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Naturalistic assessments in virtual reality and in real life help 
resolve the age-prospective memory paradox
Nathan S. Rose a and Joseph M. Saitob

aDepartment of Psychology, University of Notre Dame, Notre Dame, IN, USA; bDepartment of Psychology, 
University of Toronto, Mississauga, ON, Canada

ABSTRACT
Cognitive aging researchers have long reported “paradoxical” age 
differences in prospective memory (PM), with age deficits in labora
tory settings and age benefits (or no deficits) in real-world settings. 
We propose a theoretical account that explains this “age-PM- 
paradox” as a consequence of both methodological factors and 
developmental changes in cognitive abilities and personality traits. 
To test this account, young  and older  adults   performed a series of 
naturalistic PM tasks in the lab and real world. Age-related PM 
deficits were observed in both lab-based tasks where demands 
were implemented using virtual reality and in-person role-playing. 
In contrast, older adults performed equal to or better than young 
adults on both real-world tasks, where demands were implemented 
in participants’ daily lives. Consistent with our proposed account, 
an index of these “paradoxical” effects was partially predicted by 
age-related differences in working memory, vigilance, agreeable
ness, and neuroticism, whose predictive utility varied across task 
settings.
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Prospective memory (PM) refers to the cognitive processes that enable individuals to 
remember to do intended actions at the appropriate moment in the future. In a typical day, 
individuals engage in multiple behaviors that depend on PM (e.g., remembering to take 
medications and turn off appliances). Given the ubiquity of these cognitive processes in 
daily life, preserving PM into older adulthood is essential for maintaining an independent 
lifestyle (Crovitz & Daniel, 1984; Einstein & McDaniel, 1990; Ellis & Kvavilashvili, 2000; 
Hering et al., 2018; Kliegel & Martin, 2003; Terry, 1988; Woods et al., 2015).

Although a substantial body of research has been conducted on the nature and 
extent of age-related differences in PM performance, studies over the last 40 years 
have repeatedly shown paradoxical patterns across laboratory and real-world settings 
(for reviews, see Kliegel et al., 2016; Peter & Kliegel, 2018; Schnitzspahn et al., 2020). 
Specifically, while older adults typically show age-related deficits on conventional lab- 
based paradigms (Einstein & McDaniel, 1990; N. S. Rose et al., 2010), they often 
perform as well as or better than young adults on real-world tasks (Aberle et al.,  
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2010; Kliegel et al., 2008; Rendell & Craik, 2000; Rendell & Thomson, 1999). This pattern 
has been described as “one of the most important puzzles in the study of cognitive 
aging” (p. 3, Verhaeghen et al., 2012). Here, we propose a theoretical account of this 
paradox that helps explain this pattern in performance as the result of developmental 
changes in both cognitive abilities and motivational factors related to personality 
traits, which are differentially implicated in different settings between young and 
older adults.

The age-prospective memory paradox

In 1999, Rendell and Thomson reported one of the first formal investigations of age- 
related differences in PM across lab and real-world task settings. In the lab, young and 
older adult participants were asked to turn off a stop-clock after seven minutes and to 
note the time they finished a questionnaire during a word-list learning task. Here, robust 
patterns of age-related deficits were observed. Outside the lab, participants were asked to 
log times at four set times for one week, with six different regimens that varied the 
complexity of the time schedule and the opportunity to use external aids and conjunction 
cues (e.g., recoding the task of “put casserole in oven at 5:30” as “when you get home from 
work”). In contrast to the lab-based tasks, older adults outperformed the young adults on 
all conditions of the real-world tasks. It was suggested that these results confirmed the 
existence of an “age-prospective-memory paradox” that had been observed and reported 
in the literature since at least 1982 (Moscovitch, 1982; Schaffer & Poon, 1982; Rendell & 
Thomson, 1999; for meta-analyses, see; Henry et al., 2004; Uttl & Greene, 2008). Now, there 
are over 400 publications referencing this paradox.

Even though this phenomenon has been observed for over 40 years, there still is no 
comprehensive account of it. Whenever there are discussions of the paradox, there is 
often a litany of just-so stories used to explain away the findings. For example, many 
assume that age-related differences reflect lifestyle factors, including busyness and the 
number and structure of routine everyday life activities. Yet, studies directly investigating 
this hypothesis have shown that these variables alone do not fully explain the paradox. 
While perceived busyness has been associated with self-reported PM failures (Gondo 
et al., 2010; Martin & Park, 2003), it does not mediate the paradox (Festini et al., 2016).

Age differences in the use of reminders are another common just-so story. Most studies 
of PM in daily life instruct participants to avoid using reminders (e.g., alarms and notes), 
yet some individuals still report using some sort of external aid to help them with PM 
tasks. However, a large and growing literature shows that there are little-to-no age 
differences in the use of PM reminders and that this also cannot explain the paradox 
(Ihle et al., 2012; Maylor, 1990; Niedźwieńska & Barzykowski, 2012; Patton & Meit, 1993; 
Rendell & Craik, 2000; Rendell & Thomson, 1999; Schnitzspahn et al., 2011, 2020; West,  
1988). So then, what causes paradoxical patterns of PM performance between the lab and 
real world?

Resolving the age-PM paradox

Below, we highlight three factors that may play a meaningful role in the age-PM paradox. 
The first has to do with methodological issues related to the variety of ways that PM 
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constructs are operationalized and measured across lab and real-world settings. For 
example, while lab-based studies often use time-based tasks with target intentions 
spaced across relatively short retention intervals (e.g., 5 or 10 minutes), real-world tasks 
often incorporate longer delays with target intentions occurring at particular times of day 
instead (e.g., 5PM). Consistent with this account, we recently showed that older adults did 
worse than young adults on time-interval tasks performed in the lab, but outperformed 
young adults on time-of-day tasks performed in everyday life, even for a demanding 
version of the real-world tasks (Haines et al., 2020). However, in that same study, when the 
target intentions in the real-world task were modified to be based on time intervals rather 
than times of day, older adults no longer outperformed young adults (see also Bailey et al.,  
2010). This suggests that it is not a difference in task setting, per se, that drives paradoxical 
patterns of PM performance, but is instead a difference in the types of PM tasks that tend 
to be implemented across task settings. Outside the lab, people can convert time-of-day 
cues (e.g., 5PM) to event cues by associating them with events that happen at that time 
of day (e.g., when leaving work). By contrast, this type of recoding scheme would be much 
more difficult to implement in the lab when targets are based on short, arbitrary time 
intervals.

A related hypothesis is that conventional lab-based measures differ from real-world 
tasks in their ecological validity (see, e.g., Phillips et al., 2008). Does remembering to press 
a computer key when a specific word is presented during a lexical decision task depend 
on the same cognitive functions as following a medication regimen over the course of 
several days in everyday life? Prior work has shown that differences in ecological validity 
between lab-based and real-world measures cannot be resolved just by incorporating 
familiar elements of daily life into otherwise artificial tasks (Rendell & Craik, 2000; Rose 
et al., 2010). For example, Rendell and Craik (2000) developed a boardgame paradigm, 
Virtual Week, in which participants simulate five virtual days of activities and simulate 
performing PM tasks that are common in everyday life (e.g., taking medication at break
fast, dropping off dry cleaning after lunch), with each virtual “day” lasting about 10  
minutes of actual time. Despite the everyday nature of the PM tasks embedded within 
Virtual Week, young adults still outperformed older adults.

One possibility is that the artificial structure and condensed nature of tasks like 
Virtual Week produce critical limitations on older adults’ ability to translate their years 
of real-world experience to the task. It is reasonable to expect that performing an 
entire day’s worth of PM intentions in 10 minutes places considerably more demands 
on short-term/working memory processes than performing these intentions over 
a more naturalistic time scale. Indeed, N. S. Rose et al. (2010) showed that age- 
related deficits in Virtual Week performance were largely attributable to age- and 
individual-differences in working memory (WM). WM is known to decline with age 
(Bopp & Verhaeghen, 2005; Park, 2000; Park et al., 2002; N. S. Rose et al., 2009, 2010; 
Rypma & D’Esposito, 2000; Salthouse, 1994; Sarter & Bruno, 2004) and predict indivi
dual differences in PM (Engle et al., 1999; Kane et al., 2007; N. S. Rose et al., 2010, 2015; 
Unsworth et al., 2012). Given these findings, it may be the case that lab-based tasks 
like Virtual Week, despite incorporating familiar elements of everyday behavior, recruit 
cognitive mechanisms differently from everyday PM functioning. That said, few studies 
have systematically assessed the same participants on multiple naturalistic PM para
digms across both lab-based and real-world contexts. As such, a more complete 
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examination of the age-PM paradox will require an individual differences approach in 
which large numbers of the same young and older adults perform similar naturalistic 
PM tasks in the lab and real-world settings, as well as tasks of potential cognitive 
predictors (e.g., WM, vigilance).

Lastly, age- and individual-differences in various motivational factors may also con
tribute to the age-PM paradox. Some data suggest that motivation plays a direct role in 
PM performance via financial, social,1 and intrinsic motivators (Aberle et al., 2010; Peter & 
Kliegel, 2018). Motivational factors also appear to play an indirect role via developmental 
differences in personality traits (Lodi-Smith et al., 2011). For example, older adults score 
higher than young adults on measures of conscientiousness and agreeableness on 
average (Helson et al., 2002). These factors relate to age- and individual-differences in 
time-management and procrastination (D. C. Watson, 2001), as well as associated cogni
tive abilities (e.g., WM, vigilance) that help facilitate PM (Hering et al., 2014). To this point, 
some studies have reported positive associations between conscientiousness and PM 
performance (Cuttler & Graf, 2007; Smith et al., 2011), but the research overall remains 
mixed, likely due to variability in the use of self-report and objective measures of PM 
performance in lab-based and real-world contexts (Uttl & Kibreab, 2011; Uttl et al., 2013). 
These mixed findings further underscore the need for a more comprehensive examination 
of the age-PM paradox that incorporates objective measures of both personality and 
cognitive predictors of PM performance in both lab- and real-world contexts within the 
same individuals.

