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Enhancing prospective thinking by tagging the future with specific episodic events has been shown to reduce delay discounting in young age (“tag-effect”). So far, it is unclear whether such beneficial effect extends to old adulthood. Since the general ability of future thinking and cognitive control are crucial modulators of temporal discounting in young age, potential age-related decline in these functions might impact on the effect. We focused on this issue by combining functional magnetic resonance imaging (fMRI) with an established intertemporal choice task including episodic “tags” in healthy older participants. Future thinking ability was assessed using autobiographical interviews for future event simulations and a visual search task was applied to assess participants’ cognitive control ability. In contrast to previous data in young adults, the group of older participants did not benefit from tagging the future with episodic events. Older participants’ cognitive control function was directly associated with discounting rates in the episodic conditions: the less the older adults were able to focus their attention the less they benefited from the inclusion of episodic events. Consistent with this, imaging results revealed that: (a) subjective value (SV) signals in the hippocampus and the anterior cingulate cortex (ACC) as well as; (b) hippocampal-striatal coupling during the episodic condition were positively related to participants’ control capacity. Our findings highlight the critical role of executive functioning for the simultaneous integration of episodic information with future value computation in aging. Boosting delay gratification by including episodic tags might hence be limited in older individuals with pronounced decline in distraction control.
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INTRODUCTION

Delay discounting, the tendency to devaluate rewards as a function of time to their delivery, has been linked with harmful health behaviors (Chabris et al., 2008; Reimers et al., 2009) and is known to be increased among individuals with impulse control disorders (Bickel et al., 2014) and low levels of executive control (Shamosh et al., 2008; Bickel et al., 2011). Studies in younger adults have demonstrated that one critical modulator of individual discounting rates is the degree to which participants engage in episodic future thinking (Bromberg et al., 2015; Wiehler et al., 2015). Intriguingly, future thinking in the context of delay gratification can be boosted by combining delays with specific future events (Peters and Büchel, 2010; Benoit et al., 2011; Palombo et al., 2015; Sasse et al., 2015). On a behavioral level, such episodic manipulation typically leads to reduced discounting rates possibly due to the facilitated anticipation of future time-points by pre-experiencing a specific future event (“tag-effect”). In this line, neural findings show an increased engagement of episodic memory circuits and a heightened integration of such episodic signals into value signals by prefrontal-limbic reward circuits when individuals evaluate future delays combined with episodic events (Peters and Büchel, 2010; Sasse et al., 2015).

It is yet unclear whether such a tag-effect prevails until old age. Differences might be expected due to age-related changes in: (i) future thinking ability (Addis et al., 2008, 2011); and (ii) executive functioning—two important functions for the controlled integration of episodic information with value processing (Samanez-Larkin and Knutson, 2015). Along those lines, older adults have shown deficits in the detailed imagination of future episodic events (Schacter et al., 2013) and an increased susceptibility to memory distortions (Gerlach et al., 2014), even though there is typically high variability in age-related changes in episodic processing (Nyberg et al., 2012). Specifically, when remembering past and imagining future events, younger and older adults engage a parieto-fronto-temporal network including the hippocampus, precuneus und prefrontal cortex (Viard et al., 2011; Schacter et al., 2012, 2013). Yet, individual differences may occur due to age-specific decline in these regions (Addis et al., 2011; Persson et al., 2011; Pudas et al., 2014).

A critical impact of executive functioning on the tag-effect in aging may be hypothesized based on observed impairments in value-based decision making under conditions of high cognitive load (Lighthall et al., 2014) and deficits when learned information needed to be integrated in the decision-process (Mata et al., 2011) in older adults. According to the inhibitory control hypothesis (Hasher and Zacks, 1988), such deficits in multidimensional information processing might primarily result from age-related impairments in controlling interfering information. Increased anticipation of future options through episodic simulation, as evident during the “tag-effect”, requires the simultaneous processing and integration of prospection and valuation signals. Older adults’ ability of executive control might thus be a critical determinant of beneficial effects from future thinking on delay gratification in aging.

In the present study, we investigated whether healthy older participants benefit from episodic stimulation during delay discounting, i.e., show enhanced delay gratification when a future reward is combined with an episodic event (“tag”) as previously demonstrated in young adults (Peters and Büchel, 2010; Sasse et al., 2015). In this context, we were interested in the impact of participants’ future thinking and executive functioning ability on the occurrence of a neurobehavioral tag-effect. Specifically, we tested whether older participants demonstrate significantly lower discounting rates when future delays are combined with episodic events. Moreover, we investigated whether better general memory function, reported detailedness of imagined future events and stronger engagement of the neural episodic memory network during episodic conditions is positively related to the occurrence of the tag-effect. Finally, we tested the hypothesis that older participants with higher cognitive control ability are better able to benefit from integrating episodic information into value computation which should be reflected by a positive correlation of individuals’ control ability with the tag-effect paralleled by the activation of memory-reward key regions.

To this end, we combined functional magnetic resonance imaging (fMRI) with an established intertemporal choice paradigm (Sasse et al., 2015) that allows for a systematic investigation of the influence of episodic simulation on delay discounting. In this paradigm, some delays are combined with a specific future event (i.e., meeting different people in a café) and compared to trials without episodic prospection. The task was followed by an autobiographical interview. General episodic memory ability was assessed using a standardized verbal learning memory task. In addition, executive control ability was measured using a well-established visual search task (Theeuwes and Burger, 1998; Costello et al., 2010) which has previously demonstrated a valid applicability in older adults (Sasse et al., 2014). Based on neural findings in younger adults, we focused our factorial and functional connectivity analyses on networks engaged in episodic prospection and reward integration.

MATERIALS AND METHODS

Participants

Twenty-two healthy older adults (M = 66.55; SD = 4.02; 60–74 years; 9 men) participated in the present study. Participants were recruited from an existing database and gave written informed consent before their participation. It was ensured that all participants had no present or previous neurological or psychiatric disorders like depression or dementia and successfully completed the neuropsychological battery of the Consortium to Establish a Registry for Alzheimer’s Disease (CERAD) including the Mini-Mental State Examination (MMSE, all participants <28). Participants were financially compensated with 10 Euros per hour. In addition, one chosen reward from the delay discounting task was randomly selected and paid out with the respective delay. The local ethics committee (Aerztekammer Hamburg) approved the study. All participants gave written informed consent before participation. No vulnerable populations were involved.

