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Brain systems including the ventral striatum (shown here activated in red/ orange near the center of the brain) play a central role in computing and representing value signals used for making decisions. Image adapted by Gregory Samanez Larkin with permission from original photographer Leroy Skalstad.

Learning to choose adaptively between different behavioral options in order to reach goals is a pervasive task in life for people of all ages. Individuals are often confronted with complex, uncertain situations that nonetheless require decisive actions that would facilitate the pursuit of short-term or long-term goals. Adaptive decision making as such entails interactions between processes that monitor the choice-outcome relations as well as processes that evaluate these relations with respect to goal relevance. These dynamics implicate close interplays between attention, learning, memory, motivation, and emotion, which are subserved by cortical-subcortical networks and are neurochemically regulated by transmitters, such as norepinephrine, dopamine, and serotonin. Across the life span, these functional brain circuits as well as neurotransmitter systems undergo basic biological maturation and senescence as well as plasticity due to the accumulation of experience or changes in motivational goals. Studying decision making across different adult life periods may shed light on how the very processes of decision making adapt to constraints on brain resources due to aging, how these processes benefit from experience, or how decision making is influenced by shifting goals.

The aim of this Research Topic in Frontiers in Decision Neuroscience is to open a forum for the subfield of decision science that focuses on comparing and contrasting decision making in people of different ages.
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Learning to choose adaptively between different behavioral options in order to reach goals is a pervasive task in life for people of all ages. Individuals are often confronted with complex, uncertain situations that nonetheless require decisive actions that would facilitate the pursuit of short-term or long-term goals. Adaptive decision making as such entails interactions between processes that monitor the choice-outcome relations as well as processes that evaluate these relations with respect to goal relevance. These dynamics implicate close interplays between attention, learning, memory, motivation, and emotion, which are subserved by cortical-subcortical networks and are neurochemically regulated by transmitters, such as norepinephrine, dopamine, and serotonin. Across the life span, these functional brain circuits as well as neurotransmitter systems undergo basic biological maturation and senescence as well as plasticity due to the accumulation of experience or changes in motivational goals (Braver and Barch, 2002; Li and Sikström, 2002; Düzel et al., 2010; Li et al., 2010; Mohr et al., 2010; Li, 2013). Studying decision making across different adult life periods may shed light on how the very processes of decision making adapt to constraints on brain resources due to aging, how these processes benefit from experience, or how decision making is influenced by shifting goals.

Multidisciplinary research on decision making and aging is growing at a rapid pace (Brown and Ridderinkhof, 2009; Eppinger et al., 2011; Samanez-Larkin, 2011; Hämmerer and Eppinger, 2012; Samanez-Larkin and Knutson, 2014). Given the increasing interest in work in this area, the aim of this research topic in Frontiers in Neuroscience is to open a forum for the subfield of decision science that focuses on comparing and contrasting decision making in people of different ages. In this series, we have highlighted the range of complementary methodological approaches that are currently being used.

Here we feature empirical work ranging from behavioral (Mather and Schoeke, 2011; Cavanagh et al., 2012; Shivapour et al., 2012; Spaniol and Wegier, 2012; Westbrook et al., 2012; Worthy and Maddox, 2012) and computational (Samanez-Larkin et al., 2011a; Cavanagh et al., 2012; Worthy and Maddox, 2012) to cognitive neuroscience (Samanez-Larkin et al., 2011a) and non-human animal research (Gilbert et al., 2011), investigating age similarities and differences in decision making, together with theoretical perspectives (Mata et al., 2012) that integrate existing evidence and provides new insights. The papers also cover a broad range of topics including reward effects on learning and memory, risky decision making, intertemporal choice, strategy use, and financial decision making in healthy adults (Gilbert et al., 2011; Mather and Schoeke, 2011; Samanez-Larkin et al., 2011a; Cavanagh et al., 2012; Mata et al., 2012; Shivapour et al., 2012; Spaniol and Wegier, 2012; Westbrook et al., 2012; Worthy and Maddox, 2012) along with a complementary study on susceptibility to misleading advertisements in individuals with frontal cortical damage (Asp et al., 2012).

Despite stereotypes of old age as a life period characterized by global cognitive declines, there are many decision-related processes that remain intact or might even be enhanced in older adults. In this Research Topic, Mather and Schoeke (2011) and Cavanagh et al. (2012) provide evidence for reward effects on memory and risky decision making, respectively, in younger and older adults. In the past several years a growing literature on learning and decision making provides contradictory evidence for differential sensitivity to monetary rewards relative to losses across adulthood (Hämmerer and Eppinger, 2012; Samanez-Larkin and Knutson, 2014). These opposing findings stand in contrast to a larger, related, and more consistent literature on valence effects in attention and memory. These studies find that older adults pay increasingly more attention to and better remember positive relative to negative material (Carstensen and Mikels, 2005; Mather and Carstensen, 2005; Carstensen, 2006). The study by Mather and Schoeke (2011) lies at the intersection of these sets of findings by examining the impact of associating monetary gains and losses with pictures, and subsequently testing memory for these pictures. They observe similar effects in both age groups: Both younger and older adults better remember pictures that were associated with positive outcomes (monetary gains or loss avoidance) than negative outcomes (missed gains or realized losses). There were no age differences; both younger and older adults showed the same reward-enhancement of memory suggesting that the motivating effects of monetary rewards might be preserved across adulthood (Castel et al., 2011). Using a computational model of decision making in the BART task, Cavanagh et al. (2012) show that older adults are not only as sensitive to reward as younger adults but that they may be even more sensitive to reward compared to young adults in some situations. However, in this task the reward effects lead to excessively risky behavior that may be detrimental to performance in some contexts.

The perspective piece by Mata et al. (2012) in this series provides an in-depth discussion of adaptation to different decision contexts suggesting that what may be an effective strategy in some contexts may be maladaptive in others. An example of this is highlighted in the paper by Worthy and Maddox (2012) that uses computational models of learning and decision making to identify strategy differences between younger and older adults. Consistent with previous studies of age differences in strategy use (Mata et al., 2007, 2010), Worthy and Maddox (2012) show that older adults use a simpler strategy (win-stay/lose-shift) compared to younger adults (who are better fit by a more traditional reinforcement learning model). Using two different decision environments, these authors show that such simpler strategies are adaptive in one context (where future performance is dependent on current choice behavior) but maladaptive in the other context (where future performance is independent of current choice behavior). Related to the issue of adaptation across contexts, Spaniol and Wegier (2012) in this series provide evidence that although older adults show reduced information search in a risky decision task compared to younger adults. Consistent with prior work (Mata and Nunes, 2010), both younger and older adults shift their information search strategies according to the relative probability of monetary gains providing evidence for some level of intact adaptation across adulthood.

Given the evidence for the adaptability of choice in old age, these findings might suggest that it would be beneficial to provide decision strategies to older adults in scenarios where they would be most vulnerable to making mistakes (Samanez-Larkin et al., 2011b). Westbrook et al. (2012) in this series attempt to do just that. They trained younger and older adults to use a specific strategy in a risky decision task to reduce excessive risk aversion. They found no age differences in risk aversion in the task at baseline, but they did observe differential effectiveness of the strategy training across age groups. The older adults tended to abandon the strategy over time and, as a result, the effect of strategy training was smaller overall in the older compared to younger adults. The authors suggest that the effects may be related to goal neglect deficits such that older adults have difficulty maintaining the strategy. However, it is also possible that they perceive the strategy to be less effective than their own baseline strategy and hence intentionally utilize it less and less over time. Independent of whether the age differences are due to cognitive constraints or personal preferences, the study suggests that instructional training or the encouragement of a specific strategy may be less effective in older adults.

Two of the papers in this series examine age differences in discounting of temporal delays (Samanez-Larkin et al., 2011a) and probability (Gilbert et al., 2011). A growing body of prior research has shown that older adults are often more likely to wait for larger, temporally delayed rewards (Löckenhoff, 2011). For the relatively short time delays (seconds to weeks) used in these studies, older adults show reduced discounting of time delays. Samanez-Larkin et al. (2011a,b) in this series provide evidence for similar ventral striatal sensitivity to non-delayed and delayed rewards suggesting that there is a lower temporal discount rate in striatal brain activity in old age. The enhanced sensitivity to immediacy in young adults seems to be reduced across adulthood. This age by delay interaction in the striatum subsequently replicated in another fMRI study with humans (Eppinger et al., 2012) and the same pattern was observed in the orbitofrontal cortex of older compared to younger rodents (Roesch et al., 2012). This increased delay cost tolerance with age may be viewed as adaptive in that larger rewards are obtained after longer delays, however, for some individuals a more general reduction in cost integration may lead to excessively risky choice behavior. Gilbert et al. (2011) in this series show that younger and older animals make similar choices in a probabilistic choice task overall, but that there are strong individual differences in the older animals. A subset of older rats showed a reduced sensitivity to probability, maintaining a preference for probabilistic over certain rewards even when the expected values were lower. These same animals showed a reduced sensitivity to time delays compared to younger animals in a prior study (Simon et al., 2010), demonstrating that there are a subset of older animals who may be overly focused on reward magnitude and are not integrating potential benefits with costs.

Older adults are not always more willing to wait. Shivapour et al. (2012) in this series show that older adults are more likely to make financial decisions without much deliberation compared to younger adults who are more likely to put off financial decisions for later. Although older adults showed higher levels of financial knowledge and reported being highly motivated to prevent financial losses (Shivapour et al., 2012), older individuals are often targets of financial fraud attempts. It is not clear whether they are more susceptible to fraud, but they are disproportionately targeted likely due to their greater financial assets compared to young adults. The age-related positivity effect in attention and memory mentioned above may be beneficial for the promotion of well being in everyday life (Carstensen et al., 2000, 2011), but to the extent that these affective biases are domain general they may also have negative consequences for some financial decisions. Recent evidence for reduced sensitivity in the anterior insula in older age to the prospect of financial loss (Samanez-Larkin et al., 2007), unfair offers in social decision making tasks (Harlé and Sanfey, 2012), and untrustworthy faces (Castle et al., 2012) suggests that older adults may be more vulnerable to making financial mistakes such as falling victim to fraudulent investments. Normal aging is characterized by gradual structural decline of the prefrontal cortex (Grady, 2012), but there are large individual differences in the rate of this decline. To test an extreme case of loss of frontal cortical systems, Asp et al. (2012) in this series show that individuals with frank damage to the prefrontal cortex were more influenced by misleading advertisements. The study suggests that individuals with steeper rates of frontal cortical decline may be the most vulnerable to making financial mistakes.

Overall the series of papers identifies areas of potential improvement, preservation, and decline in decision-related processes across adulthood. A potentially interesting area that we did not cover in this series but one that is gaining recent attention is the examination of differential effects of genetic variability on decision making across the life span (Hämmerer et al., 2013). This collection of papers highlights the range of approaches being used in this area, and the set together provides promising evidence that future discoveries and refinements of theoretical models of human aging will be more comprehensive through the increasing adoption of a multi-method, multidisciplinary approach.
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Previous studies suggest that memory encoding is enhanced when people are anticipating a potential reward, consistent with the idea that dopaminergic systems that respond to motivationally relevant information also enhance memory for that information. In the current study, we examined how anticipating and receiving rewards versus losses affect incidental learning of information. In addition, we compared the modulatory effects of reward anticipation and outcome on memory for younger and older adults. Forty-two younger (aged 18–33 years) and 44 older (aged 66–92 years) adults played a game involving pressing a button as soon as they saw a target. Gain trials began with a cue that they would win $0.25 if they pressed the button fast enough, loss trials began with a cue that they would avoid losing $0.25 if they pressed the button fast enough, and no-outcome trials began with a cue indicating no monetary outcome. The target was a different photo-object on each trial (e.g., balloon, dolphin) and performance outcomes were displayed after the photo disappeared. Both younger and older adults recalled and recognized pictures from trials with positive outcomes (either rewarding or loss avoiding) better than from trials with negative outcomes. Positive outcomes were associated with not only enhanced memory for the picture just seen in that trial, but also with enhanced memory for the pictures shown in the next two trials. Although anticipating a reward also enhanced incidental memory, this effect was seen only in recognition memory of positive pictures and was a smaller effect than the outcome effect. The fact that older adults showed similar incidental memory effects of reward anticipation and outcome as younger adults suggests that reward–memory system interactions remain intact in older age.
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INTRODUCTION

Most of what we experience everyday is quickly forgotten, if it is even encoded in the first place. Yet the human brain is remarkably effective at learning about things that matter. Our memory systems rely on a variety of signals to distinguish things that matter from things that do not, such as the probability of encountering information again given the pattern of previous exposure to that information (Anderson and Schooler, 2000; Kornell et al., 2010) or levels of arousal during learning (Mather and Sutherland, 2011). Recent work has started to examine whether receiving or anticipating a reward is another factor that modulates memory encoding and consolidation processes. Prioritizing memory encoding for information learned around the time of receiving a reward could have utility. For instance, it may be useful to remember what one did or saw just before obtaining a positive outcome in order to replicate the outcome in the future.

Several recent studies with humans suggest that anticipating rewards can enhance memory. For instance, participants who studied lists of items with some items promising high rewards if remembered later had better long-term memory for the high-reward items (Adcock et al., 2006; Callan and Schweighofer, 2008). Greater activity in the midbrain, nucleus accumbens, and hippocampus during study predicted better memory performance later (Adcock et al., 2006). Such findings suggest that activating neural pathways involved in reward processing enhances memory – but it is also possible that this pattern of brain activity was not the critical factor enhancing memory – the enhanced memory may have resulted from the more effortful encoding for the items that would get a larger reward when remembered later, at the same time that reward regions activated at the prospect of a potential future reward.

However, other studies suggest that enhanced memory for information learned during reward anticipation can occur even when memory for the information itself is not tied with the future reward. For instance, a couple of studies showed objects as cues; whether the object was living or non-living was the signal indicating whether participants could expect a reward if they executed the upcoming task (indicating whether a target number was larger or smaller than five) fast enough (Wittmann et al., 2005; Bialleck et al., 2011). Although the object category was relevant to the reward, the specifics of the objects were irrelevant. In both studies, participants remembered the objects that had predicted reward better than those that had not. Activity in the midbrain (specifically, the substantia nigra) and hippocampus during the initial viewing of the rewarding object cues predicted subsequent memory for them, but midbrain activity did not predict memory for neutral object cues (Wittmann et al., 2005).

In another study using the same number comparison task (Wittmann et al., 2008a), memory was tested for pictures whose content was entirely irrelevant to the anticipated rewards. Positive, neutral, or negative pictures were placed behind a fixation point that was green to signal potential reward and yellow to signal no potential reward. Participants remembered positive pictures seen behind the green cues better than positive pictures seen behind the yellow cues, but reward anticipation did not affect incidental memory for negative or neutral pictures. Thus, positive emotional valence seems to interact with the reward system to enhance memory formation further.

One limitation of the previous studies showing enhanced incidental memory on rewarding trials (Wittmann et al., 2005, 2008b; Bialleck et al., 2011) is that they did not separate the effects of reward anticipation and reward delivery. In those studies, it was not clear whether memory enhancements were due to anticipating rewards or to retroactive enhancement of the initial cues once the reward was received later in the trial.

Another limitation of the studies described above is that they were all conducted with younger adults, leaving open the question of whether older adults show similar or different influences of reward processing on incidental memory encoding. Aging is associated with changes in neural systems and brain regions linked with reward processing (Marschner et al., 2005; Backman et al., 2010) as well as with changes in memory processes (Hedden and Gabrieli, 2004; Luo and Craik, 2008; Mather, 2010). Thus, one cannot assume that reward anticipation or delivery will affect memory encoding in the same way for older adults as for younger adults.

Although the question of whether there are age differences in how the process of anticipating or receiving a reward influences memory encoding of novel information has not been tackled directly in the literature, there are some related findings. For instance, previous studies have examined whether there are age differences in the ability to learn stimulus–reward contingencies. Such studies reveal that older adults take longer than younger adults to learn which letters or pictures are probabilistically associated with higher point outcomes (Mell et al., 2005, 2009; Eppinger et al., 2010; Eppinger and Kray, 2011). However, an important point to note is that findings that older adults are worse at learning associations between reward and certain cues may be driven by age-related impairments in associative memory (e.g., Mitchell et al., 2000; Naveh-Benjamin et al., 2004) rather than by age-related changes in how reward processing modulates memory.

Indeed, there is some evidence that argues against the hypothesis that older adults show poorer stimulus–outcome learning because of decline in reward processing. One piece of evidence is that when reward modulation and stimulus–reward associative learning are measured separately, reward modulation of item learning is as strong among older adults as among younger adults, even when older adults show impaired stimulus–reward associative learning (Eppinger et al., 2010). In Eppinger et al.’s study, participants made two-choice decisions between two pictures of objects. Some of the objects were seen repeatedly in a positive learning task, in which feedback was either a gain of 50 cents or a gain of 0 cents. Other objects were seen repeatedly in a negative learning task, in which feedback was either a loss of 50 cents or a loss of 0 cents. Each object always was always associated with the same outcome (a gain, no monetary outcome, or a loss). After completing the learning task, participants were shown the objects from the positive and negative learning tasks intermixed with new objects and asked to identify which objects they had seen before. Although older adults showed impaired stimulus–outcome learning during the learning tasks (they were less likely to choose the objects that predicted better outcomes), both younger and older adults had better item recognition memory for the objects seen in the positive learning condition than those seen in the negative learning condition, and there was no age difference in the size of this advantage.

This finding that the type of reward outcome modulates memory similarly in younger and older adults is consistent with another study in which participants had to try to select the correct symbol–color association on each trial (Weiler et al., 2008). Participants slowly learned the correct associations across the trials and performance was better for the two symbols for which correct responses were rewarded with 20 cents than for the two symbols for which correct responses were rewarded with 5 cents. This reward-enhancement in symbol–color associative learning was similar in magnitude for younger and older adults.

Another relevant pattern from previous research is that older adults effectively prioritize their explicit memory to focus on high value information (Castel, 2008). For instance, when presented briefly with one word at a time together with the point value that remembering that word would yield, older adults were as likely as younger adults to recall the highest point value words despite having overall lower recall (Castel et al., 2002).

In summary, previous research with younger adults indicates that anticipating or receiving rewards can enhance concurrent memory encoding (Wittmann et al., 2005, 2008b; Bialleck et al., 2011), but these studies did not distinguish clearly between the effects of reward anticipation and delivery. In addition, two studies (Weiler et al., 2008; Eppinger et al., 2010) provide initial evidence that rewarding outcomes modulate memory for information seen just beforehand to a similar extent in younger and older adults. However, in both studies, the stimuli were each presented many times and learning the information helped to obtain the rewarding outcomes. In the current study, we were interested in whether rewarding outcomes modulate incidental memory encoding of novel information presented just once. In addition, we examined the independent contributions of reward anticipation and outcome.

To investigate these questions, we modified the Monetary Incentive Delay task (Knutson et al., 2001). In our version of the task (Figure 1), participants saw a cue on each trial that indicated whether they could earn money, avoid losing money, or have no monetary outcome from responding to the upcoming target quickly enough. The target was a novel object on each trial, and after they pressed the key in response to the target, participants received feedback about the outcome. After completing this response time task, participants then completed a surprise recognition memory test for the objects. We examined whether the anticipation or outcome type on each trial affected incidental memory for the target object and whether such effects differed for younger versus older adults. In addition, because previous research suggests that reward anticipation has a larger benefit for memory encoding when the to-be-remembered information is emotionally positive than when it is negative (Wittmann et al., 2008a), we compared the effects of reward anticipation and outcome on memory for emotionally positive versus negative stimuli.
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Figure 1. Examples of experiment trials, with a loss-anticipation trial in the first row, gain anticipation in the second row and no anticipated monetary outcome in the third row. Participants were asked to hit a key as quickly as they could when they saw a picture, then they received feedback about whether they responded quickly enough.



MATERIALS AND METHODS

PARTICIPANTS

Forty-two younger adults (aged 18–33 years; M = 21.6, SD = 3.4, 30 females and 12 males) and 44 older adults (aged 66–92 years; M = 74.5, SD = 5.7, 31 females and 13 males) completed the study. Participants were recruited through a list of research volunteers that was obtained via newspaper and online ads, fliers at senior centers and public places, and letters to University of Southern California (USC) alumni. Some younger adult participants were recruited through the USC Psychology participant pool. Participants received monetary compensation or course credit for their time as well as earnings received during the task. Younger adults had completed fewer years of education (M = 14.6, SD = 1.62) than the older adults (M = 17.34, SD = 3.12), t(84) = 4.99, p < 0.001, and also scored lower on the Nelson–Denny vocabulary test (Brown et al., 1993; M = 16.0, SD = 3.3) than the older adults (M = 20.1, SD = 2.6), t(84) = 6.3, p < 0.001. Scores on the 20-item Center for Epidemiological Studies Depression Scale (CES-D; Radloff, 1977) indicated slightly more symptoms of depression among younger adults (M = 14.4, SD = 9.2) than among older adults (M = 10.6, SD = 8.5), t(84) = 2.01, p = 0.048. Mood scores on the Positive and Negative Affect Scale (PANAS; Watson et al., 1988) did not differ significantly for negative affect (M younger = 13.1, SD = 3.5; M older = 12.4, SD = 3.6), but positive affect was lower among younger adults (M = 29.5, SD = 7.2) than among older adults (M = 33.8, SD = 6.8), t(84) = 2.83, p = 0.01. On a scale of 1 being “very poor health” and 9 being “excellent health,” younger (M = 7.5, SD = 0.9) and older adults (M = 7.6, SD = 0.9) did not differ significantly. Self ratings of how “your stress level is today on a scale of 1–9” with 1 being very low and 9 very high also did not differ significantly by age group (M younger = 4.3, SD = 2.0; M older = 4.2, SD = 2.4).

MATERIALS

Ninety-six photo-objects were used for target items and 40 photo-objects as filler new items on the recognition test, selected from photo-objects used in previous studies with older adults (Kensinger et al., 2007). Half of the items within each set were mildly positive (e.g., sports car, dessert) and half were mildly negative (police officer handcuffing someone, knife).

PROCEDURE

After giving informed consent, participants completed a practice section in which the response deadline for the task was calibrated so that they could respond quickly enough about two-third of the time. Next, in the actual experiment task, participants played 96 trials in a response speed game. Each trial involved a cue to let participants know whether responding fast enough to a target picture would lead to a gain, loss, or no monetary outcome (Figure 1). After the 2-s presentation of the cue, they saw a fixation cross for 2 s plus a random number between 0 and 2.5 s (for a total of 2–4.5 s) and then the target picture of a positive or negative photo-object for 2 s. Their task was to respond to the picture as quickly as they could before a beep indicating the response deadline (which was dynamically calibrated throughout the task based on performance on that type of trial). Regardless of the response deadline, the picture remained visible for the full 2 s. After the picture disappeared, they were shown a fixation cross for 2 s, then feedback about their performance and any gain or loss (e.g., “Miss! −$0.25”) for 2 s. The trial ended with a fixation cross for 2 s.

After the response speed game, participants completed vocabulary, health, and other questionnaires for 10 min. They then were given a pen and paper and 5 min to recall and list descriptions of as many of the target pictures as they could. Next, in a recognition memory test, they were shown each of the photo-objects from the game as well as new photo-objects, in a random order and asked to indicate whether they saw each one during the response speed game or not with a simple yes/no judgment. Finally, they rated each picture for valence on a 1–9 scale (1 = very negative, 9 = very positive) and for arousal on a 1–9 scale (1 = not at all arousing or intense, 9 = very arousing or intense). At the end of the session, participants were paid their winnings in addition to their regular compensation or credit for the study session. Winnings ranged from $5.25 to $8.75 (M = $7.44, SD = 0.80) and there was no significant difference in amounts for younger and older adults.

RECALL CODING

Two coders labeled each picture description to indicate which picture in the stimuli set it corresponded with, or whether it did not match any of the pictures seen. There was 89% agreement between the two coders on the exact pictures the descriptions matched. If the two coders disagreed, one of the coders reviewed the item and made a final judgment. The criterion for successful recall of a picture was that coders could identify a specific image that fit the participant’s description. After coding was complete, for each participant, we linked each recalled item to the parameters of the original trial on which it was seen (i.e., was it a reward, loss, or no anticipation trial; did it have a hit or miss outcome).

RESULTS

Initial analyses revealed that one younger female failed to follow instructions (she called every new item old during the recognition test). Her data were excluded from the analyses below.

RESPONSE TIMES

There were two issues of interest for the response times. The first was whether our adaptive algorithm had equalized the proportion of responses during the MID task that were counted as having been made within the response deadline for each type of trial type. In other words, were younger and older participants equally likely to get positive feedback and was positive-feedback equally likely for each trial type? We confirmed that positive outcomes were equally distributed by analyzing the proportion of responses that yielded a “hit” feedback in a 3 (anticipation: loss, none, gain) × 2 (item valence: negative, positive) × 2 (age group: younger, older) ANOVA. As intended, on average, 67% of responses were made within each respective deadline and there were no significant main effects or interactions, indicating that about the same number of responses were counted as hits for each type of trial for younger and older adults.

The second question for the response times was whether they varied depending on what type of outcome was anticipated. Repeating the above ANOVA with mean MID task response time as the dependent measure revealed a significant effect of age group, F(1,83) = 23.94, MSE = 680782, p < 0.001, [image: yes] as younger adults responded faster (M = 266 ms, SE = 17) than older adults (M = 380 ms, SE = 16). In addition, there was a significant interaction of anticipation type and age group, F(2, 166) = 4.58, MSE = 3731, p = 0.01, [image: yes] as younger participants responded slower when there was no potential monetary outcome (M = 286 ms, SE = 17) than when there was a potential for loss (M = 254 ms, SE = 19) or a potential for gain (M = 259 ms, SE = 17), whereas older adults showed little difference between the no-outcome condition (M = 376 ms, SE = 16) and the loss (M = 380 ms, SE = 18) or gain conditions (M = 383 ms, SE = 16). There were no other significant effects.

RECALL

On average, participants recalled about 10 pictures, with no significant difference between age groups (younger M = 10.8, SE = 0.9; older M = 10.0, SE = 0.9). We examined how the context in which a particular picture was seen during the MID task affected later memory for it. The two context variables were anticipation type and response outcome from the trial in which that picture was originally seen. A 3 (anticipation: loss, none, gain) × 2 (item valence: negative, positive) × 2 (MID task outcome: hit, miss) × 2 (age group: younger, older) ANOVA with the proportion of previously seen items that were recalled from each category revealed that participants were more likely to recall items from the MID task hit trials (M = 0.12, SE = 0.01) than from the response time miss trials (M = 0.09, SE = 0.01), F(1,83) = 11.21, MSE = 0.01, p = 0.001, [image: yes] 1. This enhanced recall for target items from hit trials was seen for both younger and older adults (Figure 2). Response outcome also showed a marginally significant interaction with anticipation type, such that the memorial benefit of a rewarding outcome was seen more on trials with anticipated monetary outcomes than on trials with no anticipated monetary outcome (effect shown separately for younger and older adults in Figure 3), F(2,166) = 2.91, MSE = 0.01, p = 0.06, [image: yes] There were no other significant effects.


[image: image]

Figure 2. Both younger and older adults were more likely to recall pictures that were followed by positive feedback than those followed by negative feedback.
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Figure 3. Greater recall of pictures followed by positive feedback was seen for feedback associated with monetary outcomes more than for feedback with no monetary outcome.



RECOGNITION MEMORY

Because our hypotheses focused on comparing how different types of encoding contexts affect later memory for the pictures, we could only include old pictures in our primary analyses (new pictures could not be categorized by encoding context). However, to get an indication of overall memory accuracy, we used a 2 (item valence: negative, positive) × 2 (age group: younger, older) ANOVA with d′ recognition accuracy measures as the dependent variable. There was a significant effect of valence, F(1,83) = 6.58, MSE = 0.27, p < 0.001, [image: yes] with d′ higher for positive (M = 2.08, SE = 0.08) than for negative (M = 1.69, SE = 0.08) pictures. Neither the main effect of age group nor the interaction was significant (both F < 1). In contrast with the lack of age differences in accuracy, repeating the ANOVA using the response bias measure C (Macmillan and Creelman, 1991) as the dependent variable revealed that older adults were significantly more biased to call pictures old (M = 0.39, SE = 0.06) than younger adults were (M = 0.65, SE = 0.06), F(1,83) = 10.31, MSE = 0.28, p = 0.002, [image: yes] Overall, participants were more likely to call positive pictures old (M = 0.39, SE = 0.04) than to call negative pictures old (M = 0.66, SE = 0.05), F(1,83) = 46.30, MSE = 0.07, p < 0.001, [image: yes] and there was not a significant interaction of age and valence (F < 1)2.

Next, we turned to our main focus comparing the effects of reward anticipation and outcome on incidental memory. We conducted a 3 (anticipation: loss, none, gain) × 2 (item valence: negative, positive) × 2 (MID task outcome: hit, miss) × 2 (age group: younger, older) ANOVA with the proportion of old target pictures correctly identified as old as the dependent measure. Consistent with the age difference in response bias reported above, older adults were more likely to identify the pictures as old (M = 0.68, SE = 0.02) than the younger adults were (M = 0.60, SE = 0.02), F(1,83) = 8.24, MSE = 0.22, p = 0.005, [image: yes] As in the recall data, there was a large effect of MID task outcome, F(1,83) = 24.99, MSE = 0.05, p < 0.001, [image: yes] with participants recognizing pictures from trials in which they got “hit” feedback (M = 0.67, SE = 0.02) better than pictures from trials in which they got “miss” feedback (M = 0.60, SE = 0.02; see Figure 4 for effect separately for younger and older adults)3.
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Figure 4. Both younger and older adults were more likely to recognize pictures that were followed by positive feedback than those followed by negative feedback.



There also was an interaction of item valence and anticipation, F(2,166) = 4.00, MSE = 0.03, p = 0.02, [image: yes] Participants remembered positive items best in the reward-anticipation condition (M = 0.65, SE = 0.02), followed by the no-outcome condition (M = 0.63, SE = 0.02) then by the loss-anticipation condition (M = 0.59, SE = 0.02). For the negative items, anticipation type had less effect (Mreward = 0.64, SE = 0.02, Mnone = 0.66, SE = 0.02, Mloss = 0.65, SE = 0.02).

Thus, both anticipation of whether there was a potential reward or loss and actually getting positive or negative-feedback influenced incidental memory for the response time target items, although the anticipation effect was modulated by whether the items were negative or positive. The feedback effect was particularly strong.

LINGERING EFFECTS OF POSITIVE OUTCOMES

The analyses above revealed that getting positive feedback enhanced later memory for the item from that trial. In additional exploratory analyses, we compared the proportion of recognized pictures that had been seen on trials with positive feedback on the preceding trial versus the proportion of non-recognized pictures that had been seen on trials with positive feedback on the preceding trial. As shown in the middle two bars of Figure 5, recognized pictures were more likely to have been preceded by trials with positive feedback than were forgotten pictures. There was a similar effect for the N − 2 trials, as well. These effects were significant in exploratory t-tests, whereas anticipation on one trial did not have lingering effects on subsequent trials4.
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Figure 5. The proportion of recognized pictures compared with forgotten pictures that had been preceded by trials two back (−2) that had positive feedback; the proportion with positive feedback on the preceding trial (−1) and the proportion with positive feedback on the same trial (0).



To follow up on these observations and examine whether the outcome on a preceding trial affected memory for the target in the current trial above and beyond the effects of outcomes from other preceding trials or from the current trial, we used hierarchical linear model (HLM) analyses. In these analyses, we examined whether getting positive feedback on one trial would have lingering enhancing effects on memory for items seen on subsequent trials. For each old item we categorized: (1) whether it was recognized or forgotten on the recognition memory test; (2) feedback outcome on the current trial; (3) feedback outcome on the previous trial; and (4) feedback outcome on the trial two back from the current trial. As all values were 1 or 0, we specified Bernoulli model distributions for the two-level HLM analyses. The outcome variable was the recognition (or recall) outcome for each item, age group was a level-1 predictor, and feedback outcomes (items 2–4 above) were level-2 predictor variables. We included interactions of each level-2 predictor with age group in the model.

The analyses revealed that, even when controlling for the current trial outcome and the other preceding trial outcome, recognized items were more likely to have trials one and two back with positive feedback than were forgotten items (see Table 1 for statistics). Thus, positive feedback on one trial was associated with enhanced memory encoding for the unrelated target item on the next trial, and even on the next trial after that. While there was a significant age group effect on the intercept (consistent with the greater likelihood of calling pictures old seen among older adults), there were no other significant age group interactions.

Table 1. Hierarchical linear model (HLM) analysis beta coefficients (β), robust standard errors (SE), t ratios (t), degrees of freedom (df), and p values using the outcome on the current and preceding two trials to predict recognition (A) and recall (B) of the current trial’s target picture.
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We repeated the above analyses for recalled versus non-recalled items. Although the pattern was similar (Figure 6) to that seen in recognition memory, outcomes on the two preceding trials did not significantly affect picture recall (in part perhaps because small numbers of recalled items for some participants led to greater variability). However, as in the earlier analyses, there was a significant effect of the outcome on the current trial on later memory for that picture.
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Figure 6. The proportion of recalled pictures compared with forgotten pictures that had been preceded by trials two back (−2) that had positive feedback; the proportion with positive feedback on the preceding trial (−1) and the proportion with positive feedback on the same trial (0).



PICTURE RATINGS5

Positive pictures were given higher valence ratings (M = 6.49, SE = 0.09) than negative pictures (M = 3.39, SE = 0.09), F(1,80) = 433.31, MSE = 2.34, p < 0.001, [image: yes]. There were no significant effects of age group on the valence ratings. For the arousal ratings, there was not a significant main effect of picture valence, but there was an interaction of age group by valence category, F(1,81) = 7.72, MSE = 4.31, p = 0.007, [image: yes] Younger adults rated the negative pictures as more arousing (M = 4.06, SE = 0.25) than the positive pictures (M = 3.33, SE = 0.26), whereas the older adults rated the negative pictures as less arousing (M = 4.00, SE = 0.25) than the positive pictures (M = 4.31, SE = 0.26).

DISCUSSION

EFFECTS OF ANTICIPATION AND OUTCOMES ON INCIDENTAL LEARNING

In this study, we examined the effects of reward and loss anticipation as well as the effects of positive and negative outcome feedback (reaction time “hit” versus “miss” feedback) on incidental memory for items shown as response time targets (Figure 1). We found that the most robust effects were from whether the feedback was positive or negative. In both the reward and loss-anticipation conditions, targets from positive-feedback trials were remembered better than targets from negative-feedback trials. This similar effect across reward and loss conditions was seen despite the fact that the positive feedback was associated with monetary reward in the reward condition and with a lack of a monetary loss in the loss condition. Thus, it seems that the outcome being positive relative to expectations is what matters, rather than the absolute amount of the reward. In addition, the enhancement in memory due to positive feedback was seen for both recall and recognition memory.

In recognition memory, anticipation type also influenced incidental memory, but only for the positively valenced items. The positive items were remembered best from reward-anticipation trials and worst from loss-anticipation trials. Thus, while anticipating a reward did enhance memory, its influence was not seen across all item types and did not show up in recall. In contrast, positive feedback was associated with better memory than negative-feedback nearly across the board, with the exception of recall of pictures from trials with no monetary outcomes (Figure 3). From these results, it seems that both anticipating and receiving positive outcomes modulates memory, but that reward delivery has a larger impact. Previous studies have not distinguished the effects of reward anticipation and delivery (Wittmann et al., 2005, 2008b) and so effects from those studies that have been interpreted as being due to reward anticipation may actually have been influenced by reward delivery.

In addition to having a strong effect on memory for items previously seen in that trial, positive feedback on one trial was associated with better later recognition of the targets in the subsequent trial and even in the trial after that (Figure 5). HLM analyses revealed that the significant relationship between the outcomes on the preceding trials and later memory for the target picture on the current trial held up even when the influence of the current trial outcome was factored out. These findings suggest that positive outcomes can enhance memory-encoding processes in the period after the positive event (in this case, for the next 20 s or so).

EFFECTS OF ANTICIPATION AND OUTCOMES WERE SIMILAR FOR YOUNGER AND OLDER ADULTS

As reviewed above, our study revealed three main findings about how the reward/loss context affected incidental encoding. First, reward anticipation did not have much effect, but did enhance recognition memory for positive pictures compared with loss anticipation. Second, there were large effects of feedback outcome on both recognition and recall of the pictures. Third, feedback outcome was not only associated with memory enhancement of the picture seen just before on the same trial, but also with enhanced recognition of the pictures on the next trial or two. For all of these effects, older adults showed similar patterns of results and there were no significant age interactions. Our sample size provided good power to detect large effects (96% according to Cohen, 1988), therefore our results suggest there are not large age differences in how reward anticipation and outcome modulate memory. While previous research shows that older adults are impaired at learning associations between cues and rewards (Mell et al., 2005, 2009; Eppinger et al., 2010; Eppinger and Kray, 2011), our findings are consistent with previous studies that found that manipulating the reward value of outcomes modulated memory for other information similarly in younger and older adults (Weiler et al., 2008; Eppinger et al., 2010).

HOW CAN THE CURRENT FINDINGS BE RECONCILED WITH AGE-RELATED DECLINES IN DOPAMINE?

These results are especially intriguing when considered against the backdrop of age-related declines in dopamine-related systems in the brain. Consistent with the idea that receiving rewards may signal the presence of worthwhile information for learning, there is growing evidence that midbrain dopamine regions that respond to motivationally relevant information interact with the hippocampus to enhance memory for that information (Shohamy and Adcock, 2010). Research with animals reveals that dopamine facilitates encoding novel information and increases the persistence of memory for that information (Jay, 2003; O’Carroll et al., 2006; Rossato et al., 2009; Bethus et al., 2010). In the rat hippocampus, blocking dopamine (D1/D5) receptors prevented exposure to a novel environment from facilitating long-term potentiation (Li et al., 2003). Furthermore, in healthy people as well as in Alzheimer’s disease patients, D2 receptor binding in the hippocampus is positively correlated with memory function (Kemppainen et al., 2003; Takahashi et al., 2008; MacDonald et al., 2009).

There is abundant research demonstrating age-related declines in various aspects of dopaminergic systems in the brain (Bäckman et al., 2006; Backman et al., 2010). These declines are seen in particular in the striatal regions (Suhara et al., 1991; Wang et al., 1998), for instance, striatal dopamine levels decrease by more than threefold from those in their 30s to those in their late 80s (Haycock et al., 2003).

However, the behavioral consequences of age-related declines in dopamine systems are not yet well understood. One challenge is that dopamine synthesis is affected differentially by age in different brain regions. For instance, in a study in which uptake of L-DOPA decreased 4.2% per decade in the putamen and 5.4% in the caudate nucleus, no age-related differences were found in the midbrain (Ota et al., 2006). However, larger declines were found in prefrontal, parietal, and medial temporal cortices, with as high as 16.4% decline per decade seen in the dorsolateral prefrontal cortex (Ota et al., 2006). D2 and D3 receptor subtypes also decline at different rates in different brain regions (Kaasinen et al., 2000, 2002). In addition to these regional differences in age-related decline in dopamine, there are also differences in how the various components of the dopaminergic brain systems are affected by age. For instance, a study that compared levels of six different presynaptic dopaminergic markers in postmortem striatum in people aged 1 day to 103 years old found that striatal dopamine levels decreased during adult aging but that the proteins involved in its biosynthesis and compartmentation were relatively preserved (Haycock et al., 2003).

While our study provides no direct evidence about dopaminergic processing, one candidate mechanism for the reward-related memory modulations shown by our participants are fluctuations in dopamine elicited by reward anticipation and outcomes that modulate hippocampal encoding. With this mechanism, for older adults to show effective reward-related modulation of memory encoding, they would need to have: (A) modulations in phasic dopamine activity during reward anticipation or outcomes and (B) maintained effectiveness of dopamine to modulate new memory encoding.

There is little direct evidence yet in the literature to indicate whether older adults do or do not have these necessary preconditions. However, some functional neuroimaging studies have examined brain activity in the striatum, a target region for midbrain dopaminergic neurons (Lyndbalta and Haber, 1994). Such studies have found that older adults show robust responses in ventral and/or dorsal striatum to positive outcomes (Schott et al., 2007; Cox et al., 2008; Mell et al., 2009; Samanez-Larkin et al., 2010). Results from studies examining reward anticipation are more mixed, with older adults showing less ventral striatal activation than younger adults in some cases (Schott et al., 2007; Dreher et al., 2008) but not in all studies (Samanez-Larkin et al., 2007). There are also age differences in whether stronger responses to outcomes are seen early or late in the learning phase of a probabilistic learning task (Mell et al., 2009). Thus, although there may be age differences in the conditions or types of stimuli that evoke striatal activation, evidence suggests there is some degree of intact functional signaling of reward in dopaminergic pathways among older adults.

In terms of the second precondition – dopamine modulated memory encoding – a recent study found that older participants showed reliable memory impairments/enhancements from a D2 antagonist/agonist manipulation whereas younger adults did not show significant memory modulation from the D2 manipulation (Morcom et al., 2010). In addition, administration of levadopa improved older adults’ encoding of a motor memory more than it did for younger adults (who were already at a high level; Floel et al., 2005). Thus, there is evidence that dopaminergic agents modulate memory-encoding processes for older adults.

In summary, previous evidence indicates that older adults show robust responses to reward outcomes and also show robust dopaminergic modulation of memory encoding. These findings suggesting intact aspects of reward processing and dopamine function may help explain our behavioral findings that reward processing can modulate incidental memory encoding as effectively for older adults as for younger adults.

