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Abstract

Prospective memory (PM) refers to the ability tmeenber to execute an intention at
the appropriate moment in the future, which campé&dormed either at the appearance of an
event (event-based, EBPM) or after a certain amofinime (time-based, TBPM). PM is
generally impaired during aging but the cerebrdisttates of this decline have been little
investigated. Using functional Magnetic Resonanoading (fMRI), we investigated the
neural bases of PM in 20 young and 20 healthy cddieits. They were proposed a task of
semantic categorisation of pictures (ongoing takkj.some blocks, participants only had to
perform this ongoing task while, for others, a Ph\truction was added. In this case, a
supplementary answer in response to a specifiaicalbborder for EBPM or at specific time
intervals for TBPM was expected. PM, and more paldirly TBPM, declined in older adults.
For both PM conditions, older adults recruited &ddal brain areas, but also showed
reduced deactivations of other regions. These teesné discussed in light of models of the

aging brain.
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Introduction

Prospective Memory (PM) refers to the ability tonember to execute an intention at
the appropriate point in the future (McDaniel andskein 2000). Retrieval of an intention
could be triggered by the appearance of an evaliedevent-basedPM (EBPM), or after a
certain amount of time has elapsed, catiete-based®M (TBPM; Einstein and McDaniel
1990). Retrieval in PM is thought to rely on auttim@rocess (i.e. spontaneous retrieval)
when the prospective cue is salient or focal, wtienongoing task is little demanding, or
when the PM cue and the intention are stronglytedldGuynn et al. 1998; McDaniel and
Einstein 2000). In all other situations (prospestioue not salient or non-focal, highly
demanding ongoing task, prospective cue and imtentteakly or not related), PM may
rather rely on controlled processes such as stcategnitoring. Studies assessing the effect
of age on PM report discrepant results (Henry eR@04; McDaniel and Einstein 2011 for
reviews) that may be attributed to the differenitmaolvement of automatieersuscontrolled
processes according to the tasks. Thus, the agdePM decline may be more pronounced
in conditions in which controlled processes aretipaarly required (Craik 1986).
Interestingly, TBPM may be more affected by agingnt EBPM (Craik 1986; Einstein et al.
1995; Park et al. 1997). The greater reliance dirsgated processes and difficulties for
older adults to strategically monitor the time hde=n proposed to account for this greater
decline in TBPM (Einstein et al. 1995; Mantyla &t 2009). Interestingly, the age-related
variability in PM performance seems largely relateaxecutive functions (Gonneaud et al.
2011; Kliegel et al. 2003; Matrtin et al. 2003), ainidepend on the integrity of frontal areas
that are also particularly sensitive to the effedtage (Kalpouzos et al. 2009).
The neural substrates of PM were mostly exploregbimg adults using EBPM paradigms.
Studies highlighted the involvement of the rospe¢frontal cortex (RPFC), whose lateral

part is activated, contrasting with the deactivatal the medial part (Burgess et al. 2001,



Burgess et al. 2003; den Ouden et al. 2005; Sirebat 2006; Rusted et al. 2011; Benoit et
al. 2012; Barban et al. 2013; Beck et al. 2014;Bagess et al. 2011; Cona et al. 2015 for
reviews). According to the Gateway Hypothesis (Bssget al. 2007), the deactivation of the
medial part of the RPFC and the activation of dterdal part reflect the shift of attentional
focus from external stimulation (i.e. ongoing tagk)internal thoughts (i.e. maintenance of
the intention). The involvement of other regions;lsas the precuneus, the parietal lobe, the
anterior and posterior cingulate cortex, the terapoortex and the insula has been frequently
reported but the role of these different region®M remains unclear (Burgess et al. 2011).
The handful of studies using TBPM paradigms revkgleater involvement of the prefrontal
cortex (Momennejad and Haynes 2012; Okuda et 8i72@onsistent with the hypothesis of
a higher requirement of self-initiated processesnduTBPM (Craik 1986). Oksanen and
collaborators (2014) pointed out that prefrontdhaty (i.e. reflecting monitoring processes)
in TBPM, contrary to EBPM, was not sustained bulyamansient during clock-checks,
probably reflecting the involvement of anticipat@ignning processes. In a previous study in
young adults, we directly compared the neural satet of EBPM and TBPM and showed
that they share a common neural network (i.e.yaitin of the posterior frontal and parietal
cortices, deactivation of the medial RPFC) but diswe specific features reflecting the
different strategies used to perform each task.sThee reported higher involvement of
posterior cortical areas in EBPM, reflecting vissaarch of the cue, and higher activity in the
dorsolateral prefrontal cortex and the cuneus/pregs, reflecting time estimation processes
in TBPM (Gonneaud et al. 2014).

