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ABSTRACT

In older adults’ everyday life, time-based prospective memory (TBPM) is relevant as health-
related intentions are often part of daily activities. Nonetheless, it is still unclear which task-
related factors can potentially moderate the magnitude of age-related differences, such as
duration of the PM target time (the time-window within which an individual must complete
a given TBPM task), the frequency of the TBPM tasks, and the criterion chosen to compute
PM accuracy. The present meta-analysis aimed to quantify age-related differences in
laboratory TBPM tasks, and to investigate how specific task-related factors potentially
moderate the magnitude of age effects. The results showed that age effects consistently
emerged among the studies, with older adults showing lower TBPM performance and
checking the clock less often than younger adults, especially for shorter intervals (e.g., <
4 min). Furthermore, the results indicated that the duration of the PM target time interacted
with the frequency of the PM task, suggesting that learning effects may attenuate the
magnitude of age differences in TBPM performance. The results are discussed in terms of
potential implications about the possible cognitive processes involved in TBPM and aging,
as well as in terms of robustness of the TBPM laboratory paradigm in aging research.
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Time-based prospective memory (TBPM) is the ability to  Age-related differences in TBPM
perform an intended action at a precise moment in the
future, such as going to the office at 9 am for a meeting
(Einstein et al., 1995), or at a specific time interval, such
as taking the pizza out of the oven after 20 min. In the
classic laboratory TBPM paradigm (Park et al., 1997),
people have to remember to perform a specific action
after a certain amount of time (e.g., to press Enter every
3 min) while they are engaged in a background activity
(usually referred to as ongoing task: OT); moreover,
people are usually free to check a clock on the computer
screen by pressing another key. Several studies showed
that controlling the clock (i.e., time monitoring behaviour)
is positively correlated to TBPM accuracy (Ceci & Bronfen-
brenner, 1985; Harris & Wilkins, 1982; Mantyla et al., 2006;
Mioni et al., 2019; Mioni & Stablum, 2014; Vanneste et al.,
2016); yet, it is unclear which cognitive processes underlie
age differences in time monitoring and TBPM (Varley et al.,
2021).

In older adults’ everyday life, TBPM is very relevant as
health-related intentions are often part of daily activities,
such as taking medication regularly, or going to appoint-
ments with the doctor (Haas et al., 2020; Hering et al.,
2018; Woods et al., 2015); nonetheless, it is not clear how
TBPM is affected by aging. Indeed, although most of the
studies examining the age-related differences in TBPM
showed that younger adults outperform older adults in lab-
oratory TBPM tasks (Einstein et al., 1995; Mioni et al., 2019;
Mioni & Stablum, 2014; Park et al., 1997; Vanneste et al.,
2016), there is an ongoing debate on how large this differ-
ence between younger and older adults indeed is. In fact,
meta-analytic evidence on TBPM and aging has been pro-
vided by Henry and colleagues (2004), which showed that,
in laboratory settings, younger participants outperformed
older participants at TBPM tasks; however, this meta-analy-
sis included only six studies that assessed TBPM in the
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laboratory (Henry et al., 2004). In the last 15 years, there
have been an increasing number of studies on TBPM, but
so far, a systematic quantification of the age-related differ-
ences in the laboratory TBPM paradigm is still missing.

Moreover, it is unclear whether time monitoring differs
between age groups: although most of the studies found
that younger adults checked the clock more often than
older adults (e.g., Mioni et al., 2019; Mioni & Stablum,
2014; Vanneste et al., 2016), other authors found the oppo-
site pattern (Mantyla et al., 2009), or even no differences
between age groups (McFarland & Glisky, 2009). The cog-
nitive processes underlying age differences in TBPM are
also not well understood, with some authors arguing
that age differences are due mainly in time estimation
(Labelle et al., 2009; Mioni & Stablum, 2014; Vanneste
et al.,, 2016) and others suggesting rather that attentional
processes is the main source of age differences in TBPM
(Lecouvey et al,, 2017; Varley et al., 2021; Zuber & Kliegel,
2020). A recent study by Varley and colleagues (2021)
examined experimentally the impact of attentional and
temporal processes on TBPM in younger and older
adults. In this study, participants were randomly assigned
at three conditions: the “visible” condition, a timer was
constantly present; in the “monitored” condition, the
timer was only made visible after button press (i.e.: as in
any traditional TBPM task); in the “hidden” condition,
access to the timer was not possible, eliminating the
need to disengage focus from the OT, but adding the
requirement to engage internal time estimation processes.
The authors hypothesised that age-related declines in time
estimation would lead to worse performance in the hidden
condition, while age-related declines in attentional pro-
cesses would lead to worse performance in the visible
and monitored conditions. The study found that age-
related impairments in TBPM performance were only
present when participants had access to the timer
(“visible” and “monitored” conditions), but not in the con-
dition where the timer was not available (“hidden” con-
dition), suggesting that age differences in TBPM accuracy
were due to impairments in attentional processes, rather
than time estimation abilities (Varley et al., 2021).

The role of specific task-related factors

The cognitive processes responsible for the age effects in
time monitoring and TBPM performance could be
affected by other task-related factors, which could poten-
tially moderate the magnitude of the age-related effect
associated with TBPM (Bastin & Meulemans, 2002; D'Yde-
walle et al., 2001; Einstein et al., 1992; McBride et al., 2011;
Meier et al., 2006). For example, some authors highlighted
the importance of the duration of the PM target time (i.e.;:
the time-point indicating that a given action needs to be
performed) and the task frequency (i.e.: how many PM
task in a TBPM task block). In the literature, many studies
used different durations of the PM target time, ranging
from 30 s to 10 min (Bastin & Meulemans, 2002; Gonneaud

et al.,, 2017; Mioni & Stablum, 2014; Vanneste et al., 2016;
Waldum & McDaniel, 2016), as well as different paradigms
in which the PM task needed to be carried out once
(Waldum & McDaniel, 2016) or multiple times (Mioni et al.,
2019; Vanneste et al., 2016); however, only few studies
investigated the impact of the PM task’s duration and fre-
quency on the age-related differences in TBPM (Bastin &
Meulemans, 2002; Einstein et al., 1995; McBride et al,
2011; Meier et al., 2006). Yet, it can be very informative to
investigate the effect of these task’s parameters as they
can have direct implications for internal timing as well as
executive and memory processes (Bastin & Meulemans,
2002; Block & Zakay, 2006; Conte & McBride, 2018; Gan &
Guo, 2019; Guo & Huang, 2019; Lecouvey et al., 2017;
McBride et al., 2011; Varley et al., 2021).

For example, Einstein and colleagues (1995) found that
younger adults consistently outperformed older adults on
PM tasks, regardless of the duration of the PM target time
(Einstein et al., 1995); other studies have also found similar
age-related differences in performance with different PM
target times, ranging from 1 to 6 min (Bastin & Meulemans,
2002; Conte & McBride, 2018; Park et al., 1997), although
one study reported that both younger and older adults
had lower accuracy when the PM target time was 1 min
compared to when it was 2 min (Bastin & Meulemans,
2002). Interestingly, the authors of this study suggested
that a PM target time of 1 min required more attentional
control processes than a target time of 2 min, leading to
lower accuracy for both younger and older adults. The
effects of PM task frequency on age-related differences
in TBPM are less clear. The first study that systematically
investigated the effect of PM task frequency on aging in
TBPM found no significant differences in accuracy and
time monitoring between 6- and 12-event PM tasks (Park
et al, 1997). However, a recent study has shown that
repeating the same PM task with the same target time
can lead to learning effects in younger adults (Gan &
Guo, 2019); nonetheless, it is still unclear which processes
are responsible for such learning effect, as it could be due
either to better distribution of the attentional resources
between OT and PM task, or to an improvement of time
estimation abilities involved in the monitoring of the PM
target time. Moreover, it is currently unknown whether
and how the frequency of the TBPM task has similar
effects on older adults’ performance too. Another meth-
odological aspect that can affect age-related TBPM differ-
ences is the criterion chosen to compute PM accuracy.
Typically, PM accuracy is measured as a binary score
based on whether participants completed the task within
a specified interval around the PM target time. Some
studies have used lenient criteria with larger intervals,
such as 15% of the whole PM target time interval (e.g.:
Mioni & Stablum, 2014), while others used stricter criterion
with smaller interval, such as 10% of the whole PM target
time (e.g.: Vanneste et al,, 2016). There have been a few
studies that have explored the impact of different criterion
on age-related differences in TBPM. One study found that



older adults had more difficulty with TBPM regardless of
whether a larger or smaller interval was used for accuracy
(Park et al., 1997). A more recent study contrasted these
findings, showing that a larger interval improved TBPM
performance for older adults but not for younger adults
(Yang et al., 2013). Apart from these few findings, there
is currently no systematic investigation on the effect of
the criterion of the PM accuracy on age-related differences
in TBPM; yet this aspect can have methodological and
analytical implications on how PM tasks are designed
and on how PM accuracy is scored.

