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Abstract

Time-based prospective memory (TBPM) allows us to remember to perform intended actions
at a specific time in the future. TBPM is sensitive to the effects of age, but the neural substrates of this
decline are still poorly understood. The aim of the present study was thus to better characterize the
brain substrates of the age-related decline in TBPM, focusing on macrostructural gray-matter and
microstructural white-matter integrity. We administered a TBPM task to 22 healthy young (26 + 5.2
years) and 23 older (63 £ 5.9 years) participants, who also underwent volumetric magnetic resonance
imaging and diffusion tensor imaging scans. Neuroimaging analyses revealed lower gray-matter
volumes in several brain areas in older participants, but these did not correlate with TBPM
performance. By contrast, an age-related decline in fractional anisotropy in several white-matter tracts
connecting frontal and occipital regions did correlate with TBPM performance, while there was no
significant correlation in healthy young subjects. According to the literature, these tracts are connected
to the anterior prefrontal cortex and the thalamus, two structures involved in TBPM. These results

confirm the view that a disconnection process occurs in aging and contributes to cognitive decline.

Keywords: Aging; Diffusion tensor imaging; Episodic memory; Prospective memory; Voxel-based

morphometry



Introduction

Prospective memory (PM) is defined as the ability to execute intended actions at an
appropriate time in the future. PM is crucial in our life enabling us to remember to buy
something at the supermarket after work or to take medication each day (Einstein and
McDaniel 1990). Consequently, older people consulting for memory problems often complain
of PM lapses. Two forms of PM are usually distinguished, according to the nature of the cue
triggering retrieval. Retrieval of an intention can be triggered either by the occurrence of an
external event (prospective cue; e.g., “take the roast out of the oven when the timer rings”),
corresponding to event-based PM (EBPM), or after a predefined amount of time (e.g., “take
the roast out of the oven after 30 minutes”), corresponding to time-based PM (TBPM)
(Einstein and McDaniel 1990). PM tasks can be classified as punctual when there is a unique
action to execute or as habitual when the action needs to be executed repeatedly (e.g., taking

one’s medication at specified intervals everyday) (Einstein et al. 1998; Uttl 2008).

In everyday life, the execution of intentions occurs while performing other activities.
These concurrent activities are referred to as the ongoing task in laboratory experiments. Two
different paradigms are classically used to evaluate PM. Indeed, PM can be assessed either by
task-switch procedures or by dual-task procedures (Bisiacchi et al. 2009). In task-switch
procedures, participants have to stop focusing on the ongoing activity when they encounter
the PM event and switch to perform the prospective action (Burgess et al. 2003; Gao et al.
2014). In contrast, in dual-task procedures, participants have to perform the ongoing task and
PM task simultaneously. Thus, they have to remember and execute prospective intention
while also performing the ongoing task when the PM event occurs (Kidder et al. 1997;

Kliegel et al. 2001).

Many studies have demonstrated an effect of age on PM, sometimes with paradoxical

observations. In a laboratory setting, older adults have been shown to perform more poorly in
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TBPM than in EBPM conditions (Einstein and McDaniel 1990; Jager and Kliegel 2008;
Maylor et al. 2002). Recently, more naturalistic assessments relying on virtual reality have
confirmed a greater effect of age on TBPM than on EBPM (Lecouvey et al. 2017). The
greater sensitivity of TBPM to the effects of age may stem from the involvement of a higher
level of self-initiated processes than in EBPM. For TBPM, as no cue appears within the
environment to indicate that the target time is approaching, individuals have to maintain
considerable executive control to monitor and manage the passage of time (Einstein et al.
2005). Healthy older adults tend to monitor the clock less often than younger participants in
the period approaching the intention, suggesting that difficulty with strategic monitoring of
time explains poorer performance for this type of intention (Block et al. 1998, for review;
Einstein et al. 1995; EI Haj et al. 2013) and consequently in TBPM tasks (Vanneste et al.
2016). Overall, this decline in TBPM can also be interpreted in the light of the frontal
hypothesis of aging, according to which age-related disruption of frontal areas leads to

executive deficits disturbing TBPM (see Alvarez and Emory 2006, for a review).

Neuroimaging studies of TBPM in healthy young adults have highlighted the
involvement of the anterior prefrontal cortex (Brodmann area (BA) 10) in intention retrieval
(Burgess et al. 2007, 2011, for reviews; Simons et al. 2006). In a recent functional magnetic
resonance imaging (fMRI) study, researchers of our laboratory observed specific patterns of
activation for EBPM (i.e., middle occipital and lingual gyri) and TBPM (i.e., superior and
middle prefrontal cortex, precuneus) in young adults (Gonneaud et al. 2017). By contrast,
similar analyses in older participants failed to reveal any such functional specialization
according to the nature of the task. This result lends support to the hypothesis of
dedifferentiation of brain networks in aging (Li and Lindenberger 1999; Reuter-Lorenz 2002).
This inability to use efficient strategic monitoring processes and dedicated neural networks
according to the requirements of the PM task may contribute to decreased PM performance.

Although higher activity has been found in older adults during both EBPM and TBPM in the
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precuneus and supplementary motor area (SMA), it is unlikely that the recruitment of these
regions fulfils a compensatory role, as no correlation has been found between their activity
and PM performance. In line with these findings, a specific inability to recruit PM-related
brain networks has also been reported in older adults, in conditions where high demands are

made on PM and working memory (Peira et al. 2016).

