N

N

Explicit and implicit timing in aging
Sylvie Droit-Volet, Fanny Lorandi, Jennifer T Coull

» To cite this version:

Sylvie Droit-Volet, Fanny Lorandi, Jennifer T Coull. Explicit and implicit timing in aging. Acta
Psychologica, 2019, 193, pp.180-189. hal-01996275

HAL Id: hal-01996275
https://hal.science/hal-01996275
Submitted on 22 Oct 2021

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License


https://hal.science/hal-01996275
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

Version of Record: https://www.sciencedirect.com/science/article/pii/S0001691818303263
Manuscript_a9124001867735341d83857100ef5b41 1

Running head: Explicit and Implicit Timing in Aging

Explicit and Implicit Timingin Aging

Sylvie Droit-Volet, Fanny Lorandi Jennifer, T. Coufl
YUniversité Clermont Auvergne, CNRS, UMR 6024, ClemaFerrand, France
2 Aix-Marseille University & CNRS, Laboratoire des itesciences Cognitives (UMR 7291),

Marseille, France

Corresponding author: Sylvie Droit-Volet, Université Clermont Auvergneahoratoire de
Psychologie Sociale et Cognitive (LAPSCO), CNRS, RIg024, 34 avenue Carnot, 63037,

Clermont-Ferrand, France. E-mai/lvie.droit-volet@uca.fr

© 2019 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/


http://www.elsevier.com/open-access/userlicense/1.0/
https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0001691818303263
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S0001691818303263

Abstract

Explicit and implicit measures of timing were comguh between young and older
participants. In both tasks, participants wereaatfijt familiarized with a reference interval by
responding to the second of two beeps separatedflxyed interval. During the subsequent
testing phase, this inter-stimulus interval wasalde. In the explicit task, participants were
instructed to judge interval duration, whereashim implicit task they were told to respond as
quickly as possible to the second beep. Cognitivilitias were assessed with
neuropsychological tests. Results showed that i fexplicit and implicit timing tasks,
temporal performance peaked around the refereneeval and did not differ between young
and older participants. This indicates an accurafgesentation of duration that did not
decline with normal aging. However, some age-rélatkfferences were observed in
performance depending on the task used. In theo#Xining task, the variability of duration
judgments was greater in older than young partidggpathough this was directly related to
older participants’ lower attentional capacity.the implicit timing task, young participants’
reaction times (RTs) were slower to targets appgaeither earlier or later than the trained
interval. Conversely, while older participants Risre also slowed by early targets, their
RTs to late targets were as fast as those to ta@ygpearing at the trained interval. We
hypothesize that with age, and irrespective of @dognability, there is increasing reliance on
temporal information conveyed by the probability tafget appearance as a function of
elapsing time ("hazard function") than that conwepg the statistical likelihood of previously

experienced temporal associations.
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1. I ntroduction

Many of us have the sense that time is passirlgyuall the more so as we get older.
But is this feeling of time speeding up just a ‘jgahive phenomenon”, or does it represent a
real decline in our ability to accurately estimaiee as we get older? In fact, experimental
studies of the subjective perception of the passdgéme have found little evidence that
older people perceive time as passing more quickiQuestionnaires of hundreds of
participants, from adolescents to those in theis & 90’s, showed that passage of time
judgements in the range of weeks to a few yearg werdifferent across age groups (Droit-
Volet and Wearden, 2015; Wittmann and Lehnhoff, 20Briedman and Janssen, 2010;
Janssen et al, 2013). It was only when particpamre questioned on how quickly the past
decadeseemed to have passed that this feeling increasedfunction of age. Even so, this
age effect was largely accounted for by the ematiatate of the participants regardless of
their age (Wittmann et al, 2015). Emotional statedeed a better predictor of how quickly
shorter periods of time seem to be passing, witletappearing to go more quickly for
happier people (Droit-Volet, 2016a; Droit-Volet avtarden, 2015, 2016).

The perception of the passage of time over weekgears is not the same as the
perception of duration in the range of seconds i(Bfolet and Wearden, 2016; Droit-Volet
et al, 2017). There is now a wealth of evidence &id Church, 2017) that older people have
more difficulty reliably estimating an interval @& few seconds (Block et al, 1998) or
hundreds of milliseconds (Wearden et al, 1997). ey, it has been suggested that timing
impairments in the elderly could be due to a distbrepresentation of the reference duration
held in memory, rather than difficulty in estimagithe duration of a currently elapsing
interval (McCormack et al, 2002; Rakitin et al, 83D0Alternatively, poor timing could reflect
the reduced attentional capacity of older adultsef@r et al, 2007; Craik & Salthouse, 2000),
consistent with findings that older adults’ timipgrformance is impaired under dual-task or
attentional sharing conditions (Craik and Hay, 199@stig and Meck, 2001; Gooch et al,
2009; Krampe et al, 2010). Most convincingly, a temof recent studies have revealed that
age-related difficulties in either perceptual (Lateoand Droit-Volet, 2017) or motor
(Baudouin et al, 2006) timing tasks can be atteduio concurrent age-related attention and
working memory deficits, as assessed by neurop$ygival tests (Bartholomew et al, 2015;
Turgeon et al, 2016).