Study Design of the Discounting Task

The design and procedure of the fMRI discounting task have previously been applied in a group of younger adults (Sasse et al., 2015; Figure 1). The experiment consisted of three conditions presented in six blocks (two blocks per condition). Two of these six blocks served as the control condition, which involved standard delay discounting without episodic prospection, while the other four blocks were assigned to two episodic tag conditions, requiring participants to imagine meeting a person in a café for the day of delayed reward delivery.
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FIGURE 1. Outline of the paradigm. Each trial started with a green dot, signaling the start of the trial. Then, the delayed reward option was presented for 6 s and participants had to either imagine the event in the café (episodic conditions) or not imagine anything in the control condition. Subsequently, participants had to indicate their choice by selecting the red cross for the immediate reward (20€ that were not shown) or the green check mark for the delayed reward option.



In a preparatory interview, participants were asked to identify four persons, two familiar and two unfamiliar persons, they would like to meet in the future. These persons were identified using a standardized interview (adopted from Carstensen and Fredrickson, 1998). For the identification of the familiar social partners, participants had to imagine moving abroad on their own and to appoint familiar persons with whom they would like to spend the last hours before their departure. To identify the famous, novel partners, participants imagined conducting an interview for a newspaper with persons of public interest whom they had never met in person. This procedure was used for two reasons: first, the inclusion of different persons from different backgrounds should limit habituation effects during the paradigm. Second, it makes it possible to investigate the impact of emotional closeness on discounting behavior, which has previously been identified as a key modulator of choice behavior in older age (Fredrickson and Carstensen, 1990; Fung and Carstensen, 2004).

During each trial, participants were required to choose between a fixed immediate reward option of 20€ (which was not shown on the screen) and a larger but delayed amount. During the episodic conditions, this delayed reward option was presented together with the name of the social partner with whom they had to imagine a meeting in a café for the date of the delayed reward delivery. In the control condition, delayed options were presented together with placeholder strings (“XXXX” or “YYYY”) and participants were explicitly instructed to refrain from imagery.

In each block, participants viewed 36 trials involving six different delays that were randomly drawn from one of two sets [1, 2], [6, 7], [13, 15], [28, 32], [85, 95], [170, 190]. Next, the six delays were paired with six monetary amounts, ranging from 20.5€ to 79.5€. While minimum and maximum amount for each delay were close to the extreme values for each participant, values varied individually between these extremes for each participant. More specifically, these values were participant-specific constructed based on a computer-based delay-discounting procedure participants completed on the date prior to scanning. Choice data from this pretest were fitted using a hyperbolic discounting function of the form
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to estimate the individual discount rate for a reward of 20€ (SV, subjective value; A, amount of the delayed reward; D, delay in days; k, discount rate; Mazur, 1987). The discount rate was then used to calculate indifference amounts for six delays for each participant (i.e., points where the participant valued the immediate and the delayed reward as equivalent). Subsequently, the six delays were paired with amounts that lied equally above and below the respective indifference point. This procedure has been applied in previous experiments in our lab to ensure that participants would choose the delayed option in 50% of the trials (see Sasse et al., 2015).

In order to avoid sequence effects, the presentation of the three conditions (control, familiar event, unfamiliar event) was randomized but the two blocks of each condition were always presented successively. Between blocks, participants were given a short break to relax. Participants were trained on the task and familiarized with five images depicting scenes of a typical café before the experiment. After the end of the task and without being scanned, participants remained lying in the scanner for approximately 10 min for an interview about the richness of their imagination for the four episodic events (two familiar, two unfamiliar). During this interview, participants were asked to describe their imaginations for each of the four events as detailed as possible. Answers were recorded to be later transliterated. Outside the scanner, participants were asked to rate the emotionality they associated with the four partners as well as their motivation to meet the partners for each event on scales ranging from 1 to 7.

In addition, participants’ general memory capacity was assessed on a separate day prior to scanning via the verbal learning and memory test (VLMT; Helmstaedter et al., 2001). The VLMT involves verbal word list learning (in five consecutive trials) and we used the sum of recalled words across all five trials as an indicator of individual memory capacity.

Attentional Control Task

On the day prior to scanning, participants performed a visual search task (Theeuwes and Burger, 1998; Costello et al., 2010). Application and analysis was based on our previous work where older participants’ ability to control attention during highly salient distraction explained substantial variance during emotion processing (Sasse et al., 2014).

Specifically, participants had to indicate by button press as quickly (<3 s and accurately as possible whether a target circle included a “+” or “−”. The target was surrounded by non-targets differing in shape (squares) from the target (Figure 2). The task included two conditions: in condition one, the target (green circle) was surrounded by a different amount of green distractors which sometimes (50% of the trials) included one red square (= singleton distractor). Participants could accomplish the task in this condition without an actual need of flexible control of attention by strategically focusing on the shape dimension while blanking out the color dimension (Costello et al., 2010). In condition two, the target was colored in red (red circle, = singleton target) in 8% of the trials. Now, the formerly inhibited red color dimension became highly relevant which required a flexible use of attention control (Costello et al., 2010). The two conditions were presented in separate blocks (each condition n = 4 blocks with 48 trials) and the type of condition was announced before the start of each block.
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FIGURE 2. Attentional control paradigm. The task is to respond to the symbol depicted in the target shape (circle) and ignore the singleton distractor (A). Demands on flexible attentional control can be raised by including trials in which the singleton can become the target (B) so that it cannot be blanked out from the start.



We then computed an index score of participants’ ability to flexibly control attention that was adjusted for more strategic forms of attentional control (Sasse et al., 2014). Specifically, increases in reaction time (RT) due to the colored distractor in condition one (= no flexible control required) were subtracted from increases in RT due to colored distractor in condition two (= flexible control condition). Consequently, a higher singleton score implied less flexible attentional control.

Data Acquisition

Presentation software (Neurobehavioral Systems©) was used for stimulus presentation and recording. fMRI data were acquired on a 3 tesla system (Magnetom Trio, Siemens) equipped with a 32-channel head coil. Each volume comprised 41 transversal slices (2 mm thickness, 1 mm gap, TR = 2460 ms, TE = 25 ms, FOV = 216 × 216 mm2, in-plane resolution 2 × 2 mm2, GRAPPA factor 2). High-resolution anatomical MR images were acquired after functional imaging using a T1-weighted MPRAGE sequence (1 × 1 × 1 mm).

