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Abstract
In laboratory time-based prospective memory tasks, older adults typically perform worse than younger adults do. It has 
been suggested that less frequent clock checking due to problems with executive functions may be responsible. We aimed 
to investigate the role of clock checking in older adults’ time-based prospective memory and to clarify whether executive 
functions would be associated with clock checking and consequently, with time-based prospective memory. We included 62 
healthy older adults (62-85 years of age) and applied tasks of time-based prospective memory as well as of executive func-
tions (i.e., inhibition, fluency, and working memory). We used mediation analysis to test whether time-based prospective 
memory declined with advancing age due to less frequent clock checking. In addition, we tested whether there would be an 
association between executive functions and clock checking or time-based prospective memory. Time-based prospective 
memory declined with advancing age due to less frequent clock checking within 30s prior to intention completion. We only 
found a link between executive functions and clock checking (or time-based prospective memory) when not controlling for 
age. Our results support the importance of clock checking for time-based prospective memory and add to the current literature 
that older adults’ prospective memory declines because they are less able to adapt their clock checking. Yet, the reason why 
older adults are less able to adapt their clock checking still remains open. Our results do not indicate that executive function 
deficits play a central role.
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Introduction

Remembering to do something at a future point in time is 
a mnemonic ability that is referred to as time-based pro-
spective memory (Einstein & McDaniel, 1990; Waldum 
& McDaniel, 2016). Checking a clock with increasing fre-
quency as that point in time nears helps to accomplish the 
intention on time (e.g., Mioni et al., 2020; Mioni & Stab-
lum, 2014; Vanneste et al., 2016). Older adults seem not 
to increase clock checking frequency as younger adults do 
(McFarland & Glisky, 2009; Mioni et al., 2020; Park et al., 
1997; Vanneste et al., 2016) and consequently, their time-
based prospective memory is less accurate (e.g., Mioni 
et al., 2020; Mioni & Stablum, 2014; Vanneste et al., 2016). 
Previous studies, however, mostly compared older adults to 
younger adults and only reported that both groups checked 
the clock with different frequencies. It is not fully under-
stood, yet, when - during ageing - people begin to check 
the clock less frequently. It could be that clock checking 
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behaviour changes continuously as people age, translating 
to impairments of time-based prospective memory when a 
certain age is reached and then they remain stable. Alter-
natively, clock checking behaviour may continue to change 
with more pronounced impairments later in life. An investi-
gation of clock checking within a sample of older adults of 
a broader age range would therefore complement previous 
studies that compared younger adults with older adults.

It is also not well understood why older adults check the 
clock less frequently. It has been suggested that problems 
with executive functions may play a role. According to the 
multiprocess theory by McDaniel and Einstein (2000), pro-
spective memory requires executive resources particularly 
when the cues that trigger the intention are not salient or 
not part of the ongoing activity (which typically applies to 
time-based prospective memory tasks). The attentional-
gate model by Block and Zakay (2006), which specifically 
addresses time-based prospective memory tasks, suggests 
that an estimation of time requires attentional resources that 
are allocated by an attentional gate. The model states that an 
estimation of time happens by comparing a perceived period 
of time to reference periods stored in long-term memory. 
If more attention is given to the estimation of the elapsed 
time, prospective memory responses become more accurate. 
On the contrary, if attention is given to other tasks (e.g., 
the ongoing task), accuracy decreases. Several studies tried 
to link performance in executive function tasks to clock 
checking or time-based prospective memory (Gonneaud 
et al., 2011; Kliegel et al., 2003; Mioni et al., 2020; Mioni 
& Stablum, 2014; Yang et al., 2013). The results of these 
studies, however, were not consistent. While some studies, 
for example, reported an association between time-based 
prospective memory and planning (e.g., Yang et al., 2013), 
others found no association with planning but reported that 
cognitive flexibility significantly predicted time-based pro-
spective memory (e.g., Kliegel et al., 2003). Another study 
found a link between time-based prospective memory and 
inhibition but not updating (Gonneaud et al., 2011), while 
still others reported the opposite (Mioni & Stablum, 2014). 
In a study that included younger and older adults, working 
memory was associated with prospective memory and clock 
checking in older adults, whereas inhibition was linked to 
prospective memory and clock checking in younger adults 
(Mioni et al., 2020). Although the results of previous stud-
ies did not agree well, they suggest a link between executive 
functions and clock checking (or prospective memory). Only 
some of these studies, however, controlled for age in their 
statistical models (Gonneaud et al., 2011; Vanneste et al., 
2016; Yang et al., 2013). Since age is known to influence 
executive functions (Ferguson et al., 2021), it is an impor-
tant confound for any type of relationship between these 
cognitive domains. Studies that controlled for age in their 
models mostly reported that the link between executive 