The present study

We designed the present study with the aim of addressing the factors described in the 
previous section. To examine the role of ecological validity, we used four naturalistic PM 
paradigms that were done in lab-based or real-world settings. One was a new immersive 
virtual reality (VR) paradigm with both time-interval and event-based PM measures, and 
the other three were selected based on logistic feasibility and prior evidence of their 
ecological validity: the Breakfast Task, which involved simulating the preparation of 
breakfast for a large group of people with both time-interval PM intentions (e.g., flip the 
eggs after 3 minutes) and event-based PM intentions (e.g., turn off all appliances when 
done; Altgassen et al., 2015; Craik & Bialystok, 2006), the Belongings Task, which involved 
remembering to retrieve one’s cell phone and return an activity-tracker at the end of the 
lab-based portion of the experiment (i.e., event-based PM intentions, Cuttler & Graf, 2008; 
N. Rose et al., 2023; Wilson et al., 1985), and the Call-Back Task, which involved calling the 
experimenter’s office while at home in everyday life after relatively short time intervals 
(i.e., time-interval PM intentions, N. S. Rose et al., 2015). These naturalistic PM paradigms 
enable a high-degree of experimental control while also capturing common types of PM 
intentions across task settings (Altgassen et al., 2010; Einstein & McDaniel, 1990; Einstein 
et al., 1992).

Our motivation for the VR paradigm was based on the fact that VR has been increas
ingly used over the last decade to make lab-based paradigms more realistic, including 
those used to measure PM. However, prior efforts have largely involved two important 
limitations. The first is methodological. PM studies using VR have used either standard 
computer monitors (Debarnot et al., 2015; Gonneaud et al., 2014; Sakai et al., 2018) or 
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head-mounted displays (Banville et al., 2010; Parsons et al., 2017). While both can present 
three-dimensional environments, HMDs have the added advantage of adjusting visual 
input in real-time with physical head movements. This has been shown to evoke patterns 
of neural activity that are more like real-world navigation (e.g., Taube et al., 2013). For 
example, rodent models using VR have suggested that only 25% of localized place cell 
activation is achieved with visual input alone. The remaining 75% requires synchronous 
proprioceptive and vestibular information from physical movement (Chen et al., 2013). 
Thus, VR paradigms that do not use HMDs may not fully capture the immersive, neuro
cognitive processes that are engaged in the real world (Debarnot et al., 2015; Jylkkä et al.,  
2023; O’Rear & Radvansky, 2019; Okahashi et al., 2013; Parsons & Parsons et al., 2017; Sakai 
et al., 2018). Moreover, even for PM studies that have used HMDs previously, many 
required people to sit or lie static throughout the task (Dong et al., 2018; Kalpouzos 
et al., 2010). The novel VR paradigm and setup used in the current study allowed full 
physical mobility, which provides more immersion and a closer approximation of real- 
world activity.

The second limitation is theoretical. While some recent studies have involved immer
sive PM assessments in VR (e.g., Jylkkä et al., 2023; Seesjärvi et al., 2022), to our knowledge, 
no study has shown that VR-based PM tasks capture age-differences in naturalistic PM. 
One study showed that age-differences in PM performance in an immersive VR shopping 
task were related to self-reports of everyday memory (Ouellet et al., 2018). While this 
presents promising preliminary evidence supporting the use of VR, correlating perfor
mance with a subjective rating instead of an objective assessment of real-world PM limits 
its validation (Uttl & Kibreab, 2011). In the present study, we perform a direct comparison 
between VR and multiple, objective measures of naturalistic PM performed in either lab or 
real-world settings.

Within the VR paradigm used here, participants performed PM tasks embedded 
in the commercially-available role-playing videogame, Job Simulator (Owlchemy 
Labs, Co., Austin, TX), in which players participate in futuristic, humorous simula
tions of different jobs such as a convenience store clerk or a short-order cook. 
Despite participants’ lack of familiarity with the Job Simulator environment, we 
hypothesized that performing realistic occupational tasks in an immersive environ
ment would more closely approximate real-world behavior and result in patterns of 
performance that correspond with those of our other validated PM measures. 
Specifically, age differences in Job Simulator performance were predicted to be 
closely related to age differences in performance on the Breakfast Task, given that 
they both required managing multiple PM intentions while performing other 
demanding, ongoing tasks. Although the Belongings Task and Call-Back task also 
required performing PM tasks, the context and demands were considerably differ
ent, especially for the Call-Back task. For example, the Call-Back task was com
pleted at home in the participant’s own environment where they may be able to 
reduce the overall cognitive load (i.e., WM demands) of the task by adjusting the 
pace and demands of other ongoing activities. For this reason, although we hoped 
that the immersive VR tasks would capture real world PM, we suspected that 
differences in context and load would reveal “paradoxical” patterns of age differ
ences in PM that we could use to test our theoretical account of the paradox 
based on age- and individual-differences in cognition and personality.
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To test the impact of developmental changes in personality and cognition on PM 
performance, we administered measures of WM, vigilance, and the “big five” person
ality traits. As aforementioned, age differences in PM may be partially explained by 
differences in WM abilities (Engle et al., 1999; Kane et al., 2007; N. S. Rose et al.,  
2010; Unsworth et al., 2012). Vigilance has also been associated with PM previously, 
particularly in conditions that require sustained attention and online monitoring 
(e.g., Einstein & McDaniel, 2008). However, some have suggested that tasks that 
can be fully accomplished via vigilance abilities lack mnemonic processing demands 
that most would consider to be central to the definition of PM (Brandimonte et al.,  
2001; Graf & Uttl, 2001; N. S. Rose et al., 2010). Finally, developmental changes in 
personality traits across adulthood—i.e., increased agreeableness and conscientious
ness, decreased neuroticism, extraversion, and openness (Allemand et al., 2008; 
McCrae et al., 1999) – may relate to age differences in PM. For example, one study 
showed that conscientiousness predicted both lab-based and real-world PM (Cuttler 
& Graf, 2007), and neuroticism predicted lab-based PM in young adults (see 
Anderson & McDaniel, 2019, for another example of neuroticism predicting young 
adults’ self-reported thoughts about real world PM using experience sampling meth
ods). In the present study, we constructed hierarchical regression models using these 
variables as predictors of PM performance to assess their contribution to the age-PM 
paradox. We hypothesized that WM, but not vigilance, would predict PM perfor
mance on Job Simulator and Breakfast tasks, and that age differences in personality 
traits (particularly conscientiousness and neuroticism) would help explain any “para
doxical” differences in PM performance across settings (e.g., on the Belongings and 
Call-back tasks).

Method

Power analysis

Because we aimed to conduct hierarchical, multiple-regression modeling to assess 
the effects of age- and individual-differences in cognition and personality on age 
differences in PM performance across task settings, we relied on our previous study 
that used a similar approach (N. S. Rose et al., 2010) to determine an appropriate 
sample size to test in this study. N. S. Rose et al. (2010) found moderate effect sizes 
with regards to the prediction of age- and individual-differences in PM performance 
in young and older adults. A power calculation performed with an alpha level of 
0.05, statistical power of 0.8, and an anticipated between-subjects effect size of 
f2 = 0.15 revealed that we would need at least 100 participants split between the 
two groups to detect an effect with 8 predictors in the model (Faul et al., 2007).

Participants

Young (N = 59; 18–30 years; Mage = 19.4; SDage = 1.8; Medu = 13.0) and cognitively healthy 
older adult volunteers (N = 52; 58–83 years; Mage = 70.4; SDage = 5.1; Medu = 16.3) were 
recruited to participate in exchange for either course credit or $10/hour. The older adults 
were those who had attended and participated in our outreach activities at a local church 
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and Community Learning Center (or were referred by their friends and family). There was 
one participant below the age of 60 and three below the age of 65. We attempted to 
address the wide age range in our sample by analyzing the data with correlational/ 
regression analyses with age included as a continuous variable. To ensure that the pattern 
of results did not depend on including the few older adults who were below 65, we 
excluded these participants and reanalyzed the data. The interpretations and conclusions 
from the results reported below were unaffected. All participants were screened for 
psychiatric illness, the use of psychoactive medications, and risk factors associated with 
using VR (e.g., epilepsy, motion sickness; see Supplemental Table 1 for the full list of 
exclusionary criteria). Older adults were also screened for cognitive impairments using the 
Telephone Interview for Cognitive Status (TICS; Brandt et al., 1988) (M = 38.1, SD = 3.3, 
cutoff < 32). No participants withdrew due to cybersickness. Some data were unavailable 
for ten participants due to either early withdrawal (five older; did not return for second 
session), not following instructions (one older), or computer malfunction during a session 
(one young, three older). Additionally, data for the out-of-lab PM tasks were unavailable 
for ten participants (four young, six old) due to either researcher error in task administra
tion (four young), because the participant did not own a cell phone (five older), or 
a scheduling error (one older). Each participant provided informed consent in accordance 
with the procedures approved by the Institutional Research Board at the University of 
Notre Dame (17 June 3930).