Behavioral Data Analysis

For the behavioral data analysis, individual choice data were fitted using Maximum Likelihood Estimation (MLE) by combining the aforementioned hyperbolic discounting function with softmax action selection (Peters et al., 2012) separately for each experimental condition in Matlab (Mathworks©). This yielded two free parameters per condition, the hyperbolic discounting constant k, where higher values reflect greater impatience, and the inverse temperature parameter β of the softmax choice function, where greater values reflect more decision noise. Following Sasse et al. (2015), a square-root transformation was applied to the resulting k parameters prior to the analyses, accounting for their skewed distributions. Table 1 depicts model characteristics, such as medians and Inter-Quartile-Ranges (IQRs) of the absolute single-subject maximum likelihood parameter estimates and RT data. All statistical analyses included gender as covariate of no interest to account for unequal distributions of men and women.

TABLE 1. Model Parameters.
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Descriptions of the imagination ratings for the four events were analyzed with respect to the level of episodic richness using a rating procedure based on the Autobiographical Interview (Levine et al., 2002). Details were categorized as internal (episodic information relating to the given future event) or external (non-episodic information). Internal details were categorized further into one of five categories adapted from Levine et al. (2002): time, place, perceptual, emotions/thoughts and event details. External details comprised semantic details, repetitions and other metacognitive statements, but were combined into a single score since there were only very few external details. A second independent rater coded details into the same categories, yielding a reliability between the raters of cronbach’s alpha = 0.81 for internal details and cronbach’s alpha = 0.81 for external details.

fMRI Data Analysis

fMRI data were pre-processed and analyzed using statistical parametric mapping (SPM8; Welcome Department of Imaging Neuroscience, London, UK).

Functional data were corrected for slice timing before being realigned and unwarped. Next, the individual structural T1 image was coregistered to the mean functional image generated during realignment. Coregistered T1 images were then segmented using the “New Segment” routine in SPM8. Resulting tissue-class images for gray and white matter were subsequently used for spatial normalization of the functional images using the DARTEL toolbox. Data were smoothed with a 6-mm full-width at half maximum (FWHM) isotropic Gaussian kernel.

Using the general linear model (GLM) denoise toolbox for Matlab (Kay et al., 2013), the data were then “denoised” by deriving regressors from voxels whose activation was unrelated to the manipulation of the experimental paradigm and entering these regressors in a GLM analysis. In this GLM, sustained activation during the presentation of the delayed option (i.e., from option onset until button press) was modeled by boxcar regressors that were convolved with the canonical hemodynamic response function. Condition-specific k-parameters from the scanning session were used for the calculation of the SV each delayed option (via the hyperbolic formula) and included as a parametric regressor in the GLM.

For each subject, contrast images for the two conditions (control/episodic) and for the respective SV regressor were constructed. These contrast images were passed to the second level where group contrasts were computed using one-sample t-tests and regression analyses on the single-subject contrasts. Regression analysis was applied to investigate correlations between functional brain patterns and cognitive control capacity measured via the Singleton score.

Coupling analyses were performed by extracting the deconvolved time courses from the seed region for each condition (block) separately. Coupling patterns of each condition were then directly compared with each other to assess the impact of episodic modulation (episodic vs. control).

We performed whole brain corrections for multiple comparisons at the cluster level using a cluster-threshold of FWE < 0.05 (cluster forming threshold p < 0.005 uncorrected). Small volume corrections for multiple comparisons (SVC) were performed for anatomical masks of the hippocampus, (Harvard Oxford atlas, probability threshold of 50%) and for the ventral striatum (8 mm spheres centered on x, y, z: +/− 14, 8, −8 mm (O’Doherty et al., 2004; Yacubian et al., 2006). In addition, we defined 10 mm spheres around the coordinates of the episodic prospection network implicated in the tag-effect with the same paradigm in younger adults (Sasse et al., 2015), including the ventromedial prefrontal cortex (vmPFC; x, y, z: −6, 58, −6 mm), the posterior cingulate cortex/precuneus (x, y, z: −4, −52, 36 mm) and the lateral parietal cortex (x, y, z: −50, −72, 28 mm). The threshold of small volume corrections (SVC) was set to p < 0.05 corrected for multiple comparisons using the family-wise error rate (FWE).

RESULTS

Post hoc Ratings and Singleton Scores

Post hoc interviews revealed that the motivation to meet the familiar (M = 6.21, SD = 1.02) and unfamiliar social partners (M = 5.82, SD = 1.41) did not differ significantly, p > 0.28. As expected, familiar partners (M = 6.26, SD = 0.54) were rated as significantly higher on emotional closeness than the unfamiliar partners (M = 2.93, SD = 1.08), t(21) = 11.91, p < 0.001. Analysis of the post-scan Autobiographical Interview indicated that participants imagined familiar and unfamiliar events with similar amounts of internal (t(21) = 1.25, p > 0.22) and external details (t(21) = 0.89, p > 0.38; Table 2).

TABLE 2. Level of detail and episodic richness of simulations across future event scenarios.

[image: image]

For explorative reasons, we compared reported levels of imagination richness from the older participants to the scores obtained in our previously published study with younger adults (Sasse et al., 2015), who performed the identical paradigm. We found significantly fewer reported internal details for both familiar (T(43) = 2.6, p < 0.05) and unfamiliar (T(43) = 3.03, p < 0.01) events in old compared to younger adults.

In the singleton task, only few trials had to be discarded from the analysis due to errors or missing responses (M = 4.52%, SD = 3.61%). The mean distraction score was 71.34, SD = 89.29. The mean memory score of the VLMT was 47.5, SD = 10.34.

Behavioral Results

Discounting Rates

Using a repeated measures analysis of variance (ANOVA) including the three conditions, we found no significant condition effect in older participants (F(2,42) = 1.51, p > 0.32), i.e., there was no significant difference in discounting behavior in conditions with vs. without episodic tags. To further explore and validate this null-finding, we compared current discounting data in old adults with behavioral data from our recently conducted independent study in young adults (N = 23; mean age = 24.96 years; Sasse et al., 2015). Results showed a significant condition by group interaction, (F(2,86) = 4.91, p < 0.05) and no main effects of group (F(1,43) = 1.52, p > 0.22) or condition (F(2,86) = 1.33, p > 0.26). The interaction was driven by a significant effect of the experimental manipulation on discounting rates only in the young subjects (F(2,44) = 5.83, p < 0.01), thus confirming the lack of a tag-effect in older adults (Figure 3A).
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FIGURE 3. Behavioral data. (A) In comparison to younger adults (Sasse et al., 2015), discounting behavior did not significantly differ between the two episodic conditions and the control condition in older adults. (B) Differences between the two conditions in older age were related to individual differences in attentional control ability (singleton score). **p < 0.05.



