using the neurosynth.org database
and keyword-based search in pubmed.gov. AnatorRiCds were generated using an automated
parcellation method frorRreeSurfer. Briefly, a surface mesh model was reconstruate@dch
subject's brain. Each subject’s surface was them@arcellated based on the folding pattern of
the gyri and sulci. We constructed the combifredtal -fusiform-parietal mask usindsmaths,
encompassing Brodmann areas 4, 6, 8, 9, 10, 4464&nd 47 for the frontal mask, and
Brodmann area 3, 7 and 40 for the parietal masé.flisiform mask consisted of the fusiform

label of theaparc atlas.

Multivariate Pattern Analyses of fMRI Data

MVPA provides greater inferential power than claskunivariate approaches due to its
higher sensitivity at detecting information in na@usignals. As a result, MVPA has led to the
successful within-category decoding of the conteht&/M at an item level (LaRocque, Riggall,
Emrich, & Postle, 2017) as well as the charactédmaof neural representations in different
states of WM Christophel, lamshchinina, Yan, Allefeld, & Haynes, 2018; Lewis-Peacock,
Drysdak, Oberauer, & Postle, 2012; Lewis-Peacock, Drysdale, & Postle, 2015; Rose et al.,
2016). The sensitivity of MVPA was further estabég by a study demonstrating that allegedly

category-selective brain regions detected in urataianalyses of the BOLD signal during the
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delay period of a WM task still carried patternsaofivity associated with another category of
information that was currently relevant for behavicewis-Peacock & Postle, 2012).
MVPA was performed in MATLAB using the Princeton N toolbox

(http://code.google.com/p/princeton-mvpa-toolbd#)e classification algorithm used for this

analysis was a L2-regularized binary logistic regien (predicting one category vs. the others),
that uses Carl Rasmussen's conjugate gradient mation algorithm, with a penalty term of 50.
The classification was performed in the anatomyoddifined ROI (the frontal-fusiform-parietal
mask) defined above. All neural data were high-fii¢tesed with a cut-off of 128 seconds and z-
scored across trials, within runs, before runningR?4. We performed ANOVA-based feature
selection of all active voxels within the ROI arftbse the voxels that individually were able to
discriminate between the four conditions (repeteshing, elaboration and refreshing with
elaboration) significantlyg < .05) over the course of the experiment. Thivamate feature
selection technique has been shown to reliablyewsrclassification accuracy in MVPA of

fMRI (Lewis-Peacock & Norman, 2014). The ANOVA fae¢ selection is a mass-univariate
method that looks for voxels with significant diéaces in mean value across conditions (e.g. A
is different from B C D). This is done using an AM®to test the null hypothesis at each voxel
that the mean voxel value for the experimental @@t is the same. The score is the p-value
which is used for thresholding (e.g., selectingelexvith p < .05for further explanation, see
Pereira, Mitchell, & Botvinick, 2009). To avoid cilarity in the data analysis, feature selection
was performed separately for each iteration ofctiess-validation classifier training algorithm,
using independent training and testing sets in @adition (Kriegeskorte, Simmons, Bellgowan,
& Baker, 2009). For each fold of the cross-validatanalysis within each subject, the classifier

was trained on 3 runs (48 trials, 12 per conditam) tested on 1 run (16 trials, 4 per condition).
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For subjects who did not show successful classifinan the larger ROI, we investigated
whether any of the three subregions could difféa¢athe processes (i.e. frontal, fusiform and
parietal). If this were the case, it would indicHtat at least one of the subregions contributed
more noise than signal to the classification pnabl&€he number of participants for which
subregion selection was used is reported in thellRe3he average number of feature-selected
voxels for young participants was 785.98 (SEM =98pand 1095.3 (SEM = 172.11) for older
participants. The pattern of activity across theseels was used as the input to each

participant’s pattern classifiers.

MVPA — multiple process discrimination

The classification procedure used k-fold crosselaion on the data from the WM task.
Preprocessed fMRI data from each 6-s processingdgoéhree volumes) from the WM trials,
were used for the analysis. As is standard prattid4VPA (Lewis-Peacock & Norman, 2014),
all trial regressors were shifted forward in timeés to account for haemodynamic lag of the
blood-oxygen-level dependent signal (typically mstied as 4—-8 s to peak after event onset). Our
analysis scheme incorporated each functional vol{@oguired over a 2-s TR) as a separate
training event, so that every trial resulted irethevents corresponding to the three prompts to
repeat, refresh or elaborate the memoranda. Eagit @as associated with an array of features
corresponding to BOLD signals in voxels in the R®@ing used.