Gao (Gao et al. 2014) conducted an fMRI study in young and older adults using an
event-based PM task. The analysis of behavioral data showed that the percentage of correct
answers was equivalent between the two groups, but older participants responded less quickly
than younger ones. Furthermore, older adults exhibited greater brain activity in the
supplementary motor area, the precuneus, and the thalamus than young participants, as
previously reported by Gonneaud (Gonneaud et al. 2017). The authors also used diffusion
tensor imaging (DTI) to assess the integrity of white-matter microstructure. Diffusion tensor
imaging analyses mainly rely on the measure of fractional anisotropy, which reflects the

overall directionality of water molecules in axons.

Diffusion tensor imaging studies have highlighted a link between changes in some
white matter tracts and age-related cognitive decline, particularly in fronto-hippocampal areas
involved in executive functioning (flexibility and inhibition) and memory (Kennedy and Raz
2010; Madden et al 2012). More specifically, several studies have observed fractional
anisotropy changes along a gradient running from the anterior to the posterior part of the
brain, with the anterior tracts being most impaired (Abe et al. 2008; Barrick et al. 2010;
Giorgio et al. 2010). The study by Gao (Gao et al. 2014) is the only one to have assessed the
impact of age-related changes in white matter on EBPM using tractography. These authors
reported a decrease in mean fractional anisotropy and an increase in mean diffusivity
(reflecting the total diffusion of water molecules within brain tissue in each voxel) in older

adults compared to younger ones. Moreover, these age-related modifications in white matter
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microstructure were more pronounced in short fibers (i.e., maximum length of 35 mm)
located in frontal regions than in long fibers (i.e., more than 35 mm long) connecting distant
brain areas. Disruption in these short fibers correlated with a decrease in processing speed
during the PM task. These results suggest that efficient frontal areas connectivity is crucial for
managing high-level processes involved in cognitive control during PM tasks. However, as
the conclusions drawn from this study regarding white matter integrity were based solely on
fiber length derived from tractography, they remain to be confirmed using more fine-grained

measures of white matter integrity in different tracts.

Although clinical neuropsychology has mainly focused on corticocentric theories, the
functions of large-scale cortical brain networks are fundamentally dependent upon
interactions with subcortical structures such as the basal ganglia and the cerebellum that
undergo complex transformations across the life span (Hogan 2004 for review; Kalpouzos et
al. 2009; Ramanoél et al. 2018). The cerebellar and basal ganglia contribution to time
perception and processing is critical and very well documented (Coull et al. 2011; Ivry and
Keele 1989; Meck 2005). Functional imaging studies of PM found activations in the
cerebellum and the prefrontal cortex during maintenance and retrieval of timing events (Cona
and Rothen 2019; Gonneaud et al. 2017), suggesting that the fronto-cerebellar loop plays a
role in TBPM, subserving strategic monitoring for time estimation. According to these
findings, the cerebellum encodes the timing event and projects to the frontal cortex and basal
ganglia that play a feed-back role towards the cerebellum to update timing expectations

(Raghavan et al. 2016).

To our knowledge, no study has so far explored the association between TBPM and
gray matter volume using voxel-based morphometry (VBM). Yet, many MRI studies have
highlighted an age-related reduction in gray matter volume, especially in frontal and parietal

lobes (Greenwood 2007; Gunning-Dixon et al. 2009; Kalpouzos et al. 2009, 2010). Some
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studies have shown a link between this gray matter atrophy and a decline in cognition, notably
episodic memory (Kalpouzos et al. 2009; Ramanoél et al. 2018).

PM is generally impaired in aging, but identifying the neural substrates of this
impairment requires further investigation. Our main objective was to better characterize the
neural substrates of TBPM impairment in older adults, by comparing them to young adults on
gray matter volume and white matter integrity. We hypothesized that older adults would
exhibit gray matter loss in frontal regions (responsible for executive functions), parietal
regions (involved in attentional processes), basal ganglia structures and cerebellar regions
(involved in time estimation) than young adults do. Regarding white matter microstructural
integrity, we expected to find lower fractional anisotropy values in older adults in tracts
connecting frontal (e.g., uncinate fasciculus, corpus callosum), parietal (e.g., superior
longitudinal fasciculus), temporal (e.g., cingulum, fornix) and cerebellar white matter tracts,

compared to young adults.

The second objective was to determine the potential role of other cognitive functions
in age-related PM decline, by performing regression analyses between the altered brain
substrates of PM and other cognitive functions. In the light of the cognitive data available in
the literature, we hypothesized that TB performance correlates with retrospective episodic

memory, binding in working memory, time estimation, and executive functions.

Materials and Methods
Participants

We recruited 22 young healthy adults (18-35 years) and 23 healthy older adults (51-76
years). Most participants (20 young adults and 20 older adults) were the same as those
included in a previous study focusing on functional MRI data (Gonneaud et al. 2017). All
participants were native French speakers, right-handed, had normal or corrected-to-normal

vision, and had completed at least 7 years of education. They did not have any antecedents of
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neurological or psychiatric disorders. Depression was assessed with the Beck Depression
Inventory (Beck et al. 1961), and state and trait anxiety with the State-Trait Anxiety Inventory
(Parts A and B; Spielberger 2010). In addition, the older participants were screened for
cognitive deficits using the Mattis Dementia Rating Scale (Mattis 1976). This study was
approved by the regional ethics committee (CPP Nord Ouest I1l, Caen), and written informed
consent was obtained from each participant after a detailed presentation of the study.