FUTURE DIRECTIONS

Future research should explore the neural mechanisms underlying these effects, as well as further delineating the nature of the behavioral effects. For instance, are the effects driven more by positive outcomes enhancing memory or by negative outcomes impairing memory? Do outcomes modulate memory more or less for representations that are initially weak? In our study, encoding was incidental; would an intentional memory encoding task also yield significant modulation by outcomes? Addressing such issues would further clarify the specific mechanisms of this outcome-modulated memory effect.

CONCLUSION

This study revealed strong associations between outcomes on each trial and incidental memory for the target on that trial, as well as for incidental memory for the next target. This relationship between outcomes and memory was not dependent on response time performance and so suggests that receiving a good outcome creates a brief window of enhanced memory encoding. This association between good outcomes and memory was as strong for older adults as it was for younger adults, suggesting that the ability of reward processing to modulate memory remains robust in older age.
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FOOTNOTES

1To examine whether the feedback outcome effect could be accounted for by response time differences for trials receiving positive feedback versus negative feedback, we compared the effect of outcome on both slow and fast response times. For each participant, we computed the median response time separately for each type of anticipation (reward, none, loss). We then categorized each old item as having had a response during the MID task that was above or below the median response time in its anticipation type category and computed the proportion of slow and fast-response items were recalled. A 2 (response time: slow, fast) × 2 (MID task outcome: hit, miss) × 2 (age group: younger, older) ANOVA confirmed the main effect of task outcome seen in the other analysis, F(1,83) = 6.64, MSE = 0.005, p = 0.01, [image: yes] and revealed no interaction of task outcome and response time (p > 0.9) and no other significant effects. Post hoc t-tests showed that the enhancement for items followed by positive outcomes was independently significant for items from fast response trials (M hit = 0.12, SE = 0.01; M miss = 0.10, SE = 0.01), t(84) = 2.18, p = 0.03, and marginally significant for items from slow response trials (M hit = 0.11, SE = 0.01; M miss = 0.09, SE = 0.01), t(84) = 1.83, p = 0.07. Thus, the effect of feedback was similar across performance levels.

2In terms of the raw hits (proportion of old items called old), older adults had significantly more (M = 0.69, SE = 0.02) than younger adults (M = 0.61, SE = 0.02), F(1,83) = 9.02, MSE = 0.04, p = 0.004, [image: yes] Consistent with their more lenient criterion to call pictures old, older adults also had more false alarms (M = 0.13, SE = 0.02) than younger adults (M = 0.09, SE = 0.02), F(1,83) = 3.68, MSE = 0.02, p = 0.058, [image: yes]

3As done with the recalled items (see footnote 1), we categorized each old item on the recognition test by whether it had been responded to faster or slower than the median response for items in the same type of trial (reward, none, or loss anticipation). A 2 (response time: slow, fast) × 2 (MID task outcome: hit, miss) × 2 (age group: younger, older) ANOVA revealed that, as in the previous analyses, participants were more likely to recognize items from trials with positive feedback (M = 0.67, SE = 0.02) than from trials with negative feedback (M = 0.61, SE = 0.02), F(1,84) = 12.91, MSE = 0.02, p = 0.001, [image: yes] Other than a significant main effect of age as in the main analysis, there were no significant effects (p > 0.6 for the interaction of outcome and response time). In addition, t-tests revealed that the effects of feedback were significant for both the slow (M hit = 0.66, SE = 0.02; M miss = 0.60, SE = 0.02), t(84) = 3.38, p = 0.001, and the fast responses (M hit = 0.68, SE = 0.02, M miss = 0.63, SE = 0.02), t(84) = 2.19, p = 0.03. Thus, feedback outcomes influenced whether the target would later be remembered both when response time performance was good and when it was poor.

4We also did not find any significant relationships between subsequent memory for the target on trial N by reward anticipation type or feedback type on trial N + 1 or N + 2.

5Due to time constraints, three participants did not complete the post-experiment valence ratings of pictures. Of these, two did not complete the arousal ratings either.
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Individual differences in risky decision-making among seniors reflect increased reward sensitivity
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Increasing age is associated with subtle but meaningful changes in decision-making. It is unknown, however, to what degree these psychological changes are reflective of age-related changes in decision quality. Here, we investigated the effect of age on latent cognitive processes associated with risky decision-making on the Balloon Analog Risk Task (BART). In the BART, participants repetitively inflate a balloon in order to increase potential reward. At any point, participants can decide to cash-out to harvest the reward, or they can continue, risking a balloon pop that erases all earnings. We found that among seniors, increasing age was associated with greater reward-related risk taking when the balloon has a higher probability of popping (i.e., a “high risk” condition). Cognitive modeling results from hierarchical Bayesian estimation suggested that performance differences were due to increased reward sensitivity in high risk conditions in seniors.
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INTRODUCTION

The trajectory of cognitive change associated with aging suggests that some presumably stable cognitive traits can actually vary across the lifespan. The prevalence and predictability of these late life changes suggest that common underlying factors may contribute to these effects, yet it is difficult to identify and differentiate such latent cognitive constructs. A recent meta-analysis has suggested that age-related change in decision quality varies when learning is involved (Mata et al., 2011). When task dynamics are explicitly understood, differing decision strategies between age groups are less likely. In contrast, more ambiguous circumstances are characterized by potentially maladaptive decisions in seniors – specifically in risky situations. Here, we investigated the effect of age on risky decision-making as assessed by the Balloon Analog Risk Task (BART; Lejuez et al., 2002). We sought to determine what cognitive factors specifically contribute to performance differences using computational methods that facilitate an understanding of complex performance patterns. Cognitive modeling offers a promising method for objectively uncovering such latent parameters (Busemeyer and Stout, 2002), which may provide closer reflections of the unobservable computations that contribute to observable behavior (Yechiam et al., 2005; O’Doherty et al., 2007).

In the BART, participants repetitively inflate or pump a balloon in order to increase potential reward. At any point, participants can decide to cash-out to harvest the reward, or they can continue, risking a balloon pop that erases all earnings. The BART has good reliability (White et al., 2008) and generalizability to real life impulsive behaviors, as demonstrated by correlations between BART pumps/pops and self-reported psychopathy, sensation seeking, impulsivity, drug and alcohol use, gambling, and unprotected sex (Lejuez et al., 2003; Hunt et al., 2005; Wallsten et al., 2005). Previous findings have detailed how seniors are characterized by risk aversive behavior on the BART (Henninger et al., 2010; Rolison et al., 2011). Intriguingly, these findings stand in contrast to results from the meta-analysis that found that seniors were usually characterized by risk-seeking behavior when optimal performance had to be learned (Mata et al., 2011). While BART performance is clear to interpret, it is difficult to determine what motivates different performance styles, especially when learning is involved. For example, an increased number of pumps could reflect impulsive risky decision-making, yet it could also reflect a more optimal decision strategy since participants often overestimate risk (Lejuez et al., 2002; Rao et al., 2008). Moreover, either of these motivations could be orthogonal to accurate learning.

In light of recent findings that age-related deficits in executive control may be unspecific and inaccurate (Verhaeghen, 2011), cognitive process models offer an opportunity to parse variance in performance to relevant latent constructs related to decision-making. For example, cognitive modeling has revealed how age-related variability in response times may be due to a benign impact of generalized slowing, not task-specific manipulations that purportedly measure executive control (Ratcliff et al., 2006). More germane to the current investigation, Wood et al. (2005) have demonstrated that in the Iowa gambling task, young adults integrate reward expectations across a prolonged trial history, whereas seniors focus more on the most recent trials and are therefore more sensitive to incidental violations of probabilistic contingencies. Such cognitive process models offer a method for identifying candidate underlying processes that occur behind the scenes of observable behavior.

Capitalizing on a previously published cognitive model of BART performance (Wallsten et al., 2005; van Ravenzwaaij et al., 2011), here we aim to decompose observable behaviors to latent components reflecting reward sensitivity, behavioral consistency, and learning-related estimation of task probabilities. These latent parameters can offer a more specific explanation of the cognitive processes underlying observable behaviors.

MATERIALS AND METHODS

PARTICIPANTS

Young participants (aged 18–30) were recruited from the University of Amsterdam campus. Senior participants (above age 60) were recruited from the SeniorLab database (www.seniorlab.nl) of healthy self-selected older adults. Subjects received course credits or financial compensation for participation. They gave written informed consent before experimentation. All procedures were executed in compliance with relevant laws and institutional guidelines and were approved by the local ethics committee. The demographics of the final participant groups are as follows. Young participants: N = 23, female = 12, mean age = 21, age range = 18–26; senior participants: N = 29, female = 22, mean age = 73, age range = 63–87. Young and senior participants did not differ in their verbal intelligence, as assessed with the Nederlandse Leesvaardigheidstest voor Volwassenen (Dutch Reading test for Adults; Schmand et al., 1991) or in their working memory, as assessed with the O-span (Turner and Engle, 1989) scored using the partial-credit unit scoring system (Conway et al., 2005), ts < 1.5, ps < 15.

BALLOON ANALOG RISK TASK

Participants performed an adjusted version of the BART. A red balloon was presented in the center of a computer screen (see Figure 1). Participants could inflate the balloon by pressing the space bar, or cash the current virtual value of the balloon into a virtual bank by pressing the right shift button. On every pump the balloon could also explode; the probability of explosion was varied in two different risk conditions described below. If a balloon popped, the value of that balloon was lost to the participant, but the total amount that was previously cashed to the virtual bank was unaffected. The current value of the balloon was presented on the balloon in green digits, and in a separate box on the left side of the balloon. Two boxes on the right side indicated how much virtual money was earned with the previous-balloon, and how much virtual money the participant had collected on the virtual bank.


[image: image]

Figure 1. Balloon Analog Risk Task (BART). Participants inflated a balloon until they decided to cash-out or until it popped and the accrued earnings on that trial were lost. Participants completed both high and low risk blocks of the BART.



The starting radius of the balloon was 150 pixels; the starting value was € 0.00. On every pump the radius of the balloon increased with 1.2 pixels and the value of the balloon with € 0.05. The adjustment of the size and current value (on the balloon and in the left box) was accompanied by the sound of air entering the balloon for 100 ms. On every pop a picture of an exploded balloon was presented for 1000 ms, accompanied by the sound of an explosion. The current value of the balloon and the value in the previous-balloon box were set to € 0.00 and a new balloon was presented. On every cash moment a yellow dollar sign was presented in the middle of the screen for 1000 ms, accompanied by the sound of an old cash register. The amount of money in the bank box and the previous-balloon box were adjusted to include the current earning, the current value of the balloon was set to € 0.00, and a new balloon was presented. The response window for the participant was unlimited.

Participants first received two short blocks of training. The first block consisted of five balloons. In this block participants could only pump the balloon until it popped; they could not cash-out yet. The five balloons would pop on the 7th, 18th, 28th, 42nd, and 56th pumps (in random order). The second practice block consisted of 10 balloons and was similar to the real task, but with an explosion probability of 3.75% (average of the two real blocks). In the test phase, participants were presented with two blocks of 40 balloons. The chance that the balloon would explode was 2.5 and 5% within each block. Although this constant probability is different than the increasing probability schedule used in most studies of the BART, this manipulation allowed us to explicitly assess performance during low (2.5%) and high (5%) risk conditions.

The order of the blocks was randomized between participants. Participants were informed about the risk prior to beginning each block, and they were instructed to try to maximize the amount of virtual money in the bank. To encourage this, 5% of the virtual money in the bank was paid to the participants in addition to the payment for participation. Outcome variables for each block included the average number of pumps on cash trials, the number of popped balloons, as well as the amount of virtual money earned at the end of the block. In addition, the ratio of the number of pumps following a cash-out to the number of pumps following a pop was included as a measure of reward-based risk taking. The evolution of performance across time was investigated by splitting each block of 40 trials into four bins of 10 trials each. This analysis was performed to investigate if age-related differences were specific to early trials (as in Rolison et al., 2011), which might suggest differences in initial learning about task contingencies.

COMPUTATIONAL MODELING

To decompose observable behavior into separable latent elements we used a hierarchical Bayesian extension of the best-fitting Wallsten et al. (2005) model, as detailed by van Ravenzwaaij et al. (2011). In hierarchical modeling, individual participants are nested within group (young and senior) and condition (low and high risk) categories, facilitating simultaneous parameter estimation for each condition for each participant. Wallsten et al. (2005) tested a variety of cognitive process models to distil latent factors influencing BART task performance. The best-fitting model (#3 in Wallsten et al., 2005) assumed that the decision maker updates the probability of explosion after each balloon, and slowly learns to estimate the explosion probability. Four free parameters were fit that describe variability between decision-making styles: two learning-related parameters alpha (α) and mu (μ), a reward sensitivity parameter gamma (γ+), and a behavioral consistency parameter beta (β). These parameters are referred to with Greek letters for the description of computational algorithms; text will be used otherwise.

The model for each decision maker begins with the assumption that the probability of the balloon bursting on each trial k is constant: [image: yes]. This means that the balloon is equally likely to explode on the first pump as in the fourth, for example. The first trial starts with an a priori belief of the probability of explosion captured by a beta distribution with free scaling parameters α0 and μ0. This prior belief is then updated according to Bayes’ rule to calculate an updated belief of bursting. The probability of explosion for the balloon on any given trial is:

[image: image]

The prior belief is represented by the ratio 1 − α0/μ0. This value then is updated by adding for the numerator the sum of all successful pumps so far (excluding the current trial), [image: yes], and for the denominator by adding the sum of all pumps so far, [image: yes].

The next component in the model specifies the number of pumps considered optimal. The free parameter γ+ influences the assessment of the optimal number of pumps by weighting the estimated belief of a pop [image: yes]. Note that larger γ+ values leads to more pumps. Notably, larger estimated γ+ parameters have been correlated with a greater propensity for real world risky behaviors, including drug use, unprotected sex, and stealing as reported in Wallsten et al. (2005). For trial k the optimal number of pumps ωk, is as follows:

[image: image]

The actual probability of pumping the balloon on any opportunity l for trial k depends on both the optimal number of pumps ωk, and on the free parameter β which reflects behavioral consistency. A larger β parameter reflects a sharper, more deterministic response strategy. For example, if β = 0, then the [image: yes] and the decision maker will choose randomly between pumping and cashing. As β increases, behavior becomes more and more deterministic as defined by the optimal number of pumps (l − ωk). A logistic equation is used to estimate response choices with free parameter β:

[image: image]

In the context of Bayesian statistics, van Ravenzwaaij et al. (2011) extended previous modeling work on the BART task by introducing a hierarchical extension for the BART models. The Bayesian approach combined with hierarchical modeling has several advantages over standard approaches (i.e., maximum likelihood estimation), primarily by providing more precise parametric estimates while simultaneously estimating both subject and group level effects (Wagenmakers et al., 2008; Wetzels et al., 2010; Lee, 2011).

The hierarchical extension draws individual parameters γ+ and β from normal distributions around estimated group level parameters γ+* and β*. The learning parameters α and μ were kept as subject level parameters since they present a high degree of correlation and do not significantly affect the precision of γ+ and β estimates (van Ravenzwaaij et al., 2011). Whereas a standard maximum likelihood approach to model estimation would estimate parameter values which maximize the (log) likelihood of the model predicting the data, Bayesian models instead follow a different approach. Each model parameter is estimated by a probability function with a unique mean and variance. These functions are initially set to a uniform or uninformative distribution and are updated with experience according to Bayes’ rule.

A suitable numerical routine to sample from the posterior distributions is offered by the Gibbs Sampling algorithm and Markov Chain Monte Carlo (MCMC) simulations. MCMC relies on simulating one or more chains of random values sampled from the posterior distribution until all the chains have converged. Once convergence has been reached, successive samples can be assumed to be drawn from the posterior distribution representing the belief of the decision maker after experience. It is common procedure to discard initial samples (burn-in) to assure independence of the final samples from the starting chain values.

In all of the reported simulations the estimates are based on 15,000 iterations after 10,000 iterations of burn-in. For the parameters α and μ, uniform distributions were used as uninformative priors. For the parameters γ+ and β, Gaussian distributions centered on their group level means, γ+* and β* were used. For these group level parameters γ+* and β*, uniform distribution were once again used as uninformative priors. Three chains were used in all simulations with random starting values. MCMC sampling was implemented via the open package OpenBugs (Lunn et al., 2009) interfaced through the statistical program R. Chain convergence was assessed by means of the Rhat statistic, a scaling factor which approaches a value of 1 under chain convergence.

Note that the size of the learning rate parameters alpha and mu were scaled to the specific task used here (due to the constant probability of explosion) and thus are different from previous studies that used a larger range (c.f. Rolison et al., 2011). To facilitate comparison across studies, probability density functions were computed based on the alpha and mu parameters. The mean and variance of these functions were computed for each participant in each risk condition; these variables were then compared to examine potential differences in learning that would affect beliefs in the chance the balloon would not pop (the prior).

To summarize, like van Ravenzwaaij et al. (2011), we used a hierarchical estimation procedure to estimate gamma (γ+) and beta (β) parameters in the best-fitting Wallsten et al. (2005) model. However, the two learning rate parameters alpha (α) and mu (μ) remained subject level, since hierarchical estimates provided worse fits to the data (i.e., there did not appear to be any group level regularities in these variables). Therefore our model assumed group level variance for risk sensitivity and behavioral consistency, and individual differences only for learning through experience. This hybrid hierarchical procedure created the best model given that: (1) it fit better than a baseline model which assumed no learning (Wallsten et al., 2005) as assessed by Deviance Information Criteria (all DIC learning < baseline, learning mean = 137, baseline mean = 179), (2) it had full convergence where only gamma and beta parameters from the fully hierarchical van Ravenzwaaij et al. (2011) model converged, and (3) the hierarchical fits improved on the single-subject level estimation used by Wallsten et al. (2005).

RESULTS

PERFORMANCE

Given that the focus of this paper is on aging, only main or interactive effects with age are described. There were no main or interaction effects for age group on the average number of pumps on cash-out trials (Fs < 1). However, there was a significant interaction between risk and age group for number of popped balloons [F(1, 50) = 4.56, p = 0.038], without a main effect of age [F(1, 50) = 2.21, p = 0.14], see Figure 2. Contrasts revealed that seniors differed in the number of pops between high and low risk conditions (p < 0.01) and age groups differed in the high risk condition (p = 0.015). To investigate how performance changed over time, data from each condition was split into four consecutive 10-block bins. In the low risk condition, there was a significant interaction between age group and time [F(3, 50) = 3.80, p = 0.02], where seniors had more pumps in the third (p = 0.07) and fourth (p = 0.05) blocks. In the high risk condition, there was a significant interaction between age group and time [F(3, 50) = 4.087, p < 0.01], where contrasts revealed that seniors had more pumps in the last two blocks specifically (ps < 0.01). These performance differences occurred in the absence of a difference in the amount of virtual money earned (Fs < 1.9).


[image: image]

Figure 2. Performance means (SEM) for BART outcomes and model parameters. (A) Although the average number of pumps was nominally larger in seniors, age groups did not significantly differ from each other with the exception of late trials in the low risk condition. (B) Age groups significantly differed in the average number of popped balloons in the high risk condition, particularly later in the block. (C) The decision quality underlying these patterns is difficult to interpret, since groups did not differ in the amount of virtual earnings. However, cognitive modeling revealed that these performance differences were associated with a heightened reward sensitivity parameter in seniors in the high risk condition.



Figure 3 demonstrates how in the senior group, age was correlated with the number of pops in the high risk condition [r(29) = 0.44, p = 0.02] and with the difference in pops between high and low risk conditions [r(29) = 0.50, p < 0.01]. Age also correlated with an increased ratio of the number of pumps after a cash-out compared to number of pumps after a pop in the high risk condition [r(29) = 0.44, p = 0.02] and with the difference in ratios between the high and low risk conditions [r(29) = 0.53, p < 0.01]. However, after removal of the largest outlying value only this difference measure remained significant (high risk p = 0.09). This integrated set of findings suggests that increasing age is associated with greater reward-based risk taking.


[image: image]

Figure 3. Age correlated with the number of popped balloons and post-cash: post-pop ratio of the number of pumps in both the high risk condition, as well as the increase between the high and low risk conditions.



MODEL RESULTS

The cognitive model fit four parameters for each participant during each condition: learning rate parameters alpha and mu, reward sensitivity parameter gamma, and behavioral consistency parameter beta. The reported parameter estimates were all drawn after convergence of chains (Rhat = 1). The young and senior groups were drawn from the same posterior distributions in low and high risk conditions. This suggests that the individual estimates of the probability of non-explosion (calculated as a beta distribution from the alpha and mu parameters) would be the same between age groups for each condition. When comparing the means of the distributions there was a significant effect of risk, with the high risk condition having lower estimated probabilities of non-explosion [F(1, 50) = 40.30, p < 0.01], yet there were no main or interactive effects with group, and no effects for the variance of the distributions.

To check whether learning changed over the course of the hard condition, the means of these distributions for each of the four blocks of 10 trials were estimated. There were no significant differences between age groups in the estimated probability of non-explosion over time (all ps > 0.11). In fact, the young group actually had marginally higher estimates of non-explosion in three out of four bins, providing evidence that differential performance in seniors was not due to a more optimistic learned belief. In conjunction with the finding of increased pops late in the high risk condition, these null effects suggest that the age groups were not characterized by differential learning of explosion probabilities during task performance.

There were no main or interactive effects with age for the beta (behavioral consistency) parameter (Fs < 1). However, there was a significant interaction between risk and age group for the gamma (reward sensitivity) parameter [F(1, 50) = 4.79, p = 0.033], with no main effects (Figure 2C). The only significant contrast was between age groups in the high risk condition, where seniors were characterized by greater reward sensitivity [t(51) = 2.46, p = 0.017]. Condition-specific gamma parameters did not significantly correlate with age, pumps, pops, virtual earnings, or the post-cash:post-pop ratio in either age group. Thus, this model parameter reflects a distinct measure of reward-related decision-making.

DISCUSSION

This investigation revealed that increased age was associated with altered BART performance reflective of greater reward sensitivity during high risk decisions. In fact, age directly correlated with both pops and post-reward risk taking in the high risk condition without an increase in earnings. This performance style did not appear to depend on differences in learning: seniors had greater high risk reward sensitivity in the context of similar estimation of reward probabilities.

AGE-RELATED ALTERATION OF PERFORMANCE

Seniors did not differ from the young group in the overall amount of virtual money earned in either risk condition, and the number of pumps on cash-out trials was not significantly different from the young group. While seniors were characterized by a greater number of popped balloons than young adults, and increasing age amongst seniors predicted a greater number of pops, it is difficult to determine whether these performance features reflect a behavioral indicator of poor decision-making. In short, it is difficult to know if seniors were suboptimal impulsive performers or if they were simply following a different strategy – there was no ultimate difference in earnings between the groups.

The review of Mata et al. (2011) concluded that age-related decision changes appear to be due to impairments in learning. These age-related changes were most often associated with an increase in risk-seeking behaviors, with the specific exception of two previous findings from the BART. These studies described how seniors were more risk averse (fewer pumps) when tested with only ten trials (Henninger et al., 2010; Rolison et al., 2011), yet behavioral trends converged with younger participants over a greater number of trials (Rolison et al., 2011). As shown in Figure 2, age-related differences in this investigation did not appear to be due to early task performance or learning. Rather, the age-related differences reported here were most prevalent late in each task.

The probabilistic task structure used here may have contributed to different findings between the current investigation and two previous investigations. As opposed to other studies of the BART, the probability of a pop in the current investigation did not increase with each pump; rather it remained a constant value over time. While this modification facilitated the comparison of two discrete levels of risk, it may also contribute to differences in replication across studies. These current findings broadly converge with the conclusion of Mata et al. (2011) that learning-related change in cognitive capacities may lead to poorer decision-making. However, the current findings suggest that seniors may still be characterized by risky decision-making even when learning abilities are comparable with younger subjects.

COGNITIVE MODELING SUGGESTS AGE-RELATED ALTERATION OF REWARD SENSITIVITY

Cognitive modeling is useful for revealing latent parameters that underlie complicated patterns of behavior, especially when some behaviors (pops) but not others (pumps, earnings) significantly differ between groups. Hierarchical Bayesian estimation revealed that group level performance differences were reflective of variance in a latent reward sensitivity parameter, and did not relate to a change in behavioral consistency. This dissociation between reward sensitivity and response variability processes is supported by a rat study that demonstrated how inactivation of different cortical structures (mPFC and OFC, respectively) selectively alters these two performance features (Jentsch et al., 2010). Critically, participants had a similar estimation of the task structure and probability of explosions, suggesting that apparent increases in reward sensitivity were not due to poorer learning of risky probabilities.

A larger reward sensitivity parameter will directly scale with an increased probability of inflating the balloon on each trial. While the ANOVA was non-significant for a group difference in pumps, it can be seen in Figure 2A that seniors had a larger number of pumps in the high risk condition compared to young participants [in fact, this difference was nearly statistically significant in the high risk condition: t(51) = 1.95, p = 0.056, but not in the low risk condition: t < 1]. Convergent with this trend, increasing age predicted riskier decision-making following successes (Figure 3). Behavioral findings were suggestive of riskier decision-making in the high risk condition, but the statistical evidence did not support a strong conclusion from performance differences. Cognitive modeling provided strong support for a determination of altered decision-making, revealing an increased sensitivity to reward in seniors during high risk trials. In sum, an increased sensitivity to reward in high risk trials led seniors to pump more often, leading to both greater pops and higher cash-out earnings on a smaller number of trials; these outcomes equated over trials to similar virtual earnings between age groups.

POTENTIAL NEURAL SYSTEMS INVOLVED IN ALTERED DECISION-MAKING IN OLD AGE

There are tremendous individual differences in performance on reward-based decision-making tasks amongst seniors. These differences likely implicate a host of differentially contributing mechanisms that underlie altered decision-making. For example, while many seniors still perform comparably well to young participants on the Iowa Gambling Task, a much larger percentage of seniors perform poorly (Denburg et al., 2005). Poor-performing seniors also fail to show anticipatory skin conductance increases prior to advantageous choices (Denburg et al., 2006). Other investigations have described how seniors have reduced neural activity and diminished affective tone during loss anticipation (Wood et al., 2005; Samanez-Larkin et al., 2007). These previous findings suggest that a decoupled neuro-visceral response may contribute to an alteration in risky decision-making.

In line with other studies of risk and reward (Kuhnen and Knutson, 2005; Wrase et al., 2007), neuroimaging investigations have detailed how a wide range of frontal cortical and striatal areas are increasingly active in the BART task in conjunction with riskier decisions (Rao et al., 2008, 2010). Parkinson’s patients with impulse control disorders have lower resting blood flow and lower blood flow reactivity in the striatum during the BART (Rao et al., 2010). This specific type of Parkinsonian patient is also influenced by dopamine agonists to increase the number of pumps (Claassen et al., 2011). These imaging and pharmacological findings clearly implicate increased cortico-striatal activity with impulsive risk taking during the BART task. Both decreased neuro-visceral integration during risk and increased cortico-striatal reactivity to reward offer plausible hypotheses for age-related neural changes that could underlie the pattern of effects observed here.

CONCLUSION

This investigation revealed that increased age was associated with altered behavioral performance reflective of greater reward sensitivity during high risk decisions. Age-related structural or functional change in neural systems underlying neuro-visceral integration and reward responsiveness are plausible candidates for this specific developmental change in decision quality.
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In real-world decision making, choice outcomes, and their probabilities are often not known a priori but must be learned from experience. The dopamine hypothesis of cognitive aging predicts that component processes of experience-based decision making (information search and stimulus–reward association learning) decline with age. Many existing studies in this domain have used complex neuropsychological tasks that are not optimal for testing predictions about specific cognitive processes. Here we used an experimental sampling paradigm with real monetary payoffs that provided separate measures of information search and choice for gains and losses. Compared with younger adults, older adults sought less information about uncertain risky options. However, like younger adults, older participants also showed evidence of adaptive decision making. When the desirable outcome of the risky option was rare (p = 0.10 or 0.20), both age groups engaged in more information search and made fewer risky choices, compared with when the desirable outcome of the risky option was frequent (p = 0.80 or 0.90). Furthermore, loss options elicited more sampling and greater modulation of risk taking, compared with gain options. Overall, these findings support predictions of the dopamine hypothesis of cognitive aging, but they also highlight the need for additional research into the interaction of age and valence (gain vs. loss) on experience-based choice.
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INTRODUCTION

Decision making in everyday life often involves choosing among options that vary with respect to potential payoffs and outcome probabilities. Typically, payoffs and risks are not known a priori but must be inferred from past experience (e.g., Hertwig et al., 2004). For example, a commuter may have to choose between alternate routes to work. One route may be more direct (high payoff) but carry a larger risk of delays, whereas another route may be longer (low payoff) but carry no risk of delays. In this scenario, a poor decision may cost the decision maker no more than a few minutes of commuting time. In high-stakes domains such as healthcare, financial planning, and consumer choice, however, the costs associated with maladaptive decisions can be considerable.

What characterizes adaptive decision making in the context of experience-based risky choice? One aspect is predecisional information search, or the extent to which the decision maker explores the available options prior to making a choice. In the commuting example, the decision maker’s chances of choosing the optimal route are likely to increase as a function of the number of times that she has used each route before. A second aspect is stimulus–reward learning, or the ability to learn from positive and negative feedback. If the decision maker is insensitive to successes (short commutes) and failures (long commutes), her choices are unlikely to change as a function of past experience. A third aspect of adaptive decision making is adaptive choice. This refers to the degree to which the decision maker modulates her choices according to the level of risk, risk being defined by the probability or the variability of the possible outcomes of a choice (Glimcher, 2008). For example, other things being equal, routes with a small probability of delays should be chosen more often than routes with a high probability of delays.

The effects of aging on decision making have recently moved to the forefront of research in psychology and neuroeconomics. This trend has been partly motivated by evidence of age-related decline in dopaminergic neurotransmission in the brain (e.g., Wang et al., 1998; Kaasinen et al., 2000). According to the “dopamine hypothesis” of cognitive aging (e.g., Li et al., 2001; Braver and Barch, 2002; Bäckman et al., 2006, 2010), deficient dopaminergic neuromodulation is one of the causes of age-related cognitive decline. In younger adults, dopaminergically innervated brain structures such as the ventral striatum and the ventromedial prefrontal cortex have been linked to decision-relevant functions such as information search and exploration (e.g., Düzel et al., 2010), stimulus–reward learning (e.g., Schultz, 2000), as well as the coding of uncertainty (e.g., Fiorillo et al., 2003; Fiorillo, 2011). According to the dopamine hypothesis of aging, each of these aspects of experience-based choice should therefore show age-related decline. However, the evidence from extant behavioral and neuroimaging studies is mixed.

Behavioral studies in domains such as consumer choice and medical decision making suggest that compared with younger adults, older adults prefer to have fewer choice options (Reed et al., 2008), seek less variety (Novak and Mather, 2007), and, critically, seek less information about choice options (for reviews, see Mather, 2006; Mata and Nunes, 2010). At least two studies indicate, however, that age-related decline in information seeking may be limited to situations in which choice options have negative features (Mather et al., 2005; Lockenhoff and Carstensen, 2007). This finding has been explained in terms of socioemotional selectivity theory (Carstensen et al., 1999), which postulates that age-related reductions in time perspective lead older adults to prioritize emotion-regulation goals at the expense of information-seeking goals. By this account, older adults may avoid seeking out negative information about choice options in order to protect their emotional well-being.

Stimulus–reward learning in younger and older adults has been investigated with a number of different neuropsychological and neuroimaging tasks. Studies using variants of the Probabilistic Object Reversal Task (Heekeren et al., 2007), which requires flexible adjustment to changes in stimulus–reward contingencies, have revealed age-related decline in learning from positive feedback (Mell et al., 2005), as well as under-activation of the ventral striatum in response to reward cues (Mell et al., 2009). In the Iowa gambling task (IGT; Bechara et al., 1994), participants make repeated draws from decks of cards that differ with respect to their expected value. To maximize their scores, participants must learn to choose “good decks” over “bad decks,” an ability that is impaired in patients with damage in the ventromedial prefrontal cortex (e.g., Bechara et al., 2000). Successful performance requires learning of outcome contingencies, but likely also taps other cognitive–affective processes (e.g., Wood et al., 2005). Findings with healthy older adults have been mixed, with some studies showing age-related deficits (Denburg et al., 2005; Fein et al., 2007; Zamarian et al., 2008), and others reporting no age differences (Kovalchik et al., 2005; Wood et al., 2005; see also Hosseini et al., 2010). There is also no consistent evidence for age-by-valence effects on learning (but see Wood et al., 2005; Denburg et al., 2006). In the Probabilistic Selection Task (Frank et al., 2004), participants have to acquire positive and negative outcome contingencies, and there are separate learning measures for both. One study using this task with “younger-old” and “older-old” participants suggested that negative feedback may be more effective than positive feedback in the second group, possibly due to low tonic dopamine levels in advanced old age (Frank and Kong, 2008). In a more recent study with younger and older adults (Hämmerer et al., 2011), there was evidence of age-related decline in stimulus–reward learning, as well as a negative learning bias in older adults. There are also data suggesting that the proportion of individuals with a negative learning bias may increase with age (Simon et al., 2010). However, Samanez-Larkin et al., 2007, supplementary materials) found no age-by-valence interaction in a probabilistic learning task. Finally, neuroimaging studies with the monetary incentive delay (MID) task (Knutson et al., 2001), designed to separate brain activations related to anticipation and receipt of monetary gains and losses, have shown age-related reductions in anticipatory brain signals (Schott et al., 2007; Dreher et al., 2008). These findings have added to the evidence that reward-based learning is impaired in older adults. However, in one study with the MID task, older adults showed anticipatory responses similar to those observed in younger adults, at least during gain anticipation (Samanez-Larkin et al., 2007). Striatal activity associated with outcome processing also appears to be normal in older adults (Cox et al., 2008). In summary, the literature on stimulus–reward learning is mixed. There is a fair amount of evidence for an age-related learning deficit, but to what extent this deficit is modulated by valence is as yet unclear.

A final aspect of experience-based decision making is risk preference. Given two options of identical expected value, a risk-averse decision maker prefers low-risk to high-risk options (for a full definition of the term, see Glimcher, 2008). The idea that older adults are more risk-averse than younger adults has a long history in psychology (for an early review, see Okun, 1976), but empirical support for it is surprisingly scant. Studies of risky choice in real-world domains such as financial planning and gambling have often failed to show age-related increases in risk aversion (for a review, see Mather, 2006). A recent quantitative meta-analysis of the experimental literature (Mata et al., 2011) indicates that the size and direction of age differences in risk preference depends strongly on the task, with no evidence for task-general age-related changes. This heterogeneity is also illustrated by the two existing neuroimaging studies of aging and risky choice. In one of these studies (Lee et al., 2008), older adults made more risk-averse gambling decisions. They also showed greater activation in the right insula when choosing risky options, perhaps reflecting a stronger negative anticipatory response to risk. However, in another study (Samanez-Larkin et al., 2010) using a financial investment task, older adults were more risk-seeking than younger adults. Interestingly, this effect was shown to be associated with increased variability in subcortical brain activity, consistent with Li et al.’s (2001) proposal that age-related dopaminergic decline leads to increased “neural noise” and reduced sensitivity to outcome probabilities. Overall, there is no clear evidence for a systematic age-related shift in risk preferences. Instead, age differences in task-specific risk preferences may reflect differences in the learning demands of the tasks (Mata et al., 2011).

In summary, the dopamine hypothesis of cognitive aging predicts that critical aspects of experience-based decision making (information search and stimulus–reward learning) undergo age-related decline. While this prediction has received support in some studies, there are many inconsistent findings, perhaps partly due to the diversity and complexity of the paradigms used (e.g., the IGT). Few studies have systematically compared younger and older adults on multiple components of experience-based risky choice within the same experimental setting (but see Deakin et al., 2004). Furthermore, only about half of the existing studies have used monetary incentives (Mata et al., 2011). There is a dearth of studies comparing gain- and loss-related decisions (Mata et al., 2011), even though several lines of evidence suggest that aging may affect the two types of choices differently (e.g., Mather et al., 2005; Samanez-Larkin et al., 2007; Frank and Kong, 2008). Finally, we noted a lack of theoretical integration between the neuropsychological and aging literatures, on the one hand, and the growing field on experience-based choice research in the behavioral economics literature, on the other (for reviews, see Hertwig and Erev, 2009; Rakow and Newell, 2010). Together, these observations provided the rationale for the current study.

Younger and older adults completed a computerized sampling task (Hau et al., 2010). Participants were presented with a series of financial choice problems requiring a choice between a certain option (e.g., $3 for sure) and a risky option (e.g., $4 with a probability of 0.80, else nothing). The certain option was described explicitly, whereas the risky option had to be explored through active sampling. Because each choice problem features only one uncertain option, the task is less complex than the otherwise similar IGT, in which participants must track outcomes for multiple decks of cards. The sampling task provides separate measures of information search and choice, and it allows for a direct comparison of gain-related and loss-related decisions. It also involves manipulation of two aspects of risk: outcome probability and payoff variability (i.e., the SD of the outcomes of the risky option; Hau et al., 2010), neither of which has been systematically investigated in the aging literature.

We tested the following hypotheses:

1. In line with the idea that age-related dopaminergic decline leads to reduced information seeking (Düzel et al., 2010), we hypothesized that older adults would sample less than younger adults before making choices.

2. We predicted that participants would show adaptive decision making by modulating their choices according to objective outcome probabilities (“adaptive choice”; see also Deakin et al., 2004). On the assumption that information search and choice behavior reflect similar dopaminergic influences (Düzel et al., 2010), we made the novel prediction that sampling would also be sensitive to variations in outcome probabilities (“adaptive sampling”).

3. Based on the idea that age-related dopaminergic decline results in noisy memory representations (Li et al., 2001; Samanez-Larkin et al., 2010), as well as prior evidence of impaired stimulus–reward learning in older adults (for a review, see Mohr et al., 2010), we hypothesized that adaptive sampling and adaptive choice would show age-related decline.

Additional questions for which the prior literature provided no clear hypotheses were (1) how the valence of the choice options (gain vs. loss) would affect age differences in experience-based decision making; (2) whether younger and older adults would differ with respect to overall risk preference; and (3) how payoff variability would affect age differences in experience-based decision making.

MATERIALS AND METHODS

PARTICIPANTS

All participants gave written informed consent for the study, which was approved by the Research Ethics Board at Ryerson University. Participants in the final sample included 40 younger adults (35 women) who were students at Ryerson University and received course credit for their participation, as well as 41 community-dwelling older adults (32 women) who received a $10 travel reimbursement. Participants in both groups also had the opportunity to win monetary rewards for their performance in the experimental task. Eight additional younger adults were excluded for failing to meet one or more of the criteria for inclusion: absence of major health problems (e.g., history of neurological or psychiatric illness, cancer, cardiovascular disease), normal, or corrected-to-normal vision and hearing, and a score of 27 or higher on the Mini-Mental Status Examination (Folstein et al., 1975). Two additional older adults were excluded for failing to follow the experimental instructions. Characteristics of the final sample are shown in Table 1. Compared with younger adults, older adults had significantly more years of education, t(79) = 5.86, p < 0.01 and scored higher on the Mill-Hill Vocabulary Scale (Raven, 1982), t(77) = 8.59, p < 0.01. Scores on a numeracy questionnaire (Reyna and Brainerd, 2008) showed no significant age difference.

Table 1. Participant characteristics, by age group.
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DESIGN

The study employed a mixed factorial design that included the between-subjects factor age group (younger, older) and two within-subjects factors: (1) valence (gain, loss), (2) the probability of the desirable outcome of the risky option (pdesirable: 0.10, 0.20, 0.80, 0.90), and (3) the payoff variability of the risky option ($1.6, $4.5, $9.6). Dependent variables were the sampling frequency, which provided a measure of information search, and the proportion of risky choices, which provided an index of risk taking.

STIMULI AND APPARATUS

We used the 12 choice problems (Hau et al., 2010; Experiment 1) shown in Table 2. In each problem, participants chose between a risky option (winning X with probability pnon-zero, or 0 with probability 1 − pnon-zero) and a certain option (winning Y with probability 1.0). Y was either slightly below or slightly above the expected value of the risky option. For example, in Problem 1, the expected value of the risky option was $0.53, and Y was either $0.30 or $0.70. For each participant, half of the problems used the smaller value of Y and half used the larger value of Y. The assignment of specific problems to the first group (small Y) and the second group (large Y), respectively, was counterbalanced across participants.

Table 2. Twelve choice problems (Hau et al., 2010).
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In Hau et al.’s (2010) protocol, all problems involved choosing between risky and certain gains (i.e., X and Y were always positive numbers). In contrast, we presented participants with both gain and loss problems. To this end, we created a loss version of each problem. For example, the loss version of Problem 1 required participants to choose between a 10% chance of losing $5.30 (risky option) and a 100% chance of losing $0.30/$0.70 (certain option).

For the purpose of data analysis, the variable pnon-zero (probability of the non-zero outcome) was recoded into pdesirable (probability of the desirable outcome), with the following rationale. Adaptive decision making involves maximizing desirable outcomes. On gain trials, it is adaptive to choose the risky option when pnon-zero (the probability of a gain) is high. On loss trials, it is adaptive to choose the risky option when pnon-zero (the probability of a loss) is low. To conduct meaningful comparisons between gain and loss trials, pdesirable is therefore more useful than pnon-zero. For gain trials, pdesirable equaled pnon-zero. For loss trials, pdesirable was the probability of a non-loss, or 1 − pnon-zero.

