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Effects of feedback on time production errors in aging participants
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Abstract

In two experiments, healthy participants ages 60 years and older provided peak-interval time production data for two target intervals (6 and
17's) over 2 days (baseline and retest sessions). In Experiment 1, three groups of participants were provided with two types of feedback during
the baseline session that assisted either decision criteria setting or memory updating. During the retest session, run after a 24-h delay, each group
received either one of the two types of feedback, or no feedback at all. Experiment 2 varied three additional groups’ feedback during the baseline
session only. Results indicated that the duration-dependent timing errors previously associated with aging did not occur during the retest session
with the decision-criteria feedback regimen, or during the baseline session even in the complete absence of feedback. Thus, testing following the
delay and without decision-criteria feedback are the necessary and sufficient conditions for the expression the timing errors in aging. The efficacy
of memory updating feedback could not be established. The discussion contrasts these results with the conditions that produce abnormal timing in

Parkinson’s disease patients in a similar procedure.
© 2007 Published by Elsevier Inc.
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1. Introduction

In a previous report we presented evidence for a dysfunction
of temporal memory associated with aging [28]. Healthy aging
individuals (>60 years of age) were tested with the peak-interval
timing procedure [26] in a 2-day experiment that omitted feed-
back 24 h after initial learning and production of the intervals
[18]. Prior to the delay and with feedback, performance was
comparable to young control participants, but after the delay and
without feedback they over-produced a 6 s interval but accurately
produced a 17 s interval. Age-associated, magnitude-dependent
free-recall errors did not occur in two different line-length pro-
duction tasks with designs and demands similar to the timing
task. On this basis, we favored the conclusion that the timing
errors indicated an age-related problem with temporal mem-
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ory, although problems with other timing processes could not
be ruled out. The two experiments with healthy aging partic-
ipants reported here directly continue this line of research by
addressing the following issues. Is the long-term retention of
temporal memories sufficient for the expression of the aging
deficit? Does the retention interval necessarily give rise to the
aging deficit? How do the elderly use feedback to adjust their
timing errors? The methods we use to address these questions are
an increase in feedback during the retest session (Experiment 1),
areduction of feedback during the baseline (pre-retention inter-
val) session (Experiment 2) and comparison of two different
feedback regimens (Experiments 1 and 2), respectively.
Several reports have noted overproduction of intervals
by aging individuals [2,3,24,30,34,35]. Though the methods
used in these reports varied greatly, a consensus has emerged,
reinforced by studies of time using other methods, e.g.,
[13,14], that aging impairs temporal attention. In the standard
information-processing models of temporal cognition [33], such
as Scalar Expectancy Theory (SET) [8,22] and the Attention
Gate Model (AGM) [38], attention to time closes a “switch”
or “gate” [12] allowing pulses from an internal pacemaker
to increment the value of an accumulator. The accumulator
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value serves as the subjective estimate of the currently elapsing
interval’s duration. Mismatches in the relation between real
time and accumulator values, such as those caused by changes
in attention to time, lead to timing errors and changes to timing
variability that depend on when in the task (during acquisition
or testing) distraction occurs or changes [27].

We rejected attention as a mechanism for the age-related
errors in our previous study because the direction and mag-
nitude of the errors depended on the target interval duration
[28,29]. The effects of attention on timing can be expressed
either as a constant delay to start timing at the beginning of
an interval [22,27] or sporadic interruptions occurring regu-
larly throughout the elapsing interval [4,12,23]. In either case,
the effect on inattention to time on the longer of two intervals
should equal or exceed that effect on the shorter, in contradic-
tion to the observed effects. On the other hand, our two previous
reports [17,28] showed an overall increase in timing variabil-
ity in aging participants compared to younger adults like that
reported in several other studies and attributed to inattention
to time [2,13,21,30,35]. However, the age-related increases in
timing variability occurred in both baseline and retest sessions,
whereas the timing errors were restricted to the retest session
[28]. Thus, if attention was the mechanism for the effect of
aging on timing variability, it was unlikely to also be the source
of age-related timing errors.

Itis notable that no aspect of the standard internal clock model
is capable of explaining the age-related error pattern from our
previous report [28]. In SET, the best specified of the timing
models, model parameters are set independent of the duration
of the target time interval in order to account for the scalar prop-
erty of timing variability, or the tendency for timing of different
intervals to have, for example, a constant ratio between the stan-
dard deviation and mean (i.e., the coefficient of variation, or
CV) of response latencies in time production tasks, e.g., [26,37].
Duration-independent parameters also help explain the fact that
most experimental manipulations produce constant or mono-
tonic changes across a range of target intervals [19,31]. This
restriction applies to all the major sources of timing variabil-
ity in the model [8,9] including the rate of the pacemaker, the
operation of reference memory that stores accumulator values,
and the decision process that compares accumulator values to
reference memory in order to generate a timing response. This
inability of SET to accommodate duration-dependent errors with
different signs came to the fore in our attempts to understand
the migration effect observed in Parkinson’s disease patients
[17,18].

When PD patients’ peak-interval timing is tested in the “off”
state (following 24 h of levodopa deprivation) they overproduce
the shorter of two intervals (e.g., 6 or 8 s) but under-produce the
longer of two intervals (e.g., 17 or 21s). This is the migration
effect. One model of this effect [19,31] proposes that dopamine
deprivation causes the ordinarily near-linear increment of accu-
mulator value with respect to real time to become curvilinear
and accelerating when temporal memories are retrieved from
memory. Thus, subjective time lags behind real time for short
intervals and leads real time at longer values—producing the
characteristic duration-dependent timing errors.