Participants’ characteristics are set out in Table 1.

Table 1. Mean (standard deviation) demographic data for young and older adults.

Young adults (n=22)  Older adults (n = 23) p value

Male/female sex ratio 10/12 11/12 87"
Age in years 25.4 (£ 5.19) 62.5 (= 6.05) <0.001
Age range 18-35 51-76

Education in years 14.32 (£ 2.55) 14.43 (£ 2.61) ns
MMSE score / 30 na 28.66 (£ 0.82) na
Mattis Dementia Rating na 141.13 (x 2.49) na
Scale / 144

BDI 0.771 (+ 1.72) 2.104 (+ 1.92) <0.05
STAI-A 25.55 (+ 4.83) 29.19 (+ 6.81) <0.05
STAI-B 33.32 (+ 6.27) 36.30 (+ 7.58) ns

Note. na: not applicable; ns: nonsignificant; BDI: Beck Depression Inventory; STAI: State-Trait
Anxiety Inventory (the state part of the STAI was administered immediately before the MRI session).

L2 test.

Prospective memory assessment procedure
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The task used in the present study is described in detail elsewhere (Gonneaud et al.
2014; 2017). Only the essential elements are presented here. The general design and

conditions are illustrated in Figure 1.

A dual-task procedure was used to assess TBPM. Participants were invited to perform
a semantic categorization task (ongoing task). In addition, for some blocks, a TBPM
instruction was added. Participants had to perform simultaneously the ongoing activity and

TBPM intentions.

¢ Ongoing task

Participants were asked to categorize color pictures as natural or manmade items.
Each picture was displayed within a 280 x 280-pixel white square, bordered by a 20-pixel
colored line (with 9 different possible colors). A digital countdown was displayed in the upper
right-hand corner of the screen, and was used for the TBPM condition (see below). To avoid
any difficulty arising from a failure to correctly remember the response keys (counterbalanced
between participants), a reminder was displayed at the bottom of the screen, representing the
forefinger-category association. First, the instructions were displayed on the screen for 8 s
(Fig. 1). In order to create an interval between the instructions and the beginning of the task,
participants were asked to predict their performance on a 5-point scale ranging from 1 (Very
badly) to 5 (Very well) (see “Performance prediction” in Fig. 1). The question remained on the
screen for 8s, and was followed by a fixation cross for 1 s, after which 40 pictures were
displayed one by one. Each picture remained on the screen for 2 s, followed by a mask for 1
or 2 s. Participants were asked to answer as quickly and accurately as possible whether each
item was natural or manmade. The order of presentation was entirely randomized across
participants, who had to categorize 12 sets of 40 pictures. At the end of each set, they had to
assess their performance on that set using the same 5-point scale as before (see “Performance

postdiction” in Fig. 1). After 8 s, a fixation cross appeared and a new set began.
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e TBPM task

Concurrently with the ongoing task, participants performed a TBPM task that
consisted in pressing a key with their middle finger every 30 s. To do so, they could look at
the countdown, always visible in the upper right-hand corner of the screen. Participants
needed to voluntarily direct their gaze to monitor time. The task was performed within the
MRI scanner (see Gonneaud et al. 2014; 2017, for the detailed method and brain activity

patterns).

a) Ongoing task only (OG)

Newbiock 000 0:08

Natural / Manmade

Performance prediction

[8 secondes] ! ’
W : 2:37

Instructions ) Performance postdiction
Image [8 secondes]

b) PM task with ongoing task OG response

Newblock  0:00

Natural / Manmade /30 s

woow W

« press nght 30 seconds»

Image
OG response _ Image .
30 sec elapsed Mask

OG response + TBPM response

Figure 1. Prospective memory task design. Each block includes instructions, performance
prediction, 40 trials (picture + mask), and performance postdiction. The procedure includes
the ongoing task only condition (a) and the TBPM condition (b). Adapted from Gonneaud et

al. (2014).

Complementary neuropsychological assessment

To identify the role of other cognitive functions in age-related PM decline, we
administered the following supplementary cognitive assessment featuring tests of
retrospective episodic memory, memory complaints, executive functions (inhibition, shifting,

and updating), binding in working memory, and time estimation.
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Retrospective episodic memory

Retrospective episodic memory was assessed using the RL-RI16 (Van der Linden et
al. 2004). The RL-R116 comprises three immediate free-recall tests and one cued-recall test of
a series of 16 words, followed by a recognition task where these 16 words are intermixed with
32 new ones. After a 20-minute interval, participants perform a delayed recall test. Statistical

analyses were performed on the sum on the three immediate free-recall tests (/48).

Memory complaints

We used the Prospective and Retrospective Memory Questionnaire (PRMQ; Smith et
al. 2000) validated in french (Guerdoux-Ninot et al. 2019). This questionnaire provides self-
report measures of memory mistakes in everyday life. It includes 16 questions, eight asking
about PM failures (e.g., “Do you decide to do something in a few minutes’ time and then
forget to do it?”"), and eight about retrospective failures (e.g., “Do you fail to recognize a place
you have visited before?”). Participants respond on a 5-point Likert scale ranging from 1
(Never) to 5 (Very often). The total of the Prospective and Retrospective Memory
Questionnaire score (/80) is calculated from the retrospective failures (/40) and prospective

failures (/40) subscores. The higher the score, the more frequent the memory failures.