Immersive VR game

Job Simulator is a commercially-available immersive VR videogame that entails role- 
playing through simulations of real-world jobs and completing associated tasks (see 
Figure 1). Participants completed a short-order cook and a convenience store clerk 
simulation. These simulations included the ongoing videogame narrative as well as 
a set of PM tasks that were appended by the researchers (see supplemental material). 
A floating computer “Job-bot” provided audible instructions for what participants needed 
to do in the virtual environment to advance to the next in-game task. These audio 
instructions were delivered through a speaker in the experimental room at 
a comfortable listening volume for each participant.

Participants began by completing a tutorial that covered how to interact with objects 
and monitor time in the VR environment. Afterward, researchers removed the HMD from 
the participant’s head and positioned them comfortably in front of a computer in the lab 
space. Using the computer, participants studied a collection of seven PM tasks (see 
Supplemental Table 2) that were to be performed during the Job Simulator game 
narrative. The studied PM tasks consisted of four event-based intentions (e.g., turn the 
sink on and off every three orders to clear the drain) and three time-based intentions (e.g., 
“drink” a cup of water every 5 minutes). The tasks were not listed by task type or by the 
order in which they were to be performed in the game during study. Participants were 
told that the tasks needed to be memorized and executed in response to the correspond
ing event-based or time-based cue during gameplay. Event-based cues consisted of 
external events intended to trigger retrieval of the PM intention while time-based cues 
required monitoring a clock embedded in the in-game menu of Job Simulator.
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After studying the task list for one minute, participants were asked to vocally recall as 
many of the tasks as they could remember without prompting. Afterward, the researcher 
repeated the tasks aloud to the participant and corrected any tasks that were either 
recalled incorrectly or not recalled. This process was repeated until participants were able 
to correctly recall all of the tasks aloud without any assistance from the researcher. Young 
adults took an average of 1.99 (SD = 0.49) study trials and older adults took an average of 
3.31 (SD = 1.46) study trials, which was a significant difference, t(109) = 6.54, p < .0001. 
After memorizing the list of tasks, participants then watched a brief, narrated introduction 
video about the impending VR simulation that included an overview of the environment 
(e.g., the kitchen in the short-order cook simulation), including the location of several 
items that were to be used in some of the PM tasks (e.g., the location of the wine bottles) 
(see Supplemental Figure S1).

Once participants reentered the virtual environment, before beginning the simula
tion, they were told to press the menu button on their handheld controller to bring up 
the clock and to state the current time of day aloud. The researcher informed the 
participant that the current time of day represented the starting time of the simulation 

Figure 1. Examples of participants completing PM tasks in the immersive job simulator VR game for 
the convenience-store clerk (top) and short-order chef (bottom) scenario.
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and asked them to verbally report the target times at which they were to perform the 
time-based tasks (see Supplemental Figure S1 and Video). For example, if the partici
pant began the short-order cook simulation at 12:05PM, the participant was to state 
that they had to place the wine into the fridge at exactly 12:17PM. After reporting the 
target times for each of the time-based tasks, participants played through the simula
tion. During the VR gameplay, screen-capture software was used to record in-game 
footage of participants’ performance to allow for offline scoring including the fre
quency of clock checking behavior for control analyses (see Supplemental Video for an 
example).

After completing the simulation, participants’ retrospective memory of the PM tasks 
was assessed by again asking to verbally recall the PM tasks that they had memorized 
earlier. Tasks that were not successfully recalled on this retrospective memory check were 
excluded from analysis because failure to complete the task could have resulted from 
a failure to encode or retrieve the content of the PM intention (i.e., retrospective memory 
failure) rather than a failure with remembering to perform the delayed intention at the 
appropriate moment (i.e., a PM failure). The percentage of tasks that were excluded from 
analysis due to retrospective memory failures was 4% for young adults and 15% for older 
adults. This difference was significant, t(105) = 21.72, p < .001.One young adult and six 
older adults failed to recall at least 70% of the tasks. When these participants were 
excluded from analysis, the difference in retrospective memory between the groups still 
remained (96.0% vs. 88.2%, t(100) = 5.06, p < .001)2

Breakfast task

The Breakfast Task was administered to provide another objective measure of naturalistic 
PM that was performed in the lab under direct observation. The task design and analyses 
were based on similar paradigms described in detail elsewhere (Altgassen et al., 2015; 
Craik & Bialystok, 2006; Feinkohl et al., 2016; Hering et al., 2014). Participants were asked to 
simulate preparing a breakfast comprising both “global” and “local” goals with varying 
complexity involving five different foods and beverages. Each food and beverage item 
that was to be prepared in the simulation required a different series of steps and had 
different time-interval constraints associated with their preparation (e.g., flip the bacon 
after 4 minutes). There were 10 of these local food/beverage preparation goals in total. 
The four global task goals included (1) finishing all of the foods and drinks as close 
together in time as possible, (2) turning off all appliances after finishing meal preparation, 
(3) accurately arranging the food on the plate according to the instructions before serving, 
and (4) finishing all of the meal preparation demands in under 13 minutes. While prepar
ing the meal, participants were asked to perform an ongoing task that involved setting as 
many table settings as possible at each of four stations at a square-shaped table. After the 
instructions for the task were learned to criterion (perfect recall), participants made 
a handwritten plan about how they were going to execute the task to fulfill all of the 
task goals. The plan was scored to assess planning ability for control analyses. The clock 
that participants used to monitor the time was positioned to allow for recording the 
frequency of clock checking behavior for control analyses. Specific details and the task 
instructions are provided in the Supplemental Methods.
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Belongings task

A modified version of a personal belongings task (Cuttler & Graf, 2008; Wilson et al., 1985) 
was administered in order to measure participants’ performance on naturalistic PM tasks 
that are or are not personally relevant in a lab-based setting under controlled experi
mental conditions. The researcher and participant exchanged personal items (i.e., the 
participant’s cell/mobile phone and the researcher’s activity-tracker/step-counter) before 
the beginning of the in-lab experiment that needed to be returned or retrieved at the end 
of the experiment. When the participant came into the lab for their first testing session, 
after providing informed consent, the researcher asked for the participant’s cell phone to 
be kept in a secure location so that they would not be “distracted by it during their test 
session”. The researcher also told the participant that they would attach an activity-tracker 
(step-counter) to the back of their clothes to track their amount of “fidgeting during the 
experiment” (for details, see the explicit encoding condition of N. Rose et al., 2023). The 
participants were explicitly instructed to remember to both ask for their cell phone and 
return the activity-tracker at the end of the experimental session. Upon completion of the 
experiment, participants were debriefed about the session and were told that they were 
free to leave (i.e., there was no prompt or reminder about their phone or the tracker). 
A confederate experimenter whom the participant had not met or seen waited outside 
the testing room to see if and when they stopped to remember to ask for their cell phone 
back or return the activity tracker. The precise location where they stopped to remember 
was recorded on a copy of the floor plan of the building. PM accuracy was calculated as 
the sum of the distance from the target location where the participant was to retrieve the 
intentions before leaving the lab. If the participant completely forgot, they were stopped 
and reminded just before they exited the building and assigned this maximum distance 
value. To account for skew in the data, the square root of each participant’s summed 
distance was recorded. Histograms, skewness, and kurtosis values were examined for both 
the full sample and each age-group for the participants’ square root transformed summed 
distance as well as the number of forgotten items (0, 1, or 2). The psychometric properties 
in terms of approximating a normal distribution with acceptable skewness and kurtosis 
values were best for the square root transformed summed distance.

Call-back task

The Call-back task was administered to measure naturalistic PM performance in the 
real world, outside of the lab (for details, see N. S. Rose et al., 2015). The participant 
coordinated a day between their first and second test session in which they had a two- 
hour window during normal business-hours when they would be at home and avail
able to receive and make four phone calls to the lab. At the start of the two-hour 
window, the researcher called the participant and told them to call the lab back and 
leave a message with their initials at exactly 15 and 40 minutes after they hung up. For 
example, if, upon hanging up the phone, the time of day was 11:13AM, the target 
times to return a call to the lab would be 11:28 AM and 11:53AM. The researcher 
noted the start time. The target time to return each phone call was not mentioned to 
the participant. They were to calculate it on their own and remember to call as close 
to the target time as possible and leave a voicemail that stated the time they intended 
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to call. The researcher explicitly instructed the participant that they were to avoid 
using reminders, timers, or any other form of memory “offloading” strategy during the 
delay. Participants were told that the purpose of the task was for them to remember 
on their own. PM performance was scored as the deviation from the message time
stamp relative to the target times. The process was repeated for the second hour with 
target times of 20 and 35 minutes after they hung up. All participants reported 
complying with the instructions. If a call was not returned at any point, the actual 
time assessed was imputed to three standard deviations longer than the median 
deviation time for the participant’s respective group. Mean square-root transformed 
deviations from the target times across the four calls represented the participants’ 
Call-back score.3

Psychomotor vigilance task (PVT)

The PVT was administered to measure vigilance ability. It is a reaction time measure that 
consists of monitoring for a change in a dot’s color that occurs at unpredictable times 
onscreen, and responding (via keypress) as rapidly as possible (for details, N. S. Rose et al.,  
2010). The variable inter-trial interval, which randomly ranged from 3000 to 7000 milli
seconds (ms) in steps of 500 ms, required that the participant remained vigilant in 
monitoring the dot’s color change for 100 trials without a break. Trials with response 
times (RT) less than 200 ms or greater than 1000 ms were removed, resulting in loss of 
0.82% of the data. One older adult was identified as an outlier due to an excessive number 
of omitted trials (26%) so their data were excluded from analysis. Mean RT for the trimmed 
data set was calculated. Histograms, skewness, and kurtosis values were examined for 
both the full sample and each age group for participants’ square-root-transformed mean 
RT, as well as their standard deviation (SD) of RT, coefficient of variation (SD/mean), and 
proportion of “lapses” (response times > 500 msec). The psychometric properties in terms 
of approximating a normal distribution with acceptable skewness and kurtosis values 
were best for the square-root-transformed mean RT.