functions and prospective memory was no longer significant 
(Gonneaud et al., 2011; Yang et al., 2013). So far, only one 
study found an age-independent association between execu-
tive functions and time-based prospective memory, but not 
clock checking (Vanneste et al., 2016). Thus, the associa-
tion between executive functions and prospective memory 
or clock checking is still not fully understood.

The aims of the current study were, therefore, twofold. 
First, we aimed to investigate the role of clock checking for 
time-based prospective memory within a group of healthy 
older adults. We hypothesized a decline in prospective mem-
ory with advancing age that would be explained by less fre-
quent clock checking. Second, we aimed to clarify whether 
executive functions would be associated with clock checking 
or time-based prospective memory even when controlling 
for age. We hypothesized that we would only find an asso-
ciation between executive functions and clock checking (or 
prospective memory) when not controlling for age.

Methods

Participants

We included N = 62 older adults (mean age 72.5 years, 
SD = 5.93, range 62-85 years; 32 women; Table 1). All par-
ticipants were Caucasian, 60 years or older and had no his-
tory of any psychiatric or neurological disorder, severe head 
injury, or drug or alcohol abuse. No participant was taking 

Table 1   Participants’ demographics and performance in cognitive 
tasks

Mean Standard 
deviation

Demographics
  Women/men (number) 32/30
  Age (years) 72.45 5.93
  Education (years) 16.87 4.97
  Montreal Cognitive Assessment (score; 0-30) 26.42 2.63

Prospective Memory task
  Hits (number) 1.11 1.36
  Deviation time (in seconds) 13.23 12.96
  Misses (number) 1.06 1.50
  Not-on-time responses (number) 1.82 1.37
  Clock monitoring (frequency) 8.18 5.37

Executive Functions
  Go/No-go: Misses (number) 2.08 3.45
  Go/No-go: False alarms (number) 5.41 3.63
  Corsi block tapping backwards (number) 4.16 1.35
  Design fluency (number) 26.82 6.93
  Verbal fluency (number) 36.98 8.74
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any medication that interfered with cognition at the time 
of the study. All participants needed to be fluent in Ger-
man, with normal or corrected to normal vision and hear-
ing. We screened for possible subtle cognitive impairment 
using the Montreal Cognitive Assessment (MoCA, Nasred-
dine et al., 2005) and included participants with MoCA ≥23 
(Luis et al., 2009; O’Caoimh et al., 2016). In addition, we 
screened for possible depressive symptoms using the Geriat-
ric Depression Scale (GDS, Yesavage & Sheikh, 1986) and 
included participants with GDS ≤ 5. The local Ethics Com-
mittee approved the study, which was conducted according 
to the Declaration of Helsinki. All participants gave written 
informed consent before the study.