We derived those three training samples from tmseoutive TRs in the processing
phase of each trial, rather than computing a vausé average of three volumes from each trial,
because there were three unique processing cussnped on each trial (e.g., [ Pony] ...

[ Tooth ] ... [ Coffee ]; see Figure 1). Although these measurements would beadeatly
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correlated due to the sluggishness of the fMRIaighere could be different levels of process
engagement for each of these cues, reflectedferelift voxel-wise activity patterns at each TR,
and thus we wanted the training data to capturgetdédferences. For instance, elaboration by
forming an integrative image is more likely to hapmfter cues to the second and third word to
be elaborated, whereas refreshing can proceedobrnvead individually, so the two processes
might differ in how they evolve over the three seasive cues. Critically, using multiple
(correlated) samples from each trial does not dgfhias the cross-validation analysis which
was used to assess classification accuracy. Thisdguse the training set and testing set were
completely independent. Training on correlated daspould lead to overfitting of the training
data, if anything, which would reduce generalizatio test data.

The k-fold cross-validation scheme (k = 4, for eatthe runs) trained a classifier,
separately for each participant, on the data ofdahe conditions (repeat, refreshing, elaboration
and refreshing with elaboration) from three rund eiren used this classifier to test the data from
the withheld run. This process was repeated umgityerun had been held out for testing.
Following this logic, for each fold of the crosshdation within each subject, the classifier was
trained on twelve trials and tested on four.

The statistical significance of classifier accura@s evaluated by performing
permutation tests on relabeled training data, alheaoss-validation fold, and comparing the
resulting distribution of classifier accuracieghe true (unshuffled labels) classifier accuracy
with a one-sample, one-tailed t-test. This analysieme was performed for the whole ROI and
for the single masks of frontal, fusiform and ptaieegions. Finally, classification performance
was also assessed using receiver operating chasictéROC) curves, which rank the

classification outputs according to their probapiéistimates (from strongly favoring the target
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class to favoring one of the three non-target els)sand chart the relationship between the
classifier’strue positive rate (probability of correctly labeling examples of ttaeget class) and
false positive rate (probability of incorrectly labeling examples bktnon-target class as the
target class) across a range of decision bounddiiesarea under the curve (AUC) indexes the
mean accuracy with which a randomly chosen trigheftarget class could be assigned to their

correct classes (0.5 = random performance; 1.0 = perfect performance).

MVPA — discrimination from repeat

In order to assess how the neural classificaticdh®fefreshing process as well as the
neural classification of the elaboration proce$stes to an individual’s task performance, we
used the repeat condition as a reference. Firsextracted classification scores from repeat and
refresh trials only, using the classifiers thateveained on all four process@$ie same was
done for the perceptually identical conditionseyfeat and elaboration. Once again, we assessed
classifier performance for each binary classifmafproblem using AUC. To evaluate whether
the degree of neural separability between the tiomdirelates to the individuals’ memory
performance, we performed a logistic regressioatired the evidence values from the trained
classifier for the respective condition on eacél i@ the WM outcome of that trial. To increase
statistical power for this analysis, we performatba-parametric bootstrap analysis using data

sampled from all participants (see Lewis-Peacodhed, & Norman, 2016).

Researcher Degrees of Freedom
Analyses of neural data involve many decisions,shen these decisions are informed

by the data to be analyzed, there is a risk theat #re biased in favor of a desired outcome
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(Simmons, Nelson, & Simonsohn, 2011). Some asméaar analysis plan (in particular, the
decision to use an anatomically defined ROI forNhéPA analyses, rather than whole-brain
classification or searchlight analysis) were infethby the data of the young adults. Our

analysis of the older adults’ data, however, usedckact same analysis pipeline as that for the
young adults without any adjustment informed bydlder adults’ data. Therefore, any
convergent finding in both age groups can be thbafjas having been directly replicated in a
different population. For any finding that diffdyetween age groups, there remains an ambiguity
as to whether the divergence reflects a failumepdicate the finding in the young-adult sample,
or a genuine age difference. Resolving this ambjgeiquires a replication of the entire study

with the present analysis plan.