Big five inventory (BFI-II)

The BFI-II was administered to measure the Big Five personality dimensions (D. Watson 
& Clark, 1992). It is a well-validated assessment of personality consisting of a 60-item 
self-reported questionnaire. Each item contained a statement that described a general 
characteristic (e.g., “I am someone who is outgoing, sociable”), and participants iden
tified the extent to which they agreed it was representative of themselves on a 5-point 
scale, from 1 (strongly disagree) to 5 (strongly agree). Each participant’s inventory was 
scored for the big five domain scales of personality: open-mindedness, conscientious
ness, extraversion, agreeableness, and neuroticism (see Soto & John, 2017 for scoring 
criteria).

Operation span task (OSPAN)

The Operation Span Task (OSPAN) was administered to measure WM capacity (Turner & 
Engle, 1989). It is a well-validated measure of WM capacity that consists of a dual-task 
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procedure in which participants were asked to answer arithmetic questions while trying 
to remember an interspersed sequence of letters. The number of letters ranged from 
three to seven per trial. After each trial, participants were asked to select the letters they 
had seen, in order of presentation, from a set of twelve possible letters. This recall test was 
performed by clicking the mouse on each appropriate letter. Three trials of each set size 
were performed in a randomized order across the entire task. The dependent measure 
with the best psychometric properties in this sample was the total number of letters that 
were recalled in correct order on correct trials (i.e., absolute score; Conway et al., 2005).

Procedure

The experiment was completed in two separate sessions, each approximately two hours 
in length, and spaced approximately one week apart (M = 7.2 days). Participants com
pleted both VR simulations at the start of the first in-lab testing session. Afterward, they 
spent the remainder of the session completing the BFI-II and the PVT. The Belongings Task 
began at the beginning of the first session with the initial exchange of personal belong
ings and completed at the end of the first session with the return of the belongings. 
Participants performed the Call-back task at home between the first and second sessions. 
In the second in-lab testing session, participants first received instructions for the 
Breakfast task and completed the planning stage. Each participant then performed the 
OSPAN task before beginning the Breakfast task to provide a filled retention-interval 
between Breakfast task encoding and performance. The filled retention-interval was 
comparable between the age groups (M (SD) = 13.5 (2.12) and 13.6 (2.32) min for young 
and older adults, respectively; t(109) = −0.31, p = 0.76).4 For further procedural details 
(instructions, etc.), see the Supplemental Material.

Scoring criteria

PM task performance in Job Simulator and the Breakfast task was measured as the 
absolute difference between the ideal and actual times of task performance. Given the 
large number of observations, these deviation measures were converted to accuracy 
scores for each trial based on whether performance happened within a particular time 
window surrounding the ideal time (10 or 60 seconds for event and time-based tasks, 
respectively) analogous to previous studies (Rendell & Craik, 2000; N. S. Rose et al., 2010).5 

Performance was averaged across the two Job Simulator simulations per task type.

Data analysis

Before we conducted correlational analyses, we first examined the psychometric proper
ties of each task and the extent to which it reliably measured its intended construct. To do 
so, we computed Spearman-Brown split-half reliability coefficients for each age group, 
which can be found in Supplemental Table S6, along with the bivariate Pearson correla
tions among all the other measures above and below the diagonal for the older and 
young adults, respectively. Scores from the Call-back task, PVT, and Belongings task were 
transformed to account for non-normality in their distributions. For the Call-back task, we 
square-root-transformed the time discrepancy for each call and computed the average 
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discrepancy across these transformed observations. For the PVT, we square-root- 
transformed the RT on each trial and computed the average RT across these transformed 
observations. For the Belongings task, we summed the distances traveled from the target 
locations and computed the square root of this summed measure. After these transfor
mations, measures of skewness and kurtosis ranged from − 0.084 to 0.99 and − 1.724 to 
1.786, respectively, which reflect approximately normal distributions (skewness <2, kur
tosis < 4, Kline, 1998).

To assess the age-PM paradox, an index was calculated to provide the most appro
priate, direct comparisons of age-differences in PM performance on the most similar tasks 
(time-based tasks with similar retention intervals) that primarily differed in that they were 
either performed in lab-based or real-world settings. This involved calculating the differ
ence between an individual’s performance on the time-based PM tasks during Job 
Simulator or Breakfast Task and the Call-back task. The size and direction of these 
differences between the same individual’s performance on time-based PM in the different 
task-settings provided a key index of the age-PM paradox that we attempted to predict 
with the cognitive and personality variables in hierarchical, multiple-regression analyses. 
Adjusted R-squared and Bonferroni corrections were used to control for the multiple 
parameters and comparisons.

Results

To outline the results, we first examined age differences in PM performance across the 
four paradigms and the relations among the various measures of performance from those 
paradigms. Afterward, we examined the relations between PM performance and the 
cognitive and personality predictors. Finally, we conducted hierarchical regression mod
eling on a novel age-PM index to test the hypothesis that the age-PM paradox is partly 
due to there being different predictors of young and older adults’ PM performance across 
lab and real-world settings.

Age differences in PM across task settings

The means and psychometric properties for each variable and each group are in Table 1 
with the between-group t-, p-, and Cohen’s d-values.

Job simulator
First, we conducted a mixed-design ANOVA to examine age differences in PM accuracy on 
the Job Simulator tasks and any potential interactions with cue type (event-based, time- 
based) and task regularity (regular, irregular) as within-subjects factors, and age group as 
a between-subjects factor. There was a main effect of age group with young adults 
outperforming older adults across the four task types, F(1,109) = 108.90, p < 0.001, 
ηp

2 = 0.500 (see Figure 2). We also observed an interaction between age-group and cue- 
type with larger age differences on time- based tasks (Y: M = 0.75, SD = 0.21; O: M = 0.36, 
SD = 0.21) than event-based tasks (Y: M = 0.64, SD = 0.18; O: M = 0.41, SD = 0.18; 
F(1,109) = 13.35, p < 0.01, ηp

2 = 0.11). There was neither a main effect, F(1,109) = 1.34, 
p = 0.25, nor any interaction with task regularity, Fs(1,109)<2.16, p > 0.15; thus, further 
analysis collapsed over this factor.
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Given the cue type by age interaction, we investigated the extent to which time 
monitoring behavior (i.e., number of clock checks) impacted participants’ ability to per
form time-based PM tasks correctly. We conducted bivariate correlations on individuals’ 
mean number of clock checks and mean time-based PM task accuracy within the young 
and older adult groups separately. Both young adults’, r = 0.50, p < 0.01, and older adults’, 
r = 0.66, p < 0.01, time-based PM performance was positively correlated with the number 
of clock checks. There was also a significant difference in the average number of clock 
checks between young (M = 46.0, SD = 20.2) and older adults (M = 24.5, SD = 17.9), 
t(109) = 5.89, p < 0.01. However, after controlling for the number of clock checks as 
a covariate in an ANCOVA, age differences in time-based PM accuracy remained, 
F(1,108) = 49.05, p < 0.01, ηp

2 = 0.31, with young adults (M = 0.69, SD = 0.18) still signifi
cantly outperforming older adults (M = 0.43, SD = 0.18). Thus, young adults outperformed 
older adults on all of the PM tasks in Job Simulator, particularly time-based measures – 
a pattern that was not solely explained by the observed differences in time-monitoring 
behavior. Correlational analyses reported below help to explain the source of this differ
ential age deficit.

Breakfast task
Next, we conducted a mixed-design ANOVA with ten levels for the different cooking tasks 
(i.e., local goals) as a within-subjects factor and age group as a between-subjects factor to 
investigate for possible age-related differences in performance. Mean accuracies for each 
group and task are reported in Supplemental Figure S2. The test for between-subjects 
effects revealed significant age-related deficits in the proportion of PM tasks accurately 
performed, F(1,109) = 90.55, p < 0.01, ηp

2 = 0.45. A main effect of task was also observed, F 
(9,981) = 4.58, p < 0.01, ηp

2 = 0.04. However, the task by age-group interaction was not 

Figure 2. Mean proportion of correctly performed job simulator PM tasks in young and older adults. 
Error bars indicate standard error of the mean. *p < 0.05; **p < 0.01.
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significant, F(9,981) = 0.53, p = 0.85, ηp
2 = 0.01. Therefore, subsequent analyses involving 

Breakfast task performance collapsed over task type.
With regards to the global task goals, independent samples t-tests revealed that, 

although there was no difference between young adults (M = 1.08, SD = 1.42) and older 
adults (M = 0.94, SD = 1.19) in the number of appliances left powered on, t(109) = 0.57, p =  
0.57, young adults (M = 0.90, SD = 0.30) were significantly better than older adults (M =  
0.58, SD = 0.50) at remembering to serve the food as instructed at the end of the task, t 
(109) = 4.15, p < 0.01, stopping the foods closer together in time (M = 56 sec., SD = 90 sec. 
vs. M = 94 sec., SD = 122 sec. respectively, though this difference failed to reach signifi
cance, t(109) = −1.87, p = 0.06), and finishing all tasks closer to the 13-minute cutoff time 
(M = 28 sec., SD = 48 sec. vs. M = 98 sec., SD = 102 sec., t(109) = −4.714, p < 0.0001). Overall, 
older adults showed decrements in performance on all tasks relative to young adults, 
except for the two global task goals of finishing cooking the food and beverages at the 
same time and turning off the appliances. Young and older adults’ mean proportions of 
responses for each task type on both the Job Simulator and Breakfast tasks are presented 
in Supplemental Table 5 for the different response categories (time-based VR PM: on time 
<10 sec.; a little late <30 sec.; very late >30 sec.; time-based Breakfast task PM: on time 
<60 sec.; a little late <90 sec.; very late >90 sec).