E-Prime 2.0 (Psychology Software Tools, Inc.) was used for stimulus presentation and response collection on an Intel Core 2 Duo 2.40 GHz laptop with 4 GB of RAM and a 16.0″ LCD display running 32-bit Windows 7 Enterprise Edition. Viewing distance was approximately 50 cm. All text appeared in black 18-point Calibri font against a white background. Participants pressed the “X” and “,” keys with their left and right index fingers to give their responses.

PROCEDURE

Participants were tested individually in a quiet testing room. After signing a consent form, participants received instructions for the choice task and completed four practice problems. After the practice, the experimenter repeated the instructions and provided clarification if necessary. Participants were informed that they would start with a balance of $0, and that the computer would keep track of their gains and losses throughout the study. Participants were also told that they would receive their final balance in cash, if it was greater than 0. Older adults were reassured that the experimental rewards would be paid in addition to the compensation they would receive for participating in the study.

The 24 trials of the choice task included 12 gain and 12 loss problems, presented in random order. At the beginning of each trial, an on-screen message informed participants of the number of the upcoming trial (1–24). The message also indicated whether the upcoming trial was a gain trial (“you should try to maximize your gains”) or a loss trial (“you should try to minimize your losses”). The risky option and the certain option were then presented side-by-side on the screen, separated by a central black vertical line (Figure 1). The left/right assignment of the two options was counterbalanced across trials for each participant. The outcome of the certain option was presented explicitly, whereas the risky option (symbolized by the playing card with a question mark) had to be explored through sampling. Participants were told that their balance would not be affected by the sample outcomes, and that they should sample the risky option until they felt that they knew which option they preferred. Participants sampled by pressing a key and immediately saw the outcome of the sample superimposed on the playing card. Each sample outcome was a random draw from the probability distribution of the risky option. After each sample, participants indicated, again via button press, whether they wished to continue sampling or to make their final choice. After they had finished sampling and made their final choice of either the certain or the risky option, a feedback screen indicated the trial outcome. If the participant had chosen the risky option, the outcome was again determined by a random draw from the probability distribution of the risky option. All aspects of the trials were participant-paced, and there was no upper limit on the number of samples drawn on a given trial. After the last trial, the final balance was shown on the screen.
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Figure 1. Illustration of the trial sequence. The example shows the loss version of Problem 4 (see Table 2). The certain option (losing $3.40) is presented on the left, the risky option (losing $4 with probability 0.80, losing nothing with probability 0.20) is on the right. The participant samples the risky option four times and experiences both outcomes twice. The participant’s final choice is the risky option, resulting in a $4 loss.



At the end of the session, participants completed a set of paper-and-pencil questionnaires, including the Numeracy scale (Reyna and Brainerd, 2008), an 11-item questionnaire measuring proficiency with fractions, proportions, decimals, and percentages, and the Mill-Hill Vocabulary Scale, a 33-item vocabulary test in multiple-choice format (Raven, 1982). The experimenter also administered the Mini-Mental State Exam (Folstein et al., 1975). Afterward, participant were paid (if applicable) and debriefed about the goals of the study.

RESULTS

The analyses focused on two aspects of experience-based decision making: information search, operationalized as the sampling frequency, and choice, operationalized as the proportion of risky final choices. Analyzing the effects of all independent variables in a single step was not possible due to the small item set (see Table 2). We thus conducted two sets of analyses for each dependent variable. Because of the significant age-group difference in educational attainment (see Participants), the variable “years of education” was mean-centered and included as a covariate in the analyses below (Delaney and Maxwell, 1981). Vocabulary, which also showed an age difference, was not included as an additional covariate because it was significantly correlated with education (r = 0.43, p < 0.01).

INFORMATION SEARCH: SAMPLING FREQUENCY

In the first analysis, we collapsed the sampling frequencies across the levels of the payoff variability factor (Figure 2) and conducted a 2 (age group: younger, older) × 2 (valence: gain, loss) × 4 (pdesirable: 0.10, 0.20, 0.80, 0.90) mixed analysis of covariance (ANCOVA) with education as a covariate. Consistent with Hypothesis 1 (age-related reduction in overall sampling frequency), the main effect of age group was significant, F(1, 78) = 5.08, p = 0.03, partial η2 = 0.06, with older adults (M = 6.84) sampling less than younger adults (M = 10.73). The main effect of valence was significant, F(1, 78) = 4.11, p = 0.05, partial η2 = 0.05, reflecting the fact that loss trials elicited more sampling (M = 9.09) than gain trials (M = 8.47). A significant main effect of pdesirable, F(3, 234) = 19.37, p < 0.01, partial η2 = 0.20, was qualified by a significant interaction of age group and pdesirable, F(3, 234) = 4.72, p < 0.01, partial η2 = 0.06. Consistent with Hypothesis 2 (adaptive sampling), planned linear contrasts indicated that younger adults sampled more as pdesirable decreased, F(1, 38) = 14.03, p < 0.01, partial η2 = 0.27. Consistent with Hypothesis 3 (age-related reduction in adaptive sampling), the effect was only marginally significant in older adults, F(1, 39) = 3.63, p = 0.06, partial η2 = 0.09. There was no significant interaction of age and valence on sampling frequencies.
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Figure 2. Sampling frequency as a function of valence and the probability of the desirable outcome (pdesirable), for younger and older adults. Adjusted means for the average level of the covariate (years of education) are shown. Error bars indicate SEM.



In the second analysis, we collapsed the sampling frequencies across the levels of pdesirable (Figure 3) and conducted a 2 (age group) × 2 (valence) × 3 (payoff variability: 1.6, $4.5, $9.6) mixed ANCOVA with education as a covariate. In addition to the significant main effects of age group and valence, reported in the previous analysis, there was a significant interaction of valence and payoff variability, F(2, 156) = 3.18, p = 0.04, partial η2 = 0.04. Follow-up linear contrasts indicated that payoff variability had no effect on sampling frequency for gain trials. For loss trials, increases in payoff variability were associated with increased sampling, F(1, 78) = 6.47, p = 0.01, partial η2 = 0.08.
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Figure 3. Sampling frequency as a function of valence and payoff variability, for younger and older adults. Adjusted means for the average level of the covariate (years of education) are shown. Error bars indicate SEM.



RISK TAKING: PROPORTION OF RISKY CHOICES

In the first analysis, we collapsed the proportions of risky choices across the levels of the payoff variability factor (Figure 4) and conducted a 2 (age group) × 2 (valence) × 4 (pdesirable) mixed ANCOVA with education as a covariate. The main effect of pdesirable was significant, F(3, 234) = 49.06, p < 0.01, partial η2 = 0.39. It was qualified by a significant Valence × pdesirable interaction, F(3, 234) = 6.84, p < 0.01, partial η2 = 0.08. Consistent with Hypothesis 2 (adaptive risk taking), planned linear contrasts indicated that risk taking increased as pdesirable increased, suggesting that both age groups engaged in adaptive risk taking. This was the case for both gain trials, F(1, 78) = 24.16, p < 0.01, partial η2 = 0.24, and loss trials, F(1, 78) = 78.81, p < 0.01, partial η2 = 0.50, but the effect was more pronounced for loss trials than for gain trials (Figure 4). There was no significant interaction of age group and pdesirable, contrary to Hypothesis 3 (age-related reduction in adaptive risk taking). Age group and valence also did not interact significantly.
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Figure 4. The proportion of risky choices as a function of valence and the probability of the desirable outcome (pdesirable), for younger and older adults. Adjusted means for the average level of the covariate (years of education) are shown. Error bars show the SEM.



In the second analysis, we collapsed the proportions of risky choices across the levels of pdesirable (Figure 5) and conducted a 2 (age group) × 2 (valence) × 3 (payoff variability) mixed ANCOVA with education as a covariate. The only significant effect was the interaction of valence and payoff variability, F(2, 156) = 8.03, p < 0.01, partial η2 = 0.09. Follow-up contrasts showed a significant quadratic effect of payoff variability on the proportion of risky choices for gain trials, F(1, 78) = 5.94, p = 0.02, partial η2 = 0.07, with the medium level of payoff variability producing the highest proportion of risky choices. For loss trials, there was a significant linear effect of payoff variability, F(1, 78) = 15.82, p < 0.01, partial η2 = 0.17, reflecting a linear increase in the proportion of risky choices with increasing payoff variability.


[image: image]

Figure 5. The proportion of risky choices as a function of valence and the payoff variability, for younger and older adults. Adjusted means for the average level of the covariate (years of education) are shown. Error bars show the SEM.



DISCUSSION

In this experiment, younger and older adults completed a series of decision problems involving choices between certain and risky financial options. In each problem, the risky option was not explicitly described, but had to be explored through sampling. To test a set of predictions derived from the literature on dopamine, aging, and cognition (Li et al., 2001; Frank and Kong, 2008; Düzel et al., 2010), we analyzed the effects of age, valence, the probability of the desirable outcome in the risky option, and payoff variability on two dependent measures: sampling frequency, which provided an index of information search, and the proportion of risky choices, which provided an index of risk taking.

As predicted (Hypothesis 1), older adults overall sampled less than younger adults. This finding is consistent with the proposal that aging is associated with reduced exploratory drive due to dopaminergic decline (Düzel et al., 2010). Alternatively, it is possible that sampling frequency is constrained by working-memory capacity (e.g., Rakow et al., 2010), and that the reduced sampling in older adults is a consequence of age-related decline in working memory (e.g., Hasher and Zacks, 1988). Working memory is closely tied to the dorsolateral prefrontal cortex (e.g., D’Esposito et al., 1995; Cohen et al., 1997), a region that receives dopaminergic input and undergoes significant structural change in aging (e.g., Grady et al., 1994; Raz et al., 2005). We did not obtain a measure of working-memory capacity and thus could not test this hypothesis directly. However, the young-adult literature suggests that access to explicit memory representations may not be critical for experience-based choice. In one study, memory demands were lifted entirely by providing participants with a visual record of their sampling histories (Hau et al., 2010, Experiment 1). Choice patterns in the visual-record condition did not differ significantly from those in the standard sampling condition – even when participants were forced to sample as many as 50 times. Furthermore, lower animals (e.g., worker bees) show experience-based choice patterns that resemble those of humans (Weber et al., 2004). These findings suggest that implicit, rather than explicit, memory representations may drive experience-based choice, and that working memory may not play a major role. Indeed, in one recent study, decision quality in an experience-based investment task was unaffected by the addition of a secondary task, for both younger and older adults (Samanez-Larkin et al., 2011). Even so, it is possible that older adults use working-memory load as a metacognitive heuristic for terminating their information search. One strategy for testing these possibilities in future research would be to adopt the visual-record method of Hau et al. (2010; see also Samanez-Larkin et al., 2011). If the age-related difference in sampling frequency results from working-memory limitations rather than from reduced exploratory drive, then providing participants with a visual record of their sampling histories should eliminate age differences in sampling.

In line with Hypothesis 2, both younger and older adults showed adaptive decision making by adjusting their sampling and choice behavior in response to variation in the probability of the desirable outcome of the risky option. Adaptive choice of this kind has been demonstrated previously (e.g., Deakin et al., 2004; Hau et al., 2010), but we are not aware of previous reports of adaptive sampling. At a mechanistic level, the effect can be parsimoniously explained in terms of dopaminergic modulation of both information search/exploration and risk taking. At the subjective level, the increased sampling when the desirable outcome is rare (p = 0.10 or 0.20) may be associated with increased curiosity (i.e., anticipation of epistemic reward; e.g., Kang et al., 2009). In future research, think-aloud protocols during the sampling phase could help to shed light on the association between the subjective experience of curiosity and predecisional information search.

Based on theoretical models of “noisy processing” due to reduced dopaminergic neuromodulation in older adults (Li et al., 2001), as well as empirical evidence for impaired feedback learning in older adults (for a review, see Mohr et al., 2010), we had predicted that adaptive decision making would show age-related decline (Hypothesis 3). This hypothesis was supported for sampling, where older adults showed significantly flatter functions than younger adults (Figure 2). However, there was no evidence for an age-related deficit in adaptive choice (Figure 4). This dissociation indicates that age-related dopaminergic decline may affect information search more strongly than choice. Incidentally, the dissociation also suggests that sampling frequency had little effect on choice, at least within the range of sampling frequencies that we observed. To further explore this issue, we examined the relationship between sampling frequencies and the proportions of risky choices in both age groups, and found no significant correlations. This is consistent with findings in the behavioral decision-making literature which suggest that the impact of additional experience on choice is modest, and that participants’ default strategy is to rely on small samples despite the fact that small samples are more susceptible to sampling error (e.g., Hau et al., 2010; Hertwig and Pleskac, 2010).

In addition to testing specific hypotheses, the study also allowed us to address a set of exploratory research questions. The first of these questions concerned valence effects on experience-based decision making. To our knowledge, the current study was the first to systematically compare experience-based choice for gains and losses using the same choice problems. Both age groups sampled more in the face of losses than they did in the face of gains. Regardless of age, loss anticipation thus appears to energize predecisional information search more strongly than gain anticipation, consistent with Kahneman and Tversky’s (1979) influential loss-aversion hypothesis. Both age groups also showed greater adaptive modulation of risk taking for losses than for gains. Overall, these findings suggest that experience-based choice is affected by the valence of the choice options, but they offer no evidence to suggest that the nature of this modulation changes with age.

The second exploratory question concerned age differences in overall risk preference. Across both the gain and loss domains, the average proportion of risky choices was similar for younger and older adults, contrary to the widely held notion that aging is associated with increased risk aversion. Mata et al. (2011) suggested that age differences in risk preference are a by-product of age-related learning impairments, which can manifest differently in different tasks. In the current study, there was no evidence for an age-related learning deficit, as both age groups showed similar sensitivity to variation in outcome probabilities. The lack of an age effect on overall risk preference is thus consistent with Mata et al.’s (2011) view.

The third exploratory question concerned payoff variability, an aspect of risk that combines the probability and magnitude of outcomes. Consistent with a previous study with younger adults (Hau et al., 2010, Experiment 1), the effects of payoff variability on experience-based decision making were relatively subtle. The most notable finding here was that, for both age groups, increased payoff variability led to modest linear increases in both sampling and risky choice on loss trials, but not on gain trials. This finding further highlights the impact of valence on experiential decision making.

In conclusion, the current findings add to the growing literature on aging and neuroeconomics by (a) providing novel empirical observations of age differences in experience-based choice, (b) on the basis of the dopamine hypothesis of cognitive aging, testing hypotheses about specific cognitive processes involved in experience-based choice, and (c) demonstrating the need for greater integration of research in aging, neuroeconomics, and behavioral economics. An obvious limitation of the study was that we used behavioral methods to test predictions derived from a neurobiological hypothesis. However, behavioral data are valuable, indeed necessary, for testing and constraining models of neurocognitive age-related change (e.g., Frank and Kong, 2008; Simon et al., 2010). In future work, a multimodal approach that combines behavioral assessment with measurement (or pharmacological manipulation) of dopamine biomarkers will be the method of choice for testing causal influences of dopamine on experience-based choice in younger and older adults.
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We incorporated behavioral and computational modeling techniques to examine age-based differences in strategy use in two four-choice decision-making tasks. Healthy older (aged 60–82 years) and younger adults (aged 18–23 years) performed one of two decision-making tasks that differed in the degree to which rewards for each option depended on the choices made on previous trials. In the choice-independent task rewards for each choice were not affected by the sequence of previous choices that had been made. In contrast, in the choice-dependent task rewards for each option were based on how often each option had been chosen in the past. We compared the fits of a model that assumes the use of a win-stay–lose-shift (WSLS) heuristic to make decisions, to the fits of a reinforcement-learning (RL) model that compared expected reward values for each option to make decisions. Younger adults were best fit by the RL model, while older adults showed significantly more evidence of being best fit by the WSLS heuristic model. This led older adults to perform worse than younger adults in the choice-independent task, but better in the choice-dependent task. These results coincide with previous work in our labs that also found better performance for older adults in choice-dependent tasks (Worthy et al., 2011), and the present results suggest that qualitative age-based differences in the strategies used in choice tasks may underlie older adults’ advantage in choice-dependent tasks. We discuss possible factors behind these differences such as neurobiological changes associated with aging, and increased use of heuristics by older adults.
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INTRODUCTION

The US population is aging at a very high rate. By 2050 developed nations are projected to have substantially higher populations of older adults (26% of the population) than children under age 15 (16%; Cohen, 2003). It is thus very important to develop a deep understanding of how aging affects cognition and behavior. One task that both younger and older adults must undertake on a daily basis is decision-making. Older adults often continue to work in important jobs, and even those who retire must make important choices that will affect their well-being and the well-being of their posterity. There has recently been a surge in excellent research aimed at understanding decision-making across the lifespan (Kovalchik et al., 2004; Wood et al., 2005; Mata et al., 2007; Peters et al., 2007; Samanez-Larkin et al., 2007, 2011; Schott et al., 2007; Brown and Ridderinkhof, 2009).

One important aspect of decision-making is that decisions can rarely be considered as isolated events. Rather, our decisions often affect what possibilities are available in the future. For example, the choices of whether to attend college, what college to attend, and what to major in will affect what job prospects are available to choose from in the future. Likewise, the choices regarding how to invest and save for retirement will eventually affect the class of retirement homes that are available to choose from. It is thus important to examine how people make decisions based not only on their immediate effects, but also based on how the present decisions will affect future possibilities.

A recent study from our lab suggests that older adults may actually be better than younger adults in situations where rewards are choice-dependent (Worthy et al., 2011). Choice-dependent decision-making situations are similar to the examples presented above where the rewards available from the various options in the environment depend on the sequence of choices made in the past. In contrast, in choice-independent situations the rewards available from the options in the environment are not affected by the choices made in the recent past. In choice-independent laboratory paradigms the rewards available for each option on each trial are usually set by the experimenter and often vary arbitrarily based on the trial number. Many of the decision-making tasks that have been used to examine how aging affects decision-making incorporate choice-independent reward structures. This is true for tasks like the Iowa Gambling task (Denburg et al., 2005), the Behavioral Investment Allocation Strategy task (Kuhnen and Knutson, 2005; Samanez-Larkin et al., 2010), the Monetary Incentive Delay task (Samanez-Larkin et al., 2007), and the Probabilistic Object Reversal Task (Mell et al., 2005, 2009). A common finding in these tasks is poorer or, at a minimum, equivalent performance for older adults compared to younger adults. Thus, older adults have been shown to outperform younger adults on choice-dependent tasks, whereas younger adults may outperform older adults on choice-independent tasks (Worthy et al., 2011).

One reason for this interaction between age and the reward structure of the task on decision-making performance may be an age related shift in the neural areas recruited during decision-making. A number of studies have shown that normal aging leads to structural and functional declines in a number of brain regions including the striatum, cerebellum, hippocampus, and prefrontal cortices (Raz, 2000; Resnick et al., 2003; Raz et al., 2005). Normal aging also leads to a loss of dopamine receptor density (Li et al., 2001). The striatum and prefrontal cortices, along with the mesencephalic dopamine system, are neural regions that have been consistently implicated in reward-based decision-making (Montague et al., 1996; McClure et al., 2003; Daw et al., 2006; Daw and Doya, 2006). Thus, the neurobiological changes associated with aging affect areas implicated in decision-making, and it is important to consider how these changes might affect behavior.

An additional distinction that has emerged in the decision-making literature concerns brain regions implicated in the evaluation of immediate versus future consequences of each action. The ventral striatum has often been linked to the evaluation of immediate rewards (Hariri et al., 2006; McClure et al., 2007; Samanez-Larkin et al., 2011), while areas of the prefrontal cortices, particularly the orbitofrontal cortex (OFC) and dorsolateral prefrontal cortex (DLPFC) have been associated with the evaluation of delayed rewards (Winstanely et al., 2006; McClure et al., 2007; Samanez-Larkin et al., 2011). Several behavioral studies that have examined how age affects intertemporal choice have found reduced delayed discounting in older adults (Green et al., 1994; Lockenhoff, 2011; Lockenhoff et al., 2011). Thus, older adults may focus more on the long-term benefits of their actions, whereas younger adults may focus more on immediate outcomes.

A recently proposed theory of cognitive aging, the scaffolding theory of aging and cognition (STAC; Park and Reuter-Lorenz, 2009), suggests that older adults engage a broader network of frontal areas to compensate for declines in a number of regions (Cabeza et al., 2002; Reuter-Lorenz and Cappell, 2008; Cappell et al., 2010). We propose that this frontal compensation leads older adults to focus more on the delayed effects of each action, rather than the immediate effects. This should lead older adults to outperform younger adults in choice-dependent situations, but underperform, relative to younger adults, in choice-independent situations. This is exactly what we found in a recent study (Worthy et al., 2011), however, the age-based differences in the precise computational mechanisms by which older and younger adults make repeated decisions remains underexplored, and little work has applied computational models to older and younger adults’ data to better understand these mechanisms.

In the current work we seek to fill this gap by examining older and younger adults’ behavior in choice-dependent and choice-independent decision-making tasks, and by fitting a series of computational models to each participant’s data that differ in their assumptions about how participants make decisions in the task. Increased frontal compensation in older adults may lead them to employ explicit, heuristic-based strategies to a greater extent than younger adults, who may show more use of less explicit, reinforcement-learning (RL) strategies. Indeed, some recent work suggests that older adults are more likely to make their decisions based on simple heuristics than younger adults (e.g., Mata et al., 2007; Castel et al., in press). To test these hypotheses we compare the fits of a heuristic-based, win-stay–lose-shift (WSLS) model with fits of two popular RL models that do not assume the use of a heuristic strategy. We provide more details on the mechanisms and assumptions of the models the next section. We first explain the mechanisms of each model and then discuss their different assumptions.

COMPUTATIONAL MODELS OF DECISION-MAKING

WSLS model

Win-stay–lose-shift models have been extensively used to model decision-making behavior (Frank and Kong, 2008; Steyvers et al., 2009; Lee et al., 2011; Otto et al., 2011). These models were originally developed for simple prediction tasks where the participant chooses an option and receives a reward with a certain probability, P, or does not receive a reward with a probability (1 − P). It assumes that participants will “stay” by picking the same option on the next trial if they are rewarded (a “win” trial), or “shift” by selecting another option on the next trial if they are not rewarded (a “lose” trial).

In the tasks used in the present experiments participants select from among four options on each trial and receive between 1 and 10 points. We develop a WSLS model for these tasks by having the model assume that participants compare the reward received on the present trial to the reward received on the previous trial. The trial is a “win” trial if the reward on the present trial is equal to or greater than the reward received on the previous trial, and the trial is a “loss” trial if the reward on the present trial is less than the reward received on the previous trial.

The WSLS model has two free parameters. The first parameter represents the probability of staying with the same option on the next trial if the reward received on the current trial is equal to or greater than the reward received on the previous trial:

[image: www.frontiersin.org]

In Eq. 1 r represents the reward received on a given trial. The probability of switching to another option following a win trial is 1 − P(stay|win). To determine a probability of selecting each of the other three options we divide this probability by three, so that the probabilities for selecting each option sum to one.

The second parameter represents the probability of shifting to the other option on the next trial if the reward received on the current trial is less than the reward received on the previous trial:
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This probability is divided by three and assigned to each of the other three options. The probability of staying with an option following a “loss” is 1 − P(shift|loss). Thus, this model assumes a simple, heuristic-based strategy that requires the reward received on the previous trial to be maintained in working memory (e.g., Otto et al., 2011).

RL models

Many common RL models used to account for decision-making behavior in choice tasks operate by developing and updating expected reward values for each option, aj, on each trial, t. These EVs are denoted here and elsewhere as EV(aj, t). The EVs for each option are used to determine the model’s probability for selecting each option. Action selection probabilities for each option are computed via a Softmax decision rule:
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Here θ is an exploitation parameter that determines the degree to which the option with the highest EV is chosen. As θ approaches infinity the highest valued option is chosen more often, and as θ approaches 0 all options are chosen equally often.

Learning rules for the delta-rule and eligibility trace RL models

We fit two models that have slight differences in the assumptions regarding how EVs are updated on each trial. Both models use the Softmax rule in Eq. 1 to determine the probability of selecting each option. The Delta-Rule model assumes that the EV for the option chosen on each trial, denoted as option i, is updated on each trial using the following equation:
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This model assumes that the expected values for each option are updated only when that option is selected, and are based only on the reward received immediately after making a choice. Learning is primarily mediated by a prediction error between the reward received and the EV for the chosen option (the bracketed portion of Eq. 2). The prediction is positive if the reward received is larger than expected and negative if the reward received is less than expected. Learning is modulated by a learning rate, or recency parameter (α), 0 ≤ α ≤ 1, that weighs the degree to which participants update the EVs for each option based on the most recently received rewards. As α approaches 1 greater weight is given to the most recent rewards in updating EVs, indicative of more active updating of EVs on each trial, and as α approaches 0 rewards are given less weight in updating EVs. When α = 0 no learning takes place, and EVs are not updated throughout the experiment from their initial starting points, Q(ai, t0). The Delta-Rule model has been used in a number of studies, primarily when the rewards in the environment are choice-independent (e.g., Sutton and Barto, 1998; Yechiam and Busemeyer, 2005; Daw et al., 2006; Worthy et al., 2007; Otto et al., 2010).

The learning rule for the Delta-Rule model can be modified to include eligibility traces (ET) which simply assert that participants remember which options they have chosen in the recent past, and that some of the credit from the reward received on each trial goes to options chosen on previous trials, rather than all of the credit going to only the option that was just chosen. The addition of ETs in the ET model has often resulted in an improved fit (Sutton and Barto, 1998; Pan et al., 2005; Bogacz et al., 2007; Gureckis and Love, 2009). The updating equation for the ET model is:
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The model assumes that participants keep a memory for recent actions, known as an ET. The ET for each option is denoted above as, λj, and reflects how eligible each option is for learning.

On each trial, the ET, λj, for every option decays based on a decay parameter, ζ, 0 ≤ ζ ≤ 1:
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Additionally, each time an option is chosen the ET for that option is incremented according to:
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Eligibility traces are meant to assert that participants remember which actions they have recently selected, and in this way recent actions can be credited if they lead to increases in reward. Thus, in the ET model traces for options that are not chosen continue to decay and EVs are updated more based on recent rewards the more often they are chosen (Eq. 7). To summarize, there are two main differences between the Delta-Rule and ET models presented above. First, the ET model incorporates ETs for recent actions, and second, the ET model updates the EVs of all options on each trial based on each option’s ET value, whereas the Delta-Rule model only updates the EV for the chosen option. It should also be noted that the Delta-Rule model is nested within the ET model, as the ET model is identical to the Delta-Rule model when ζ = 0.

Age-based predictions for RL versus WSLS strategy use

We propose that utilizing a heuristic-based WSLS strategy will engage frontal brain regions, while utilizing an RL strategy will engage striatal brain regions. Older adults who engage in compensatory scaffolding should be more likely to utilize a WSLS strategy than an RL strategy than younger adults. Evidence for this distinction in the neural areas that mediate these two different types of strategies comes from many different sources. Reward prediction errors from RL models similar to the one presented above have been correlated with striatal activity in a number of studies (Pagnoni et al., 2002; Pessiglione et al., 2006; Hare et al., 2008). This suggests that EVs for each option may be updated in a more implicit, proceduralized manner that is not dependent on explicit processing (e.g., Frank and Claus, 2006; Frank et al., 2006).

In contrast, there is a large body of evidence that suggests that the use of heuristics, or rules, is explicit and more frontally mediated (e.g., Ashby et al., 1998; Maddox and Ashby, 2004; Ashby and Maddox, 2005). Recently, Otto et al. directly compared the fits of a WSLS strategy with fits of an Expectation-Matching strategy, with assumptions similar to the RL models presented above, to data from participants who performed a simple prediction task under either single-task or dual-task conditions. Participants who performed under single-task conditions showed more evidence of being best fit by the WSLS model, while participants who performed the task along with a concurrent, WM demanding task showed more evidence of being best fit by the Expectation-Matching model (Otto et al., 2011).

Based on the scaffolding theory outlined above, we predict that, relative to younger adults, older adults will employ more explicit strategies like WSLS due to frontal compensation. Thus, older adults’ data should show more evidence of being best fit by the WSLS model, while younger adults’ data should show more evidence of being best fit by one of the RL models.

In the following sections we present an experiment in which older and younger adults performed either a choice-dependent or choice-independent decision-making task. We then present behavioral results, followed by results of a modeling analysis where we compare the fits of the WSLS, Delta-Rule, and ET models, as well as the fits of a Baseline model that assumes random responding. This Baseline model has three free parameters representing the probability of selecting three of the four options on any given trial. The probability of selecting the fourth option is 1 minus the sum of the probabilities of the three other options. This model assumes random, stochastic responding. To foreshadow, we find that the ET and WSLS models provide the best fit to the data. We directly compare the fits of these two models and find that younger adults show more evidence of being best fit by the ET model than older adults.

MATERIALS AND METHODS

PARTICIPANTS

Fifty-six younger adults (18–23 years of age, M = 20.29; 9 male and 19 female; Mean education = 15.34 years) were recruited from the University of Texas community and 58 older adults (60–82 years of age M = 69.71; 31 male and 18 female; Mean education = 17.28 years) were recruited from the greater Austin community. Participants were paid $10 per hour for participating. Older adults were administered an extensive neuropsychological testing battery to determine any mental declines not due to normal aging (detailed below).

PROCEDURE

Neuropsychological testing session

Older adults were given a series of standardized neuropsychological tests before being included in the study. The neuropsychological testing session was held separately and before the experimental session. The battery of tests was designed to assess general intellectual ability across three functional realms: memory (Wechsler Memory Scale Third Edition (WMS-III) subtests: Wechsler, 1997; California Verbal Learning Test (CVLT): Delis et al., 1987), mood (Geriatric Depression Scale, GDS: Brink et al., 1982), and executive functioning and mental flexibility [Stroop Color–Word Test: Stroop, 1935; Trail Making Test A&B (TMT): Lezak, 1995; Controlled Oral Word Association (COWA): Lezak, 1995; Wisconsin Card Sorting Task (WCST): Heaton, 1981]. The tests were administered in a single 2 h session, in the same basic order to all subjects. The delay period of these tests was kept constant, and was comprised of other tests not requiring any long-term memory storage. The testing order was: CVLT, GDS, WAIS-III Information subtest, WAIS-III Arithmetic subtest, WAIS-III Vocabulary subtest, CVLT delayed-recall, WMS-III Logical Memory subtest, Stroop, TMT A&B, WAIS-III Similarities subtest, COWA, WAIS-III Digit Span subtest, WMS-III Logical Memory delayed-recall, WMS-III Visual Reproduction subtest, WAIS-III Letter/Numbering Sequencing subtest, WCST computerized version, WMS-III Visual Reproduction delayed-recall.

The standard, age appropriate, published norms were used to calculate normative scores for each subject. For all of the WAIS subtests, the percentile was calculated according to testing instructions, and this score was then converted to a standardized z-score. For the Stroop, CVLT, and WCST standardized t-scores were calculated according to testing directions, and this score was then converted to a standardized z-score. Finally, for the TMT and COWA standard z-scores were calculated according to the testing instructions. Older adults who had z-scores on two or more tests in the same functional realm that were 2 SD below the mean were not asked to participate in the study.

Experimental session

Each participant completed one of two decision-making tasks where all options led to gains in points and the goal was to maximize points gained. The two tasks had the same basic surface features and differed only on how the rewards for each option were structured. Figure 1 shows a series of sample screen shots from the tasks. Each task was 80 trials long, and participants made a choice and received between 1 and 10 points on each trial. Participants performed either a choice-independent or choice-dependent tasks. The tasks used in the Experiment were four-deck versions of tasks used in a previous paper from our lab (Worthy et al., 2007). The reward structures were modified from two-deck four-deck versions by simply adding one of each type of deck.
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Figure 1. Timeline of two possible trials in the experiment. On each trial participants received between 1 and 10 points after selecting each option.



The rewards given for each deck in the choice-independent task are shown in Figure 2. There were two “A” decks that gave the same reward for a given trial, and two “B” decks that gave the same reward for a given trial. The A decks gave lower rewards over the first 50 trials of the task, but higher rewards over the final 30 trials of the task. The B decks gave higher rewards over the first 50 trials of the task, and lower rewards over the final 30 trials of the task. Optimal performance on the task required identifying and exploiting the decks that the largest gain or the smallest loss over the course of the task. The best strategy was to exploit one of the B Decks for the first 50 trials and to then switch to exploiting one of the A Decks for the final 30 trials. Participants were given a goal of earning at least 550 points by the end of the experiment. To accomplish this goal the best deck had to be exploited on approximately 90% of the trials in order for the goal criterion to be met. At the end of the session participants were told whether or not they met the goal.
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Figure 2. Reward structure for the choice-independent task. Points given were based on the trial number, rather than participants’ previous behavior.



The reward structure for the choice-dependent task is shown in Figure 3A. In the choice-independent task the rewards were a function of the trial number (as seen on the x-axis of Figure 2), but in the choice-dependent the rewards were based on how many cards have already been drawn from either the increasing or decreasing decks (cf. x-axis for Figure 3A). In this task there were two different types of decks: increasing decks and decreasing decks, and there were two of each type. The increasing decks gave poorer reward values at the beginning of the task, but better values as more cards were drawn from them. In contrast, the decreasing decks gave good values at the beginning of the tasks, but poorer values as more cards were drawn from them. The two increasing decks and the two decreasing decks were yoked, and separate counters were kept for each type of deck. Each time a card was drawn from one of the two increasing (or decreasing) decks the counter would increase by one and this number would be equivalent to the value on the x-axis of Figure 3A1.
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Figure 3. (A) Reward structure for the choice-dependent task. Points given were based on how many times participants had drawn from each type of deck. Separate counters were kept for the increasing and decreasing decks. (B) Plot of the points participants would earn based on the number of draws from the increasing decks.



Participants were given a goal of earning at least 450 points by the end of the experiment. The goal criterion was determined so that participants had to draw a minimum of 25 cards from the increasing decks to meet the criterion in each task. The total points earned for the gains task can be plotted as a function of the number of cards drawn from the increasing decks. This is shown in Figure 3B.

The specific instructions participants received before performing the choice-independent task are shown below. The instructions were the same for participants who performed the choice-dependent task except participants were told that their goal was to earn 450, not 550, points.

Specific instructions. You will perform a gambling task where you will be asked to make selections from one of four options. After each selection you will gain a certain number of points. Your objective is to gain as many points as possible. You will have a specific goal to earn a certain number of points by the end of the task. When you begin the task your goal will be listed on the screen. Try your best to earn as many points as possible.

Four decks will appear on the screen. You will use the “W,” “Z,” “P,” and “?/” keys to pick from these decks.

Press the “W” key to pick from the deck on the top left.

Press the “Z” key to pick from the deck on the bottom left.

Press the “P” key to pick from the deck on the top right.

Press the “?/” key to pick from the deck on the bottom right.

You will receive between 1 and 10 points each time you draw a card. Your goal is to earn at least 550 points by the end of the task.

RESULTS

PERFORMANCE

We first examined performance in each task by computing each participant’s payoff relative to the payoff obtained by an optimal performer. This proportion of the optimal cumulative payoff was computed by dividing the points earned by each participant by the maximum number of points that could be earned by an omniscient observer (600 in the choice-independent task and 515 in the choice-dependent task). The proportions of the optimal cumulative payoff are shown in Figure 4. A 2 (Age) × 2 (Task) ANOVA showed no main effect of age or for task, however there was a significant age × task interaction, F(1,110) = 12.96, P < 0.001, η2 = 0.11. We conducted pair-wise comparisons within each task to investigate the locus of the interaction. Within the choice-independent task there was a significant effect of age, F(1,57) = 5.42, P < 0.05, η2 = 0.09. Younger adults (M = 0.87) earned a significantly higher proportion of the optimal cumulative payoff than older adults (M = 0.84). There was also a main effect of age in the choice-dependent task, F(1,53) = 7.92, P < 0.01, η2 = 0.13. Older adults (M = 0.86) outperformed younger adults in this task (M = 0.83). Thus younger adults performed better on the choice-independent task, and older adults performed better on the choice-dependent task.
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Figure 4. Average proportion of the optimal cumulative payoff earned by participants in each condition.



MODEL-BASED RESULTS

We fit each participant’s data individually with the WSLS, Delta-Rule, ET, and the Baseline models detailed above. The models were fit to the choice data from each trial by maximizing negative log-likelihood. We used Akaike weights to compare the relative fit of each model (Akaike, 1974; Wagenmakers and Farrell, 2004). Akaike weights are derived from Akaike’s information criterion (AIC) which is used to compare models with different numbers of free parameters. AIC penalizes models with more free parameters. For each model, i, AIC is defined as:

[image: www.frontiersin.org]

where Li is the maximum likelihood for model i, and Vi is the number of free parameters in the model. Smaller AIC values indicate a better fit to the data. We first computed AIC values for each model and for each participant’s data. Akaike weights were then calculated to obtain a continuous measure of goodness-of-fit. A difference score is computed by subtracting the AIC of the best fitting model for each data set from the AIC of each model for the same data set:
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From the differences in AIC we then computed the relative likelihood, L, of each model, i, with the transform:

[image: www.frontiersin.org]

Finally, the relative model likelihoods are normalized by dividing the likelihood for each model by the sum of the likelihoods for all models. This yields Akaike weights:

[image: www.frontiersin.org]

These weights can be interpreted as the probability that the model is the best model given the data set and the set of candidate models (Wagenmakers and Farrell, 2004).

We computed the Akaike weights for each model for each participant. Table 1 shows the average Akaike weights for participants in each condition. Akaike weights were highest for the ET model for younger adults across both tasks. Older adults’ had higher Akaike weights for the WSLS model in the choice-independent task, although the ET model also provided a good fit to the data. Akaike weights were highest for the ET model for older adults in the choice-dependent task, although the WSLS model also provided a good fit to the data. The Akaike weights for the Delta-Rule model were lower than the weights for the ET model across all four conditions, indicating that adding ETs provided a better fit to the data. The baseline model did not provide a good fit to the data compared to the fit of the two TD models.

Table 1. Akaike weights for each model.
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We can conclude from Table 1 that the ET and WSLS models provided the best fit to the data. We next compared the fits of the ET model and WSLS models directly for each participant to determine if participants were using a heuristic-based WSLS strategy, or a more associative RL strategy. To obtain a relative measure of the degree to which the ET model provided a better fit to the data than the WSLS model we subtracted the AIC of the ET model from the AIC of the WSLS (Relative fitET = lnLWSLS − lnLET), for each participant’s data. Because lower log-likelihood values indicate a better fit, positive Relative fitET values indicate a better fit for the ET model, while negative Relative fitET values indicate a better fit for the WSLS model.

These Relative fitET values are plotted in Figure 5. A 2 (Age) × 2 (Task) ANOVA showed a main effect of age, F(1,53) = 4.19, P < 0.05, η2 = 0.04. Younger adults (11.63) had higher Relative fitET values than older adults (M = 1.10), indicating more use a of an RL strategy than a heuristic-based WSLS strategy for younger adults. Relative fitET values were near 0 for older adults, indicating equal evidence for both models.
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Figure 5. Average Relative fitET values for participants in each condition. Positive values indicate a better fit for the ET model, while negative values indicate a better fit for the WSLS model.



We next examined whether there was a relationship between the Relative fitET values and proportions of the optimal cumulative payoff obtained in the choice-independent and choice-dependent tasks. For the choice-independent task there was a significant positive correlation between Relative fitET values and the proportions of optimal cumulative payoff (r = 0.37, P < 0.01). We examined these correlations within the younger and older adults groups. There was a significant positive correlation between Relative fitET values and proportions of the optimal cumulative payoff within the older adults group (r = 0.41, P < 0.05). The correlation between Relative fitET values and proportions of the optimal cumulative payoff was also positive, but only marginally significant within the younger adult group (r = 0.26, P < 0.10).

Across all participants in the choice-dependent task there was a significant negative correlation between Relative fitET values and the proportions of optimal cumulative payoff (r = −0.43, P < 0.001). This correlation was negative, but did not reach significance for the older adults (r = −0.14, P > 0.10). The correlation between Relative fitET values and the proportions of optimal cumulative payoff was negative and highly significant for younger adults (r = −0.58, P < 0.001).

NEUROPSYCHOLOGICAL TEST RESULTS AND STRATEGY USE

We examined the older adult data from the neuropsychological testing session to determine if there were any relationships between scores on those tests and strategy use in the decision-making tasks. We first examined correlations between the scores on each neuropsychological test for older adults, and the proportions of the optimal cumulative payoff they earned as well as their Relative fitET values. However, none of these correlations reached significance (all P > 0.10).

We next split up the data based on whether older adult participants’ data were best fit by the ET or WSLS model. Thirty-two older adults were fit better by the WSLS model and 26 were fit better by the ET model. We examined the average z-scores from the neuropsychological tests for participants who were best fit by each of these models. There were two test variables for which scores significantly differed between these two groups: the CVLT’s recognition for true positives score, t(55) = −2.05, P < 0.05, and the WCST’s number of categories score, t(55) = −2.06, P < 0.05. Scores on both of these measures were higher for older adults who were best fit by the WSLS model compared to older adults who were best fit by the ET model (CVLT: WSLS M = 0.40, ET M = −0.02; WCST: WSLS M = 0.62, ET M = −0.05). Interestingly, z-scores for these two neuropsychological measures were not correlated (r = −0.07, P > 0.10).