The present meta-analysis

Overall, the empirical evidence suggested that there are
age-related differences in TBPM performance and time
monitoring, as measured by laboratory tasks, but it is cur-
rently unknown how large the age effect is in time monitor-
ing. Time monitoring has only been assessed in laboratory
settings so far, whereas studies measuring time monitoring
in naturalistic settings are still missing. Hence, this meta-
analysis aimed to: (1) quantify age-related differences in
TBPM and time monitoring assessed in the laboratory
setting, (2) determine if there’s a relationship between
age effects in TBPM performance and time monitoring,
and (3) measure how specific task-related factors (i.e., the
duration of the PM target time, the frequency of the PM
task, and the interval criterion for correct PM responses)
affect age-related differences in TBPM performance and
time monitoring. This meta-analysis is the first to quantify
the relationship between time monitoring and TBPM per-
formance and explore meta-analytically the potential role
of PM task-related factors. It provides a conceptual under-
standing of the cognitive processes behind the age effect
in time monitoring and TBPM performance and offers a
methodological framework for future aging research.

Method
Search strategy

This systematic review follows the guidelines of Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA, Moher et al., 2015). We searched the articles
using PsycInfo, PubMed, and Web of Science databases,
from the earliest available date to the end of October
2022. We wused the following descriptive verbal
expressions: “prospective memory”, “time-based”, com-
bined with “aging” or “ageing”, and “monitoring”. the
meta-analysis has been registered before data coding
(Open Science Framework pre-registration DOI: https://
doi.org/10.17605/0OSF.I0/9JW6X).

Eligibility criteria

For an outline of the search and screening steps, see the
PRISMA flow chart (Figure 1). Included studies were

MEMORY (&) 3

required to meet the following criteria: (1) had exper-
iments involving young and older adults', (2) used labora-
tory TBPM tasks, (3) tested PM performance (as sum or
proportional accuracy) or time monitoring (as total clock
checks), or both, as dependent variable(s), (4) were pub-
lished in a peer-reviewed, English language journals. The
following exclusion criteria were also applied: (a) studies,
or single experiments within studies, that included any
experimental manipulation of the OT and/or TBPM task,
as they could affect OT and PM performance. From these
studies, we kept only the data from the TBPM tasks that
were not subjected to any experimental manipulation;
this choice had been made to ensure that the studies
were comparable without the risk of confounding effects
related to different experimental manipulations (van
Rhee et al, 2015), (b) studies that included clinical
samples (e.g.: Costa et al., 2015; Mioni et al, 2017;
Smith-Spark et al,, 2017), (c) studies that involved drug
interventions and/or ingestion of substances (e.g.: Beh-
rendt et al,, 2015; Costa et al., 2008; Platt et al., 2016), or
that manipulated other factors including sleep (e.g.,: Bezdi-
cek et al.,, 2018; Esposito et al., 2015), (d) experiments that
included children, adolescents, and middle-age adults
(Nigro et al.,, 2002; Zollig et al., 2010), although we kept
some studies still eligible, but only when it was possible
to extract the data of both younger and older adults
leaving out the middle-age group (Bozdemir & Cinan,
2021; Einstein et al., 1995: Experiment 3; Gonneaud et al.,
2014; Mantyla et al., 2009; Zuber et al., 2021). Finally, two
studies from the same research group reported different
neural measures on the same behavioural results
(Morand et al., 2021, 2022), which are therefore redundant;
thus, we decided to keep one of them (Morand et al.,
2021).

Study selection

In total, 93 studies were screened; 36 were excluded
because they did report only samples of younger (e.g.,
Huang et al,, 2014; Khan et al., 2008) or older adults (e.g.,
Schnitzspahn & Kliegel, 2009; Sullivan et al., 2018), with
no age comparisons, so it was not possible to calculate
the (age) effect size for these studies. Hence, 56 studies
were assessed; seven were excluded because they
reported only samples of younger adults (Cona et al.,
2012; Cruz et al, 2017; Gonneaud et al., 2014; Haines
et al, 2020; Oksanen et al, 2014; Okuda et al., 2007;
Tracy et al, 2000). We excluded four studies as they
reported only naturalistic assessment of TBPM (Kvavilash-
vili & Fisher, 2007; Maylor, 1990; McBride et al., 2013;
Rendell & Thomson, 1993), as well as single experiments
(within 3 studies) that included only naturalistic assess-
ment of TBPM (Aberle et al., 2010: Experiment 2; Niedz-
wieniska & Barzykowski, 2012: Experiment 2; Rendell &
Thomson, 1999: Experiment 1 and 2). One further exper-
iment was excluded as it reported only EBPM task (Einstein
et al, 1995: Experiment 2). Concerning the studies with
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Identification of studies

Studies identified
(N = 156):
PSYCINFO (n =52)

Studies removed before
screening:

PUBMED (n = 61)
WEB OF SCIENCE (n = 57)

c
=]
=

(]
9
:.:
e

[=

Q
]

A4

Studies screened

A4

Duplicate studies removed
(n=164)

Studies excluded because they
did not report age groups

(N=93)

A 4

Studies assessed for eligibility

(n = 36):
»| 1. Only younger adults’ sample
(n=230)
2. Only older adults’ sample
(n=6)

Studies/experiments excluded

(n=13):

3. Studies with no older adults
(n=7),

4. Naturalistic PM tasks (n =

(N = 57)

Studies included in the meta-
analysis (N = 44):
1. Analysis of PM accuracy
(N = 44):
a. Meta-regression:
(N =34),
2. Analysis of total time
monitoring (N = 18):
a. Meta-regression:
(N=17).

A4

4; experiment excluded
from multiple experiments’
studies: n = 3);

5. Only EBPM lab. task from
multiple experiments’
studies (n = 1);

6. Incompatibility of the PM
accuracy (n = 2).

Figure 1. PRISMA flow diagram. Note. PRISMA flow diagram of the literature review process for the meta-analysis (up to October 2022); PM: prospective

memory.

Virtual Week (e.g.: Henry et al.,, 2012; Mioni et al.,, 2019;
Rendell & Craik, 2000), we kept only the stop-clock sub-
task, as it comprised comparable TBPM tasks (e.g.:
“check lung capacity at 2 and 4 min on the clock”),
whereas the other sub-tasks, often referred as “regular”
and “irregular”, are based on a fictious time-week tasks
(e.g.: “remember to call your partner at 4 pm to collect
photocopies”) and, as such, cannot be compared with
the outcomes provided by the traditional TBPM paradigm
(Einstein et al., 1995).

Many studies did not report the measures necessary for
the meta-analysis (for more information on the outcome
measures, see the following section “statistical analyses”);

for example, some studies reported a task in which moni-
toring was (or could have been) measured, but the behav-
joural data on monitoring were not reported (e.g.:
Lecouvey et al., 2017; Varley et al., 2021). Therefore, we
used two alternative sources of information: figure digita-
lisation and author’s contact. The figure digitalization has
been applied to 16 articles that reported data in the
figures, but not in the tables (Altgassen et al, 2010;
Bastin & Meulemans, 2002; D’Ydewalle et al., 2001; Einstein
et al, 1995; Gonneaud et al., 2011; Henry et al.,, 2012;
Lecouvey et al, 2017; Martin & Schumann-Hengsteler,
2001; Mantyla et al,, 2009; Mioni et al, 2015; Mioni &
Stablum, 2014; Rendell et al., 2011; Rendell & Thomson,



1999; Schnitzspahn et al, 2011, 2014; Vanneste et al.,
2016); therefore, we extracted the data from the figure
by digitalization using the software Digitizelt (version
2.5); such software has been proved to be reliable for
meta-analytical studies in psychology as well as in other
disciplines, showing that the values obtained using the
software do not differ from the real data (Rakap et al.,
2016; Schild & Voracek, 2013; Wojtyniak et al., 2020).