Attempts to explain the age-related duration-dependent tim-
ing errors using the curvilinear accumulator (or other) models of
the PD migration effect are currently premature due to several
important differences in the apparent causes of the aging and
PD effects. First, the migration effect occurs following a reten-
tion period only in dopamine-depleted patients even if given
ample feedback [17]. Second, in dopamine-depleted patients the
migration effect occurs during the baseline session, before the
retention period [18]. That is, the retention period is neither
necessary nor sufficient to produce the migration effect in PD,
while dopamine depletion is both necessary and sufficient. With
these differences in mind, and as a predicate to future efforts at
modeling the age-related timing errors, the goal of the current
experiments is to determine whether delayed free-recall con-
ditions, that is, the 24 h retention period and the omission of
feedback, are in fact both necessary and sufficient to produce
duration-dependent errors in aging participants. We restricted
the present experiments to participants 60 years and older for
this reason, and because timing errors in young participants are
much smaller and less reliable [28].

There have been a few reports of the effects of feedback
on timing changes in aging participants [2,35]. In these cases
feedback attenuated problems with timing previously learned,
verbally cued stimuli. The efficacy of feedback in these cases
may reflect relearning of intervals learned in the more distant
past, reducing the difference in the internal clock’s function
between acquisition and test [27,28,30]. These studies did not
address the question of whether the delay between learning the
interval and estimating the interval was related to the age-related
changes. In Experiment 1, we test whether the retention inter-
val is sufficient to produce duration-dependent errors in older
adults by adding feedback to the retest session. Feedback may
help participants compensate for a problem with temporal cogni-
tion associated with the delay by emphasizing use of a relatively
unimpaired process, or it may serve to reinforce the process that
is impaired by the delay. In either case, errors will not always
follow the delay and the delay would not be sufficient to produce
the errors.

Conditions in Experiment 1 that include feedback during the
retest session are similar to those of previous studies [17,26],
with the addition that here we separately examine the effects of
two feedback regimens previously employed together that differ
in the type and number of feedback trials. To be consistent with
our prior reports the present design matches the frequency of
retest session feedback trials to the frequency of the feedback
trials in the baseline session, but not the number of trials between
the two regimens. This design therefore allows us to test the
relative efficacy of the existing regimens, but not the independent
effects of feedback type and frequency.

The first regimen is comprised of the more frequent post-trial
histograms, which indicate the placement of the participants’
multiple peak-interval production responses within a given trial
on a relative-time axis [26]. This feedback allows the partici-
pant to gauge whether they began and stopped responding too
early or too late, that is whether their decision criteria were
appropriately narrow, without informing the participant about
the absolute duration of the interval. The second regimen con-
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sists of the less frequent fixed time (FT), or “reminder,” trials
that demonstrate the target interval [26]. FT trials allow the
participant to update their memory for the interval but provide
no information regarding their decision criteria. Differences in
the efficacy of the two regimens would suggest which process,
memory or decision, is the more important for either causing or
maintaining the retest session errors. Alternatively, differences
in errors may be attributed to the differences in the number of
trials provided with each regimen, although this possibility does
not exclude the former one.

In Experiment 2, we test whether the retention interval is
necessary to produce the duration-dependent errors in aging
by reducing feedback in the baseline session, where in previ-
ous experiments timing in aging participants has been accurate
[28,29]. The three conditions in this experiment apply the feed-
back regimens from the retest sessions in Experiment 1 to the
baseline sessions, and then retest production without feedback
following a 24-h delay. If the delay is not necessary for the
expression of the timing errors in older adults, we may observe
the errors during the baseline session by reducing or removing
feedback that is allowing participants to either compensate for
or correct an impaired timing process. The results also will be
useful in determining whether the baseline session conditions
help determine the stability of temporal cognition across the
retention interval.

The principle questions in Experiments 1 and 2 regard the
conditions that give rise to timing errors, so the principle anal-
yses examine systematic changes in the duration of produced
intervals. However, we also provide parallel analyses for mea-
sures of intra-individual timing variability. In our previous study
[28] aging was associated with increased timing variability, but
the delayed free-recall conditions that gave rise to timing errors
of interest here did not specifically alter the age-related increase
in timing variability. However, it is always possible that timing
variability will differentiate the new conditions in Experiments 1
and 2 in an informative way, in addition to providing an opportu-
nity to replicate the relatively poor variability scaling previously
observed in aging participants.

2. Experiment 1

The goal of this experiment is to examine the effects of the
feedback regimens provided to participants during the baseline
sessions on performance during the retest sessions. This manip-

ulation will address two questions. First, does the timing deficit
in aging participants resist feedback during the retest session?
That is, is retesting timing after a retention interval a condition
sufficient to elicit the aging deficit, or is the absence of feedback
required as well? Second, will the aging deficit show selective
sensitivity to one or both of the feedback regimens?

2.1. Method

2.1.1. Participants

Forty-eight elderly participants were recruited from senior
centers in Manhattan, NY. Interested participants were screened
for neurological or psychiatric disorders or use of psychoac-
tive medication. All participants were determined to be free of
dementia, having obtained above 125 on the Mattis Demen-
tia Rating Scale (DRS) [20] and above 45 on the modified
Mini-Mental Status Exam (mMMS) [32]. Table 1 provides
demographic details. Participants were randomly assigned to
one of three experimental feedback type groups—*‘no feedback”
(NO), “fixed time” (FT), and “feedback” (FB). Data from the
NO group was previously reported as aging group 2 in [28] to
demonstrate replication of the basic aging effects.