Results

Behavioral Results

We replicated all effects of the young adults régabin a previous study (Bartsch et al.
2018). Figure 2 shows the estimated proportioroafect responses and their corresponding
95% highest posterior density regions for the imiaiedand delayed memory data. The posterior
effect estimates are presented able3 andTable4. A first question was whether our
manipulation of processing half of a memory listl laa effect on memory. The credible main
effect of processing on immediate and delayed mgswpported an effect of our manipulation:
Participants had better memory for items that vpeoeessed again after initial encoding than for
items from the unprocessed triplets (Table3 & Table4 and Figure 2). There was also a main
effect of age, such that older adults showed worsmory performance on tests of both WM and

LTM.
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Working memory performance. We first tested how the effect of refreshing a stilo$
words in WM compares to the effect of repeatedirgpdf these words. This is the comparison
through which Johnson and colleagues evaluatedftbet of refreshing on delayed memory
(Johnson et al., 2002; Raye et al., 2007). There was a main effect of repeat/refresh (Taplbut
with an advantage of repeating over refreshings Timin effect was further qualified by the
two-way interaction of processing and repeat/réfreslicating that repeated words benefited
more from being processed again than refreshedsaidd Nevertheless, a beneficial effect of
processing was found for both repeated words (.34, 95% HDR = [0.31, 0.37]) and refreshed
words A = 0.12, 95% HDR =[0.10, 0.15]). Furthermore, thetor of repeat/refresh interacted
with age, indicating that older adults had a greatlvyantage of repeat over refreshed trials than
young adults. Nevertheless, the repeat-refreshrdifice appeared for both yourng«0.16, 95%
HDR = [0.13, 0.18]) and older adults € 0.09, 95% HDR = [0.06, 0.12]).

The BGLMM revealed no credible evidence for a neffect of elaboration on WM
performance, or for any of the interactions invotyelaboration (see Table 3).

Long-term memory performance. The BGLMM revealed evidence for a main effect of
repeat/refresh on LTM performance, but as with WWire was an advantage for repeating over
refreshing (see Tab®. There was no evidence for any further interaciiecluding the
repeat/refresh factor. Hence, contrary to the figdiof Johnson and colleagues, refreshing did
not lead to better LTM than repeated reading. Nuaiethe above pattern of results also holds for
a lenient score of performance in the LTM task,ntog all responses showing correct item
memory (i.e. the target, same-list items, and eliseitems) as correct responses.

Furthermorethe analysis of the LTM data revealed evidenceafointeraction of

elaboration with age (see Talle Follow-up analyses of the interaction revealet &
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beneficial effect of elaboration appeared onlyyfloung (A = 0.05, 95% HDR = [0.02, 0.06]), but
not older adultsA = -0.01, 95% HDR = [-0.04, 0.3]). In sum, memorgsibetter for trials with
instructed elaboration than for those without, dmily for the young and not the older adults. The
above evidence speaks for an age-dependent bahefiect of elaboration on LTM that is lost

in older age.

To summarize, our results provide no evidence rfioeféect of refreshing on LTM for
either age group; instead we replicated the benefit of elaboratior®M but only for young
adults.

MVPA Results

Young adults

Repeat vs. Refresh vs. Elaborate vs. Refreshing with Elaboration.

The classification scores for each individual wewaverted to a sensitivity score,
accounting for both hits and false alarms, by caimguhe area under the ROC curve (AUC) for
the four-way classification. For 24 of the 30 sulgeclassification of repeat, refresh, elaborate
and refreshing-with-elaboration processes was sgbdg(i.e., significantly better than chance
with p <.05) in the predefined anatomical R®lx(c = 55.92 % Dauc = 3.48%, see Figure
3a). Data from the six remaining subjects were rthe&ess included in the subsequent analyses,
because excluding them would artificially restttot range of classifier accuracy values that we
used as predictors of behavior. The majority ofdhigjects (N = 19) showed classification in the
whole mask of frontal-fusiform—parietal regionsgdhe remaining subjects (N = 5) showed
good classification in the individual regions oétiwhole mask (Frontal: N = 3, Fusiform: N = 1,
Parietal: N = 1). Notably, whole-brain classificatiwas less successful than this ROI-based

approached (Myc = 54.79% Dauc = 2.69%, i.e., significantly better than chancéwp < .05).
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The confusion matrix in Figure 3c depicts the fregies for all classifications of each of the
four conditions, including which misclassificatioage more frequent than others. The matrix
reveals that the conditions are overall well digtiand if anything, the condition of refreshing

with elaboration seems more similar to the visuatiyivalent refreshing condition.