Interactions with Episodic Thinking

Next, we tested whether discounting rates from the episodic conditions were related to older participants’ general memory ability (VLMT), level of imagined details (Autobiographical Interview) and emotional closeness of the imagined events. Here, we found no significant correlation, neither for the overall episodic discounting rate nor for the discounting rates in the episodic sub-conditions (all p > 0.48).

Please note that since none of the previous analyses revealed any differences between the two episodic sub-conditions, we concentrated all following analyses on the overall tag-condition.

Interactions with Cognitive Control Ability

We then analyzed whether participants’ individual control ability was related to discounting behavior. While there was no significant correlation with the discounting rate from the control condition (p > 0.11), we found a significant relationship between the singleton score and differences in discounting rates between the episodic and the control condition (r = −0.67, p < 0.05, see Figure 3B) indicating that the better participants’ control ability, the more their discounting rates were reduced in the episodic compared to the control condition.

fMRI Data

Task-Related Activation Patterns

First, general effects of episodic prospection (i.e., condition effects) on brain activity were analyzed. Here, we observed a significant increase in the BOLD signal across both episodic conditions compared to the control condition in the left vmPFC (−10, 52, −10, z = 3.97, p < 0.05 FWE) and the left precuneus (−4, −60, 42, z = 3.76 p < 0.05 FWE). In line with previous studies on episodic prospection (Peters and Büchel, 2010; Benoit and Schacter, 2015), we also observed a cluster in more inferior posterior midline regions, i.e., the retrosplenial/posterior cingulate cortex (see Figure 4). However, this result did not survive our FWE correction procedure (−4, −54, 20, z = 3.40, p < 0.001 uncorrected).
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FIGURE 4. Activation differences between episodic and control conditions. Greater activation for the episodic conditions compared to the control condition was observed in the left ventromedial prefrontal cortex (vmPFC) and the left precuneus (all p < 0.05 FWE). Activations are overlaid on the mean structural image of all participants (display threshold p < 0.005 uncorrected).



In the next analyses, we focused on brain activity modulated by the SV of each trial (i.e., parametric effects). Across all conditions, there was a significant modulation by SV in the vmPFC, the orbitofrontal cortex, the posterior cingulate cortex and the bilateral lateral parietal cortex (Table 3). This modulation of SV did not significantly differ between the episodic and the control condition.

TABLE 3. Regions in which the BOLD signal was significantly modulated by subjective value (SV) across all conditions.
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Modulation by Attentional Control Ability

Subsequent analyses aimed at investigating whether our finding of a significant behavioral impact of attention control on episodic discounting rates is mirrored by an effect on episodic neuro-circuits and/or neural valuation signals. For this reason, we analyzed the potential impact on neural valuation by entering the singleton score as covariate into an analysis that compared parametric modulation by SVs between tag and control conditions (tag × SV < control × SV). This analysis revealed significant correlations in the right anterior cingulate cortex (ACC; 18, 46, 4, z = 4.95, p < 0.05 FWE), the left hippocampus (−20, −18, −18, z = 3.77, p < 0.05 FWE) and the left postcentral gyrus (−38, −24, 42, z = 4.06, p < 0.05 FWE; Figure 5), i.e., the higher the control ability, the stronger was the value signal in the tag compared to the control condition in these brain regions.
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FIGURE 5. Correlations between attentional control ability and neural modulation by subjective value (SV; parametric analysis) for the episodic compared to the control condition. Significant correlations were found in the right anterior cingulate cortex (ACC) and the left hippocampus (all p < 0.05 FWE). Plots show the separate correlations in the peak voxels of the ACC and hippocampus. Activations are overlaid on the mean structural image of all participants (display threshold p < 0.005 uncorrected).



Based on behavioral and neural findings, we were interested in the direct impact of control ability on the integration of episodic details with value coding. To this end, we analyzed whether coupling between the hippocampus (seed voxel from the above result: −20, −18, −18) and valuation circuits would differ in the episodic compared to the control condition depending on participants’ control ability. Regression analysis including the singleton score revealed a significant positive correlation with the left ventral striatum (−14, 4, −12, z = 4.01, p < 0.01 FWE; Figure 6), indicating that coupling between the hippocampus and the ventral striatum was greater for elderly people with higher control ability in the episodic compared with the control condition. Figure 6 shows an outlier in the data. Yet, after removing it from the analysis, the observed correlation remained significant.
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FIGURE 6. Correlation between attentional control ability and hippocampal coupling. Individual control ability (singleton score) was related to functional coupling between the left hippocampus and the left ventral striatum in the episodic compared to the control condition (p < 0.05 FWE). The plot demonstrates the correlation in the peak voxel of the left ventral striatum. Activations are overlaid on the mean structural image of all participants (display threshold p < 0.005 uncorrected).



DISCUSSION

We investigated the impact of episodic simulation on discounting behavior (“tag-effect”) in older adults and whether this effect is modulated by episodic prospection and/or executive control ability. To this aim, older adults with varying degrees of attentional control ability were examined with fMRI while performing an intertemporal choice task that included conditions in which the future delay was combined with an episodic event. In contrast to previous findings in young adults, the experimental induction of episodic prospection did not reduce discounting behavior in the older sample. However, a significant amount of heterogeneity in episodic discounting rates could be explained by older participants’ cognitive control ability. Specifically, results indicated that the lower older adults’ cognitive control ability, the less their discounting rate was decreased in the context of enhanced episodic simulation. Neuroimaging findings highlight two mechanisms underlying this result: higher cognitive control was related to: (a) stronger SV signals in the hippocampus and the ACC; and (b) tighter neural coupling between hippocampus and ventral striatum in the episodic compared to the control condition. There were no correlations between discounting behavior and memory capacity. Furthermore, participants engaged a well-defined network of episodic neuro-circuits in conditions including an episodic tag. These findings rather argue against the notion that general memory ability was a significant modulator of the tag-effect in this context.