The CVLT recognition for true positives test requires yes/no recognition of items presented earlier and has been linked to frontal lobe functioning. For example, patients with frontal lobe dysfunction have been found to underperform on this test relative to normal controls (Baldo et al., 2002). The WCST has been shown to activate the DLPFC to store earlier events in working memory and the mid-ventrolateral prefrontal cortex to signal the need for a mental shift in response to a new set (Monchi et al., 2001). Thus, while this analysis is only exploratory, the findings of superior performance on two neuropsychological tests related to frontal lobe functioning for older adults whose data were best fit by the WSLS model is consistent with the hypothesis that a WSLS strategy is more frontally mediated.

DISCUSSION

We observed an interaction between age and the nature of the optimal task strategy on performance. Older adults performed better when rewards were choice-dependent, while younger adults performed better when rewards were choice-independent. This replicates our previous finding in the same choice-independent task, and mirrors our previous findings for two different choice-dependent tasks (Worthy et al., 2011). We fit the data with four different mathematical models to better characterize the behavior of younger and older adults when performing these tasks. Overall an RL model that included ETs provided the best fit to the data, although a WSLS model provided a good fit as well, particularly for older adults who performed the choice-independent task.

A direct comparison of the ET and WSLS model fits showed more evidence of WSLS strategy use for older adults than younger adults. Participants who were better fit by the ET model, relative to the fit of the WSLS model, tended to perform better on the choice-independent task, but worse on the choice-dependent task. A WSLS strategy may lead to sub-optimal switches from the most-rewarding options in the choice-independent task due to variation around the mean value given by each deck. A participant may switch to a different deck after receiving less on the current trial than what they received on the previous trial, even though they may be switching to a deck with a lower overall mean reward value. The ET model assumes that participants update and maintain EVs for each option. The EVs are essentially recency-weighted averages of the rewards received on previous trials, and the model predicts which option should be chosen by comparing the EV of each option with the EVs of the other options. This model should not predict as much switching from decks that give high average rewards because the decks are valued based on the average rewards received over many trials, rather than a relative comparison between the current reward and the reward received on the preceding trial.

A WSLS strategy likely helps on the choice-dependent task because participants are less likely to stay with the Decreasing options, and will select the Increasing options more due to the variation in rewards around each deck’s mean reward value. A WSLS strategy should also lead participants to switch away from the Decreasing options quicker once the rewards given by the Decreasing options begin to decline. An RL strategy will consistently value the Decreasing option early in the task because selecting it leads to larger average rewards. Because the EVs are recency-weighted averages of the rewards received for each option, participants using this type of strategy will pick the Increasing option less often early in the task, leading to poorer overall performance.

Thus, the age-based differences in performance on the choice-independent and choice-dependent tasks were due to differences in the types of strategies older and younger adults used to make their decisions on each trial, with older adults using a heuristic-based WSLS more often than younger adults. Other work also suggests that older adults may be more likely to use simple heuristics during decision-making than younger adults (Thornton and Dumke, 2005; Mata et al., 2007; Peters et al., 2007; Castel et al., in press). For example, Castel et al. (in press) recently found that older adults showed higher endorsement of the “hot-hand” heuristic in basketball than younger adults (i.e., the rule that the player who has made his/her last few shots should shoot the ball). Older participants in our experiment showed a similar preference for a heuristic-based WSLS strategy based on a comparison of the current and previous rewards, over an RL strategy that favored options with large expected reward values.

The differences in strategy preferences that we observed could be due to a shift in the neural areas recruited during decision-making, as predicted by STAC (Park and Reuter-Lorenz, 2009). A WSLS strategy may be more demanding of WM and executive attention resources than an RL strategy, which is more striatally mediated and less demanding of working memory and executive attention resources (Frank and Claus, 2006; Frank et al., 2006; Otto et al., 2011). Participants performing a concurrent working memory demanding task have been shown to be better fit by an expectation-matching model, similar to the RL models used here, relative to a WSLS model (Otto et al., 2011). While frontal compensation could be a cause for the age-based difference in strategy use, older adults may have also learned from life experience that the use of heuristics can often be an adaptive and useful way of making decisions (e.g., Gigerenzer and Todd, 1999; Broder, 2003; Scheibehenne et al., 2011). Indeed the use of a WSLS strategy was adaptive in the choice-dependent task as it led participants away from repeatedly selecting the Decreasing options. Older adults’ greater experience in advantageously using heuristics in decision-making situations may have led them to prefer such strategies more than younger adults in our decision-making tasks.

CONCLUSION

This study applied a series of mathematical models to data from younger and older adults who performed either a choice-dependent or choice-independent decision-making task. Older adults showed more evidence of utilizing a WSLS heuristic to make decisions than younger adults, who were best fit by an RL model that tracked recency-weighted averages of each option based on prediction errors. These results suggest that older and younger adults use qualitatively different strategies to make decisions, and that the shift in strategies may results from older adults engaging more frontal brain regions to compensate for age-based neural declines (Park and Reuter-Lorenz, 2009), and the greater experience of older adults in successfully using heuristics to make decisions.

FOOTNOTE

1It should be noted that the choice-dependent task is formally a partially observable Markov decision process (POMDP). Some research in machine learning suggests that the inclusion of ETs can help RL models cope with partial observability (e.g., Loch and Singh, 1998).
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Maximizing long-run gains often requires taking on some degree of risk, yet decision-makers often exhibit risk aversion (RA), rejecting risky prospects even when these have higher expected value (EV) than safer alternatives. We investigated whether explicit strategy instruction and practice can decrease prepotent RA, and whether aging impacts the efficacy of such an intervention. Participants performed a paired lottery task with options varying in risk and magnitude, both before and after practice with a similar task that encouraged maximization of EV and instruction to use this strategy in risky decisions. In both younger and older adults (OAs), strategy training reduced RA. Although RA was age-equivalent at baseline, larger training effects were observed in younger adults (YAs). These effects were not explained by risk-related (i.e., affective) interference effects or computation ability, but were consistent with a progressive, age-related neglect of the strategy across trials. Our findings suggest that strategy training can diminish RA, but that training efficacy is reduced among OAs, potentially due to goal neglect. We discuss implications for neural mechanisms that may distinguish older and YAs’ risky decision-making.

Keywords: risk aversion, goal neglect, strategy training, aging, decision-making

INTRODUCTION

Risk taking plays an essential role in the transactions, investments, and decisions that comprise daily life. Assuming a decision-maker wishes to maximize long-run gains, they should select according to expected value (EV): the product of probability and amount, in a given lottery. However, behavioral economists have demonstrated that choices during risky decision-making are best described by a non-linear transformation of both amount and probability values (Kahneman and Tversky, 1979). In particular, decision-makers act as if they find risk aversive by undervaluing risky gains relative to their EV. One operational definition (that we adopt in this paper) of risk aversion (RA) is when decision-makers select a more likely gain with lower EV over a less likely gain with higher EV, on forced-choice, paired lotteries.

Two psychological explanations for RA have different implications for potential interventions. One explanation involves a dual-process tug-of-war between slow deliberation on one side, and automatic, effortless processing on the other (Epstein, 1994; Loewenstein et al., 2001). Automatic, predominantly affective responses to risk (fear or anticipatory regret, for example) are prepotent in that they drive decisions toward safer options even when deliberative assessments warrant risk taking (Thaler et al., 1997; Loewenstein et al., 2001; Slovic et al., 2005). Thus deliberative decision-making may depend on cognitive control processes that facilitate emotion regulation and/or the inhibition of automatic affective responses to risk.

Another explanation is that the difference between RA and a balanced assumption of risk hinges on knowledge of, and experience utilizing, optimal decision-making strategies. Decision-makers may be risk-averse primarily because they do not realize that selecting on the basis of EV will yield higher long-run returns than minimizing risk on individual decisions. Instead, they rely on a sub-optimal strategy like deciding on the basis of probabilities alone. If RA stems primarily from a lack of knowledge and application of an EV-based decision-making strategy, then training to promote insight and experience with this strategy should reduce RA.

Strategy training has improved performance in a variety of cognitive domains (Hartley and Anderson, 1986; McNamara and Scott, 2001; Saczynski et al., 2002; Touron and Hertzog, 2004; Paxton et al., 2006; Dunlosky and Kane, 2007), and spontaneous adaptive strategy shifts have been observed in risky decision-making contexts (Mata et al., 2007, 2010). However, it has not been tested whether simply providing explicit instructions and practice with optimal decision-making strategies can reduce RA.

Even if strategy training reduces RA, cognitive resources may constrain the efficacy of the intervention. Computing and selecting on the basis of EV is more complicated than heuristics like probability maximization, thus placing greater demands on working memory. Decision-makers with diminished working memory may, therefore, make more mistakes when trying to implement the EV-selection strategy. Cognitive control may also be important for several reasons. According to the dual-process account, deliberative EV-based responding will conflict with automatic, risk-averse responding, and cognitive control processes may be required to resolve this response conflict (Botvinick et al., 2001). It is important to note that the lack-of-insight and dual-process explanations of RA are not mutually exclusive. A decision-maker might be less risk averse when they have insight about, and practice selecting based on EV, but only if they can also inhibit automatic response tendencies, for example, by down-regulating their initial affective response to risk. Cognitive control may also play an important role in boosting signals of goal-relevant stimulus features (e.g., EV) in valuation centers of the brain during decision-making (Hare et al., 2009). Hence, even if optimal strategy insight and training reduce RA, training might be less effective for decision-makers with either (or both) diminished working memory or cognitive control.

Older adults (OAs) represent one such population. It is well established that OAs exhibit declines in both working memory and cognitive control (Salthouse, 1990; Park and Reuter-Lorenz, 2009). Reduced working memory, along with reduced processing speed, has been shown to explain apparent RA among OAs across decision-making tasks (Henninger et al., 2010). Another potential handicap for OAs is an age-related impairment in the cognitive control function of goal maintenance (Braver and West, 2008). If overcoming RA depends on goal-directed, top-down biasing of EV-based selection over prepotent risk avoidance, then success with this decision-making strategy will critically depend on cognitive control. Yet, OAs frequently exhibit goal neglect: a progressive tendency to make prepotent, but goal-irrelevant responses over goal-appropriate ones (Duncan et al., 1996; De Jong, 2001; West, 2002; Butler and Zacks, 2006). Thus, OAs are a good population in which to test the limitations of strategy training for reducing RA.

In the current study, younger and OAs were assessed for evidence of RA, both before and after explicit strategy training in EV-based decision-making. The paradigm involved paired lotteries varying explicitly in reward magnitude and probability (cf. Holt and Laury, 2002). We operationalized RA in terms of the proportion of trials in which the lower-risk option was selected when the other (higher-risk) option had a higher EV. In training, participants were instructed to compute and maximize EV and were given practice and feedback explicitly informative of the EV associated with each choice. In the post-training phase, participants were encouraged to use this EV-based decision-making strategy and told it would maximize payoffs.

Our primary goal was to determine whether RA results from a lack of strategy insight and practice, independent of ability to inhibit affective responses to risk. We predicted that if insight matters, our strategy training should be effective in reducing RA, even without targeting affective control. Alternatively, if RA results solely from affective responses to risk, then our strategy training should be ineffective. A secondary goal was to test whether age-related cognitive decline would limit training efficacy among OAs. We further predicted that if implementation of an EV-based decision-strategy critically depends on working memory or cognitive control, reduced training effects should be observed in OAs.

MATERIALS AND METHODS

PARTICIPANTS

Participants included 40 younger (Mage = 21.0, SD = 2.5, range = 18–33) and 46 OAs (Mage = 75.4, SD = 7.4, range = 65–95). Younger adults (YAs) were recruited from the Washington University in Saint Louis undergraduate community, while OAs were recruited from the Volunteers for Health community database. All participants self-reported no history of neurological or psychiatric disease, and provided informed consent approved by the Human Research Protection Office human subject committee at Washington University in Saint Louis.

PROCEDURE

Participants performed a paired lottery task that was programmed and presented in E-Prime 2.0. At the beginning of the experiment, participants were instructed to make a series of choices between paired offers worth different point values. Participants were encouraged to earn as many points as possible since points would later be converted to real money (at an unspecified conversion rate). At the end of the experiment, participants were shown their total point earnings, told the conversion rate, and the amount of money they earned, based on their performance (Figure 1).
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Figure 1. During instructed and uninstructed gambling and EV training, participants choose between paired offers. In gambling conditions, outcomes are all-or-nothing, while in EV training, they are the product of percentages and points. In the follow-up study, older adults received no-feedback as to the outcome of their choices. The option on the right is highlighted to reflect that the participant has chosen that option and the consequences of that choice are shown to the right of each arrow.



Participants were given 7.5 s during each trial to select between the paired offers. A sliding bar indicated the time remaining on each trial. If participants did not make a selection in time, they received feedback indicating that their response was too slow and the next trial was presented. Though trials were time-limited, responses were practically self-paced since 7.5 s apparently provided ample time for most responses for both younger (M = 3.23 s, SD = 1.49 s) and OAs (M = 4.13 s, SD = 1.55 s). Likewise, speed of responding was de-emphasized with the fixed response window, in that faster responses did not increase the rate at which trials were completed.

Two decision-making blocks were performed in counterbalanced order, uninstructed gambling and EV training, followed by a last decision-making block: instructed gambling. During uninstructed gambling, participants were permitted to make their selections by any strategy they wanted in an attempt to maximize earnings. After participants chose an offer, they were informed about the outcome: all-or-none points earned in that trial, and a cumulative total of earnings throughout the experiment.

In the EV-training block, participants were instructed to practice computing and maximizing EV. Trial parameters in this block included reward points, and a percentage indicating the fraction of those points that they were guaranteed to receive. The instructions were to multiply the points and the percentages (i.e., to explicitly compute EV for each offer), decide which offer was larger, and then use this as the basis for their decision. Earnings were always the precise product (equivalent to EV in an all-or-nothing gamble) of their choice. After participants decided, they were informed of the outcome as before: earnings in that trial, and those earned throughout the experiment.

The last block, instructed gambling, was identical to uninstructed gambling but was preceded by explicit instructions that the EV-based selection strategy was in fact optimal and that it should be consistently applied during decision-making in order to maximize earnings.

INSTRUCTIONS PRIOR TO INSTRUCTED GAMBLING

Before starting the instructed gambling block, participants read the following instructions. Note that these referred to the uninstructed and instructed gambling blocks “Probabilistic” and “Deterministic,” respectively, reflecting the key distinction between blocks that outcome was either probabilistic or deterministic in relationship to choice.

SCREEN 1:

Before we begin the next round, we would like to tell you one more thing. In previous versions of this study, we have found that people tend to use very different strategies in the Probabilistic and Deterministic conditions. You might have noticed yourself doing this too!

In the Probabilistic condition, we find that most people tend to choose the higher probability option because it feels “safer,” whereas in the Deterministic condition people tend to multiply the probability by the amount on each side and then to choose the larger.

SCREEN 2:

In fact, people’s tendency to choose the higher probability reward in the Probabilistic condition usually results in them earning many fewer points than they could. Mathematically, it is far better to use the SAME strategy in both conditions. If you do this, you will tend to earn many more points.

Specifically, you will tend to make the most points if you treat the Probabilistic condition just like the Deterministic condition. In other words, instead of thinking only about the probability of winning, you should always multiply the probability by the amount on each side and choose the larger. Although this may result in smaller gains on some individual turns, over the course of the entire experiment, you will earn many more points.

SCREEN 3:

Now, you will begin doing the PROBABILISTIC version of the task. However, we would like you to use the strategy we just told you about. You should now make all your choices the same way you would make them in the DETERMINISTIC condition: by multiplying the probability times the amount for each option, and choosing the larger. If you do this, you will earn more points (and hence, more money) than if you used a different strategy.

TRIAL PARAMETERS AND IMPLICATIONS FOR DETECTING RA

The same 96 different trials (orthogonal combinations of probabilities and amounts) were used in each of the three blocks described above, presented in pseudo-random order for each participant, and were generated using the following procedure. First, four levels of probability (expressed in percent likelihood) and four levels of amount (expressed as points) were selected for low-risk, low-reward (LL) and high-risk, high-reward (HH) sets of choice parameters (Table 1). Next, for each set, the probabilities and amounts were combined factorially, producing 16 different probability/amount trials for each set. The 16 trials of the LL set were then crossed with the 16 trials of the HH set, producing 256 possible trials.

Table 1. Probability and amount parameters used to generate the list of 96 trials experienced by every participant.
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Because practical constraints precluded presentation of all 256 trials in each experimental condition, a subset of 96 trials were selected according to the following criteria. First, the 256 trials were sorted based on the absolute difference in EVs between the two decks. Values ranged from 0 (identical EVs for both decks) to 550 (one deck had an EV 550 points greater than the other). A majority of the 100 trials with the lowest absolute difference (range = 0–110 points) were selected for inclusion in the final set of 96 trials. These trials represented relatively “difficult” choices, i.e., trials on which the EV of one option was not substantially larger than the other (though there was still substantial variability across trials). The rest of the 96 trials were deliberately selected to (a) have a relatively large difference in EVs between the two sets and (b) roughly equate the number of trials in which each parameter level was presented (e.g., roughly the same number of offers involving probabilities of 10, 20, 40%, etc.). By this method, all 96 trials involved a pairing from a distribution of LL (high probability, Hi Prob) values (point range = 100–400, M = 237.5; probability range = 50–100%, M = 78.5%), while the other involved a pairing from a set of HH (lower-probability) values (point range = 250–1000, M = 622.4; probability range = 10–60%, M = 31.4%). Care was also taken to ensure that the two sets (LL and HH) were closely matched in mean EV (MLL = 187, MHH = 183).

In a critical subset of trials (38 of 96), which we refer to as conflict (CF) trials, EV was higher in one option while probability was higher in the other option (e.g., 90% chance of winning 200 points vs. 20% chance of winning 1000). Thus, choosing the Hi Prob option on these trials represents a clear case of RA. In the remainder of the trials, the low-risk option had either equal (EQ) or higher EV than the high-risk option (thus termed non-conflict; NC). Consequently, these trials are non-diagnostic of the particular decision-strategy employed by participants. However, they were included as buffer trials, to make the conflict present in conflict trials less obvious to participants, and to increase the variation of probabilities, rewards, and EVs present across trials. The analyses reported below focused on performance within the conflict trials, except where otherwise noted.

RESULTS

All 96 trials, the average rate of RA on each trial in uninstructed gambling, and the average RA rate in instructed gambling (after the training) are given in the Table A1 in Appendix.

BASIC TRAINING EFFECTS

To determine whether strategy training was effective at reducing RA, we performed a 2 × 2 × 2 Block (instructed vs. uninstructed gambling) × Order (uninstructed gambling before EV training or vice versa) × Age (OAs vs. YAs) ANOVA. The dependent measure was the RA rate (i.e., proportion of conflict trials in which the low-risk option was chosen instead of the high-EV option). Results revealed a main effect of instruction block [F(2, 86) = 90.34, p < 0.01] (Figure 2). RA rate was lower in instructed gambling (0.31) than uninstructed gambling (0.55). Thus, training was successful in reducing RA by promoting EV-based decision-making. Moreover, the effect was significant in each group separately [YA: F(1, 38) = 100.39, p < 0.01, OA: F(1, 44) = 10.95, p < 0.01], indicating its robustness. Block order did not interact with the block effect [F(1, 82) = 2.37, p = 0.13], nor was the three-way interaction (Age × Order × Block) significant [F(1, 82) = 0.11, p = 0.74]. Importantly, strategic insight generated a significant reduction in RA from uninstructed to instructed gambling (the main effect of Block) even for the subset of participants who practiced EV-based selection before baseline uninstructed gambling [i.e., for those participants who first gambled after practicing EV-based selection, but before being told EV-based selection could be used to maximize outcomes in gambling; F(1, 42) = 28.96, p < 0.01]. Comparing means in each Order group, uninstructed gambling RA was not significantly lower after EV training rather than before it [uninstructed gambling before EV training: RA = 0.58; uninstructed gambling after EV training: RA = 0.51; t(84) = 1.62, p = 0.11]. These results suggest that practice computing EV has little effect on RA, and that the critical factor in optimizing decision-making is the qualitative insight provided by the explicit instructional manipulation.
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Figure 2. Influence of age and EV-strategy training and instruction on average rate of RA. Strategy practice and instruction reduces RA but less so among older adults.



Although the training effect was significant in both age groups, there was also a significant main effect of Age [F(1, 82) = 13.28, p < 0.01], and an Age × Block interaction [F(1, 82) = 24.33, p < 0.01] revealing that strategy training was less effective in OAs compared to YAs. Average RA in the instructed gambling block was higher for OAs (0.44) than YAs [0.19; t(85) = −6.11, p < 0.01], despite the fact that RA was identical in the two groups during uninstructed gambling (OA: RA = 0.55, YA:RA = 0.55; t < 1). Based on these results, we conducted a series of analyses to better understand both why training reduced RA in both groups, and also why EV training was less effective for OAs.

POTENTIAL EXPLANATIONS OF TRAINING EFFECTS

Training was successful in reducing RA, but this could have resulted from some combination of increased reliance on EV, as the training was designed to promote, or increased ability to inhibit the automatic affective response to risk. In the former case, EV-related trial parameters should become more important predictors of choice after training. In the latter case, choice probabilities should become less important predictors of choice after training since choice probabilities presumably drive the automatic affective response.

A multiple regression was conducted to test the influence of trial-by-trial parameters on choice. Specifically, we tested the extent to which EV-related or RA-related predictor variables could predict the pattern of choice on each trial out of the full set of 96 decision trials (indexed by t) performed by participants (Eq. 1). For this analysis, the dependent measure was the proportion of participants (indexed by i) choosing the Hi Prob option. Because each participant received the exact same 96 trials but in permuted order, it is possible to treat the choice pattern across the 96 trials, averaged across participants, as an independent random effect. Two trial-level predictors were selected as independent variables: the probability value of the Hi Prob option, and the difference in EV between the Hi Prob and low probability options (i.e., ΔEV = EV Hi Prob option − EV low probability option; −/+ for conflict/non-conflict trials). These two predictor variables were chosen out of a set of three potential RA-related variables and three potential EV-related variables on the basis of relative reliability. Prior to inclusion the two trial-level predictors were z-scored, while the dependent variable was logit-transformed and then z-scored. Note that for the purpose of transforming proportions of 1 (e.g., where all participants selected the Hi Prob option on a non-conflict trial), a small constant, equal to the smallest, non-zero proportion value across all trials (0.025) was added to the numerator and denominator of the logit function. This ad hoc solution is recommended for logit transformations while introducing minimal bias (Warton and Hui, 2011).
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The first analysis focused on YAs (age-group indexed by m; here m = younger adults), since this was the group showing the largest effects of strategy training in the instructed relative to uninstructed gambling block. To determine the source of this effect, we compared performance on both blocks of the task (indexed by j), examining block-related effects by including a dummy-coded block predictor variable in the analysis (Blockj, m, t= −1/1 for uninstructed/instructed gambling, respectively), with additional predictor variables coding for the interaction of block with the Hi Prob and ΔEV trial-level variables. The results of this multiple regression analysis are presented in Table 2. Both the RA and EV-related parameters were found to be significant predictors of choice. Critically, however, training increased the influence of the EV-related predictor (as evidenced by the significant ΔEV × Block interaction), but had no effect on the influence of the RA-related variable (the Hi Prob × Block interaction). This finding is consistent with the hypothesis that strategy training was effective because it promoted a goal of EV-based selection rather than promoting general affective control.

Table 2. Multiple regression of standardized, logit-transformed proportion of high probability choices among kj, young, t ≤40 younger adults on 96 independent trials with one RA-related predictor (the probability of the high probability option, Hi Prob), one EV-related predictor (the difference in EVs: ΔEV), and a dummy variable for block.
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POTENTIAL EXPLANATIONS OF AGING EFFECTS

A second multiple regression analysis (Eq. 2) was conducted to examine the source of age differences (age indexed by m) that were observed in the instructed gambling block (block indexed by j; here j = instructed gambling), which indicated increased RA among OAs (participant indexed by i) on all 96 trials (trial indexed by t). We tested whether this apparent increased RA in OAs might be due relative inability to control the affective response to risk, which should be reflected in a relatively greater influence of Hi Prob, the RA-related predictor variable. Specifically, a plausible hypothesis is that relatively greater sensitivity to the affective consequences of risk among OAs interfered with their attempts to select based on EV in instructed gambling. To examine this hypothesis we compared performance of the OAs and YAs in the instructed gambling condition, examining age effects by including a dummy-coded age-group predictor variable in the analysis (Agej, m, t= −1/1 for YA/OAs, respectively), with additional predictor variables coding for the interaction of age group with the Hi Prob and ΔEV trial-level variables. The results of this regression analysis are presented in Table 3.

Table 3. Multiple regression of the standardized, logit-transformed proportion of high probability choices on 96 independent trials in the instructed gambling block by k younger or older adults, with one RA-related predictor (Hi Prob), one EV-related predictor (ΔEV), and a dummy-coded age variable.
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This analysis provided no support for the affective response to risk hypothesis of aging effects. Although Hi Prob, the RA-related predictor, remained significant in the instructed gambling block, there was no interaction of this variable with age group. This suggests that the Hi Prob had no greater influence over choice in OAs. In contrast, a significant interaction of ΔEV and age was observed, the sign of which reflected reduced EV influence on choice among OAs. Thus, the results suggest that the apparent age-related increase in RA during the instructed gambling block was not due to a greater influence of probability on choice, but instead to the reduced influence of EV-related information in this age group, after explicit strategy training and instruction.

Another key prediction of the affective interference account is that more frequent (negative) feedback promotes risk-averse behavior (cf. Thaler et al., 1997). Thus, OAs might have shown reduced training effects because these were counteracted by experiences with negative feedback when selecting high-risk options. We tested for feedback effects by conducting a follow-up study with a second group of OAs (N = 40; Mage = 74.0, SD = 6.1, range = 66–88) who experienced the exact same paradigm and procedure but without trial-by-trial feedback regarding decision outcome eliminated in the last, post-training block (i.e., instructed gambling). Comparing the effect of training on RA in the two older adult groups in a 2 × 2 Training (uninstructed gambling vs. instructed gambling) × Feedback Group (present vs. absent) ANOVA, demonstrated that the main effect of training was still present [F(1, 84) = 29.25, p < 0.01, RA: Muninstructed = 0.54, Minstructed = 0.39], but there was neither a significant main effect of Feedback [F(1, 84) = 2.18, p = 0.14, RA: Mno-feedback = 0.43, Mfeedback = 0.49] nor Block × Feedback interaction [F(1, 84) = 2.14, p = 0.15]. Likewise, when comparing the no-feedback older adult group with the YAs, we replicated the Block × Age interaction observed in the original analysis [F(1, 78) = 8.02, p < 0.01].

Alternative explanations for OAs’ relatively higher RA after training include: an age-related impairment in the ability to compute and compare EVs, and an age-related bias toward a probability (as opposed to amount) maximization heuristic, independent of EV. Because the training block explicitly required participants to compute and select on the basis of EV, we used participants’ average performance in this block as a measure of their EV-computation ability in a hierarchical regression analysis of individual RA in instructed gambling (Table 4). We also included their frequency of selecting the Hi Prob option on EQ trials as yet another predictor, reasoning that it represents a measure of how much participants’ decisions are biased by probability (as opposed to amount) when their preference regarding EV is neutralized. This predictor was added after the EV-selection ability measure since a decision-maker would have to compute EV correctly to know that that choice dimension was irrelevant on a given equivalence trial.

Table 4. Hierarchical regression analysis of alternative explanations of relatively higher RA among older adults in instructed gambling including EV-selection ability and probability-based selection bias.
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As expected, EV-computation ability explained a significant component of between-participants variance in average (averaged across an individual’s choices) instructed gambling RA when controlling for baseline RA (in uninstructed gambling). Also, the bias to select based on probability (as measured by the tendency to select the Hi Prob option on EQ trials) in instructed gambling explained a significant amount of variance when controlling for baseline RA and EV-computation ability. Importantly, however, age was still a significant predictor of RA during instructed gambling even after controlling for uninstructed gambling RA, EV-selection ability, and probability-based selection bias. This implies that even though EV-selection ability and probability-based selection bias constrained training efficacy, they do not fully explain the age differences in training effects.

AGING AND GOAL NEGLECT

Our preferred interpretation of OAs’ increased propensity to revert to RA after training is that it reflects goal neglect, rather than affective interference, impaired EV-selection abilities, or some other bias to select on the single dimension of probability. The goal-neglect account suggests that even in the absence of active interference, OAs are more likely to commit goal-inconsistent behavior because their goal representations are particularly prone to progressive, but passive decay, when not supported by their environment (Duncan et al., 1996). A key prediction of this account is a decreasing tendency to select on the basis of EV, and a corresponding increase in RA, throughout the instructed gambling block. We tested this by computing the correlation between trial number and RA (Figure 3). Among OAs, a significant positive correlation was observed (r = 0.33, p < 0.01), while in YAs no such correlation was present (r = −0.03, p = 0.77). That is, selectively for OAs, there was a greater tendency to exhibit RA on conflict trials encountered later rather than earlier in the block (i.e., farther removed from training and instructions). The positive correlation was also obtained in the second, independent, sample of OAs who received no-feedback (r = 0.20, p = 0.049), providing further evidence that OAs’ relative failure to maintain the goal of EV-based selection results from passive decay, rather than active feedback-related interference.
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Figure 3. Correlation of average RA rate and trial number for conflict trials in instructed gambling. Significant positive correlations obtain for older adults (OA) but not younger adults (YA), suggesting a goal-neglect effect among OA only. That the positive correlation obtains for OA under both feedback and no-feedback conditions implies that a passive process like goal neglect is a better explanation of the correlations than active interference by affective responses to negative feedback.



An alternative explanation for the steady rise in RA rates among OAs in the instructed gambling block, and one that we believe is incorrect, is that OAs were selectively fatigued by 96 consecutive decisions and thus were simply making more errors as each block progressed. We do not believe this to be the correct explanation for multiple reasons. First, if OAs are prone to fatigue across 96 consecutive trials, we would expect to observe an increasing error rate across the 96 trials of the EV-training block, since in this participants are also explicitly instructed to engage in effortful EV computation. Instead of increasing errors, however, the error rate gradually decreased among OAs during EV training (r = −0.35, p < 0.01). Thus, rather than fatigue effects, OAs showed evidence of improvement, reflective of practice effects across the block.

An analysis of response times (RTs) also provides evidence against a fatigue account. Instead, it supports the goal-neglect consistent explanation that OAs attempted to implement the EV-selection strategy throughout the block, even though their resulting decisions were progressively less biased by their goal to select on the basis of EV. RT analyses are complicated by the fact that participants were not encouraged to respond rapidly, but instead given ample time to respond. However, it is still possible to make predictions regarding the RTs trends expected if participants were becoming fatigued. The average RT to conflict trials among OAs was slower in instructed (4489 ms) compared to uninstructed gambling [4101 ms; t(189) = −8.21, p < 0.01], implying that, as expected, the more complicated EV-selection strategy took longer to implement. If OAs suffered fatigue, their RTs should have either progressively increased, as they took still longer to implement the strategy, or progressively decreased, if they instead relinquished the more taxing strategy and utilized the simpler probability maximization heuristic. However, we observed neither of these trends. Instead, RTs on conflict trials were uncorrelated with trial number among OAs (r = −0.05, p = 0.701). Importantly, this stands in contrast to RT trends on the other two trial types, NC (r = −0.19, p = 0.06) and EQ (r = −0.28, p < 0.01), both of which showed a progressive drop in RTs, reflective of practice effects. Taken together, these two findings are inconsistent with a fatigue account: (a) OAs slowed down after EV instruction and then maintained this slowing on conflict trials, while (b) showing a progressive speeding on non-conflict and equivalence trials, demonstrating that RTs are sensitive to practice effects occurring on some trials. The RT results are most consistent with the interpretation that OAs continued to treat conflict trials as a special case, despite the fact that they were increasingly likely to make the RA choice as the trials progressed. In other words, we suggest that OAs attempted utilize the EV-computation strategy throughout the instructed gambling block; however, as predicted by goal neglect, their behavior became progressively less biased by the goal to actually make selections on the basis of EV.

DISCUSSION

Our results have two important implications for understanding RA. First, we show that RA can be explained in terms of a lack-of-insight regarding which decision-making strategy to employ to maximize returns. Simply orienting participants to the optimal EV-based strategy substantially reduced RA, without any effort to down-regulate automatic, affective biases. Conversely, mere practice at mental computation and selection of EV was not sufficient to reduce RA, demonstrating that the root problem was not an inability or unwillingness to mentally compute EV, but a failure to apply this as an optimal strategy. If practice was sufficient, then a significant reduction in RA should have occurred after the EV-training block, even before receiving explicit instructions. However, we found that the block order of EV training did not significantly affect the amount of benefit obtained by explicit instruction. Conscious insight obtained by explicit instruction was necessary to enable robust implementation of the newly practiced strategy. By suggesting that practice is insufficient to ameliorate RA, we leave open the possibility that spontaneous insight into the nature of the task acquired in the course of practice might indeed exert such a shift in strategy. In an independent set of data (Yarkoni, T., and Braver, T. S., in preparation), we have in fact observed an effect of block order that appears to be attributable to some participants spontaneously realizing that they can apply a maximizing strategy across multiple conditions. The critical point is that it is the strategic insight and not the practice at computing EV that is the essential element.

Second, the gradual return to risk-averse decision-making among OAs appeared to reflect passive decay of goal representations rather than the biasing effects of feedback toward affective responding. The complete removal of feedback did not have a significant effect on the amount of RA (though there was a slight numerical reduction) observed among a second group of OAs in a follow-up study. On the other hand, OAs displayed increasing RA for decisions farther removed from training, suggesting passive decay of representations of the goal to select on the basis of EV. The progressive rise occurred independent of feedback, demonstrating that cumulative feedback effects did not cause it. The progressive rise in RA was also specific to OAs; YAs showed no gradual decay in performance, consistent with the idea that OAs are particularly susceptible to goal neglect and the broader context of age-related decline in cognitive control (Duncan et al., 1996; De Jong, 2001; West, 2002; Nieuwenhuis et al., 2004; Braver and West, 2008).

Our study also adds to the growing literature examining the role of cognitive factors in older adult decision-making. Prior work has suggested that OAs tend to adopt simpler, less-demanding decision-making strategies (Kim et al., 2005; Rafaely et al., 2006; Peters et al., 2007), and that this might be explained in terms of age-related declines in fluid intelligence (Mata et al., 2007). Concomitantly, the mixed findings regarding whether aging is associated with increased RA per se (Dror et al., 1998; Bellante and Green, 2004; Deakin et al., 2004; Denburg et al., 2005; see Mather, 2006) have led some to argue that RA depends more on decision-makers’ cognitive capacities and the nature of the decision-making task, than on inherent effects of age. For example, a recent meta-analysis (Mata et al., 2011), found that age-related differences in risk preference tend to disappear when decision-makers are provided with explicit probability information as opposed to when they must learn about probabilities through experience. Our finding of equivalent baseline RA across age groups is consistent with this literature, since our task involves explicit probability information. Another recent study emphasized the role of the decision-makers’ cognitive capacities rather than age by demonstrating that OAs can evince both relatively elevated risk seeking and elevated RA across tasks with different demands, and that outcomes are mediated by processing speed and working memory (Henninger et al., 2010). Our results agree in that under naïve conditions that are likely promote low-demand, heuristic decision strategies, OAs exhibit equivalent levels of RA to YAs. It was only when the task emphasized the cognitively demanding EV-selection strategy that age-related differences in RA emerged. Nevertheless, even though reduced cognitive capacities, such as working memory, may have limited the effectiveness of EV-strategy training in OAs, the data suggest it is not a full account of age differences, since these were present even after controlling for EV-selection ability.

These findings have important implications for both the theoretical understanding and practical remediation of decision-making deficits in OAs. If, as we have argued, such deficits result in part from passive decay of goal representations, efforts to improve older adult decision-making should focus on developing interventions that emphasize environmental support and contextual information, and not affect regulation. Evidence for the potentially important role of environmental support can be found in a recent study of risky decision-making (Samanez-Larkin et al., 2011). In this study, one condition provided a visual representation of the running EV of options, thereby furnishing continuous, if implicit, environmental support for an EV-selection strategy. Under this condition, performance improved for both older and YAs, with the older group matching YAs’ baseline performance. Unlike our study, however, they did not instruct participants which strategy to use. Instead, participants came to utilize EV signals through reinforcement learning, an approach taken throughout much of the risky decision-making literature. The advantage of explicit insight is that decision-makers in the real world are more commonly presented with single, one-off decisions for which the application of decontextualized, abstract decision strategies may be crucial. If individuals can be given insight, and supported by their environment to apply EV-selection strategies whenever they encounter a risky decision, they might make better choices even in entirely novel decisions.

Our account of the strategy training effects and putative goal neglect among OAs during instructed gambling implies specific predictions regarding neural mechanisms that could be tested in future imaging studies. One prediction that follows from our interpretation is that cognitive control processes related to task-set (goal) maintenance will be engaged preferentially in the instructed gambling block in order to implement the EV-selection strategy. Thus, we would expect to see a neural signature of this strategy in frontoparietal cognitive control networks. Indeed, in preliminary data from YAs, increased frontoparietal activity was observed when comparing the EV-training condition to uninstructed gambling (Yarkoni, 2010). We would further expect this pattern when comparing instructed to uninstructed gambling. A particular region of interest might be the anterior prefrontal cortex (aPFC). Sustained activity in this region has been thought to reflect abstract (or higher-order) task-set maintenance (Braver and Bongiolatti, 2002; Braver et al., 2003; Sakai, 2008). In the context of decision-making, increased sustained activity in aPFC has been observed when decision strategies needed to be maintained across a temporally extended interval (Yarkoni et al., 2005). Thus, we predict increased sustained activity in aPFC in instructed compared to uninstructed gambling, but similar activity in EV practice and instructed gambling. Further, the degree of similarity between EV practice and instructed gambling should predict behavioral findings of greater EV maximization during instructed gambling.

Brain activity dynamics can also provide a convergent test of our account of the age-related findings observed here. As the behavioral signature of goal neglect was a progressive rise in RA, the neural signature of goal neglect would be a progressive decay in sustained aPFC activity, reflecting the loss of task-set. Such a finding would be consistent with prior work, which demonstrated a reduction in sustained aPFC activity among OAs during task-switching, a pattern that was also interpreted as impaired task-set maintenance (Jimura and Braver, 2010). Finally, it would be useful to examine activity dynamics in brain regions responsive to risk and negative feedback (e.g., insula, amygdala, anterior cingulate cortex; Kahn et al., 2002; Kuhnen and Knutson, 2005; Brown and Braver, 2007). Our interpretation of the results is that training and age effects are not due to an altered response to risk and/or negative feedback; thus, we predict that these regions would be active during the gambling conditions (but not EV training, which eliminates the risk component of decision-making), and would show equivalent activity in younger and OAs, along with no decrease in activity among these regions when comparing in instructed to uninstructed gambling. Together, this pattern of imaging results would provide strong support that an interaction of insight and age-related cognitive control processes, such as task-set maintenance, are what differentiate age groups, but not necessarily the affective response to risk.

Our preferred interpretation of the steady return to RA among OAs is age-related goal neglect. Other interpretations are possible, however. OAs may have evinced increasing RA because they progressively abandoned the EV-selection strategy for other unknown reasons. For example, it may have been an intentional decision (instead of an implicit one, based on goal maintenance difficulties), made because of progressive discomfort with utilizing the novel instructed strategy, relative to their greater familiarity and experience in using more heuristic, risk-based decision-making strategies. OAs may have experienced this familiarity asymmetry between experienced-based and the instructed strategy more acutely than YAs, given their longer life-time of experience. However, we did assess compliance with the instructions in a post-experiment debriefing questionnaire, and there was no indication of any participant intentionally switching strategies during the instructed gambling block. Indeed, most participants explicitly reported utilizing the instructed strategy throughout the whole block (in a few cases the question was either not answered, the answer was ambiguous, or, in the case of one participant, the instructions were misunderstood). Nevertheless, in future studies, it may be useful to examine this issue more systematically.

A related account, and one that was not considered in our original design, relates to the age-dependent experience of arousal and emotion regulation. OAs tend to experience arousing stimuli as more aversive than YAs (Keil and Freund, 2009). Despite their relatively enhanced emotion regulation strategies, sustained durations of emotional distress may be more difficult for OAs to overcome (for a review, see Charles, 2010). If selecting the riskier (low probability) option on conflict trials causes arousal in a way that OAs find increasingly aversive and difficult to cope with, they may have found the instructed strategy more discomforting to implement, and instead would develop an accumulating bias against the high-EV option, as it acquires a punishing character. This would be true even for the group of OAs who received no-feedback (and therefore no error signals), because the arousal associated with greater risk taking itself is aversive. However, if OAs are sensitive to the negative valence of arousal associated with risk taking in this paradigm, it is unclear why they would not also be sensitive to the valence consequences of feedback. The fact that feedback did not influence OAs’ RA therefore implies that affective consequences of arousal were not the primary driver of RA among OAs. Nevertheless, more rigorously determining whether the age-related experience of arousal influenced decision-making for OAs would require independent measures of arousal, which were not collected. Hence we cannot rule out that arousal-related aversion to risk taking contributed to what we believe to be age-related goal neglect. The mechanisms that contribute to goal neglect are themselves not fully understood. It is thus possible that goal neglect could be influenced by reinforcement learning (as from punishing arousal) about co-existing, competing goals. Future study is required to understand how aversive arousal may contribute to goal neglect among OAs.