Seven papers did not report data of TBPM accuracy
and/or time monitoring neither in table nor depicted in
figures (Aberle et al, 2010; Haines et al., 2020; Rendell
et al, 2011; Rendell & Craik, 2000; Rendell & Thomson,
1999; Varley et al.,, 2021; Zuber et al., 2021). Thus, we con-
tacted the corresponding authors of these articles; all
authors replied to the email. However, only in three
cases data were available or compatible with the goals
of the present meta-analysis (Aberle et al., 2010; Varley
et al.,, 2021; Zuber et al.,, 2021). Finally, we excluded two
studies because they reported incompatible PM accuracy
measures, such as time completion of the TBPM task
(Waldum & McDaniel, 2016) or deviation of the subjective
PM response from objective PM target time (Patton & Meit,
1993). Such choice was made because, in a meta-analysis,
it is important to use a consistent measure of the construct
of interest across studies to calculate effect sizes (Harrer
et al.,, 2021; Hedges, 1981); the time of task completion
and the PM response’s deviation are purely temporal
measures that (1) do not have a maximum score (as the
PM accuracy score), and (2) it is not standardised across
different PM target time durations (e.g., the minutes of
completion can be problematic as they depend from the
duration of the PM target time). The consistent use of a
single measure of the construct across studies is essential
in meta-analysis to calculate effect sizes; therefore, given
that PM accuracy was way more common across studies
than the other measures, it was better to use only
studies that have PM accuracy to ensure consistency in
effect size computation, and to facilitate interpretation of
the results. For the analysis on age effects in TBPM per-
formance, 52 unique effect sizes were included, nested
in 44 studies; for the analysis on age effects in time moni-
toring, 20 unique effect sizes were included, nested in 18
studies. The selection from the search results has been exe-
cuted by the first and the second author in advance; none-
theless, if a full-text review of an article did not result in a
clear verdict, the decision on in- or exclusion was made by
mutual agreement of all the authors.

Statistical analyses

All analyses were carried out in R (version 4.2.1) (R Core
Team, 2022) using the packages metafor (Viechtbauer,
2010), meta (Balduzzi et al., 2019), and metaSEM
(Cheung, 2015). Data, metadata, and R-code are available
in the Open Science Framework (https://doi.org/10.
17605/0SF.I0/EPBNK). All analyses were carried out using
the standardised mean difference (Hedge's g) of TBPM
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performance (i.e.: proportional accuracy, sum scores, z-
values) and total time monitoring (i.e,, number of clock
checks) as outcome measures (formulas are reported in
the Supplementary material). Among the studies included
in the meta-analysis, few of them reported multiple effect
sizes as a function of PM duration (Bastin & Meulemans,
2002), PM task frequency (Park et al., 1997), or criterion
chosen for the PM accuracy (Yang et al, 2013). Even
though these are not the majority of the studies, it is
reasonable to assume that some kind of dependency is
introduced within the reported data; such dependency
was taken into account by integrating a third layer into
the structure of the meta-analytic model, resulting in a
three-level meta-analysis (Assink & Wibbelink, 2016;
Cheung, 2014; Van den Noortgate et al., 2015) with partici-
pants (level 1) nested in the individual effect sizes (level 2),
which were, in turn, part of a number of larger units, the
studies (level 3). Wald-type tests was used to calculate
the confidence interval around the pooled effects; the
amount of heterogeneity (i.e., %), was estimated using
the restricted maximum-likelihood estimator (Viechtbauer,
2005) and it was de-composed into two partitions to
account for within- and between-studies sources of het-
erogeneity simultaneously (Cheung, 2014). In addition to
the estimate of 2, the Q-test for heterogeneity (Cochran,
1954) and the P statistic (Higgins & Thompson, 2002) are
reported. In case any amount of heterogeneity is detected
(i.e., >0, regardless of the results of the Q-test), a predic-
tion interval for the true outcomes is also provided (Riley
et al.,, 2011).

The meta-analysis was carried out in three steps. In the
first step, two random-effect models on age effect were
carried out separately on time monitoring (17 studies)
and TBPM performance (43 studies); the aim of this first
analytic step was to pool effect sizes and to quantify age
effects and studies heterogeneity; at this level, publication
bias analyses using Egger regression (Borenstein et al.,
2009, Chapter 30), and outliers and sensitivity analyses
were performed too (Viechtbauer & Cheung, 2010). In
the second step, a multi-variate model was carried out
jointly on time monitoring and TBPM performance; the
aim of this model was to investigate the relationship
between the age effect in time monitoring and TBPM per-
formance. In the third and final step, we carried out the
same multi-variate model as in step 2, but this time we
included task-related features as predictors (i.e., duration
and frequency of the PM target time, and standardised
interval criterion for correct PM responses); the aim of
this model was to investigate the relationship between
the age effect time in monitoring and TBPM performance,
as well as the effect of task-related features on age effects
and studies heterogeneity. The duration of the PM target
time was stored in a variable that comprised the duration
of the PM target time in minutes; the frequency of the
TBPM task was the number of times the TBPM task was
performed within each task block. Interval for correct PM
responses was standardized as ratio between the whole
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interval and the PM target time in seconds (e.g.,: if a study
reported as correct answer any response falling within + 6
s for a 2-minute TBPM task, we have computed the value as
follows: 6 * 2/ 120=.10).

Results

In Tables 1 and 2, we report the sample characteristics of
the eligible studies included in the meta-analysis, predic-
tors (i.e.: duration of the PM target time, frequency of
the PM tasks, and criterion for accuracy), as well as
effects of age for TBPM accuracy (Table 1) and time moni-
toring (Table 2). Overall, the mean age for the samples of
younger adults was 23 years (18-41), whereas the mean
age for the samples of older adults was 69 (51-97).

Age effects & sensitivity analyses

For the random-effect model of TBPM performance, a total
of k=52 unique effect sizes were included in the analysis,
which were nested into 44 unique studies. The observed
standardized mean differences ranged from -0.324-
2.675; most estimates were positive (96%; i.e.: younger
adults performed better than older adults at the TBPM
task). The estimated average standardized mean difference
based on the random-effects model was g = 1.064 (95% Cl:
0.904-1.224); the average outcome differed significantly
from zero (z=13.41, p <0.001). The forest plot shows the
observed outcomes and the estimate based on the
random-effects model (Figure 2(A)). According to the Q-
test, the true outcomes appear to be heterogeneous (Q
(50) = 240.531, p <0.001); the source was related almost
exclusively to the between-studies heterogeneity
(thJetweenfstudies =0.188, lzbetweenfstudies = 6639%) rather
than to within-studies heterogeneity (Tithin-studies = 0.042,
Pithin-studies = 14.90%). A 95% prediction interval for the
true outcomes is given by 0.08-2.04. Hence, even
though there may be some heterogeneity, the true out-
comes of the studies are generally in the same direction
as the estimated average outcome. However, the forest
plot suggested that there are some extreme studies’
values that contributed substantially to the heterogeneity;
thus, a parallel analysis of the outliers is needed.

For the random-effect model of time monitoring, a total
of k=20 unique effect sizes were included in the analysis,
which were nested into 18 unique studies. The observed
standardized mean differences ranged from -0.869-
1.974; most estimates were positive (94%; i.e.,; younger
adults checked the clock more often than older adults).
The estimated average standardized mean difference
based on the random-effects model was g=0.587 (95%
Cl: 0.333-0.842); the average outcome differed signifi-
cantly from zero (z=4.85, p<0.001). The forest plot
shows the observed outcomes and the estimate based
on the random-effects model (Figure 2(B)). According to
the Q-test, the true outcomes appear to be heterogeneous
(Q(19) =76.068, p <0.001); and such heterogeneity was

related exclusively to the between-studies differences
(T%etween—studies =0.213, lzbetween—studies =78.86%) rather
than to differences within the studies (T2ihin-studies <
0.001, Pithin-studies < 1%). A 95% prediction interval for
the true outcomes is given by —0.41-1.59. Hence, although
the average outcome is estimated to be positive, in some
studies the true outcome may in fact be negative.