Linking neural classification to memory performance

Refresh vs. Repeat

The classifier evidence values for refresh andaepeents were extracted from the four-
way classifier and the resulting classificationresdfor each of the 30 individuals were
converted to a sensitivity score, accounting fahldots and false alarms, by computing the area
under the ROC curve (AUC) for thefresh vs.repeat classification. The mean classifier AUC
for separating re-reading from refreshing was 0.7/= .060, chance = 0.500). We performed
a logistic regression relating the evidence vafoeshe two processes on each trial to the WM
outcome of that trial, and applied non-parametaotbtrapping using data sampled from all
participants, in order to increase statistical pofwethis analysigEfron, 1992; Lewis-Peacock
et al., 2016) On each bootstrap iteration (n =Q0)030 participants were selected at random,
with replacement, and their data were combinedargonglesupersubject for fixed-effects
analysis. The stability of these effects acrosgeiftions was analyzed to assess population-
level reliability. For refreshing trials, WM outc@mvas operationalized in two ways: (1) as a
binary outcome variable of whether thefreshing processing benefit (defined as the contrast
between processed and not-processed triplet) ®trial was larger or smaller than the mean

repeat processing benefit of this individual and (2) as a binary outcomeiafale of whether there
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was arefreshing processing benefit. None of the analyses revealed a significantiozahip
between WM outcome variables and neural sepanaflit ps > 0.31).

In summary, these results indicate that althougkagng items benefited WM
performance more than refreshing did, the neurdépaseparability of these processes was not

predictive of the size of this benefit.

Elaborate vs. Repeat

The classifier evidence values for elaborate apdatevents were extracted from the
four-way classifier and the resulting classificatgcores for each of the 30 individuals were
converted to an AUC sensitivity score for the efab®vs. repeat classification. The mean
classifier AUC for separating repeating from elaion was 0.591 (SD = .090, chance = 0.500).
To assess how the neural classification of theoedlon process relates to an individual’s task
performance, we again used the repeat conditi@raference. We performed a logistic
regression relating the evidence values for eldlmorgrelative to repeat) on each trial to the
memory performance of that trial. Elaboration hadehavioral effect on WM, but instead
showed a benefit for LTM. Therefore, our analysisulsed on the behavioral contrasts in the
LTM accuracy data: LTM outcomes were operationdliae a binary outcome variable of
whether thgrocessing benefit of this eaboration trial was larger or smaller than the meegpeat
processing benefit of this individual. As shown in Figure 4a, strongeural evidence for
elaboration was related to a larger elaboratiorefseim LTM ( = 1.12, p=.005). There was no
such relationship for WM outcome £ 0.2, p=.449). The more elaborating on stimulswa
neurally distinct from merely repeating those slinthe larger its beneficial effect on LTM

beyond simply re-reading the words.
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Older Adults

Repeat vs. Refresh vs. Elaborate vs. Refreshing with Elaboration.

The same analysis pipeline for the four-way probietie young adults was
subsequently applied to the independent sampl& ofder adults. For 17 subjects the
classification ofepeat vs. refresh vs. elaborate vs. refreshing with elaboration was significantly
above chance in the in the predefined anatomicas R@th a mean classifigkUC of 0.5414
(SD =0.033, see Figure 3c). This result indicates tafour processes were neurally separable
also in older adults, yet a smaller proportion lofeo subjects showed successful classification of
the processes (1277; 63%), compared to the young adult group (24/380%). To gauge the
strength of evidence for an age difference in di@asion success we carried out a Bayesian t-
test comparing the AUCs of young adults to thosel@ér adultsthis test returned an ambiguous
Bayes Factor of 1.25, meaning that there is neghiglence for nor against an age difference in
the data. .

Most of the older adults with above-chance claszifon (N = 13) showed good
classification in the whole mask of frontal—fusiferparietal regions, and the remaining subjects
(N = 4) showed good classification in the individtegions of the whole mask (Frontal: N = 2,
Fusiform: N = 2). Data from the ten subjects foliahithe cross-validation classification
accuracy was not significantly above chance weventleeless included in the subsequent
analyses. As for the young adults, we also lookdédeaconfusion matrix for the classification in
older adults. Figure 3d depicts the frequencieslficelassifications of each of the four

conditions, including which misclassifications anere frequent than others. The matrix reveals
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that compared to the young adults, there were mmiselassifications, such that the visually

equivalent conditions of refreshing and refreshiriidp elaboration were frequently confused.