In line with other studies (Green et al., 1996; Chao et al., 2009; Roalf et al., 2011; Samanez-Larkin et al., 2011; Rieger and Mata, 2015), delay discounting rates in the non-episodic condition observed in the present study did not differ from those previously observed in young adults (Sasse et al., 2015). However, in contrast to published data in young participants (Peters and Büchel, 2010; Sasse et al., 2015), older adults did not demonstrate reduced discounting rates when future options were combined with episodic tags. In our previous imaging studies on the tag-effect in younger age, successful integration of episodic information with value computation was related to increased SV signals in the hippocampus and the ACC (Peters and Büchel, 2010; Sasse et al., 2015). The hippocampus is thereby thought to modulate value computation by providing episodic prospection of decision outcomes, leading to a reduction in temporal discounting. In a similar vein, episodic signals from the hippocampus have been found to modulate reward-based decision-making via connections to the ventral striatum in animals (Johnson et al., 2007; Meer et al., 2014) and humans (Wimmer and Shohamy, 2012). An age-related decline in the ability to flexibly control attention, as measured in our study, has been speculated to impair such integration of information (Hasher and Zacks, 1988; Gazzaley, 2013). Accordingly, we found cognitive control ability to be directly correlated with signals in regions of the episodic-valuation-network including the hippocampus, the ACC and the ventral striatum when delayed options were combined with episodic events. The ACC as well as the ventral striatum are involved in the filtering and controlling of competing and goal-relevant information (Rushworth, 2008; Demanet et al., 2013; Haeger et al., 2015). Moreover, the ventral striatum has been implicated in the structuring of memory encoding and retrieval based on the expected utility of memories (reviewed by Scimeca and Badre, 2012).

The present data provide empirical evidence for recently postulated assumptions from the “Affect-integration-motivation-framework” (Samanez-Larkin and Knutson, 2015). The authors suggest that while reward anticipation may be preserved in aging, the phase where memory content and other information have to be integrated in the decision-process might critically rely on fluid cognitive abilities. In our study, when delayed reward options were combined with episodic events, value computation and future thinking might have strongly competed for attentional resources in older participants with lower control ability. The Singleton task provides a primary measurement of distraction control, which nicely fits with such interpretation. Alternatively, we cannot rule that other functions that are typically also engaged in these tasks may play a critical role here. For example, working memory capacity has previously been associated with temporal discounting in young adults (Hinson et al., 2003; Shamosh et al., 2008). Both functions and their specific effects should be separately assessed in future studies.

A critical impact of cognitive functioning has already been demonstrated in the context of standard delay discounting where episodic prospection was not specifically controlled (Hinson et al., 2003; Shamosh et al., 2008; Huckans et al., 2011; Boyle et al., 2012; Halfmann et al., 2013; Lindbergh et al., 2014; James et al., 2015). Yet it is likely that a certain degree of episodic future thinking is also induced in standard discounting tasks (Mitchell et al., 2011; Peters, 2011). In our design, participants were explicitly instructed to either avoid imagination of specific events (control condition) or to systematically apply episodic prospection (episodic condition) and that we were interested in decision making under different conditions (similar to Peters and Büchel, 2010; Sasse et al., 2015). Given the observed behavior during the training phase, significant activation of episodic neuro-circuits during the tag-conditions as well as participants’ answers during post-scan interviews, it seems unlikely that our results were influenced by difficulties to follow the task. Although we cannot rule out that participants also engaged in episodic prospection in the control condition, our data argue that only under conditions of increased episodic simulation, value integration capacity seemed to be overcharged among older adults with lower cognitive control ability.

In line with previous findings (Viard et al., 2011), most regions of the episodic network reported in younger age were more activated during the episodic compared with the control condition in our study, indicating that older participants engaged imagination. Yet, some key nodes, including the lateral parietal cortex and the hippocampus, did not show differential activation (Peters and Büchel, 2010; Sasse et al., 2015). In addition, compared with data from a younger sample published previously (Sasse et al., 2015), older adults reported fewer imagined internal details for the episodic events. Age-related impairments in the construction and elaboration of episodic simulations have been discussed before (Addis et al., 2011; Schacter et al., 2013) and probably depend on age-specific changes in underlying neural networks (Nyberg et al., 2012). Similar to our previous study (Sasse et al., 2015), episodic prospection capacity did not explain substantial variance in delay discounting in older participants. This could indicate that in our specific paradigm, in which only four rather similar events had to be imagined, a certain degree of imagination can already trigger the tag-effect, if integrated into value computation. Previous work that could reveal a direct relationship between the tag-effect and the vividness of imagined events (Peters and Büchel, 2010) was based on real subject-specific episodic events which might have generated more systematic variability. In addition, the lacking correlation might be caused by the limited sensitivity of our post-scan interview on imagination. Future studies might be able to provide better indicators of imagination quality by assessing trial-wise imagination scores during the task without influencing behavior in the primary intertemporal choice task and by using individual real events.

It is important to note that our findings are limited to older adults and no direct conclusion can be drawn with respect to the impact of cognitive control on discounting behavior in young age, since cognitive functioning was not assessed in our previously published and independent study in younger adults (Sasse et al., 2015). Given that cognitive control is affected by age-related decline, however, we think that our data make an important contribution to understanding the high variability previously observed in discounting studies with older adults and underline the importance of including general cognitive markers in studies addressing complex decision behavior in aging.

Our rather small sample size did not allow for group-wise analyses of neurobehavioral findings, which is a limitation of this study. The specific findings in our very homogenous sample nevertheless strongly argue for a critical consideration of cognitive task demands and executive functioning when studying temporal discounting in late-life. Improving future choice behavior by stimulating episodic prospection (“tag-effect”) has been discussed as therapeutic intervention in patients with characteristic impulsivity (Wiehler and Peters, 2015). Our findings suggest that this benefit may not apply to older people with lower levels of cognitive control ability. Recent data in aged rats and humans have demonstrated beneficial effects of specific adaptive trainings on attentional control ability and its neural correlates (Mishra et al., 2014). It would be interesting to see whether such effects also generalize to performance in higher order tasks like temporal discounting.

AUTHOR CONTRIBUTIONS

SB and JP developed the study design. SB, JP and LKS jointly designed the experiment. LKS programmed the paradigm and she collected and processed all data. SB and LKS prepared the manuscript.

FUNDING

The study was supported by the German Research Foundation (DFG, grant BR 2877/2-2 to SB and PE 1627/3-1 to JP).