Our hypothesis is that timing is a fundamentainitive ability that is preserved across
the life span, i.e. unaffected by normal aging.temporal judgements in the elderly might
not reflect age-related differences in timing per Isut instead age-related differences in the
cognitive processes required for making judgmergeneral. Indeed, the decline in cognitive
abilities (attention, working memory, processingeq) after 60-65 years is well documented
(Craick & Salthouse, 2000; Salthouse, 2010, 200122 Consistent with this hypothesis,
Rammsayer et al (1993) showed that older peoplguateas good as younger ones at timing
very short (50ms) intervals, which depends lesswyporking memory than timing of longer
durations. Similarly, when duration estimates aréedded within a sequence of rhythmic
taps, older adults (up to the age of around 75pparjust as well as younger ones (Vanneste
et al, 2001; McAuley et al, 2006; Turgeon and Wia@12). In addition, very old participants,
those in their 80’s or 90’s, were just as good @snger adults in detecting temporal deviants
in a rhythmic sequence of tones (Turgeon et al,1ROHowever, they show significantly
higher temporal variability in the rhythmic tappirtgsk, indicating a certain degree of
fragility in their internal representation of tin{icAuley et al, 2006; Turgeon and Wing,
2012). This dissociation led Turgeon et al (20id%)conclude that although the explicit
timing mechanisms needed to produce precisely timegvals are compromised in very old
age, the temporal prediction mechanisms neededtéziddeviants in a rhythmic sequence are
preserved. This idea is supported by the findiveg temporal cues improve both speed and
accuracy of responding to temporally predictabtgdts just as much in older adults as they
do in younger ones (Chauvin et al, 2016). Thiss@need ability to orient attention to
predictable moments in time is analogous to oldielta’ preserved ability to orient attention
to predictable locations in space (Nissen and @od985; Folk and Hoyer, 1992).

In the current study, we compared performance ¢énaporal prediction task that
measures the representation of time implicitly hattof a duration judgment task that
measures participants’ representation of time eitjyli in young and older adults. The
structure of the two tasks was closely matchedsgo anable meaningful comparisons. Based
on previous findings using duration judgment (Baldimew et al, 2015; Xu and Church,
2017) or temporal prediction (Turgeon et al, 20X8hauvin et al, 2016) tasks, we
hypothesized that older adults would be impairedxplicit timing, and that this impairment
would be related to age-related decline in cogaitbapacities (attention and working
memory). By contrast, we hypothesized that therelsvde no difference between old and
younger adults in implicit timing. To test our lotheses, we used a paradigm based on one

previously designed for young adults (Piras andliC2011) and that we have already tested



in children (Droit-Volet and Coull, 2016). In thimradigm, participants are first familiarized
with a reference interval by performing a reactiome task in which the interval between the
cue and the target (the “foreperiod”) is fixed. eTiemporal information provided during the
training phase is therefore temporally regular. e@noup of participants are instructed to
make use of these temporal regularities to leagndiiration of the interval and then, as in a
classic temporal generalization task, to explicjtigge whether probe intervals are of the
same duration or not as the learned reference i¢gxpiming task). Another group of
participants receive no instructions concerningatdan during the training phase and then,
during the test phase, simply perform a reactiarettask in which the target is presented
after variable probe intervals (implicit timing kKAsDuring the test phase, the target is much
more likely to appear after the reference intetban any of the probe intervals, thereby
implicitly building up an expectation for the reémice interval. Our paradigm therefore
manipulated the explicit/implicit nature of the timg process in two ways. During the
training phase, temporal information could be ledreither explicitly through instruction or
implicitly via temporal regularities in the cueget interval. During the test phase, timing
performance could be measured either explicitly dimation judgments, or implicitly via
effects of temporal predictability on response gpeléis important to note that in the explicit
timing task, the task goal is overtly temporal:tiggpants are asked to provide a judgment
about interval duration. On the other hand, in imglicit timing task, the goal is non-
temporal: participants are asked simply to perfarmeaction time task. Nevertheless, their
performance in this task can be influenced by temipegularities in task structure.

Results in young adults confirmed that the reactimes (RT) were faster for targets
appearing after the implicitly expected referenceterval, indicating an accurate
representation of the trained interval (Piras andliC2011; Droit-Volet and Coull, 2016). In
addition, a quadratic profile of performance wasuni, with reaction times getting
progressively slower as temporal distance fromréference interval increased. This profile
is analogous to that observed in the Peak Intgmwatedure (Catania, 1970; Rakitin et al,
1998), temporal generalization tasks (Wearden, 19®2rhythmic entrainment paradigms
(Barnes and Jones, 2000), in which performancevslla Gaussian distribution, peaking at
the expected (trained) time. As for these classitagigms, both temporal accuracy (the
location of the peak of the distribution) and temgpeariability (the width of the distribution)
can be measured in the implicit timing task. Terapaccuracy was found to be as good in
the implicit timing task as it was in the expli¢temporal generalization) task (Piras and

Coull, 2011; Droit-Volet and Coull, 2016). Moreaygeemporal variability increased as a



function of reference duration in both tasks (Pisd Coull, 2011), indicating that
performance in the implicit timing task display® tsame psychophysical scalar properties as
that in more traditional explicit timing tasks.

Importantly, this paradigm allowed us to show tlaten though 5 year olds’
performance was more variable than that of oldetdidn on the explicit (duration
judgement) version of the task (Droit-Volet and ,o8016), confirming many previous
studies (for a review see Droit-Volet, 2013, 2016bgir performance on the implicit version
of the task was just as good as older childrererdfiore, it's not the case that the 5 year olds
can't reliably estimate time. Rather, they find difficult to construct a conscious
representation of duration and translate their ioitptemporal knowledge into an explicit
judgementof time. Correlations between neuropsychologitedt scores and timing
performance reinforced this hypothesis: while perfance on the explicit timing task was
tightly linked to attention and working memory cajigs (see also Droit-Volet, Wearden and
Zélanti, 2015; Zélanti and Droit-Volet, 2011; Halland Droit-Volet, 2017), performance on
the implicit timing task was independent of cogrtiability. These data indicate that the
implicit version of the task can provide a usef@asure of timing ability, “unconfounded” by
any concurrent memory or attentional problems. otm study, we therefore measured
performance on both explicit and implicit versiasfsthe temporal task used in Droit-Volet
and Coull (2016), but in young and older adultsas®&l on previous findings in the aging
literature (Lamotte and Droit-Volet, 2017; Baudownal, 2006; Bartholomew et al, 2015;
Turgeon et al, 2016), we hypothesized that oldedtadvould be impaired on the explicit
timing task and that age-related impairments idiexgiming would be related to individual
differences in memory and attentional function. fBa other hand, we hypothesized that
even if older adults had cognitive difficulties, plicit timing performance would be
unimpaired since it is unrelated to neuropsychalaigiest scores (Droit-Volet and Coull,
2016).