Linking neural classification to memory performance

Repeat vs. Refreshing

Equivalently to the analysis of the young adultta] the evidence values for refresh and
repeat events were extracted from the four-waysiflas, and the resulting classification scores
for each of the 30 individuals were converted geasitivity score, accounting for both hits and
false alarms, by computing the area under the R@@qAUC) for the refresh vs. repeat
classification. The mean classifier AUC for sepaigate-reading from refreshing was 0.578 (SD
=0.062, chance = 50%). We performed a logisticaggjon relating the evidence values on each
trial to the WM outcome of that trial and applieshrparametric bootstrapping using data
sampled from all participants. As in the young &luhere was no significant relationship
between either of the two WM outcomes (refresh beredative to repeat benefit, or refresh
benefit alone) and the neural separability of #feesshing and repeating processes (both ps >
0.38).

In summary, these results replicate the findinghéyoung adults showing that although
repeating items benefited WM performance more te&eshing did, the neural pattern

separability of these processes did not predicsithes of this benefit for the older adults.

Repeat vs. Elaborate
The mean classifier AUC for separating re-readimgifelaborating was 0.57 (SD =

0.058, chance = 50%). We performed a logistic &gjom relating the evidence values on each
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trial to the WM and LTM outcome of that trial anpjpied non-parametric bootstrapping using
data sampled from all participants. Just as irytheng adults, elaboration had no behavioral
effect on WM, but in contrast to the young adthe, older adults also showed no benefit of
elaboration on LTM. Furthermore, an individual'assifier evidence score for elaboration
(relative to repeat) was unrelated to WM perforneameeasured by thebabor ation-minus-

repeat benefit (B = -0.04, p=.847). As shown in Figure 4b and intcast to young adults, there

was also no relationship to LTM performance, intkdeby the same contragt£ -0.09, p=.71).

Discussion

The goal of the present study was to investigatehat extent elaboration and refreshing
are separable processes, given prior reports ofribaral overlap as well as their similar
proposed roles for WM and LTM. We aimed at investiigg whether refreshing and elaboration
are distinct in their contribution to WM and LT Mrfoation, whether they elicit separable neural
activation patterns in fMRI, and how they relatage-related memory deficits. We compared
the neural and behavioral results of these prosdssa control condition of re-reading
(repeating) the words during the delay-period @M task. In the following, we discuss the
effects of refreshing and elaboration on WM and LaiMl we argue that these processes are

distinct and have distinct consequences on menenf@ipnance in young and old adults.

Are refreshing and elaboration distinct processes?
If refreshing and elaboration are two labels f@a slame process, then the pattern of
behavioral effects should be the same for WM antlTov, and the patterns of brain activity

supporting these processes should be indistingoiishin the present study, in a combined mask
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of a priori brain regions from frontal, temporahdaparietal lobes, we found successful
differentiation of brain activity associated wittpeated reading, refreshing and elaboration
processes in a majority of the subjects. This Heauidence supports the assumption that
refreshing and elaboration are implemented witlirdisneural processes. In line with this
differentiation, we also showed that the combineadition of refreshing with elaboration was
discriminable from brain activation patterns in ttker three conditions. Hence, combining two
distinct processes resulted in a differentiabledthieural state. As indicated by the AUC and
further supported by visual inspection of the ceidn matrix, the conditions of refreshing and
elaboration were less frequently confused with edbbr than with the other conditions. This is
additional evidence towards the distinctivenesthe$e processes. Further, as discussed in detail
below, refreshing and elaboration resulted in distbehavioral effects on tests of WM and
LTM.

For a minority of subjects, the neural signaturesaanot classifiable significantly better
than chance. There are three possible reasonsd®e subjects to be non-classifiable: First, this
null result could mean that refreshing and elabomadre actually not different in these subjects.
Second, it could be that these subjects were assifiable in our ROI but recruited other brain
regions for the processes instead. Finally, thabgests’ data could have included more noise,
making it hard for the classifier to detect thensig
Analysing the pattern of activity across voxelsha ROI including regions in frontal, parietal
and temporal cortex is one way of assessing prdegstdifferences in network activity. Future
studies could extend our findings to further diigiate the neural implementation of working
memory maintenance processes, for instance by meggshe functional connectivity patterns

implemented during the different maintenance preeg¢Cohen et al., 2017).
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How does elaboration affect WM and LTM?