Only a few studies were conducted in older additisusing almost exclusively on
EBPM. Studies using event-related potentials (ERBst 2011 for review), provided mixed
results, some of them showing changes in brairvigctin older adults (West and Bowry

2005), while others did not (Mattli et al. 2011)nlp one ERP study focused on TBPM and



highlighted changes in older adults over prefroatalas, as well as a posterior-anterior shift
in the distribution of the P3 wave, related to lowaecuracy (Cona et al. 2012). This result is
in line with previous studies showing increaseavagtin frontal regions in aging, associated
with reduced activity in occipital areas, as ddssxliin the Posterior-Anterior Shift in Aging
model (PASA, Davis et al. 2008). Other models hheen proposed to explain the age-
related functional changes in aging, either in high a compensatory hypothesis, as the
HAROLD model (Hemispheric Asymmetry Reduction in [@dr adults; Cabeza 2002), or
not, like in the dedifferentiation hypothesis (Baltand Lindenberger 1997; Reuter-Lorenz
2002; Reuter-Lorenz and Lustig 2005 for reviews)olwhather suggests difficulties for older
adults to use specific and selective neural sulestrto execute a cognitive task. Another
feature of the aging brain that could be criticalRM is the difficulty of older adults to
deactivate some areas when performing a cogniéisk (Hafkemeijer et al. 2012; Lustig et
al. 2003). This may be particularly relevant coesiag the importance of the deactivation of
the medial RPFC in PM. Actually, a difficulty tosgingage the medial RPFC in PM would
indicate that the decline of PM may be due, attleapart, to a difficulty to shift their focus
from external events (i.e. ongoing task) to theteinal thoughts (i.e. maintenance of an
intention).

Only two studies assessed directly the effectgofgaon PM. Gao et al. (2014) found
increased brain activity during EBPM, notably inorftal and parietal areas, in the
supplementary motor area and fusiform gyrus, asagah the precuneus. Nonetheless, small
samples size, difference in education level betwgenps, as well as the characteristic of the
task (i.e. highly salient cue) make difficult thengralization of this result. Recently, Peira et
al. (2016) showed, in older adults, reduced peréoree in conditions with high demands on

prospective and working memory, subserved by abilihato recruit PM-related brain areas.



In this context, our study aimed unravelling thena¢ substrates of EBPM and TBPM
maintenance in older adults, using fMRI. To do a® used an fMRI task previously
validated in young adults for being able to dististp between EBPM and TBPM
maintenance substrates (i.e. target checking ante testimation respectively). We
hypothesized that both the dysfunction of the fmbmortex and a difficulty to deactivate
some brain areas (notably the medial RPFC) wouldeswe the age-related impairment of

PM, this one being probably greater for TBPM thanEBPM.

Material and Methods
Participants

Twenty healthy young (aged from 18 to 35) and 2@lthg older (aged from 51 to 76)
community dwelling adults were enrolled in thisdstTable 1). All participants had normal
or corrected-to-normal vision, were French-natipeakers and right-handed, according to
the Edinburgh inventory (Oldfield 1971). All indduals had at least seven years of
schooling and the two groups were matched forghrameter. We ensured that they did not
have any antecedent of neurological or psychiatisorders. In addition, older participants
were screened for cognitive deficits with the Midiental State Examination (MMSE;
Folstein et al. 1975) and the Mattis dementia gaioale (Mattis 1976) and only those who
had normal score$ (27 and> 136 respectivelyyvere included. The study was approved by
the regional ethics committee (CCP Nord Ouestdhyl all participants gave their written

informed consent prior to participation.

fMRI tasks



The PM task has been fully detailed elsewhere (@aud et al., 2014) and was inspired by
the design devised by Reynolds et al. (2009), feajua succession of short blocks with
different instructions.

General procedure and ongoing tadRarticipants had to complete blocks of a semantic
categorisation task of pictures (called hereafterdngoing task) and, for some blocks, a PM
instruction was added (see below). Three experiaheobnditions were implemented:
ongoing task only (OG-only), EBPM and TBPM. A fduondition was used to assess the
retrospective component of EBPM, but will not beeleped in the present paper. Before the
scanning session, subjects were trained to eactlitmonin order to avoid failures due to
misunderstanding of the procedure during the fMégiston (Gonneaud et al. 2014; Reynolds
et al. 2009; see also Simons et al. 2006). FuraitidtR|l data were acquired in three runs,
each of them containing one block of the four cbads (i.e. OG-only, EBPM and TBPM, as
well as the retrospective component of EBPM coadjti As a result, three blocks of each
condition were proposed. The order of presentatbreach condition was randomized
between runs. After the scanning session, a defgievas proposed to assess participants’
strategies or difficulties during the tasks.

Pictures were displayed within a 280 x 280 pixelitevtsquare, bordered by a 20-pixel
coloured line. The border colour changed randonetiyvbeen pictures and could be of nine
different colours. In each condition, were alsoptiiged a digital clock in the upper right-
hand corner (necessary for the TBPM condition) andorefinger-category association
reminder at the bottom of the screen, to avoid faryre due to the difficulty to remember
the correct answer keys.

As a whole, subjects were asked to classify 480urgbictures as “natural” or “manmade”
items. Each block was composed of 40 picturessabgects had to rate 12 blocks of pictures

(including 3 blocks assessing the retrospective pmrant of EBPM, not addressed here).



