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Abstract
Physical activity has been linked to better cognitive function in older adults, especially for
executive control processes. Researchers have suggested that temporal processing of durations less
than 1 second is automatic and engages motor processes, while timing of longer durations engages
executive processes. The purpose of this study was to determine whether a higher level of physical
activity is associated with better reproduction performance in older adults, especially for durations
in the “cognitive” range (i.e. longer than 1 s). Older right-handed adults completed a temporal
reproduction task with five target durations (300, 650, 1000, 1350, and 1700 ms). Physical activity
level was assessed via estimation of VO2 peak using a self-report activity scale. Results indicated
that higher physical activity level was associated with better timing accuracy and that this effect
was dependent on target duration. Namely, the relationship between physical activity and timing
accuracy was strongest at the longest durations. Therefore, greater physical activity in older adults
may have specific benefits linked to better executive functions.
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Introduction
Many central nervous system changes occur with age, including loss of overall brain
volume, declines in neurotransmitters, and a reduction in neuroplasticity (for a recent review
see Seidler et al., 2010). Within the peripheral nervous system, aging causes a degradation
of sensory receptors as well as a loss of muscle mass and coordination (Smith, Betancourt,
& Sun, 2005). These consequences of aging contribute to cognitive and motor impairments
and loss of independence (Albert et al., 1995; Andrews-Hanna et al., 2007; Reuter-Lorenz &
Lustig, 2005; Seidler et al., 2010). However, many age-related structural and performance
declines can be mitigated with increased physical activity (Colcombe et al., 2006).

Participation in physical activity, for instance, has been shown to preferentially enhance
cognitive processes sensitive to age-related decline. For example, Colcombe and Kramer
(2003) completed a meta-analysis showing that executive function has the largest activity-
related effect size, followed by inhibitory control, spatial, and then speeded tasks. A similar
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meta-analysis by Etnier and colleagues (2006) showed a small, but positive relationship
between physical activity and cognitive performance in older adults. Cross-sectional studies
have also found a link between physical activity and cognition. Individuals who report
higher levels of physical activity show better performance on executive function tasks than
those who report lower levels of activity (Eggermont, Milberg, Lipsitz, Scherder & Leveille,
2009; Hillman et al., 2006). Furthermore, structural magnetic resonance imaging has
revealed increases in both white and gray matter as a result of aerobic exercise training,
particularly in regions sensitive to age-related structural decline, such as the prefrontal and
temporal cortices (Colcombe et al., 2006). Critically, these brain regions are also associated
with processes linked to inhibition and long-term memory. In summary, the literature
suggests that physical activity has the largest impact on executive processing in older adults,
while tasks involving simpler “motor” processes, such as finger tapping or simple reaction
time are less affected (Colcombe & Kramer, 2003).

Timing is a necessary component for many motor and cognitive processes, such as
determining the order of events, coordinating and sequencing movements, speech generation
and recognition, as well as many other functions (Lewis & Miall, 2006). Moreover, it is
sensitive to age-related changes (Baudouin, Vanneste, Pouthas, & Isingrini, 2006; Block,
Zakay, & Hancock, 1998; Lustig & Meck, 2001; Meck & Malapani, 2004), especially when
the timing tasks require attending to multiple stimuli (Baudouin, Vanneste, Isingrini, et al.,
2006; Lustig & Meck, 2001) or working memory (Block et al., 1998; Craik & Hay, 1999;
Vanneste, Perbal, & Pouthas, 1999). However, to date, we are unaware of any work that has
explored therole of physical activity on temporal reproduction ability (i.e., one’s ability to
reproduce a previously presented temporal duration via a sequence of tones or other stimuli)
in older adults.