Finally, while we have explained the efficacy of our insight manipulation in terms of task-sets and the proper weighting of choice dimensions (probability and amount in EV), we note that our results could also be accounted for by the behavioral economic theory of “narrow framing” (Barberis et al., 2006; Barberis and Huang, 2009). Narrow framing means that the consequences of a gamble are considered in isolation rather than in the context of the decision-maker’s overall risk profile (including, for example, their income and housing risks). According to the theory, a decision-maker may avoid an independent, actuarially favorable gamble because they do not weigh the benefit of diversifying their risk portfolio, focusing instead on the potential regret associated with losing the gamble. While our results are consistent with helping participants overcome narrow framing, our manipulation was directed at changing participants’ task construal such that they select on the basis of EV. We did not explicitly manipulate whether participants were instructed to select choices in the context of their overall risk profile. Other studies that have done so have found significant changes in individuals’ risk preference parameters. For example, van der Heijden et al. (2011) incited decision-makers to consider multiple gambles at once and found a reduction in RA relative to when they considered single gambles in isolation, consistent with the narrow framing theory. Similarly, Guiso (2009) saw a reduction in RA when participants were asked to consider their future income probability distribution prior to considering a gamble. Future work may consider whether our manipulation promoting a strategy of EV-based selection is convergent with the economic concept of narrow framing.

The primary conclusion of our study is that insight and strategy training can yield better decision-making, but the benefits may be constrained by age-related factors that impact the decision-maker’s ability or willingness to implement the trained strategy. We hypothesize that one important factor to consider is cognitive control and goal maintenance ability. If correct, this hypothesis suggests that apparent RA might manifest under situations in which cognitive control demands drive decision-making. In contrast, under naïve situations, RA may reflect most prominently a lack of knowledge about which strategies are optimal and a lack of practice in implementing them. The benefits of insight were not trivial in our paradigm. Knowing about EV-selection prompted many more decision-makers to take calculated risks. To illustrate, consider a decision between a 90% chance of 200 points and a 20% chance of 1000 points. Prior to training, 56 out of 86 (65%) decision-makers chose the 200-point “safe-bet.” After training, that number reduced to 23, with 73% of participants (63 out of 86) instead preferring the riskier (but higher EV) 1000-point option. Our findings suggest that the role of strategy and insight in decision-making under risk have been underappreciated, and could lead to the development of new intervention programs designed to remediate decision-making deficits in both younger and older adults.
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APPENDIX

Table A1. Parameters for each of the 96 trials as well as average rate of risk aversion on each trial both in uninstructed gambling (UG) and instructed gambling (IG), after the training; Trial types include conflict (CF), Non-conflict (NC), for which the high expected value option also has the higher probability, and Equivalence (EQ) trials for which the expected value of the two options is equivalent.
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The capacity to make sound financial decisions across the lifespan is critical for interpersonal, occupational, and psychological health and success. In the present study, we explored how healthy younger and older adults make a series of increasingly complex financial decisions. One-hundred sixteen healthy older adults, aged 56–90 years, and 102 college undergraduates, completed the Financial Decision-Making Questionnaire, which requires selecting and justifying financial choices across four hypothetical scenarios and answering questions pertaining to financial knowledge. Results indicated that Older participants significantly outperformed Younger participants on a multiple-choice test of acquired financial knowledge. However, after controlling for such pre-existing knowledge, several age effects were observed. For example, Older participants were more likely to make immediate investment decisions, whereas Younger participants exhibited a preference for delaying decision-making pending additional information. Older participants also rated themselves as more concerned with avoiding monetary loss (i.e., a prevention orientation), whereas Younger participants reported greater interest in financial gain (i.e., a promotion orientation). In terms of sex differences, Older Males were more likely to pay credit card bills and utilize savings accounts than were Older Females. Multiple positive correlations were observed between Older participants’ financial decision-making ability and performance on neuropsychological measures of non-verbal intellect and executive functioning. Lastly, the ability to justify one’s financial decisions declined with age, among the Older participants. Several of the aforementioned results parallel findings from the medical decision-making literature, suggesting that older adults make decisions in a manner that conserves diminishing cognitive resources.
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INTRODUCTION

The population of the United States (US) has undergone a dramatic age shift in the last 10 years. To ignore predictions that this trend will significantly accelerate in future years may have catastrophic societal ramifications. In 2008, approximately 39 million US citizens were age 65 or older, constituting nearly 13% of Americans (Federal Interagency Forum on Aging-Related Statistics, 2010). However, as the baby boomer generation enters this age bracket, the older adult population is forecasted to exceed 70 million Americans by 2030, totaling one-fifth of the US population (He et al., 2005). In fact, with nearly every country anticipated to undergo dramatic population aging in the near future, major implications throughout the economic, social, and political world can be expected (United Nations, 2009).

In the US, the growing population of older adults will be characterized by increased racial diversity and higher educational attainment than any preceding generation, as well as a net worth that has risen 80% in the last 20 years (Federal Interagency Forum on Aging-Related Statistics, 2010). Increasing longevity, geographical dispersion, and the modern emphasis on self-reliance will require older adults to maintain complex decision-making faculties as they age (Finucane et al., 2002). Financial decision-making abilities, in particular, will be critical for this population segment, which has benefited from a higher level of prosperity than any of its elder generational predecessors, as measured by a steady rise in incomes for older Americans since 1976 and a decrease in elders living below the poverty line (Federal Interagency Forum on Aging-Related Statistics, 2010).

To increase the opportunities available to older adults and facilitate optimal decision-making, lawmakers often assume that more information and disclosures will help elders tailor choices to their specific needs and desires. It remains unclear, however, whether older adults are able to use such information to their benefit in complex domains, such as health care or financial decision-making. In an analysis of decision-making capacity when evaluating health care plans, Finucane et al. (2002) found that older adults displayed inferior comprehension, regardless of the information being presented and the complexity of the question. As age increased, participants revealed significantly more comprehension errors and slightly greater inconsistencies in preference when choosing a health plan, even after controlling for sex, education, income, health, self-rated skill, and attitude. Considering the simplicity of their stimuli compared to real-world health care contracts, the rate of comprehension difficulties among older adults warrants cause for serious concern (Finucane et al., 2002).

These findings are in keeping with literature regarding the effects of marketing on older consumers (John and Cole, 1986; Yoon et al., 2009), which suggest that older adults may encounter difficulties in decision-making when presented with large amounts of data. The most significant declines in decision-making performance by older consumers occurred during unfamiliar tasks that contained large quantities of information, had formats that hindered encoding, with limited guidance to aid information processing, and demanding answer formats. These authors recommended that future experimental stimuli (as well as public policy) targeting older adults focus on keeping information limited, well organized, and integrated with visual stimuli as appropriate.

The need for well-validated measures of decision-making capacity able to assess individual fitness to perform a task or make a decision autonomously will only rise as the population of older adults grows, with simultaneously increasing rates of cognitive deficits, dementia, other medical and neurological illnesses, and risk for elder abuse or exploitation within this group. This task is formidable, as no widely accepted instrumental validity standard for capacity assessment currently exists, with prior assessments having been made on the presence or absence of a medical diagnosis or global indicator of mental status (Moye and Marson, 2007). Of course, an additional important goal for future measures must be their ability to be tailored to individuals so that areas in need of protection can be identified without disqualifying or restricting rights in which full capacity remains. With the shift to identification and assessment of such task-related capacity domains, it becomes equally necessary to validate new measures – and new constructs – using convergence with other indicators of capacity (i.e., clinical diagnosis), cognitive tests, and consistency over time (Moye and Marson, 2007). One critical area for future assessment will be financial decision-making competence, as this skill is crucial not only to retaining autonomy in society, but also requires the use of intact higher-order cognitive functioning (Moye and Marson, 2007).

The majority of work assessing financial skill has been carried out in neurological populations. Marson et al. (2000) created the Financial Capacity Instrument (FCI), a standardized, psychometric, technician-administered instrument based on their tripartite model which views financial decision-making as requiring: (1) basic declarative knowledge (e.g., knowledge of currency); (2) procedural knowledge (e.g., writing checks); and (3) higher-order judgment, or the ability to evaluate novel or ambiguous situations and make financial decisions in one’s best interest (Moye and Marson, 2007). Not surprisingly, patients with mildly severe Alzheimer’s disease demonstrated emerging global impairment across most financial tasks and most domains, whereas patients with moderately severe Alzheimer’s disease demonstrated advanced global impairment across all financial tasks and domains (Marson et al., 2000). Defects in complex financial skills, such as checkbook management and bank statement management, were also observed in individuals with mild cognitive impairment as compared to healthy older adults. Furthermore, patients with MCI who had converted to Alzheimer’s disease by the 1-year follow-up exhibited significantly greater declines in procedural skills, such as bill payment and cash transactions, despite intact conceptual understanding of each item (Triebel et al., 2009).

Lusardi (2010) examined the financial capabilities of the American public across four general domains: living within one’s means, planning for the future, navigating financial products (e.g., credit cards, stocks, mortgages), and financial literacy. Data from the National Financial Capability Study showed that the average American reports higher levels of knowledge than those actually displayed on tests of financial capacity, and that the costs of such disparity is being evidenced in failure to plan for retirement or emergencies and poor investment choices, particularly among those with low income and education.

In a study of financial knowledge and its relation to successful retirement planning, Lusardi and Mitchell (2011b) found that only 50% of adults aged 50 years and older could correctly respond to questions regarding interest compounding and inflation. Moreover, less than 20% of the older adult sample felt that their retirement planning had been successful, with those displaying the highest levels of financial knowledge being most likely to have placed money in savings accounts or more complex investments (e.g., stocks, mutual funds) (Boersch-Supan and Essig, 2005).

International research shows high rates of financial illiteracy in both well-developed markets, such as Germany, Japan, and Sweden, as well as those that are quickly changing (e.g., Russia). Individuals with the highest level of financial knowledge are the most likely to successfully plan for their own retirement, however, older adults have been shown across numerous countries to routinely overestimate their level of financial knowledge when asked to complete basic financial measures (Lusardi and Mitchell, 2011a). A longitudinal study of the investment strategies of German nationals found that over 70% of the German population had their assets in a conventional savings account, whereas only 20% of older adults reported holding any stocks or mutual funds compared with 40% of younger adults (aged 35 years and below). Though younger adults placed a larger portion of their income into savings accounts relative to older adults, the latter were considerably more likely to report that they “always have a lot” or “often have some” money left at the end of each month.

The anterior portion of the frontal lobe, responsible for reasoning, judgment, decision-making, and emotional processing, is a brain area that may be critical for sound financial decision-making ability. A series of studies by Denburg et al. (2005, 2006, 2007) and Denburg and Harshman (2010) showed that a sizeable portion of neurologically and psychiatrically healthy older adults might nevertheless suffer from impaired decision-making skills due to subclinical dysfunction within a neural system that includes the ventromedial prefrontal cortex (VMPC). Age-related declines were evidenced by a large subset of healthy, older adults (35–40%) using the Iowa Gambling Task (IGT; Bechara, 2007), a well-validated laboratory test of decision-making. Compared to unimpaired older adults, those with decision-making deficits (“impaired”) failed to shift their choices from Bad to Good decks as the task progressed, instead making disadvantageous choices throughout, in a manner consistent with VMPC lesion patients (Denburg et al., 2005). Too, these impaired older adults evidenced abnormal somatic states (Denburg et al., 2006) as well as higher rates of falling prey to misleading and deceptive advertising (Denburg et al., 2007).

The present study involved an exploratory analysis examining how healthy younger and older adults make a series of increasingly complex financial decisions. Additionally, among the older adults, we examined how males and females may differ in their financial decision-making. Finally, the association between neuropsychological (i.e., intelligence, attention, working memory, numerical skill, visual spatial, language, memory, and executive function) variables to financial decision-making ability was investigated.

MATERIALS AND METHODS

PARTICIPANTS

Participants were 116 community-dwelling older adults, aged 56–90 years (63% female), and 102 college undergraduates1 attending The University of Iowa Tippie College of Business. The health of the Older participants was confirmed via a semi-structured screening interview that assessed neurological status, current medications, alcohol/drug consumption, and mood (after Tranel et al., 1997).

MEASURES

Financial decision-making questionnaire (FDMQ)

This questionnaire assessed financial knowledge and decision-making ability (Cole and Denburg, 2008). Participants proceed through four hypothetical scenarios, in which they receive increasingly complex financial information and are asked to select between the options provided and to justify each decision. In Scenario 1 (hereafter referred to as Personal Finance), the measure lists a monthly income, interest rates (for both a credit card and savings account), and bills due (i.e., rent, credit card statement) for a fictional individual; respondents are then asked to allocate the available assets for the month using the information provided among three options: (1) rent, (2) credit card bill, and (3) savings account. Following this choice is a short answer portion in which participants are asked to provide justification for each monetary decision.

In Scenario 2 (hereafter referred to as Impulse Purchase), participants are asked to recall the same hypothetical individual from Scenario 1, and to imagine that this individual chose not to pay his/her credit card debt from the previous bill. They are then told that this person has just passed a storefront where the TV that he/she wishes to buy has been placed on sale for a discount of 50% off the original price. Keeping in mind that the individual is currently carrying an unpaid credit card balance from the preceding month, participants are asked in Scenario 2 to indicate whether or not they would purchase the discounted TV using the credit card if they were in this situation and to provide justification for their decision.

Next, participants are supplied with a small table detailing various financial investment options (e.g., Savings Account, Certificate of Deposit, Mutual Fund). This begins Scenario 3 (hereafter referred to as Low Precision Investment), in which participants are asked to imagine that they have just inherited $20,000 unexpectedly. Below the table, participants are asked to indicate whether or not they would make an immediate decision regarding how to allocate the inheritance between the options listed. Those who indicate “Yes” are asked to proceed to Scenario 4 on the following page; participants who answer “No” in Scenario 3 are asked to please indicate what additional information they would seek before being able to make a decision regarding the allocation of these funds.

Scenario 4 (hereafter referred to as Financial Management) builds upon Scenario 3 in that participants receive an expanded investment table and are asked to complete it as though they have actually inherited $20,000 and must now allocate the money accordingly. Participants may distribute the funds as they see fit across any of the options provided, including a Savings Account, Certificate of Deposit, Business Venture, Payment of Credit Card Debt, Managed Mutual Fund, and Unmanaged Mutual Fund. Each option is presented with a brief description, including the interest rate, rate of return, and expected rate of loss for those to which it is applicable. Following the table, participants are asked to provide a justification for each allocation. Scenario 4 ends with two 7-point Likert scales, in which participants indicate how important making money and avoiding financial loss were to their decision-making process (hereafter referred to as Financial Behavior).

At the conclusion of the packet is a five-question quiz pertaining to financial knowledge. All of the questions are True/False in nature, and are written to be challenging to the average participant (hereafter referred to Acquired Financial Knowledge). (The Financial Decision-Making Questionnaire (FDMQ) is available by request to the corresponding author.)

Neuropsychological battery

Current and premorbid intelligence. Current intelligence was measured using the Wechsler Abbreviated Scale of Intelligence (WASI; Wechsler, 1999), which consists of four subtests (two verbal and two non-verbal): vocabulary, Similarities, Block Design, and Matrix Reasoning. The Vocabulary subtest asks participants to provide definitions for single words. In the Similarities subtest, a task of abstract verbal reasoning, participants are asked to state how two words are similar or alike. During the Block Design subtest, participants replicate two-dimensional patterns with red- and white-colored blocks. In the Matrix Reasoning subtest, participants need to complete an unfinished visuospatial pattern by choosing from a five-alternative forced choice array. Premorbid intellect was measured using the Wide Range Achievement Test – 3 (WRAT-3) Reading subtest (Wilkinson, 1993), a single-world reading task.

Attention and working memory. Simple and divided attention (also referred to as working memory) was measured with the Digit Span and Letter-Number Sequencing subtests from the Wechsler Adult Intelligence Scale – Third Edition (WAIS-III; Wechsler, 1997). In the Digit Span subtest, participants are asked to repeat strings of numbers in both a forward and backward order. During the Letter-Number Sequencing subtest, participants must recite back a string of jumbled numbers and letters by first sequencing the numbers followed by the letters.

Numerical skill. Participants mentally solve increasingly difficult arithmetic problems in the Arithmetic subtest of the WAIS-III (Wechsler, 1997). We also measured participants’ numeracy skill, defined as the ability to understand and use basic probability and mathematical concepts, via Lipkus’ Numeracy Scale (Lipkus et al., 2001).

Visual spatial. The Rey–Osterrieth Complex Figure Test-Copy Condition (Rey-O Copy; Rey, 1941) consists of presenting a multipart figure, which the participant is instructed to copy. The copy performance measures both visual perception and visual construction. The Benton Facial Recognition Test (Benton Faces; Benton et al., 1994) is a measure of visual perceptual discrimination that requires the matching of identical or near-identical faces.

Language. The Controlled Oral Word Association Test (COWAT; Benton and Hamsher, 1989) is a verbal fluency measure, in which participants are given 1 min to say as many words as they can that begin with a designated letter. In the Boston Naming Test (BNT; Kaplan et al., 1983), a measure of confrontation naming, participants are presented with a series of line drawings, and have 20 s to correctly name each object. Here, we utilized a validated, short form of the BNT (Barrash et al., 1999).

Memory. The Rey Auditory-Verbal Learning Test (RAVLT; Rey, 1964) is a verbal learning and memory task. Participants are provided five trials to learn a list of 15 unrelated words. They are then asked to recite these words again following a 30-min incidental delay period. Visual memory was assessed with the Rey–Osterrieth Complex Figure Test-Delay Condition (Rey-O Delay; Rey, 1941), in which participants are asked to reproduce from memory the figure they copied 30 min previously. The Benton Visual Retention Test-Revised (BVRT-R; Benton, 1945) assessed short-term retention. Participants are asked to reproduce from immediate memory each of 10 designs containing one or more figures, following a 10-s study period.

Executive function. In the Wisconsin Card Sorting Test (WCST; Heaton et al., 1993), a measure of problem solving and mental flexibility, participants must correctly categorize cards based on immediate feedback. The Trail Making Test, Part B (Trail Making B; Spreen and Strauss, 1998), is a set-shifting task involving the alternation between numbers and letters. The IGT (Bechara, 2007) is a well-validated, computer-administered laboratory task of decision-making under ambiguity.

PROCEDURES

Older participants completed the aforementioned measures as part of a larger neuropsychological battery. Each testing session lasted approximately 3 h, with a single experimenter working one-on-one with the older participant. There was no time limit on completion of the FDMQ, although Older participants generally completed the instrument in 30 min to 1 h. As stated previously, the Younger participants completed only the FDMQ in a supervised classroom setting over a 50-min period; none of the undergraduate sample had difficulty finishing the questionnaire in the time allotted. Finally, calculators were not provided for completion of any portion of the FDMQ, however, participants could perform pencil and paper calculations as needed.

DATA ANALYSIS

Preliminary analyses were conducted to examine the data for the presence of outliers and the appropriateness of assumptions of linearity, independence of errors, and multicollinearity. Logistic regression analyses were then conducted to examine the contributions of Age Group (i.e., Younger vs. Older), Sex (i.e., Older Male vs. Older Female), and neuropsychological performance to financial decision-making, as measured by responses to the FDMQ Scenarios. The first set of regression analyses examined the contribution of Age to the FDMQ Scenarios. For each scenario, the variables of Age and FDMQ were entered into a predictive model to identify whether an individual was a Younger or Older participant. In the second set of regression analyses, which were limited to the Older participants, the contribution of Sex to the FDMQ Scenarios was examined and subsequently entered into a predictive model to identify whether an individual was a Male or Female participant. For each logistic model, Acquired Financial Knowledge was included in the analysis to control for pre-existing financial knowledge. Finally, among the Older participants, correlational analyses were conducted to examine the associations between responses to the FDMQ Scenarios and neuropsychological performance. As the study was exploratory, no adjustment was made for multiple testing.

RESULTS

AGE ANALYSES

Table 1 displays the results from the logistic regression analyses of responses to the FDMQ Scenarios between the Younger and Older participants.

Table 1. Logistic Regression Models of FDMQ Scenarios to Age (i.e., Younger vs. Older).
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Personal finance

The first regression model examined the contributions of Acquired Financial Knowledge and allocations of monthly income (i.e., Rent, Credit Card, Savings Account) in predicting Age Group (i.e., Younger vs. Older). Collectively, these variables made a significant contribution in predicting whether an individual was a Younger or Older participant. Inspection of the partial test for individual variables revealed that Acquired Financial Knowledge significantly predicted a participant’s Age Group. Specifically, the odds that an individual was an Older participant were 1.68 greater for every unit increase in Acquired Financial Knowledge. Said another way, for every one-point increase in Acquired Financial Knowledge, the odds that an individual was an Older participant increased by 68%2.

After controlling for Acquired Financial Knowledge, Credit Card Allocation (p = 0.038) and Savings Account Allocation (p < 0.0001) were significantly predictive of Age Group. That is, for each one-point increase in allocation toward the credit card payment, the odds of an individual being an Older participant increased by 10%. By contrast, a one-point increase in allocation toward the savings account decreased the odds of an individual being an Older participant by 8% (thus, Younger participants were more likely to allocate to savings).

Impulse purchase

The second regression model examined the contribution of Acquired Financial Knowledge and a participant’s decision to purchase a Television in predicting Age Group (i.e., Younger vs. Older). Together, the two variables were marginally significant (p = 0.054) in predicting whether an individual was a Younger or Older participant, and non-significant after controlling for Acquired Financial Knowledge.

Low precision investment

The third regression model examined the contribution of Acquired Financial Knowledge and a participant’s decision whether to invest money based on minimal information in predicting Age Group (i.e., Younger vs. Older). Collectively, both variables predicted whether an individual was a Younger or Older participant. After controlling for Acquired Financial Knowledge, there was a trend toward Older participants being more likely to make a decision with minimal information as compared to Younger participants (p = 0.07).

Financial management

In the fourth regression model, we examined the contribution of Acquired Financial Knowledge and inheritance allocations (i.e., Savings Account, Certificate of Deposit, Business Venture, Credit Card Payment, Spending, Managed Mutual Fund, Unmanaged Mutual Fund) in predicting Age Group (i.e., Younger vs. Older). Taken together, these variables predicted whether an individual was a Younger or Older participant based on inheritance allocations. Inspection of the partial test indicated that after controlling for the effect of Acquired Financial Knowledge and other inheritance allocations (i.e., Certificate of Deposit, Business Venture, Credit Card Payment, Spending, Managed Mutual Fund, Unmanaged Mutual Fund), only the amount allocated into the Savings Account was significantly predictive of Age Group (p = 0.03). In particular, every percentage increase in amount placed in the Savings Account decreased the odds of an individual being an Older participant by 2%. Said differently, Younger participants were significantly more likely to place money into a savings account.

Financial behavior

In the final model, we examined the contribution of Acquired Financial Knowledge and an individual’s behavior toward investment (i.e., gaining money or promotion-oriented vs. avoiding monetary loss or prevention-oriented) in predicting Age Group (i.e., Younger vs. Older). Overall, the model was predictive of Age Group. Partial test inspections revealed that an increase in one-point on promotion-oriented responses decreased the odds of an individual being an Older participant by 27% (p = 0.007). In other words, Younger participants were significantly more likely to make decisions toward gaining money. (There was a trend toward Older participants being more likely to make decisions toward avoiding monetary loss, p = 0.07.)

SEX ANALYSES

Table 2 displays the results from the logistic regression analyses of responses to the FDMQ Scenarios between Older Male and Female participants.

Table 2. Logistic Regression Models of FDMQ Scenarios to Sex (i.e., Male vs. Female).
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Personal finance

The first regression model examined the contribution of Acquired Financial Knowledge and allocations of monthly income (i.e., Rent, Credit Card, Savings Account) in predicting Sex (i.e., Male vs. Female). Together, this group of variables predicted whether an individual was a Male or Female participant. For this model, Acquired Financial Knowledge, after controlling for the effect of response to the scenario, was non-significant predicting Sex of a participant3. Inspection of the partial test for individual variables revealed that after controlling for Acquired Financial Knowledge, Credit Card Allocation (p < 0.05), and Savings Account Allocation (p = 0.017) were significant in predicting Sex of a participant. That is, for every unit increase in Credit Card payment, the odds of an individual being a Male participant increased by 14%. Similarly, for every unit increased in Savings Account allocation, the odds of an individual being a Male participant increased by 5%.

Impulse purchase

The second regression model examined the contribution of Acquired Financial Knowledge and a participant’s decision to purchase a Television to predicting Sex (i.e., Male vs. Female). The model indicated that the decision to make an impulse purchase was non-significant in predicting Sex of a participant.

Low precision investment

The third regression model examined the contribution of Acquired Financial Knowledge and a participant’s decision whether to invest money based on minimal information in predicting Sex (i.e., Male vs. Female). The overall model suggests that both variables were non-significant in predicting Sex of a participant.

Financial management

In the fourth regression model, we examined the contribution of Acquired Financial Knowledge and inheritance allocations (i.e., Savings Account, Certificate of Deposit, Business Venture, Credit Card Payment, Spending, Managed Mutual Fund, Unmanaged Mutual Fund) in predicting Sex (i.e., Male vs. Female). Collectively, these variables were marginally significant in predicting whether an individual was a Male or Female participant based on inheritance allocations. After controlling for the effect of Acquired Financial Knowledge and other inheritance allocations, only the amount allocated into Spending (p = 0.05) and Unmanaged Mutual Fund (p = 0.032) were significantly predictive of Sex of a participant. In particular, every percentage increase in amount placed in Spending increased the odds of an individual being a Male participant by 11%. Similarly, every percentage increase in amount placed in an Unmanaged Mutual Fund increased the odds of an individual being a Male participant by 6%.

Financial behavior

In the final model, we examined the contribution of Acquired Financial Knowledge and a participant’s behavior toward investment (i.e., gaining money or promotion-oriented vs. avoiding monetary loss or prevention-oriented) in predicting Sex of a participant. Overall, the model was non-significant in predicting Sex of a participant.

CORRELATIONAL ANALYSES

Pearson’s r correlations were conducted in order to examine the associations between responses to the FDMQ Scenarios and neuropsychological performance, among the Older participants (see Table 3). A single composite variable was computed for the FDMQ based upon the justifications participants provided for each of their financial decisions (hereafter referred to as Depth of Reasoning). To do this, scores were calculated based upon the collective responses to seven short answer questions found throughout Scenarios 1, 2, and 4, in which participants were asked to justify why they had made each preceding monetary decision. Responses were graded on a 3-point scale, with those answers showing the greatest comprehension and sophistication (i.e., one must pay the credit card bill to avoid interest accrual and future rate increases) receiving higher scores than those that simply restated the question (i.e., you must pay the bill because it is due this month).

Table 3. Association of FDMQ Depth of Reasoning with Neuropsychological Performance.
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Correlational analyses revealed several significant correlations. In terms of demographic variables, Depth of Reasoning correlated with Age (r = −0.24) and Education (r = 0.21). That is, as age increased, Depth of Reasoning among Older participants declined (was poorer). Too, Older participants with higher levels of educational attainment provided stronger Depth of Reasoning for the FDMQ Scenarios.

There was an absence of association between Depth of Reasoning and the neuropsychological domains of Premorbid Intellect, Attention and Working Memory, Numerical Skill, Visual Spatial, Language, and Memory (average r = |0.09|). By contrast, Current Intelligence and Executive Functioning were associated with Depth of Reasoning. Specifically, two measures of non-verbal current intelligence (WASI Block Design and Matrix Reasoning) were positively and significantly associated with Depth of Reasoning (r = 0.31 and r = 0.21, respectively). For the cognitive domain of Executive Functioning, all variables were significantly associated with Depth of Reasoning. That is, on a test of problem solving and mental flexibility (WCST Perseverative Errors), Depth of Reasoning decreased as number of Perseverative Errors increased (r = −0.24). Similarly, on a test of simple executive functions involving speeded set-shifting (Trail Making B), Depth of Reasoning decreased as time to complete the task increased (r = −0.22). Lastly, on a laboratory task of decision-making, the IGT, Depth of Reasoning increased with higher levels of risk aversiveness (r = 0.21).

DISCUSSION

The present exploratory study compared how healthy Younger and Older participants make a series of increasingly complex financial decisions. Additionally, among the Older participants, we examined the contribution of demographic and neuropsychological variables to financial decision-making ability. The study yielded multiple findings. Older participants outperformed Younger participants on a multiple-choice test of Acquired Financial Knowledge, a finding that may be due in part to the experience conferred by age. Nevertheless, even after controlling for this pre-existing financial knowledge, several important, and striking differences were observed between Younger and Older participants throughout the FDMQ.

In both the Personal Finance and Financial Management scenarios, Younger participants were more likely to place money into a Savings Account than were Older participants. By contrast, Older participants were more likely to pay off their Credit Card bills in the Personal Finance scenario than were Younger participants. Older participants also displayed greater interest in making immediate decisions regarding the allocation of an unexpected inheritance during the Low Precision Investment scenario of the FDMQ, whereas the Younger participants exhibited a preference for delaying decision-making until additional resources could be accessed. Furthermore, Older participants rated themselves as having significantly less interest in using the hypothetical inheritance funds for purposes of monetary gain (i.e., a promotion orientation) than Younger participants, while also displaying a trend of favoring investment strategies which avoided potential monetary loss (i.e., a prevention orientation).

Among the Older participants, few differences were demonstrated between the two sexes. However, we did observe that Males were more likely to pay their Credit Card bill and contribute money to a Savings Account in the Personal Finance scenario than Females. Males were also more likely to allocate money to the Savings Account and Unmanaged Mutual Fund options than Females, during the Financial Management scenario. Reasons for these sex preferences are unknown, though it may be speculated that Older Males’ preference for investment in an Unmanaged Mutual Fund stems from their greater experience and comfort with investing (Ozerol et al., 2011).

Among the Older participants, multiple significant correlations were found between the FDMQ Depth of Reasoning composite variance and performance on aspects of the neuropsychological battery. Depth of Reasoning was positively correlated with non-verbal intelligence and executive functioning. Level of education was also positively correlated with Depth of Reasoning scores. Too, age showed an inverse correlation with Depth of Reasoning such that the ability to justify one’s financial decisions significantly declined with increasing age. Finally, we did not observe an association between numerical skill and FDMQ Depth of Reasoning, which came as somewhat of a surprise given that Marson et al. (2000) found that changes in basic numerical skills, such as the ability to perform simple calculations, were one of the strongest predictors of a loss of financial capacity in patients with Alzheimer’s disease.

Taken together, our findings are supported by the work of Korniotis and Kumar (2010), who similarly deduced that sound cognitive abilities play a critical role in the capacity to make high quality financial decisions across the lifespan. However, the relationship between cognitive fitness and financial decision-making capacity is complex and difficult to characterize. Although the experience and financial knowledge accumulated by older investors would be predicted to buffer age-associated declines, the cognitive declines associated with normal aging may offset such safeguards by preventing the effective application of previously learned principles (Korniotis and Kumar, 2010).

Ultimately, it may be this underlying decline in cognition associated with normal aging that accounts for the trend observed in the Low Precision Investment scenario whereby Older participants preferred to make immediate investment decisions while Younger participants seek out more information. In a simulated financial decision-making task involving maximizing profit at a yard sale, Chen and Sun (2003) found that younger and older adults adopted different strategies (although age did not ultimately predict total monetary gain). While younger adults demonstrated flexibility by switching strategies as needed during the task, older adults adopted a consistent and less memory-demanding strategy. These findings imply that advancing age can lead to a preferential selection of less cognitively demanding decision-making strategies (Chen and Sun, 2003). So it may be in the present study that the Older participants preferred to make an immediate decision with regards to an unexpected inheritance in an effort to reduce cognitive load, whereas the Younger participants did not because no such cognitive burden was experienced.

Interestingly, our age-related financial decision-making findings are notably similar to the literature examining the effect of aging on medical decision-making. That is, the medical decision-making literature has indicated that older adults demonstrate declines in the thoroughness of the information search process and in the amount of information used (Meyer et al., 1995; Zwahr et al., 1999), as well as a shorter interval between symptom onset and the decision to seek medical care (Leventhal et al., 1993, 1995). Such findings have been interpreted as suggesting that older adults may be may be attempting to conserve diminishing cognitive and emotional resources by making medical decisions in the aforementioned manner.

With regard to sex differences, Older participants were more likely to pay the Credit Card Bill and invest in the Savings Account option each time it was presented. Interestingly, a study of sex-specific risk attitudes among undergraduates at the University of Zurich and the Swiss Federal Institute found a similar tendency for males to make less risky financial choices than females under controlled economic parameters (Schubert et al., 1999). However, given the cross-sectional nature of the present study and the absence of demographic data on the Younger participants, it cannot be empirically determined at this time whether the observed sex differences are stable throughout the lifespan or if they would have been displayed by the college-aged cohort. Not being able to examine this empirically is an obvious limitation of the current study.

Given the utility of the FDMQ as shown in the present work, directions for future research should focus on expanding the population under study, and the inclusion of neuroimaging technology in order to empirically assess the brain regions associated with real-world financial decision-making and the effects of aging and cognitive decline on performance at the biological level. Knutson and Bossaerts (2007) have previously used functional neuroimaging to systematically measure patterns of neural activation during a task of basic financial decision-making. The experimenters manipulated expected value by varying the magnitude and probability of monetary reward, finding that anticipatory activation of the ventral striatum predicted risky financial investment choices, whereas anticipatory activation of the insula predicted safe investments. Interestingly, neither pattern of activation was significantly associated with either optimal or suboptimal investment decisions (Knutson and Bossaerts, 2007).

The present study also has noteworthy implications for future research and public policy. Further studies should explore the tendency observed among older adults to make immediate financial decisions, investigating whether interventions might be designed to facilitate this population in using their extensive financial knowledge to evaluate all of the available information before committing to financial investments. Additionally, if future research is able to replicate the findings that men, particularly older males, are more likely to pay credit card bills and utilize savings accounts than women, this would be a significant focus for public policy targeting older females. Because the life expectancy of women is significantly higher than that of men, there are a population segment of older women who may be thrust into the financial decision-making arena following the (often unexpected) death of a spouse. Consequently, these older adults might benefit from targeted education and intervention attempts.

In consideration of the present findings, and those of Korniotis and Kumar (2010), that financial decision-making performance drops steadily after age 70 relative to what prior performances would predict, participation in the stock market and other complex financial endeavors may not be in the best interest of some older adults irrespective of prior experience, particularly with advancing age. Furthermore, legal protections must be put in place to ensure that at-risk older adults are not extorted by those seeking to benefit from the impaired financial decision-making abilities of this population. This issue will become even more pressing as more financial and business transactions begin to take place online and older adults are faced with learning entirely new ways to perform previously well-known tasks, such as bill payment and electronic funds transfers.
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FOOTNOTES

1For the undergraduate sample, limited demographic information was available, and neuropsychological evaluation was not performed.

2In fact, Acquired Financial Knowledge was predictive of Age Group for each of the Scenarios except Scenario 4 (Financial Management), with odds ranging from 32 to 68%.

3Acquired Financial Knowledge was non-significant in predicting Sex of a participant for all subsequent models, after controlling for the effect of response to the scenario.
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Intertemporal choices are a ubiquitous class of decisions that involve selecting between outcomes available at different times in the future. We investigated the neural systems supporting intertemporal decisions in healthy younger and older adults. Using functional neuroimaging, we find that aging is associated with a shift in the brain areas that respond to delayed rewards. Although we replicate findings that brain regions associated with the mesolimbic dopamine system respond preferentially to immediate rewards, we find a separate region in the ventral striatum with very modest time dependence in older adults. Activation in this striatal region was relatively insensitive to delay in older but not younger adults. Since the dopamine system is believed to support associative learning about future rewards over time, our observed transfer of function may be due to greater experience with delayed rewards as people age. Identifying differences in the neural systems underlying these decisions may contribute to a more comprehensive model of age-related change in intertemporal choice.
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INTRODUCTION

Intertemporal choice describes any decision making scenario that involves selecting between outcomes available at different times in the future. A broad range of decisions made in everyday life (e.g., healthy eating, retirement savings, exercise) require trade-offs between immediate satisfaction and long-term health and well-being. Economic models of age-related change in intertemporal preferences begin with assumptions about how utility changes across the life span. Assertions are made about reproductive fitness or the physical wherewithal available to enjoy rewards and then conclusions are drawn on this basis about how decision making ought to depend on age (Rogers, 1994; Trostel and Taylor, 2001; Read and Read, 2004). This approach has produced theories asserting that delay discounting (i.e., the preference for sooner, smaller rewards relative to larger, later rewards) should decline with age (Rogers, 1994), increase with age (Trostel and Taylor, 2001), or be minimized in middle age (Read and Read, 2004). Empirical results from psychology and behavioral economics are similarly conflicting (Green et al., 1994, 1996, 1999; Harrison et al., 2002; Read and Read, 2004; Chao et al., 2009; Reimers et al., 2009; Whelan and McHugh, 2009; Simon et al., 2010; Jimura et al., 2011; Löckenhoff et al., 2011). One important potential contribution to models of intertemporal choice over the life span, which has been overlooked to date, may be that older and younger adults rely differently on the brain systems that underlie valuation of future outcomes.

Decision neuroscience promises to enable a systems-level understanding of the neural and cognitive changes that underlie the age-dependence of intertemporal choice. Recent decision neuroscience research reveals a network of subcortical and cortical brain regions involved in intertemporal decision making (Peters and Büchel, 2011). Several studies have shown that regions associated with the mesolimbic dopamine system, including the ventral striatum (VS), ventromedial prefrontal cortex, and posterior cingulate cortex, play a primary role in the representation of subjective value (Kable and Glimcher, 2007; Peters and Büchel, 2009, 2010) and are more active in the presence of immediately available rewards in young adults (McClure et al., 2004, 2007; Luo et al., 2009). A different network of brain areas related to cognitive control including the dorso and ventrolateral prefrontal cortex (collectively, LPFC) and the posterior parietal cortex (PPC) has been proposed to promote the selection of relatively delayed outcomes (Peters and Büchel, 2011). Higher levels of activation in LPFC and PPC relative to mesolimbic regions is associated with selection of larger, delayed rewards (McClure et al., 2004), and disruption of left LPFC through transcranial magnetic stimulation leads to increased selection of immediate over delayed rewards (Figner et al., 2010). There is also related evidence that working memory-related anterior PFC activity is associated with increased selection of delayed outcomes (Shamosh et al., 2008). LPFC regions play a causal role in valuation and self-control during decision making (Camus et al., 2009), possibly through top-down interactions with medial prefrontal regions to bias choice toward options with better long-term over short-term value (Hare et al., 2009).

How age-related alterations in the mesolimbic dopamine system and lateral cortical regions combine to affect judgments is an active area of investigation (Mohr et al., 2009). Although some age-related impairments in risky decision making have been linked to cognitive limitations related to processing speed and memory (Henninger et al., 2010) or learning to implement cognitively demanding strategies (Mata et al., 2010), in other decision making scenarios that are not as cognitively demanding the LPFC is similarly engaged and performance is equal between younger and older adults (Hosseini et al., 2010). In contrast, age-related changes in the function of the mesolimbic dopamine system are the focus of the present work. Numerous neurophysiological changes are known to occur as people age. Age-related declines in the striatal dopamine receptors have been well documented and are linked to cognitive impairment (Bäckman et al., 2006). In fact, previous neuroimaging studies have attributed age-related deficits in decision making during novel probabilistic learning tasks to disruption of striatal signals (Mell et al., 2009; Samanez-Larkin et al., 2010).

Although there is evidence for age differences in the function of the striatum in time-limited learning tasks (Aizenstein et al., 2006; Mell et al., 2009; Samanez-Larkin et al., 2010), there is also evidence for stability in striatal responses correlated with reward magnitude (Samanez-Larkin et al., 2007, 2010; Schott et al., 2007; Cox et al., 2008). Behavioral experiments with animals have also demonstrated equivalent sensitivity to both magnitude and delay in younger and older rats (Simon et al., 2010), suggesting that the basic computational resources needed to make intertemporal decisions do not change much with age. Likewise, standard models of discounting fit the behavior of younger and older adults equally well (Green et al., 1999; Whelan and McHugh, 2009), suggesting that similar choice processes are involved. Thus, although the rate of discounting may differ, a differential structure of discounting functions between age groups does not explain any observed differences (Green et al., 1999). In spite of the age-related declines observed in the dopamine system and the striatum, it may be that gradual declines in the dopamine system with age do not disrupt the slow changes in associative learning from repeated experience with delayed rewards over decades of the life course. This experience with the realization of delayed rewards is highly relevant for making intertemporal decisions, as one has to make predictions about the future value of various courses of action at the time of choice (Löckenhoff, 2011; Löckenhoff et al., 2011).

Theories about dopamine function posit that these neurons signal reward value in mesolimbic regions as a consequence of direct associative learning (Montague et al., 1996; Schultz et al., 1997). Reinforcement learning models developed to capture these data are notoriously slow to learn about delayed outcomes (Sutton and Barto, 1998). As a consequence it may take substantial time and experience (Logue et al., 1984) for mesolimbic dopamine regions to develop robust responses to cues predicting rewards at long time delays. Although older adults may suffer from declines in fluid cognitive ability that may constrain their decision making competence, they also have decades of experience over their young adult counterparts with the realization of delayed rewards which may lead to similar decisions behaviorally (Agarwal et al., 2009). Thus, reasoning from such models, we did not make strong predictions about behavioral differences in decision making but did expect that older adults as compared to their younger counterparts may show increased mesolimbic responses to delayed rewards. In the present study, we examined age differences between healthy younger and older adults in the neural systems that support intertemporal decision making. We predicted that younger adults would show a larger difference in mesolimbic neural signal change in the presence of an immediately available reward, but that older adults would show similar levels of neural activation for immediate or delayed rewards.