2.1.2. Apparatus

Testing was conducted on an Apple Macintosh Powerbook
G3 laptop computer with a 14.11in. color display. Participants
were tested in senior citizen centers located around Manhattan.
A custom-designed computer application was used to deliver the
stimuli and record the responses for the time production task.
Responses were recorded through the keyboard.

2.1.3. Procedure

On Day 1 of the experiment, participants provided informed
consent and were administered the neuropsychological tests and
the baseline session of the experiment. On Day 2 participants
were administered the retest session of the experiment and were
compensated for their participation upon completion. The New
York State Psychiatric Institute IRB and the Columbia Univer-
sity Medical Center IRB approved all procedures.

2.1.4. Tasks

The time production task was a variant of the human
peak-interval task [26]. Production of the 6 and 17s target
intervals occurred in separate blocks. The order in which the

Table 1
Participant demographics by group and experiment
Group N Age range Mean age % Female Education mMMS DRS
Experiment 1
NO 16 62-83 702 £ 6.2 43.75 132 £ 35 49.1 £ 7.5 137.1 £ 8.1
FT 16 66-89 759+ 7.0 56.25 133 £ 2.7 47.6 £ 3.8 1375 £ 5.8
FB 16 60-88 74.6 + 8.3 56.25 12.8 + 2.6 48.1 + 6.4 136.1 £ 6.8
Experiment 2
NO 16 61-87 709 £ 7.7 75.0 123 £ 32 514 +£42 1399 £+ 4.6
FT 16 62-81 714 £ 63 75.0 123 £ 4.5 51.0 £ 4.4 1389 £ 6.4
FB 16 63-86 74.1 £ 6.6 93.75 123 £ 2.0 512 +43 1395 £ 4.1

Note: Values for age, education, nMMS, and DRS are the mean =+ S.E. Education is in years.
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intervals were tested was counterbalanced across participants
within group, and the order was the same for the baseline and
retest sessions.

The baseline session for each interval consisted of 80 trials
with a composition consistent with our prior reports [17,18,26].
The first 10 “fixed time” (FT) trials demonstrated the target inter-
val. On each trial a blue square was presented until the target
interval had elapsed, at which time it turned magenta for 1s
and then terminated. Participants were instructed to remem-
ber the duration of the blue square. The next 10 trials were
“peak-interval” (PI) trials, where participants produce the tar-
get interval. Participants were instructed to respond on each
trial with a bout of at least four space bar presses centered
in time on the end of the target interval, although trials were
included in the analyses if at least two responses were made.
All responses were recorded. Following the responses, the par-
ticipants were shown feedback in the form of a graph indicating
their response times relative to the target interval, whether all
responses were within 10% of the target interval, and whether
sufficient responses were emitted. These trials were considered
practice and were not included in the data analysis. The remain-
ing 60 trials consisted of a random sequence of PI trials without
feedback, PI trials with post-trial graph feedback (i.e., “FB” tri-
als), and FT trials (see Table 2). Prior to each trial a message
was presented indicating whether it is a “test” trial (peak inter-
val), in which participants needed to respond, or a “reminder”
trial (fixed time), in which participants did not respond, but were
reminded of the given interval of that block.

The retest session on Day 2 differed for each of the three
experimental groups. There were a total of 60 trials, and the
number of either FB or FT trials was the same as during the base-
line session (see Table 2). This design favors a balance between
sessions over equal probability of feedback trials between the
FB and FT groups. The “NO” feedback group received all PI
trials without any feedback. The “FT” group received a random
sequence of PI trials without feedback and FT trials. The “FB”
group received a random sequence of PI trials with and without
post-trial graph feedback.

For the entire procedure, participants were instructed to
refrain from counting or tapping. To further discourage count-
ing, random digits were intermittently superimposed over the

Table 2
No. of trials of each type per session, by experiment and group

Group Day 1 (baseline) Day 2 (retest)
FT PI w/FB PI w/o FB FT PI w/FB PI w/o FB

Experiment 1

NO 15 30 15 0 0 60

FT 15 30 15 15 0 45

FB 15 30 15 0 30 30
Experiment 2

NO 0 0 60 0 0 60

FT 15 0 45 0 0 60

FB 0 30 30 0 0 60

Note: All groups in both experiments received 10 FT trials and 10 PI trials with
feedback preceding the listed mixture of 60 trials for the baseline session.

blue square [26]. Inter-digit times were determined randomly
using two uniform distributions, 200-700 and 1300-1800 ms.
All trials included the digit distracters, and participants were
instructed to name the digits aloud. Performance was qualita-
tively monitored by the experimenters, but not recorded. The
digit distracters have been used in some previous studies using
the human peak-interval procedure, e.g., [16-18,26,28], and may
add attention demands to timing [28] in addition to their role in
reducing chronometric counting [10,11,26].

2.1.5. Analysis

All trials with two or more responses were included in the
analysis, and all responses from included trials contributed to
the summary variables. Excluded trials constituted less than 1%
of all trials in each group.