Perhaps the most popular theory of timing performance, scalar expectancy theory predicts
that variability in timing performance changes proportionally with changes in duration
(Gibbon, Church, & Meck, 1984); thus, a scalar timer should produce coefficient of
variation (CV: standard deviation divided by the mean) values that are constant across
durations. However, a unitary scalar mechanism may not fully explain timing performance
across both the milliseconds and seconds ranges. For example, we found violations of scalar
timing in temporal reproduction across milliseconds and seconds in young adult participants
(Bangert, Reuter-Lorenz, & Seidler, 2011). Lewis and Miall (2003), propose that these two
duration ranges may be controlled by different timing systems. Timing in the milliseconds
range may be controlled by motor regions (e.g., posterior and superior regions of the
cerebellum), especially when continuous rhythmic outputs are required; timing of discrete
supra-second intervals may rely on executive processes such as working memory and
attention (Ivry & Richardson, 2002; Jueptner et al., 1995; Schubotz, Friederici, & von
Cramon, 2000; Smith, Taylor, Lidzba, & Rubia, 2003) that engage prefrontal (e.g.
dorsolateral prefrontal cortex; DLPFC) and parietal cortical regions. Indeed, disruption of
the DLPFC with transcranial magnetic stimulation impairs one’s ability to reproduce supra-
second durations but not sub-second durations (Koch, Oliveri, & Caltagirone, 2009; Koch,
Oliveri, Torriero, & Caltagirone, 2003). Therefore, temporal processing of durations in the
seconds range may benefit most from participation in physical activity (Colcombe &
Kramer, 2003; Etnier et al., 2006).

The purpose of the present study was to investigate whether the extent to which older adults
participate in physical activity is associated with their temporal reproduction performance
involving sub-and supra-second intervals. We hypothesized that physical activity level
would have little impact on older adults’ milliseconds-range timing (i.e., “motor” timing)
but would be associated with better performance in the supra-second range (i.e., “cognitive”
timing).
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Methods
Participants

All older adult participants (N = 30) were between the ages of 60 and 85 years and had a
Mini Mental State Exam score (MMSE; Folstein, Folstein, and McHugh, 1975) greater than
or equal to 26. They were recruited from the community and received monetary
compensation for their participation. All participants were right-handed, as determined by
the Edinburgh Handedness Inventory (Oldfield, 1971). Two older adults were omitted from
data analyses. One was excluded due to experimenter error during data collection and one
due to failure to complete the task. This left a total of 28 (13 male; 15 female) older adult
participants for analysis. This final group had a mean age of 73.1 (SD = 5.0) and a mean
MMSE score of 28.8 (SD= 1.3). The study was approved by the University of Michigan
Institutional Review Board and all participants gave informed consent prior to participation.

Procedure
The experiment required approximately 2.5 hours to complete. Each participant provided
basic demographic information at the start of the experiment. They completed the physical
activity scale (PA-R; Jackson et al., 1990) along with a report of their height and weight
which allowed for the estimation of each individual’s VO2 peak. All participants then
completed the temporal reproduction task.

Temporal Reproduction Task
The task was implemented using E-Prime software on a Dell Optiplex GX150 computer.
Tones were presented binaurally via Koss UR-29 headphones. Temporal reproduction
performance was investigated across five target durations (300, 650, 1000, 1350, and 1700
ms), with each target duration presented in a block of trials. Presentation order of the
durations was randomized. On each trial, individuals focused on a black fixation cross while
listening to a pair of 50 ms, 1000 Hz tones. Each pair of tones was separated by an empty
interval lasting the length of one of the specified durations. After presentation of the target
duration and a variable delay (400, 600 or 800 ms), the fixation cross turned green, cuing the
participant to reproduce the interval with two right-index finger taps on the space bar of the
keyboard. During the task, participants were instructed not to count or produce any
movements aside from those required to perform the task. An example of a single trial is
provided in Figure 1. For each target duration participants completed 1 block of 7 runs; each
run consisted of 12 trials. During the first run, participants received non-numeric visual
feedback about their performance after every trial. This run was considered practice, enabled
participants to develop a stable representation of the target duration, and was eliminated
from later analysis of the data. A feedback screen was presented at the end of every
remaining run that provided non-numeric feedback about average performance across the
entire run.