Measures

Prospective Memory

Time-based prospective memory was assessed with a com-
puterized task adapted from Jäger and Kliegel (2008). The 
task consisted of three blocks: During the first and the 
third block, participants had to perform a 1-back working 
memory task (i.e., an ongoing-task). Since we were pri-
marily interested in prospective memory, we report details 
on the ongoing task in the Supplement. For the second 
block, a time-based prospective memory task was added to 
the ongoing task. During the prospective memory task, the 
participants had to press a button (i.e., ‘enter’) whenever 
they felt two minutes had elapsed. They had the possibility 
to press yet another button (i.e., ‘space’) to find out how 
much time really had passed; then, a stopwatch appeared 
for 3 s at the bottom of the screen. The duration of the 
task was fixed to ten minutes (Fig.  1). We considered 
minute 2, 4, 6, and 8 as prospective memory targets (i.e., 
where the participants were meant to press ‘enter’). We 

did not include minute 10 since the task stopped almost 
directly after 10 min and therefore, there may not have 
been enough time for the participants to remember that 
they should have pressed the button. Thus, the prospec-
tive memory task consisted of 4 time-based prospective 
memory targets.

For statistical analyses, we included all button presses 
(i.e., ‘enter’ and ‘space’) within ± 60 s around the four 
prospective memory targets (i.e., minute 2:00, 4:00, 6:00, 
and 8:00). For the evaluation of prospective memory task 
performance, we calculated the mean absolute deviation 
time of ‘enter’ presses around the target times (e.g., for a 
button press at 4:12, the deviation would be 12 s). If that 
mean deviation time was ≤ 2.5 s, the event was rated as a 
hit, otherwise it was rated as a response that was not-on-
time (Jäger & Kliegel, 2008). If the participants did not 
respond within ± 60 s around a target time, this was rated 
as a miss. Thus, we calculated the number of hits, not-on-
time responses, misses, and the mean deviation time for 
each time interval. For clock monitoring, we calculated 
how often the participants pressed ‘space’ within ± 60 s 
around each target time. Comparable to previous studies 
(e.g., Gonneaud et al., 2011; Mioni et al., 2020; Mioni & 
Stablum, 2014), we separated the 60 s prior to and after 
each target time into four intervals: T - 60 corresponds to 
the interval 60 to 30 s and T - 30 to the interval 30 to 0 s 
before that point in time. Consequently, the intervals 0 s 
to 30 s or 30 s to 60 s after that point in time were labelled 
as T + 30 or T + 60 (Fig. 1). Before and after the task, we 
double-checked with the participants that they understood 
what the task was about (i.e., we asked them to explain the 
task in their own words). In addition, we applied a short 
training of the ongoing task (i.e., 14 objects were pre-
sented with 4 n-back targets). The participants were told 
that solving the ongoing task and the prospective memory 
task was equally important.

Fig. 1   Illustration of the time-based prospective memory task. Block 
1 and 3 consisted of an ongoing task and for block 2, a time-based 
prospective memory task was added to the ongoing task. During the 
ongoing task, the participants performed a 1-back working memory 

task. For the prospective memory task, they needed to press ‘enter’ 
whenever they felt two minutes had elapsed. They could press yet 
another button (i.e., ‘space’) to find out how much time really had 
elapsed
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Executive Functions

For the assessment of executive functions, we applied a Go/
No-Go task, a computerized backward Corsi block tapping 
task as well as verbal fluency tasks (Schuhfried, 2011). In 
addition, we applied a paper-pencil version of the design 
fluency task (i.e., the 5-point test; Regard et al., 1982).

With the Go/No-Go task, we investigated the ability to 
inhibit a response. Triangles or circles were presented on a 
computer screen and the participants were required to either 
respond (i.e., by pressing a button) or withhold a response 
depending on whether a Go-stimulus or a No-Go-stimulus 
was presented. We assessed false alarms as well as missed 
Go-stimuli, with the number of false alarms indicating inhib-
itory control and the number of missed Go-stimuli indicating 
attentional deficits.

With the Corsi block tapping task, we assessed spatial 
working memory capacity. Participants watched different 
orders in which a number of rectangles highlighted. After 
each sequence, they needed to click the rectangles with the 
mouse in reverse order. That is, they needed to begin with 
the one they saw highlighted last. We assessed the backward 
span, that is, the longest sequence a participant correctly 
repeated in reverse order.