Similar to our analysis of Job Simulator performance, we investigated whether perfor
mance on the Breakfast task was influenced by time monitoring behavior or planning 
ability. For time monitoring, we found that young adults (M = 16.46, SD = 5.67) checked 
the clock significantly more often than older adults (M = 11.15, SD = 4.94), t(109) = 5.22, p  
< 0.001. However, as with clock checking in Job Simulator, an ANCOVA with the number of 
clock checks as a covariate showed that significant age-differences remained, F(1,108) =  
55.10, p < 0.01, ηp

2 = 0.34, with young adults (M = 0.79, SD = 0.20) still outperforming older 
adults (M = 0.49, SD = 0.20). We measured planning ability using a point-based, composite 
score across three sub-categories: prioritization, rule description, and specification of 
action (see Supplemental Methods). In contrast to time monitoring behavior, planning 
ability was shown to yield no significant differences between young (M = 28.89, SD = 7.87) 
and older adults (M = 26.90, SD = 6.84), t(109) = 1.41, p = 0.16. Thus, despite comparable 
planning abilities, and the advantage of having prepared breakfast many times over their 
lifetime, older adults still performed the Breakfast task less efficiently and accurately than 
young adults. This age-deficit in simulating a naturalistic PM task dovetails with the age- 
deficit observed in PM performance during Job Simulator.

Real-world PM
We conducted independent samples t-tests to assess age differences on the Belongings 
and Call-back tasks. For the Belongings task, young adults (M = 0.79, SD = 0.27) did not 
remember to retrieve their cell phone and return the activity tracker more often than 
older adults (M = 0.71, SD = 0.37), t(99) = 1.28, p = 0.20. There was also no difference 
between young (M = 2.81, SD = 2.76) and older adults (M = 3.38, SD = 3.34) for the dis
tance-traveled measure, t(99)=-0.94, p = 0.35. An ANOVA with item-type (cell-phone, 
activity-tracker) as a within-subjects variable, and age-group as a between-subjects vari
able showed that both young and older adults were significantly better at remembering 
to retrieve their cell-phone than remembering to return the activity-tracker, F(1,99) =  
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24.51, p < 0.01. The item-type by age-group interaction was not significant, F(1,99) = 0.20, 
p = 0.66.

For the Call-back task, we found that age-related differences in performance were 
reversed, with older adults showing significantly smaller absolute deviation times (M = 58  
sec., SD = 76 sec.) in their phone calls than young adults (M = 192 sec., SD = 232 sec.), t 
(108) = 3.96, p < 0.01. Thus, in contrast to the large age-related deficits observed in PM 
performance on both the Job Simulator and Breakfast tasks, older adults performed 
comparably or outperformed young adults on the Belongings and Call-back tasks, 
respectively.

Relations among lab-based and real-world PM

To assess the relations among naturalistic PM measures performed in lab-based and real- 
world settings, correlations among the various measures of PM performance were exam
ined within each age group (see Figure 3). The correlation matrix displayed in Table 2 
reports each bivariate Pearson correlation coefficient between the measures of the Job 
Simulator task, the Breakfast task, the Belongings task, the Call-back task, and age within 
each group, with the older adults below the diagonal and young adults above the 
diagonal. This correlational analysis is important for assessing the construct validity of 

Figure 3. Performance relationships amongst lab-based and real-world PM tasks. The black dashed 
and solid lines indicate the best-fitting regression model and 95% confidence interval, respectively; 
the R2 value indicates the proportion of variance explained across individuals in both age groups; to 
assess correlations within each age group, see Table 2. **p < 0.01.
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the different measures of PM and for testing the hypothesis that the age-PM paradox is 
due in part to there being different predictors of young and older adults’ PM performance 
on tasks performed in different task settings. However, given the multiple comparisons 
and the relatively exploratory nature of this analysis, caution must be taken with forming 
strong conclusions based on these results. The regression analyses reported below are 
based on the summary measures of PM performance with appropriate psychometric 
properties from both the novel Job Simulator paradigm and the other, previously vali
dated PM paradigms.

First, we tested our hypothesis that PM performance on Job Simulator was related to 
PM performance on the Breakfast task, especially along time-interval PM demands (e.g., 
Bailey et al., 2010; Haines et al., 2020). As shown in Figure 3, time-based PM performance 
in Job Simulator was indeed predicted by time-based PM performance in the Breakfast 
task (average cooking time discrepancy) for both the young adults (r=-.307) and the older 
adults (r=-.344). Partial correlation analyses were conducted to determine whether or not 
this relationship persisted irrespective of variance attributable to age. In doing so, we 
found that the relationship between time-based PM accuracy in Job Simulator and the 
Breakfast task remained significant after controlling for the discrete variable of age group, 
r = 0.31, p < 0.01. Linear regressions performed within each age group also indicated that 
older adults’ time-based PM accuracy on Job Simulator was significantly predicted by 
their time-based PM accuracy on the Breakfast task, F(1,50) = 9.77, p < 0.01, R2 = 0.16, even 
when we controlled for variation in the continuous variable of age within the older adult 
group, r = 0.37, p < 0.01. Thus, as anticipated, individual differences in time-based PM 
performance in Job Simulator were meaningfully related to time-based performance on 
the Breakfast task, especially for older adults.

Overall PM performance on Job Simulator was also significantly predicted by the 
number of clock checks and posttest recall accuracy (retrospective memory). When we 
investigated the correlations within each age group, we found that older adults’ perfor
mance was predicted by the total time to complete the Job Simulator task and by the 
number of table settings they completed on the Breakfast task. Young adults’ perfor
mance was predicted by the Breakfast task clock checks, average cooking time discre
pancy, serving accuracy, and by performance on both the Belongings and Call-back tasks. 

Table 2. Correlations among the measures from the PM paradigms within each age group, with young 
adults above the diagonal and older adults below the diagonal. Bolded values indicate p < 0.05; 
bolded and italicized values indicate p < 0.01. Green and red color coding indicate positive and 
negative correlations, respectively.
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Thus, there were significant relations among PM performance for both the young adults 
and older adults, especially between the time-based tasks on Job Simulator and Breakfast. 
Notably, time-based PM on Job Simulator was not significantly correlated with time-based 
PM from the Call-back task performed in the real-world for either group.

PM performance on the Breakfast task, in addition to its aforementioned relationship 
with Job Simulator performance, was primarily predicted by its own measures, including 
clock checks within each group, total time, stop range, table settings, and by the number 
of appliances left on for young adults, as well as mean Call-back discrepancy for older 
adults. Therefore, the Breakfast task showed good construct validity with PM performance 
on Job Simulator for young adults, and with PM performance on the Call-back task for 
older adults. Therefore, the relations between PM task paradigms differed between the 
groups, especially for time-based PM performed in the lab and in the real-world.

We then moved to investigate predictors of PM performance on our real-world tasks. 
PM performance on the Belongings task was predicted by Job Simulator PM performance 
for the young adults; however, the positive correlation (.384) means that those who had 
higher accuracy on Job Simulator had larger distances (i.e., worse performance) on the 
Belongings task for the young adults. For the older adults, the Belongings task was 
predicted by Job Simulator game time because those who took longer to complete the 
game had larger distances (i.e., worse performance). Therefore, PM performance on the 
Belongings task did not show good construct validity based on the correlations with other 
PM performance measures.

For the Call-back task, older adult performance was predicted by average time dis
crepancy and total task time on the Breakfast task, as well as Job Simulator posttest task 
recall (retrospective memory). Call-back performance for young adults was predicted by 
overall PM performance on Job Simulator. Therefore, unlike the Belongings task, PM 
performance on the Call-back task showed moderate construct validity for both young 
and older adult groups, but via different PM task paradigms.

Cognitive and personality predictors of PM

Next, we conducted a series of hierarchical multiple regression analyses to predict 
performance on each PM task using age and independent measures of WM, vigilance, 
and personality traits. Figure 4 shows the predictive relationships from each model that 
persisted after controlling for age. Each model was constructed using a sequential (i.e., 
Type 1) sum of squares approach to determine how the predictors contributed to 
performance after controlling for age. In predicting each measure of PM, model 1 assessed 
the effect of age to determine the amount of age-related variance. Then model 2 added 
the WM, vigilance, and personality traits to see if each predictor contributed unique 
variance over and above the variance explained by age. Table 3 shows the bivariate 
correlations between these measures.