Questionnaire assessment of VO2 peak
A questionnaire allowing for the estimation of each individual’s VO2 peak (a common
measure of cardiorespiratory fitness) based upon Jackson et al.’s (1990) PA-R was used to
estimate VO2 peak (mL/kg). The VO2 peak estimate is based on an equation accounting for
body mass index, age, and a self-report of physical activity for the month preceding the test
session. Note that slightly different equations are specified for men versus women to
account for differences in body composition. Body mass index was assessed by determining
height (cm) and weight (Kg), while recent physical activity level was classified on a 0–10
scale ranging from sedentary (no activity) to very active. Similar questionnaires have been
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validated for use in older adults (Mailey et al., 2010) and are related to several measures of
cognitive function as well as brain structure (McAuley et al., 2011).1

Data Analysis
Following the computation of VO2 peak, sex differences in lung capacity, body volume, and
fat content were controlled for by converting VO2 peak scores within each gender subgroup
to Z scores; the resulting standardized fitness (Z-VO2) scores allowed us to evaluate VO2
peak, eliminating any specific mean differences based on gender.

For the temporal reproduction data, any trials where a participant responded before the
appearance of the cue or the reproduction fell ± 2.5 standard deviations beyond his or her
mean were excluded from analysis. The mean number of trials removed at each duration was
as follows: 300ms, 5.6; 650ms, 4.6; 1000ms, 3.3; 1350ms, 2.6; 1700ms, 2.0.

Repeated measures ANCOVAs were run for each of the dependent variables that we
investigated for the temporal reproduction task, using duration (5) as a within subjects factor
and standardized fitness score as a covariate. Dependent variables for each analysis included
measures of temporal reproduction variability and accuracy. These included the CV,
absolute error (|reproduced duration – target duration|), and accuracy index (mean subjective
reproduction divided by the objective target duration). The accuracy index allows for an
estimate of how close subjective reproductions were to the actual durations and enables
comparisons across durations to be made on the same scale. An accuracy index value of 1
indicates perfect reproduction. Values below 1 indicate that the duration was under-
reproduced, while values greater than 1 indicate that the duration was over-reproduced. In
cases where the sphericity assumption was violated, the Huynh-Feldt correction was applied.
When we found significant interactions between standardized fitness score and duration we
conducted post-hoc correlations at each individual target duration. Our a priori predictions
were that increased physical activity level would be associated with better performance on
all of our dependent measures, therefore, we used a one-tailed corrected p-value (p = .02) to
correct for multiple comparisons in all of our post-hoc analyses. These correlations are
reported in Table 1. Figure 2 shows participants’ mean scores for each dependent measure at
each standard duration.

Results
The mean VO2 peak for the sample was 27.00 mL/kg (SD = 16.9; Range = 56-53.5), while
the mean VO2 peak for males was 33.92 mL/kg (SD = 15.18; Range = 8.38– 48.2) and 21.0
mL/kg (SD = 16.46; Range = .56–53.5) for females. These values suggest that the sample
overall was relatively low-fit, with the average value for the entire sample falling below the
50th percentile for men and women over the age of 60 years, based on the American College
of Sports Medicine (ACSM) guidelines (2010).

Physical Activity Effects on Temporal Reproduction
For the analysis of CV we found no interaction between duration and fitness, p = .541 nor an
effect of fitness, p = .430. However, there was a significant main effect of duration, F(3.46,
90.05) = 2.63, p=.047, ηp

2= .09, MSE = .001, with the smallest CV (see Figure 2) found for
the 1000 ms duration.

Turning to the accuracy measures, we found an interaction between duration and
standardized fitness score for absolute error, F(3.55, 92.41)= 3.10, p = .024, ηp

2= .11, MSE

1The present data set was collected prior to the publication of this validation in older adults.
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= 17942.91. Table 1 shows that the only significant correlation between fitness score and
absolute error emerged at the 1700 ms duration, suggesting that higher levels of physical
activity were associated with lower errors for the longest duration in the target duration set.
We also found main effects for fitness, F(1, 26) = 6.55, p = .017, ηp

2=.20, MSE = 42019.63
(higher fitness score was associated with lower error), and duration, F(3.55, 92.41) = 20.11,
p < .001, ηp