Executive functions

e Inhibition was assessed with the Stroop test (Golden 1978). First, participants have to
name the color of 100 colored rectangles (naming condition). Second, they have to
read 100 names of colors printed in black (reading condition). In the third condition,
they have to name the color of the ink in which 100 incongruent color names are
printed (interference condition). We measured naming time (assessing processing
speed) and an inhibition score was calculated as follows: (interference time - naming) /

naming.
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e Shifting was assessed with the Trail Making Test (Reitan 1971). In Part A,
participants are required to link digits in ascending order as quickly as possible. In Part
B, they are required to shift between alphabet letters and digits in ascending order.
Processing speed (in s) is assessed with Part A. The shifting score is calculated as
follows: (time needed to perform Part B — Part A) / Part A.

e Updating was assessed with the Running Span test (Pollack et al. 1959), which
consists in orally presenting lists of consonants of varying length (4, 6, 8, 10 letters).
For each list, participants have to repeat in the correct order the n most recent letters (n
ranges from 3 to 6 letters). The updating score is the percentage of correct trials
calculated from the 16 points.

Binding in working memory

Binding in working memory was assessed using an original task developed in our
laboratory (Quinette et al. 2013) to evaluate the ability to associate and retain verbal and
spatial features. Four colored uppercase consonants are displayed in the center of a 5 x 4 grid.
Four colored crosses are placed randomly in the remaining squares. Participants have to
mentally associate the four consonants with the four locations represented by the crosses
according to their color, and maintain this association for 1 second. They are then provided
with a grid featuring a single lowercase letter printed in black inside a square. Participants
have to decide whether this letter-location association matches the one they have previously
learned. The score was the number of correct trials out of 20. We also took into account the
reaction times.

Time estimation

Time estimation was evaluated with a computerized task adapted from (Rueda and

Schmitter-Edgecombe 2009), in which participants had to estimate the duration of 10 periods

of time (15 s, 30 s, or 40 s). For each trial, we calculated the difference in seconds between
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the actual time and the participant’s answer. The difference (i.e., deviation) was then divided

by the actual time and multiplied by 100 to obtain a percentage of deviation.

MRI acquisition and data processing

MRI was performed using a Philips Achieva 3T MRI scanner at the Cyceron
neuroimaging center (Caen, France). For each participant, a high-resolution T1-weighted
anatomical image was also acquired, using a three-dimensional fast-field echo sequence
(repetition time = 20 ms, echo time= 4.6ms, flip angle = 10°, 180 slices, slice thickness = 1
mm, field of view = 256 x 256 mm?2, matrix = 256 x 256).

For the diffusion tensor imaging acquisition, 70 axial slices were acquired with spin
echo sequence (32 directions at b = 1000 s/ mm?, repetition time = 10 000 ms, echo time = 82
ms, flip angle = 90°, field of view = 224 x 224 mm2, acquisition matrix = 112 x 112 pixels,

acquisition voxel size = 2 x 2 mm?®, and non-diffusion weighted picture at b= 0 s/mm?).

Voxel-based morphometry

The volumetric MRI data were analyzed using Statistical Parametric Mapping
software (SPM12; Wellcome Department of Cognitive Neurology, Institute of Neurology,
London, UK). Preprocessing steps included segmentation of the MRI data into gray matter
and spatial normalization to the Montreal Neurological Institute (MNI) template (voxel size =
1.5 mm?®, matrix = 121 x 145 x 121). The normalized gray matter images were modulated by
the Jacobian determinants to correct for nonlinear warping only, so that the resulting brain
volumes were corrected for brain size. The resulting images were smoothed by a Gaussian
kernel of 8 mm full width at half maximum. Gray matter volume density reflected cerebral
macrostructure and numerically corresponded to the mean gray matter per unit volume for

each significant cluster.
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Tract-based spatial statistics
The participants’ diffusion-weighted imaging scans were preprocessed to create
fractional anisotropy images using the FSL Diffusion Toolbox (http:/fsl.fmrib.ox.ac.uk/fsl/
fslwiki/FDT) that is part of the FSL 5.0 toolbox for medical image analysis (Smith et al.
2004). For each participant, the 32 diffusion-weighted imaging scans were first corrected for
distortions due to eddy currents and aligned to the b = 0 s/mm2 image using rigid-body
registration for motion correction (Jenkinson et al. 2002). Fractional anisotropy images were
then created by fitting a tensor model to the diffusion images, and were further processed
using Tract-Based Spatial Statistics (TBSS). Briefly, all participants’ fractional anisotropy
data were aligned in MNI space using the nonlinear registration tool (FNIRT), which uses a b-
spline representation of the registration warp field (Rueckert et al. 1999), resulting in
fractional anisotropy maps with a matrix size of 182 x 218 x 182 and a voxel size of 1 x 1 x 1
mm?®. Next, the mean fractional anisotropy image was calculated and thinned to create a mean
fractional anisotropy skeleton representing the centers of all tracts common to the group. Each
participant’s aligned fractional anisotropy image was thresholded at 0.3 to exclude low
fractional anisotropy values that could be contaminated with partial volume effects from other
non- white matter tissues and to minimize between-participants variability. The resulting
image was then projected onto the mean skeleton by filling every voxel of the latter with the
maximum fractional anisotropy value perpendicular to the skeleton structure. VVoxel-based

statistics were performed on these skeletonized images.