The elaboration process can be distinguished frameme-reading by the accompanying
distributed patterns of fMRI activity in task-rebawt regions of the brain. Whereas elaboration
showed no benefit for WM, it did facilitate LTM germance for young but not older adults.
Accordingly, in young but not older adults, the desggof neural separability of repeating vs.
elaboration was positively related to the individualaboration benefit in LTM: Greater
separation between the neural processes of regeatthelaboration was associated with larger
LTM benefits of elaboration within subjects (Figute By contrast, the present results confirm
prior studies showing that elaboration had no bem¢kffect on WM. Our findings thereby fail
to provide experimental support for the conclugimm previous studies which found that
higher WM performance on complex-span tasks wa®lated with individuals’ use of
elaboration strategies such as imagery and sengamazation (Bailey, Dunlosky, & Hertzog,
2009; Bailey et al., 2008, 2011; Dunlosky & Kane, 2007). This discrepancy could be duéhe t
present study using a simple-span paradigm andqu®yvesearch relying on complex-span
tasks. Alternatively, the correlation reported re\pous studies might not reflect a causal effect
of elaboration on memory — rather, participants Wwhee good memory have more information

in memory to elaborate on.

How does refreshing affect WM and LTM?
We replicated the behavioral findings from Bartstlal. (2018): Refreshed items were
remembered better in a WM test than not-refrestegds, but repeating items benefited WM

performance even more than refreshing.We furth@icaged the lack of a LTM benefit for
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refreshed compared to repeated items, which siaramtrast to previous fMRI studies (e.g.
Raye, Johnson, Mitchell, Greene, & Johnson, 2006 explanation for this could be the use of
larger set sizes in the current study and in Bar&dal (2018): Raye and colleagues asked their
participants hold just one or two items in WM dgrirefreshing, whereas in our studies, the
subjects held six items in WM, refreshing thre¢haim. Still, the processing benefit in WM
indicates that the subjects were able to engageocess that was beneficial to their memory
performance. If this refreshing benefit arises tigtothe build-up of LTM traces, we should have
observed a refreshing benefit to LTM for the preeebvs. non-processed words as well, but this
was not the case. Therefore, we conclude thatstgfig merely temporarily prioritizes the

refreshed items in WM over the not-refreshed items.

How do refreshing and elaboration contribute to ageelated memory deficits?

A second goal of the present study was to investighether refreshing and elaboration
and their impacts on memory are preserved in @datlts. As in our young adult sample, the
three processes of repeating, refreshing, and elabo were neurally distinguishable in the
predefined mask of frontal, parietal and fusifoegions for a majority of the older adults
(Figure 3c). The comparison of these processesdad\confirmatory evidence that, like young
adults, older adults engaged these processesatiifferbut as in young adults, their degree of
neural separability did not relate to subsequent pévformance.

There were hints in our data — albeit not backedthtistical support — that elaboration
and refreshing were less distinctive in old thagaaong adults. The proportion of non-
classifiable subjects was larger in the sampldddgroadults (10 of 27, 37%) than young adults (6

of 30, 20%). Further, the confusion matrix revdateore confusions between the conditions for
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older compared to young adults, especially reggrtherefreshing with elaboration condition.
This might indicate that the older subjects engayenlarly in those visually equivalent
conditions, (a) either by ignoring the additionastruction to also form a vivid mental image at
least in some trials of thefreshing with elaboration condition or (b) by also forming a mental
image in the refreshing condition.

Assuming less distinctive maintenance processekliadults would be in line with
previous research suggesting a reduced distin@sgeaf neural representations in older adults.
Age has been associated with a decline in segoggatibrain networks (e.@amoiseaux, 2017,
Lorist, Geerligs, Renken, Saliasi, & Maurits, 2014; Morcom & Johnson, 2015), which further has
been related to worse cognitive performarndeaf, Park, Savalia, Petersen, & Wig, 2014; Wang
et al., 2010). In the context of the memory systémas been shown that older adults’
representations in the visual cortex are less geeand this reduced precision was correlated
with poorer subsequent memory performance (Zheag,62017). Yet, a recent study (Carp,
Gmeindl, & Reuter-Lorenz, 2010) suggests a moreptexpicture, showing reduced
distinctiveness of visual cortical representationslder adults only at encoding— a condition
similar to the repeat condition of the present gtudvhereas the distinctiveness of maintenance-
related responses in prefrontal and parietal regitapended on the memory load. At low loads,
older adults showed higher distinctiveness thamgeuadults, and at high loads, this pattern
reversed, with higher distinctiveness in young eduih the present study, some older adults
might not have been classifiable due to their gaheless precise neural representations
contributing to more shared and imprecise activagiatterns across the four conditions. The
behavioral analyses revealed that, like young adaltier adults benefited from processing the

items again in the refreshing condition, compacethé not-processed items, as shown in