Egger statistic was not significant for TBPM accuracy (z
=1.92, p=.055) and time monitoring (z=1.43, p=.153),
indicating no publication bias. However, 11 studies were
identified as outliers for TBPM performance (Bastin & Meu-
lemans, 2002; D'Ydewalle et al., 1999; Henry et al., 2012,
2020; Mantyla et al, 2009; McFarland & Glisky, 2009;
Mioni et al, 2019; Niedzwienska & Barzykowski, 2012;
Rendell et al., 2011; Shum et al,, 2013; Yang et al., 2013),
while 2 studies were identified as outliers for time monitor-
ing (Mantyla et al., 2009; Mioni et al., 2019); thus, sensitivity
analyses were carried out to investigate the contribution of
outliers on either the combined effect size and/or on
studies heterogeneity. To achieve this purpose, two separ-
ate three-level random-effect models were carried out
excluding outliers, one for age effects in TBPM perform-
ance, and one for the age effects in time monitoring
(Harrer et al., 2021). The model on the TBPM performance
without outliers showed that the I? heterogeneity shrank
considerably when outliers were excluded (from P=
66.39% to I’ =46.10%; Q(41) = 69.601, T2< 0.01, p = 0.002);
the pooled age effect (g=1.055) was very close to the
age effect in the model with outliers (g = 1.064). Concern-
ing the time monitoring, the analysis without outliers
showed that the I heterogeneity shrank considerably
when the two outliers were excluded (from F=78.86%
to 12.81%; Q(17) = 19.03, T2< 0.01, p=0.329). The pooled
age effect (g=0.573) was not so different from the
model with outliers (g =0.587). In summary, it is possible
to argue that removing outliers did not change the
average age effect size of TBPM performance and time
monitoring, but it affected the heterogeneity in the data
substantially (see Supplementary material for detailed
information about the publication bias, outliers and sensi-
tivity analyses).

Association between age effects in time-based
prospective memory performance & time
monitoring

Multivariate meta-analytic approaches can quantify the
relationship between age effects in time monitoring and
TBPM performance by estimating the effect sizes for
both outcomes jointly in one model; moreover, such
approach can be used to determine if studies with a
high effect size on one outcome also have higher effect
sizes on the other outcome. To achieve this, the multi-
variate meta-analysis was carried out taking into account
the correlation between the age effects (see Supplemen-
tary material for more detailed information); however,
among the studies that were included in this meta-



Table 1. TBPM performance, sample and predictors’ characteristics of the eligible studies.

Participants

Predictors

Age effect in TBPM accuracy

Younger adults Older adults Confidence Intervals
Age
M Age Duration of PM Frequency of Standardised criterion used for ~ Hedges’
Study N  Women (range) SD. N Women M(range) S.D. target time TBPM task TBPM accuracy g Lower Upper Weight
Aberle et al. (2010) 20 16 26.25 827 40 32 63.26 5.09 10 0.34 —-0.28 097 1.45%
Altgassen et al. (2010) 40 21 24.73 35 40 19 68.7 4.5 2 4 0.05 1.70 1.19 2.21 1.61%
Bastin and Meulemans 48 24 23.17 255 48 24 64.44 3.17 2 6 0.05 1.05 0.62 1.47 3.03%
(2002)
(20-30) (60-70)
48 24 23.17 2.55 48 24 64.44 3.17 1 12 0.1 1.69 1.22 2.15 3.13%
(20-30) (60-70)
Bozdemir and Cinan (2021) 41 26 22.29 245 20 10 65.69 437 1.35 0.86 1.83 1.65%
(19-30) (57-75)
Cona et al. (2012) 15 10 23.81 2.01 47 30 67.77 541 3 5 0.1 0.75 0.04 1.46 1.33%
(21-28) (60-67)
Costermans and Desmette 20 8 22.35 252 20 66.15 3.17 7 6 0.02 0.74 0.09 1.38 1.43%
(1999)
D’Ydewalle et al. (1999)
(OT: quiz) 60 36 19.35 59 37 62.93 4 6 0.09 0.55 0.18 0.92 3.65%
(18-22) (55-84)
(OT: face recognition) 60 36 19.35 48 20 62.93 4 6 0.09 0.49 0.12 0.85 3.65%
(18-22) (55-84)
D'Ydewalle et al. (2001) 48 30 20 23 12 69 2 5 0.25 0.60 0.18 1.01 1.75%
(18-25) (60-86)
Einstein et al. (1995) 12 (18-21) 12 66 10 1 0.1 0.94 0.09 1.78 1.50%
(Experiment 1)
(61-78)
12 (18-21) 12 66 10 1 0.05 0.69 —-0.16  1.51 1.47%
(61-78)
Einstein et al. (1995) 36 20.2 26 66.3 5 6 0.25 0.84 0.31 1.36 1.59%
(Experiment 3)
(18-22) (61-76)
Gonneaud et al. (2011) 29 14 243 4.5 23 13 68.2 6.7 3 8 0.06 1.34 0.73 1.94 1.48%
(18-35) (60-84)
Gonneaud et al. (2017) 20 9 25.15 5.14 18 12 62.1 2.7 0.5 0.23 1.63 0.91 234 1.33%
(18-35) (51-76)
Guimond et al. (2006) 35 16 22 5.2 38 19 68 6.4 2 1.69 1.16 223 1.58%
(15-29) (60-85)
Haas et al. (2022) 53 41 23.29 227 38 25 68.2 5.77 5 5 0.1 0.86 0.43 1.30 1.72%
(19-32) (60-81)
Haines et al. (2020) 40 30 241 3.6 31 21 71.6 49 2 4 0.08 1.23 0.75 1.70 1.66%
(Experiment 1)
(19-30) (65-86)
Haines et al. (2020) 23 14 229 4.1 20 13 70.6 5.5 2 4 0.08 1.55 0.93 2.16 1.47%
(Experiment 3)
(18-34) (60-83)
Henry et al. (2020) 125 89 229 3.45 41 28 73.8 5.57 8 1.60 1.31 1.88 1.92%
(Continued)
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Table 1. Continued.

Participants Predictors Age effect in TBPM accuracy
Younger adults Older adults Confidence Intervals
Age
M Age Duration of PM Frequency of Standardised criterion used for ~ Hedges’
Study N  Women (range) SD. N Women M(range) S.D. target time TBPM task TBPM accuracy g Lower Upper Weight
(18-30) (65-85)
Henry et al. (2012) 48 20.4 29 30 733 5.48 4 2.30 1.78 2.82 1.60%
(18-27) (65-84)
Hering et al. (2014) 30 6 20.87 415 30 12 67.7 4.72 3 2 0.33 0.80 0.27 132 1.59%
Ihle et al. (2014) 33 20.8 2.1 29 65.2 4.9 1 10 0.17 1.51 0.95 2.08 1.54%
(18-26) (54-74)
Jager and Kliegel (2008) 30 16 24 3 32 18 67.1 7.2 2 5 0.04 0.94 0.42 1.47 1.59%
(18-30) (58-91)
Lecouvey et al. (2017) 35 12 24.8 57 40 30 65.28 7.49 4 3 1.69 112 2.26 1.53%
Logie et al. (2004) 40 19 21.5 24 40 24 65.6 6.7 3 5 0.62 0.18 1.07 1.71%
(17-27) (54-78)
Méntyld et al. (2009) 39 21 233 24 40 23 70.2 6.3 5 7 0.07 0.36 -009 080 1.71%
(20-30) (64-81)
Martin et al. (2003) 40 21 24.8 2 20 8 69.3 5.6 2 4 0.08 0.56 0.11 1.00 1.71%
(22-31) (60-80)
Martin & Schumann- 90 75 24 377 38 25 69 5.49 2 6 1 1.03 0.70 135  1.86%
Hengsteler (2001)
Maylor et al. (2002) 30 25.40 496 30 67.27 4.24 3 5 0.02 1.10 0.56 1.65 1.57%
McFarland and Glisky 32 32 7488 (65 5.2 5 8 0.1 —0.32 -082 017 1.64%
(2009) +)
Mioni et al. (2019) 30 26 22.6 4.23 30 23 74.33 5.54 2 8 0.17 2.68 1.98 3.37 1.35%
Mioni et al. (2015) 19 9 29.95 1.22 39 22 73.75 5.22 2 10 0.17 1.22 0.53 1.90 1.37%
(22-27) (65-84)
Mioni and Stablum (2014) 76 45 23.11 258 76 44 70.05 7.47 5 4 0.07 1.14 0.80 1.49 1.84%
(19-34)
Morand et al. (2021) 22 12 254 519 22 10 62.5 6.05 0.5 0.23 1.19 0.55 1.82 1.44%
(18-35) (51-76)
Niedzwienska and 63 42 2156 194 29 14 68.4 3.16 10 4 0.27 -0.11 065  1.80%
Barzykowski (2012)
(19-27) (64-74)
Park et al. (1997) 56 39 19.59 207 55 28 69.8 5.84 2 6 0.03 0.79 0.40 1.17 3.95%
56 39 19.59 207 55 28 69.8 5.84 2 6 0.06 1.01 0.62 1.41 4.08%
56 39 19.59 207 55 28 69.8 5.84 2 6 0.16 1.45 1.03 1.87 4.15%
Pupillo et al. (2021) 109 19.94 103 70.79 1 16 0.08 0.97 0.68 1.25 1.92%
(18-27) (59-85)
Rendell et al. (2011) 30 219 328 20 16 75 5.72 12 1.88 1.27 248  1.48%
Rendell and Craik (2000) 20 16 21.3 47 73.34 2.5 14 0.13 1.05 0.48 1.61 1.53%
(19-24) (61-84)
Rendell and Thomson 126 (18-28) 125 87 (60-80) 7 1 0.05 0.93 0.70 1.16 1.97%
(1999)
Schnitzspahn et al. (2020) 31 19 23.71 3.07 67 70 67.09 4.66 10 2 0.03 0.62 0.06 1.18 1.55%
(20-29) (60-70)
Schnitzspahn et al. (2014) 64 19.11 57 69.79 1 4 0.17 1.00 0.63 1.38 1.80%
(18-25) (59-84)
Schnitzspahn et al. (2011) 20 16 215 226 59 37 68.55 4.66 2 6 0.1 0.83 0.19 1.48 1.42%