Statistical analyses
Comparison of PM scores in older adults and young adults

We first tested for normality of the distribution of PM scores (i.e., percentage of correct
responses) using the Kolmogorov-Smirnov test, and for variance homogeneity using the

Levene test. PM scores were then compared between groups using Student t tests. To measure
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the magnitude of the effects, we also computed Cohen’s d (Cohen 1988). Cohen defines effect
sizes as small when d is approximately 0.2, medium when d is approximately 0.5, and large if
d exceeds 0.8. Statistical analyses were performed with STATISTICA 7 software (StatSoft

Inc.).

Whole-brain comparison of gray matter and white matter integrity between older adults and
young adults

A whole-brain analysis was performed to compare older adults and young adults on gray
matter volume. We used an explicit mask with a threshold of 0.5 for gray matter voxel
analyses. Differences in gray matter volume are reported for a minimum of 100 voxels, at a
statistical threshold of p < 0.05, and after family-wise error correction for multiple
comparisons. Finally, MNI coordinates of voxels were labelled using the Automated
Anatomical Labeling atlas (Tzourio-Mazoyer et al. 2002).

Regarding white matter, nonparametric permutation tests (Nichols and Holmes, 2002)
were performed between the older adults and young adults groups. For each comparison, 5000
permutations were performed, and the data were Family-wise error-corrected for multiple
comparisons (p < 0.05) using threshold-free cluster enhancement (Threshold-free Cluster
Enhancement; Smith and Nichols 2009) for clusterwise correction. This statistical toolbox
was implemented in FSL 5.0 (http://fsl.fmrib. ox.ac.uk/fsl/fslwiki/Randomise). Data were
considered significant at p < 0.05 (Threshold-free Cluster Enhancement) with a minimum
cluster size of 20 voxels. Identified structures were labelled using the John Hopkins
University International Consortium for Brain Mapping atlas.

Regression analyses

Before performing regression analyses, we extracted signal values in the significant
clusters obtained from VVoxel-Based Morphometry and Tract-Based Spatial Statistics. In order
to identify the brain correlates of PM decline, both gray matter volume and white matter

measures were correlated with TBPM scores in the older group. Then, to demonstrate the
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specificity of the results, we searched for correlations in young subjects. To determine
whether other cognitive functions might contribute to PM decline, correlation analyses were
performed in the older adult group between scores obtained in the complementary
neuropsychological assessment and TB scores only or ongoing task with TB items. Then, we
conducted regression analyses between signal values in the clusters that were significantly
correlated with TBPM performance and the cognitive scores collected during the

complementary neuropsychological assessment.

Results

Effect of age on TBPM

The analysis of the ongoing task alone revealed that the two groups had equivalent
performance (t(43) = 0.78, p = 0.48, d = 0.23). However, when a PM instruction was added,
performance on the ongoing task (number of correct responses for the ongoing task)
significantly decreased in older adults compared with young adults (t(43) = 3.57, p < 0.001, d
= 1.07). Finally, analysis of TBPM items only revealed that older adults recalled fewer

intentions than young adults (t(43) = 4.06, p < 0.001, d = 1.21; see Fig. 2).
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Figure 2. Behavioral results. From left to right: Percentage of correct presses in the

ongoing task, the ongoing task with TBPM task, and the TBPM task (i.e., prospective items

only) for young and older adults. *** p < 0.001.

Relationship between PM decline and other cognitive functions

Older adults performed more poorly than young adults on few cognitive tests, i.e.,

retrospective episodic memory, processing speed, inhibition, and binding in working memory

while shifting, updating, and time estimation performances were preserved. Results are

reported in Table 2.

Table 2. Young and older adults’ mean performances (standard deviation) on the

complementary cognitive assessment.

Cognitive function Test Young adults Older adults p
Retrospective episodic RL-RI-16 38.27 (= 4.59) 33.04 (£5.48) <0.01
memory
Memory complaints PRMQ/ 18.23 (£ 2.98) 18.52 (+ 4.21) .79
Prospective part
PRMQ/ 14.5 (+ 2.91) 17.22 (+3.92) <0.05
Retrospective part
Processing speed Stroop (haming 53.68 (+ 6.37) 58.13 (£ 7.43) <0.05
condition)
TMTA 23.00 (+ 6.43) 34.04 (+ 8.51) <0.001
Executive functions
Shifting TMT B-A 118.79 (£ 69.72) 122.22 (+ 76.59) 87
Inhibition Stroop (interference  0.63 (x 0.18) 1.13 (x 0.54) <0.001
condition)
Updating Running Span 73.41 (£ 11.75) 73.78 (+ 11.85) 91

Binding in working

Binding task
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memory
Correct response 18.96 (£ 1.05) 15.22 (£ 3.04) <0.001
Reactiontimesins 1615 (+ 318.80) 1864.31 (+ 254.48) <0.01

Time estimation Time estimation 30.96 (+ 26.80) 37.76 (x 15.54) .30
task

Note. PRMQ = Prospective and Retrospective Memory Questionnaire; TMT = Trail Making Test.