MATERIALS AND METHODS

BEHAVIORAL TASK DESIGN

Twelve younger adults (age range 19–26, mean 22.0; seven female) and 13 older adults (age range 63–85, mean 73.4; six female) completed an intertemporal decision making task while undergoing functional magnetic resonance imaging (fMRI). Older adults were screened with the Mini-Mental State Exam prior to participation to ensure that individuals at risk for Mild Cognitive Impairment or dementia were excluded from participation (all scores above 25). All subjects gave written informed consent, and the experiment was approved by the Institutional Review Board of Stanford University. We measured the blood-oxygen-level-dependent (BOLD) signal of subjects as they made a series of intertemporal choices between early monetary rewards ($R available at delay d; R = reward, d = delay) and later monetary rewards ($R′ available at delay d′; d′ > d; following the methods of McClure et al., 2004). On each trial, subjects viewed the two options, pressed a button to make a selection, and their choice was highlighted on the screen (Figure 1). The task was incentive-compatible. At the end of the experiment one trial was selected at random to be paid out at the chosen time (personal checks were used for both immediate and delayed rewards). All subjects responded with the right hand (index finger for choice on the left, middle finger for choice on the right). The total trial length including the inter-trial interval was 12 s. Decisions were self-paced, the highlighted choice was displayed for 2 s, and the inter-trial interval was set to 10 s minus choice reaction time. Older adults responded more slowly than younger adults, t23 = 2.79, p < 0.05, but on average both groups responded within 4 s (older mean = 3.3 s, SD = 0.25 s; younger mean = 2.4 s, SD = 0.21 s). Adding reaction time as a covariate to any of the analyses reported does not change any of the effects. All significant effects remain significant.
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Figure 1. Two sample trials of the intertemporal choice task. Subjects viewed two options, selected one via button press, and their choice was highlighted on the screen.



The early option always had a lower (undiscounted) value than the later option (i.e., $R < $R′). The two options were separated by a minimum time delay of 2 weeks. In some choice pairs, the early option was available “immediately” (i.e., at the end of the scanning session; d = 0). In other choice pairs, even the early option was available only after a delay (d > 0). The early option varied from “today” to “2 weeks” to “1 month,” whereas the later option varied from “2 weeks” to “1 month” to “6 weeks.” Each subject completed 82 trials.

NEUROIMAGING DATA ACQUISITION AND ANALYSIS

Neuroimaging data were collected using a 1.5-T General Electric MRI scanner using a standard birdcage quadrature head coil. Twenty-four 4-mm thick slices (in-plane resolution 3.75 mm × 3.75 mm, no gap) extended axially from the mid-pons to the top of the skull. Functional scans of the whole brain were acquired at a repetition time of 2 s with a T2*-sensitive in-/out-spiral pulse sequence (TE = 40 ms, flip = 90°) designed to minimize signal dropout at the base of the brain (Glover and Law, 2001). High-resolution structural scans were acquired using a T1-weighted spoiled GRASS (gradient acquisition in the steady state) sequence (TR = 100 ms; TE = 7 ms, flip = 90°), facilitating localization and coregistration of functional data. Preprocessing and whole brain analyses were conducted using analysis of functional neural images (AFNI) software (Cox, 1996). For preprocessing, voxel time series were slice-time corrected within each volume, corrected for three-dimensional motion across volumes, slightly spatially smoothed (FWHM = 4 mm), converted to percentage signal change (relative to the mean activation over the entire experiment), and high-pass filtered. Visual inspection of motion correction estimates confirmed that no subject’s head moved more than 4 mm in any dimension from one volume acquisition to the next.

A dual-system model with one present-oriented component and another more delay-oriented component was used to create regressors of interest for the neuroimaging analyses (McClure et al., 2004, 2007). We used a simplified utility function where we approximate these two systems with average discount rates β and δ:
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The “δ system” discounts exponentially with factor δ. The “β system” discounts exponentially with factor β to capture the extra weight given to immediate rewards. Lower values of β and δ correspond to steeper discounting. Generally, the more impatient and present-oriented β component of this function discounts reward at a much greater rate than does the more patient δ component. Thus, the δ-system can be interpreted as indexing more modest discounting (i.e., relatively reduced sensitivity to delay when compared to the β-system). This model has been previously associated with functionally distinct neural systems (McClure et al., 2004, 2007), a result we replicate in the present study. The relative weighting of the two valuation systems in determining choice is given by ω (0 ≤ ω ≤ 1). The discount function resulting from the combination of these two exponential systems has been referred to as quasi-hyperbolic (Laibson, 1997).

Based on the observed choices across all presented pairs of rewards (R) and delays (d), four parameters were estimated per subject (β, δ, ω, m) using a simulated annealing algorithm to maximize the likelihood of the observed choices (fits restricted such that 0 ≤ β ≤ δ ≤ 1). Choices were assumed to follow a softmax decision function with temperature parameter m (the slope of the decision function). Higher values of m correspond to a stronger bias for selection of the higher subjective value option, whereas lower values of m correspond to a weaker bias for the selection of the higher subjective value option. Low values of m may indicate more random responding. We did not observe age differences in m. Additionally, although both age groups showed some level of present bias (β), the age groups did not differ in β or any other model parameter. The two groups did not differ significantly in β, Z = 0.136, p = 0.89 (young mean = 0.51, old mean = 0.47), δ, Z = 0.109, p = 0.91 (young mean = 0.99, old mean = 0.99), ω, Z = −0.446, p = 0.66 (young mean = 0.94, old mean = 0.92), m, Z = 0.272, p = 0.79 (young mean = 2.07, old mean = 1.82), or the fit of the model, Z = −0.49, p = 0.62 (log-likelihood: young mean = −27.01, old mean = −26.88). The best fitting β and δ for each subject were used in the regression models described below. Additionally, we fit behavior using a generalized hyperbolic discount function of the form V(R,d) = R(1 + αd)−β/α (Loewenstein and Prelec, 1992). We find no significant differences in either α, Z = 0.326, p = 0.74, or β, Z = 0.218, p = 0.83.

Preprocessed time series data for each individual were analyzed with multiple regression in AFNI. The regression model contained two regressors of interest corresponding to the β-system and δ-system. For the β-system regressor, we modeled the sum of the β-weighted values for the two options available on that trial (i.e., Rβd + R′βd′). Similarly, for the δ-system regressor, we modeled the sum of the δ-weighted values for the two options available on that trial (i.e., Rδd + R′δd′). Additional covariates included residual motion (in six dimensions) and polynomial trends across the experiment. Regressors of interest were convolved with a gamma-variate function that modeled a prototypical hemodynamic response before inclusion in the regression model. Maps of t-statistics representing each of the regressors of interest were transformed into Z-scores, resampled at 2 mm3 and spatially normalized by warping to Talairach space. Statistical maps were then generated using one-sample t-tests to examine effects across all subjects and independent-samples t-tests to examine differences between groups (older adults > younger adults). Voxel-wise thresholds for statistical significance at the whole brain level were set at p < 0.005, uncorrected. All regression analyses were conducted with resampled 2 mm3 voxels with a minimum cluster size of 56 voxels for a p < 0.05 whole brain corrected threshold estimated using AFNI’s AlphaSim (Cox, 1996) using a mask generated from an average brain image across subjects in the study. Small volume correction was applied to the VS by using 16-mm diameter spherical masks bilaterally and at p < 0.005 a cluster size of 9 voxels was estimated using AlphaSim for a p < 0.05 corrected threshold. For follow-up inspection of regression coefficients and timecourse analyses, regions of interest were specified at the peak voxel of significant clusters that emerged in group analyses. These 8-mm diameter spheres were shifted within individuals to ensure that only data from gray matter were extracted. Timecourse analyses examined whether activation during decision making (i.e., signal averaged from time points 4 and 5 in each trial to account for HRF peak shift) differed from baseline in these volumes of interest in the presence of an immediate option (d = “today,” d′ = “2 weeks,” or “1 month”) or absence of an immediate option (d = “2 weeks,” d′ = “1 month,” or “6 weeks”). We did not include the d = “1 month” trials in these timecourse analyses, because this delay can only be combined with d′ = “6 weeks” resulting in far fewer trials for this condition.

In all fMRI analyses, care was taken to minimize potential confounds associated with age differences in subject characteristics, brain morphology, and hemodynamics (Samanez-Larkin and D’Esposito, 2008). Each individual’s brain was warped into Talairach space with reference to 11 hand-placed anatomical landmarks (superior edge of anterior commissure, posterior margin of anterior commissure, inferior edge of posterior commissure, two mid-sagittal points, most anterior point, most posterior point, most superior point, most inferior point, most left point, most right point). Structural and functional brain imaging data were inspected for abnormalities in each individual. None were excluded due to abnormalities. Four additional individuals (not included in the 25 subjects described above) were excluded due to a data acquisition error (68 year old female), excessive motion (75 year old male), not completing the task (19 year old female), or difficulty with data fitting given the selection of the sooner option on every trial (32 year old female).

RESULTS

BEHAVIORAL RESULTS

There were no behavioral differences in intertemporal preferences between the younger and older groups on the experimental task we used in the present experiment. The two groups did not differ in the proportion of smaller, sooner choices selected, t24 = 0.20, p = 0.84 (young mean = 0.46, old mean = 0.44). Nor were there age differences in the parameters derived from either of two discount functions fit to the data. For comparison of fMRI results, comparable behavioral responding is advantageous since it reduces the influence of numerous potential confounds and facilitates interpretation of differences in brain responses.

NEUROIMAGING RESULTS

Across age groups, functional neuroimaging analyses identified brain regions that correlated with the β and δ components of the subjective value function described by Eq. 1. Across all subjects, δ-related neural activity was observed in the right dorsolateral prefrontal cortex, bilateral anterior insula, and a large cluster in the occipital cortex with peaks extending into bilateral PPC (Figure 2A; Table 1). In contrast, β-related neural activity was observed in brain regions associated with the mesolimbic dopamine system including the ventromedial prefrontal cortex and posterior cingulate (Figure 2B; Table 1). A subthreshold-sized cluster also emerged in the left nucleus accumbens (Z = 3.066; −9, 9, −8; 6 voxels) at p < 0.005 uncorrected (see Figure A1 in Appendix). Similar results to the β effects were observed using a hyperbolic model with a single discount factor (see Table A1 and Figure A2 in Appendix).

Table 1. Brain regions with low (δ) and high (β) discount rates across all subjects.
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Figure 2. (A) δ-related neural activity in the bilateral anterior insula, dorsolateral prefrontal cortex, and bilateral parietal cortex across all subjects. (B) β-related neural activity in the medial prefrontal cortex, orbitofrontal cortex, and posterior cingulate across all subjects. R = right. R/L, A/P, or S/I value listed in upper right corner of each statistical map. Anatomical underlay is an average of all subjects’ spatially normalized structural scans.



When directly comparing older to younger adults, we observed an age-related shift in the brain areas that respond to immediate and delayed rewards. Comparing brain areas that show low discount rates (δ component) across age groups revealed significant differences in a lateral region of the VS (ventral putamen; VPut) with relatively greater loading on this regressor in older subjects (Figure 3A; Table 2). Further inspection of the coefficients extracted from VPut within age groups revealed a significant relationship with the δ regressor in older subjects, t12 = 2.705, p = 0.02, but not younger subjects, t11 = −1.55, p = 0.15 (Figure 3B). Additional analyses of time courses extracted from the VPut in the younger adults revealed significant activation (greater than baseline) when the earliest reward was available today, t11 = 2.392, p = 0.02, but not when the earliest reward was delayed 2 weeks, t11 = −0.124, p = 0.90. However, for older adults activation of the VPut was greater than baseline when the earliest reward was available either today, t12 = 2.187, p = 0.02, or delayed 2 weeks, t12 = 2.168, p = 0.03 (Figure 3C). This pattern was specific to VPut; age differences did not emerge in the nucleus accumbens (see Figure A3 in Appendix). Overall, the results suggest that the VPut shows modest sensitivity to delay in older subjects.

Table 2. Age differences in regions with low (δ) and high (β) discount rates (older > younger).
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Figure 3. (A) The δ component (low discount rate) was more strongly associated with neural activity in the VPut (ventral putamen) in older compared to younger adults. R = right. A = 7. Anatomical underlay is an average of all subjects’ spatially normalized structural scans. (B) Significant δ-related neural activity in the VPut in older but not younger adults. *p < 0.05, n.s., not significant; error bars are SEM; YA, younger adults; OA, older adults. (C) For younger adults the VPut is active only when the earliest option is available immediately, but not when it is delayed. However, for older adults activation in the VPut increases for both immediate and delayed options. Error bars are SEM.



Age differences were also observed in the LPFC (Table 2). However, the age differences in the LPFC are suspect for two reasons that together lead us to believe it is not of functional importance. First, the regions are located near the edge of the brain where spatial variability across subjects is highest. Second, inspection of the coefficients indicated that the age differences arose from non-significant activation in older subjects and a decrease in activation in younger subjects. No age differences were observed with respect to the β component of the valuation model (Table 2) or when generating regressors based on subjective value using a hyperbolic model (Table A2 in Appendix).

To examine whether activation in the VPut was related to choice behavior, we computed differences in signal change between trials when the later option was chosen versus when the sooner option was chosen and correlated this signal difference with the overall proportion of later choices made (controlling for age). Individuals with larger differences in brain activity in the VPut on trials when they chose the later option relative to the sooner option also made more later choices overall, r = 0.58, p < 0.005, (see Figure 4). A similar relationship was observed in the nucleus accumbens (see Figure A4 in Appendix).
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Figure 4. Activity in the ventral putamen (VPut) was associated with behavioral individual differences. Individuals with higher levels of signal change in the VPut on trials where they chose the later option relative to the sooner option also made more later choices overall.



DISCUSSION

In the present study, we did not observe behavioral age differences in decision making with monetary intertemporal choices. The preference for sooner, smaller over larger, later rewards was not significantly stronger in younger compared to older adults. Given the small sample size, statistical power for this behavioral comparison is limited and we are hesitant to conclude anything from this behavioral result. Many prior studies find either stability (Green et al., 1996; Chao et al., 2009) or reductions in discounting across adult age (Green et al., 1994, 1999; Harrison et al., 2002; Reimers et al., 2009; Simon et al., 2010; Jimura et al., 2011; Löckenhoff et al., 2011), but others have reported increases in discounting from young adulthood to older age (Read and Read, 2004). Overall, the existing behavioral literature is conflicting. These discrepancies in existing studies may be partially related to interactions between individual difference variables (e.g., age) and state variables such as context or framing of the decisions (e.g., choices presented as delay lengths or the actual date of receipt; Peters and Büchel, 2011). These potential framing issues will not be fully resolved until they are directly examined in future studies. However, even while these issues remain unresolved, progress toward a more complete understanding of age-related change in intertemporal choice may be aided by examining age differences in the neural systems supporting these decisions.

Although we replicate findings that brain regions associated with the mesolimbic dopamine system respond preferentially to immediate rewards, we find a separate region of the putamen, within the VS, that responds to both immediate and delayed rewards in older but not younger adults. We also showed that relatively greater activation in the VS for delayed over sooner rewards was associated with an overall preference for delayed rewards. This effect may, at first, seem to contradict prior studies linking VS activity with a preference for immediate over delayed rewards in younger adults. However, the results are quite compatible with these prior findings. Specifically, individuals in the upper right quadrant of Figure 4 and Figure A4 in Appendix show greater VS sensitivity to delayed rewards and choose delayed rewards more often. Individuals in the lower left quadrant of Figure 4 and Figure A4 in Appendix show less VS sensitivity to delayed rewards (greater sensitivity to immediate rewards) and choose delayed rewards less often (and immediate rewards more often). Overall, this result clearly confirms a relationship between activation of this region and decision making on the task.

Previous studies, exclusively focused on younger adults, have shown that VS activity leads to more impulsive choice (McClure et al., 2004, 2007; Hariri et al., 2006). Prior work has emphasized that top-down input from the LPFC functions to overcome a VS-mediated present bias and enable more far-sighted choices (McClure et al., 2004, 2007; Figner et al., 2010). The results of the present study suggest that a different mechanism may apply to older adults. It is possible that the contributions of LPFC control are reduced with age as signals in the VS are tuned with experience. We hypothesize that experience may underlie the fact that subregions of the VS show modest sensitivity to time in older subjects.

The age differences were observed when examining regions that corresponded to δ-related representations of delayed reward value, but not for β-related representations of reward value. This pattern is consistent with the results of a recent study that included a much larger behavioral sample of young, middle-aged, and older adults and found age differences in δ-related discount rates but not β-related discount rates (Löckenhoff et al., 2011). That same study is the only experiment that has systematically attempted to explain the mediating variables between adult age differences and intertemporal choice (Löckenhoff et al., 2011). The study shows that emotional and motivational variables account for age differences in intertemporal choice. Basic neuropsychological measures that are presumed to rely on prefrontal resources do not explain the age differences. Consistent with prior research that older adults are better at forecasting future emotional states (Lachman et al., 2008; Nielsen et al., 2008; Scheibe et al., 2011), more positive emotional predictions of delayed rewards are associated with both older age and reduced discounting (Löckenhoff et al., 2011). Although we did not assess emotional forecasts of delayed rewards here, the results of the present study may provide a neural mechanism through which these previously observed age differences operate.

Since the dopamine system is believed to respond in anticipation of future rewards through associative learning (Montague et al., 1996; Schultz et al., 1997), our observed transfer of function may be due to greater experience with delayed rewards as people age. This increase in experience with delayed rewards through associative learning (Enomoto et al., 2011) over the course of decades may contribute to the improvement in forecasting the emotional impact of future events as discussed above. A number of studies have shown that anticipatory activation in the VS is modulated by the magnitude of an upcoming but not yet received reward and this activation is also correlated with anticipatory subjective emotional experience (Knutson and Greer, 2008).

Importantly, we are not suggesting that the appropriate valuation of rewards delayed by several weeks requires decades of experience to accurately estimate. Young adults in their twenties show neural activation in mesolimbic regions that correlates with delayed reward values (discounted subjective value; Kable and Glimcher, 2007; Peters and Büchel, 2009), and midbrain dopamine neurons in monkeys encode both immediate and delayed reward values through associative learning from experience over the course of weeks (Enomoto et al., 2011). Rather, we are suggesting that the additional experience with the realization of delayed rewards that older adults have accumulated over the lifetime may shape the sensitivity of this ventral striatal region. Although adults in their twenties will have some experience with shorter-term delayed rewards, the age differences may be even more pronounced for financial investments, for example, where there is a small but relatively reliable long-term rate of return (e.g., mutual funds). A 22-year old simply has not had the opportunity to appreciate the value of an 8% return over several decades.

Although age-related changes observed in the dopamine system and striatum have been associated with age-related declines in learning and decision making (Aizenstein et al., 2006; Mohr et al., 2009; Samanez-Larkin et al., 2010), it may be that gradual declines in the dopamine system with age do not disrupt the slow changes in associative learning from repeated experience with delayed rewards over decades of the life course. Furthermore, the dopaminergic changes that occur during healthy aging are not likely to be sufficiently dramatic to overwhelm the effects of accumulated experience. In contrast, the much more dramatic dopaminergic changes in Parkinson’s disease have been shown to influence discounting (Housden et al., 2010; Voon et al., 2010). In general, adult age differences are more apparent in decision making tasks that require rapid learning in a novel environment than when decisions can be made based solely on the information presented (Mata et al., 2011) as is the case with these intertemporal choice tasks.

Although experience may play a role in human age differences, other factors likely contribute. Demographic factors like education and income also influence discounting and can interact with age (Green et al., 1996; Reimers et al., 2009). In fact, changes in income over the life span (e.g., related to investment experience) may be partially correlated with the age-related changes that we are attributing to experience. It is important to note that subjects in the present study were recruited by a market research company and matched across age groups on socioeconomic status (education, current or previous profession, income). One limitation of this approach is that the resulting San Francisco Bay area/Silicon Valley sample is healthier, wealthier, and more highly educated than the general population which may limit generalizability. However, a great strength of this targeted sampling strategy is that the contributions of differences in demographic factors to between-group differences in either behavior or neural activity have been minimized here. Aside from demographic factors, there is also recent evidence for behavioral differences in discounting between young and aged rats where experience with delayed rewards over the lifetime is relatively controlled (Simon et al., 2010). Thus, there may be neurobiological changes that are not experience-related that contribute to age differences in intertemporal choice.

Far-sighted behavior is an important target for behavioral interventions to counter challenges like the anemic retirement savings in America and the inability to withstand small inconveniences (e.g., taking medicine daily, exercise) that are critical for long-term health. The majority of evidence for shaping intertemporal decision making in younger adults has focused on prefrontal mechanisms (Peters and Büchel, 2011). However, the same strategies may not apply to older adults. In other domains, it is known that younger adults are best affected by informational messages that presumably alter behavior via the LPFC, whereas older adults respond better to emotional messages that may target regions like the VS and amygdala (Carstensen, 2006; Mikels et al., 2010; Samanez-Larkin et al., 2011). For far-sighted behaviors, a similar difference may exist for younger and older adults. Whereas adults may benefit by targeting cognitive control, individuals may also benefit from nudges to emotional systems.
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APPENDIX

Table A1. Brain regions representing subjective value using a hyperbolic model of discounting (with discounting parameter, k) across all subjects.
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Table A2. No age differences emerged in regions representing subjective value using a hyperbolic model of discounting (older > younger).
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Figure A1. Across subjects, a small cluster of β-system-related neural activity emerged in the left nucleus accumbens (−9, 9, −8; peak Z = 3.066, 6 voxels) at p < 0.005, uncorrected. R = right. A/P value listed in upper right corner. Anatomical underlay is an average of all subjects’ spatially normalized structural scans.
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Figure A2. Brain regions representing the hyperbolic discounted value of the sum of the two options. Best fitting values of k for each subject were used to create a regressor of interest for these neuroimaging analyses. Across subjects, activation in a network of mesolimbic regions (similar to what was observed for the β regressor in the β–δ model) including the medial prefrontal cortex and striatum was correlated with subjective value (see Table A1). R = right. R/L or A/P, value listed in upper right corner of each statistical map. Anatomical underlay is an average of all subjects’ spatially normalized structural scans.
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Figure A3. Regression coefficients for β and δ effects were extracted from regions of interest in the ventral putamen and nucleus accumbens. As reported in the main text, older adults (OA) and younger adults (YA) showed significantly different δ but not β effects in the ventral putamen, but the two groups did not differ for either δ or β in the nucleus accumbens. Regions of interest were adjusted within subjects to only extract coefficients from gray matter. Anatomical underlay is an average of all subjects’ spatially normalized structural scans.
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Figure A4. The same relationship between ventral striatal activity and behavior that was observed in the ventral putamen also emerged in the nucleus accumbens (NAcc). Individuals with higher levels of signal change in the NAcc on trials where they chose the later option relative to the sooner option also made more later choices overall, r = 0.54, p < 0.01 (controlling for age).
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Impaired decision-making in aging can directly impact factors (financial security, health care) that are critical to maintaining quality of life and independence at advanced ages. Naturalistic rodent models mimic human aging in other cognitive domains, and afford the opportunity to parse the effects of age on discrete aspects of decision-making in a manner relatively uncontaminated by experiential factors. Young adult (5–7 months) and aged (23–25 months) male F344 rats were trained on a probability discounting task in which they made discrete-trial choices between a small certain reward (one food pellet) and a large but uncertain reward (two food pellets with varying probabilities of delivery ranging from 100 to 0%). Young rats chose the large reward when it was associated with a high probability of delivery and shifted to the small but certain reward as probability of the large reward decreased. As a group, aged rats performed comparably to young, but there was significantly greater variance among aged rats. One subgroup of aged rats showed strong preference for the small certain reward. This preference was maintained under conditions in which large reward delivery was also certain, suggesting decreased sensitivity to reward magnitude. In contrast, another subgroup of aged rats showed strong preference for the large reward at low probabilities of delivery. Interestingly, this subgroup also showed elevated preference for probabilistic rewards when reward magnitudes were equalized. Previous findings using this same aged study population described strongly attenuated discounting of delayed rewards with age, together suggesting that a subgroup of aged rats may have deficits associated with accounting for reward costs (i.e., delay or probability). These deficits in cost-accounting were dissociable from the age-related differences in sensitivity to reward magnitude, suggesting that aging influences multiple, distinct mechanisms that can impact cost–benefit decision-making.
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INTRODUCTION

Life requires continuous weighing of costs and benefits to make decisions among outcomes which differ with respect to magnitude, probability, and delay to their arrival. Such choices may prove particularly critical at advanced ages when poor decision-making (e.g., with respect to finances or healthcare) could have deleterious consequences for maintenance of independence and overall quality of life. Many of the neural, cognitive, emotional, and social factors that influence decision-making processes are known to change across the lifespan, but how such alterations integrate to impact decision-making remains poorly understood (Mohr et al., 2010; Eppinger et al., 2011). Such questions are becoming increasingly important, however, given that average life expectancy and the cognitive disabilities associated with advanced age continue to rise (AgingStats.gov, 2005).

Risk-taking has been most often evaluated in aged individuals within the context of economic decisions. Conventional wisdom suggests that risk-taking decreases in normal aging (Kumar, 2007), consistent with evidence that aged individuals report less impulsivity and sensation-seeking than their younger cohorts (Roalf et al., 2011). Indeed, such risk-aversion may be an adaptive strategy under some circumstances (e.g., to preserve accumulated wealth toward the end of life), although excessive risk-aversion could be maladaptive in circumstances in which some degree of risk-taking provides a greater net gain. Notably, however, other studies show that aged adults can actually be less likely than young to choose low-risk options in some circumstances (Denburg et al., 2005; Henninger et al., 2010). Broadly speaking, whether decision-making improves, declines, or remains stable across the lifespan seems to depend on the type of decision-making and the context in which decisions are framed (Mather, 2006; Mata et al., 2011; Mienaltowski, 2011; Strough et al., 2011). Indeed, relationships between some aspects of decision-making and aging may be non-linear, with decision quality increasing up to approximately age 50 and then declining thereafter (Agarwal et al., 2007).

Within this context, substantial variability in risk-based decision-making has been reported among aged individuals, implicating multiple cognitive and neural mechanisms (Denburg et al., 2005; Brown and Ridderinkhof, 2009). The degree to which an individual is able to accurately anticipate both future rewards and costs will influence choice behavior (Eppinger et al., 2011); however, studies directly investigating rewards and costs in aging have yielded somewhat disparate results. Gilbert and colleagues reported robust deficits in anticipation of a sucrose reward in aged rats (Maasberg et al., 2011), and Frank and Kong (2008) found enhanced learning about negative compared to positive outcomes in an older compared to a younger subgroup of aged adults. In contrast, Samanez-Larkin et al. (2007) reported that aged subjects showed no difference in their behavioral or neural responses to anticipated rewards but significantly attenuated responses to anticipated costs (although in the same study they found no age difference in subjects’ ability to learn about positive vs. negative outcomes). Together, these studies indicate that the effects of age on processing of rewards and costs may be largely dissociable, and support a multiple factor causal framework for age-related changes in decision-making (Brown and Ridderinkhof, 2009). Indeed, deficits in mnemonic abilities are also prevalent among aged individuals, and at least one study found that individual differences in memory and information processing speed could account for some aspects of risk-based decision-making in aged individuals (Henninger et al., 2010).

Naturalistic rodent models mimic human aging in a number of cognitive domains, such as memory and aspects of executive function (e.g., cognitive flexibility). As in humans, there are robust individual differences in cognitive performance among aged rats (Gallagher et al., 1993; Barense et al., 2002; Schoenbaum et al., 2006; LaSarge et al., 2007; Bizon et al., 2009). Because the laboratory rearing environment is largely homogeneous, these individual differences in cognitive aging can be largely dissociated from experiential factors in a way that is difficult to achieve in human populations. In previous work, our laboratory used young and aged Fischer 344 (F344) rats to determine how normal aging affects inter-temporal decision-making, and found that aged rats showed strongly attenuated discounting of delayed rewards relative to young (Simon et al., 2010). To our knowledge, however, there are no studies in which animal models have been used to evaluate the effects of age on risk-based decision-making. In the current study, young and aged F344 rats were assessed on a probability discounting task which involved making discrete-trial choices between small certain rewards and large probabilistically delivered rewards (Cardinal and Howes, 2005; Floresco et al., 2008). The same rats were also assessed in the Morris water maze to determine how age-related alterations in decision-making are related to spatial learning and memory.

MATERIALS AND METHODS

SUBJECTS

Young (5–6 months) and aged (22–24 months) male F344 rats were obtained from the National Institute on Aging colony (Taconic Farms, Hudson, NY, USA) and housed in the AAALAC-accredited vivarium facility in the Psychology Building at Texas A&M University in accordance with the rules and regulations of the Texas A&M University Laboratory Animal Care Committee. The facility was maintained at a consistent 25°C with a 12-h light/dark cycle (lights on at 0800 hours) with free access to food and water except as noted below. Rats were tested in five cohorts (each including at least n = 3 of each age). These cohorts were tested in the probability discounting and associated control conditions, and a subset was also tested in the Morris water maze, either immediately before or immediately after the decision-making tasks. There was some attrition across experiments, particularly in the aged group, such that only a portion of the rats tested in the probability discounting task completed all of the other tasks.

Experiment 1: assessing the effects of age on probability discounting

Apparatus. Testing in the probability discounting task and control conditions was conducted in eight identical standard rat behavioral test chambers (30.5 cm × 25.4 cm × 30.5 cm, Coulbourn Instruments, Whitehall, PA, USA) with metal front and back walls, transparent Plexiglas side walls, and a floor composed of steel rods (0.4 cm in diameter) spaced 1.1 cm apart. Each test chamber was housed in a sound attenuating cubicle, and equipped with a recessed food pellet delivery trough fitted with a photobeam to detect head entries and a 1.12-W lamp to illuminate the trough. This trough, into which the 45-mg grain-based food pellet rewards (PJAI, Test Diet, Richmond, IN, USA) were delivered, was located 2 cm above the floor in the center of the front wall. Two retractable levers were located to the left and right of the food trough, 11 cm above the floor. Experiments were controlled and data were collected by a computer interfaced with the behavioral test chambers and equipped with Graphic State 3.01 software (Coulbourn Instruments).

Experimental procedures. Prior to the start of behavioral testing, rats (n = 20 young and 20 aged) were reduced to 85% of their free feeding weight over the course of 1 week, and maintained at this weight for the duration of the experiments (except during water maze training). On the day prior to shaping, each rat was given five 45 mg food pellets in its home cage to reduce neophobia to the food reward used in the task. Shaping procedures for the probability discounting task followed those used previously (Cardinal et al., 2000; LaSarge et al., 2007; Simon et al., 2010). Shaping began with a 64-min session of magazine training consisting of 38 deliveries of a single food pellet with an inter-trial interval (ITI) of 100 ± 40 s. Following magazine training, rats were trained to press a single lever (either the left or right, counterbalanced across groups; the other lever was retracted during this phase of training) to receive a single food pellet. After reaching a criterion of 50 lever presses in 30 min, rats were then trained on the opposite lever under the same criterion. This protocol was followed by further shaping sessions in which both levers were retracted and rats were trained to nose poke into the food trough during simultaneous illumination of the trough and house lights. When a nose poke occurred, a single lever was extended (left or right, pseudorandomly determined, such that each lever was presented once in every two-trial block), and a lever press resulted in immediate delivery of a single food pellet. Immediately following the lever press, the trough light was extinguished and the lever was retracted. Rats were trained to a criterion of 30 presses on each lever within 60 min, with an ITI of 40 ± 10 s.

Test sessions in the probability discounting task were 60 min long and contained five blocks of 18 trials each. Each 40 s trial began with a 10-s illumination of the food trough and house lights. A nose poke into the food trough during this time extinguished the food trough light and triggered extension of either a single lever (forced choice trials) or of both levers simultaneously (free choice trials). If rats failed to nose poke within the 10-s time window, the lights were extinguished and the trial was scored as an omission. A press on one lever (either left or right, counterbalanced across age groups) resulted in immediate delivery of one food pellet (the small reward). A press on the other lever resulted in immediate delivery of two food pellets (the large reward) on a probabilistic basis. The probability of large reward delivery in the first block of trials was set at 100%. In subsequent blocks of trials, the probability of large reward delivery decreased to 75, 50, 25, and 0%. Each block began with eight forced choice trials in which only a single lever was extended and which were used to establish the probabilities in effect for that block (four for each lever), followed by 10 free choice trials (Cardinal and Howes, 2005; Simon et al., 2009). Once either lever was pressed, the levers were immediately retracted. Food delivery was accompanied by re-illumination of both the food trough and house lights, which were extinguished upon entry to the food trough to collect the food or after 10 s, whichever occurred sooner. Failure to press either lever within 10 s of their extension resulted in the levers being retracted and lights extinguished, and the trial was scored as an omission. Rats were tested in the probability discounting task until stable performance was observed across a five session block (at least 25 sessions – see Data Analysis for description of stable performance).

Experiment 2: assessing the effects of age on sensitivity to reward probability (equal rewards condition)

To assess the rats’ ability to detect and respond to the different probabilities of reward delivery employed in the probability discounting task, the amount of food associated with each of the levers was equalized (i.e., one food pellet for either choice) while the probabilities of delivery remained the same as in Experiment 1. Rats were tested under these conditions until stable performance was achieved (at least 10 sessions).

Experiment 3: assessing the effects of age on sensitivity to reward magnitude (equal probabilities condition)

To assess the rats’ ability to detect and respond to differences in reward magnitude, the amounts of food associated with each lever were restored to their initial conditions (one food pellet vs. two food pellets) and the probability of large reward delivery was set to 100% for all five blocks. Rats were tested under these conditions until stable performance was achieved (at least 10 sessions).

Data analysis. For Experiments 1–3, raw data files were exported from Graphic State software and compiled using a custom macro written for Microsoft Excel (Dr. Jonathan Lifshitz, University of Kentucky). Statistical analysis was conducted in SPSS 19.0. Analyses of stable performance in the decision-making tasks were conducted using a two-factor repeated measures ANOVA (trial block X test session) conducted on the last five consecutive sessions of testing in each experiment. Stable performance was defined as a main effect of trial block in the absence of main effects or interactions involving test session (Mar and Robbins, 2007; Simon et al., 2010). Comparisons between groups in the decision-making tasks were conducted on averaged data collapsed across these last five (stable) sessions, using two-factor repeated measures ANOVA (group X trial block), with Tukey’s post hoc tests when warranted. For all analyses, p values less than 0.05 were considered significant.

Experiment 4: are age-related alterations in decision-making related to spatial memory impairment?

Apparatus. The water maze consisted of a circular tank (diameter 183 cm, wall height 58 cm) painted white and filled with water (27°C) made opaque with the addition of non-toxic white tempera paint. The maze was surrounded by black curtains to which were affixed large white geometric designs, which provided extramaze visual cues. For the spatial reference memory (hidden platform) task, a retractable escape platform (12 cm diameter, HVS Image, UK) was submerged 2 cm below the surface of the water in the center of the southwest quadrant of the maze. For the cued (visible platform) task, the platform protruded 2 cm above the surface of the water, and was located in a different quadrant of the maze on each trial. A video camera mounted above the center of the maze was connected to a DVD recorder and computer, which were used for data storage and analysis using a video tracking system (Water 2020, HVS Image, UK).

Procedures. Spatial reference memory (hidden platform) task. Spatial reference memory was assessed as described previously (LaSarge et al., 2007; Bizon et al., 2009). Briefly, rats received three daily training trials with a 30-s ITI over eight consecutive days. On each trial, rats were placed into the water facing the wall of the maze at one of four equally spaced start positions (north, south, east, or west). The start positions were varied in a pseudo-random fashion, such that all rats started from each of the locations approximately the same number of times. Once in the water, rats were allowed to swim until they found the hidden platform or until 90 s elapsed, at which time they were guided to the escape platform by the experimenter. Rats remained on the platform for 30 s and then were placed in a holding chamber for 30 s before the next trial. Every sixth trial was a probe trial in which the platform was lowered to the bottom of the maze for the first 30 s of the trial, after which it was raised to allow the rats to escape.

Cued (visible platform) task. On the day after the last session of spatial reference memory training, rats were given a single session with six trials of cue training. For cue training, rats were trained to escape to a visible platform (painted black and protruding 2 cm above the water’s surface). Both the start position and platform location were varied on each trial, making the extramaze cues explicitly irrelevant to the platform location. On each trial, rats were allowed to search for the platform for a maximum of 90 s and then were allowed to remain there for 30 s before a 30-s ITI.

Behavioral and statistical analyses. For each task, data files were created by the Water 2020 software and were exported to Microsoft Excel and SPSS (v. 19.0) for analysis. Training trial data in the spatial reference memory task were averaged into four blocks consisting of the five trials preceding each probe trial, and performance was analyzed using a pathlength measure (pathlength is the total distance traveled from the start position to the platform and is reported in centimeters). To provide an overall measure of spatial learning ability for each rat, a “spatial learning index” was calculated using mean search error from interpolated probe trials, as described in Bizon et al. (2009), Gallagher et al. (1993). To calculate search error, the rat’s distance from the platform was sampled 10 times/s and these distances were averaged into 1 s bins. Mean search error is the sum of these 1 s bins minus the optimal path from the start location to the platform, divided by the 30-s duration of the probe trials. Mean search error on probe trials is weighted and summed to provide the spatial learning index (Gallagher et al., 1993; Bizon et al., 2009). Comparisons between groups on training trials (in both the hidden and visible platform tasks) were conducted using two-factor ANOVA (group X training trial), with Tukey post hoc tests when warranted. In all cases, p values less than 0.05 were considered significant.

RESULTS

EXPERIMENT 1: ASSESSING THE EFFECTS OF AGE ON PROBABILITY DISCOUNTING

Rats (n = 20 young and 20 aged) were first tested in the probability discounting task, which involved discrete-trial choices between a small certain reward and a large reward for which the probability of delivery decreased in blocks of trials across the course of each test session. As shown in Figure 1A, all rats decreased their choice of the large reward as the probability of reward delivery decreased across trial blocks, but there were no differences between young and aged rats. This was confirmed by a two-factor repeated measures ANOVA (age X probability), which revealed a main effect of probability [F(4, 152) = 88.06, p < 0.05], but neither a main effect of age [F(1, 38) = 0.06, n.s.] nor an interaction between age and probability [F(4, 152) = 2.14, n.s.]. Notably, there was significantly greater variance in performance among aged rats relative to young (Levene’s test for equality of variances conducted on the mean percent choice of the large reward averaged across all five trial blocks, F = 5.30, p < 0.05; Figure 1B). This greater variance in the aged rats fell on both ends of the distribution relative to young rats, suggesting that differences in individual performance may be mediated by multiple underlying factors. To investigate this further, a median split was performed on data from aged rats, creating “high-discounting” and “low-discounting” subgroups (n = 10/group, Figure 1C). A two-factor repeated measures ANOVA comparing young, aged high-discounting, and aged low-discounting rats revealed a main effect of probability [F(4, 148) = 91.29, p < 0.05], a main effect of group [F(2, 37) = 19.03, p < 0.05], and an interaction between probability and group [F(8, 148) = 7.01, p < 0.05]. Post hoc tests revealed that each of the three groups was significantly different from the others (ps < 0.05). This subgrouping was used to further investigate behavioral mechanisms underlying the different patterns of discounting observed in aged rats (see below).
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Figure 1. Performance of young and aged rats on the probability discounting task. (A) shows that as a group, both young (open circles) and aged (closed circles) rats discounted the value of the large reward to a comparable degree as indicated by decreased choice of the large reward as the probability of large reward delivery decreased. Notably, however, significantly greater variance in discounting performance was observed among aged rats. (B) shows the mean percent choice of the large reward for individual young and aged rats. By this measure, while some aged rats performed comparably to young, a large subset of aged rats showed a strong preference for the large reward. In contrast, another subset of aged rats showed less preference for the large reward compared to young. Lines indicate median performance in young and aged groups. To confirm that the mean percent choice of the large reward measure reflected true differences in discounting performance, aged rats were subgrouped via a median split into aged high- (downward-facing triangles) and aged low-discounting (upward-facing triangles) subgroups, (C). Note that patterns of responding were significantly different between these two aged subgroups, falling on either side of young performance. This distinction between high- and low-discounting subgroups was used in subsequent conditions to further investigate factors that might contribute to these robustly different patterns of responding. See text for statistical analyses.