Each block was built as follows (Fig. 1): an instran inviting participants to categorise
items as “man-made” or “natural” was first displdy@n the screen during 8 seconds. After
the instruction, participants were asked to prospely judge their ability to complete the
block on a five-point scale, from very badly to ywewell. The question remained on the
screen during 8 seconds. This metamemory measwsenatapart of the PM task but was
used to introduce a delay between PM instructiors the beginning of the ongoing task,
minimizing the possibility for the subject to maimt the instruction in their working memory
(McDaniel and Einstein 2007). After the 8 secondsl lelapsed, a fixation cross was
displayed for 1 second, followed by a block of A@ls. For each trial, pictures remained on
the screen for two seconds, followed by a mask (@edom black and white draughtboard
delineated by a multi-coloured border) for one wo tseconds. Participants were asked to
answer as quickly and accurately as possible whétleeitem displayed was “man-made” or
“natural” by pressing with their forefingers. Hailf the participants had to press right for
man-made items and left for natural ones. Respkege were reversed for the other half of
participants. Answers were recorded during the whohl (picture + mask). The order of
presentation of pictures was entirely randomisadden individuals. After the 40 trials, they
were asked to evaluate retrospectively their paréorce for this block on the same five-point
scale than before (from very badly to very welljteA 8 seconds, a fixation cross appeared
and a new block began.

PM tasks.Both groups were instructed that we were also @sted in their ability to
remember doing something in the future (Fig. 1)n€&muently, for some blocks, instructions
required to give an additional answer, using thddbe-finger (the right one for half of the
participants, the left for the other half), in reape to a specific item/time interval. In the
EBPM condition, participants were asked to pregsh e additional button when they saw a

specific colour of border (e.g. press for blue leoydin the TBPM condition they had to press



with their middle-finger every 30 seconds. To de TTBPM task, the participant had at their
disposal the digital clock, displayed in the uppght corner of the screen in each condition.
Such a choice allowed us to ensure that compatetween TBPM and EBPM was not
biased by activity due to the press of an additidndton to check a hidden clock, the
maintenance of an additional key-answer associatiomo the additional visual stimulation
in TBPM. This was particularly relevant regardingley adults’ difficulties in executive
functioning, notably in their abilities to manageiltiple tasks. To minimize the impact of the
presence of the clock, it was displayed in the upjht-hand corner of the screen so that
subjects needed to voluntarily direct their lookntonitor time. Debriefing questionnaires
(not shown) allowed us also to ensure that subphdteiot look at the clock during the whole
experiment as they reported, especially young @paints, having monitored the clock in a
classic “J-shaped” frequency (a little at the bagig and more often at the end). A total of
five PM answers were expected by block. For PMgyriboth the PM and the ongoing task
answers were required. No order of answer was igtpts the participants, first to avoid,
with such a stringent instruction, any additionadtcthat we noticed in the pretesting phase of
this work, especially for older subjects (see dlde et al. 2013). To better control for visual
stimulation between blocks, the clock was displayeithe three conditions (even in OG-only
and EBPM) and the colour border of pictures chargs@veen trials, even in OG-only and
TBPM conditions. To mimic the fact that the pictue rate and the cue in the EBPM
condition always appeared jointly, the end of tle seconds intervals in TBPM always
coincided with the appearance of a new trial. Coselg, to mimic frequency of TBPM, in
the EBPM condition the cue appeared once per 3fhsisdnterval, but not every 30 seconds
to avoid strategies based on predicting the timappearance of the cues. We acknowledge
that the presence of the digital clock on the stréaring the entire experience is not the

optimal way to assess TBPM and the presence ofctbek, even in the peripheral



environment, may be considered by some as an EB#M tather than a TBPM one.
Consequently, the following results should be takat caution regarding this alternative

view and will be discussed in this sense later.

fMRI data acquisition

Two scanning sessions were performed on a 3T BhHlighieva scanner (Eindhoven, The
Netherlands). During the first session, a T1-wedhMRI scan was acquired (3D-T1-FFE
sagittal, TR = 20 ms; TE = 4.6 ms; flip angle = ;1080 slices; slice thickness = 1 mm;
matrix = 256x256; acquisition voxel size = 1x1x1 fyollowed by a high resolution T2-
weighted anatomical image (2D-T2-SE sagittal, SENg&&Hor = 2; TR = 5500 ms; TE = 80
ms; flip angle = 90°; 81 slices; slice thicknes2 smm; matrix = 256x256; acquisition voxel
size = 2x1x1 mrf) and a non-EPI (Echo Plannar Imaging) T2-Star enD-T2 Star-FFE
axial, SENSE factor = 2; TR = 3509 ms; TE = 30 rhig; angle = 90°; 70 slices; slice
thickness = 2 mm; matrix = 128x128; acquisition ebgize = 2x2x2 mr). In the second
acquisition, a non-EPI T2-Star image, similar te #natomical session’s one, was acquired.
Functional data were then acquired using an irdedd 2D T2-Star EPI sequence designed
to reduce geometrical distortions and magneticeqtgality artefacts (2D-T2 Star-FFE-EPI
axial, SENSE factor = 2; TR = 2600 ms; TE = 30 rhig; angle = 80°; 46 slices; slice
thickness = 3.0 mm; matrix = 80x80; acquisition elosize = 2.8x2.8x3.0 min266 volumes
per run). Three runs of functional imaging werewaaf during the session. The first six

volumes of each run were discarded to control fagnetic saturation effects.