The mean, or “middle,” of the earliest (i.e., “start”) and
latest (i.e., “stop”) response latencies summarized time pro-
duction performance for each PI trial (with or without
feedback). The median (MD) and coefficient of variation (CV
or the semi-interquartile range divided by the MD) of the
trial middles summarized time production within each sub-
ject x duration x session condition. As noted previously [29],
the CV is typically calculated as the standard deviation divided
by the mean and hence would be more correct to refer to our
current measure as the “non-parametric” CV, or NPCV. How-
ever, we decided to keep the CV nomenclature in this report
to be consistent with its precedents, e.g., [17,26,28]. The MD
was used to test hypotheses concerning production accuracy and
the CV was used to test hypotheses concerning intra-individual
variability, including the scalar property of timing variability,
which predicts that target interval duration should not affect the
CV.

Mixed-model ANOVAs tested hypotheses concerning the
group mean values of the condition MD and CV. Each
model included feedback-types group as a three-level between-
participant factor, and two within-participant factors with two
levels, target interval and session, in a full-factorial design.
Planned contrasts within these models compared the FT and
NO groups, and the FB and NO groups, and tested the ses-
sion x duration interaction within each of the three groups.

2.2. Results and discussion

Table 3 presents the group means and standard errors for
the MD (minus the target interval duration) and CV of middle
responses. Fig. 1 presents the group average response distribu-
tions. Panels A, C, and E present the data in absolute time, and
are useful for examining the effects of feedback on time produc-
tion accuracy. Panel A shows the results for the NO group that
received no feedback during the retest session. While accuracy
is generally good during the baseline session (indicated by the
fact that the peak of the open-symbol functions lie close to the
target intervals), participants’ productions of the short interval
were too long during the retest session. This effect constitutes a
replication of a previously reported effect on aging in delayed
free-recall time production [28]. The results from the FT group
(panel C) are much the same, except this group’s productions of
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Table 3
Group mean accuracy and variability for all conditions and experiments
Group Target MD - target (6\%
Baseline Retest Baseline Retest
Experiment 1
NO 6 0.28 £ 0.15 2.00 £+ 0.32 0.116 £ 0.009 0.126 £ 0.020
17 —0.47 + 0.40 —0.78 + 0.70 0.097 £ 0.006 0.109 £ 0.013
FT 6 0.58 £0.21 2.50 =+ 0.59 0.154 £ 0.013 0.127 £ 0.008
17 1.36 £+ 0.48 0.84 £+ 0.48 0.113 £+ 0.013 0.147 £+ 0.012
FB 6 0.23 £0.20 0.39 £0.23 0.130 £ 0.013 0.129 £ 0.011
17 —0.84 + 0.38 —0.45 + 031 0.105 £+ 0.013 0.105 £ 0.004
Experiment 2
NO 6 0.73 £ 0.25 1.99 £ 0.51 0.132 £ 0.010 0.112 £ 0.008
17 0.51 £ 1.28 —1.55 £ 0.96 0.119 £+ 0.011 0.105 £ 0.008
FT 6 0.70 £ 0.39 2.89 + 0.60 0.123 £ 0.015 0.112 £ 0.010
17 0.27 £ 0.99 —0.03 £+ 1.00 0.129 £ 0.016 0.118 £+ 0.013
FB 6 0.24 £ 0.11 1.99 £+ 0.44 0.136 £ 0.011 0.136 £ 0.014
17 —0.14 + 0.38 —1.48 +0.84 0.124 £+ 0.013 0.114 £+ 0.013

Note: Values are the group mean &= S.E. We have subtracted the target value from the MD in order to emphasize the direction of the errors. Statistical analyses were

carried out on the uncorrected values.

the long interval were also too long. However, this tendency is
present during both sessions, and is therefore the likely result of
random variability rather than an effect of feedback. In contrast
to the other two groups, the FB group showed no appreciable
changes in timing accuracy between sessions (panel E).

A significant session x duration x group interaction on the
MD (F(2,45)=4.11, p<0.05) indicates that these observations
are reliable. Moreover, planned contrasts within the three-way
interaction indicated that the session x duration interaction on
the MD was significantly bigger for the NO group than the FB
group (F(1, 45)=5.08, p<0.05). This result primarily reflects
the FB group’s smaller 0.16 s difference between retest and base-
line in production of the 6 s target compared to the NO group’s
1.72 s shift, and the relatively small retest-baseline differences
in production of the 17 s interval of —0.31 and 0.39 s for the NO
and FB group, respectively. In contrast the session x duration
effect was approximately equal for the FT and NO groups (F(1,
45)=0.17, n.s.), both having large positive retest—baseline dif-
ferences for the 6s target (1.92s and 1.72 s, respectively) and
small differences for the 17 s target (—0.52 and —0.31 s, respec-
tively). Simple-effects tests indicated that the session x duration
interaction was significant for the FT (F(1, 15)=9.82, p<0.05)
and NO groups (F(1, 15)=6.07, p<0.05), but not for the FB
group (F(1, 15)=0.23, n.s.), indicating an absence of duration-
dependent errors in the retest session only for the FB group.

The following effects were also significant, but sec-
ondary to the aforementioned session x duration x group
interaction: group (F(1, 45)=9.15, p<0.05), session (F(l,
45)=6.80, p <0.05), duration (F(1, 45) =25.35, p <0.05), dura-
tion x group (F(2, 45)=3.42, p<0.05), and session x duration
(F(1,45)=12.08, p <0.05). The session x group interaction was
not significant (F(2, 45)=0.44, n.s.).