2. Experiment 1
2.1. Method
2.1.1. Participants

The sample was composed of 80 participants: 40yaudults (Mean age = 21.05D = 3.78)
and 40 older adults (Mean age = 71.38,= 6.17) (Table 1). Participants were recruited by
advertisement in the Psychology department and gstaelatives of Psychology students.
Participants were tested at home in a quiet rooth wiocks and watches removed. The
participants signed written informed consent tdipgoate in the study in accordance with the
principles of the Helsinki declaration. This stuags approved by the Sud-Est VI statutory
Ethics committee (CPP). The Mini Mental State Exsation (MMSE, Folstein, Folstein &
McHugh, 1975) was administered to ensure partit¢gparere not suffering from dementia
(Mean score = 28.3%D = 2.33). The validated and shortened form of thecki¢ler Adult
Intelligence Scale (WAIS-1II: Gregoire & Wierzbick2009) confirmed that verbal IQ did not
differ significantly between the yound(= 52.95,SD = 10.99) and older participantsl (=
50.75,SD = 16.50,F(1, 78) = 0.49p = .485, although performance 1Q was lower for the
older (M = 41.80,SD = 12.96) than for the young participanié £ 66.50,SD = 12.07),F(1,

78) = 42.60p < .001, nzp = 0.50. The level of education was also highertifier young than
for the older participants (11.85 vs. 9.E¢1, 78) = 33.75p < .001, nzp = 0.30) in both the
explicit, F(1, 38) = 9.12p = .005, nzp = 0.20, and the implicit conditiof(1, 38) = 33.74p
<.001, 0% = 0.47 (Table 1).

2.1.2. Material

Participants were seated in a quiet room in frantomputer that produced and
recorded all experimental events via E-prime (Psiary Software tools). Participants
responded with the dominant hand by pressing ther'12” keys of the computer keypad. A
200-ms auditory stimulus was used at the onsetddfsgt of the temporal interval. The
experimenter verified that all participants couhhthe auditory sounds.



2.1.3. Procedure

20 young (12 women) and 20 older (13 women) paitis were randomly assigned to the
explicit task, and 20 young (17 women) and 20 o{d&women) participants were assigned
to the implicit temporal task (Table 1). The prdaes was very similar for both tasks, apart
from task-specific instructions (for the same prhae see Droit-Volet and Coull, 2016). For
both tasks, participants performed two successgsians: a training phase (25 trials) and a
testing phase (27 trials), which resulted in 5ihtray trials and 54 testing trials for each task.
On each trial, two beeps were delivered, sepaiategh inter-stimulus interval. The duration
of this interval was 600ms (reference duration)rauthe training phase, and 240, 360, 480,
600, 720, 840 or 960ms (probe durations) duringtéséing phase. In each testing phase (27
trials), the reference duration was presented 8gjrand the 6 probe durations were presented
3 times each. The inter-trial interval was totaydom, i.e. randomly chosen between 500
and 1000ms, but participants initiated each triedrahe word “prét” (“ready”) appeared on
the screen by pressing the spacebar of the comgatdroard. The auditory stimuli were

delivered 200-ms after the trial had been initiated

Explicit timing task

In the explicit timing task, the participants weneplicitly instructed that they had to
learn the duration of the inter-stimulus intervdh the training phase, they had to press a
button as quickly as possible after the second heeginforce learning of this reference
duration. Just before the testing phase, they wadethat there would be several different
interval durations, i.e., the learned referencatiom as well as shorter and longer durations.
Their task was to judge whether the duration of ititer-stimulus interval was the same
(“yes”) or not (“n0”) as the learned reference diara by pressing the corresponding key (the
“1” and “2” keys of the keypad, which were coveraith “yes” or “no” stickers). The
association between the keys and the “yes” or “response was counterbalanced across

participants.

Implicit timing task

The procedure was similar for the implicit timitagsk as for the explicit task, except

that the participants did not receive any tempmstructions in the training phase. They were



only told that their task was to press as quicldypassible (on the “1” key) after the second
beep. For the testing phase, they were simply tteddl they had successfully learned how to

press quickly after the second beep and they stuauitinue doing so.
Neuropsychological tests

After the temporal task and a 15-min break, pgpaicts performed three different
neuropsychological tests. To assess short-termwamiling memory capacity, we used the
digit span memory subtests of the WAIS-III (WechsB000). In these subtests, participants
had to immediately recall the correct sequence givan number of digits (between 2 to 9),
either in the forward or backward order. There wive trials and the raw score could be
between 0 and 16. Forward digit recall was usdddex short-term memory (memory span)
and backward digit recall to index working memomo assess attention, we used the
sustained/concentration attention scores of theaf&ssment test (Brinckenkamp, Liepman
& Schmidt, 1988). In the D2 test, participants hawecross-out each letter “d” that has 2
dashes above and/or below it, from amongst a sefi&t and “p” stimuli with 1 to 4 dashes
above and/or below them. The test is composed afetiés of stimuli, with 20 s to perform
each series. The score used was the GZ-F, whitle isumber of letters processed minus the

number of errors (omission and confusion).

2.2. Results
2.2.1. Explicit timing
Temporal performance

Figure 1 shows the proportion of “yes” responsggyes) - plotted against interval
duration for the young and older participants. AN@VA was conducted op(yes) with age
as a between-subjects factor and interval durasoa within-subjects factor. The main effect
of interval duration was significanf(6, 228) = 53.60p < .001,1]2p = 0.59. However, there
was both a significant interval duration x age rat¢ion,F(6, 228) = 2.17p = 0.047,112p =
0.05, and a significant main effect of ag€l, 38) = 24.33p < .0001,1]2p = 0.39. These

results suggest that the distribution was flatbertfie older participants (Figure 1).
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To further examine age-related differences in #tepe of the performance
distribution, we calculated the peak time and thdthwvof the curve at half of its maximum
height (Full Width at Half Maximum, FWHM) for eadndividual participant (Figure 2).
These two measures were obtained by fitting thes@an function from the GraphPrism
program to individual profiles of performance. Téwwve fits were good for all participants,
both for older adults (mea® = .86,SD = 0.10) and for younger ones (me&n= .93,SD =
0.08). The peak time is the interval duration cgpanding to the highest proportion of “yes”
responses (i.e. the vertex of the fitted curve) snd measure of temporal accuracy. The
FWHM measures the frequency of “yes” responsessadtte distribution (i.e. the spread of
the fitted curve), and is a measure of temporahtdity. Since these two measures preserve
the shape of performance distributions within imdiilal participants they are a more
representative measure of timing performance thanpgaveraged means.