Behavioural data analysis

To assess the effects of aging on the differeneexyental conditions, analyses of variance

(ANOVAs) were conducted on accuracy and reactiomes. First, to determine whether
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young and older adults were as accurate in ansgv&iPM items for EBPM and TBPM, a 2

x 2 ANOVA was conducted on correct responses toiteMs (i.e. presses of middle-finger)
with group (young vs older) as between-subjecttofaand nature of the PM task (EBPM vs
TBPM) as within-subjects factor. For TBPM, answ&ese considered as correct if they were
made during the trial corresponding to the targeet(i.e. during the picture or the mask).
Second, we assessed PM interference effect onnilp@ngy task by comparing accuracy and
reaction times for the semantic categorisation teskeen the conditions without PM (OG-
only) and those in which an intention was added REEBand TBPM). To do so, 2 x 3

ANOVAs with group (young vs old) as between-sulgdeictor and condition (OG-only vs

EBPM vs TBPM) as within-subjects factor were conddcboth on the percent of correct
answers to ongoing items and reaction times (oofycbrrect answers) in each condition.

Tukey's HSDpost hoccomparisons were performed when applicable.

fMRI data processing and analysis

fMRI data were analysed using SPM 5 () implememtellatlab7.4 (Mathworks Inc., MA).
Preprocessing was conducted as follows: EPI data wleecked to ensure the absence of
artifacts and realigned with the first volume oé thirst run. Then, to control for geometric
EPI distortions, the mean EPI image was coregidterdgo the non-EPI T2-Star volume of
the functional session, the non-EPI T2-Star volwine functional session was coregistered
onto the anatomical one, the non-EPI T2-Star voluhéhe anatomical session was then
coregistered onto the T2 image, and finally thevblume was coregistered onto the T1
image according to the procedure described by Mill&t al. (2010). T1 was
segmented/normalized on the Montreal Neurologioatitute (MNI) template and resulting
parameters were applied to the coregistred T1,HE®hI2-star volumes and EPI images.

Finally, EPI images were smoothed using an 8-mm MAGhussian kernel.
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A General Linear Model was used to assess the teffefc group (young vs older) and
experimental condition (OG-only vs EBPM vs TBPM).d first level (individual analysis),
each trial (picture + mask) was specified indivitiyanstructions, questions and errors were
modeled as regressors of no interest. An eventekldesign has been used so that, for each
participant, main effects were estimated for OGyprEBPM and TBPM conditions,
specifying the onset and the full duration of eveigls of the conditions (ongoing items and
PM items) conducing to a correct answer. Corregpoases on OG items and on PM items
were modeled separately at the first level. For ilvhs, both correct ongoing answers and
correct PM answers were required. Finally, to aotdar potential differences in response
times between conditions, response times for etain were added in the model as a
parametric modulator.

In a second, group-level analysis, OG-only, EBPM aBPM for both groups were entered
in the same model, allowing comparisons betweenrh eaandition, group and their
interaction. First, we wanted to highlight, in thider group, the neural substrates of each PM
condition, independently from each other. To dossitractions between each PM condition
and the OG-only condition were performed. Secondadsess age-related changes in PM
activity, interactions between group (young vs aad condition (OG-only vs PM) were
assessed for EBPM and TBPM separately. In additieninteraction between group (young
vs old) and the nature of the PM task (EBPM vs TBRMs assessed to evaluate age-related
changes in EBPM and TBPM specificities. When aaraxttion was foundhost-hocanalyses
were conducted extracting BOLD signal values fraamsheregion and using Tukey's HSD
tests. Finally, to determine whether the relatigmdietween brain activity and performance
was comparable or not between the young and okléicipants, interactions between Group

and BOLD signal values were assessed. Then, cboreddbetween BOLD signal values and
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accuracy on PM items were conducted, focusing enotber group, to determine whether
brain activity observed can predict their PM parfance.

Statistical maps were thresholdedoat 0.001 uncorrected at the voxel level and a mihima
cluster size was calculated using 3dClustSim
(http://afni.nimh.nih.gov/pub/dist/doc/program_h&ipClustSim.html)  to obtain a
significance level corrected for multiple compansoThus, the probability of false positive
for the entire functional volume was < 0.05, as estimated by Monte Carlo simulations,

resulting in a minimum cluster-size of 69 voxels.

Results

Behavioral results

Accuracy and response times are reported in Tabl¥le reaction times were normally
distributed, accuracy scores were not. Consequemtigparametric statistics were used to
assess the effects of group and condition on acgw®ores, using Kolmogorov-Smirnov and
Wilcoxon tests for between-group and within-grougmgarisons, respectively. As results
from nonparametric analyses (data not shown) anghpetric analyses (ANOVAs followed
by post-hocanalyses when applicable) were similar, we decitbeghresent results from
parametric analyses only, both for simplifying drmnogenizing the presentation of results.
Concerning PM tasks, the comparison of correctgae®f middle-finger in each condition
revealed a main effect of group, with younger adaibre accurate than the older orfgs 4s)

= 27.56;p < 0.001n%partial = 0.42), no main effect of conditiof({,3s)= 2.58;p = 0.12%partial

= 0.06) and a marginal interaction between the flwetors E1.38) = 3.87;p = 0.06;n%partial =
0.09). As the interaction was close to the sigaifice threshold and given oar priori
hypothesis of a greater effect of age on TBPM caeghéo EBPM, Tukey’'s HSIpost hoc

comparisons were conducted. These analyses shoWwatd dider participants were
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significantly less accurate than younger individuar TBPM ¢ < 0.001) but not for EBPM
(p = 0.13). The effect of condition was not signifitan younger adultsp(= 0.99), while
older participants tended to perform better for EBfRan TBPM (p = 0.07).