(18-25) (61-79)
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1.86%
1.63%
1.72%

0.61
2.04
1.49

—0.04
1.03
0.61

0.28
1.54
1.05

0.07
0.1

10

413
5.99

7.5

68.23
(60-75)

69.15

71.2

23
18

50
38
40

453
1.74

211

21.44
(18-33)
19.32

22.7

65
19

79
40
53

Vanneste et al. (2016)

Shum et al. (2013)
Varley et al. (2021)

MEMORY 9

g 8§ ¥ analysis, only 3 reported correlations between time moni-
NV toring and TBPM performance, separately for younger (r
= .42, .55, and .56) and older adults (r=.51, .69, and .71).
E E E E Therefore, we have calculated the correlation between
age effects in the two outcomes by transforming the
N S 5 8 effect sizes into Pearson’s r coefficients (detailed formulas
- - S @& and procedures are reported in the Supplementary
material). According to the multi-variate analysis, the age
R T 2 8 effects were grgpm perr.=1.064 and Giime monit.= 0.565;
- T < T both effect sizes were statistically significant (p >0.001).
According to the Q-test, the true outcomes appear to be
heterogeneous (Q(69) = 309.406, p < 0.001), especially for
TBPM performance (t2=0.214, p <0.001), and less for
time monitoring (t?=0.164, p =0.117); moreover, the het-
~ ~ erogeneity introduced by the relationship between the
e - ° two outcomes was significant (12=0.126, p=0.071). The
values of I indicated high between-study heterogeneity
in both outcomes (Prgem pert.= 80.17%; Fime monit.=
74.16%). The correlation between age effects on TBPM per-
formance and time monitoring is r = 0.67, suggesting that
there was a positive association between the age effect on
“w n e time monitoring and its effect on TBPM performance

(Figure 3); in other words, studies that found higher age
effects in time monitoring seem to find higher age
effects in TBPM performance too.

Effect of predictors

The multi-variate meta-regression model was carried out
with three task-related features as continuous predictors:
(1) the duration of the PM target time (i.e.,: the delay of
the PM cue in minutes), (2) the PM task frequency (i.e.;
how many PM task in a TBPM task block), and (3) arbitrary

3.82
3.82
7.08

N~ - -

RmEmg=eg criterion chosen to compute PM accuracy. The aims of this
ghgi~g 3 2 model were (1) to investigate whether these predictors
- T were linearly associated with the (age) effect size in both
- o TBPM performance and time monitoring, and (2) to estab-
~ lish whether predictors accounted for (some of) the
o o o~ between-studies heterogeneity introduced by the pres-
RN ence of the outliers, which were included in this model.
noom g According to the multi-variate analysis, the age effect
s S sizes when predictors were set to their means were
TNTNTQD grerMm pert. = 0.883 and Giime monit. = 0.396; both effect sizes
RRSRS RS were statistically significant (p >0.001). According to the
- - - = Q-test, the true outcomes appear to be heterogeneous
- (Q(57) =202.933, p < 0.001); however, such heterogeneity

)

was explained by between-studies variance introduced
from the variance in the TBPM performance (t*=0.075, p
=0.038), but not from the variance in time monitoring
(t*=0.067, p=0.246), as well as from the variance in the
relationship between the two outcomes (t?=0.043, p=
0.329). Indeed, predictors explained the most of the var-
jiance of the age effect in TBPM performance (=
64.79%); specifically, the model indicated that longer dur-
ations of target time were associated with a reduction of
the age effect in TBPM performance (3 =—0.15; p < 0.001;
Figure 4(A), upper left panel); similarly, higher PM task

25
25
86
Experiment 1), Park et al. (1997), and Yang et al. (2013) reported distinct accuracy measures on the same sample computed using different intervals for accuracy; D'Ydewalle et al. (1999) reported two measures of time-

based prospective memory accuracy: the first one was computed while people performed a quiz as ongoing task, and the second one was computed while people performed a face recognition test as ongoing task.

accuracy), as well as the age effect (Hedges’ g) on time-based prospective memory accuracy. The list of studies is sorted alphabetically by the name of the first author. Bastin and Meulemans (2002), Einstein et al. (1995,
TBPM: time-based prospective memory; OT: ongoing task.

Note. Sample characteristics of the eligible studies included in the meta-analysis, and predictors variables (i.e.,: duration - in minutes - of the PM target time, frequency of the prospective memory tasks, criterion for

Combined effect size

Yang et al. (2013)
Zuber et al. (2021)



Table 2. Time monitoring, sample and predictors’ characteristics of the eligible studies.

Younger adults Older adults Confidence Intervals
Age Duration of the TBPM target  Frequency of TBPM
Study N  Female M (range) SD. N Female M (range) S.D. time task Hedges'g Lower Upper Weight
Altgassen et al. (2010) 40 21 24.73 35 40 19 68.7 45 2 4 0.75 0.30 121 4.19%
Bastin and Meulemans (2002) 48 24 23.17 255 48 24 64.44 3.17 2 6 0.45 0.04 0.85 14.19%
(20-30) (60-70)
48 24 23.17 255 48 24 64.44 3.17 1 12 0.45 0.04 0.85 14.19%
(20-30) (60-70)
Cona et al. (2012) 15 10 23.81 (21-28) 2.01 47 30 67.77 (60-67) 5.41 3 5 0.91 0.19 1.63 3.22%
Costermans and Desmette 20 8 22.35 252 20 66.15 3.17 7 6 0.14 —0.48 0.76 3.58%
(1999)
Einstein et al. (1995) 12 (18-21) 12 66 10 2 0.76 —-0.07 159  2.85%
(Experiment 1) (61-78)
Einstein et al. (1995) 36 20.2 26 66.3 5 6 0.49 —-0.02 101 3.99%
(Experiment 3) (18-22) (61-76)
Gonneaud et al. (2011) 29 14 243 45 23 13 68.2 6.7 3 8 0.38 -0.17 093  3.83%
(18-35) (60-84)
Hering et al. (2014) 30 6 20.87 415 30 12 67.7 4.72 3 2 0.79 0.26 1.32 3.93%
lhle et al. (2014) 33 20.8 2.1 29 65.2 49 1 10 117 0.62 1.71 3.87%
(18-26) (54-74)
Logie et al. (2004) 40 19 21.5 24 40 24 65.6 6.7 3 5 1.04 0.57 1.51 4.14%
(17-27) (54-78)
Mantyla et al. (2009) 39 21 233 24 40 23 70.2 6.3 5 7 —0.87 -133 -041 4.18%
(20-30) (64-81)
Maylor et al. (2002) 30 25.40 496 30 67.27 4.24 3 5 0.73 0.21 1.25 3.94%
McFarland and Glisky (2009) 32 32 74.88 5.2 5 8 0.26 —0.23 0.75 4.06%
(65+)
Mioni and Stablum (2014) 76 45 23.11 258 76 44 70.05 747 5 4 0.33 0.01 0.65 4.67%
(19-34)
Mioni et al. (2019) 30 26 22,6 423 30 23 7433 5.54 2 8 1.97 1.36 2.59 3.59%
Schnitzspahn et al. (2014) 64 19.11 57 69.79 1 4 0.56 0.19 092  4.53%
(18-25) (59-84)
Vanneste et al. (2016) 40 19 22.7 1.74 38 18 69.15 5.99 1 10 0.59 0.14 1.05 4.19%
Varley et al. (2021) 53 19.32 211 40 71.2 7.5 1 3 0.66 0.24 1.08 4.32%
(17-29) (60-97)
Zuber et al. (2021) 86 67 28.26 6.06 47 0 67.81 7.08 1 6 0.41 0.05 0.77 4.53%
Combined effect size 0.59 033 0.84