Based on these results we conclude that aging individuals
can compensate for their intrinsic tendency towards duration-
dependent timing errors in delayed free recall by adjusting their
decision criteria based on post-trial feedback designed to provide

just such an opportunity. In contrast, providing aging individuals
an opportunity to directly update their memory of the target time
interval seems to have no effect on performance. It is unclear,
however, whether the apparent difference between the FT and
FB groups indicates that in aging participants, problems in free-
recall timing are resistant to memory updating, or if the number
of trials provided were insufficient. We revisit this issue in the
general discussion.

The effects of feedback during the retest session on the
expression of the scalar property of timing variability can be
observed in panels B, D, and F in Fig. 1. When the scalar prop-
erty is expressed, the normalized response distributions should
superpose, or lie over each other exactly, e.g., [6,18,26]. Overall,
superposition is generally present. However, the short-interval
distributions (circles) are slightly wider than the long-interval
distributions (triangles) for most groups and conditions (with the
exception of the FT group’s retest session, see below), indicating
violations of the scalar property in the form of greater relative
variability in productions of the short interval. The tendency for
short-interval production to be more variable than long interval
production is also evident in the CVs presented in Table 3, and
the reliability of this tendency is confirmed by a significant effect
of duration on the CVs (F(1, 45)=11.69, p <0.05).

In contrast to the other groups and conditions the FT group’s
retest session (Fig. 1, panel D) productions of the long interval
(closed triangles) are relatively more variable (i.e., wider) than
productions of the short interval (closed circles). A similar pat-
tern can be observed in the CVs presented in Table 3. The FT
group’s unique pattern of CVs in the retest session is reflected
in a significant overall session x duration x group interaction
(F(2, 45)=3.34, p<0.05), and a significant planned contrast
between the FT and NO groups’ session x duration effects (F(1,
45)=4.91, p<0.05). All other tests of effects on the CVs were
not significant. While the mean CVs in Table 3 suggest a vio-
lation of the scalar property in the FT group’s retests session
that is opposite of that in the baseline session, post hoc tests
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Fig. 1. Results of Experiment 1. This figure shows the group-average absolute response latency frequency histograms in real time (panels A, C, and E) and the
group-average relative response latency frequency histograms in relative time (panels B, D, and F). The four functions in each panel show the results for the baseline
session, 6's target (open circles), baseline session, 17 s target (open triangles), retest session, 6s target (closed circles), and the retest session, 17 s target (closed

triangles). The vertical lines indicate the target interval.

indicated a violation of the scalar property in the baseline ses-
sion (F(1, 15)=7.17, p<0.025) but not in the retest session
(F(1, 15)=2.56, n.s.). That is the FT group shows the typi-
cal pattern of greater relative variability for production of the
short interval compared to the long interval during the base-
line session, but exhibits the scalar property during the retest
session.

In sum, the analyses of the CV data indicate that the condi-
tions that change the (poor) expression of the scalar property
are different from the conditions that affect the expression
of duration-dependent timing errors. The FT and NO groups
showed different patterns of variability scaling but similar pat-
terns of timing accuracy across the two sessions. To put it another
way, there were group x session x duration effects on both the
MD and CV, but the sources of interactions differ. This finding
suggests that the conditions that gave rise to the violations of the
scalar property were independent of the conditions that gave rise

to the changes in timing accuracy. As such, the CV data cannot
help us diagnose the information-processing source of the effect
of feedback on timing accuracy.

We previously reported that in aging participants the CV of
production of the short (6 s) interval was greater than the CV of
production of the long (17 s) interval [28]. That previous report
included the present NO group, so the current FB group repli-
cated that previous report during both the baseline and retest
sessions, while the FT group replicated the previous report only
for the baseline session.

3. Experiment 2

This experiment varies the feedback available to participants
during the main phase of the baseline session. This manipula-
tion will allow us to address two outstanding issues. First, is
the retention interval a necessary condition for the expression
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of the timing deficit in aging participants? That is, will aging
participants show the duration-dependent errors seen in delayed
free recall in immediate recall if feedback is removed from the
baseline session, making it more similar to the retest session?
Second, will changing the feedback regimen during the baseline
session affect the timing errors in the retest session? This issue
can also be viewed as asking whether feedback during the base-
line session affects the stability of temporal cognition across the
retention interval.

3.1. Method

3.1.1. Participants

Recruitment of the 48 aging participants used the same meth-
ods described in Experiment 1 (see Table 1 for demographic
details). Participants were randomly assigned to one of three
experimental feedback type groups—“NO”, “FT”, and “FB”.

3.1.2. Apparatus
The apparatus was identical to the one used in Experiment 1.

3.1.3. Procedure
The procedure was identical to the one used in Experiment

3.1.4. Tasks

The task was identical to the one used in the previous exper-
iment, but here the groups received different feedback regimens
during the baseline session, while feedback was omitted entirely
during the retest session (see Table 2). In the baseline session,
all groups first received 10 FT trials and 10 peak trials with
post-trial graph feedback. Of the remaining 60 trials, the “NO”
group received 60 peak trials without feedback, the “FT” group
received a random sequence of 15 FT trials and 45 peak tri-
als without feedback, and the “FB” group received a random
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Fig. 2. Results of Experiment 2. This figure shows the group-average absolute response latency frequency histograms in real time (panels A, C, and E) and the
group-average relative response latency frequency histograms in relative time (panels B, D, and F). The four functions in each panel show the results for the baseline
session, 6's target (open circles), baseline session, 17 s target (open triangles), retest session, 6s target (closed circles), and the retest session, 17 s target (closed

triangles). The vertical lines indicate the target interval.
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sequence of 30 trials with post-trial graph feedback and 30
trials without feedback The retest session on Day 2 was identi-
cal for all three groups and consisted of 60 peak trials without
feedback.