With verbal fluency tasks, we assessed how many differ-
ent words starting with the letter ‘S’ (i.e., lexical fluency) 
or how many animals (i.e., semantic fluency) can be named 
within one minute. We counted the total number of correctly 
named words without repetitions for both subtasks and used 
the sum of both for statistical analysis. During design flu-
ency, we asked participants to connect two or more dots 
of five-dot matrices to generate as many unique designs as 
possible within three minutes. Again, we used the number 
of correct designs without repetitions for statistical analysis.

Statistical Analyses

First, we tested whether the participants checked the clock 
with increasing frequency when the point in time of inten-
tion completion became near. Therefore, we compared the 
mean clock monitoring frequency per time interval (T - 60, 
T - 30, T + 30, T + 60) using repeated measures ANOVA. 
Then, we tested whether age was predictive of clock check-
ing or time-based prospective memory. Therefore, we used 
linear (or quadratic) regression with age as a predictor for 
prospective memory or clock checking. We next conducted 
mediation analysis to test whether age-related changes in 
prospective memory were mediated by clock checking. 
Mediation analysis tests the assumption that the bivariate 
relationship between a predictor variable X and an outcome 
variable Y is explained via a third variable M (MacKinnon 
et al., 2007). We used age as the predictor (X), the number 
of hits or the mean deviation time as the outcome variable 

(Y), and clock checking as the mediator (M). We preferred 
bootstrapping (5000 iterations) over the Sobel test because it 
provides greater statistical power in testing the significance 
of the indirect effect (MacKinnon et al., 2004). Finally, we 
tested the association between performance in executive 
function tasks and clock checking or prospective memory 
by using Pearson correlations or partial correlations, when 
holding age statistically constant. Again, we applied boot-
strapping with 5000 iterations.

We used R (version 3.6.3) and RStudio with p < .05 con-
sidered statistically significant. We applied Bonferroni-Holm 
correction for multiple comparisons.

Results

Descriptive Findings

The participants had 1.11 (± 1.36) prospective memory 
hits, 1.06 (± 1.50) misses and 1.82 (± 1.37) not-on-time 
responses. On average, they responded 13.2  s (± 12.9) 
before or after each target time and checked the hidden clock 
8.18 times (± 5.37). Other descriptive data can be found in 
Table 1.

Clock Checking Increases when an Intention 
is Meant to be Accomplished

We found a significant main effect of time-interval for clock 
checking (F (3.183) = 32.31, p < .001). Post-hoc tests indi-
cated that clock checking was highest within 30 s before the 
point in time when the participants were meant to carry out 
the prospective memory intention (i.e., T - 30 vs. T - 60: 
t (61) = 4.97, p < .001; vs. T + 30: t (61) = 5.89, p < .001; vs. 
T + 60: t (61) = 7.39, p < .001). Likewise, clock checking was 
significantly higher within 60 s before that point in time 
(i.e., T - 60 vs. T + 30: t (61) = 3.91, p < .001; vs. T + 60: t 
(61) = 5.09, p < .001) than after that point in time had passed. 
No significant difference was observed between the two 
time intervals after the point in time, when an intention 
had to be retrieved (i.e., T + 30 vs. T + 60: t (61) = 0.563, 
p = .576). These results indicate that the participants gradu-
ally increased clock checking prior to the point in time when 
they were meant to respond and once that point in time had 
passed, clock checking decreased (Fig. 2).

Higher Age is Associated with Less Clock Checking 
and Worse Prospective Memory

We then tested whether age was predictive of prospec-
tive memory or clock checking frequency. We found 
that age significantly predicted prospective memory hits 
(β = −0.083, p = .003, see supplementary Fig. S1) as well 
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as mean deviation time (β = 0.660, p = .027, see supplemen-
tary Fig. S2). In addition, age significantly predicted overall 
clock checking (β = −0.237, p = .040) and was particularly 
associated with clock checking within the time intervals 
prior to the point in time where the participants were meant 
to respond (T - 60, β = −0.078, p = .047; T - 30, β = −0.171, 
p = .012). In contrast, age was not predictive of the number 

of misses (β = 0.062, p = .055) or not-on-time responses 
(β = 0.021, p = .484). None of the quadratic regressors were 
significant. These results indicate that with advancing age, 
less time-based intentions were carried out and responses 
were less accurately on time. In addition, the frequency of 
clock checks increased less with advancing age, particularly 
when the moment of intention completion came near.