Note. Sample characteristics of the eligible studies included in the meta-analysis, and predictors variables (i.e.,;: duration — in minutes — of the PM target time, and frequency of the prospective memory tasks), as well as age
effect (Hedges’ g) on time monitoring (as total clock checks). The list of studies is sorted alphabetically by the name of the first author. Bastin and Meulemans (2002) reported the same values of monitoring averaged for
two different frequency of the prospective memory task (6 vs. 12), and different durations of the target time (1-minute vs. 2-minutes); hence, we decided to duplicate these values and assign each of them for each of the
two values of the respective predictors (i.e., duration of the target time, frequency of the prospective memory task, and intervals for accuracy), thus measuring the moderating contribution of the predictors on the age

effect in prospective memory performance (see Results for more information); TBPM: time-based prospective memory.

TV 13 V43IVl o e oL



Author(s) and Year

MEMORY 1

Effect size [95% CI]

McFarland et al. 2009 : -0.32[-0.82,0.17
Niedzwienska & Barzykowski 2012 e 0.27 [-0.11, 0.65
Shum et al. 2013 p—e—q 0.28 [-0.04, 0.61
Aberle et al. 2010 | 0.34 [-0.28, 0.97
Mantyla et al. 2009 | 0.36 [-0.09, 0.80
d'Ydewalle et al., 1999 D 0.49[0.12,0.85
d'Ydewalle et al., 1999 P —a— 0.55[0.18,0.92
Martin et al. 2003 ] 0.56[0.11, 1.00
d'Ydewalle et al., 2001 P 0.59[0.18, 1.01
Schnitzspahn et al. 2020 I 0.62[0.06,1.18
Logie et al. 2004 P 0.62[0.18,1.07
Einstein et al. 1995 (Experiment 1) = { 0.68 [-0.14, 1.51
Costermans & Desmette 1999 —_— 0.73[0.09, 1.38
Cona et al. 2012 i { 0.75[0.04, 1.46
Zuber et al. 2021 : s 0.78[0.41,1.15
Park et al. 1997 —— 0.78[0.40, 1.17
Hering et al. 2014 | 0.80[0.27,1.32
Schnitzspahn et al. 2011 | 0.83[0.19,1.48
Einstein et al. 1995 (Experiment 3) e — 0.84[0.31,1.36
Haas et al. 2022 e 0.86[0.43, 1.30
Rendell & Thomson 1999 : —=— 0.93[0.70, 1.16
Einstein et al. 1995 (Experiment 1) . { 0.94[0.09,1.78
Jager & Kliegel 2008 4 | 0.94[0.42,1.47
Puﬁillo et al. 2020 e 0.97[0.68,1.25
Schnitzspahn et al. 2014 e 1.00[0.63, 1.38
Park et al. 1997 —a— 1.01[0.62, 1.41
Martin & Schumann-Hengsteler 2001 s 1.02[0.70, 1.35
Bastin & Meulemans 2002 —a— 1.04[0.62, 1.47
Rendell & Craik 2000 | 1.05[0.48, 1.61
Varley et al. 2021 P 1.05[0.61, 1.49
Maylor et al. 2002 P 1.10[0.56, 1.65
Mioni & Stablum 2014 e 1.14[0.80, 1.49
Morand et al. 2021 | 1.19[0.55, 1.82
Mioni et al. 2015 P 1.22[0.53, 1.90
Haines et al. 2020 (Experiment 1) e 1.23[0.75,1.70
Gonneaud et al., 2011 b 1.34[0.73,1.94
Bozdemir & Cinan 2020 | 1.35[0.86, 1.83
Park et al. 1997 —a— 1.45[1.03, 1.87
Ihle et al. 2014 P 1.51[0.95, 2.08
Vanneste et al. 2016 P 1.54[1.03, 2.04
Haines et al. 2020 (Experiment 3) P 1.556[0.93, 2.16
Henry et al. 2020 —=— 1.59[1.31, 1.88
Yang et al. 2013 e 1.61[1.07,2.16
Gonneaud et al. 2017 i 1.63[0.91,2.34
Bastin & Meulemans 2002 —a— 1.68[1.22,2.15
Lecouvey et al. 2017 —— 1.69[1.12,2.26
Guimond et al., 2006 P 1.69[1.16,2.23
Altgassen et al. 2010 e | 1.70[1.19,2.21
Yang et al. 2013 e 1.83[1.27,2.39
Rendell et al. 2011 b 1.88[1.27,2.48
Henry et al. 2012 [ — 2.30[1.78,2.82
Mioni et al. 2019 [ { 2.67[1.98, 3.37
Combined effect size (z = 13.41; p <.001) SRR - { 1.06 [ 0.90, 1.22]

Prediction Interval:
[0.08; 2.04]

| T i T
-1 -0.5 0 0.5

| I I I 1
1.5 2 25 3 3.5

Age-related difference in prospective memory performance

Figure 2. Age effects in time-based prospective memory performance and time monitoring. Note. Quantitative summary illustrating the combined effect
sizes (Hedges' g) of age differences in time-based prospective memory performance (2A), and time monitoring (2B). Concerning time-based prospective
memory performance (2A), points to the right of zero indicated negative effect of age (i.e.;: younger adults performing better than the older adults); con-
cerning time monitoring (2B), points to the right of zero indicated negative effect of age (i.e.,: younger adults checked the clock more frequently than the
older adults). In both forest plots, the size of the circles indicates the relative weight assigned to that study in the analysis. Error bars represent the 95%
confidence interval of the effect size of each study and, below them, the combined effect size is reported with its confidence interval (the black diamond)
and its prediction interval (the dotted line). Studies are sorted in ascending order by effect size.

frequency was associated with a reduction of the age
effect in TBPM performance (B =-0.05; p=0.031; Figure
4(A), upper right panel). Finally, there was a significant
negative interaction between duration of the PM target
time and PM task frequency (B=-0.02; p=0.009),
meaning that the longer the frequency task duration, the
stronger was the effect of the PM target time duration in
reducing age differences in TBPM performance (Figure 4
(A), lower panel). Similarly with the results on TBPM per-
formance, predictors explained the most of the variance
of the age effect in time monitoring too (r’=59.36%).
Specifically, the model indicated that longer durations of

target time were associated with a reduction of the age
effect in time monitoring (3 =—0.11; p=0.014; Figure 4B,
upper left panel); moreover, while the main effect of PM
task frequency (B=-0.07; p=0.110; Figure 4(B), upper
right panel) was not significant, there was a significant
interaction between duration of the PM target time and
PM task frequency (B=-0.032; p=0.026, Figure 4(B),
lower panel). The model indicated that the interval cri-
terion for PM accuracy did not exert any significant
effect on both TBPM performance (B =—-0.009; p = 0.948)
and time monitoring (B =0.355; p =0.177). The correlation
between age effects on TBPM performance and time
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B
Author(s) and Year

Effect size [95% Cl]