For both event-based and time-based Job Simulator performance, the net contribution 
of WM, vigilance, and personality trait measures accounted for a significant amount of the 
variability (EB: F(7,103) = 6.03, p < 0.01, R2 = 0.29; TB: F(7,103) = 8.85, p < 0.01, R2 = 0.38). 
However, 8% and 17% of the residual variance in event- and time-based PM, respectively, 
was attributable to age alone. For event-based VR performance, WM significantly con
tributed to the model above and beyond the effect of age (β = 0.25, t(110) = 2.38, p =  
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0.02), while the other predictors, including agreeableness (β =-0.08, t(110)=-0.84, p = 0.40) 
and conscientiousness (β = 0.11, t(110) = 1.22, p = 0.23) did not. For time-based VR per
formance, agreeableness was the only predictor that significantly contributed to the 
model above and beyond the effect of age (β=-0.22, t(110)=-2.72, p < 0.01). While WM 
did predict time-based VR performance initially while controlling for vigilance and per
sonality (β = 0.47, t(110) = 5.64, p < 0.01), the relationship was no longer significant after 
also controlling for age (β = 0.15, t(110) = 1.71, p = 0.09). Moreover, we found that the 
association between WM and time-based VR performance within the older adult group 
was not significant when controlling for age (r = 0.17, p = 0.22).

For the Breakfast task, the net contribution of our predictors was again able to account 
for a significant amount of the variance in Breakfast Task performance, F(7,103) = 5.47, p <  
0.01, R2 = 0.27, with 26% of the residual variance accounted for by age. Within this model, 
only agreeableness was found to be significantly associated with PM performance after 
controlling for age (Figure 4, β=-0.28, t(110)=-3.38, p < 0.01). Similar to our model pre
dicting time-based VR performance, we found a significant association between WM and 
Breakfast task performance initially, while controlling for vigilance and personality traits 
(β = 0.35, t(110) = 3.83, p < 0.01), but this relationship was no longer significant after also 
controlling for age (β=-0.04, t(110)=-0.48, p = 0.64).

Finally, we ran two hierarchical multiple regression analyses to determine how varia
bility in WM, vigilance, and personality was associated with PM performance on the 
Belongings and Call-back tasks, respectively. In the Belongings task, which did not show 
an age difference in performance, the regression analysis revealed that there was no 
reliable association between the potential predictor variables and PM performance, F 
(7,93) = 0.41, p = 0.89, R2 = 0.05. With regards to the Call-Back task, the predictors were 
able to account for a significant amount of the variance, F(7,102) = 3.92, p < 0.01, R2 = 0.21, 
but left a residual 12.7% of the variance to be accounted for by age. Amongst the 
predictor variables that contributed to the Call-back task, WM (β=-0.258, t(109)=-2.40, p  
= 0.02) and vigilance (β = 0.31, t(109) = 3.51, p < 0.01) remained significant after account
ing for age, with poorer Call-back performance being associated with poorer WM and 
vigilance (Figure 4). For a comprehensive report of the results from each hierarchical 
model, see Table 4.

PM-Paradox index

Following these hierarchical regression analyses for each PM task, we conducted an 
analysis to try and identify the source of paradoxical age-differences in PM performance 
across lab and real-world contexts. We hypothesized that paradoxical age differences in 
PM performance across task settings—i.e., the age-PM paradox – were driven by different 
predictor variables. We created an index of these paradoxical performance patterns by 
comparing time-based PM measures from the Call-back task to time-based PM measures 
from Job Simulator and the Breakfast task. We normalized (i.e., z-scored) the data from 
each task and computed the difference between each individual’s Call-Back task perfor
mance and their performance on Job Simulator (i.e., JS-CB), and the Breakfast task (i.e., BF- 
CB), respectively. We then repeated our hierarchical regression analyses with these PM- 
paradox indices as outcome variables to determine the extent to which WM, vigilance, 
and personality traits predicted age differences in PM performance across task settings. 
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Importantly, repeating this approach for the JS-CB and BF-CB indices separately allowed 
us to assess the replicability of any observed relationships. Figure 5 shows the predictive 
relationships in each of these model that persisted after controlling for age. For 
a comprehensive report of the results from each hierarchical model, see Table 5.

For the JS-CB index, our moderators were able to account for a significant amount of 
the observed variance over and above age. Vigilance (β = 0.15, t(109) = 2.10, p = 0.04) and 
neuroticism (β =-0.16, t(109)=-2.06, p = 0.04) were found to be significantly associated 
with performance differences while controlling for age. WM (β = 0.45, t(109) = 5.00, p <  
0.01) was associated with performance differences while controlling for vigilance and 
personality traits, but was no longer significant after controlling for age (β = 0.08, t(109) =  
0.83, p = 0.41).

For the BF-CB index, the same moderators were again able to account for a significant 
amount of the variance, F(7,102) = 4.77, p < 0.01, R2 = 0.25, but left a residual 31.8% of the 
variance to be accounted for by age. The roles of vigilance (β = 0.21, t(109) = 2.92, p < 0.01),

and neuroticism (β =-0.16, t(109)=-2.10, p = 0.04) were replicated in this second model, 
with an additional effect of agreeableness (β =-0.20, t(109)=-2.60, p = 0.01). Moreover, the 
significant effect of WM capacity was replicated when controlling for vigilance and 
personality traits (β = 0.36, t(109) = 3.87, p < 0.01) and persisted in the BF-CB model after 
including age (β = −0.08, t(109)=-0.93, p = 0.36). Taken together, these findings revealed 
that paradoxical age differences in PM performance in the lab and real-world were 
partially predicted by WM and vigilance, and by the personality traits of agreeableness 
and neuroticism.

Discussion

In the present study, we tested a theoretical account of the age-PM paradox that 
explains conflicting patterns of age-differences in PM performance across lab and real- 
world settings as a consequence of developmental changes in both cognitive and 
motivational factors associated with personality traits that differentially influence per
formance across settings. We measured age differences between the same young and 
older adults who performed similar naturalistic PM tasks inside and outside of the lab, 
including tasks in a novel, immersive VR-based paradigm. Despite the immersive, 
interactive nature of our in-lab VR and Breakfast task assessments of PM, and the 

Figure 4. Predictors of (a-b) lab-based and (c) real-world PM. The black dashed and solid lines indicate 
the best-fitting regression models and 95% confidence intervals, respectively; R2 values indicate the 
proportion of variance explained across individuals in both age groups; to assess correlations within 
each age group, see Table 3. *p < 0.05; **p < 0.01.
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relatively familiar demands embedded within them (e.g., meal preparations, conveni
ence store transactions), we found large age-related deficits in PM performance. Of note, 
these age-related deficits could not be explained by age- and individual-differences in 
time-monitoring behaviors or planning ability. In contrast, we found a lack of age 
differences in remembering to retrieve and return personal belongings after the in-lab 
session (i.e., real-world event-based PM), and an age benefit in remembering to call the 
lab back after relatively short intervals while participants were at home going about 
their daily lives (i.e., real-world time-based PM). That is, despite our efforts to assess 
similar naturalistic PM performance in the same young and older adults across in lab and 
real-world settings, the paradoxical pattern of age differences across settings was 
replicated.

By including time-interval PM intentions that were as similar as logistically possible 
across the VR, Breakfast, and real-world tasks, we were able to test our novel hypothesis 
by creating a “PM-paradox-index” that assayed individual differences in young and older 
adults’ PM performance across the lab and real-world contexts. Using hierarchical regres
sion modeling, we found that our independent measures of WM, vigilance, and person
ality traits were able to predict young and older adults’ PM performance. Critically, 
however, the specific predictive variables from these measures were different between 
age groups and their predictive power differed between task contexts, despite similar PM 
demands. In the lab, PM performance was generally predicted by WM in both groups and 
by agreeableness within the older adult group (Table 3). In contrast, real-world PM 
performance on the Call-back task was positively associated with WM, vigilance and 
neuroticism, primarily within the young adult group (Table 3). Across task contexts, 
individual differences in WM, vigilance, agreeableness, and neuroticism predicted pat
terns of PM performance, even after controlling for age and individual differences in other 
personality traits. The roles of vigilance and neuroticism were replicated across both the 
VR and Breakfast task indices, attesting to the reliability of this novel finding. Below, we 
discuss these findings, the importance of ecological validity for PM assessments, the 
validation of our novel VR-based task, and the theoretical implications for resolving the 
age-PM paradox.

Validating measures of PM during immersive virtual reality gameplay

Previous attempts to address the role of ecological validity in the age-PM paradox have 
employed the use of VR-based tasks to recreate PM scenarios as they exist outside of the 
lab. We used an immersive VR method that preserves real-world perceptual and motor 
interactions and tried to validate this method by showing convergent findings with an 
objective measure of naturalistic PM. This approach builds on previous work that has 
established convergence between immersive VR and a subjective measure of everyday 
memory (Ouellet et al., 2018). We hypothesized and observed that PM performance 
during the Job Simulator game significantly predicted naturalistic PM performance mea
sured with the Breakfast task.

Our regression analyses showed that performance on Job Simulator was able to predict 
performance on the Breakfast task beyond the variance due to age, particularly for time- 
based PM performance. This supports both the ecological validity of the novel VR task and 
the predictions of the multi-process model of PM (McDaniel & Einstein, 2000). Specifically, 
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while young adults outperformed older adults across all PM task types in Job Simulator, 
performance differences were substantially larger for tasks that had time-based cues than 
event-based cues. This pattern suggests that tasks requiring conscious monitoring of 
external cues, rather than spontaneous retrieval, show greater age deficits.6 The results 
also showed that individual differences in WM played a greater predictive role in time- 
based PM task accuracy than in event-based tasks. This supports a tenet of models of PM 
that propose that the degree of controlled, strategic processing involved in a given PM 
task modulates the demand on WM (Brandimonte et al., 2001; d’Ydewalle et al., 2001, 
Cona et al., 2014; Einstein et al., 1995; Park et al., 1997; N. S. Rose et al., 2015).