To assess the interference of PM on the ongoinky ®NOVAs were also conducted on
correct answers for ongoing items in each condi{o®-only vs EBPM vs TBPM). This
analysis revealed a main effect of grofp. sy = 15.20;p < 0.001;n%parial = 0.29), @ main
effect of condition F(,76) = 9.40; p < 0.001;n%uaria = 0.20) and a significant interaction
between both factorsF(,76) = 5.7; p < 0.005;n%artia = 0.13). Tukey's HSDpost hoc
comparisons revealed that the younger group outpedd the older one on the ongoing
items for EBPM and TBPM conditionpg< 0.01), but not in the OG-only conditiop €
0.99). While the younger group had similar perfongcein each conditiorpg = 0.99), older
adults were less accurate on the categorisatidnitaEBPM and TBPM compared to the
OG-only condition fs< 0.001), with no difference between EBPM and TB@M 0.99).

A similar analysis on response times also revealsthin effect of groupH1,38)= 20.45;p <
0.001;n%artial = 0.35), a main effect of conditiofr§,76) = 80.27;p < 0.001;1n%partia = 0.68)
and a significant interaction between these fadBgsrs) = 8.42;p < 0.001;n%partia = 0.18).
Tukey's HSDpost hoccomparisons showed that the older group tenddx tslower in the
OG-only condition p = 0.07), and was also slower in TBPM and EBPd8 € 0.001).
Finally, younger adults were significantly slower the EBPM condition than in the two
other conditions (OG-only and TBPNbs < 0.001), without any speed difference between
these two latterp( = 0.37). For older adults, response times werevesldn EBPM than
TBPM (p < 0.05), and slower in both PM conditiorsnpared to the OG-only on@q <
0.001). These results indicate that maintainingngntion has a cost on the execution of the

ongoing task, especially in older adults.
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fMRI data

Neural substrates of EBPM and TBPM in young adults

Patterns of brain activity for EBPM and TBPM in ymuhealthy adults are fully described in
a previous paper (Gonneaud et al. 2014), and thehsubstrates highlighted in the present
study (using a different statistical model, inchglinotably a second group of participants)
were very similar to those reported in the inisahdy. Briefly, adding an intention to the
ongoing task led in both conditions (i.e. conjuotanalyses; data not shown) to increased
activity in frontal, parietal and occipital regiors well as in the insula, together with a
deactivation of medial areas, notably the medidF®&Rhe precuneus, the left angular gyrus
and the right middle temporal pole. In additiontedt comparison of EBPM and TBPM
conditions in young participants revealed that pefsterior cortical areas were more involved
in EBPM, while the right dorsolateral gyrus, cuneusl the left cerebellum regions were

more activated in TBPM.

Neural substrates of EBPM and TBPM in healthy olalults

PM conditions were first compared to OG-only (castrOG-only minus PM condition’) to
highlight brain areas deactivated during PM. Irgéngly, in older adults, no region was
deactivated in PM relative to OG-only, neither EBPM nor for TBPM.

The reverse contrasts (‘PM conditions minus OG-pmivealed that adding an intention led
to increased activity in a large set of brain areadilateral set of regions including the
cuneus, extending to the lingual and middle ocaipgyri, the middle frontal cortex
extending to parietal regions, the insula and taamus, was significantly more activated
during EBPM than OG-only (Fig.2, left panel).

As for TBPM, higher activity relative to the OG-gritondition was found, bilaterally, in the

lingual gyrus extending to the middle occipital @yr the superior and inferior parietal
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lobules, and the insula. Frontal activations wdse #ound in the middle and superior gyri
(Fig.2, middle panel).

Finally, no difference was found between EBPM aBiPW conditions (Fig.2, right panel).

Interaction between age and PM

First, an analysis assessing the differential eidé@age on the EBPM vs OG-only conditions
revealed an interaction in the left middle and trigifierior frontal, left superior occipital, left
superior temporal, bilateral supplementary mot@aaiprecentral regions, right paracentral
lobule and the precuneus. Extracting BOLD signdlles from each cluster highlighted that,
compared to young participants, older adults shomadh more activation in some clusters
and much less deactivation in the others (Fig.3reévspecifically, older adults exhibited a
significant increase in activity during EBPM comgarto the OG-only condition in the
bilateral supplementary motor area, left inferindaight middle frontal, superior parietal and
occipital cortices. These differences were not nkegkin young participants, suggesting that
the older group recruit additional brain regionsick are not specific to the task. The left
precentral region showed also a significant inaedisring EBPM compared to OG-only in
the older group, but the increased activation wae aignificant in the younger group,
suggesting in this case a higher recruitment adviait regions in older participants. In a
second group of regions, including the precunebs, left middle temporal and right
paracentral lobule, a significant decrease of agtim EBPM compared to OG-only was

found in the younger group (i.e. deactivations},rmt in the older group.