No significant correlations were found between the different cognitive scores collected
and TB performance. In contrast, Trail Making Test scores, reflecting shifting abilities (r = -
0.47, p = 0.026) and binding in working memory abilities (r = 0.49, p = 0.018) correlated with

the ongoing task with TB items.

Age-related changes in gray matter volume

Voxel-wise comparisons of gray matter volume (Fig. 3; see Appendix A for details in
Supplementary Materials) revealed that older adults had significantly lower gray matter
volume than young adults in the temporal lobe, particularly in the temporal poles and the
insula (BA 48), extending to the superior temporal gyrus (Brodmann area 41),
parahippocampal gyrus (BA 34), hippocampus, thalamus, and caudate nucleus. We also
observed a decrease in gray matter volume in frontal regions (BAs 4, 6, 8, 9, 10, 11, and 12),
especially in the anterior, superior and inferior frontal gyri, as well as in posterior cortical
areas including the cuneus (BA 17), and lingual (BA 18/19) and fusiform (BA 37) gyri. No

significant results were found in the reverse contrast (older > young adults).
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ACC - anterior cingulate cortex MOG - middle occipital gyrus
CAUD - caudate nucleus Pall - pallidum
CEB1 - cerebellum crus 1 PHG - parahippocampal gyrus
CEB6 - cerebellum lobule 6 Puta - putamen
CUN  -cuneus RG - rectus gyrus
FG - fusiform gyrus SFG - superior frontal gyrus
1C - insular cortex SPG - superior parietal gyrus
LG - lingual gyrus STG - superior temporal gyrus

MOFG - medial orbitofrontal gyrus

Figure 3. Pattern of gray matter atrophy in older adults compared with young adults.

Results are presented at p < 0.05 (Family-Wise Error-corrected, cluster size > 100 voxels).

Age-related differences in white matter integrity
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Note.

pic - posterior limb of the intemal capsule

acr - anterior corona radiata ; : s
ptr - posterior thalamic radiation

aic - anterior limb of the internal capsule rlic - retrolenticular part of the internal capsule
bee - body of corpus callosum scc - splenium of the corpus callosum

cp - cerebral peduncle scr - superior corona radiata

ec -external capsule sif - superior longitudinal fasciculus

fx - fomix sfo  -superior fronto-occipital fasciculus

gce - genu of the corpus callosum ss -sagittal stratum

ifo - inferior fronto-occipital fasciculus unc -uncinate fasciculus

Figure 4. Voxel-wise comparisons of fractional anisotropy values between older
and young adults using nonparametric permutation tests (5000 permutations, p < 0.05,
Family-Wise Error -corrected, Threshold-free Cluster Enhancement for cluster-wise
correction). P-value maps are shown as (1-p) images, displayed on a T1-weighted MRI in

MNI space.

Tract-based Spatial Statistics revealed lower fractional anisotropy values for older
adults compared with young adults (5000 permutations, p < 0.05, Family-Wise Error-

corrected, Threshold-free Cluster Enhancement) in the corona radiata, corpus callosum (genu,
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body, and splenium), uncinate fasciculi, superior longitudinal fasciculi, posterior thalamic
radiations, posterior and retrolenticular parts of the internal capsule, external capsules, sagittal
stratum bilaterally, and inferior, middle, superior peduncles tracts of cerebellar cortex.
Overall, white matter alterations were more prominent in the anterior tracts than in the
posterior ones (Fig. 4). No significant results were found for the reverse contrast (older >

young adults).

Relationships between brain alterations and TBPM performance

No significant correlations were found between gray matter volume and TBPM
performance neither in young adults nor in older adults.

By contrast, for white matter integrity, regression analyses revealed positive
correlations between TBPM scores and fractional anisotropy values in white matter tracts,
including the right posterior corona radiata (r = 0.47, p < 0.02), right fornix (r = 0.45, p <
0.05), external capsule (r = 0.44, p < 0.05), left retrolenticular part of the internal capsule (r =
0.41, p < 0.05), and right posterior thalamic radiation, although the correlation for the latter
only approached the significance threshold (r = 0.37, p = 0.08). In young adults, no significant
correlation was found between TBPM scores and fractional anisotropy values in those white
matter tracts, i.e., the right posterior corona radiata (r = 0.19, p = 0.37), right fornix (r = 0.35,
p = 0.11), external capsule (r = 0.31, p = 0.16), left retrolenticular part of the internal capsule
(r = 0.19, p = 0.38), and right posterior thalamic radiation (r = 0.08, p = 0.71). Results are

displayed in Supplementary Materials (Appendix B).

Relationship between neural substrates of PM and other cognitive functions
We then examined correlations between fractional anisotropy values (associated to PM)
and other cognitive functions in older adults. Scores on the prospective part of the Prospective

and Retrospective Memory Questionnaire were negatively correlated to the integrity of the



22
left retrolenticular internal capsule (r = -0.53, p = 0.009) and right fornix (r = -0.50, p =
0.015). Scores on the retrospective part of the Prospective and Retrospective Memory
Questionnaire were negatively correlated with fractional anisotropy values in the right
posterior thalamic radiation (r = -0.44, p = 0.035) and right fornix (r = -0.45, p = 0.031).
Performance on the Stroop test (naming time) correlated with fractional anisotropy values in
the right external capsule (r = -0.57, p = 0.005) and right fornix (r = -0.47, p = 0.024). Finally,
binding performance (reaction times) was negatively correlated to the integrity of the right
posterior thalamic radiation (r = -0.42, p = 0.046) and right external capsule (r = -0.55, p =

0.007).

