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Abstract
Background—Theoretical and empirical evidence suggests that impaired time perception and
the neural circuitry contributing to internal timing mechanisms may contribute to severe
psychiatric disorders, including mood disorders. The structures that are involved in subsecond
timing, i.e., cerebellum and basal ganglia, have also been implicated in the pathophysiology of
bipolar disorder. However, the timing of subsecond intervals has infrequently been studied in this
population.

Methods—Paced finger-tapping tasks have been used to characterize internal timing processes in
neuropsychiatric disorders. A total of 42 bipolar disorder patients (25 euthymic, 17 manic) and 42
age-matched healthy controls completed a finger-tapping task in which they tapped in time with a
paced (500-ms intertap interval) auditory stimulus (synchronization), then continued tapping
without auditory input while attempting to maintain the same pace (continuation). This procedure
was followed using the dominant index finger, then with alternating thumbs.

Results—Bipolar disorder participants showed greater timing variability relative to controls
regardless of pacing stimulus (synchronization versus continuation) or condition (dominant index
finger versus alternating thumbs). Decomposition of timing variance into internal clock versus
motor implementation components using the Wing–Kristofferson model showed higher clock
variability in the bipolar disorder groups compared to controls, with no differences between
groups on motor implementation variability.

Conclusion—These findings suggest that internal timing mechanisms are disrupted in bipolar
disorder patients, independent of symptom status. Increased clock variability in bipolar disorder
may be related to abnormalities in cerebellar function.
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Alterations in time perception and neural circuitry associated with internal timing have been
found in several neuropsychiatric disorders that share phenomenological and genetic overlap
with bipolar disorder, including schizophrenia (1,2) and attention-deficit hyperactivity
disorder (ADHD) (3). Precise knowledge of how time is encoded by the brain remains
elusive, yet it has become apparent that a number of structures (e.g., the cerebellum, basal
ganglia, orbitofrontal cortex, insula, parietal cortex, prefrontal cortex) and neurotransmitter
systems (e.g., dopamine and glutamate) contribute in various ways to time perception. Many
of these very same regions and systems have also been implicated in the pathophysiology of
bipolar disorder (4). However, investigations of time perception in bipolar disorder for short
durations, i.e., those in the second or millisecond range, are scarce. Only two reports, both
from the same group (5,6), have, to our knowledge, included bipolar disorder patients and
compared them with a control group on time perception in the suprasecond range. However,
in both cases, the sample was not restricted to bipolar disorder participants only, making
results difficult to interpret. Bschor et al. (5) reported that depressed (meeting criteria for
DSM-IV major depressive episode) and manic (DSM-IV manic) patients did not differ from
controls on either a 7-second time production or an 8-second time-estimation task. In a
subsequent study by the same group using the same criteria (6), depressed patients over-
reproduced a 6-second interval, and no differences between patients and controls were
observed in a 1-second time reproduction task. To our knowledge, no studies have examined
explicit timing in bipolar disorder in the subsecond time domain, although bipolar disorder
participants showed significant timing abnormalities on an implicit motor timing task,
namely eyeblink conditioning (7).

It is generally accepted that the frontal cortex, basal ganglia, and cerebellum are integrally
involved in time perception, with a consensus emerging that different timescales utilize
different neural circuits (8–10). A recent meta-analysis of 41 functional neuroimaging
studies of perceptual and motor timing by Weiner et al. (11) used a robust activation
likelihood estimation algorithm and found strong support for the theory that subsecond and
suprasecond durations depend on somewhat distinct neural networks, with the former more
likely to recruit subcortical structures such as the basal ganglia and cerebellum and the latter
more likely to activate cortical structures such as the supplementary motor area and
prefrontal cortex. The finding that the cerebellum is activated predominantly during
subsecond tasks is consistent with other suggestions that this structure may be critical for the
encoding of subsecond time intervals (9,12). Moreover, the Weiner et al. study found that
activation of the cerebellum was consistent across motor and perceptual timing tasks,
supporting the proposal that this structure serves as a timekeeper for brief durations (13).