That said, the greater amount of time monitoring (i.e., checking the clock) performed 
by young adults compared to older adults in both Job Simulator and the Breakfast task 
was unable to fully account for the sizable age differences in performance. This suggests 
that the older adults who updated their WM by checking the clock as often as young 
adults were still unable to execute PM intentions as effectively as the young adults did. It 
may be the case that age differences in PM performance rely less on the proactive use of 
strategic monitoring, and more so on the reactive use of spontaneous retrieval processes 
triggered by the presentation of PM cue-related information in the environment. This 
proposal applies a prominent theory of cognitive control to PM and aging and is 
consistent with some age differences in proactive versus reactive control mechanisms 
in other domains (Lamichhane et al., 2018; McDaniel et al., 2013; Rummel & Kvavilashvili,  
2023). It should also be noted that additional factors likely contribute to the pattern of 
findings as the proportion of unexplained variance is considerable. Prior experience with 
video games, especially VR, or computerized technologies may play a role in the ease or 
speed with which the participants could learn to perform the tasks (or even occupational/ 
retirement status, especially given that many PM tasks assess occupation-related beha
viors). Future studies should assess and control for such factors including age differences 
in experience with (or potential aversions to) such digital/gaming technologies.7 For 
example, age-related stereotype threat or older adults’ self-perceptions about their 
proficiency with new technologies or memory functioning could have impacted the 
results by causing them to believe that they would not be able to remember all of the 
tasks or by causing them to engage in extra mnemonic strategies or strategic monitoring 
processes than the young adults who, conversely, were likely overconfident in their ability 
to remember to get their cellphone back, return the experimenter’s activity tracker, and 
call the lab back at the instructed times.

On the benefits of experience to naturalistic PM performance

Differences in age-related patterns of performance on the Breakfast task also provide 
insight into how real-world experience affects naturalistic task performance. Older adults 
showed comparable global task performance relative to young adults in 1) their prepara
tory planning, 2) their ability to finish all of the food items together, and 3) remembering 
to turn off cooking appliances. In contrast, older adults showed deficits in local task 
performance relative to young adults in 1) meeting the time constraints for each indivi
dual food item, 2) serving the food according to the instructed arrangement, and 3) 
finishing all items within 13 minutes. Compared to a computerized version of the 
Breakfast Task, which also involved setting the table and preparing foods, this pattern 
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of both intact and deficient performance in global and local task demands, respectively, is 
both partially consistent with and contrary to findings in Craik and Bialystok (2006). In 
their computerized version of the Breakfast Task, there were significant age-related 
deficits in both global and local task performance. It may be the case that in our version 
of the Breakfast Task that required using realistic items and appliances and physically 
switching between cooking and table settings allowed the participants to better engage 
the action systems, which may have helped translate their real-world experience to the 
controlled research settings. Indeed, older adults performed comparably to young adults 
on global task goals of preparing all food items so that they were all ready at the same 
time, which is a common goal of cooking typical meals. In contrast, older adults showed 
deficits on local task goals that contained relatively strict, somewhat arbitrary time dead
lines, such as flipping the eggs at exactly 3 minutes. It may be the case that the local task 
time constraints and serving arrangement rules contained a greater sense of arbitrariness 
in their requirements, while the tasks showing comparable performance across age 
groups were more universal and allowed older adults to better apply their real-world 
cooking experience (Altgassen et al., 2010; Hering et al., 2014; Kliegel et al., 2008). This is 
consistent with findings of age differences in PM being larger for experimenter vs. self- 
generated tasks and Schnitzspahn et al. (2020) proposal that differences in the use of such 
tasks between lab and real-world studies likely contributes to the age-PM paradox.

Experimenter-assigned tasks like those of the computerized version of the Breakfast 
Task (as well as the lack of immersion and engagement of action systems) may require 
greater executive control and demands on WM, even though they also require the same 
simulated cooking and table setting tasks. Indeed, factor analysis of the performance 
measures on the computerized Breakfast Task has shown that the task largely taps 
individual differences in executive functions (assessed with measures of working memory, 
processing speed, inhibition, reasoning) and, to a lesser degree, PM (Rose et al., 2010). 
Moreover, the computerized Breakfast Task does not include a planning phase or similar 

Figure 5. Predictors of each PM-paradox index. The black dashed and solid lines indicate the best- 
fitting regression models and 95% confidence intervals, respectively. R2 values indicate the proportion 
of variance explained across individuals in both age groups. For associations within each group, see 
Table 3. *p < 0.05; **p < 0.01.
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measures of global task performance. Future research should elaborate on these findings 
by investigating why some real-world experience (e.g., finishing cooking foods together, 
turning appliances on and off) might be easier to apply and translate into successful 
performance in lab-based simulations of everyday behavior relative to (non-immersive) 
computer game simulations.

Predicting PM performance across task contexts

In addition to establishing convergent findings between Job Simulator and the Breakfast 
task, we also explored the role of WM, attentional vigilance, and personality traits in 
predicting performance on PM tasks across varying contexts. In order to accomplish this, 
we created a PM index of difference scores between time-based PM performance on Job 
Simulator and the Call-back task, and between the Breakfast task and the Call-back task. 
Regression analyses and within-group associations indicated that the paradoxical age 
differences in performance between the lab and real-world measures of PM were pre
dicted by WM, vigilance, agreeableness and neuroticism.

Given that the immersive VR gameplay in Job Simulator required switching between 
the ongoing game narrative and the experimenter-instructed PM tasks, participants likely 
had substantial difficulty maintaining all goal-relevant representations in focal attention 
throughout the game. Thus, age-related deficits and associations with WM capacity were 
likely due to the demands placed by switching between actively maintaining one’s 
current task goal in focal attention and retrieving subsequent task goals from memory. 
This account is consistent with the dual-component model of WM (Unsworth & Engle,  
2007) and findings showing that a substantial proportion of variance in age-differences in 
WM across the adult lifespan are attributable to the component associated with retrieval 
from memory (Hale et al., 2011). By controlling for age group, we were able to verify that 
variable in PM performance across the contexts were predicted by individual differences 
in WM. Importantly, these findings were observed for PM task performance despite the 
fact that all participants could accurately recall these tasks on the subsequent retro
spective memory test. Thus, the contribution of switching between active maintenance 
and retrieval from memory cannot be attributed to young or older adults’ failures to 
encode or retrieve the tasks in retrospective memory.

In contrast to the age differences in Job Simulator and the Breakfast task, findings in the 
Belongings task and Call-back task replicated patterns consistent with the age-PM para
dox (Rendell & Thomson, 1999), with older adults performing comparably and even 
outperforming young adults, respectively. As stated earlier, individual differences in 
WM, vigilance and neuroticism within the young adult group were shown to drive age- 
group differences in real-world PM performance. Unlike Job Simulator and the Breakfast 
task, on the Call-back task, participants may have been able to arrange their daily life 
schedule during the test period to enable them to maintain PM tasks in focal attention 
while monitoring for relevant time cues. This suggests that the “ongoing” situational 
factors of everyday life did not tax controlled attention and WM retrieval processes to the 
extent required for switching between the ongoing and PM tasks. In particular, although 
the nature of the time-based PM tasks across the Job Simulator, Breakfast Task, and Call- 
back task shared many similarities, especially with regards to their durations and cues 
(which contrasts with many previous comparisons of time-based PM performance across 
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lab and real-world contexts, Haines et al., 2020), the situations did differ in terms of their 
load/cognitive demands. It may be that older adults possess lifestyles that permit indivi
duals with lower WM and vigilance abilities greater freedom to keep intentions in focal 
awareness compared to young adults, particularly those scoring higher on the neuroti
cism scale.

However, tasks that can be performed with processes associated with vigilance alone 
are not typically deemed to be true measures of PM. For example, Brandimonte et al. 
(2001) asserted that tasks modulated exclusively by attentional vigilance do not meet the 
demand criteria of a PM measure, which suggests that, at least in the way that older adults 
performed the Call-back task, the task measured vigilance more than PM processes. 
Alternatively, there is some evidence using experience-sampling methods to probe the 
frequency of thoughts (monitoring) about PM tasks in young and older adults’ daily lives 
which suggests that older adults report thinking about PM tasks they have to do about 
twice as much as young adults (Gardner & Ascoli, 2015). This may help explain older 
adults’ superior PM in real world settings. Because we could not directly assess partici
pants’ lifestyle demands, the frequency of monitoring, or the specific cues that partici
pants used to complete the task during the at-home testing period, our ability to interpret 
their role in these findings is limited. Future research is required to observe potential 
differences in the ways in which young and older adults structure their environments, 
monitor, and cue themselves to perform PM tasks during at-home testing periods during 
situations that match the load/demands of lab-based comparison tasks (Bailey et al.,  
2010).