REFERENCES

Addis, D. R., Roberts, R. P., and Schacter, D. L. (2011). Age-related neural changes in autobiographical remembering and imagining. Neuropsychologia 49, 3656–3669. doi: 10.1016/j.neuropsychologia.2011.09.021

Addis, D. R., Sacchetti, D. C., Ally, B. A., Budson, A. E., and Schacter, D. L. (2009). Episodic simulation of future events is impaired in mild Alzheimer’s disease. Neuropsychologia 47, 2660–2671. doi: 10.1016/j.neuropsychologia.2009.05.018

Addis, D. R., Wong, A. T., and Schacter, D. L. (2008). Age-related changes in the episodic simulation of future events. Psychol. Sci. 19, 33–41. doi: 10.1111/j.1467-9280.2008.02043.x

Benoit, R. G., Gilbert, S. J., and Burgess, P. W. (2011). A neural mechanism mediating the impact of episodic prospection on farsighted decisions. J. Neurosci. 31, 6771–6779. doi: 10.1523/JNEUROSCI.6559-10.2011

Benoit, R. G., and Schacter, D. L. (2015). Specifying the core network supporting episodic simulation and episodic memory by activation likelihood estimation. Neuropsychologia 75, 450–457. doi: 10.1016/j.neuropsychologia.2015.06.034

Bickel, W. K., Koffarnus, M. N., Moody, L., and Wilson, A. G. (2014). The behavioral- and neuro-economic process of temporal discounting: a candidate behavioral marker of addiction. Neuropharmacology 76, 518–527. doi: 10.1016/j.neuropharm.2013.06.013

Bickel, W. K., Yi, R., Landes, R. D., Hill, P. F., and Baxter, C. (2011). Remember the future: working memory training decreases delay discounting among stimulant addicts. Biol. Psychiatry 69, 260–265. doi: 10.1016/j.biopsych.2010.08.017

Boyle, P. A., Yu, L., Segawa, E., Wilson, R. S., Buchman, A. S., Laibson, D. I., et al. (2012). Association of cognition with temporal discounting in community based older persons. BMC Geriatr. 12:48. doi: 10.1186/1471-2318-12-48

Bromberg, U., Wiehler, A., and Peters, J. (2015). Episodic future thinking is related to impulsive decision making in healthy adolescents. Child Dev. 86, 1458–1468. doi: 10.1111/cdev.12390

Carstensen, L. L., and Fredrickson, B. L. (1998). Influence of HIV status and age on cognitive representations of others. Health Psychol. 17, 494–503. doi: 10.1037/0278-6133.17.6.494

Chabris, C. F., Laibson, D., Morris, C. L., Schuldt, J. P., and Taubinsky, D. (2008). Individual laboratory-measured discount rates predict field behavior. J. Risk Uncertain. 37, 237–269. doi: 10.1007/s11166-008-9053-x


Chao, L.-W., Szrek, H., Pereira, N. S., and Pauly, M. V. (2009). Time preference and its relationship with age, health, and survival probability. Judgm. Decis. Mak. 4, 1–19.


Costello, M. C., Madden, D. J., Shepler, A. M., Mitroff, S. R., and Leber, A. B. (2010). Age-related preservation of top-down control over distraction in visual search. Exp. Aging Res. 36, 249–272. doi: 10.1080/0361073x.2010.484719

Demanet, J., De Baene, W., Arrington, C. M., and Brass, M. (2013). Biasing free choices: the role of the rostral cingulate zone in intentional control. Neuroimage 72, 207–213. doi: 10.1016/j.neuroimage.2013.01.052

Fredrickson, B. L., and Carstensen, L. L. (1990). Choosing social partners: how old age and anticipated endings make people more selective. Psychol. Aging 5, 335–347. doi: 10.1037/0882-7974.5.3.335

Fung, H. H., and Carstensen, L. L. (2004). Motivational changes in response to blocked goals and foreshortened time: testing alternatives to socioemotional selectivity theory. Psychol. Aging 19, 68–78. doi: 10.1037/0882-7974.19.1.68


Gazzaley, A. (2013). “Top-down modulation deficit in the aging brain an emerging theory of cognitive aging,” in Principles of Frontal Lobe Function, eds R. T. Knight and D. T. Stuss (New York, NY: Oxford University Press), 593–608.


Gerlach, K. D., Dornblaser, D. W., and Schacter, D. L. (2014). Adaptive constructive processes and memory accuracy: consequences of counterfactual simulations in young and older adults. Memory 22, 145–162. doi: 10.1080/09658211.2013.779381

Green, L., Myerson, J., Lichtman, D., Rosen, S., and Fry, A. (1996). Temporal discounting in choice between delayed rewards: the role of age and income. Psychol. Aging 11, 79–84. doi: 10.1037/0882-7974.11.1.79

Haeger, A., Lee, H., Fell, J., and Axmacher, N. (2015). Selective processing of buildings and faces during working memory: the role of the ventral striatum. Eur. J. Neurosci. 41, 505–513. doi: 10.1111/ejn.12808

Halfmann, K., Hedgcock, W., and Denburg, N. L. (2013). Age-related differences in discounting future gains and losses. J. Neurosci. Psychol. Econ. 6, 42–54. doi: 10.1037/npe0000003


Hasher, L., and Zacks, R. T. (1988). “Working memory, comprehension and aging: a review and a new view,” in The Psychology of Learning and Motivation, ed. G. H. Bower (New York, NY: Academic Press), 193–225.



Helmstaedter, C., Lendt, M., and Lux, S. (2001). VLMT Verbaler Lern- und Merkfähigkeitstest. Göettingen: Beltz Test.


Hinson, J. M., Jameson, T. L., and Whitney, P. (2003). Impulsive decision making and working memory. J. Exp. Psychol. Learn. Mem. Cogn. 29, 298–306. doi: 10.1037/0278-7393.29.2.298

Huckans, M., Seelye, A., Woodhouse, J., Parcel, T., Mull, L., Schwartz, D., et al. (2011). Discounting of delayed rewards and executive dysfunction in individuals infected with hepatitis C. J. Clin. Exp. Neuropsychol. 33, 176–186. doi: 10.1080/13803395.2010.499355

James, B. D., Boyle, P. A., Yu, L., Han, S. D., and Bennett, D. A. (2015). Cognitive decline is associated with risk aversion and temporal discounting in older adults without dementia. PLoS One 10:e0121900. doi: 10.1371/journal.pone.0121900

Johnson, A., van der Meer, M. A., and Redish, A. D. (2007). Integrating hippocampus and striatum in decision-making. Curr. Opin. Neurobiol. 17, 692–697. doi: 10.1016/j.conb.2008.01.003