Mantyla et al. 2009 P -0.87 [-1.33, -0.41]
Costermans & Desmette 1999 I—-—-—i 0.14 [-0.48, 0.76]
McFarland et al. 2009 |—-—| 0.26 [-0.23, 0.75]
Mioni & Stablum 2014 }—-—i 0.33[0.01, 0.65]
Gonneaud et al., 2011 l—-—| 0.38 [-0.17, 0.93]
Zuber et al. 2021 —— 0.41[0.05, 0.77]
Bastin & Meulemans 2002 l—I—i 0.45[0.04, 0.85]
Bastin & Meulemans 2002 I—I—i 0.45[0.04, 0.85]
Einstein et al. 1995 (Experiment 3) b—-—| 0.49 [-0.02, 1.01]
Schnitzspahn et al. 2014 —=—q 0.56[0.19, 0.92]
Vanneste et al. 2016 s 0.59[0.14, 1.05]
Varley et al. 2021 : P 0.66 [ 0.24, 1.08]
Maylor et al. 2002 R 0.73[0.21, 1.25]
Altgassen et al. 2010 P——d 0.75[0.30, 1.21]
Einstein et al. 1995 (Experiment 1) : { 0.76 [-0.07, 1.59]
Hering et al. 2014 ; P 0.79[0.26, 1.32]
Cona et al. 2012 e 0.91[0.19, 1.63]
Logie et al. 2004 —— 1.04 [0.57, 1.51]
Ihle et al. 2014 A 1.16 [ 0.62, 1.71]
Mioni et al. 2019 P 1.97 [ 1.36, 2.59]
Combined effect size (z = 4.85; p < .001)  f-i <@ | 0.59[0.33, 0.84]
| : : | : : : : : Prediction Interval:

1% 1 -05 0 05 1 15 2 25 3 (04T 1.5

Age-related difference in clock check frequency

Figure 2 Continued

monitoring was r=0.61, suggesting that there was a posi-
tive association between the age effect on time monitor-
ing and its effect on TBPM performance.

Discussion

The present meta-analysis aimed (1) to quantify age-
related differences in TBPM and time monitoring among
studies that used laboratory tasks, (2) to estimate the
relationship between age effects in both TBPM perform-
ance and time monitoring, in order to determine if
studies with a high effect size on one outcome also have
higher effect sizes on the other outcome, and (3) to
measure whether and how specific task-related factors
(i.e., the duration of the PM target time, the frequency of
the PM task, and the interval criterion for correct PM
responses) affect age-related differences in TBPM

performance and time monitoring. The meta-analysis com-
prised 43 studies reporting compatible measures of PM
performance (sum or proportional accuracy); 17 of which
reported measures of total time monitoring.

Overview of the results

In summary, our meta-analysis found that younger adults
performed better than older adults in TBPM tasks (g:
1.06; Figure 2(A)). This result is in line with the previous
meta-analysis showing a negative effect of age in labora-
tory TBPM task, with an effect size of 0.39 (Henry et al,
2004). Our larger effect size might be due to the number
of studies: while Henry and colleagues (2004) included 6
studies, we included 44 studies; this huge difference is
due to the increasing number of studies in the last 15
years, which in turn affect the magnitude of the age
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effect (Hak et al., 2016). We also found that younger adults
checked the clock more often than older adults (g: 0.59;
Figure 2(B)); however, there was substantial unexplained
heterogeneity, which dropped considerably when outliers
were removed (i.e., from from ¥ =66.39% to 46.10%, and
from °=78.86% to 12.81%, for TBPM performance and
time monitoring, respectively; see Supplementary material
for more information). The results from the multi-variate
model showed that studies finding significant age effects
in TBPM performance seemed to have 67% of probability
to find significant age effects in time monitoring too,
suggesting that there is a strong relationship between
age effects in the two outcomes (Figure 3). The meta-
regression analysis showed that the duration of the PM
target time was negatively related to age effects in both
TBPM performance and time monitoring (Figure 4(A),
upper left panel, and 4B, upper left panel), and PM task fre-
quency was negatively related to the age effect in TBPM
performance (Figure 4(A), upper right panel) but not in
time monitoring (Figure 4(B), upper right panel). For
both time monitoring and TPM performance, a significant
negative interaction between PM task frequency and dur-
ation of the PM target time was found, indicating that the
negative relationship between age effects and duration of
the PM target time was more pronounced for task blocks
with multiple PM cues compared to 1- (single-item) PM
task blocks (Figure 4(A,B), lower panels). Interestingly,
this model seemed to explain the between-studies hetero-
geneity introduced by the outliers, as shown by the t°
which was considerably reduced in this model compared
to the one without predictors (i.e., from 12=0.214 to T°=
0.075 for TBPM performance, and from 1°=0.164 to T°=
0.067 for time monitoring).

Conceptual and methodological implications

As mentioned above, time monitoring is essential for
TBPM accuracy (Ceci & Bronfenbrenner, 1985; Harris &
Wilkins, 1982; Mantyld et al., 2006; Mioni et al., 2019;
Mioni & Stablum, 2014; Vanneste et al., 2016); yet, the cog-
nitive processes underlying age differences in time moni-
toring and TBPM are still an open debate. Some authors
argued that age-related impairments are related to time
estimation ability, especially involved in time monitoring
(Labelle et al., 2009; Mioni & Stablum, 2014; Vanneste
et al., 2016), whereas others argued that attentional pro-
cesses, such as task-switching, are responsible for age
differences in TBPM (Lecouvey et al., 2017; Varley et al.,
2021; Zuber & Kliegel, 2020). Other authors argued that
shorter PM target times (< 2 min) involved more atten-
tional control processes (e.g., task switching) than longer
PM target times (> 2 min; Bastin & Meulemans, 2002;
Conte & McBride, 2018). This argument was confirmed
by a recent study showing that age differences in a 1-
minute TBPM task were due to impairments in attentional
processes (Varley et al., 2021). Nonetheless, it is not clear
yet whether and how the duration of the PM target time
affect attention and/or time estimation processes in
aging (Block & Zakay, 2006; Mioni & Stablum, 2014). The
average duration of the PM target time in the studies
included in the meta-analysis was 4 min, ranging from 30
s (Gonneaud et al., 2017; Morand et al., 2021) to 10 min
(Einstein et al., 1995; NiedZzwienska & Barzykowski, 2012).
The results showed that younger adults were more accu-
rate and checked the clock more frequently in the TBPM
task, especially for shorter intervals (less than 4 min). It's
possible that the age differences for shorter intervals are
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due to the involvement of attentional control processes
(Conte & McBride, 2018) that are particularly impaired
with aging (Craik, 1986; Varley et al., 2021). Diversely,
longer PM target times (i.e., >4 min) may either allow
more time to better distribute the attentional resources
between OT and PM task, as well as engage more time

estimation abilities compared to short PM target times,
reducing the age differences in time monitoring and
TBPM accuracy (Mioni et al., 2020, 2021; Varley et al., 2021).

Among the studies included in the present meta-analy-
sis, the frequency of PM target time ranged from 1 (Rendell
& Thomson, 1999) to 16 (Pupillo et al., 2021; Shum et al,,



2013). The meta-analysis showed that PM task frequency
had a selective effect on TBPM performance, but not on
time monitoring. Age differences in TBPM performance
were influenced by PM task frequency, especially when
the PM target time was longer, suggesting that learning
from task repetition could counteract or reduce age
effects. PM task frequency had no effect on age differences
in time monitoring, indicating that these differences are
not influenced by task repetition but by PM target time
duration; however, this last finding should be taken care-
fully as there were fewer studies that measures time moni-
toring (i.e., 18) and thus fewer observations of these effects
as for TBPM accuracy, for which there were more studies
(i.e., 44); therefore, it is not possible to fully exclude the
presence of learning effects in time monitoring too.
Indeed, age differences in time monitoring were reduced
by PM task frequency, but only when the PM target time
was longer (Figure 4(B), lower panel), suggesting that
learning from task repetition could counteract or attenu-
ate age effects in time monitoring which, in turn, affect
age differences in TBPM performance. Future studies are
needed to investigate this specific effect experimentally.
The current meta-analysis has several important meth-
odological implications for the design and interpretation
of future studies in the field. Firstly, with regards to the
design of future tasks, the results of the meta-analysis
showed that age effects in TBPM performance and time
monitoring were significant when the TBPM task consisted
of 6 PM target times, lasting 4 min each. As such, future
studies that aim to detect age differences in TBPM
should replicate these parameters. It is important to note
that these parameters can be changed based on the
specific research needs; yet, researchers should be aware
that changing the number of cues and target time dur-
ation can impact the magnitude of age effects, and this
may be reflective of different cognitive mechanisms,
such as task-switching and time estimation, which may
interact with learning processes. Another methodological
implication concerns the criterion used to determine
TBPM accuracy and its impact on age differences in
TBPM performance and time monitoring (Yang et al.,
2013). The studies included in the meta-analysis used a
wide range of interval criteria, ranging from 2% (Coster-
mans & Desmette, 1999) to 100% (Haas et al, 2020;
Martin & Schumann-Hengsteler, 2001; Varley et al., 2021;
Yang et al., 2013) of the total PM target time. Despite
this variability, the results of the meta-analysis showed
that age differences were detected regardless of the inter-
val criterion chosen by the researchers, indicating that the
TBPM paradigm is robust for studying age effects. As such,
the choice of criterion for PM accuracy should not be a
concern for researchers, as significant age differences are
likely to emerge regardless of the criterion used. Finally,
the meta-analysis highlights the importance of including
measures of time monitoring in any TBPM experiment, as
it is highly correlated with TBPM and essential for under-
standing the cognitive processes underlying TBPM
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performance, as supported by previous research that has
demonstrated the close relationship between time moni-
toring and TBPM (Ceci & Bronfenbrenner, 1985; Harris &
Wilkins, 1982; Mantyla et al., 2006; Mioni et al, 2019;
Mioni & Stablum, 2014; Vanneste et al., 2016).