Discussion

The present study investigated the neural substrates of age-related decline in TBPM
using a laboratory task combined with a neuropsychological assessment, structural MRI, and
diffusion tensor imaging. This approach allowed us to examine the respective effects of age-

related gray matter atrophy and loss of white matter integrity on TBPM.

While older adults had no difficulty performing the ongoing task alone (semantic
categorization of pictures), they performed more poorly than young adults on the ongoing task
when the TBPM task was added. As the TBPM task was perceived as challenging by older
adults, they focused on that task to the detriment of the ongoing task. They had insufficient
resources to effectively perform both tasks. The decline in TBPM performance in older adults
may also reflect an inability to disengage their attention from external information (ongoing
task) and focus on intention maintenance (TBPM task) (Burgess et al. 2007). This idea is
supported by the fact that ongoing scores with TBPM task of older adults was related to
shifting performance. We found another association between binding and ongoing scores with
TBPM task. Previous studies have found that binding mediates the age effect on PM

(Gonneaud et al. 2011; Lecouvey et al. 2017), the latter study using also a TBPM task. As
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previously reported in the literature, older individuals have greater difficulties with time
monitoring, impairing their TBPM performance (Einstein et al. 1995). The lack of correlation
between time estimation and TBPM scores in our study can be due to the fact that older adults
have difficulties only in time perception for long targets durations (Lustig 2003, for review).
The durations of the delay in our task were probably too short to be associated with the

decline of TBPM.

Overall, the decline in TBPM performance can be attributed to a difficulty to recruit
sufficient attention and self-initiated resources to continue monitoring time throughout the

task (Jager and Kliegel 2008; Lecouvey et al. 2017; Maylor et al. 2002; Park et al. 1997).

At the cerebral level, a voxel-based morphometry analysis comparing young and older
adults revealed a pattern of gray matter atrophy consistent with previous studies (Ramanoél et
al. 2018; Tisserand et al. 2002), and confirming the sensitivity of frontal areas to aging
(Gunning-Dixon et al. 2009; Kalpouzos et al. 2009). Although this pattern of brain atrophy
encompassed several regions crucial to PM, we surprisingly failed to find any significant
correlations between the volume of these brain regions and TBPM performance in older
adults. This result suggests that the age-related decline in PM is not directly related to gray

matter shrinkage.

The analysis of white matter integrity revealed that older adults had lower fractional
anisotropy values in anterior tracts (i.e., uncinate fasciculi, anterior corona radiata, genu and
body of corpus callosum, external capsule) and, to a lesser extent, posterior tracts (superior
longitudinal fasciculi, posterior thalamic radiations, retrolenticular parts of internal capsule,
and sagittal stratum bilaterally). These results are consistent with previous studies showing
that the anterior part of the brain is more affected by age than the posterior one (Abe et al.
2002; Barrick et al. 2010; Bennett et al. 2011, 2017; Giorgio et al. 2010; Kantarci et al. 2011,

Pfefferbaum et al. 2005; Salat et al. 2005).
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The white matter tracts we found to be altered with age are also known to be involved

in cognitive functions that interact with PM. For instance, the anterior part of the corpus
callosum plays a role in executive functions (i.e., shifting, inhibition) (Gold et al. 2010;
Sullivan et al. 2006). Other tracts such as the fornix and uncinate fasciculus are related to

episodic memory (Kennedy and Raz 2010; Metzler-Baddeley et al. 2011).

Contrary to our findings for gray matter, we report, for the first time, significant
correlations between age-related decline in TBPM and alterations in white matter
microstructure. These correlations concerned the interconnected tracts that form the superior
fronto-occipital fasciculus. This network connects the anterior and posterior parts of the brain.
This fasciculus, which is part of the inferior fronto-occipital fasciculus (IFOF) (Wu et al.
2016), is known to play a role in the coordination of executive functions (Charlton et al. 2010;
Kennedy and Raz 2010) and visual processing (Forkel et al. 2014). More specifically, all
projection fibers of the corona radiata are connected to the external and internal capsules,
which in turn are connected to the thalamus (Catani et al. 2002; Mamata et al. 2002). These
projection tracts are involved in motor functions (Catani and de Schotten 2008) and, more
generally, in motor processing speed (Bendlin et al. 2010). The thalamus, connected to the
occipital cortex through thalamic radiations, is involved in the preparation and execution of
intentions, and is thought to enable anticipatory processing for checking the clock and
pressing the response key (Burgess et al. 2001, 2003). Interestingly, the corona radiata is also
connected to the supplementary motor area and the precuneus (Vergani et al. 2014), two
regions that have previously been found to be activated in an fMRI study of PM with older
adults (Gonneaud et al. 2017) and also activated in young adults (Momennejad and Haynes
2012). These findings suggest an involvement in clock-checking related to TBPM intention
recall (Oksanen et al. 2014). Connecting the thalamus and the hippocampus, the fornix is

involved in episodic memory, which closely interacts with PM (Sutherland and Rodriguez
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1989). The Figure 5 features a synthetic diagram showing how the inferior fronto-occipital

fasciculus is linked to gray matter regions involved in PM decline in aging.