DISSOCIATING REFRESHING AND ELABORATION 35

evidence against an interaction of age with thea#pefresh by processing interaction (see Table
2). Using a similar paradigm to the present stwdth cues directing refreshing to a subset of the
memoranda after encoding, a recent study (Loai&oé&za, 2019) confirmed that older adults
are able to focus attention on no-longer percepta@hilable representations in WM, a critical
component of refreshing, in conditions without distion.

Similar to the young adults, refreshing had nodbé€on LTM in older adults. This
replicates the age-group specific findings of Joinn@004), who also found no LTM benefit in
older adults when comparing refreshing to re-regqdiefreshing was identified as an
independent process, however, as it was neurgigrable from both re-reading and elaboration.
As refreshing was not related to LTM performanegrein the young adults, we conclude that
deficits in refreshing are not responsible for &1 deficit in older adults either. We directly
replicated this behavioral finding in recent woBa(tsch & Oberauer, 2019).

The results on elaboration show that the fMRI ¢faess were able to differentiate mere
re-reading from elaborating in the older adultg(ffé 3c&d). However, there was no LTM
benefit of elaboration in older adults, whereas #ifect was robust in the young group (Figure
2). We argue therefore that most of the older adiit perform some mental manipulation in the
elaboration condition that was different from mezeeading, but whatever it was did not affect
their LTM performance. These results are in linthwieelaboration deficit hypothesis (Smith,
1980): When they have to generate their own elaioms (here mental images), older adults do
not benefit in the same way as young adults douhmost recent work, we directly replicated
this finding of an elaboration deficit in LTM ofaér adults (Bartsch & Oberauer, 2019).

Taken together, our results provide evidence tieatTM deficit of older adults might

arise at least in part from a deficit in the praceselaboration. Future research should
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investigate whether age-related LTM deficits carctmpensated for byroviding richer
representations — such as images or even sentifrate®ntain or describe the to-be-
remembered stimuli — rather than having the oldeitagenerate the mental images, which they

might find difficult to do.

Conclusion

Our study revealed that the processes of repeageting, refreshing, elaboration, and
refreshing with elaboration are differentiable maib activation patterns in both young and older
adults. Elaboration can be neurally distinguishredhifmere reading. While it had no impact on
WM, elaboration did improve episodic LTM for youadults, and the size of the benefit was
related to the neural separability of elaboratibime more differentiated elaboration was from re-
reading, the more elaboration benefited LTM. Intcast to the young adults, older adults'
episodic LTM did not benefit from elaboration, ewbough this process was neurally separable
from reading. This suggests that older adults imgleted a sub-optimal form of elaboration, and

this may be a contributing factor to age-relateficds in LTM.
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Tables

Table 1 Sample Description (means (and standard deviations))

Age Group Age DSS

vocabulary

Younger 24.13 (2.99) 68.45 (12.10)

Older 69 (3.54) 46.93 (10.06)

73.5 (15.35)

84.21 (18.92)
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Table 2 ROIswith their corresponding BAs and references of previous reporting in univariate analysesin

the literature.

Label

sub region

BA

Labeled region reported in

frontal

inferior frontal

middle &
superior frontal

44,4547

416’
8,9,10,46

Johnson et al., 2005;

Johnson, Mitchell, Raye, & Greene, 2004;

Raye, Johnson, Mitchell, Greene, &
Johnson, 2007;

Raye, Mitchell, Reeder, Greene, &
Johnson, 2008

Blumenfeld, 2006;

Blumenfeld, Parks, & Yonelinas, 2010;
Kim & Giovanello, 2011; Murray &
Ranganath, 2007

parietal

3,7,40

Johnson et al., 2004;

Kim & Giovanello, 2011;

Murray & Ranganath, 2007,

Raye, Johnson, Mitchell, Reeder, &
Greene, 2002;

Raye et al., 2007, 2008

fusiform

19, 37

Murray & Ranganath, 2007,
Raye et al., 2008
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Table 3 The posterior effect estimates and the¥ $IDRs of the generalized linear mixed model for

binomial response variables for the immediate bereanory data.