EXPERIMENT 2: ASSESSING THE EFFECTS OF AGE ON SENSITIVITY TO PROBABILITY (EQUAL REWARDS CONDITION)

Differences in discounting of probabilistic rewards could be due to a number of variables, including sensitivity to probability and reward magnitude. To determine whether age-related alterations in preference for probabilistic reward could mediate the increased variance observed in aged rats, the task contingencies were altered such that responses on both levers earned a single food pellet, but the probabilities of reward delivery were the same as in the probability discounting task (100, 75, 50, 25, 0%). This task condition tested preference for certain vs. probabilistic rewards, uncontaminated by differences in reward magnitude. Young (n = 17) and aged (n = 15) rats were tested in this condition until reaching stable performance. Both young and aged rats decreased their choice of the probabilistic reward as the probability of delivery decreased [F(4, 120) = 53.90, p < 0.05], but there was no main effect or interaction involving age (Fs < 2.30, n.s.; Figure 2A). There were, however, dramatic differences between the aged high- (n = 7) and low- (n = 8) discounting rats relative to young rats. Young rats and aged high-discounting rats performed similarly, while aged low-discounting rats showed greater preference for the probabilistic reward than either of the other two groups (Figure 2B). A two-factor ANOVA (group X probability) revealed main effects of both probability [F(4, 116) = 44.60, p < 0.05] and group [F(2, 28) = 4.72, p < 0.05], but no interaction [F(8, 116) = 0.58, n.s.]. Post hoc tests confirmed that the aged low-discounting rats had a significantly greater preference for the probabilistic reward compared to the young and aged high-discounting rats (ps < 0.05), but that the young and aged high-discounting rats did not differ from each other.
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Figure 2. Performance of young and aged rats in the equal rewards condition used to evaluate effects of age on sensitivity to reward probability. (A) shows that in this condition, both young and aged rats discounted the probabilistic reward to a similar degree. However, note that as shown in (B), high- and low-discounting subgroups showed markedly different patterns of responding in this condition. Aged low-discounting rats (upward-facing triangles) maintained a strong preference for the probabilistically delivered reward, whereas both young (open circles) and aged high-discounting (downward-facing triangles) rats strongly discounted this choice. See text for statistical analyses.



To confirm that the observed differences between aged high- and low-discounting rats in the equal rewards condition were not an artifact of the median split of the aged group, the same median split procedure was performed on the young group based on performance in the probability discounting task. As expected, young high- and low-discounting rats differed significantly from each other on the probability discounting task in Experiment 1 [main effect of probability, F(4, 72) = 82.99, p < 0.05; main effect of group, F(1, 18) = 33.26, p < 0.05; interaction between probability and group, F(4, 72) = 4.76, p < 0.05]. Importantly, however, these groups did not differ in the equal rewards condition [main effect of probability, F(4, 60) = 27.81, p < 0.05; main effect of group, F(1, 15) = 0.05, n.s.; interaction between probability and group, F(4, 60) = 0.88, n.s.], suggesting that the difference between the aged high- and low-discounting rats on the equal rewards condition was representative of true phenotypic differences between the aged subgroups.

EXPERIMENT 3: ASSESSING THE EFFECTS OF AGE ON SENSITIVITY TO REWARD MAGNITUDE (EQUAL PROBABILITIES CONDITION)

Data from the equal rewards condition suggested that differential preference for probabilistic rewards could account for some of the variance in probability discounting in the aged rats. To determine whether differential sensitivity to reward magnitude might also contribute to probability discounting performance in aged rats, the task contingencies were altered such that the reward magnitudes were returned to their original condition (one vs. two food pellets), but the probability of the large reward remained at 100% across all trial blocks. This task condition tested preference for the large vs. small reward, uncontaminated by differences in reward probability. Young (n = 17) and aged (n = 11) rats were tested in this condition until stable performance was achieved. The pattern of performance differed between young and aged rats, with aged rats showing decreased preference for the large reward across trial blocks relative to young rats {two-factor ANOVA (age X trial block): main effect of trial block [F(4, 104) = 16.11, p < 0.05], main effect of age [F(1, 26) = 19.96, p < 0.05], interaction [F(8, 104) = 3.80, p < 0.05; Figure 3A]}. A similar analysis was also conducted using the aged high- and low-discounting subgroups as in Experiment 2 (Figure 3B). A two-factor ANOVA (group X trial block) revealed a main effect of trial block [F(4, 100) = 18.99, p < 0.05], as well as a main effect of group [F(2, 25) = 25.02, p < 0.05] and an interaction between group and trial block [F(8, 100) = 3.38, p < 0.05]. In contrast to the pattern of results in Experiment 2, post hoc tests revealed that aged high-discounting rats (n = 5) had significantly reduced preference for the large reward compared to both young rats and aged low-discounting rats (ps < 0.05), but that young rats and aged low-discounting (n = 6) rats did not differ from each other (n.s.). Importantly, although there was some mortality among aged rats prior to completing Experiments 2 and 3, this mortality likely did not account for differences between aged high- and low-discounting subgroups in these experiments, as mortality was equivalent in the two subgroups. Finally, as in the equal rewards condition, there were no differences between the young subgroups in the equal probabilities condition following a median split [main effect of trial block, F(4, 60) = 6.81, p < 0.05; main effect of group, F(1, 15) = 0.24, n.s.; interaction between trial block and group, F(4, 60) = 1.33, n.s.].


[image: image]

Figure 3. Performance of young and aged rats in the equal probabilities condition used to evaluate effects of age on sensitivity to reward magnitude. (A) shows performance in this condition in which rats were given a choice between one and two food pellets, both with certain delivery. As a group, aged rats showed a decreased preference for the larger reward. Interestingly, as shown in (B), this age difference appeared to be largely mediated by the aged high-discounting rats (downward-facing triangles) as both young (open circles) and aged low-discounting (upward-facing triangles) rats maintained a strong preference for the large reward across trial blocks. See text for statistical analyses.



Relationships between performance on decision-making tasks

The distinct patterns of differences between the aged high- and low-discounting rats and young rats in the equal rewards and equal probabilities conditions suggest that probability discounting in aged rats was mediated by aged-related alterations in two independent factors. Consistent with this interpretation, among aged rats, both the equal rewards and equal probabilities conditions were correlated with probability discounting task performance (bivariate correlation, rs = 0.61 and 0.66 respectively, ps = 0.02 and 0.03), but not with each other (r = 0.40, p = 0.22).

EXPERIMENT 4: ARE AGE-RELATED DIFFERENCES IN DECISION-MAKING RELATED TO MEMORY IMPAIRMENT?

A subset of the rats tested in the choice tasks was also tested in the Morris water maze (n = 20 young, n = 17 aged). Figure 4A shows performance (pathlength to reach the hidden platform) on blocks of five training trials in the spatial reference memory task in young and aged rats. A repeated measures ANOVA (age X training trial block) revealed that rats improved over the course of training [main effect of training trial block, F(3, 105) = 27.73, p < 0.05] and that aged rats had significantly longer pathlengths than young cohorts, demonstrating impaired performance [main effect of age, F(1, 35) = 14.15, p < 0.05; interaction between age and training trial block, F(3, 105) = 7.34, p < 0.05].
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Figure 4. Performance of young and aged rats on the spatial water maze and probability discounting tasks. (A) shows that aged rats were impaired relative to young in their ability to learn and remember the platform location. Notably, as shown in (B), aged high- and low-discounting rats did not differ in their spatial learning performance, indicating that mnemonic deficits are not associated with the different patterns of responding observed in the probability discounting task. See text for statistical analyses.



Performance on the four interpolated probe trials was used to calculate a spatial learning index (Gallagher et al., 1993; Bizon et al., 2009). Learning index scores have been shown to be associated with age-related changes in neurobiological substrates of spatial memory, as well as other aspects of cognition (Nicolle et al., 1999; Smith et al., 2000; Bizon et al., 2001; LaSarge et al., 2007). As expected, an unpaired t-test performed on the spatial learning index data indicated that aged rats were significantly impaired (higher learning index scores) relative to young [means ± SE: young = 211.0 ± 7.2, aged = 267.6 ± 9.1; t(35) = 4.91, p < 0.05].

To determine whether impaired water maze performance in the aged rats was specific to spatial learning, rats were trained in a cued (visible platform) version of the water maze task in a single session on the day following the last day of spatial reference memory training. Similar to previous findings in this study population (LaSarge et al., 2007; Bizon et al., 2009; Murchison et al., 2009), there were no differences between young and aged rats in their ability to locate the visible platform [mean ± SE pathlength collapsed across the six visible platform training trials: young = 332.3 ± 23.7. Aged = 306.5 ± 37.3; t(35) = 0.60, n.s.], demonstrating that water maze deficits in aged rats were not due to impairments in sensorimotor function, motivation, or ability to learn the procedural aspects of the task.

Relationships between probability discounting and water maze performance

The results of the analyses described above identified age-related alterations in performance on both the choice tasks and the spatial reference memory version of the Morris water maze. To determine whether performance in these tasks was related (i.e., whether differences in water maze performance could account for individual differences in probability discounting), spatial reference memory performance was compared between aged high- and low-discounting subgroups. A repeated measures ANOVA (subgroup X training trial block) conducted on training trials revealed main effects of training trial block [F(3, 102) = 16.81, p < 0.05] and subgroup [F(2, 34) = 6.91, p < 0.05], as well as a significant interaction [F(6, 102) = 3.93, p < 0.05]. However, post hoc comparisons revealed that these effects were driven by differences between young rats and each of the two aged subgroups (ps < 0.05), and that there were no differences between the aged high- and low-discounting subgroups with respect to spatial learning ability (Figure 4B). Moreover, a bivariate correlation confirmed that there was no significant relationship among aged rats between mean percent choice of the large reward in the probability discounting task and the spatial learning index in the water maze (r = 0.35, n.s.).

DISCUSSION

With the aging of populations in developed countries and the importance of sound decision-making for quality of life, there is increasing interest in understanding and optimizing decision-making at advanced ages. Rodent models offer several advantages for addressing such issues, including a relatively short lifespan, the ability to largely control life experience, and the ability to manipulate a range of neurobiological variables. In addition, a large literature indicates that analogous behavioral and neural mechanisms govern animal and human decision-making in young subjects (Floresco et al., 2008; Winstanley, 2011). The experiments presented here examined the effects of age on a probability discounting task requiring choices between small certain rewards and large rewards for which there were varying risks of reward omission. Although, as a group, aged rats performed comparably to young, there was considerable individual variability in aged rats’ performance. Discounting performance in aged (but not young) rats was related to two distinct factors: preference for risky vs. certain rewards (as evident in the equal rewards condition), and preference for large vs. small rewards (as evident in the equal probabilities condition). Importantly, the fact that age-related alterations in these two factors drove performance on the probability discounting task in opposite directions appears to account for the absence of group age differences, and highlights the importance of considering individual differences in studies of cognition in aging (Bizon et al., 2009; Gallagher et al., 2011). Together, these findings suggest that age-related changes in two independent factors (sensitivity to costs and rewards) influence the degree to which probabilistic rewards are discounted (Brown and Ridderinkhof, 2009; Eppinger et al., 2011).

The finding that some aged rats (the low-discounting subgroup) demonstrated elevated preference for probabilistic rewards is consistent with studies in which (some) aged individuals make riskier choices than young, leading to suboptimal outcomes (Denburg et al., 2005; Henninger et al., 2010). This pattern of behavior could reflect impaired perception/discrimination of probabilities in the aged low-discounting subgroup. Another interpretation, however, is that performance in this subgroup reflects a broader deficit in sensitivity to the costs associated with the risky choice, possibly resulting from attenuated negative affect in anticipation of losses (Samanez-Larkin et al., 2007). This latter explanation fits the pattern of results observed previously in our laboratory in which the same study population of F344 rats was assessed on a delay discounting task (Simon et al., 2010). In that study, aged rats discounted delayed rewards to a significantly lesser degree than young rats. Although this pattern of behavior (strong preference for large rewards in spite of the delay to their delivery) was advantageous in the context of the delay discounting task, it could also reflect a failure to account for the costs (having to wait longer for food delivery) incurred by choosing a delayed reward. Indeed, as shown in Figure 5A, a median split performed on the aged rat data from this previous delay discounting study reveals a pattern of results that is similar to that from the present probability discounting experiment (i.e., some aged rats failed to adjust their choice behavior in response to the delay – Figure 5B shows data from Figure 1C replotted for comparison). This similarity is consistent with a subset of aged rats across both experiments failing to account for the costs (delay or probability) associated with the large reward. Future studies in which performance on the delay and probability discounting tasks is compared directly are needed to determine whether deficits in cost-accounting are present in the same subset of aged rats across different types of reward costs.
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Figure 5. Subsets of aged rats may have deficits in “cost-accounting.”(A,B) show data from two cohorts of young and aged rats that were assessed on either the delay discounting [(A), adapted from Simon et al., 2010] or probability discounting task [(B), present study, replotted from Figure 1C for comparison]. Together these findings suggest that attenuated discounting in a subset of aged rats may be associated with failure to properly integrate costs (probability, delay) rather than factors associated solely with the ability to detect and respond to probabilities. See text for further discussion.



In addition to possible deficits in cost-accounting, other aged rats (the aged high-discounting subgroup) showed patterns of choice behavior that were consistent with reduced sensitivity to the reward itself. Findings from the human literature regarding reward sensitivity in aging are somewhat contradictory. For example, Samanez-Larkin et al. (2007) reported maintained affective responses in anticipation of gains in aged subjects performing a monetary incentive delay task. In contrast, other studies have reported reduced neural activity and learning in aged subjects’ response to rewards, indicating potential reductions in reward sensitivity (Frank and Kong, 2008; Hammerer et al., 2011). Consistent with these latter findings as well as the findings in the present study, a recent paper by Maasberg et al. (2011) found a reduction in reward anticipation in aged rats performing a sucrose preference task. In contrast, in our previous study of delay discounting in aged F344 rats (Simon et al., 2010), we did not find evidence for age-related differences in sensitivity to reward magnitude (aged rats preferred large over small rewards to the same degree as young cohorts). Differences with respect to reward sensitivity in the Simon et al. (2010) study and our current results are likely due to the fact that the magnitude of the difference between the small and large rewards differed across the two studies. In our previous study, the difference between the large (four food pellets) and small (one food pellet) rewards may have been salient enough to overcome any age-related decrements in sensitivity to reward magnitude. In the current study, the smaller difference between the large (two food pellets) and small (one food pellet) rewards may have rendered such sensitivity decrements more readily obvious. Related to this issue, a recent study by Singh et al. (2011) showed no effect of age on a Pavlovian reward devaluation procedure. Devaluation of a food reward via conditioned taste aversion reduced Pavlovian conditioned responding to a cue predictive of that reward to a similar degree in young and aged rats. These findings could be viewed as contrary to age-related changes in representation of reward value; however, in the devaluation paradigm the change in reward value is arguably quite large. Considered together, these data highlight the fact that age-related deficits in reward sensitivity or anticipation are likely to affect behavior to a greater extent when the differences between rewards are small. This hypothesis may help to account for discrepant findings related to age influences on reward sensitivity.

Probability discounting was correlated with performance in both the equal rewards and equal probabilities conditions, but performance in these two conditions was not related. These findings suggest that sensitivity to costs and sensitivity to reward magnitude are distinct factors that can influence probabilistic decision-making, and that an individual’s choice performance may be driven by the relative balance of these two factors (Brown and Ridderinkhof, 2009; Eppinger et al., 2011). Deficits in other cognitive functions in aging also have the potential to influence risk-based decision-making. For example, it has been suggested that due to suboptimal mnemonic abilities, aged subjects tend to rely less on new information and more on previous experience to make decisions (Sanfey and Hastie, 2000; Gilsky, 2007). Indeed, Henninger et al. (2010) showed a relationship between memory and information processing abilities in aged subjects and performance on a risk-based decision task. The current findings did not support such a relationship inasmuch as probability discounting was not correlated with spatial learning in the Morris water maze. Notably, the multiple-day water maze protocol used here is dependent upon hippocampus and related circuitry but is not sensitive to working memory abilities that may be more relevant for probability discounting performance (Sloan et al., 2006). Working memory deficits have been reported in this study population of aged rats, but are not related to individual differences in spatial reference memory (Frick et al., 1995; Bizon et al., 2009). Nevertheless, the fact that performance in the probability discounting and water maze tasks was not correlated indicates that age-related alterations in choice behavior are not secondary to more global cognitive impairments.

In addition to working memory, other cognitive operations mediated by prefrontal cortex, such as cognitive flexibility, decline with age and may impact probability discounting performance (Robbins et al., 1998; Barense et al., 2002; Schoenbaum et al., 2002). Age-related impairments in cognitive flexibility are of particular note because aged rats’ performance in the present study could be viewed as “inflexible,” in that the degree of preference for the large reward in both aged subgroups tended to remain similar across the three choice conditions. While possible, several lines of evidence argue against this interpretation. First, when the contingencies changed across the three conditions, all young and aged rats shifted their performance to a significant degree (compare Figures 1C, 2B, and 3B). Second, despite the fact that performance in both the equal rewards and equal probabilities conditions was correlated with probability discounting, they were not correlated with each other. This lack of relationship was observed despite the fact that these two conditions occurred in close temporal proximity. Third, in our previous study of delay discounting in young and aged rats, we found no evidence for perseverative behavior across many additional task conditions (Simon et al., 2010). Together, these findings argue against explicitly perseverative behavior as the sole mediator of the current results. It remains possible, however, that elevated preference for the large reward in the aged low-discounting subgroup in the probability discounting task was due in part to some form of impaired cognitive flexibility (specifically a reduced ability to alter choice behavior in response to the within-session changes in reward contingencies). Previous findings reporting that a subset of aged rats show impaired cognitive flexibility in other tasks are consistent with this possibility (Barense et al., 2002; Schoenbaum et al., 2006).

The dopaminergic system has been strongly linked to risk-based decision-making (Brown and Ridderinkhof, 2009; Mohr et al., 2010). Stimulation of both D1 and D2 dopamine receptors increases preference for the large risky reward in the probability discounting task in rats, while stimulation of D3 receptors has the opposite effect (St Onge and Floresco, 2009). In addition, the activity of midbrain dopamine neurons encodes information regarding both reward probability and delay (Fiorillo et al., 2003; Kobayashi and Schultz, 2008), suggesting that this neurochemical system processes information regarding outcome costs. Consistent with this hypothesis, a recent study found that suboptimal increases in preference for the large risky reward in the probability discounting task in a chronic ethanol exposure model were associated with a failure of mesolimbic dopamine activity to encode information about risk of reward omission (Nasrallah et al., 2011). Given that dopaminergic neurotransmission is attenuated with age (Burwell et al., 1995; Kaasinen and Rinne, 2002), it is possible that reductions in dopaminergic encoding of reward costs could account for the increased preference for the risky reward in some rats in the present study. Serotonergic systems have also been linked to decision-making processes. Although serotonin depletion appears to have minimal effects on probability discounting (Mobini et al., 2000; Anderson et al., 2003), it can affect reward sensitivity by reducing discrimination between different reward magnitudes and/or by enhancing the effects of punishment relative to reward (Rogers et al., 2003; Cools et al., 2008). Given that serotonergic signaling appears to decline with age (Arranz et al., 1993; Wang et al., 1995), such deficits could account for the decreased preference for the large reward observed in a subgroup of aged rats in the present study. Importantly, this distinction between the possible functions of the dopaminergic and serotonergic systems is not absolute (e.g., dopaminergic signaling also encodes reward magnitude, and serotonin can modulate dopaminergic activity); nevertheless, it provides a framework for future investigation of the neural mechanisms of age-related alterations in decision-making (Eppinger et al., 2011).

The study presented here is, to our knowledge, the first to investigate the effects of aging on risk-based decision-making in an animal model. The results indicate substantial variability in preference for large risky vs. small guaranteed rewards in aged rats, which appears to be mediated by two distinct factors (sensitivity to costs, and sensitivity to reward). While deficits in both of these factors were observed among the aged cohort, they appeared largely dissociable, and neither was evident in all subjects. These findings suggest that variations in (at least) these two factors may account for altered decision-making at advanced ages, consistent with evidence from studies in humans (Brown and Ridderinkhof, 2009). In addition, the findings of robust individual differences in probability discounting in aged rats are consistent with evidence for individual differences in aged rat performance in other cognitive domains (Gallagher et al., 1993, 2011; Barense et al., 2002; Schoenbaum et al., 2006; Bizon et al., 2009), as well as with evidence for both impaired and preserved decision-making abilities in subsets of aged humans (Denburg et al., 2005, 2007). Such findings highlight the importance of taking into account individual differences when investigating cognitive aging.
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We have proposed the False Tagging Theory (FTT) as a neurobiological model of belief and doubt processes. The theory posits that the prefrontal cortex is critical for normative doubt toward properly comprehended ideas or cognitions. Such doubt is important for advantageous decisions, for example in the financial and consumer purchasing realms. Here, using a neuropsychological approach, we put the FTT to an empirical test, hypothesizing that focal damage to the ventromedial prefrontal cortex (vmPFC) would cause a “doubt deficit” that would result in higher credulity and purchase intention for consumer products featured in misleading advertisements. We presented 8 consumer ads to 18 patients with focal brain damage to the vmPFC, 21 patients with focal brain damage outside the prefrontal cortex, and 10 demographically similar healthy comparison participants. Patients with vmPFC damage were (1) more credulous to misleading ads; and (2) showed the highest intention to purchase the products in the misleading advertisements, relative to patients with brain damage outside the prefrontal cortex and healthy comparison participants. The pattern of findings was obtained even for ads in which the misleading bent was “corrected” by a disclaimer. The evidence is consistent with our proposal that damage to the vmPFC disrupts a “false tagging mechanism” which normally produces doubt and skepticism for cognitive representations. We suggest that the disruption increases credulity for misleading information, even when the misleading information is corrected for by a disclaimer. This mechanism could help explain poor financial decision-making when persons with ventromedial prefrontal dysfunction (e.g., caused by neurological injury or aging) are exposed to persuasive information.
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INTRODUCTION

It may seem like a stroke of good luck to be contacted by a Nigerian prince who is in trouble. The individual often claims to have some connection to a large fortune but needs a foreign investor’s help to access it. Victims of this fraud scheme may send thousands of dollars to this individual with the promise of a 10-fold payoff in return. Unfortunately for victims, the reward never arrives.

Fraud, an intentional deception made for personal gain, is a crime and has reached epidemic levels in older adults. An estimated 7.3 million adults 65 years of age or older (20% of older Americans) have been the victims of financial fraud according to a 2010 survey (Infogroup/ORC, 2010). Research has suggested older adults are disproportionally vulnerable to fraud and deception in general (Gaeth and Heath, 1987; Chen and Blanchard-Fields, 2000; Chen, 2002, 2007). However, we remain without an adequate understanding of the elderly individual’s propensity toward credulity when exposed to persuasive messages. Moreover, we still do not understand the neuroanatomical mechanisms which (1) are critical in belief and doubt processes, and (2) might show disproportional dysfunction in connection with age-related increases in credulity. A central goal of our research is to investigate the underlying neuroanatomical mechanisms which are engaged when one becomes dubious or skeptical. The studies highlighted above have indicated that older adults may have impairments in these mechanisms but do not address from a neuroanatomical perspective why older adults are more vulnerable to deception and misleading information, which often results in poor financial decision-making.

Denburg et al. (2007) have indicated that the vulnerability to misleading information in older adults may be linked to an impairment in prefrontal cortex functioning. The structural integrity of the prefrontal cortex is preferentially diminished relative to other brain regions in some older adults (Dempster, 1992; Raz et al., 1997; Pfefferbaum et al., 2005); and there is a decline in frontal lobe functioning beyond the sixth decade of life (West, 1996; Phillips et al., 2002). However, this leaves us with the question of how prefrontal cortex dysfunction results in vulnerability to misleading information. As another way of putting the question, what does the prefrontal cortex do to prevent credulity and gullibility?

To address this question, Asp and Tranel (2012) recently developed the False Tagging Theory (FTT), a neuroanatomically based theoretical model of belief and doubt processes. In brief, the FTT asserts that (1) the process of belief occurs in two stages, mental representation and assessment (Gilbert, 1991); (2) all ideas that are represented are initially believed, but a secondary psychological analysis (assessment) can produce disbelief (or doubt) (Gilbert, 1991; Gilbert et al., 1993); (3) the mental representation of the idea, which is initially believed or regarded as true, must be “tagged” to indicate false value, producing doubt (Gilbert, 1991); (4) the prefrontal cortex is necessary for the “false tag” in the assessment component of belief; and (5) “false tags” are affective in nature, akin to the central tenets of Damasio’s (1994) “somatic marker hypothesis.” Our model suggests that the key function of the prefrontal cortex is “false tagging” which, in the cognitive domain, acts to doubt cognitive representations (which are initially believed). The FTT views the prefrontal cortex as providing a singular function that multiple modalities can access and use (Asp and Tranel, 2012); however, certain prefrontal regions are more inclined to “false tag” for particular modalities, and we suggest that the ventromedial prefrontal cortex (vmPFC) is particularly critical for false tagging cognitive representations. Therefore, the ventromedial portion of the prefrontal cortex is of central interest to the study of cognitive belief and doubt. Other prefrontal regions may also play critical roles in doubting, e.g., acting as a false tagging resource “reserve” (Asp and Tranel, 2012). However, this study will focus exclusively on the vmPFC’s role in the belief and doubt process. The FTT predicts that dysfunction of the vmPFC should result in a “doubt deficit,” consequences of which should be credulity and a tendency to believe inaccurate information. Several preliminary studies have bolstered the theory, including the findings that patients with focal damage to the vmPFC (1) often have a general personality trait that is overconfident, boastful, grandiose, obstinate, and egocentric (Stuss and Benson, 1984; Damasio et al., 2011), indicating a lack of normative doubt; (2) are more gullible to disreputable characters (Damasio, 1994; Croft et al., 2010); and (3) are more likely to believe fundamentalist religious dogma (Asp et al., 2012). Thus, vmPFC patients and older adults may have a vulnerability to believe deceptive or misleading information because vmPFC dysfunction impairs normative doubt.

Under our FTT, beliefs are broad and cover all mental representation, including all cognitive representations such as knowledge, ideas, opinions, attitudes, and rules (Asp and Tranel, 2012). Traditional perspectives of cognitive representation have suggested that these cognitions are like tools in a warehouse; they are actual objects in the brain that can be retrieved and used (Gilbert, 1993). The underlying assumption is that cognitions in these models are static; they are the bits, the 1’s and 0’s, of the mind’s computer. There are several shortcomings to this computational view, most notably, that (1) the mind’s “CPU” (the person getting the tools from the warehouse) must perform homuncular-type operations (e.g., Baddeley, 2002) and (2) cognitions are impotent (Gilbert, 1993). Computational models require a faculty or mechanism (a “CPU”) to do action with static cognitions (the 1’s and 0’s), which cannot produce effects on their own. However, the FTT asserts that all cognitions are beliefs; they are “empowered” intrinsically with simple comprehension (Gilbert, 1993). Thus, when an individual understands a novel proposition, the individual is automatically put in a “state” of belief. Here, the mental representation is not impotent but will induce action, given appropriate circumstances. To avoid every passing idea to be acted on, the vmPFC can doubt or disbelieve cognitions by applying false tags to mental representations. Understanding a cognition is, then, more like the “state” of a shot of an ice hockey player directed at a goalie. If the goalie does not stop the shot (false tag the cognition), the shot will go in the net (a cognition-consistent action will be performed). The belief will be acted upon if not blocked by the vmPFC. In this model, post-rolandic cortices are constantly firing shots and the vmPFC is reliably blocking some percentage of them.

If this logic is applied to a decision-making scenario, each choice that is identified (i.e., understood) is a belief (“if this, then that” cognitions) and “false tags” block disadvantageous or inappropriate choices for the context. False tags (or doubt) via the vmPFC act to select appropriate responses during decision-making by negatively biasing the inappropriate (i.e., “untrue”) representations. Therefore, we propose that dysfunction or damage to the vmPFC has a two-pronged, but intimately related, effect: (1) a tendency toward credulity for deceptive or misleading information; and (2) disadvantageous behavioral decision-making.

The purpose of the present study was to investigate credulity and financial decision-making for misleading information presented in a real-world, ecologically valid paradigm (deceptive advertising) in patients with focal brain damage, with the goal of identifying a systems-level neuroanatomical correlate for these cognitive functions. We chose consumer advertisements which had been deemed deceptive and deliberately misleading by the Federal Trade Commission (FTC), and examined participants’ credulity toward the advertisements. Our theory suggests that when normal individuals are exposed to misleading information they will initially believe the information but then will tend to self-generate doubt from their store of knowledge and experience. To examine the interaction between “self-generated” doubt and doubt from explicit information, we created two types of misleading ads: (1) “deceptive-uncorrected” ads, which are misleading and do not have any explicit information that may induce doubting, and (2) “deceptive-corrected” ads, which are misleading but do have an end disclaimer which should induce doubting. The FTT asserts that doubt is mediated by the vmPFC. Thus, we hypothesized that patients with damage to the vmPFC, compared to patients with brain damage outside the prefrontal cortex and healthy individuals, (1) would be more likely to believe the misleading aspects in both the “deceptive-uncorrected” and the “deceptive-corrected” ads, and (2) would indicate higher intention to purchase the products featured in both types of ads.

MATERIALS AND METHODS

PARTICIPANTS

We studied 39 individuals with adult-onset brain lesions from the Patient Registry of the Division of Behavioral Neurology and Cognitive Neuroscience at the University of Iowa. The etiologies of the lesions included cerebrovascular disease (n = 21), surgical resection for treatment of a meningioma or seizure control (n = 15), and focal contusions from trauma (n = 3). In connection with their enrollment in the Patient Registry, the brain damaged patients have been extensively characterized neuropsychologically and neuroanatomically, using standard protocols of the Benton Neuropsychology Laboratory and the Laboratory of Brain Imaging and Cognitive Neuroscience (Tranel, 2007). Eighteen patients had damage to the vmPFC and were classified into our vmPFC group (Figure 1); while 21 patients had lesions outside the prefrontal cortex and were classified into our brain damaged comparison group (BDC; Figure 2). Patients with prefrontal cortex damage to areas primarily outside the ventromedial regions were excluded from analysis. While other prefrontal areas are predicted to have a role in “false tagging” it is beyond the scope of this study to address more specific relationships within the prefrontal cortices. All neuropsychological and neuroanatomical data were collected in the chronic phase of recovery, at least 3 months post-lesion onset. We also included a normal comparison group (n = 10) which was comprised by individuals of similar age and education to our patient groups. BDC patients were slightly younger and had more females relative to males than our vmPFC group and normal group (Table 1), so we corrected for these differences in the main analyses. VMPFC patients had significantly larger lesions relative to BDC patients (Table 1); thus, a secondary analysis directly comparing credulity in the BDC and vmPFC groups was conducted to account for lesion size. Participants with significant language, memory, or visuoperceptual deficits which might impair their ability to adequately complete the task were excluded. We excluded patients with significant aphasia (defined as two standard deviations below the mean on the Boston Naming Test or the Token Test), reading deficits (defined as two standard deviations below the mean on the Iowa Chapman Reading Test), memory deficits (defined as two standard deviations below the mean on the Auditory Verbal Learning Test delayed recall or the Complex Figure Test delayed recall), or visuoperceptual impairments (defined as two standard deviations below the mean on the Facial Recognition Test). There were no significant differences between vmPFC and BDC patients on the various neuropsychological measures (Table 2). All participants were free from mental retardation, learning disabilities, psychiatric disease, substance abuse, and dementia. Participants gave informed consent approved by the Institutional Review Board of the University of Iowa.

Table 1. Demographic and neuroanatomical data.
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Figure 1. Lesion overlap of patients with ventromedial prefrontal cortex lesions. The overlap map shows the lesions of vmPFC patients displayed in anterior/mesial views and coronal slices (a–f, with the right hemisphere on the left in the coronal views). The color bar indicates the number of overlapping lesions per voxel.



Table 2. Neuropsychological data for the lesion groups.
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Figure 2. Lesion overlap of brain damage comparison patients. The overlap map shows the lesions of BDC patients displayed in ventral/lateral views and coronal slices (a–f, with the right hemisphere on the left in the coronal views). The color bar indicates the number of overlapping lesions per voxel.



STIMULI AND PROCEDURE

Participants were given a booklet that consisted of eight advertisements that one might encounter in a magazine or newspaper. Each ad was based on real-world misleading advertisements as deemed by the rulings of the FTC, as shown in FTC Decisions (Federal Trade Commission, 1991) and Complying with the Made in USA Standard (Federal Trade Commission Bureau of Consumer Protection, 1998). These advertisements were misleading for a number of reasons, ranging from the withholding of crucial information about the product to the use of biased graphs. For example, in an advertisement for “Legacy Luggage,” the original misleading version had the headline “Legacy brings you the finest American Quality luggage.” The FTC stated that any advertisement that has “American Quality” on it conveys that the item in question was made in the U.S.A. In fact, the luggage was actually not made in the U.S.A., but instead was manufactured in Mexico, and then inspected in Tennessee, and thus was misleading. Three ads were classified as “deception-uncorrected” and were left unchanged from the FTC-ruled “misleading advertisement” classification. However, “deception-uncorrected” ads assume that all individuals have a similar knowledge base regarding potential objections to the misleading portions of the ads. This assumption leaves open the possibility that some individuals may not have, or cannot access, cognitions that should induce doubting. To address this issue, we developed “deception-corrected” ads which provide explicit information that should induce doubting, by modifying three misleading ads with a disclaimer at the end of the ad. The disclaimers in the “deception-corrected” ads specifically rebutted the misleading aspect of the ad. For example, in an advertisement for “NatureCure,” the misleading ad describes a natural pain reliever that provides relief from headaches “without the side effects of over-the-counter pain relievers.” The end disclaimer refutes this claim by noting, “This product can cause nausea in some consumers when taken regularly.” Thus, for the “deception-corrected” ads, all participants were given the same specific knowledge to doubt the misleadingly advertised claim. Finally, there were two “filler” advertisements, one placed at the beginning and the other at the end of the booklet. These were used to help buffer against primacy and recency effects, and were not scored. This left six critical advertisements: three “deception-uncorrected” and three “deception-corrected.” Each ad highlighted a distinct product: the “deception-uncorrected” stimuli advertised a doll, luggage, and a vitamin supplement drink; the “deception-corrected” stimuli advertised a car, a pain reliever, and mutual funds. Participants read over the advertisements at their own pace and when finished, they were given a paper questionnaire which assessed participant reactions to each advertisement and product. Participants could not refer back to the advertisements during the questionnaire; instead, they needed to recall their impressions of each product from memory. Readers who are interested in knowing more about the advertising stimuli and their development may contact the senior author via email.

Two critical dimensions were assessed for each advertisement: (1) credulity toward the misleading aspect of the advertisement, and (2) purchase intention, i.e., how likely was the participant to buy each item should it become available in their area. The credulity measure asked “What do you believe to be true about this product?” and was assessed on a Likert scale, anchored at each end by a belief about the product being advertised. The Likert scales on the questionnaire contained no numerals but had 7 empty spaces (of equal size) between the two anchors. Participants marked the empty space they considered appropriate. Numbers for the Likert scale were added post hoc, and ranged from 1 to 7, with lower values reflecting increased belief in the misleading aspects of the ads and higher values reflecting increased skepticism for the misleading aspects of the ads. For example, the previously mentioned Legacy Luggage advertisement dealt with whether or not the luggage was made in the U.S.A. The credulity question concerning that advertisement was anchored at space 1 by “The Legacy Luggage Set is made in the United States” and at space 7 by “The Legacy Luggage Set is NOT made in the United States.” The purchase intention measure was assessed by asking, “What is the probability that you would buy the product when it becomes available in the area?” Participants’ responses were measured on a Likert scale, anchored by “Likely” and “Unlikely.” This scale ranged from 1 to 5, with 1 reflecting a higher intention to purchase the item and 5 reflecting a lower intention to purchase the item.

NEUROANATOMICAL ANALYSIS

The neuroanatomical analysis of the vmPFC and BDC patients (Figures 1 and 2) was based on magnetic resonance data for 30 patients and on computerized tomography data for 9 patients. Using Brainvox (Frank et al., 1997), each patient’s lesion was reconstructed in three dimensions for the different groups. The lesion contour for each patient was manually warped into a normal template brain using the MAP-3 method. The overlap of lesions in these volumes, calculated by the sum of n lesions overlapping at any single voxel, is color-coded in Figures 1 and 2. As Figure 1 shows, the greatest overlap of vmPFC patient lesions is in the mesial orbital region, especially the anterior half of the gyrus rectus. The greatest overlap of lesions in Figure 2 is in the inferior temporal lobes. No BDC lesions encompassed the prefrontal cortex.

RESULTS

All statistical t-tests are one-tailed in accordance with our directional predictions.

CREDULITY DIMENSION

The first question we addressed was whether patients with vmPFC damage were more likely to be credulous to the misleading advertising overall (including both “deception-uncorrected” and “deception-corrected”). VMPFC patients were more credulous to the misleading advertising (M = 3.89, SD = 1.11) than BDC patients (M = 5.25, SD = 0.81) and normal participants (M = 5.10, SD = 0.88; Figure 3). Because BDC patients were slightly younger and had more females relative to males (Table 1), we ran an ANCOVA with age and sex as covariates. The covariate, age, was not significantly related to credulity, F(1,44) = 0.01, p = 0.93; and the covariate, sex, was also not significantly related to credulity, F(1,44) = 0.01, p = 0.92. There remained a significant difference in group credulity after controlling for the covariates, F(2,44) = 9.26, p < 0.001. Planned contrasts revealed that vmPFC patients were more credulous than BDC patients, t(44) = 3.17, p = 0.002, and normal participants, t(44) = 3.88, p < 0.001.
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Figure 3. Mean belief scores for misleading ads. The scale is from 1 to 7 (y-axis), with lower values corresponding to increased belief in misleading aspects of the ads and higher values corresponding to increased skepticism for misleading aspects of the ads. Error bars indicate SEM. The graph on the left of the black bar represents results for all six misleading ads; the graph on the right of the black bar breaks the results down according to “deception-uncorrected” and “deception-corrected” ads. For all the ads, vmPFC patients had more credulity than BDC patients and normal comparison participants.



Ventromedial prefrontal cortex patients had significantly larger lesions that BDC patients (Table 1) and there was a modest correlation between lesion size and credulity to the ads, r = −0.31, p = 0.06. Thus, a secondary analysis was conducted to directly examine the influence of lesion size on the credulity measure in the two patient groups. The covariate, lesion size, was not significantly related to credulity, F(1,36) = 0.12, p = 0.74. There remained a significant difference in group credulity after controlling for the covariate, F(1,36) = 13.70, p = 0.001.

Splitting the overall credulity results into the three “deception-uncorrected” ads and the three “deception-corrected” ads helps clarify our initial analysis. VMPFC patients were more credulous to the “deception-uncorrected” ads (M = 3.24, SD = 1.38) than BDC patients (M = 4.86, SD = 1.03) and normal participants (M = 4.83, SD = 1.47; Figure 3). There was a significant difference for group credulity on the “deception-uncorrected” ads, F(2,46) = 9.25, p < 0.001. Planned contrasts revealed that vmPFC patients were more credulous than BDC patients, t(46) = 4.18, p < 0.001, and normal participants, t(46) = 3.20, p = 0.002. vmPFC patients were also more credulous to the “deception-corrected” ads (M = 4.54, SD = 1.17) than BDC patients (M = 5.64, SD = 1.13) and normal participants (M = 5.37, SD = 0.85; Figure 2). There was a significant difference for group credulity on the “deception-corrected” ads, F(2,46) = 5.06, p = 0.01. Planned contrasts revealed that vmPFC patients were more credulous than BDC patients, t(46) = 2.90, p = 0.003, and normal participants, t(46) = 1.92, p = 0.03. These data suggest that higher credulity toward misleading ads in vmPFC patients was obtained even when explicit disclaimers should induce doubt for the misleading information.

A secondary repeated measures ANOVA analysis was conducted to see if the “correction” in the ads had a significant main effect. While the participants were generally more skeptical for the “deception-corrected” ads, there was not a significant main effect of “correction,” F(1,44) = 0.15, p = 0.70. In addition, the groups were not significantly different in the way they were affected by the presence of corrective information, F(2,44) = 1.02, p = 0.37. Thus, the corrective information did help the vmPFC patients increase their skepticism similarly to the comparison groups.

PURCHASE INTENTION DIMENSION

For the purchase intention dimension, we addressed first whether vmPFC patients overall were more likely to have intent to purchase the advertised products. VMPFC patients had higher purchase intention for the misleadingly advertised products (M = 4.17, SD = 0.64) than BDC patients (M = 4.40, SD = 0.43) and normal participants (M = 4.70, SD = 0.27; Figure 4). Again, we used age and sex as covariates in an ANCOVA analysis. The covariate, age, was not significantly related to purchase intention, F(1,44) = 0.93, p = 0.34; and the covariate, sex, was also not significantly related to purchase intention, F(1,44) = 2.17, p = 0.15. There remained a significant difference in purchase intention after controlling for the covariates, F(2,44) = 3.75, p = 0.03. Planned contrasts revealed that vmPFC patients had significantly higher purchase intention than normal participants, t(44) = 2.74, p = 0.005; vmPFC patients did not have significantly higher purchase intention than the BDC patients, t(44) = 1.13, p = 0.13. Lesion size was uncorrelated with purchase intention, r = 0.04, p = 0.81.
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Figure 4. Mean purchase intention scores for misleading ads. The scale is from 1 to 5 (y-axis). Lower values reflect increased purchase intention for the products misleadingly advertised, and higher values reflect decreased purchase intention. Error bars indicate SEM. The graph on the left of the black bar represents results for all six misleading ads; the graph on the right of the black bar breaks the results down according to “deception-uncorrected” and “deception-corrected” ads. For all the ads, vmPFC patients had higher purchase intention than BDC patients and normal comparison participants for the products in the misleading ads.