The ANOVA performed on peak time showed no effi#fcage,F(1, 38) = 0.658p =
0.42. This indicates that the representation ofréfierence duration was as accurate in older
participants as in younger ones. However, the effitage was significant for FWHMg(1,

38) =20.92p< 0.001,112p = 0.36, confirming that curve was flatter in ol@elults. Therefore,
like the young adults, older adults responded “yesite often to the reference duration than
to probe durations, but they were nevertheless margble in their temporal judgments.
Age-related differences in explicit timing therefdie in the variability of time judgments,

not in their accuracy.
Correlation between temporal performance and neyadwlogical scores

Initial statistical analyses revealed that cogrit@bilities were systematically lower in
the older than the younger participants (Table short-term memoryF(1, 38) = 20.51,
working memory,F(1, 38) = 7.20, attentiork(1, 38) = 30.29, alp < .05. Nevertheless, the
matrix of correlations (Table 2) between neuropsyafjical scores, age and temporal
performance (Peak time and FWHM) suggested thak peae was not related to any
cognitive ability (allp > .05) (even the Performance 1Q, p > .05). In @sit FWHM was
significantly correlated to both age and a numberagnitive abilities. To try to extract the
factor that was the best predictor of individuaffetences in this index of temporal
variability, we performed an initial hierarchicaégression analysis on FWHM with age,
memory, and attention scores successively entaetedthe equation (Table 3, first analysis)

(adding the performance 1Q did not change the t€surhis analysis revealed that age was a
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significant predictor of individual differences FWWHM values when short-term (Model 2)
and working memory (Model 3) scores were includedhie regression analyses. However,
age was no longer a significant predictor(.05) of individual differences in FWHM values
when attention scores were entered into the equghéodel 4). Indeed, attention scores
appeared to be the best predictor of temporal biditiaof explicit timing (R = 0.44,p < .05).
Entering the attention factor before or after tge &ctor did not change the significance of
the attention factor (ab < .05) (Table 3, second and third analyses). im,sour results
suggest that differences in attentional ability cactded for the majority of age-related

differences in explicit timing.
2.2.2. Implicit timing
Temporal performance

Figure 3a shows reaction times (RT) produced lgy did and young participants
plotted against interval duration. An ANOVA with e@s a between-subjects factor and
interval duration as a within-subjects factor wasfgrmed on RT. This ANOVA showed
significant main effects of agé&(1, 38) = 9.55p = 0.004,1]2p = 0.20, and interval duration,
F(6, 228) = 8.74p < 0.001,112p = 0.19, and a significant interaction between aige interval
duration,F(6, 228) = 5.77p < 0.001,112p = 0.13. The shape of the distribution thus differe
between the two age groups, over and above theHfacRT was slower overall in the older
participants M = 374.71,SE= 26.32) compared to young on®$ £ 259.67 SE= 26.32). As
shown in Figure 3a, young adults’ RTs got fasterttes probe duration approached the
reference duration then got increasingly sloweriraghereby forming a U-shaped curve. In
contrast, for the older participants, RT also gutér as the probe duration approached the
reference, but then did not slow down again beybedeference duration.

To further examine the difference in the shapthefdistribution between the two age
groups, we tried to fit distributions with a quatrafunction using the GraphPad prism
software. Although the quadratic function fit maxt young adults’ data reasonably well
(mean B = 0.702, SD = 0.14), the same function had a ficéo most of the older adults’
data (mean &= 0.565, SD = 0.23). Therefore, instead of calingppeak times from the fit
of the quadratic function (as for the explicit timgitask), we calculated the peak time for each
participant as the probe duration that had thee$ashverage RT (i.e. the vertex of each
participant’s RT distribution). The ANOVA of peakre did not show any effect of age (old
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adults,M = 558,SE = 36.29; young adultsyl = 534,SE = 36.28,F(1, 38) = 0.22p = 0.64.
The peak time was thus close to the 600ms referéunidion (a little shorter) in both young
and older participants (Figure 4), suggesting ioiplprocessing of interval duration in all
participants. This confirms that the representatbrduration did not change with normal
aging in the context of an implicit timing task.

In addition, we measured the shape of the digtdhuby calculating the absolute
(non-signed) slope on either side of the peak tifilne peak time lay between the 480ms and
600ms probe duration for both young and old pandints. Therefore, the slope for early
targets was calculated using RTs for the 3 shopesie durations (240, 360, 480ms) while
the slope for late targets was calculated using feiT¢he 4 longest durations (600, 720, 840
or 960ms). Calculating slopes had the added adganbf correcting for age-related
differences in RT generally. We conducted an ANOdAhese absolute slope values, with
age as a between-subjects factor and early/lajetsaas a within-subjects factor. Significant
main effects of ager(1, 38) = 14.13p = 0.001,112p = 0.27, and early/late targéi(1, 38) =
28.33,p < 0.001,112p = 0.42, were qualified by an age x early/late restéion, F(1, 38) =
12.48,p = 0.001,112p = 0.24. This interaction confirmed that the shapthe distribution was
significantly different between age groups (Figdde For young participants, the absolute
slope values for early targetd (= 0.30,SE = 0.08) and late target®!(= 0.18,SE = 0.04)
were not significantly different(19) = 1.47,p = 0.16, confirming the symmetrical nature of
the U-shaped curve. For older participants, bytrest, the slope for early targetd € 0.77,
SE= 0.08) was significantly steeper than the slapddte targets\ = 0.18,SE= 0.04),t(19)

= 5.58,p = 0.0001, indicating an asymmetrical distribution.
Correlation between temporal performance and neuropsychological scor es

ANOVAs showed that neuropsychological test scavese lower for old than young
participants: short-term memory(1, 38) = 4.50, working memoryF(1, 38) = 4.55,
attention,F(1, 38) = 12.75, alp < .05 (Table 1). To identify factors that mightegict
individual differences in implicit timing performaea, we examined correlations between
these neuropsychological scores, age, peak time¢handifference in absolute slope on either
side of the vertex (early target slope minus latgdt slope). The matrix of correlations
(Table 4) showed no significant correlations betwpeak time, age and neuropsychological
test scores (alp > .05). Although there was a significant correatibetween age and

early/late slope difference € .48,p = 0.002), there was no significant correlationwzsgn
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early/late slope difference and neuropsychologicares. No significant correlation was also
found with the performance IQ for both the peak aady/late slope difference (r = -.13 and -

.27, respectively, both p > .05).