In the present study, we examined explicit subsecond timing in bipolar disorder using a
paced finger-tapping task with a 500-ms intertap interval using the synchronization–
continuation paradigm. In this task, participants first tapped in time with a tone
(synchronization). They then attempted to continue tapping in its absence while maintaining
that pace (continuation). The 500-ms interval was chosen because it is short enough to
minimize the engagement of brain regions involved in higher-order cognitive processes,
including working memory. Subsecond intervals also prompt anticipatory taps; that is, taps
are not in response to hearing the paced tone, but instead occur when participants expect it to
occur (14). Therefore, at this interval duration, tapping pace can be expected to rely on an
internal clock even during the synchronization portion of the task when external pacing
tones are occurring (3).

The synchronization–continuation paradigm benefits from the existence of a widely known
model of human timing developed by Wing and Kristofferson (15) that partitions the
production of a sequence of finger taps during the continuation portion of the task into its
fundamental components: (i) a central ‘clock’ timekeeper, and (ii) the delay between the
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neural command and the execution of the movement. This mathematical model uses the
variance and autocovariance properties of the series of taps to determine whether the source
of timing variability is due to the central timekeeper or the motor delay. In controls, Wing
and Kristofferson (15) demonstrated that the central timekeeper variance increases as a
function of the time interval being kept, while the variance in motor delay remains virtually
constant across all intervals. By decomposing variability into clock and motor components,
this model allows insight into the origins of any group differences in intrasubject timing
variability.

We hypothesized that bipolar disorder patients would show greater intrasubject variability
and shorter intertap intervals in comparison to controls, as well as higher central timekeeper
variance as estimated by the clock component of the Wing–Kristofferson mathematical
model. An additional goal of this study was to investigate whether deficits in finger-tapping
performance could differentiate between acutely ill and clinically stable groups of bipolar
disorder participants. We predicted that the manic bipolar disorder group would display
increased temporal variability of finger tapping relative to control participants, and that
euthymic bipolar disorder participants would fall between these groups. Moreover, we
hypothesized that this variability would be most pronounced in the continuation condition
because variability is generally expected to increase in the absence of a pacing stimulus, an
effect that should be amplified in the manic group.

Methods
Participants

A total of 42 (17 males, 25 females) bipolar disorder participants and 42 (20 males, 22
females) age-matched controls were included in this analysis.1 Diagnostic status was
determined using the Structured Clinical Interview for DSM-IV Axis I Disorders (SCID-I)
(16) sections for mood disorders, psychotic disorders, and substance abuse disorders, and
chart review. Healthy controls were recruited through newspaper advertisements and fliers,
and did not meet DSM criteria for any Axis I or Axis II disorder. Any participant who met
criteria for substance dependency within three months prior to testing was excluded from the
study. Trained research personnel performed diagnostic interviews and clinical ratings.
Kappa inter-rater reliability in this laboratory setting has been 0.95 for mood disorders
versus schizophrenia or other diagnoses. The study procedures were approved by the Indiana
University-Purdue University Indianapolis Internal Review Board, and the study was
conducted in accordance with the Declaration of Helsinki (Edinburgh amendments). Written
informed consent was obtained from all participants.

The bipolar disorder group included individuals tested during manic (n = 17) and euthymic
(n = 25) episodes. Acute symptom severity during the preceding week was assessed using
the Young Mania Rating Scale (YMRS) (17) and Montgomery-Asberg Depression Rating
Scale (MADRS) (18). Euthymic participants had a mean YMRS score of 5.7 (SD = 5.4) and
an average MADRS score of 5.1 (SD = 5.0). For manic participants, YMRS scores averaged
27.9 (SD = 8.3), with mean MADRS scores of 7.4 (SD = 3.7). There were no significant
correlations between YMRS or MADRS scores and any of the primary dependent variables
in either the dominant index finger or alternating thumbs conditions.