A similar analysis assessing the differential dffet age on TBPM vs OG-only
conditions revealed an interaction in the rightcpreeus and bilateral supplementary motor

area. Patterns of brain activity were similar tos#h highlighted in EBPM (Fig.3) with
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regions showing in the older group more activitghe TBPM than in the ongoing condition
(supplementary motor area) and regions with noifseggmt deactivation during TBPM (right

precuneus) compared to young participants.

Finally, no interaction was found when assessimgdifferential effect of age on the

EBPM vs TBPM conditions.

Correlation between PM performance and brain atgiun older vs younger adults

The results reported above suggest that, in oldigltsa maintenance of an intention is mainly
associated with the activation of additional brameas and difficulties to deactivate other
regions. To better understand the relationship é&etw functional activity and PM
performance, accuracy scores were correlated welnnBOLD signal values extracted from
the clusters we found to be more activated in tderayroup, those that older adults failed to
deactivate, and regions commonly activated by yoamg) older adults. No interaction was
found on PM accuracy between Group (yows@lder) and BOLD signal values, regardless
of the region assessed. Finally, no significantedation was found, in older adults, between

EBPM or TBPM accuracy and the level of activitythe regions previously described.

Discussion
Using fMRI, we investigated in older adults the rasubstrates of botbvent-based
(EBPM) andtime-based(TBPM) prospective memory. Our data mainly reveade age-
related impairment of PM, more specifically for TBPand the recruitment of additional
regions in older adults for PM maintenance togettitr difficulties to deactivate some brain

areas.
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Behavioural data revealed a decline of PM in olaults compared to young ones,
more pronounced for TBPM. The greater sensitivitf BPM to the effects of age, in line
with most of the previous reports (Einstein et H95; Park et al. 1997), is particularly
interesting because, in the present study, thecovalitions have been made as similar as
possible, differing only on the kind of strategiomitoring of the environment that should be
engaged (check for the appearance of a non-foeabctor the appropriate time to answer, in
EBPM and TBPM conditions respectively). This suggésat, in these conditions, the TBPM
task required older participants to engage morkirséhted processes (Craik 1986). More
specifically, TBPM may engage more self-initiatetdgesses than EBPM, despite the fact
that, in conditions where TBPM and EBPM tasks ave made as similar as possible, the
reverse pattern could be observed (see for exaf@plmeaud et al., 2011). Furthermore,
older individuals demonstrated a higher cost ofirsglén intention on both accuracy and
response times for the ongoing task (i.e., “nattirmhn-made” judgment) compared to
young adults. In this latter group, a slowdown veady observed in EBPM. Because in
TBPM the moment of retrieval is predictable, stgagemonitoring was judged to be only
transient and less costly (Gonneaud et al. 201dh).tlke older group, this cost of PM was
observed on both accuracy and response times,lamustaequivalent in EBPM and TBPM.
It suggests that strategic monitoring is partidylaostly for older participants who also,
unlike young patrticipants, did not benefit from thredictability of the TBPM intention and
had greater difficulties to monitor time. This seeto be in line with reports obtained during
the debriefing session proposed just after the fkéRk. Indeed, young participants reported
both automatic retrieval and constant monitoringh@ same proportion (50/50) for EBPM
while the majority of them reported a differentaségy in TBPM. Indeed, 70% reported a
periodic checking of time, including the classitilshaped” curve strategy (see for example

Khan et al. 2008; Occhionero et al. 2010), and @086 reported sustained or constant clock
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monitoring By contrast, the proportion reporting having rele@da constant checking of the
clock in TBPM is higher in older participants (50%ata not shown). This non-optimal
monitoring, mainly in TBPM, may contribute to reéucPM performance (Oksanen et al.
2014). However, as the responses profiles did tattstcally differ between groups, these
elements need to be taken cautiously

The analysis of fMRI data revealed different newbstrates for the maintenance of
intentions between older and young individualspeviously reported using ERP (Cona et
al. 2012; West and Bowry 2005). In young individyake previously identified a common
cerebral network for EBPM and TBPM maintenance iving the activation of frontal and
parietal areas, associated with decreased aciivitye medial RPFC (Gonneaud et al. 2014),
that may reflect the involvement of a retrieval mdde. cognitive state allowing to process
stimuli as cue for the retrieval of an intentiolm) the present study, higher activity was found
in older adults during both EBPM and TBPM in seVénain areas (notably in frontal and
parietal areas as well as in the supplementary martea and the precuneus), while no
deactivation was found. Looking in more detailshat effect of age on PM-related activity by
means of interaction analyses, it appeared thahgli®M tasks (compared to the OG-only
condition) older adults recruit additional regiom®t activated by younger participants and
therefore not specific to the PM tasks. These regimclude the bilateral supplementary
motor area, left inferior and right middle frontkdft superior temporal, superior parietal and
occipital cortices as well as the precuneus, treaevalready found in another study (Gao et
al. 2014). It is unlikely that the recruitment bkese regions have a compensatory role as no
correlation was found between their activity and P&tformance. Our results are rather in
line with the hypothesis of dedifferentiation iniragy (Baltes and Lindenberger 1997; Reuter-
Lorenz and Lustig 2005) and suggest difficultieider adults to recruit neural networks