2= .44, MSE = 17942.91, with higher error found at the longer durations.
Similarly, for.the accuracy index we found an interaction between fitness score and duration,
F(4, 104)= 3.29, p = .014, ηp

2= .11, MSE = .02, as well as main effects of fitness, F(1, 26) =
8.06, p = .009, ηp

2= .24, MSE = .07 and duration, F(4, 104)= 7.89, p < .001, ηp
2= .23, MSE

= .02. In general, the accuracy index was higher for individuals with higher fitness scores
and decreased as duration length increased. Post-hoc correlations (see Table 1) indicated that
higher fitness was significantly associated with higher accuracy index scores at the 650 ms,
1350 ms and the 1700 ms durations. As shown in Figure 2, older adults tended to make
shorter reproductions for all durations longer than 300 ms. Therefore the larger accuracy
index scores linked with increased fitness are indicative of more accurate performance for
these durations.

Discussion
Aging and Fitness

The goal of the current investigation was to evaluate whether physical activity is associated
with timing performance in older adults, especially for longer durations thought to rely more
heavily on executive processes. Despite the lack of physical activity effects on timing
variability, physical activity was associated with timing accuracy with the strongest
relationships emerging at the longest durations. Therefore, it appears that physical activity
may influence mechanisms that enable people to develop accurate duration representations,
but not the consistency with which they reproduce those durations.

We also found main effects of duration on all of the dependent measures. This effect on CV
suggests a violation of scalar variability (Gibbon et al., 1984) and replicates a performance
pattern that we have previously identified in young adults (Bangert et al., 2011). Namely,
the effect appears driven by a very short CV at the 1000 ms duration followed by increasing
CVs for durations longer than 1 second. This pattern is consistent with arguments that there
may be a shift in the mechanisms responsible for timing when moving from sub- to supra-
second durations (Lewis & Miall, 2003, 2006).

For timing accuracy, the relationship between physical activity and performance appeared
strongest for longer durations, however it was not clear that 1000 ms served as a clear
transition between “motor” and “cognitive” timing (Lewis & Miall, 2003). Instead, our
findings suggest that some duration in the range of 650 ms may serve as a more meaningful
transition point, given that we also discovered a relationship between accuracy index for the
650 ms duration and standardized fitness score. This parallels claims by other researchers
who have suggested that a transition may actually occur around 500 ms (see Grondin 2001
for a review; Karmarkar and Buonomano, 2007; Michon, 1985). Regardless of where the
transition between “motor” and “cognitive” timing may occur, our findings suggest that
higher physical activity is linked to better timing performance in older adults at longer
durations thought to rely more heavily on working memory and attentional control
processes. Note that aging and Alzheimer’s disease have been linked to poorer timing of
supra-second durations, with declines in controlled attention and working memory posed as
explanations for why these declines may be especially pronounced at longer durations
(Bangert & Balota, in press; Rakitin, Scarmeas, Li, Malapani, & Stern, 2006; Rakitin, Stern,
& Malapani, 2005; Vanneste et al., 1999). A multitude of research supports the positive
relationship between physical activity and performance on tasks of memory and executive
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function (Colcombe & Kramer, 2003; Eggermont et al., 2009; Erickson et al., 2011).
Therefore, it stands to reason that, in older adults, supra-second durations benefit most
heavily from activity-related improvements in executive control mechanisms (Block et al.,
1998; Colcombe & Kramer, 2003; Craik & Hay, 1999; Vanneste et al., 1999). Fitness did
not appear to be associated with reproduction accuracy of the shortest duration, where
executive processes are thought to play less of a role.

Although the mechanisms underlying the benefits of physical fitness on tasks requiring
executive functions remain elusive, research with rats indicates that daily physical activity
may slow the aging of the central nervous system through maintenance of neurotransmitters
(i.e. BDNF; brain-derived neurotrophic factor) and growth of new neurons (Neeper,
Gomezpinilla, Choi, & Cotman, 1995; van Praag, Kempermann, & Gage, 1999). Similarly,
Gunstad et al. (2008) have shown that higher BDNF serum level in the body is significantly
associated with better performance on select cognitive tasks (MMSE and Boston Naming
test). In addition, other researchers have found a similar relationship between exercise,
cognitive function, and BDNF (Anderson-Hanley et al., 2012; Baker et al., 2010; Erickson
et al., 2011; Knaepen et al., 2010), which may suggest that BDNF is produced during
exercise and therefore helps to maintain cognitive function. However, more research is
needed to determine the specific relationship between temporal reproduction, BDNF and
fitness.