1A boxplot method of outlier identification (SPSS statistical package) was used to classify extreme data values separately for each
analysis. Extreme outliers were defined as data values > 6 quartiles from the upper or lower ends of the interquartile range. Following
age matching, there were 45 participants in each group, but 2 bipolar disorder patients and 1 control were removed from the analysis
due to classification as extreme outliers in the dominant index finger or alternating thumbs conditions on either the mean intertap
interval or the standard deviation measurement. In each case, the age-matched participant for each outlier was also removed. All
demographic and statistical information is reported for the remaining 42 participants in each group.
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Healthy controls were recruited and included in the study if their age fell within two years of
a bipolar disorder participant’s in order to ensure that the groups were age-matched. This
ensured that the mean age of bipolar disorder participants (41.0 years, SD = 11.5) did not
differ from controls (40.9 years, SD = 11.5), t(82) = −0.05, p = ns. When bipolar disorder
subtypes: manic (mean = 37.0 years, SD = 11.6) and euthymic (mean = 43.8 years, SD =
10.8), and controls were entered into a one-way ANOVA, there was not a significant
difference between groups on age [F(2,81) = 1.84, p = ns], nor were Bonferonni-corrected
follow-up comparisons significant. As assessed using the Edinburgh Handedness Inventory
(19), handedness was not differently distributed across groups [χ2(2) = 1.37, p = ns). In the
healthy control group, 9 of the 42 were left-handed; in the bipolar disorder group, 3 of 25
euthymic participants and 2 of 17 manic participants were left-handed. When handedness
was used as an independent variable, with age and diagnostic group as covariates, there were
no significant differences between left- and right-handed participants for any measure.
Inclusion criteria were completion of grade school-level education, normal or corrected-to-
normal hearing and vision, no history of cardiovascular or neurological disease, and no
history of head injury that resulted in loss of consciousness.

A total of 8 individuals with bipolar disorder were unmedicated at the time of testing. Of the
remaining 34 bipolar disorder participants, 25 were on antipsychotic drugs, 25 were on
mood stabilizers, 9 were on antidepressants, and 1 participant was taking an anticholinergic
medication. A chi-square test showed that medication status did not differ by bipolar
disorder group assignment (p > 0.05).

Task procedure
The finger-tapping task consisted of two conditions, where participants first used their
dominant index finger, followed by alternating thumbs, to press and release buttons on a
response box. For the dominant index finger task, participants rested their dominant hand
flat on a response box with their index finger positioned over a center push button. In the
alternating thumbs condition, the response box was held in both hands, with the left and
right thumbs placed over response buttons on each side. In each condition, the time that
passed between subsequent depressions of the button was used to calculate the intertap
interval.

Each trial began with a tone paced at 500-ms intertone intervals, and participants were
instructed to press the response button at the same rate as the tone (synchronization tapping).
After 12 taps, the tone was discontinued and participants were instructed to continue tapping
at the same rate as the previously presented tone (continuation tapping). Trials ended
following 30 continuation button presses. Intertap intervals that fell 250 ms above or below
the 500-ms intertap interval during either the synchronization or continuation portion of the
trial were counted as error taps. Successful completion of a total of 6 error-free trials, or
when the maximum of 12 trials was reached, concluded the task.

Behavioral data and analysis
The first 6 error-free trials were included in the analysis. In cases where there were fewer
than 6 error-free trials, if there were 2 or fewer errors that occurred in the synchronization
portion of the task only, errors were removed and averages were taken from the remaining
trials. To optimize results from the mathematical model applied to these data (described
below) and to allow the same participants to contribute data for each dependent variable,
participants who were unable to complete 6 error-free trials for the continuation portion
were excluded from all analyses.
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Mean intertap intervals were computed separately across trials for the synchronization and
continuation portions of the task. Tapping variability was defined by the standard deviation
of the intertap interval. In addition, the coefficients of variation were computed to derive a
normalized measure of the dispersion of the intertap intervals between patients and
nonpsychiatric participants. In order to maximize the power to assess whether tapping
abnormalities in bipolar disorder are linked to core deficits of the disorder independent of
clinical status, performance differences were assessed using 2 × 2 × 2 repeated-measure
ANOVAs, with a between-subjects factor of group (bipolar disorder, nonpsychiatric control)
and within-subjects factors of condition (dominant index finger, alternating thumbs) and
pacing stimulus (synchronization/continuation). To analyze the effect of mood state on
performance in bipolar disorder, 2 × 2 × 2 ANOVAs were conducted using only bipolar
disorder participants with clinical status (euthymic, manic) as the between-subjects factor.

For all statistical analyses, post-hoc comparisons using the Bonferroni correction were
conducted when main effects or interactions were significant (p < 0.05) or reached a trend
level (p < 0.10). Results of the major dependent variables are reported with their
corresponding effect sizes in the form of partial eta squared (ηp

2), where values of ηp
2 <

0.06 were considered small, effect sizes of 0.06 < ηp
2 < 0.14 were considered moderate, and

effect sizes of ηp
2 > 0.14 were considered large (20).