3.1.5. Analysis

The initial analysis was identical to the one used in Exper-
iment 1. Additionally, tests of the group x duration interaction
within session were conducted as planned contrasts of simple
effects within the session x duration x group interaction. Post
hoc comparisons employed two additional ANOVA models. The
first compared the baseline session data among the six groups of
Experiments land 2 in order to determine whether the decreased
feedback affected performance. The second model included both
the baseline and retest session data from the “NO” group in
Experiment 1 along with the data from the three Experiment 2
groups in order to compare the effects of the retention interval
on retest session performance following the full and reduced
baseline session feedback regimens.

3.2. Results and discussion

Table 3 and Fig. 2 present the data from this experiment.
Beginning with the baseline session, we note little difference
in accuracy between the groups (Fig. 2, panels A, C, and E,
open symbols). The total average error (or the MD — the tar-
get interval duration) in production across the three groups is
0.38 s, compared to an average of 0.19 s in Experiment 1. This
finding is reflected in non-significant tests of the effect of group
(F(2, 45)=0.30, n.s.), duration (F(1, 45)=0.42, n.s.), and the
duration x group interaction (F(2, 45)=0.30, n.s.) on the base-
line session MD errors. Moreover, accuracy in the current three
groups is similar to the baseline session data from Experiment
1 as indicated by non-significant tests of the effect of group
(F(5, 90)=1.30, n.s.), duration (F(1, 90)=1.42, n.s.), and the
duration x group interaction (F(5, 90)=0.80, n.s.) on the MD
when all six groups are included. Apparently, the FT and PI tri-
als with post-trial feedback that precede the baseline session
are sufficient to produce stable and accurate performance in
the immediately following PI trials of the baseline session. In
other words, aging individuals show no impairment of temporal
cognition in immediate recall.

All three groups show a clear pattern of duration-dependent
errors in the retest session (Fig. 2, panels A, C, and E,
closed symbols), and there were corresponding significant ses-
sion x duration (F(1,45)=27.44,p <0.0001) and duration (¥ (1,
45)=18.34, p<0.0001) effects on the MD. The non-significant
effect of the session x duration x group effect on the MD (F(2,
45)=0.30, n.s.) indicates the equivalent effect of the reten-
tion interval on all three groups’ duration-dependent errors.
In addition, when the MD data from the current groups are
compared to the “NO” group from Experiment 1 the test
of the session x duration x group interaction (F(3, 60)=0.38,
n.s.) indicated no difference in the duration-dependent errors
between baseline and retest sessions. (No other tests of effects
on the MD were significant.) We conclude from these results
that feedback during the baseline session has little impact on

duration-dependent errors that emerge after the retention inter-
val during the retest session. That is, the stability of temporal
cognition over 24 h seems unaffected by the quantity or type of
feedback provided during the baseline session.

Considering together the accurate baseline session and
impaired retest session time production accuracy, we further
conclude long-term retention of temporal memory is a nec-
essary condition for the expression of the duration-dependent
error-pattern in healthy aging adults.

The timing variability data from this experiment (Fig. 2, pan-
els B, D, and F, and Table 3) differed in an important way
from our previous experiments with aging participants using the
present methodology. There is no overall violation of the scalar
property of timing variability, averaged across groups and ses-
sions. That is, there was no significant effect of duration on the
CV (F(1,45)=1.62,n.s.). The only other experimental effect on
the CV was a marginal reduction of variability from the baseline
to the retest session (F (1, 45)=4.05, p=0.0502).

Closer inspection of the CV values in Table 3 suggests an
alternative explanation for the null effect of duration in Experi-
ment 2. While the NO and FB groups’ CVs were larger for the
short interval than for the long interval in both sessions — follow-
ing the pattern established in Experiment 1, excluding the FT
group’s retest session, and in our previous study [28] — the FT
group’s CVs were larger for the long interval than for the short
interval in both sessions. In fact the test of the main effect of
duration in Experiment 2 excluding the FT group is significant
(F(1,30)=4.21, p <0.05), while the test of the effect of duration
within the FT group is not (F(1, 15) =0.41, n.s.). (In the analysis
excluding FT group there were no effects involving group, and
for neither analysis was the session x duration interaction signif-
icant.) In the absence of a group x duration interaction involving
all three groups this analysis must be considered exploratory.
Nonetheless it suggests a unique role for the FT feedback in
suppressing the violation of the scalar property in aging partici-
pants. Moreover, the pattern is not simply confounded with the
amount of feedback provided because the FT group received a
number of feedback trials intermediate between the FB and NO
groups. However, it is still possible that there is a more com-
plex (e.g., quadratic) interaction between feedback type and
quantity that allows the scalar property to emerge in the FT

group.
4. General discussion

The two experiments reported here provide several new
pieces of information regarding the factors that control the
expression of peak-interval time production errors in healthy
aging adults. The results show that the retention interval is
a necessary but not sufficient condition for expression of the
duration-dependent errors in aging participants. It is neces-
sary because the errors are seen only in the retest session,
and not in the baseline session even when all feedback is
removed. However, the retention interval is not a sufficient
condition because the errors do not occur in the retest ses-
sion in the presence of the decision-criteria feedback regimen.
Therefore, the retention interval and the absence of the decision-
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criteria feedback regimen following the retention interval are
together the necessary and sufficient conditions for the expres-
sion of duration-dependent time production errors in aging
adults.