mean
parameter on 95% HDR
probit scale
(Intercept 0.0¢ [-0.01, 0.19
processing 0.44 [0.38, 0.49]
repeat/refresh -0.23 [-0.26, -0.19]
elaboratiol 0.01 [-0.C3, 0.0
age -0.29 [-0.44, -0.15]
processing * repeat/refresh -0.30 [-0.35, -0.26]
processing * elaborati -0.04 [-0.0¢, 0.(1]
repeat/refresh * elaborati -0.02 [-0.07, 0.02]
age *processin 0.01 [-0.07, 0.0]
age * repeat/refresh 0.09 [0.04, 0.14]
age * elaboratic 0.05 [0.00, 0.1
processing * repeat/refresh * elabora 0.0z [-0.02,0.08]
processing * repeat/refresh * -0.05 [-0.11,0.07]
processing * elaboratic* age 0.02 [-0.0%, 0.0¢]
repeat/refresh * elaboration * ¢ -0.06 [-0.1Z, 0.0(]
processing * repeat/refresh * elaboration * 0.0C [-0.0¢, 0.0¢]

Note. Credible effects, defined as HDRs excluding zare,printed in bold.
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Table 4 The posterior effect estimates and theif®bIDRs of the generalized linear mixed model for

binomial response variables for the delayed merdats.

mean
parameter on 95% HDR
probit scale
(Intercept) -0.29 [-0.38 -0.25]
processing 0.06 [0.01, 0.1]
repeat/refresh -0.05 [-0.09, -0.01]
elaboratiol -0.04 [-0.09, 0]
age -0.06 [-0.11, -0.01]
processing * repeat/refre -0.04 [-0.09, 0.02]
processing * elaborati -0.01 [-0.07, 0.05]
repeat/refresh * elaborati 0.05 [-0.01, 0.11]
age * processir 0.03 [-0.03, 0.09]
age * repeat/refre: -0.05 [-0.11, 0.01]
age * elaboration 0.08 [0.01, 0.14]
processing * repeat/refresh * elabora -0.03 [-0.12, 0.05]
processing * repeat/refresh * ¢ 0.05 [-0.03, 0.14]
processing * elaboration * a 0.05 [-0.04, 0.13]
repeat/refresh * elaboration * ¢ -0.04 [-0.13, 0.05]
processing * repeat/refresh * elaboration * -0.04 [-0.15, 0.08]

Note. Credible effects, defined as HDRs excluding zare,printed in bold.
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Figure 1 Illustration of the immediate memory paradigm. Subjects were shown a list of six
words sequentially, followed by either the first or second triplet being processed according to the
four experimental conditions. The trial ended with a recognition test in which each list item was
tested in their order of presentation using a 4-alternative forced-choice procedure. The grey panel
shows the repeating condition with an example of the first triplet being processed. The red panel
shows the refreshing condition, here for the second triplet to be processed. The blue and purple
panels show the elaboration and refreshing with elaboration condition, respectively, which were
preceded by the instruction to form a mental image, but which were equivalent in the visual input to
the respective conditions without the elaboration instruction.
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Figure2 processing benefit in the WM (upper graph) and L{Iddver graph) tas. The blue symbols an
error bars represent estimated processing beregiids their 95% HDRs from the BGLMM for 1
conditions with elaboration, the grey symbols repré the same for the ones without elaboratide. T
crosses represent the observed means. Bheitap indicates that the model adequately dessrih:
data. e red line represents the point of no differenc@erformance between the processed an
unprocessed triplet.
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Figure3 A Regions of interest for anals include voxels in frontal cortex, fusiform gyrusicaparieta
cortex (see MethodsR and C Classifier for Repeat vs. Refreshing vs. Elaboratis. Refreshing-with-
Elaboration in young and older adults, respectiv@coding as indicated by the classifier AUC fuoz t
subjects. The error bars indicate the standard.&rand E Confusion matrix of the classifier accuracy
for classifiers trained on Repeat vs. Refreshind=laboration vs. Refreshing-with-Elaboration irugg
and older adults, respectively. Chance performénae0.25.
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Figured. Neural evidence for elaboration predicts elabhondbenefit in younger adul On eactof
10,000 bootstrap iterations, a logistic regressimmuated the classifier evidence for elaboratietative
to repeat) to the LTM elaboration benefit (relatiseepeat) across each trial. The result from each
bootstrap is visualized with a single blue linej #ime mean is depicted in white.