Moreover, there appears to be a positive link between physical activity, cognitive function
and overall cerebrovascular health in older (postmenopausal) women (Eskes et al., 2010).
Increased physical activity is also associated with enhanced hippocampal blood flow in
older adults (Burdette et al., 2010) and changes in brain structure and function. Colcombe
and colleagues (2006) found structural changes in response to increased aerobic fitness over
the course of a 6-month intervention in both gray and white matter areas of the frontal and
temporal brain cortices, suggesting that increasing fitness may be associated with increased
brain volume in older humans as well as enhanced central nervous system health with age.
Similarly, the hippocampus is specifically influenced by cardiorespiratory fitness (Erickson
et al., 2009; 2011). Combined, this research suggests that physical exercise may result in
brain functional and structural changes that may preserve executive function in humans.
While the current experiment is unable to determine the cause of fitness benefits for
temporal reproduction accuracy at longer durations, future work should examine the
relationship between fitness, BDNF-level and brain structure changes on timing.

Caveats
One limitation of the current approach is the use of a self-report scale to estimate VO2 peak
instead of a direct physical assessment via a graded exercise test. However, research by
Mailey and colleagues (2010) has shown that non-exercise estimates of cardio-respiratory
fitness in older adults based on equations using sex, age, body mass index, resting heart rate,
and self-reported physical activity can have high validity. Similarly, McAuley and
colleagues (2011) recently reported that equation estimates of VO2 are not only equally
related to other more conventional means of assessing VO2, including the Rockport 1-mile
walk test and graded exercise tests, but are also significantly related to several measures of
cognitive function and hippocampal volume in older adults.

It is also important to note that our study was cross-sectional--fitness was not manipulated.
Rather, it was assessed based on participants’ self-reported current level of physical activity.
Furthermore, as previously noted, our older participants tended to fall in the low range of
overall fitness level (American College of Sports Medicine, 2010), when compared to others
in the same age/gender group. Moreover, approximately 61% of our sample reported
participating in 1 hour or less of physical activity per week, which is well below the 150
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minutes per week recommended for adults (American College of Sports Medicine, 2010).
Nevertheless, we observed interesting and reliable physical activity-related effects on
temporal reproduction performance for this older- age sample, implying that if more highly-
fit individuals were investigated, even more robust performance differences might emerge.
Future research should include direct measures of cardiorespiratory fitness (i.e., Graded
Exercise Testing) as well as a group of older adults that classify as more highly fit.
Moreover, it would be helpful to evaluate timing performance within participants after an
exercise intervention, to evaluate how temporal reproduction performance changes as
physical activity level increases. We recognize that there are additional individual difference
measures, such as musical experience that may impact performance. Therefore, an
assessment of musical ability would also be worthwhile to include in future investigations of
the influence of fitness on timing ability in older adults.

Conclusions
In conclusion, higher physical activity is associated with better timing accuracy in older
adults, especially for longer durations. These findings lend further credence to the idea that
physical activity may protect older adults against declines in cognitive processes, such as
attention and working memory, which support timing of longer durations. These findings
open the door for investigations of whether physical activity may also help special
populations (i.e. Alzheimer’s disease) whose timing may suffer due to declines in executive
control processes (Bangert & Balota, in press) or whose timing deficits affect their cognitive
activities of daily living (Horenea et al., 2009).
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Figure 1.
Illustration of the temporal reproduction task. Although shown in grey here, the fixation
cross turned green in the actual experiment to cue participants to reproduce the interval.
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Figure 2.
Mean performance scores for each dependent variable at each standard duration. Panel A
shows the mean CV values. Panel B shows the mean absolute error scores. Panel C shows
the mean accuracy index values. The error bars represent ± 1 standard error.
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