When the purchase intention data were divided into “deception-uncorrected” and “deception-corrected,” the results indicated that vmPFC patients had higher purchase intent for the “deception-uncorrected” ads (M = 4.35, SD = 0.70) than BDC patients (M = 4.52, SD = 0.39) and normal participants (M = 4.90, SD = 0.16; Figure 4). There was a significant difference for group purchase intention on the “deception-uncorrected” ads, F(2,46) = 3.86, p = 0.03. Planned contrasts showed that vmPFC patients had higher purchase intention than normal participants, t(20) = −3.18, p = 0.003; but did not significantly differ from BDC patients, t(26) = −0.93, p = 0.18. VMPFC patients also had higher purchase intent to the “deception-corrected” ads (M = 4.00, SD = 0.67) than BDC patients (M = 4.27, SD = 0.72) and normal participants (M = 4.50, SD = 0.45; Figure 3). However, group differences on “deception-corrected” ads for purchase intention did not reach significance, F(2,46) = 1.99, p = 0.14. Planned contrasts revealed that vmPFC patients had significantly higher purchase intention than normal participants, t(46) = −1.94, p = 0.03; but did not significantly differ from BDC patients, t(46) = −1.28, p = 0.11.

DISCUSSION

Our findings support the hypothesis that credulity toward misleading information can result from damage to the vmPFC. Patients with vmPFC damage tended to (1) believe misleading advertisements, and (2) show higher intent to purchase the products featured in the misleading advertisements, relative to patients with brain damage outside of the prefrontal cortex and normal comparison participants. Remarkably, the pattern of credulity results was evident even when vmPFC patients were given specific information that rebuts the misleading claim. This suggests that the deficiency in vmPFC patients is specific to the doubt process, not a lack of knowledge regarding misleading information. Thus, the results indicate that given a deceptive ad (with or without a disclaimer) vmPFC patients are more credulous. The disclaimer did increase skepticism in vmPFC patients (similarly to the comparison groups) but overall the disclaimer did not produce normative skeptical levels in vmPFC patients. Thus, there is a deficiency in skepticism generally, even when specific rebutting knowledge cues a doubting process.

The conclusion that damage to the vmPFC causes an increase in credulity to misleading information is bolstered by the facts that (1) brain damage, per se, when outside of the prefrontal cortex, does not account for the results (as evident from the BDC data); (2) demographic variables such as age, education, or sex, per se, do not account for the results; and (3) general cognitive functioning, such as intelligence, memory, reading performance, or executive functioning, per se, does not account for the results. Instead, the vmPFC patients’ deficit in skepticism to the misleading information is specific to their lesion location and is not accounted for by generally poor cognitive functioning.

The vmPFC patients did have larger lesions relative to the BDC patients (Table 1). However, it is unlikely that lesion size, per se, influenced the credulity or purchase intention results. A detailed analysis revealed: (1) lesion size as a covariate was not significantly related to credulity, and (2) when the patients were ranked on the credulity measure (the total ads together), the top 5 most credulous vmPFC patients (M = 28.8, SD = 15.5) actually had a slightly smaller mean lesion size than the bottom 5 least credulous BDC patients (M = 29.6, SD = 23.7). Moreover, an appropriate lesion size measure interpretation must be understood in the context of the region which is damaged. Small lesions to critical structures such as the amygdala, hippocampus, or thalamic nuclei may critically impair a variety of functions, while a similar size lesion to the relatively large and uniform vmPFC may not have similar functional disruptions. Thus, lesion size, per se, while different between the two groups, was unlikely to contribute to the increased credulity and purchase intent in the vmPFC group relative to the BDC group, i.e., the deficit is specific not to lesion size but to lesion location.

Our findings support the FTT, which posits that the prefrontal cortex is critical in mediating doubt (Asp and Tranel, 2012), and thus damage to the critical ventromedial region of the prefrontal cortex should result in a “doubt deficit.” While it has been noted that ventromedial prefrontal patients are often vulnerable to shady business ventures and snake-oil salesmen (Damasio, 1994), the current study provides the first direct evidence beyond anecdotal reports that damage to vmPFC increases credulity. Indeed, this specific deficit may explain why highly intelligent vmPFC patients can fall victim to seemingly obvious fraud schemes. Warnings from friends and family often go unheeded and vmPFC patients’ susceptibility can result in bankruptcy if they continue to make their own financial decisions. Moreover, in the acute phase of recovery following vmPFC damage, patients often confabulate and are markedly suggestible (Berlyne, 1972) to other individuals and, on rare occasions, even to the environment around them (Lhermitte, 1986). Taken together, this evidence indicates that the vmPFC is a critical neural structure preventing unwarranted belief toward unscrupulous companies or individuals who try to bilk one’s money.

In our study, we gave novel external persuasive information to vmPFC patients and found that they tend to be credulous to that information. However, as suggested in the Introduction, vmPFC patients can also be obstinate and bull-headed toward novel information. Intuitively, it may appear contradictory that an individual can both be credulous and rigidly obstinate to information. Yet, this is the strange state often exhibited by patients with vmPFC damage. We hypothesize that the critical factor determining the easy acceptance or rigid rejection of information in vmPFC patients is whether the cognitive representation is initially generated by external or internal information. If the cognitive representation is initially generated by external information (as in the present study), it is believed, but then it fails to be falsified by comparisons with extant mental information. Thus, the new information is not doubted, and credulity ensues. If the cognitive representation is initially generated by internal information, it is believed, but then it fails to be falsified by comparisons with new external information. Thus, the old information is not doubted, and a pertinacious belief is evinced. This suggests the initial cognition is always first believed and it is the comparison and falsification to other beliefs that is disrupted. vmPFC patients, then, should have “compartmentalized minds,” where discordant ideas are rarely compared and falsified with one another. Indeed, vmPFC patients tend to be high in authoritarianism (Asp et al., 2012), a trait highlighted by a capacity to hold mutual agreement of contradictory ideas (Altemeyer, 1996). vmPFC patients are also prone to pathological confabulation, where they truly believe their (sometimes florid) assertions, even though contradictory evidence to these assertions is salient and obvious (Gilboa and Moscovitch, 2002).

Our results also indicated that vmPFC patients had higher intention to purchase the misleadingly advertised products than BDC or normal comparisons. Undoubtedly, other, independent factors outside the study’s design likely have stronger influences during an actual purchase decision process (e.g., the usefulness of the product and available financial means for an individual), than a single misleadingly advertised product aspect. These independent factors may have differentially affected the purchase intention data; e.g., the participants gave higher purchase intention ratings to the “deception-corrected” ads compared to the “deception-uncorrected” ads. Thus, because the experimental design used different (and unmatched) products across the types of ads, other issues such as usefulness and monetary concerns probably factored greater in the participants’ purchase intention.

However, it is notable that vmPFC patients had the highest purchase intent of any group. VMPFC patients are notorious for their poor decision-making in financial and social situations. They often claim that an inappropriate decision “feels right”; and there is substantial evidence suggesting that vmPFC patients lack affective signals which normally steer individuals toward advantageous decisions (Damasio, 1994; Bechara et al., 1996, 2000). The FTT asserts that the cognitive process which selects the item eventually chosen from a decision-making process is governed by doubt (or false tags) which are affective in nature (Asp and Tranel, 2012). As an individual mentally represents each potential choice, the vmPFC acts to “doubt” or to negatively bias the inappropriate or undesirable representations away from a behavioral action. Appropriate or desirable response selection, then, is the result of the “fittest” choice representation; i.e., the representation with the least negative biases (or false tags) attached to it. Here, we suggest the cognition to purchase a specific item is a belief and individuals must “false tag” this belief with other extant cognitive information. For instance, in regard to the “Legacy Luggage” we propose that normal individuals believe the initial cognition “I will purchase the Legacy Luggage” but then “falsify” that cognition with discordant extant cognitions, e.g., “I just bought new luggage” or “I don’t have time to go on any trips.” Other product aspects (including the misleading aspects) may play a role in the purchase decision, e.g., “It is made in the US” (strengthening the belief) or “The color of the luggage is unappealing” (increasing false tags) as well. Although we cannot specify what potential cognitions individuals may offer for falsification, in this decision-making scenario, vmPFC patients should be more likely to intend to purchase advertised products. Our results provide some initial evidence for this view.

We believe our results have implications that extend beyond unethical marketing campaigns, although they do directly impact marketing ethics in brain damaged individuals. This study adds to the growing evidence that belief and disbelief are not governed by balanced cognitive processes (Gilbert, 1991). Belief is first, easy, inexorable with comprehension of any cognition, and substantiated by representations in the post-rolandic cortex. Disbelief is retroactive, difficult, vulnerable to disruption, and mediated by the vmPFC. This asymmetry in the process of belief and doubt suggests that false doctrines in the “marketplace of ideas” (Mill, 1975) may not be as benign as is often assumed (Gilbert et al., 1993). Indeed, normal individuals are prone to misleading information, propaganda, fraud, and deception (Zuckerman et al., 1981; Gilbert, 1991), especially in situations where their cognitive resources are depleted. In our theory, the more effortful process of disbelief (to items initially believed) is mediated by the vmPFC; which, in old age, tends to disproportionally lose structural integrity and associated functionality. Thus, we suggest that vulnerability to misleading information, outright deception, and fraud in older persons is the specific result of a deficit in the doubt process which is mediated by the vmPFC.

To conclude, the present findings suggest that the vmPFC is a critical neural substrate for psychological doubt affecting post-rolandic representations. Damage to the vmPFC disrupts a “false tagging mechanism” which normally produces doubt and skepticism for cognitive representations.
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The notion of ecological rationality sees human rationality as the result of the adaptive fit between the human mind and the environment. Ecological rationality focuses the study of decision making on two key questions: First, what are the environmental regularities to which people’s decision strategies are matched, and how frequently do these regularities occur in natural environments? Second, how well can people adapt their use of specific strategies to particular environmental regularities? Research on aging suggests a number of changes in cognitive function, for instance, deficits in learning and memory that may impact decision-making skills. However, it has been shown that simple strategies can work well in many natural environments, which suggests that age-related deficits in strategy use may not necessarily translate into reduced decision quality. Consequently, we argue that predictions about the impact of aging on decision performance depend not only on how aging affects decision-relevant capacities but also on the decision environment in which decisions are made. In sum, we propose that the concept of the ecological rationality is crucial to understanding and aiding the aging decision maker.
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In Cicero’s de Senectute (Cicero, 1909–1914), Cato, the elder, explains to two younger men how to flourish in old age: “Nor, again, do I now miss the bodily strength of a young man (…) any more than as a young man I missed the strength of a bull or an elephant. You should use what you have, and whatever you may chance to be doing, do it with all your might.” Cato seems to suggest that the key to successful aging lies not in attempting to regain the strength of youth or to mourn its loss but in using the available resources wisely, so as to meet one’s own aspirations and the challenges one faces (see Baltes, 1997, for a similar perspective). Elaborating on this suggestion, we first introduce the notion of ecological rationality and suggest that the wise selection of decision strategies that fit specific ecologies is crucial to achieving good decisions (Gigerenzer et al., 1999, 2011; Gigerenzer and Gaissmaier, 2011; Todd et al., in press). Second, we present specific examples of how the fit between simple decision strategies and ecologies can lead to successful decision making. In particular, we review empirical findings that suggest that while age-related cognitive decline may lead to changes in the selection and execution of decision strategies, the impact of such changes is a function of the structure of the environment. Consequently, we argue that age-related deficits in strategy selection and execution may not necessarily translate into diminished decision quality. We conclude by presenting an outlook for future work on the ecological rationality of aging.

ECOLOGICAL RATIONALITY: THE FIT BETWEEN MIND AND ENVIRONMENT

The concept of ecological rationality suggests three basic tenets regarding decision making. First, the mind’s decision strategies are adapted to particular environments. Therefore, decision strategies are not good or bad per se but can only be evaluated relative to the environments in which they are used. Here, we use the term environment to refer to the statistical properties of a set of objects, such as the correlations between attributes of these objects (i.e., cues) and a criterion. For example, it may be useful to describe the environment of health plans statistically as the correlation between the cost of monthly premium and the amount of coverage. Second, in certain environments, simple decision strategies are able to compete with complex strategies – less is (sometimes) more. Third, humans largely respond adaptively to task and environmental characteristics. In what follows, we provide support for these tenets and discuss their boundary conditions.

THE MIND–ENVIRONMENT FIT

According to the notion of ecological rationality, decision strategies are adapted to particular environments. Table 1 gives an overview of various strategies that differ in complexity (e.g., in terms of the amount of information considered) and the environments under which they work well. Consider the following question: Which Swiss city has more inhabitants: Geneva or Thun? The recognition heuristic (Goldstein and Gigerenzer, 2002) is an inference strategy that predicts that a recognized object, most likely Geneva and not Thun, scores higher on some criterion (population) than an unrecognized one. The recognition heuristic is a prime example of how, by exploiting a match between mind and environment (i.e., all Swiss cities), a simple algorithm can lead to efficient decision making. It uses a single cue (i.e., whether or not the person recognizes the name of two cities) to predict the cities’ relative population, the criterion of interest. The heuristic is thus ecologically rational in this environment because the likelihood of recognition is highly correlated with a city’s population. In fact, recognition may be a useful cue in many domains; cities with more inhabitants, mountains with higher peaks, and rivers with longer courses tend to be more often recognized than objects with lower values on these dimensions (Goldstein and Gigerenzer, 2002). Recognition is not always a valid cue, however. For example, the population of Swiss cities, but not, say, their distance from the city Interlaken, is correlated with recognition. As a consequence, one is well advised to use recognition when judging which of two Swiss cities is larger, but not when asked to judge which is closer to Interlaken (Pohl, 2006). In sum, the recognition heuristic illustrates the notion of mind–environment fit by showing how a simple mental mechanism can exploit the structure of specific environments.

Table 1. Decision strategies, respective ecologies, and studies investigating their neural substrates.
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LESS CAN BE MORE

According to common wisdom, more knowledge, more information, and more computation should lead to better decisions, while cognitive limitations pose a liability (see Hertwig and Todd, 2003). Analyses of simple strategies have shown that this is not necessarily the case. For example, a person recognizing many Swiss cities can, if recognition is a good predictor, be less accurate in judging the sizes of Swiss cities than a person recognizing fewer cities – the less-is-more effect (Goldstein and Gigerenzer, 2002; for a review, see Pachur, 2010). The reason is that if many cities are recognized, the recognition heuristic cannot be applied (because recognition does not discriminate) and other, potentially less valid predictors need to be recruited – leading to lower inferential accuracy. Similarly, simple strategies may sometimes compete with or even outperform more complex strategies. Consider, for instance, the take-the-best (TTB) heuristic, a strategy that can be recruited when recognition does not discriminate to infer which of two objects has the higher criterion value, TTB simply selects the object that is supported by the most valid predictor or “cue” (see Table 1). TTB can be highly competitive in comparison with considerably more complex strategies (e.g., Gigerenzer and Brighton, 2009). How is that possible? First, TTB can do well because in natural environments cues are often highly correlated, and thus searching for more cues does not necessarily yield new information (Dieckmann and Rieskamp, 2007; Hogarth and Karelaia, 2007). Second, TTB is less susceptible to overfitting when making predictions – that is, it does not take into account (much) unsystematic variability in the data (i.e., noise). Therefore, TTB can be a robust strategy that leads to higher generalization performance relative to more complex inference strategies, like multiple regression, neural networks, and exemplar models (see Gigerenzer and Brighton, 2009, for a discussion of how TTB avoids overfitting).

ADAPTIVE DECISION MAKING

The existence of multiple decision environments and strategies poses a fundamental problem to decision makers – that of adaptively selecting a strategy that fits the particular environment. The available evidence suggests people are by and large adaptive decision makers. For example, participants show higher reliance on the recognition heuristic when recognition is a valid cue (Pachur et al., 2011). More generally, decision makers seem to be sensitive to a number of task characteristics and adjust their strategies accordingly, including monetary information costs (Bröder, 2000), time pressure (Rieskamp and Hoffrage, 2008), cue–criterion relations (Rieskamp and Otto, 2006), and memory demands (Bröder and Schiffer, 2003). There are, however, also boundary conditions for adaptive strategy selection. First, there are significant individual differences in adaptivity, that is, not all individuals adapt to task characteristics equally well (Bröder, 2003; Newell, 2005; Rieskamp and Otto, 2006; Rieskamp, 2008). Second, adaptivity in strategy selection is limited in dynamically changing environments (Bröder and Schiffer, 2006; Rieskamp, 2006).

ECOLOGICAL RATIONALITY AND THE AGING DECISION MAKER

How can ecological rationality inform research on the impact of aging on decision making? Research on aging suggests that there are basic structural and neuromodulatory brain changes with increased age that lead to cognitive decline and poor behavioral outcomes in several areas of functioning, such as working-memory, episodic memory, and executive function (see Nyberg and Bäckman, 2010; Rodrigue and Kennedy, 2010, for reviews). The notion of ecological rationality, however, emphasizes the key role of the fit between (simple) strategies and environments for successful decision making and thus questions the inevitability of poor outcomes in the face of cognitive constraints. Indeed, the idea of ecological rationality suggests that superior cognitive abilities may not always be necessary or desired: Less is (sometimes) more, or at least enough (Hertwig and Todd, 2003). For example, results based on computer simulation suggest that the aging decision maker can afford to neglect information in consumer decisions because this leads to only small losses in decision quality (Mata and Nunes, 2010). Similarly, expertise research has provided demonstrations that experts often rely on less information than novices (Garcia-Retamero and Dhami, 2009), suggesting that expertise may enable superior decision performance through the use of simple strategies (see also Shanteau, 1992). In addition, there is some evidence that older adults relying on simple strategies can outperform younger adults in inference tasks for which these strategies are most appropriate (Merritt et al., 2010; Worthy and Maddox, 2012).

To the extent that people rely on simple and ecologically rational strategies, cognitive decline associated with aging need not always lead to decrements in decision-making quality. If the cognitive decline does not compromise the execution of the simple strategies, a high level of decision-making quality can be retained. Decrements, however, may occur whenever aging leads to a mismatch between the strategies used and the environments encountered. In what follows, we distinguish two ways in which aging may limit the strategy–environment fit and thus limit decision performance. First, aging may impact how well individuals can select the appropriate decision strategy for a particular task environment – the issue of strategy selection. Second, aging may impact how well individuals can execute a particular strategy in a given environment – the issue of strategy execution. Finally, we conclude by suggesting how the concept of ecological rationality can guide interventions to improve decision making in the elderly.

AGE DIFFERENCES IN STRATEGY SELECTION

Overall, research on aging and strategy selection suggests that older adults are adaptive decision makers. For instance, Pachur et al. (2009) showed that both younger (Mean age = 24, range = 19–33) and older adults (M = 70, range = 65–86) rely more on recognition in an environment in which recognition is highly predictive of the criterion (i.e., cities) than when it is not (i.e., diseases). This environment or task adaptivity has been demonstrated in other studies: Older adults adjust their search and decision strategies according to the amount of information available (Mata and Nunes, 2010), and cue–criterion relations (Mata et al., 2007, 2010). For example, Mata et al. (2007) asked younger (M = 24, age range = 18–37) and older adults (M = 71, 64–90) to make decisions in (a) a compensatory environment, in which all cues were equally predictive of a criterion or in (b) a non-compensatory environment, in which there was a clear ranking of cue importance. In the former, information-intensive strategies are appropriate, whereas the latter favors simple strategies (because some information may be ignored without leading to a performance decrement). Both younger and older adults tended to rely more on simpler strategies, such as TTB, in the appropriate non-compensatory environment, in which information could be ignored without sacrificing inferential accuracy. In sum, consistent with the concept of ecological rationality, most younger and older adults seem to be aware that simpler decision strategies can lead to satisfactory outcomes in some environments and adjust their strategy selection accordingly (Mata et al., 2007, 2010; Pachur et al., 2009).

Nevertheless, there is some indication that older adults have more difficulties in adapting their strategy selection as a function of environment characteristics relative to younger adults. In other words, aging may attenuate but not eliminate the ability to select strategies adaptively. Specifically, older adults in Mata et al. (2007) relied more on simpler strategies regardless of the environment. Importantly, this was related to individual differences in fluid abilities, suggesting that age-related cognitive decline may have limited access to more complex strategies. In addition, adaptive strategy selection in older adults also seems to be constrained by learning deficits. Mata et al. (2010) found that older adults (M = 69, 60–79) had more difficulties with strategy selection learning on the basis of performance feedback relative to younger adults (M = 24, 19–34). A meta-analysis by Mata et al. (2011b) on differences between younger and older adults’ decision making under risk supported this finding. Specifically, the analysis revealed systematic age differences in risk taking in tasks where the probabilities of outcomes had to be learned from repeated exposure (decisions from experience). In contrast, although there were some significant differences between age groups, no systematic pattern arose in the tasks where probabilities and outcomes were conveniently summarized to decision makers (decisions from description). These results converge with behavioral, computational, and neuroimaging analyses showing age differences in reward learning, possibly linked to age-related decline in neuromodulatory efficiency such as dopaminergic function (e.g., Mutter et al., 2007; Mell et al., 2009; Samanez-Larkin et al., 2011).

Another aspect of successful strategy selection concerns item or trial-by-trial adaptivity (cf. Pachur, 2011). For example, despite its simplicity, the adaptive use of the recognition heuristic requires several abilities, including the ability to recognize objects but also the ability to assess whether recognition is a useful indicator in a particular environment or for a specific item. An investigation of the neural processes involved in applying the recognition heuristic supports the postulation of such distinct processes. Volz et al. (2006) examined the neurological underpinnings of the recognition heuristic using functional magnetic resonance imaging (fMRI). In this study participants repeatedly had to indicate which of two cities they thought was larger. When a decision could be made based on recognition, there was activation in the medial parietal cortex, which can be attributed to reliance on recognition memory. In addition, there was independent activation in the anterior frontomedial cortex (aFMC), a brain area involved in evaluating internal states, including self-referential processes and social–cognitive judgments (e.g., relating an aspect of the external world to oneself). The processes underlying this aFMC activation are likely associated with evaluating whether recognition is a useful cue in the current judgment situation. Importantly, behavioral evidence suggests that this evaluation process requires considerable cognitive resources. Pachur and Hertwig (2006) asked participants to judge which of two infectious diseases is more prevalent, a decision environment in which recognition has low validity. It turned out that inferences were more likely to follow recognition under time pressure than without time pressure. This suggests that evaluating whether recognition should be applied on a specific item is an effortful process that requires some time.

Given the cognitive costs necessary to adaptively suspend the recognition heuristic on a trial-by-trial basis, older adults may fare worse than younger adults in doing so. Evidence for such age-related decrements in item adaptivity was found by Pachur et al. (2009). Investigating younger and older German adults’ use of recognition in judging the relative frequency of diseases, it was shown that older adults were constrained in their ability to adaptively suspend the recognition heuristic on specific items for which recognition was not a good cue. For example, the disease Leprosy is recognized by most individuals but is also known to be practically extinct in the German population. As a result, one will do well to bet against recognition when faced with a pair involving Leprosy and some other unrecognized disease – but older adults were less able to do so, often picking the recognized disease. Importantly, these age differences were partly mediated by individual differences in fluid cognitive abilities, suggesting that age-related cognitive decline drives the age-related deficit in adaptive strategy selection (suspension) of the recognition heuristic on a trial-by-trial basis. Based on the results by Volz et al. (2006), one may hypothesize that age differences in the suspension of the recognition heuristic are mediated by frontal structures such as the aFMC. Future work in the decision neuroscience of aging could thus inform the debate concerning the impact of aging on adaptive strategy selection.

In sum, both young and older adults seem to adjust their strategy selection as a function of environment structure (environment or task adaptivity). Nevertheless, age-related decline in fluid abilities including learning deficits may somewhat constrain the strategies available to older participants and the ability to adjust strategy selection on a trial-by-trial basis (item or trial-by-trial adaptivity).

AGE DIFFERENCES IN STRATEGY EXECUTION

Selecting the right strategy for a given problem is a necessary but not sufficient condition for successful decision making. To make the right choice one must also be able to execute the strategy correctly. Some findings suggest that aging can lead to difficulties in strategy execution. Mata et al. (2010) used a computational model to decompose the strategy selection learning process of younger and older adults, which included a strategy execution component. The results suggest that there are considerable age differences in the execution errors of younger and older adults and that these differ by strategy: Older adults showed increased strategy execution errors relative to younger adults particularly in an environment favoring complex strategies that require extensive integration and weighing of information. Similar age differences in strategy execution have been reported in studies that explicitly instructed younger and older adults to apply decision strategies (e.g., Bruine de Bruin et al., 2007).

An additional factor mediating age differences in strategy execution may be the way in which decision-relevant information is represented – such as whether decisions are made from tabulated information or from memory. Retrieving information from memory can sometimes be an effortful process requiring considerable involvement of control structures. In a neuroimaging study, Khader et al. (2011) monitored the activation of specific representations of attribute knowledge in long-term-memory with fMRI while participants made memory-based decisions using TTB. The amount of information required for a decision was reflected in activation of the dorsolateral prefrontal cortex (dlPFC) and this activation seemed to modulate posterior areas responsible for memory storage. Because aging is associated with deficits in some frontal control structures as well as storage components of memory (Nyberg and Bäckman, 2010; Spreng et al., 2010) it is likely that older adults show difficulties in the selective retrieval of information in decisions from memory. Indeed, older adults seem to avoid strategies that rely heavily on memory retrieval in inference tasks (i.e., exemplar processing; Mata et al., 2011a). Neuroimaging studies focusing on the neural substrates of memory retrieval during decision making could help to better understand the contribution of frontal and posterior areas to age differences in decisions from memory.

Summing up, age-related cognitive decline may lead to deficits in strategy execution but these effects are likely to be moderated by strategy and task complexity, for example, the memory requirements of the task.

AIDING THE AGING DECISION MAKER

There is considerable interest in cognitive enhancement of the elderly (Hertzog et al., 2009), as well as in reducing the learning and memory requirements of decision tasks to reduce age differences in decision performance (Samanez-Larkin et al., 2011). However, as suggested above, the notion of ecological rationality suggests that enhancing cognitive abilities may not always be necessary or desired: Simple strategies can often do as well or even better than more complex ones (Gigerenzer and Brighton, 2009). Accordingly, rather than simply enhancing cognition, we must aim at identifying the specific situations that benefit from such enhancements to ensure successful decision making by the elderly. For example, we predict that enhancing older adults’ fluid abilities could lead to improvements in decision quality in environments that require the integration of many pieces of information, and thus favor the use of complex decision strategies. In contrast, cognitive enhancement should not benefit and could even hinder performance in environments in which simple strategies work well, for example, in non-compensatory environments (Mata et al., 2007, 2011b; see also Hills and Hertwig, 2011).

The notion of ecological rationality also implies that enhancing the strategy–environment fit is key to improving decision making. One way to do this is to inform or train participants about the link between particular strategies and environments. Alternatively, one may want to change the task characteristics to fit the decision strategies of the elderly. For example, the provision of clear cue rankings may facilitate the subsequent use of non-compensatory strategies. No doubt more effort needs to be invested in understanding how task and environment characteristics can be used to improve decisions (Hibbard and Peters, 2003; Thaler and Sunstein, 2008).

OUTLOOK

Linking evidence from behavioral, computational, and neural analyses seems crucial to fully understand how aging impacts decision making. Unfortunately, to our knowledge there has been no work examining how aging impacts the neural substrates responsible for the selection or execution of decision strategies, and computational modeling in this domain is in its infancy. There is perhaps something to be gained by informing the study of the ecological rationality of aging through insights from more researched domains, such as arithmetic skill or memory (Lemaire, 2010; Nyberg and Bäckman, 2010).

Second, more work is needed to understand the factors that determine age differences in strategy selection. While most work emphasizes cognitive constraints, others suggest important goal-related and motivational aspects. For example, there may be systematic differences in how younger and older adults approach decision problems, with older adults tending to emphasize accuracy over speed (Ratcliff et al., 2007) or the valence of information (Hanoch et al., 2007).

Finally, the work reviewed above mostly concerns age differences observed in laboratory studies and artificial stimuli (see Pachur et al., 2009, for an exception). Consequently, we know relatively little about the natural decision environments of young and older adults, or differences in the representation of environments by different age groups. An ecological analysis of the decision environments that older adults face is necessary to assess the adaptivity of the specific decision strategies used. For example, do older adults or those looking out for them actively select or engineer environments so as to enable the use of simple strategies? Only by gaining a better understanding of both older adults’ decision strategies and ecologies will we be able to provide decision aids and redesign environments that support good decisions. We can thus hope to fulfill Cicero’s vision of successful aging by matching older adults’ resources to the structure of their decision environments.
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Again, the results are similar to the null age differences observed with the B component in the B—8 model.
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Positive Z-scores indicate larger effects in older adults than younger adults.
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Number 18 21

Age (SD)* 60.4 (10.6) 50.2 (11.0)
Education (SD) 13.8(2.7) 14.3 (2.3)
Sex** 12M;6 F 6M; 15 F
Lesion size (SD)' 51.7(40.3) 219 (15.3)

Normal

10
60.7 (8.9)
15.8 (3.0)
7M;3F
NA

Age and education are presented in years; lesion size is presented in cubic cen-

timeters.

*BDC patients were significantly younger than vmPFC patients and normal par-

ticipants.

**The BDC group had a significantly lower proportion of males relative to females

than the vmPFC and normal groups.
"VMPFC lesions were significantly larger than BDC lesions.
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vmPFC BDC

WAIS Il - FSIQ (SD) 108.5 (16.8) 104.7 (11.5)
WRAT - Read (SD) 99.4 (9.8) 96.6 (8.2)
AVLT - 30 min recall (SD) 8.5(3.6) 9.2 (2.9
CFT — 30 min recall (SD) 20.0 (7.5) 17.2 (5.4)
TMT — Part B (SD) 76.7 (34.9) 778 (43.2)
WCST - Pers. Errors (SD) 22.1(24.7) 12.6 (8.1)

WAIS-IIl, Wechsler Adult Intelligence Scale-Ill scores (FSIQ, full-scale 1Q). WRAT,
Wide Range AchievementTest scores (Read, Reading Standard Score). AVLT, Audl-
tory Verbal Learning Test scores (an index of memory function at 30 min). CFT,
Complex Figure Test recall scores (an index of memory function at 30 min). TMT,
Trail Making Test Part B scores, an index of divided attention and multi-tasking.
WCST Wisconsin Card Sorting Test Perseverative Errors, an index of reasoning and
concept formation (executive functioning). There were no significant differences
between the groups for any of the neuropsychological tests.
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Hi Prob 0.17
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Trial-level parameters were z-scored. k.. <40/46 for younger/older adults.

N=2x 96= 192 (age groups x trials per group).
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Trial-level predictors were z-scored. N= 2 x 96= 192 (blocks x trials per block).
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IMPULSE PURCHASE
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Decision 1.788
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Managed mutual fund .008
Unmanaged mutual fund  1.008
FINANCIAL BEHAVIOR
Acquired knowledge 515
Promotion-oriented 0.727
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*Exp(b) values are the exponentiated regression coefficient estimates.
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Lower Upper
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The dependent variable is the proportion of RA choices on conflict trials

in instructed gambling across both age groups. All proportion data is logit-
transformed then standardized. Age is dummy coded (—1/1 for younger/older

adults).
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Education (years) 15.97 (2.72) 0.211*
PREMORBID AND CURRENT INTELLIGENCE

WRAT-3 Reading 51.36 (4.00) 0.128
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WASI Block Design 36.61 (11.44) 0.307**
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WAIS-III Digit Span 17.17 (3.90) 0.002

WAIS-III Lette-Number 10.11 (2.50) 0.100
NUMERICAL SKILL

WAIS-III Arithmetic 14.51 (3.36) 0.127
Numeracy 8.25(2.35) 0.133
VISUAL SPATIAL

Benton Facial Recognition 46.77 (4.19) 0.115
Rey-O Complex Figure Copy  32.45 (2.82) —0.060
LANGUAGE

COWAT 44.17 (11.66) 0.023
Boston Naming Test 8.75 (1.47) 0.095
MEMORY

AVLT 30 min Delay 9.90 (2.85) 0.070
Rey-O Complex Figure Delay 6.26 (6.50) 0.155
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lowa Gambling Task 2.14 (38.01) 0.205*
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Trial type Low-risk High-risk Older adults Younger adults

Prob. Amt. Prob. Amt. ue 16 Change in RA* uG 16 Change in RA*
CF 1 100 0.2 750 0.54 0.49 -0.05 0.85 0.23 ~0.63
CF 0.7 100 0.2 500 0.65 0.41 -024 0.73 0.15 ~0.58
CF 0.7 300 0.4 750 0.68 0.47 -021 0.73 0.18 -0.55
CF 0.7 100 0.4 250 0.57 0.50 -0.07 0.75 0.20 -0.55
CF 1 100 06 250 0.57 0.55 -0.03 0.75 0.21 -0.54
CF 0.7 100 0.1 750 0.51 0.49 -0.02 0.78 0.23 -0.54
CF 0.7 100 0.2 750 0.57 0.36 -0.20 0.65 0.13 -0.53
CF 0.9 200 04 500 0.57 0.41 =017 0.68 0.15 -0.53
CF 0.9 200 0.2 1000 0.60 0.34 -0.26 0.70 0.18 -0.53
CF 0.9 100 0.4 250 0.53 0.51 -0.02 0.85 0.35 -0.50
CF 0.9 100 0.2 500 0.64 0.53 -0.1 0.70 0.20 —0.50
CF 0.7 400 0.4 750 0.68 0.70 0.01 0.78 031 ~047
CF 0.7 100 0.1 1000 0.46 0.28 -0.18 0.55 0.10 —045
CF 0.9 400 0.4 1000 053 0.38 ~0.15 0.50 0.08 -043
CF 0.9 100 0.2 1000 0.40 041 0.01 048 0.05 -043
CF 0.7 200 0.2 750 0.72 0.47 -0.26 0.78 0.38 ~0.40
CF 1 300 0.4 1000 0.50 0.67 0.17 055 0.15 ~0.40
CF 0.9 300 0.4 1000 0.49 0.30 -0.19 045 0.08 -038
CF 0.9 100 0.1 1000 0.59 0.48 -om 0.50 0.13 -0.38
CF 0.7 200 0.2 1000 0.55 0.37 -0.18 043 0.08 -0.35
CF 05 100 0.2 750 0.44 0.65 0.21 045 0.10 -0.35
CF 0.9 300 06 500 0.68 0.49 -0.19 0.68 0.40 -0.28
CF 0.5 200 0.2 1000 0.50 033 -0.17 0.38 0.10 -0.28
CF 0.5 100 0.2 500 0.45 0.36 -0.09 0.38 0.10 -0.28
CF 0.5 300 0.2 1000 0.50 0.46 —0.04 035 0.08 -0.28
CF 0.9 300 0.4 750 072 0.64 ~0.09 083 0.55 -028
CF 0.9 400 06 750 061 0.62 0.01 073 0.46 -026
CF 0.7 200 06 250 072 0.68 ~0.04 0.68 0.43 -0.25
CF 0.7 200 0.4 1000 0.43 0.24 ~0.19 0.28 0.03 -025
CF 0.7 400 0.4 1000 0.49 0.43 ~0.06 0.30 0.05 -0.25
CF 05 300 0.4 500 0.40 0.28 -0.12 0.28 0.08 -0.20
EQ 1 200 0.4 500 0.76 0.72 -0.03 088 0.68 -0.20
CF 0.7 400 06 500 0.45 0.30 ~0.14 0.58 0.38 -0.19
EQ 1 300 06 500 0.83 0.81 -0.02 0.93 0.75 -0.18
EQ 1 100 0.2 500 0.76 0.77 0.01 0.88 0.70 -0.18
CF 06 250 0.5 400 0.49 0.16 -0.33 023 0.05 -0.18
EQ 0.5 200 0.1 1000 0.74 0.60 -0.14 0.63 0.45 -0.18
EQ 05 200 0.2 500 0.68 0.81 0.3 0.85 0.68 -0.17
EQ 06 250 05 300 0.47 043 -0.03 0.60 0.44 -0.16
CF 0.9 100 0.4 1000 0.48 038 -0.10 0.18 0.03 -0.15
EQ 05 300 0.2 750 0.68 0.76 0.08 0.75 0.62 -0.13
EQ 1 300 0.4 750 0.78 0.85 0.07 0.90 0.7 -0.13
CF 0.7 300 06 500 0.34 0.22 -0.12 0.23 0.10 -0.13
NC 0.9 100 0.2 250 0.87 0.79 -0.09 0.98 0.85 -0.13
EQ 1 100 04 250 0.79 0.77 -0.02 0.95 0.83 -0.13
CF 05 100 04 250 0.47 0.34 -0.13 0.23 0.13 -0.10
EQ 05 100 0.2 250 0.83 0.77 ~0.06 0.78 0.68 -0.10
CF 1 400 06 750 0.79 0.83 0.04 0.78 0.68 -0.10
EQ 1 400 04 1000 0.66 0.79 0.3 0.73 0.63 -0.10
EQ 05 400 02 1000 0.70 0.64 -0.06 0.65 0.58 -0.08
EQ 1 200 0.2 1000 0.66 0.61 ~0.05 0.75 0.68 -0.08
NC 1 300 0.4 500 091 0.89 -0.03 0.98 0.90 -0.08
EQ 05 200 0.4 250 0.74 0.73 -0.01 0.75 0.68 ~0.08
NC 0.9 300 0.2 1000 0.85 0.81 -0.04 0.85 0.79 ~0.06
NC 1 400 0.4 500 0.87 0.83 -0.04 1.00 0.95 -0.05
NC 1 200 0.2 250 0.89 0.89 0.00 1.00 0.95 -0.05
NC 1 200 06 250 0.89 0.89 0.00 1.00 0.95 -0.05
NC 0.6 500 05 100 0.87 0.91 0.04 1.00 0.95 ~0.05
NC 1 100 0.1 500 083 0.91 0.09 0.98 0.93 -0.05
NC 06 750 05 400 0.82 0.76 —-0.07 0.98 0.95 -0.03
NC 09 200 04 250 0.87 0.85 —-0.02 0.98 0.95 -0.03
NC 0.7 300 02 500 0.89 0.89 0.00 0.98 0.95 -0.03
NC 0.7 100 02 250 0.74 0.76 0.02 0.98 0.95 ~-0.03
NC 1 100 0.1 250 0.87 0.91 0.04 100 0.98 -0.03
NC 1 300 0.2 750 081 0.87 0.06 1.00 0.98 -0.03
NC 1 400 06 500 0.87 0.96 0.09 0.98 0.95 -0.03
EQ 1 100 0.1 1000 0.70 0.81 [Ril 0.75 0.73 -0.03
CF 05 200 0.4 1000 0.37 0.1 -026 0.05 0.03 -0.03
NC 1 200 0.2 750 0.79 0.76 -0.03 0.95 0.93 -0.02
NC 0.9 400 0.4 750 0.85 0.89 0.04 0.93 0.92 0.00
NC 0.9 200 0.2 750 0.85 0.83 -0.02 0.93 0.93 0.00
NC 0.9 400 0.2 500 0.83 0.85 0.02 1.00 1.00 0.00
NC 1 400 0.1 1000 0.85 0.87 0.02 0.95 0.95 0.00
NC 0.7 400 0.1 250 0.93 0.96 0.02 1.00 1.00 0.00
NC 1 400 04 750 0.85 0.89 0.04 0.93 0.93 0.00
NC 1 300 02 250 091 0.96 0.04 0.98 0.98 0.00
NC 1 300 0.1 750 078 0.89 0.12 1.00 1.00 0.00
NC 0.7 300 0.4 500 082 0.83 0.01 0.80 0.83 0.02
NC 0.9 300 0.4 500 0.89 0.7 -0.13 0.90 0.93 0.03
NC 0.9 400 06 500 0.89 0.81 -0.09 0.95 0.98 0.03
NC 05 400 0.1 250 0.87 0.79 -0.09 0.98 1.00 0.03
NC 0.7 200 0.1 1000 0.87 0.83 -0.04 0.83 0.85 0.03
NC 0.9 300 06 250 081 0.83 0.02 0.98 1.00 0.03
NC 0.7 300 06 250 0.79 0.81 0.02 0.95 0.98 0.03
NC 0.7 400 0.1 500 0.77 0.79 0.02 0.98 1.00 0.03
NC 09 200 06 250 0.77 0.83 0.06 0.95 0.98 0.03
NC 06 1000 05 100 0.85 0.96 0.1 0.98 1.00 0.03
NC 09 200 0.1 500 0.81 0.74 -0.07 0.95 1.00 0.05
NC 09 200 0.1 750 0.85 0.83 —0.02 0.95 1.00 0.05
NC 05 400 02 750 0.83 0.82 -0.01 0.88 0.93 0.05
NC 05 300 0.1 250 0.89 0.93 0.04 0.95 1.00 0.05
NC 1 100 0.1 750 0.87 0.96 0.09 0.85 0.95 0.10
NC 0.9 100 0.1 750 078 0.89 0.11 0.88 0.98 0.10
EQ 05 100 0.1 500 0.64 0.71 0.07 0.55 0.68 0.13
NC 05 200 0.1 750 0.79 0.89 (il 0.75 0.95 0.20
NC 0.7 100 0.1 500 0.87 0.85 ~0.02 0.78 1.00 0.23

*Change in RA refers to the change in the frequency of selecting the high probability option, which, during confiict trials, was the operational measure of RA in our
study.
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problem is shown; the loss version was identical except that X and Y had a

negative sign.
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