specific and selective for strategic monitoringPkl. Such difficulties to recruit PM-related
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brain networks were already reported in older &duft conditions with high demands on
prospective and working memory (Peira et al., 20H@wever, the “non-compensatory” role
of these activations remains to be further exploegdleast for EBPM, as no significant
difference was found between young and older ppants in accuracy, and ceiling effects
may represent a limitation when searching for dati@n between PM and brain activity. By
contrast, no brain area was less activated in addieits compared to young individuals,
suggesting that older adults correctly recruitezldtitical regions to perform the PM task, but
were not able to select only these regions. Theratgsof differential relationship between
activity and performance in yourvg older adults prevents going further in the intetation

of the different mechanisms underlying PM perforoeam older adults. However, this lack
of interaction may be attributed to the weak stiaas power due to ceiling effects and a
limited variability of performance.

Considering the critical involvement of medial RP&€activation in PM maintenance
(Burgess et al. 2001; Simons et al. 2006), we &®wsed our interest on PM-related
deactivations. According to the Gateway HypothéBisrgess et al. 2007), medial RPFC
deactivation would reflect the disengagement frammdus-oriented attending to intention
maintenance. Interestingly, our analyses showedeagtivation of the medial RPFC in older
adults during EBPM and TBPM tasks, while it wasesled in young participants in both
conditions. This could reflect a difficulty for ad adults to disengage their attention from
external stimulations to focus on intention maiatge. This may have increased their
difficulty to remember and correctly execute PMeimtions. Interaction analyses revealed
that older adults were impaired in their ability deactivate the medial RPFC, but also
various regions including the precuneus, the leitidke temporal and right paracentral
lobule, during PM conditions. This difficulty to aetivate some brain regions in older

individuals has already been reported in sevetaliss using notably verb generation or n-
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back tasks (Persson et al. 2007; Prakash et aR)20Zhen engaged in a cognitive task,
young subijects classically demonstrate deactivaifahe Default Mode Network, including
the dorsal and ventral medial prefrontal cortitks, posterior cingulate gyrus and precuneus,
the lateral parietal cortices and medial tempasbes. Reduced deactivations observed here
in older participants can be interpreted as aadliffy for those subjects to switch from this
default mode to a task-related mode (Mevel et @12, which may impact noticeably on
strategic monitoring processes. Once again, tfiiculty to disengage inappropriate regions
to the task is in favour of the dedifferentiatioypbthesis.

We previously reported specific patterns of actorafor EBPM and TBPM in young
adults. Maintenance of EB intentions elicited datgivn occipital areas, reflecting target
checking, while TBPM activated a right-sided netkyanotably the dorsolateral prefrontal
cortex and the cuneus/precuneus, reflecting thelwement of time estimation processes
(Gonneaud et al. 2014). The same comparisons ier gidrticipants did not reveal such
functional specialization according to the natufehe task. However, no direct interaction
was found between group and nature of the PM comditexcept at a very permissive
threshold (data not shown). Even if it remains ¢ocbnfirmed, this result, together with the
analysis restricted to the older group, lends suppathe dedifferentiation hypothesis of the
cerebral networks in aging. These difficulties &e efficient strategic monitoring processes
and dedicated neural networks according to the ireqpents of PM tasks may have
contributed to decreased PM performance.

Considering our behavioural and fMRI data in theategt of the Compensation-Related
Utilisation of Neural Circuit Hypothesis (CRUNCH;eRter-Lorenz and Cappell 2008;
Reuter-Lorenz and Park 2010) could open some perges to this work. In fact, this model
posits that for low-demanding tasks, older aduléy imcrease activity in some brain areas to

compensate, successfully, their difficulties. Imirast, for more complex tasks, they could
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not fulfill tasks demands any longer, and theirdiional activity cannot be compensatory
anymore. In this context, our data suggest thattieerelated decline in PM may be related
to the high demand of the tasks, for which oldarltsdcannot fully compensate by increased
activations. As a result, they engage nonspea#ggons to execute the task, as revealed by
the activation of brain areas that were not engdmyegoung participants and a difficulty to
deactivate other regions. This seems particuladg for TBPM. We suggest that the higher
age-related decline on TBPM compared to EBPM &teel to the fact that the former is more
demanding for older adults, who consequently hagbdn difficulty to use the appropriate
cognitive and neural networks in order to compenddbwever, the lack of direct evidence
for compensation in EBPM (i.e. no evidence of peniance/brain activity correlation, maybe
related to ceiling effects) limits this interpretet Future studies are needed contrasting low-
and highly-demanding tasks, to better underlie camsption networks in older adults.