The anterior part of the inferior fronto-occipital fasciculus is connected to the rostral
prefrontal cortex (rPFC; BA 10), which has been found to be activated during PM tasks
(Burgess et al. 2001, 2003, 2011; Okuda et al. 1998, 2007; Simons et al. 2006; Volle et al.
2011), especially for maintaining and retrieving TBPM intentions (Okuda et al. 1998, 2007).
Additionally, the rPFC plays a role in time estimation, allowing individuals to estimate when
the action must be executed (Momennejad and Haynes 2012). Anticipatory activity occurs in
the rPFC before the supplementary motor area activation, reflecting strategic monitoring for
clock checks during the TBPM task (Oksanen et al. 2014). Strategic monitoring triggers the
motor action for PM recall, suggesting that the rPFC also plays a role in planning (Koechlin et

al. 2000; Soon et al. 2008).

While the cerebellum may contribute to TBPM, we found that white matter integrity
and the volume of the cerebellum were impaired by aging in accordance with other studies
(e.g., Abe et al. 2008) but they were not associated with TBPM decline. This could be due to
the fact that the duration of delays was always the same, making it as continuous cyclic
whereas the cerebellum is involved in non-cyclic tasks of time perception and longtime

perception periods (Breska and Ivry 2016; Coull et al. 2011).

The lack of significant correlations between TBPM and white matter in young adults

shows that our findings in older adults are a specific age-related phenomenon.
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Figure 5. Impaired white-matter tracts associated with the decline in prospective
memory in normal aging. The inferior fronto-occipital fasciculus (in small black dots),
containing corona radiata, external capsule, internal capsule, fornix and posterior thalamic
radiations is associated with gray-matter structures (in gray). The timing network is integrated
to the figure, containing the prefrontal cortex, the thalamus, the hippocampus, the
supplementary motor area, the parietal cortex (precuneus) and the cerebellum. Gray arrows

represent the fronto-cerebellar network loop for processing of time durations.

Regarding correlations between fractional anisotropy values (associated to PM) and
other cognitive functions, we found associations with subjective measure of episodic memory,
binding and processing speed, suggesting that the decline in PM may, at least in part, be

explained by a decline in these functions. This result is not surprising, as other studies have
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shown that PM closely interacts with these functions (Hainselin et al. 2011). More
specifically, a decline in retrospective episodic memory contributes to age-related PM decline
(Lecouvey et al. 2017). The retrieval of the content of the intention in episodic memory relies
on controlled processes that are impaired with age (McDaniel et al. 2000). Our results
indicated that the age-related TBPM decline may also stem from difficulties in creating,

maintaining, and retrieving associations in memory via the binding process.

We did not find all the expected correlations between TBPM scores and cognitive
functions, i.e., executive functions, binding, retrospective episodic memory and time
estimation in the group of older adults. This result could be explained by the relative
preservation of some abilities (updating and short-intervals time estimation for instance) in
the group of older adults. However, some cognitive functions are associated either with
fractional anisotropy (i.e. processing speed, subjective episodic memory) or ongoing scores
with TBPM task (i.e., shifting), while binding is associated with both, which highlights its key
role in age-related PM decline. Finally, processing speed may also contribute to the age-
related decline in PM performance (Kant et al. 2014). The general slowdown observed in
aging alters the ability to perform two tasks quickly and concurrently. More specifically, it
disturbs the ability to monitor time, and hence to execute intentions at the appropriate moment

(Hertzog et al. 2003).

Limitations

Regarding the PM task, participants were instructed to respond with the right or left
index for ongoing activity and right middle finger for PM intentions. Instructions were
displayed visually during the task with a picture under the target image, which may have
helped to remember the retrospective component of PM intentions “I had to remember to
press a key response”. However, to be effective, the support of the retrospective component

implies the prospective component retrieval. Furthermore, the image of fingers was present
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during the whole task and does not, in itself, make it possible to determine the exact time to
interrupt the ongoing task and execute the prospective action. Otherwise, the PM task did not
include any measure of clock checking to explore the monitoring of participants. Finally, the
PM task was designed not to be too difficult for older participants in order to avoid possible
floor effects. Although the PM condition measured correctly PM abilities in older adults, the
task was too easy for young participants as attested by a ceiling effect. However, the young
adult group was above all used to identify disrupted white matter tracts in the older one in
order to explore whether the decline in TBPM performance was associated with white matter

disruption in aging.

Conclusion

Given the literature in the fields of memory and aging, we expected gray matter and
white matter alterations in some specific brain areas to be correlated with TBPM
performance. However, we only found significant associations for fractional anisotropy
values. This suggests that PM, particularly TBPM, is more sensitive to age-related alterations
of white matter integrity than to changes in gray matter volume. These results confirm, and
extend to the field of PM, the view that a disconnection process, rather than neuronal loss,
may be a major mechanism in aging, contributing to cognitive decline (Bennett and Madden
2014; Liu et al. 2017, for a review; O’Sullivan et al. 2001; Sala et al. 2012). Age-related
TBPM decline is related to disruptions in the white matter tracts that constitute the inferior
fronto-occipital fasciculus. We surmise that PM decline is first associated with the disruption
of white matter tracts, then with gray matter atrophy. In this case, it would be interesting to
include older participants, to observe the PM decline over time and find correlations between

gray matter and PM performance.
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