Wing–Kristofferson mathematical model—The Wing–Kristofferson model (15,21)
was developed as a means of delineating the contributions of the central and peripheral
nervous components to variability in timing of inter-response intervals. Based on the work
of Stevens (22), the Wing–Kristofferson model provides an account of the timing variability
using the continuation portion of the finger-tapping task described above. One of the key
observations made by Stevens (22) was that the inter-response intervals of the continuation
finger taps (without the metronome) followed a zigzag pattern, i.e., shorter inter-response
interval followed by a longer inter-response interval, followed by a shorter, etc. Based on
this finding, Wing and Kristofferson (15) hypothesized that the continuation responses were
the reflection of a central timekeeper that emitted pulses to initiate the motor response. The
central timekeeper itself is imprecise due to temporal ‘noise’ that results in random variation
in the timing of the central motor command. A second independent source of variance is the
motor delay that is the time between the initiation and occurrence of the response.

The Wing–Kristofferson model thus takes the following form when j > 1:

[1]

where Ij is the jth intertap interval, while Cj and Dj represent the central timekeeper and
motor implementation delays, respectively. The Wing–Kristofferson model functions on the
assumption that the clock intervals and motor implementation delays are independent
random variables. As a result, the covariance between C and D will be zero, and the
covariance of cov (Cj, Cj–k) and cov (Dj, Dj–k) will be zero for all j and k, with the exception
of k = 0. Thus, when k = 0:

[2]

Since the data collected from the participant only provides the intertap intervals, or I,
Equation 2 must be rearranged to provide the clock and motor variances of var(C) and
var(D), where:
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[3]

Hence, the variance of the central timekeeper is the sum of the variance of the inter-response
intervals and 2 × the lag-1 autocovariance. The variance of the motor delay is then:

[4]

The variance of the motor delay can thus be computed as the negative of the lag-1
autocovariance of the inter-response intervals.

Implementation and analysis—Because of its sequence dependency, i.e., its use of
autocovariance, the Wing–Kristofferson model is less tolerant to extreme values within a
trial block. Therefore, as in the analyses of intertap interval and variability, estimates of
clock and motor variance were computed only for participants with at least 6 error-free trials
on both the dominant index finger and alternating thumbs continuation tapping tasks.

One limitation of the Wing–Kristofferson mathematical model is that it can sometimes
produce negative values, which is theoretically impossible and therefore untenable. In the
current sample, this occurred on 24% of blocks of interval sequences, which is consistent
with previous studies that have reported occurrences of 10–30%, depending on the
population studied (13,23–25). Due to the impossibility of a negative variance, such values
were set to zero in the present study, which is the traditional approach in models with more
than one variance parameter (26), including the Wing–Kristofferson model (21). The
average variance across the 6 blocks in each condition was computed, then this value was
entered into separate 2 × 2 repeated-measures ANOVAs with diagnosis as the between-
subjects variable and condition (dominant index finger, alternating thumbs) as the within-
subjects variable for central timekeeper (clock) and motor implementation delay (motor)
variance. These tests were conducted using diagnosis (bipolar disorder, nonpsychiatric
controls) as a between-subjects factor. In addition, analyses of differences in performance
due to clinical status were conducted using the bipolar disorder group only, with mood state
(euthymic, manic) as a between-subjects factor.

Results
Medication analysis

To evaluate possible medication effects on tapping performance, participants with bipolar
disorder were collapsed into a single group with medication status as the independent
variable. Participants were divided into three groups: (i) those on antipsychotic medication
(typical or atypical) were assigned to the antipsychotic group (n = 25), (ii) those who were
on other psychotropic drugs but were not taking antipsychotic medication were assigned to
the other psychotropic category (n = 9), and (iii) those who were not currently taking
medication were included in the unmedicated group (n = 8). Repeated-measures ANOVAs
were then conducted for all primary dependent variables using mood state as a covariate
(manic, euthymic). No significant differences for medication status were found for any
primary dependent variables using this approach. Finally, bipolar disorder participants were
coded as on or off for the following medication categories: atypical antipsychotic drug use
(on = 22), lithium use (on = 8), and a test of medicated (any psychotropic medication
including antipsychotics) versus unmedicated participants (on = 34). Separate ANOVAs
were conducted for each category and for each dependent variable. No significant
differences between groups were observed using these categorizations.
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Intertap interval pacing and variability
Tables 1 and 2 show means and standard deviations for the intertap interval, standard
deviation of the intertap interval, and the coefficient of variation for the dominant index
finger and alternating thumbs conditions, respectively. These results are depicted graphically
in Figure 1, panels A–C.