Clock Monitoring Mediates Age‑Related Prospective 
Memory Decline

Next, we tested whether reduced clock checking was respon-
sible for age-related decline in time-based prospective mem-
ory. With mediation analysis, we found that clock checking 
within 30 s before intention completion fully mediated the 
effect of age on prospective memory hits (indirect effect a 
x b = −0.05, 95% CI [−0.10, −0.01], p = .01; direct effect 
c’ = −0.03, 95% CI [−0.07, 0.01], p = .117; Fig. 3). Within 
60 s prior to intention completion, clock checking partly 
mediated the effect of age on prospective memory hits (indi-
rect effect a x b = −0.02, 95% CI [−0.05, 0.00], p = .042; 
direct effect c’ = −0.06, 95% CI [−0.11, −0.01], p = .012; 
Fig. 3). This indicates that advancing age was accompanied 
by a less distinct increase in clock checking, which in turn 
led to lower prospective memory task performance. We 
found similar results when using the mean deviation time 
instead of the number of time-based intentions that were 
correctly carried out (see Supplement Fig. S3).

Fig. 2   Clock monitoring during different time intervals of a time-
based prospective memory task. The 60 s before or after the point in 
time where the participants were meant to respond were divided into 
four 30 s time intervals (i.e., T - 60, T - 30, T + 30, and T + 60). Signif-
icant at *** p < .001. Error bars depict the standard error of the mean

Fig. 3   Results of the mediation 
analysis. We tested whether 
clock monitoring mediated 
the relationship between age 
and the number of times the 
prospective memory intention 
was carried out. Clock monitor-
ing was assessed during the 
time interval up to 30 s (a) or 
30-60 s (b) prior to the point in 
time when the participants were 
meant to accomplish the inten-
tion. A dashed line indicates 
full mediation, while a solid 
line indicates partial mediation. 
Significant at * p < .05 , p < 
0.01, or *** p < .001
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When Controlling for Age, No Significant 
Association Remains Between Executive Functions 
and Prospective Memory

Finally, we tested whether executive functions would be 
associated with clock checking or prospective memory. 
When not controlling for age, we found significant correla-
tions between design fluency and the number of prospec-
tive intentions that were carried out (r = .28, p = .027) or 
missed (r = −.27, p = .035). In addition, participants with 
better design fluency performance checked the clock more 
frequently (r = .29, p = .023), especially within 30 s prior 
to intention completion (r = .33, p = .009). Those with an 
increased number of false alarms during the Go/No-Go task 
also showed an increased number of not-on-time responses 
during the prospective memory task (r = .29, p = .039), while 
those with better Corsi block tapping performance carried 
out a higher number of prospective intentions (r = .28, 
p = .029; see supplementary Table S3). This suggests that 
problems with executive functions may influence prospec-
tive memory task performance. When we controlled for age, 
however, none of these correlations remained significant (see 
supplementary Table S4).

Discussion

In the current study, we examined the role of clock checking 
in older adults time-based prospective memory and aimed to 
clarify whether executive functions would be associated with 
clock monitoring or prospective memory, when (or when 
not) keeping age statistically constant.