2.3. Discussion

Our results showed no difference between youngader participants in the peak
time of temporal distributions in either explicit mnplicit tasks. This demonstrates that an
accurate representation of time is preserved wottmal aging. However, we predicted that
although older adults would be more variable thannger ones on an explicit timing task,
their performance on an implicit timing task wouldd unimpaired. Our results did not allow
us to draw this straightforward conclusion. Oldelults were indeed significantly more
variable (wider distribution spread) than youngetulss on the explicit timing task.
Unexpectedly, however, their performance also diffesignificantly from younger ones on
the implicit timing task. In this task, young atduthowed a U-shaped profile of performance.
Their RTs were fastest for targets appearing anals close to the (highly probable and
trained) reference duration and were increasinghyer as the distance between the reference
interval and the probe interval increased. Moreptlis U-shaped profile was symmetrical,
indicating that early and late targets slowed pembnce to the same degree and were,
therefore, equally unexpected. By contrast, olttults showed an asymmetrical profile of
performance. Their RTs were slower for targets appg earlier than the reference duration
but not for those appearing later. Therefore, egrfgmature) targets perturbed performance
more than late (delayed) ones. This asymmetrgnsimiscent of the effects of the hazard
function on RT. The “hazard function” is the inaseng conditional probability over time that
an event will occur, given that it hasn’t alreadycwrred. This increasing probability induces
an increasing sense of expectation as time elapsedering delayed targets less unexpected
than premature ones. This translates empirigatty faster RTs for targets appearing after
longer intervals (Woodrow, 1914; Niemi and Naatagri®81). In our implicit timing task, it
is thus likely that once the reference durationlfeen bypassed, older adults rely more on the
hazard function to guide performance than an exdthrepresentation of reference duration.

However, although our older participants respondey quickly to late targets, they
also responded particularly slowly to early targ&mce older adults had slower RTs than
younger ones, reflecting general motor slowing fibssible that they did not have enough

time to sufficiently prepare for the very earlygets (Botwinick et al, 1957; Brinley and
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Botwinick, 1959; Botwinick and Brinley, 1962). Tisbortest interval at which a target could
appear was 250ms, which was considerably lesstifeaaverage RT of the older participants
(375ms). Therefore, the asymmetric profile of perfance for early versus late targets in the
older adults might reflect slow responses to they early targets rather than (or as well as)
fast responses to the late ones. To test thisthgps, we measured performance on an
implicit timing task with longer probe durationdn this second experiment, the interval-
stimulus interval ranged from 480ms to 1920ms. $hertest probe duration was therefore
longer than the average RT of the older particpaaliowing them enough time to prepare
their response. If the results of Experiment 1 wa&neply due to older participants’ motor
slowing, then giving them more time to prepare rthesponse should ameliorate the very
slow RTs at short probe durations, leading to ahbled RT curve similar to that seen in
young adults. On the other hand, if the result&xperiment 1 were due to older adults’
increased reliance on the hazard function, we wpuddlict the same profile of performance

in both experiments: slow RTs for early targetsfast RTs for late targets.

3. Experiment 2
3.1. Method
3.1.1. Participants

The sample was composed of 40 new participantyoR@g adults (19 women; mean
age = 19.90SD = 0.72) and 20 older adults (10 women, mean age.Z0,SD = 7.27).
Recruitment methods were the same as for ExperithenThe participants signed written
informed consent for their participation in thisidyg, which was carried out according to the
principles of the Helsinki declaration, and wasrappd by the Sud-Est VI statutory Ethics
committee (CPP). None of the older participant$esafl from dementia as indicated by their
MMSE scoresNl = 29.15,SD= 1.23). The verbal 1Q score assessed by theestexttform of
the WAIS (Gregoire & Wierzbicki, 2009) was lowertime young participantdv( = 52.5,SD
= 6.98) than the older onelsl = 59,SD= 11.77),F(1, 38) = 4.23p = .046,112p = 0.10, while
the performance 1Q score was higher for the yoiig=(66, SD = 13.66) compared to the
older participantsNl = 51.20,SD = 13.23),F(1, 38) = 12.12p = .001, nzp = 0.24 (Table 1).



15

The level of education was similar between theasid younger participants(1, 38) = 0.85,
p = .36.

3.1.2. Material and procedure

In this experiment, we used exactly the same naddéeand procedure as for the
implicit timing task in Experiment 1, except thhetinter-stimulus intervals were longer. The
reference duration presented in the training phase 1200 ms and the probe durations
presented in the testing phase were 480, 720,126, 1440, 1680 or 1920 ms.

3.2. Results
Temporal performance

Figure 3b illustrates RTs produced by the youndj @der participants for each of the
probe intervals in the 1200-ms duration range d@mdi It appears that the distribution
obtained in this longer duration condition was vemilar to those obtained in the shorter
duration condition (Experiment 1). Specifically,ww participants’ RTs followed a relatively
symmetrical U-shape distribution, while older papants’ profile of performance was more
asymmetric. The ANOVA of RTs showed that, by usinig longer duration range, the main
effect of age was no longer significari(1, 38) = 0.61,p = 0.44. On average, older
participants’ RTsNI = 287.06,SE= 27.72) were as fast as the younger ones (M 3356E
= 27.73). However, as in Experiment 1, we foundigniBcant age x interval duration
interaction,F(6, 228) = 4.27p < 0.001,112p = 0.10, which subsumed a significant main effect
of interval durationf(6, 228) = 12.90p < 0.001,112p = 0.25. Therefore, despite the fact that
older participants now responded as quickly as geurones, their profile of performance
differed significantly from that of the younger peipants. To explore this difference more
thoroughly, we performed the same peak time argesémalyses as in Experiment 1.