Finally, age effects in TBPM performance and time
monitoring can be interpreted into the broader context
of aging in human memory (Bopp & Verhaeghen, 2005).
Specifically, while recollection is disrupted by aging, recog-
nition is usually spared (Yonelinas, 2002). These differences
in memory recollection are not solely due to the size of the
hippocampus (Van Petten, 2004), but may also be deter-
mined by compensatory frontally-mediated executive
functions that are engaged in self-initiated processes
involved in memory recall (Cabeza et al., 2018; Craik,
1986; West, 1996). In line with such explanation, TBPM
has been shown to be particularly difficult for older
adults as it requires similar self-initiated processes
(Lewis-Peacock et al., 2016; Martin-Ordas et al, 2010;
McDaniel et al., 2015), involving executive functions and
cognitive control processes (Cruz et al, 2017; Zuber &
Kliegel, 2020) that are particularly impaired in aging
(Cabeza et al, 2018; Craik, 1986; West, 1996). However,
recent meta-analytic evidence challenged the explanation
of self-initiated processes being the only source of age-
related differences in memory performance (Craik, 1986;
West, 1996), as age effects can also be observed in recog-
nition (Fraundorf et al.,, 2019), which presumably should
not involve frontally-mediated executive functions (McDa-
niel et al., 2015; Yonelinas, 2002; Yonelinas et al., 2010).
Therefore, it is still unclear whether the age-related
deficit reflects a general deficit related to self-initiated pro-
cesses that affects globally all memory tasks, and further
studies are needed to understand this aspect related to
aging in human memory.

Limitations & future directions

The present meta-analysis has some limitations. The first
limitation concerns the lack of analysis on the strategic
aspects of time monitoring, which can be investigated
measuring monitoring over time. Several studies have
shown that people usually check the clock few times as
the task starts, and then increase the number of clock
checks as the PM target time approaches, forming a “J-
shaped” curve (Labelle et al., 2009; Mantyla et al., 2006;
Mioni et al.,, 2019; Vanneste et al., 2016); such strategic
behavior is associated with better PM accuracy (Ceci &
Bronfenbrenner, 1985; Harris & Wilkins, 1982; Mantyla
et al, 2006; Mioni et al, 2012, 2019; Vanneste et al,,
2016; Waldum & McDaniel, 2016). A recent study disen-
tangled the respective contribution of total versus stra-
tegic time monitoring to the age differences in TBPM
performance. The authors proposed a more fine-grained
indicator of strategic behaviour (i.e., relative monitoring),
which accounts for interindividual differences in the total
frequency of clock checks (i.e., absolute monitoring). The
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results showed that both relative and absolute monitoring
fully mediated the negative age effect on TBPM; yet, rela-
tive monitoring was a stronger predictor of TBPM perform-
ance than absolute monitoring (Joly-Burra et al., 2022). In
the present meta-analysis, we could not code monitoring
over time given that each study used different PM target
times and analysed monitoring using different intervals,
according to the specific research needs. Thus, any infer-
ence on strategic time monitoring should be taken care-
fully considering these current meta-analytic results, and
future studies are needed to investigate the strategic
aspect of time monitoring. Another limitation is the lack
of comparison between laboratory and naturalistic
setting (Cauvin et al., 2019; Haas et al., 2020; Kvavilashvili
& Fisher, 2007; Maylor, 1990; McBride et al., 2013; Rendell
& Thomson, 1993). As mentioned in the introduction, we
decided to focus only on laboratory tasks because, as far
as known by the authors, there are no studies in the litera-
ture that have developed a method for measuring time
monitoring in naturalistic settings; hence, considering
the relevant role of time monitoring in TBPM, we
decided to focus only on laboratory studies. However,
with the development of new technologies, such as elec-
tronic pads and smartwatches, future studies could
develop an experimental protocol to measure time moni-
toring in naturalistic contexts, allowing future meta-ana-
lytic comparisons between laboratory and naturalistic
assessments.

Finally, it is also possible that other factors, such as cog-
nitive demands and stimulus material of the ongoing task,
may have influenced the results. Indeed, the multivariate
analysis with the predictors showed that there was still
a significant portion of unexplained variance in the age
effect in TBPM performance (12=0.075, p=0.038); it
cannot be excluded that such unexplained variance
could be due to different OTs. Most of studies in the
meta-analysis used traditional cognitive tasks such as
working memory (Pupillo et al., 2021; Zuber et al., 2021)
or arithmetic tasks (D'Ydewalle et al, 2001; Gonneaud
etal,, 2011); others used more passive OT such as watching
a movie (Logie et al., 2004; Mioni & Stablum, 2014),
whereas few studies used alternative OTs such as trivia
or jigsaw puzzle (Einstein et al., 1995; Waldum & McDaniel,
2016); some studies used even different OTs across TBPM
task blocks (D’Ydewalle et al., 1999; Niedzwieriska & Barzy-
kowski, 2012). Our analysis did not examine the specific
nature of the OT, but it cannot be excluded that these
factors could also influence age effects in TBPM (D'Yde-
walle et al., 2001; Khan et al., 2008; Meier & Zimmermann,
2015). Moreover, it is also possible that PM task frequency
and/or the duration of the PM target time were related to
the nature of the OT. Future research should consider con-
ducting a more in-depth examination of the role of OT
typology in time monitoring and TBPM performance, to
provide a clearer understanding of the relationships
between this further factor and age-related changes in
TBPM.

Conclusions

Overall, this meta-analysis provided an update on age
differences in TBPM accuracy and their potential effect
size (Henry et al,, 2004), as well as a first meta-analytic
quantification of the age difference in time monitoring,
investigating the contribution of task-related features,
namely the duration of the PM target time, the frequency
of the PM task, and the criterion of PM accuracy. Our meta-
analytical results have both conceptual and methodologi-
cal implications. Conceptually, the results of the meta-
analysis suggested that the age effect emerged consist-
ently for shorter (e.g., <4 min) rather than longer intervals,
probably because of age-related impairment in the atten-
tional processes. Moreover, the effect of the PM target
time’s duration interacted with the frequency of the PM
task, suggesting that there might be some learning
effects that can attenuate the magnitude of age effects,
especially for longer durations. Concerning the possible
methodological implications, it is reasonable to argue
that, regardless how researchers code accuracy, TBPM
paradigm can detect age-related differences consistently;
yet researchers should be aware that changing task-
related parameters such as the frequency of the PM task
and the duration of the PM target time can affect the mag-
nitude of the age effect in both time monitoring and TBPM
performance. In summary, the present meta-analysis can
help the conceptual understanding of the cognitive pro-
cesses underlying age effect in time monitoring and
TBPM performance, also providing a methodological fra-
mework that can guide future aging research.

Note

1. Age groups were not defined a-priori because there is no
agreement on how to define age groups; indeed, all studies
used different age ranges for younger and older adults:
hence, we extracted the age groups as they were reported
within each study, regardless of the differences in age
ranges across studies.
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