We found an age-related decline in time-based prospec-
tive memory that was due to less frequent clock checking 
within 30 s prior to intention completion with advancing 
age. Although our participants gradually increased the fre-
quency of clock checking towards intention completion, the 
increase was less distinct in the oldest participants. Con-
sequently, their prospective memory performance was less 
accurate. This is in line with previous studies reporting 
positive correlations between the number of clock checks 
and prospective memory task accuracy (Mioni et al., 2020; 
Mioni & Stablum, 2014). It is also in line with studies show-
ing that an age-related decline in time-based prospective 
memory was associated with a change in clock monitoring 
(Vanneste et al., 2016). Our results, though, extend previous 
findings by showing that within the age range of our par-
ticipants (i.e., 62-85 years of age), clock checking became 
less distinct towards intention completion with increasing 
age. This indicates that the ability to adapt clock checking 
prior to intention completion declines in a linear fashion 
with increasing age rather than dropping at a certain age 
and then remaining stable from then on. The results of our 

study, thus, provide a more comprehensive picture than has 
previously been established.

It still remains open why older adults are less well able to 
increase clock checking. One possible explanation, accord-
ing to the literature, may be executive function deficits 
(Gonneaud et al., 2011; Kliegel et al., 2003; Mioni et al., 
2020; Mioni & Stablum, 2014; Yang et al., 2013). If that 
would be the case, there should be an association between 
performance in executive functions tasks and clock check-
ing (or prospective memory). Our results do not support this 
view. Although we found significant correlations between 
design fluency, working memory, or inhibition and prospec-
tive memory (or clock checking), these correlations where 
no longer significant, when we controlled for age. This may 
seem surprising given that executive functions and prospec-
tive memory do overlap. During the time interval between 
forming an intention and its retrieval, for example, partici-
pants need to shift their attention repeatedly from the ongo-
ing activity to clock monitoring. When the point in time for 
intention completion comes near, the ongoing activity needs 
to be inhibited for the intention to be carried out. All these 
activities reflect executive functions. In our study, ongo-
ing task performance was reduced and reaction times were 
slower within ± 30 s around the point in time when prospec-
tive memory intentions were carried out (see supplementary 
results), reflecting a shift of attention from the ongoing task 
to the prospective memory task. It seemed, though, that all 
participants showed a similar reduction in ongoing task per-
formance when the prospective memory task was added (see 
supplementary results), while only the oldest participants 
had difficulties with clock checking. Thus, they may have 
had proper executive functions but still problems with pro-
spective memory. This would explain why we did not find a 
link between executive functions and prospective memory 
that was independent of age. Although the reason why older 
adults are less able to increase clock checking still remains 
open, we add to the current literature that the age of partici-
pants needs to be considered statistically when checking for 
associations between executive functions and prospective 
memory. In future studies other factors that may influence 
time-based prospective memory, such as time perception, 
may be considered.

Limitations

Our study may have several limitations. Although we used a 
fairly broad range of executive functions task, adding a shift-
ing or updating task may have been helpful to fully explore 
the relationship between executive functions and time-based 
prospective memory. Second, calculating several correla-
tions between executive functions and prospective memory 
may not have been ideal. When we instead computed an 
index of executive function and correlated this index with 
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prospective memory, we again found significant correlations 
only when we did not control for age. Third, we did not 
exclude participants that scored below the MoCA cut-off of 
26 (Nasreddine et al., 2005). However, several studies argued 
that a less conservative cut-off (i.e., scores below 23) led to 
higher sensitivity and specificity in detecting subtle cogni-
tive impairment (Luis et al., 2009; O’Caoimh et al., 2016). 
In our study, 7 participants had a MoCA score between 21 
and 23. Thus, some of our healthy volunteers possibly may 
have had very mild cognitive impairment. However, when 
repeating the analyses only with participants that achieved 
a MoCA score of ≥ 23, our results as well as the implica-
tions still held.

Conclusion

Time-based prospective memory declines as people age 
because they are less able to check the clock with increas-
ing frequency prior to intention completion. We did not find 
a clear link between performance in executive function tasks 
and time-based prospective memory that was independent of 
age. Further research is therefore needed to clarify the causal 
relationship between executive functions and prospective 
memory. An intervention study that aims to improve older 
adults’ executive functions may consider assessing transfer 
effects on time-based prospective memory.
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