With regards to the Belongings task, young adults did not outperform older adults, yet 
both groups were better at remembering to retrieve their cell phone than remembering 
to return the tracker to the researcher. This suggests that both young and older adults 
were more motivated or incentivized to remember the personally-relevant item than the 
item relevant to the researcher (Walter & Meier, 2014). This is especially notable given that 
young adults presumably hold a greater attachment and habit of always having their cell 
phone with them than most older adults (Forgays et al., 2014). Aberle et al. (2010) have 
shown that using incentives to increase motivation in naturalistic PM tasks eliminates the 
paradox and young adults perform comparably to older adults. Although it was hypothe
sized that age- and individual differences in personality traits may have affected partici
pants’ ability to retrieve and return the items on this Belongings task after the experiment, 
we found no evidence for such associations. Our recent study showed that performance 
on this Belongings task was unaffected whether or not participants were explicitly 
instructed to remember the tasks, which suggests that there was sufficient intrinsic 
motivation to remember the tasks (N. Rose et al., 2023).

Associations between personality traits and our PM paradox indices revealed interest
ing patterns, yet questions about the roles of personality traits in the age-PM-paradox 
remain. Previous research suggested that developmental increases in conscientiousness 
are associated with improved performance on lab-based (Cuttler & Graf, 2007; Einstein & 
McDaniel, 1996) and self-reported real-world measures of PM (Rummel et al., 2022). For 
example, Rummel et al. (2022) recently reported a positive association between young 
adults’ level of conscientiousness and self-reported PM performance in the real-world 
using experience sampling methods, as well as a negative association with openness. We 
found associations between agreeableness and time-based performance in Job Simulator 
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and Breakfast task performance, especially in older adults. While a small, but statistically 
significant relationship between lab-based measures of PM and agreeableness has been 
previously reported (Salthouse et al., 2004), that study did not report increases in agree
ableness as a function of age group in their sample, which contrasts previous work that 
has shown such a developmental pattern (Allemand et al., 2008, Lodi-Smith et al., 2009; 
McCrae et al., 1999). In contrast, the association between neuroticism and real-world PM 
performance seems to be driven by a developmental pattern, with young adults showing 
higher neuroticism than older adults on average.

To summarize the associations with personality, while it seemed plausible for devel
opmental increases in conscientiousness and agreeableness to be associated with “para
doxical” age-benefits in real-world PM, the pattern of results here, like the broader 
literature on associations between personality traits and PM, is mixed. Personality traits 
seem like they should relate to individuals’ habits and preferences to either structure their 
life according to planned activities or postpone planned activities in favor of more 
pressing, immediately-gratifying activities (procrastination), both of which impact PM 
performance (Zuber & Kliegel, 2020). Additionally, age differences in beliefs about the 
social importance of PM tasks impact age differences in PM (Altgassen et al., 2010). One 
issue is that, although there may be developmental differences in personality traits 
between young and older adults on average, it is important to acknowledge that the rank- 
order of individual personality traits may be stable over adulthood. Another limitation is 
that we only considered the “big five” dimensions of personality. Future research should 
attempt to differentiate the roles of age-group/cohort differences and individual differ
ences in multiple dimensions of personality and their association with PM and cognitive 
aging. For example, according to Kuhl and colleagues’ Personality Systems Interactions 
theory, the critical dimension of personality that impacts PM (and age differences in PM) is 
the extent to which an individual has a volitional disposition of being action-oriented 
versus “state-oriented” (Kaschel et al., 2017). Specifically, state-oriented individuals have 
reduced WM and try to maintain PM intentions via WM-demanding monitoring processes, 
which results in age deficits in high WM-load conditions. Future research with sufficient 
methodological rigor will be needed to capture the age- and individual-differences in the 
personality and cognitive predictors that likely underlie the age-PM-paradox and eluci
date their sources.

Limitations and future directions

The naturalistic PM tasks that were assessed were mostly instructed by the experimen
ters – they were not self-generated by participants. The only exception was the real-world 
task where participants were to retrieve their own phone before leaving the lab (N. Rose 
et al., 2023). Schnitzspahn et al. (2020) recently showed that allowing participants to self- 
generate their own PM tasks to complete over the assessment period in their daily lives 
resulted in no age differences. The self-referential processes associated with generating 
PM demands for oneself may partially explain the lack of age differences found here in our 
Belongings task. However, these processes are unlikely to have contributed to the age 
benefits that were observed on the Call-back task, where times were still instructed by the 
experimenter. It may be the case that the naturalistic nature of the Call-back task 
disproportionately increased the intrinsic motivation of older adults compared to young 
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adults, despite containing demands that were generated by the researcher (Aberle et al.,  
2010; Peter & Kliegel, 2018). Future work should seek to disentangle the role of self- 
generated PM tasks from intrinsic motivation in studies of PM and aging, especially those 
that measure performance across multiple settings, where the effects of these variables 
may differ.

Although the sample sizes were sufficient for the assessment of age-differences in PM, 
which was justified by our power analysis, stronger and possibly more reliable conclusions 
could be drawn with larger numbers of participants contributing data for all measures. 
Having all participants perform all measures is most appropriate for addressing the age- 
PM paradox, and the within-subjects comparisons are necessary for the calculation of our 
novel index of the age-PM paradox; however, doing so is logistically challenging due to 
the time and costs that are required. Limitations of the current study include the cross- 
sectional age comparison with assessments of only single measures of a few cognitive and 
motivational factors associated with personality traits. Future studies should assess larger 
samples, with age continuously varying across a wide range, and collect more assess
ments of cognitive and motivational predictors of PM performance longitudinally over 
multiple timepoints to further assess age- and individual-differences in predictors that 
may underlie the age-PM paradox.

Conclusion

While the PM tasks presented here were designed to capture similar real-world PM 
processes, the correlational and regression analyses of age- and individual-differences 
in performance across contexts suggest that the real-world tasks may be measuring 
different processes than the naturalistic PM tasks performed under controlled laboratory 
conditions. This study demonstrates the value of incorporating multiple different assess
ments of PM and represents a fruitful step toward finally resolving the age-PM paradox. 
Lab-based PM tasks that are used to evaluate age-related differences should be devel
oped and validated with real-world PM tasks to match the cognitive demands and 
personality traits that are associated with performance across task settings. Future work 
should systematically manipulate task variables and contexts to investigate age and 
individual differences in PM, as well as their predictors. Longitudinal assessments could 
track changes in cognitive abilities and personality traits over time and determine how PM 
performance changes due to development of the underlying processes.

In conclusion, this study offers one of the first objective validations of immersive VR 
gameplay for measuring PM functioning in both young and older adults. In doing so, we 
found that naturalistic measures of PM relate to age- and individual differences in 
cognitive abilities and personality traits differently across lab and real-world contexts, 
thus helping to resolve the age-PM paradox.

Notes

1. Some suggest that older adults care more about the social contract of doing the task for the 
experimenter than young adults due to generational or cohort differences. However, this has 
been observed for 4 decades, so a simple cohort-effect seems implausible.
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2. Analyses of PM performance were repeated using an ANCOVA to control for differences in 
retrospective memory performance. This confirmed that none of the relationships between 
our variables of interest were significantly altered by differences in retrospective memory 
performance.

3. Mean square-root transformed deviation scores were used as the dependent measure of interest 
because it was assumed to demonstrate the best psychometric properties given that there were 
only 4 observations. Different scoring procedures were formally assessed to ensure that the 
conclusions did not depend on the scoring procedure that was selected, including 
a transformation of the continuous data to accuracy scores (0, .25, .5, .75, or 1.0). The age 
difference was similar for every version of scoring. For example, the mean accuracy for the 
young and older adults were 60% and 78%, p < .001.Note that the index that was calculated to 
assess the age-PM-paradox pattern for each participant that is described below used time 
deviation scores to facilitate comparison between the Job Simulator, Breakfast, and Call-back 
tasks.

4. Due to time constraints during the first session, 48 participants (40 old, 8 young) completed 
the convenience store clerk simulation at the start of the second session; 22 (16 old, 6 young) 
completed BFI-II and PVT at the start of the second session. We re-ran our subsequent PM 
analysis including session-of-completion as a factor and found no significant between- 
subject effects for session, F(1,107) = 0.70, p = 0.41 nor group-by-session interactions F 
(1,107) = 1.17, p = 0.28.

5. This range was appropriate because the clock that participants used to monitor time 
was displayed in hours and minutes, not seconds. Event-based PM accuracy thresholds 
were set to ten seconds surrounding the ideal time at which the event cue occurred. 
The time-accuracy threshold for one event-based task was set to within 60 seconds 
surrounding event-cue onset (i.e., turning the sink on and off every 3 orders) because 
the time between completing an order and beginning the next one was approximately 
60 seconds, and accurate performance could reasonably fall outside of the ten second 
window established for the other event-based tasks and up to 60 seconds, at which 
point the next order occurred. Performance was also coded for different response 
windows (“a little late,” “very late,” or those that were completely forgotten, i.e., not 
performed at all). We re-ran our mixed-design ANOVA on the proportion of correct PM 
tasks to include responses that were binned as “a little late.” Using this more lenient 
scoring criterion did not change any of the age group relationships. There was a main 
effect of regularity due to performance being better on irregular tasks than regular 
tasks. This was qualified by a cue type by regularity interaction due to this pattern 
being more pronounced in event-based measures than time-based measures. This 
suggests that the benefit of task regularity was not observed when a more lenient 
criterion was used.

6. Note that overall performance was higher for time-based PM than event-based PM, which is 
atypical in PM research, and was likely due to the stricter response window for event- (10 sec) 
than time-based (60 sec) tasks which we enforced due to hardware limitations that only 
allowed us to display time in minutes rather than seconds in Job Simulator. When we included 
responses that fell into the “little late” category, results regarding the pattern of age- 
differences in PM accuracy were preserved.

7. Note that a recent study showed that executive/PM performance on a VR task was not 
associated with gaming experience (Seesjärvi et al., 2022).
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