Additional findings include the possibility that decision-
criteria feedback is more effective than memory updating
feedback in attenuating the retest session timing errors (Exper-
iment 1), although this finding could also reflect the higher
frequency of decision feedback. If subsequent experiments
determine that some additional memory updating feedback leads
to accurate retest session production by aging participants,
then the sufficient conditions for the expression of duration-
dependent errors in aging participants would be more properly
stated as the complete omission of feedback, rather than just the
omission of decision-threshold feedback. We intend to address
this issue in a future study.

Because we did not include a young control group in this
study, we cannot infer that these conditions would or would
not determine the much smaller errors occasionally apparent in
young participants. Nonetheless, because our previous studies
linked the magnitude and reliability of duration-dependent errors
to healthy aging we consider the present manipulations, results,
and interpretations primarily relevant to healthy aging.

Among the studies of timing and aging, the present studies
compare best to Rammsayer’s study [30]. In that study, aging
participants produced 1 and 15s target intervals in a mixed-
trials block with exemplars of the intervals provided on each
trial. As indicated by ratio-transformed errors, aging partic-
ipants significantly overproduced the short interval but were
about equally accurate in producing the long intervals. This
effect is reminiscent of the one we reported. However, attribu-
tion of Rammsayer’s effect to age-related changes in temporal
memory are difficult because the experimental design effec-
tively minimizes the influence of reference memory [1,36]. The
supplied explanation was that attention affected the short inter-
val, but not the long interval, the timing of which was served
by a different mechanism entirely. The basis for the distinc-
tion was that the short interval falls within the domain of the
“psychological present,” which ranges in duration up to 3-5s
[5,25].

While this argument has merit, single mechanism alterna-
tives do exist [19,28,31]. In the current experiments and their
immediate precedents, a single manipulation of memory — the
introduction of a delay period — produces changes in one or both
of a pair of longer intervals (>6 s) depending the duration of the
delay period [28,29]. The effect of the retention interval sug-
gests that alterations to temporal memory underlie the observed
duration-dependent timing errors, without ruling out the possi-
bility that some other mechanism supports timing and produces
timing errors when the target intervals are shorter (<6 s). We also
note that it is not currently clear how temporal memory produces
duration-dependent errors. That mechanism is the subject of
ongoing research, and further speculation about that mechanism
is beyond the scope of the current discussion.

Experiment 1 demonstrated that decision-threshold feedback
attenuated the retest session timing errors. Given that we propose
that temporal memory is mechanism for the timing errors due

to the reliance of the appearance of those errors on the retention
interval, we suggest that the decision-criteria feedback is more
likely acting to help participants compensate for errors origi-
nating in temporal memory, rather than adjusting for problems
originating in the decision process itself. That is, the feedback
may be allowing participants to adjust for an underlying prob-
lem with temporal memory by changing their decision criteria
to account for the distorting effects of the retention interval on
memory for the duration of the target interval.

This proposal of compensation via the decision criteria for
distortions in memory is not undermined by the uncertainty in
the current data regarding the efficacy of memory updating feed-
back in attenuating retest session errors. To the contrary, it is a
distinct possibility that with additional memory updating feed-
back participants would be able to acquire a new criterion for
production taking into account distortions to temporal memory
induced by the retention interval, and produce intervals with-
out error. Such a demonstration would further indicate that the
decision-criteria feedback after the retention interval in Experi-
ment | is compensating for a dysfunction in temporal memory
rather than the decision process. However, without proof that
memory updating feedback can be effective, we must entertain
age and delay-dependent dysfunction of the decision-making
process as an alternative to the memory dysfunction hypothe-
sis.

As mentioned in Section 1, the current experiments on tim-
ing in healthy aging participants and their precedents began as a
comparison to effects found in aged PD participants. How stands
this comparison in light of the current results? The current Exper-
iment 2 provided firm evidence that the retention interval is a
necessary condition for the expression of the aging deficit. This
is decidedly not the case for the PD migration effect, which is
quite strongly expressed during the baseline session and in the
presence of abundant feedback if dopamine replacement therapy
is withheld from the patients. In addition, we have investigated
the possibility that the age related timing deficit is dopamine
dependent [29] using the same design as our previous PD and
aging studies [18,28], but with a 1-h delay between the baseline
and retest sessions. The results indicated that levodopa and aging
independently affected timing, reducing the likelihood that the
cognitive mechanism underlying the PD and aging deficits is
the same. Taken together, these findings suggest qualitatively
different causes for the PD and age-related accuracy effects.
This conclusion makes application of the curvilinear accumu-
lator model of the PD migration effect [31] to the aging data
impractical without substantial modifications. These modifica-
tions would have to include mechanisms by which a retention
interval could affect accumulator characteristics, and explana-
tions of how decision-threshold feedback could compensate for
curvilinear accumulation in healthy aging, but not in dopamine-
deprived PD patients.

The differences between the timing errors seen in normal
aging and PD might indicate that different components of
the interval timer (“clock™) are affected in each case. This
position would be tenable if a future experiment determined
that decision-threshold feedback alone was effective in elim-
inating the retest session errors (complementing the findings



32 B.C. Rakitin, C. Malapani / Brain Research Bulletin 75 (2008) 23-33

of Experiment 1), and concluded that aging impaired the
decision-making process, rather than temporal memory. Such
findings would contrast strongly with the altered memory
encoding and decoding process underlying the PD effects
[18,19,31], and bias against attempts to relate the aging and PD
deficits at the level of the internal clock.