As in Experiment 1, the statistical analysis oe feak time (i.e. the vertex of
individual participant’s RT distribution) did nohew any age effecE(1, 38) = 1.11p=0.30
(Figure 4). Therefore, the peak time of the disititn did not differ between the younyl &
1092,ES= 72.28) and olde = 1200,SE= 72.28) participants, being close to the refegenc
duration (1200 ms) in both age groups.
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By contrast, the symmetry of the distribution diéfd significantly across age groups.
Although older participants responded as quickly@snger onest(1, 38) = 0.64p = 0.43,
the significant interaction between age and thpesddor early versus late targef§l, 38) =
5.215,p = 0.028,112p = 0.12, revealed an age-related difference insgymametry of the RT
distribution. For older participants, as in Expegimh 1, the absolute slope was steeper for
early targetsNl = 0.34,SE= 0.05) than for late targets!(= 0.06,SE= 0.23),t(19) = 4.19p
= 0.0001. For younger participants, the absolupesfor early targetdM = 0.22,SE= 0.05)
was also steeper than that for late targhts=(0.11, SE = 0.23),t(19) = 2.54,p = 0.2.
However the difference in the absolute slope vddagveen the early and late targets was
significantly smaller in the young participantd € 0.11,SE= 0.055) than in the older ones
(M =0.28, SE = 0.06%(1, 38) =5.22p = 0.02,1]2p = 0.12. These data indicate that although
there was an asymmetrical profile of performancalliparticipants, the asymmetry was more
marked in the older than in the younger participant

Correlation between temporal performance and neuropsychological scor es

ANOVAs showed that neuropsychological test scofeshort-term memoryg(1, 38)
= 5.78 and attentiorf (1, 38) = 42.77, botlp < .05, were significantly lower for older
participants than younger ones. Working memory e¢ehded to differ between grougq1,
38) = 3.00,p = 0.09 (Table 1). As in Experiment 1, there weeesignificant correlations
(Table 4) between peak time, age and neuropsycicalogst scores (af) < .05) (including
performance 1Q, r = .028, p > .05). On the othard) again replicating results of Experiment
1, there was a significant correlation between dtiference in slope for early versus late
targets and age € .34,p < .05) (and performance 1Q, r = -.39, p < .05}, ot between the
slope difference and any of the neuropsycholodiesi scores assessing specific cognitive
abilities (allp < .05).

3.3. Discussion

The results of our second Experiment replicatedehfound in Experiment 1. There
was no age-related difference in the peak timenefRT distribution, but the shape of the
distribution was less symmetrical in older adufttart in younger ones. Specifically, once the
reference duration had been bypassed, delayedidastyeved young adults’ RTs whereas

older participants’ RTs were unaffected by a détatarget appearance. In Experiment 2, we
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deliberately lengthened the range of intervalsdafy that older adults’ slow RTs for early
targets in Experiment 1 were not simply due to fiisent time to prepare their motor
response. In Experiment 2, temporal intervals wiengble the length of those in Experiment 1
(1200ms trained interval) and the shortest intewas now 480ms. Despite this lengthening
of intervals, the older adults’ responses to targgipearing at the shortest interval were still
the slowest of the entire range. Furthermore, whemt80ms interval was near the middle of
the range in Experiment 1, RTs to targets appeaainthis interval had been among the
fastest. Therefore, slow responses to early taligdExperiment 1 were unlikely to be simply
due to motor slowing in the older participants.ddad, the asymmetric shape of their RT
profile was strikingly similar across the two expsgnts despite the difference in duration
range.

The results of Experiment 2 thus confirmed tho$eExperiment 1 showing that
younger adults’ RT profiles were significantly magmmetrical than those of older adults.
Nevertheless, the distribution of young adults’pa@sses was not entirely symmetrical in
Experiment 2, with RTs leveling off at longer intals. This pattern indicates that when we
used a longer duration range, the temporal prddlitiaconveyed by the hazard function
influenced performance in young, as well as olddylts. Prior studies have already shown
that, as the duration range increases, the digpariRTs to targets presented after short
versus long intervals also increases (Elliott, 19%8&inborn et al, 2008). Although the
duration range was proportional to the durationtlud trained interval across our two
experiments, the range was nevertheless largekperitnent 2 (a range of 1440ms) than in
Experiment 1 (720ms range). Therefore, the lomfygmations of Experiment 2 allowed
performance to be influenced not only by the re&tprobability of the trained interval, but

also by the increasing probability of target appaeae as a function of the elapsing interval.

4. General Discussion

We compared the performance of young and oldettadul both a duration judgment
task, which measures timing explicitly, and a temap@rediction task, which measures
timing more implicitly. In both explicit and implictiming tasks, performance peaked around
the trained duration and did not differ between ageups. This indicates that the
representation of duration used in either task wagsally accurate in young and older
participants. Therefore, an accurate representatialuration does not decline with normal

aging. Moreover, although older adults’ duratiodgments were more variable (i.e. wider
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spread of responses) than those of younger patitspn the explicit timing task, this age-
related difference in temporal precision was dlyertlated to neuropsychological scores of
attentional function. This is consistent with résubf several previous studies of explicit
temporal judgments that also assessed cognitivecagpn older participants (Baudouin et al,
2006; Bartholomew et al, 2015; Lamotte and Droite¢02017; Turgeon et al, 2016). We
surmise, therefore, that lower temporal precisibrdaration judgements in healthy older
participants might not reflect a selective timingfidit but, instead, a side-effect of their
cognitive difficulties.