Kay, K., Rokem, A., Winawer, J., Dougherty, R., and Wandell, B. (2013). GLMdenoise: a fast, automated technique for denoising task-based fMRI data. Front. Neurosci. 7:247. doi: 10.3389/fnins.2013.00247

Levine, B., Svoboda, E., Hay, J. F., Winocur, G., and Moscovitch, M. (2002). Aging and autobiographical memory: dissociating episodic from semantic retrieval. Psychol. Aging 17, 677–689. doi: 10.1037/0882-7974.17.4.677

Lighthall, N. R., Huettel, S. A., and Cabeza, R. (2014). Functional compensation in the ventromedial prefrontal cortex improves memory-dependent decisions in older adults. J. Neurosci. 34, 15648–15657. doi: 10.1523/JNEUROSCI.2888-14.2014

Lindbergh, C. A., Puente, A. N., Gray, J. C., Mackillop, J., and Miller, L. S. (2014). Delay and probability discounting as candidate markers for dementia: an initial investigation. Arch. Clin. Neuropsychol. 29, 651–662. doi: 10.1093/arclin/acu043

Mata, R., Josef, A. K., Samanez-Larkin, G. R., and Hertwig, R. (2011). Age differences in risky choice: a meta-analysis. Ann. N Y Acad. Sci. 1235, 18–29. doi: 10.1111/j.1749-6632.2011.06200.x


Mazur, J. E. (1987). “An adjusting procedure for studying delayed reinforcement,” in Quantitative Analyses of Behavior: The Effect of Delay and of Intervening Events on Reinforcement Value (Vol. 5), eds M. L. , Commons, J. E. , Mazur, J. A. Nevin and H. Rachlin (Hillsdale, NJ: Erlbaum), 55–73.



Meer, M. A. A., Ito, R., Lansink, C. S., and Pennartz, C. M. A. (2014). “Hippocampal projections to the ventral striatum: from spatial memory to motivated behavior,” in Space, Time and Memory in the Hippocampal Formation, eds. D. Derdikman and J. J. Knierim (Vienna: Springer), 497–516.


Mishra, J., de Villers-Sidani, E., Merzenich, M., and Gazzaley, A. (2014). Adaptive training diminishes distractibility in aging across species. Neuron 84, 1091–1103. doi: 10.1016/j.neuron.2014.10.034

Mitchell, J. P., Schirmer, J., Ames, D. L., and Gilbert, D. T. (2011). Medial prefrontal cortex predicts intertemporal choice. J. Cogn. Neurosci. 23, 857–866. doi: 10.1162/jocn.2010.21479

Nyberg, L., Lövdén, M., Riklund, K., Lindenberger, U., and Bäckman, L. (2012). Memory aging and brain maintenance. Trends Cogn. Sci. 16, 292–305. doi: 10.1016/j.tics.2012.04.005

O’Doherty, J., Dayan, P., Schultz, J., Deichmann, R., Friston, K., and Dolan, R. J. (2004). Dissociable roles of ventral and dorsal striatum in instrumental conditioning. Science 304, 452–454. doi: 10.1126/science.1094285

Palombo, D. J., Keane, M. M., and Verfaellie, M. (2015). The medial temporal lobes are critical for reward-based decision making under conditions that promote episodic future thinking. Hippocampus 25, 345–353. doi: 10.1002/hipo.22376

Persson, J., Kalpouzos, G., Nilsson, L.-G., Ryberg, M., and Nyberg, L. (2011). Preserved hippocampus activation in normal aging as revealed by fMRI. Hippocampus 21, 753–766. doi: 10.1002/hipo.20794

Peters, J. (2011). The role of the medial orbitofrontal cortex in intertemporal choice: prospection or valuation? J. Neurosci. 31, 5889–5890. doi: 10.1523/JNEUROSCI.0268-11.2011

Peters, J., and Büchel, C. (2010). Episodic future thinking reduces reward delay discounting through an enhancement of prefrontal-mediotemporal interactions. Neuron 66, 138–148. doi: 10.1016/j.neuron.2010.03.026

Peters, J., Miedl, S. F., and Büchel, C. (2012). Formal comparison of dual-parameter temporal discounting models in controls and pathological gamblers. PLoS One 7:e47225. doi: 10.1371/journal.pone.0047225

Pudas, S., Persson, J., Nilsson, L.-G., and Nyberg, L. (2014). Midlife memory ability accounts for brain activity differences in healthy aging. Neurobiol. Aging 35, 2495–2503. doi: 10.1016/j.neurobiolaging.2014.05.022

Reimers, S., Maylor, E. A., Stewart, N., and Chater, N. (2009). Associations between a one-shot delay discounting measure and age, income, education and real-world impulsive behavior. Personal. Individ. Differ. 47, 973–978. doi: 10.1016/j.paid.2009.07.026

Rieger, M., and Mata, R. (2015). On the generality of age differences in social and nonsocial decision making. J. Gerontol. B. Psychol. Sci. Soc. Sci. 70, 200–212. doi: 10.1093/geronb/gbt088

Roalf, D. R., Mitchell, S. H., Harbaugh, W. T., and Janowsky, J. S. (2011). Risk, reward, and economic decision making in aging. J. Gerontol. B. Psychol. Sci. Soc. Sci. 67, 289–298. doi: 10.1093/geronb/gbr099

Rushworth, M. F. S. (2008). Intention, choice and the medial frontal cortex. Ann. N Y Acad. Sci. 1124, 181–207. doi: 10.1196/annals.1440.014

Samanez-Larkin, G. R., and Knutson, B. (2015). Decision making in the ageing brain: changes in affective and motivational circuits. Nat. Rev. Neurosci. 16, 278–289. doi: 10.1038/nrn3917

Samanez-Larkin, G. R., Mata, R., Radu, P. T., Ballard, I. C., Carstensen, L. L., and McClure, S. M. (2011). Age differences in striatal delay sensitivity during intertemporal choice in healthy adults. Front. Neurosci. 5:126. doi: 10.3389/fnins.2011.00126

Sasse, L. K., Gamer, M., Büchel, C., and Brassen, S. (2014). Selective control of attention supports the positivity effect in aging. PLoS One 9:e104180. doi: 10.1371/journal.pone.0104180

Sasse, L. K., Peters, J., Büchel, C., and Brassen, S. (2015). Effects of prospective thinking on intertemporal choice: the role of familiarity. Hum. Brain Mapp. 36, 4210–4221. doi: 10.1002/hbm.22912