We must acknowledge that, despite our previousystadealing partially different
neural substrates for EBPM and TBPM, assessed ubsgame tasks (Gonneaud et al.,
2014), further studies are needed to assess mopeny TBPM. Indeed, we did not use a
hidden clock that would appear only when subjects$pon a specific key. This choice was
notably driven by the fact that adding another oese button to display a clock would have
increased the complexity of the task for older ipgrénts. However, considering the
presence of the clock during the entire experiment, TBPM task may be alternatively
viewed as assessing EBPM. In this context, ourliesoay be interpreted as reflecting the
mechanisms related to two different EBPM tasks.sTlowr results would not be specific to
the distinction between EBPM and TBPM but wouldheatargue on partially different
processes that would underlie an EBPM task maielyirrg on self-initiated processes
(“clock-based EBPM”) and a less costly EBPM tasko(bur-based” one). Future studies

should definitively assess more deeply, and witlenspecific designs, the effect of aging on
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TBPM cerebral substrates and decide between theliffevent points of view. The use of an
hidden clock should particularly increase the egalal value of the paradigm and provide a
measure of monitoring in TBPM. Additionally, thelae introduced between each PM
instruction and the realization of the task (i.ese8onds) is quite short and longer delays are
usually recommended (McDaniel & Einstein, 2007)isTis to note that similar design, in
which there was even no delay between instructiand PM assessment, had been
conclusively used in previous studies (Reynoldal ¢t2009, Peira et al., 2016). As a result,
we are quite confident that such a short delay amtshave a major effect on our results.
However, future studies may focus on PM tasks tietter suits the recommendations
regarding this point.

To sum-up, this study was the first to assess tiyrélee neural substrates of EBPM
and TBPM in healthy aging using fMRI. In line withirrent models of cerebral and cognitive
aging (dedifferentiation hypothesis and CRUNCH ntpdeur results suggest that older
individuals have troubles in selecting approprstrategies to perform PM tasks, subserved
by difficulties to recruit relevant neural network¥hese difficulties manifest as non-
compensatory recruitment of additional regions ¢edipvith a difficulty to deactivate other
brain regions to execute PM tasks and an inalutitgelect specific brain areas for EBPM
and TBPM. Further studies are needed to achievett@rbunderstanding of the cerebral
mechanisms explaining the decline of PM in healbjing, in particular for TBPM decline
for which the experimental design could be improt@assess more finely the richness of
this concept. More specifically, the use of a PBktaith less cognitive demands (e.g. focal
task) may be of particular interest, in the framgwof the CRUNCH model, to reveal the
patterns of brain activity that allow older adutts effectively compensate for their PM

difficulties.
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Figures L egends

Fig.1 Design of thefMRI task. Each block includes instructions, performance iotemh, 40
trials (picture + mask), and performance postdictitlere are illustrated the general
procedure and OG-only condition (a), the EBPM @n)d TBPM (c) conditions. Adapted

from Gonneaud et al. (2014)

Fig.2 PM-related activity in older adultsfor EBPM and TBPM conditions. Increased and
decreased activity is depicted for EBPM comparedO-only (left panel), for TBPM
compared to OG-only (middle panel) and for EBPM pamed to TBPM (right panel).
Contrasts are displayed at< 0.001 uncorrected, with a minimal cluster siz&® voxels,
and superimposed onto sections of the MNI templatsing MRIcroN

(http://'www.mccauslandcenter.sc.edu/mricro/mricyon/

Fig.3 Regions showing more PM-related activity and less PM-related deactivation in
older than younger participants. Red clusters represent brain areas more activhtadg
PM by the older group (“PM>OG in older group” > “PXdG in younger group”). Blue
clusters depict reduced deactivations in the otpteup during PM condition (*OG>PM in
young adults” > “OG>PM in the older group”). Cordta are displayed g < 0.001
uncorrected, with a minimal cluster size of 69 Vexand superimposed onto sections of the
MNI template using MRIcroN. Mean BOLD signal valuesbitrary units + standard error of

the mean, SEM) were extracted from all clusters plotted to illustrate the direction of

interactions p<0.05 for the OG-only vs EBPM comparison in yoaaglts;+ p<0.05 for

the OG-only vs EBPM comparison in older adults.
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Table Legends

Table 1. Population characteristics.

SD = Standard Deviation

Table 2. Behavioral performance. Mean percentage of correct answers to PM items, of
correct answers to ongoing items (without PM itenas)d mean reaction time on correct
answers to ongoing items (without PM items) aceuydio the group. SD: Standard

Deviation
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Tablel

Younger Group Older Group
Age (£SD) 25.15 (+5.14) 62.10 (+6.30)
Years of schooling (£SD) 14.45 (+£2.56) 14.55 (+2.70)
MMSE (+SD) - 28.70 (+0.80)
MATTIS (+SD) - 140.85 (+2.54)
Sex ratio (female/male) 9/11 10/10
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Table?2

Young Group Older Group
OG-
OG-only EBPM TBPM EBPM  TBPM
only
PM items Accuracy (%) - 95.17 96.17 - 86.67 76.67
SD - 6.96 6.78 - 13.33  18.03
Ongoing Accuracy (%) 98.67 98.26 98.29 98.52 95.14 95.60
items SD 146 129 1.32 134 387 335
Reaction Time 825.7 1097.8 1037.7
791.68 910.97 906.70
Ongoing (ms) 6 4 2
items 132.0
SD 138.77 143.29 90.39 127.78 127.99
5
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Figurel

a. General design
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Figure2
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Figure3

BOLD values
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