In our paradigm, we manipulated the explicit/imjplitature of the timing process in
two ways: by the type of instruction during theinag phase (learn duration/RT) and by the
type of measurement during the test phase (durgtidgment/RT). Older adults’ poor
performance in the explicit timing task could hdeen due to either one, or both, of these
manipulations. One way of dissociating the influerd implicit/explicit temporal learning
from implicit/explicit temporal measurement woul@ o manipulate the explicit/implicit
nature of the instructions during the training ghast ask participants to perform the same
RT task during the testing phase. In fact, Chaevial (2016) have already shown that when
participants were given explicit temporal instraos concerning a cue-target interval and
were subsequently tested on a temporal predictibriaRk, older participants performed the
task as well as younger ones. This result sugdleatshe difficulties often experienced by
older participants in duration judgment tasks (Baldmew et al, 2015; Xu and Church,
2017) might not be due to explicit temporal instiogs but, instead, to the requirement to
make an overt judgment about duration.

Since performance on the implicit timing task dege less upon general cognitive
ability than the explicit timing task (Droit-Voleand Coull, 2016), we predicted that
performance on this task would be unimpaired in elderly. Contrary to our hypothesis
however, performance on this implicit measure wiing differed significantly between age
groups. Nevertheless, the age-related difference med in the accuracy of timing nor its
precision. Instead, the performance profile oeolddults was more asymmetric than that of
younger participants. While younger adults werewnsld equally by premature or delayed
targets, older adults were slowed only by prematargets. Crucially, while this asymmetric
RT profile correlated with age, it did not correlavith neuropsychological test scores. This
suggests that it might reflect an age-related nmreasi timing (temporal probability
processing) that influences task performance, ahithwis independent of any coexistent

specific cognitive dysfunction.
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In young adults, performance in the implicit timitask followed a U-shaped profile,
with fastest RTs to targets appearing around tedd interval and increasingly slower RTs
to targets appearing earlier or later (see alsasPand Coull, 2011; Droit-Volet and Coull,
2016). This is the mirror image of the inverted-bged (Gaussian) profile observed in
rhythmic entrainment studies, in which discrimipatiaccuracy for non-temporal stimulus
features is highest for stimuli appearing after thgthmically entrained interval and
progressively tails off for stimuli appearing earlior later (Jones et al, 2002). These data
provide evidence that even when the time of tangetsentation is incidental to task
requirements, a representation of the trainedvatenas nevertheless been memorised and
used to enhance processing of targets appeariting atained time. In the elderly, however,
we did not observe this U-shaped curve. For tleroparticipants, RTs were significantly
slower for targets appearing earlier than the éghimterval but were just as fast for those
appearing later. This asymmetric profile of pemfance seems reminiscent of that commonly
attributed to the “hazard function”. The hazarddimn reflects the increasing probability of
target appearance as a function of interval durattmd results in faster RTs to targets that
appear after longer intervals. It appears theegfibrat performance in the elderly was guided
not only by a memorized representation of the &dimterval but also by the increasing
likelihood over time that the target would evenfyiappear after the trained interval had been
bypassed. Indeed, their pattern of performano®msistent with previous findings that RTs
decrease more steeply with increasing interval tcrain older adults than young ones
(Botwinick et al, 1957; Bherer and Belleville, 20@anto et al, 2011; though see Jurkowski
et al, 2005 and Vallesi et al, 2009).

It might be argued that slow RTs to very earlygéds might simply be due to general
motor slowing in the elderly, with short intervalbowing insufficient time to prepare a motor
response (Botwinick et al, 1957; Botwinick and By 1962). However, in Experiment 2,
the use of longer intervals made little differenicenlder adults’ response profile, with RTs
still being far slower to early targets than telahes. Moreover, Bherer and Belleville (2004)
found that increasing the probability of an eadyget (using an exponential or “nonaging”
distribution of intervals) speeded RTs to earlygéts, making their performance
indistinguishable from that of young adults. Tliere, older adults slow responses to very
early targets is more likely due to difficulty imgeessing low probability stimuli, than to
general motor slowing (see also Botwinick and Bynl1962). Our data further suggest that
for late targets, which are as equally unlikelyeasly targets in our paradigm, elderly adults

appear to compensate for their difficulty in prageg low-probability stimuli by instead
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relying on the temporally predictable informatioongeyed by the hazard function. This
speeds RTs to targets appearing after long in®rpabducing an asymmetric RT curve.

Interestingly, when a longer duration range isdusthe hazard function also
significantly influences performance of the imgitming task in young adults (Experiment
2) and children (Droit-Volet and Coull, 2016). Adugh the response profile of young adults
in our study was less asymmetric than that of cédieidts, their RTs nevertheless flattened out
once the trained interval had been bypassed. Indes@ral authors have already reported a
mitigating influence of the hazard function on theerted U-shaped profile of performance
induced by rhythmic entrainment paradigms in yoadglts (Ellis and Jones, 2010; Sanabria
et al, 2011; Jones, 2015). This functional inteoacsuggests that the hazard function and
entrainment represent two distinct ways of manijnda temporal predictability. The
temporal information provided by trained intervaychronous rhythms, or even symbolic
cues (Coull and Nobre, 1998), is learrmedriori and predicts that the target will appear after
a particular fixed interval. By contrast, the terad information provided by the hazard
function evolves dynamically over the interval, hvithe probability of target appearance
increasing as each critical moment is bypassedreMer, the neural implementation of the
hazard function is distinct from that of rhythmsr{ds et al, 2017) or temporal cues (Coull et
al, 2016). Therefore, performance can be infludnmenjointly by the temporal probability
conveyed by prior training or experience and/ot tenveyed by the passage of time itself.
Our data add to this literature by showing that rblative influence of these two forms of
temporal probability varies as a function of agd daration range.