Schacter, D. L., Addis, D. R., Hassabis, D., Martin, V. C., Spreng, R. N., and Szpunar, K. K. (2012). The future of memory: remembering, imagining and the brain. Neuron 76, 677–694. doi: 10.1016/j.neuron.2012.11.001

Schacter, D. L., Gaesser, B., and Addis, D. R. (2013). Remembering the past and imagining the future in the elderly. Gerontology 59, 143–151. doi: 10.1159/000342198

Scimeca, J. M., and Badre, D. (2012). Striatal contributions to declarative memory retrieval. Neuron 75, 380–392. doi: 10.1016/j.neuron.2012.07.014

Shamosh, N. A., Deyoung, C. G., Green, A. E., Reis, D. L., Johnson, M. R., Conway, A. R. A., et al. (2008). Individual differences in delay discounting relation to intelligence, working memory and anterior prefrontal cortex. Psychol. Sci. 19, 904–911. doi: 10.1111/j.1467-9280.2008.02175.x

Theeuwes, J., and Burger, R. (1998). Attentional control during visual search: the effect of irrelevant singletons. J. Exp. Psychol. Hum. Percept. Perform. 24, 1342–1353. doi: 10.1037/0096-1523.24.5.1342

Viard, A., Chételat, G., Lebreton, K., Desgranges, B., Landeau, B., de La Sayette, V., et al. (2011). Mental time travel into the past and the future in healthy aged adults: an fMRI study. Brain Cogn. 75, 1–9. doi: 10.1016/j.bandc.2010.10.009

Wiehler, A., Bromberg, U., and Peters, J. (2015). The role of prospection in steep temporal reward discounting in gambling addiction. Front. Psychiatry 6:112. doi: 10.3389/fpsyt.2015.00112

Wiehler, A., and Peters, J. (2015). Reward-based decision making in pathological gambling: the roles of risk and delay. Neurosci. Res. 90, 3–14. doi: 10.1016/j.neures.2014.09.008

Wimmer, G. E., and Shohamy, D. (2012). Preference by association: how memory mechanisms in the hippocampus bias decisions. Science 338, 270–273. doi: 10.1126/science.1223252

Yacubian, J., Gläscher, J., Schroeder, K., Sommer, T., Braus, D. F., and Büchel, C. (2006). Dissociable systems for gain- and loss-related value predictions and errors of prediction in the human brain. J. Neurosci. 26, 9530–9537. doi: 10.1523/JNEUROSCI.2915-06.2006

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2017 Sasse, Peters and Brassen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution and reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnagi-09-00058-t001.jpg
k B RT
Median  IGR  Median  IQR  Median  IQR
Control 0085 048 215 472 86184  399.99
Tag 0.082 0.19 319 820 90059 37599
Familiar 0089 020 314 825 91150 38575
Unfamilar 0080 049 272 1073 92993 43859

Foreach of the conditions, medians and inter-quartie ranges Q) are reported for
the model estimates of the discounting parameter (k) and temperature parameter
(8) as well as for the reaction times (RT).





OPS/images/fnagi-09-00058-t002.jpg
Familiar Unfamiliar

M SD M SD

Internal details 655 586 586 486
Event details 223 310 2.09 2.60
Perceptual details 155 185 082 1.05
Place details 132 109 114 094
Emotion/thought details. 145 134 182 182
External details 086 108 068 1.04

Means (M) and standard deviations (SD) are reported for the amount of defas
imagined for familer and unfamiler events with further divisions into subcategories
of intemal detail categories. Due to a low number of semantic detais, repetitions
and other metacognitive statements, we combined them into a single extemal
detail score (see e.g., Addi et al, 2009). Time detais were not reported (due to
the concrete time reference of the event) and are therefore not listed in the table.





OPS/images/math_1.gif
NS

= (A+kD)





OPS/images/fnagi-09-00058-g002.gif
Singleton-Target

Singleton-Distractor






OPS/images/fnagi-09-00058-t003.jpg
Brain Region Side MNI (peak) Cluster size Z-Score
x y z
vmPFC b 0 54 -8 1768 47
Orbitofrontal cortex 1 -26 38 -10 370 5.10
Insula. 1 -3 4 -2 1214 480
Precentral gyrus r 56 2 % 280 436
Middle temporal gyrus 1 —66 -2 -2 429 476
Posterior cingulate cortex 1 -8 -3¢ 48 2664 539
Lateral parietal cortex r 58 —44 2 792 439
1 -54 -56 22 1937 573

MNI coordinates and z values are reported for peak voxels and local maxima within each cluster. All p < 0.05 family-wise error rate (FWE). |, left; r, right; b, bilateral.





OPS/images/fnagi-09-00058-g003.gif
. Tag-Effect: Young vs. Old Age B ol Age: Tag-Effect x Singleton

0.16

0.04
0.14
0.02
012
s 0.00
= k1
5 O 2-002
3 g
0.08 004
0.06 -0.06
0.04 -0.08
0 j High Ability Low Ability
T T T

T T T
50 0 50 100 150 200

distraction score

Old

‘Young

@ control @ familiar M unfamiliar






OPS/images/fnagi-09-00058-g004.gif
Episodic > Control

Precuneus vmPFC
04 04
% 0.2 % 02
H — M Episodic Z
£ © Control g °
8 02 ! 8 02

04 04





OPS/images/crossmark.jpg





OPS/images/fnagi-09-00058-g001.gif
Reference Option: 20€ immediate (not shown)

Control
Condition

Episodic
Conditions|






OPS/images/fnagi-09-00058-g006.gif
Cognitive Control and Neural Coupling
Seed Eplsodlc > Control

parameter estimates (a.u.)

4100 -50 0 50 100 150
distraction score





OPS/images/fnagi-09-00058-g005.gif
Cognitive Control and Differential VValue Processing

°
g

0.02

o
=
3

parameter estimates (a.u.)
5
a
5

o
4

50 0 50 100 150 200
distraction score

. 0.06 o
3
s
% 003 7%
.
= 0.00 s
4 3
s . B .
$.0.03
5
2.0.06 . .

50 0 50 100 150 200
distraction score






OPS/images/cover.jpg
’ frontiers
In Aging Neuroscience

Cognitive Control Modulates
Effects of Episodic Simulation on
Delay Discounting in Aging









OPS/images/logo.jpg
, frontiers
in Aging Neuroscience