Conditions that control the expression of duration-dependent
errors have not been completely specified for either healthy
aging or PD. For example, it is not clear whether such errors
are dependent upon either the absolute duration of the target
intervals, or the difference between the two intervals. These two
issues could be addressed in a future study by altering the abso-
lute and relative values of the target intervals. If Rammsayer’s
proposal of different short and long interval timing mechanisms
is correct one might expect retention intervals to have quali-
tatively different effects for pairs of intervals within the short
(<1-3's) range. Also, certain conditions known to give rise to
the migration effect in PD, particularly the requirement that two
target intervals be processed within a session, have yet to be
tested in healthy aging by examining timing performance in
sessions with one target interval. Similarly, conditions unique
to aging, such as the requirement for a retention interval, have
yet to be explored at the limit. Although we know that differ-
ences between young and old participants emerge with as little
as a 1-h delay [29], future experiments on aging should include
manipulations of the duration of the retention interval.

While the present study emphasized timing errors, we did
conduct parallel analyses of timing variability. In our previ-
ous report [28], we found poorer variability scaling in the
aging groups (including the NO group from the current Exper-
iment 1) compared to the younger participants. We replicated
and extended these findings of larger CVs for production of
a 65 interval than for production of a 17 interval in 7 of 10
new combinations of feedback regimens and sessions between
Experiments 1 and 2. Only those conditions with FT feedback
alone, or without feedback following FT only sessions showed
a different pattern.

The most important aspect of the timing variability data in
the current experiments was the dissociation between the condi-
tions that gave rise to changes in the generally poor expression
of the scalar property and the conditions that alter expression of
the duration-dependent timing errors. To the extent that inatten-
tion to time is the currently favored mechanism for explaining
the failure of the scalar property in aging [2,14,21,30,35] this
dissociation further reduces the likelihood that attention is the
mechanism underlying the duration-dependent errors in aging,
as in our previous report [28].

It is notable that our first report of peak-interval timing with
healthy aging individuals [17] indicated excellent variability
scaling for three target intervals, 8, 12 and 21 s as well as sub-
stantially lower CVs (approximately 0.065). That experiment
included blocks with trials and feedback in quantities similar to
the baseline sessions in Experiment 1, but the full feedback regi-
men was available on both testing days. The possibility therefore
exists that while feedback initially results in poor scaling in aging
individuals, extended exposure to feedback ultimately results in
both excellent scaling and superior performance. A future exper-

iment that varies the duration of training (both in terms of the
number of trials per block and the number of sessions), and
spaces feedback trials evenly [15] in order to allow an analysis
of progression of timing performance through blocks could test
this hypothesis, as well as provide more specific information
regarding the mechanism of both FT and FB feedback.

The variability results from the Experiments 1 and 2 FT
groups provide an interesting contrast both to Experiment 1 and
our previous report [28] to the extent that the scalar property
was better expressed in blocks with FT trials only (Experiment
1 retest and Experiment 2 baseline sessions) or in blocks with-
out feedback that followed FT only blocks (Experiment 2 retest
session). These results suggest that FT trials may allow a cor-
rection of non-scalar variability that persists across the retention
interval. Because this pattern was established using exploratory
analysis it requires replication before a unique role for FT feed-
back in controlling the scalar property in aging participants is
reliably established. Nonetheless, the potential importance of FT
feedback in controlling the common finding of poor timing vari-
ability scaling in aging participants warrants some speculation
regarding mechanisms.

A priori, we expect FT feedback to strengthen the represen-
tation of the duration of the target interval by increasing the size
of the sample of intervals from which a participant estimates
target duration [7]. As a consequence the interval timed should
vary less from trial to trial, reducing production variability. It is
not clear how this mechanism can serve to reverse or overcome
a source of non-scalar variability, especially if the source of the
non-scalar variability is an accelerating accumulator. Moreover,
to explain the present effects, one must make two additional
assumptions. First, FB trials can negate the effects of FT trials
on non-scalar variability when given concurrently with FT trials.
Second, variability patterns persist across blocks with no feed-
back and retention intervals. The first assumption is necessary
to explain why FB in mixed feedback regimens (like all base-
line sessions in Experiment 1) does not allow the scalar property
to emerge. The second assumption is necessary to explain why
the Experiment 2 FT group’s retest session does not show the
“default” violations of the scalar property. Neither assumption
is theoretically grounded, but the previously suggested experi-
ment that tracks timing performance across blocks and following
evenly spaced feedback trials could provide the insight into how
both FB and FT feedback work necessary to confirm or refute
these assumptions.

In conclusion, the current experiments not only shed light on
the conditions that give rise to duration-dependent timing errors
in healthy aging participants, they provide control data that we
hope will advance the study of timing deficits in disorders of
aging. These experiments complete our first series of experi-
ments aimed at understanding the performance of healthy aging
participants under conditions that give rise to more seriously
flawed performance in PD patients. Nonetheless, it is clear that
additional experiments are necessary to determine the relative
effectiveness of different types of feedback, test the validity of
the proposed mechanisms, and to integrate the limited condi-
tions we have examined so far with the broader field of studies
of timing in aging.
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