One reason why the hazard function influencesfopgance more in older
participants than young ones could be related te-ratpted differences in cognitive
resources. Our own data, and that of many othmlies, show that older participants have
lowered cognitive capacity (Craik and Salthous€@O0 In our explicit timing task, this low
cognitive capacity was directly linked to an in@eain the variability of older adults’
temporal judgments (see also Bartholomew et al520lirgeon et al, 2016). By contrast, in
our implicit timing task, the index of performanceflecting the asymmetry of the RT
distribution, and thereby the influence of the mdzunction, did not correlate with inter-
individual differences in cognitive scores. In fathis measure of asymmetry covaried
significantly with age (and performance 1Q in Expent 2), but not with attentional or
working memory scores, indicating that that spegdm RTs for late versus early targets
provides an age-dependent measure of performarete ithunconfounded by potential
cognitive dysfunction. Nevertheless, the D2 td&tinckenkamp et al, 1988) we used to
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assess individual attentional function is a newopslogical measure of selective and
sustained attention that does not assess one ispecihponent of attention, but several
interconnected components. In future experimenisillibe informative to verify our results
with more specific neuropsychological tests of rttn, including those on inhibitory
control. Since older adults have poor inhibitoryirol (Hasher and Zacks, 1988), we might
predict that the impact of the hazard function @mrfgrmance of our implicit timing task
might be greater in individuals with poor inhibgarontrol, i.e. an inability to resist “waiting”
for an improbable target once the critical (tralnéuterval has passed. Indeed, response
inhibition is a critical component of being prepéite respond at the right time (Davranche et
al, 2007; Los, 2013) and, in response conflict saskhas been shown that the higher the
temporal probability of event occurrence, the mbkely the participant is to make an
inappropriate response (Correa et al, 2010; Kouket al, 2018).

In summary, performance on both explicit and iwipltiming tasks indicates that
older participants are able to memorize a traimerval as accurately as young participants.
Our data also confirm prior findings that age-redatlifferences in performance of an explicit
timing task (duration judgement) may not be a teféection of the effects of age on timing
variability but, instead, simply reflect the effedf age on attentional function. On the other
hand, age-associated differences in implicit timpgyformance are unrelated to general
cognitive ability and appear to reflect an increaseliance on the temporal probabilities

conveyed by the hazard function, rather than ticoseeyed by a pre-learned interval.
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Figure captions

Figure 1. Proportion of “yes” response plotted against irakuration for young and older

participants in the explicit timing task.
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Figure 2. Peak time (a measure of temporal accuracy) andwigth at half maximum
(FWHM) (a measure of temporal variability) of cusvitted to young and older participant’s
data in the explicit timing task.

Figure 3. Mean reaction time (RT) plotted against intervatadion for young and older
participants in the implicit timing task at the sh@00ms, Experiment 1) and the long
(1200ms, Experiment 2) interval duration range.

Figure 4. Peak time (a measure of temporal accuracy) andrdiite in the absolute slope for
early versus late targets (a measure of RT digtobuasymmetry) for young and older
participants at the short (600ms, Experiment 1) thedong (1200ms, Experiment 2) interval
duration range of the implicit timing task.
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Tablel
Age, years of school education, verbal 1Q, performance 1Q and neuropsychological test scores
for the old and young participants in the different task groups of Experiment 1 and 2.

Experiment 1 Experiment 2
Explicit Implicit Implicit
M SD M SD M SD
Age (years)
old 71.50 6.19 71.05 6.30 72.40 7.27
Young 22.65 4.66 19.45 1.50 19.90 0.72
Education® (years)
old 10.00 2.92 8.45 2.06 11.40 291
Young 12.10 1.07 11.60 1.27 12.00 0
Verbal 1Q
old 50.75 18.55 50.75 14.64 59.00 11.77
Young 54.95 12.64 50.95 8.95 52.70 6.98
Performance 1 Q
old 42.65 13.50 40.95 12.68 51.20 13.23
Young 69.50 12.50 63.50 11.13 66.00 13.66
Short-term memory
old 7.65 1.84 8.05 2.04 7.75 1.48
Young 10.35 1.93 9.40 1.98 8.95 1.67
Working memory
old 4.95 211 5.00 1.81 5.60 1.82
Young 6.60 1.76 6.15 1.59 6.60 2.01
Attention
493.0
old 5 104.05 521.40 139.52 564.63 47.85
Y oung 638 2 39.90 635.05 28.31 640.00 52.12

1. InFrance, from preparatory class (CP) in primary school (6-7 years)



Table 2
Correlation between peak time (temporal accuracy) or full width at half maximum (FWHM)
(temporal variability) of the explicit timing data and age or neuropsychological scores.

Peak time FWHM

Age -21 S4x*
Short-term memory -.07 -48**
Working memory .01 -.38*
Attention 18 -.58**

*p< .05 ** p< .001



Table3
Hierarchical regression analyses of temporal variability (FWHM) in the explicit timing task

First analysis

B SEB B R
Model 1
1. Age 2.59 0.65 0.54 0.30**
Model 2
1. Age 1.92 0.79 0.40*
2. Short-term memory -12.83 8.62 -0.25
Overall significance 0.34**
Model 3
1. Age 1.95 0.80 0.41*
2. Short-term memory -8.51 11.87 -0.16
3. Working memory -6.16 1151 -0.11
Overall significance 0.34**
Model 4
1. Age 0.35 1.03 0.07
2. Short-term memory -17.82 11.93 -0.34
3. Working memory 4.61 11.85 0.80
5. Attention -0.51 0.22 -0.44*
Overall significance 0.43**
Second analysis

B SEB B R?
Model 1
1. Age 2.59 0.65 0.54 0.30**
Model 2
1. Age 1.33 0.85 0.28
2. Attention -0.45 0.21 -0.39*
Overall significance 0.37**
Third analysis

B SEB B R?
Model 1
1. Attention -0.67 0.15 -0.58 0.33**
Model 2
1. Attention -0.45 0.21 -0.39
2. Age 1.33 0.85 0.28
Overall significance 0.37**

*p<.05 ** p<.001



Table 4

Correlation between neuropsychological scores, age, peak time and difference in the absolute
early/late target dopein the implicit timing task for the 600-ms (Experiment 1) and the 1200-

ms interval duration range (Experiment 2).

600-ms condition

1200-ms condition

Peak time Slopedifference Peaktime  Slope difference
Age .09 A8r* 22 34*
Short-term memory -.10 -.14 A3 -.05
Working memory .03 -12 -.04 -.03
Attention -.07 -.07 -.20 -.29

*p< .05 ** p< .001