Intertap interval—The bipolar disorder group tapped at a faster rate than controls, with
average intertap intervals of 521 ms versus 530 ms, respectively, which resulted in a main
effect of group, F(1,82) = 4.58, p < 0.05 (ηp

2 = 0.05). There was a significant main effect of
condition, F(1,82) = 13.95, p < 0.001 (ηp

2 = 0.14), in which participants tapped faster in the
alternating thumbs condition than in the dominant index finger condition. Bipolar disorder
participants tapped significantly faster than controls (p < 0.01) in the alternating thumbs
condition, resulting in a condition-by-diagnosis interaction, F(1,82) = 7.80, p < 0.01 (ηp

2 =
0.09). Finally, a main effect of pacing stimulus indicated that participants tapped
significantly faster in the continuation compared to the synchronization condition, F(1,82) =
59.22, p < 0.001 (ηp

2 = 0.42). The interaction between pacing stimulus and condition was
significant, F(1,82) = 4.52, p < 0.05 (ηp

2 = 0.05). While participants tapped faster in the
continuation relative to the synchronization conditions, this acceleration was more
pronounced in the alternating thumbs condition.

Standard deviation—A main effect of diagnosis was found for the standard deviation of
intertap intervals, F(1,82) = 6.68, p < 0.05 (ηp

2 = 0.07), with the bipolar disorder group
showing increased variability compared to controls. Neither tapping condition nor pacing
stimulus interacted significantly with diagnosis. Overall, participants demonstrated
increased variability in the alternating thumbs tasks, resulting in a main effect of condition,
F(1,82) = 114.24, p < 0.0001 (ηp

2 = 0.58). Finally, a main effect of pacing stimulus was
evident, F(1,82) = 48.62, p < 0.001 (ηp

2 = 0.37), with higher standard deviations on
synchronization compared to continuation tapping.

Coefficient of variation—Participants with bipolar disorder had higher variability
compared to controls as measured by the coefficient of variation, resulting in a main effect
of group, F(1,82) = 8.37, p < 0.01 (ηp

2 = 0.09). There were no interactions between
diagnostic group and any other variables. However, there was a main effect of condition,
F(1,82) = 112.58, p < 0.001 (ηp

2 = 0.58), due to significantly higher coefficients of variation
on the alternating thumbs compared to the dominant index finger tasks. There was also a
main effect of pacing stimulus due to significantly higher coefficients of variation in the
synchronization condition, F(1,82) = 29.04, p < 0.001 (ηp

2 = 0.26). Finally, there was an
interaction between condition and pacing stimulus, F(1,82) = 5.74, p < 0.05 (ηp

2 = 0.07).
Variability was higher in both tapping conditions in the synchronization portion of the task,
but the coefficients of variation showed a larger decrease in the dominant index finger
condition than the alternating thumbs condition during the continuation portion of the task.

Bipolar disorder mood state analysis—Comparison of mood states within the bipolar
disorder group produced no significant differences between manic and euthymic groups on
mean intertap interval, standard deviation, or coefficient of variation. An interaction
between group and condition was found for both standard deviation [F(1,39) = 7.19, p <
0.05 (ηp

2 = 0.16)] and coefficient of variation [F(1,39) = 6.54, p < 0.05 (ηp
2 = 0.14)], with

the euthymic group displaying decreased variability in the dominant index finger condition
and higher variability in the alternating thumbs condition compared to the manic group.
Group differences were not significant in either condition in post-hoc tests.
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Wing–Kristofferson results
Means and standard deviations for clock and motor variability for each group in each
condition can be found in Table 3. Overall means and standard deviations are depicted
graphically in Figure 2.

Analysis of clock variability revealed a main effect of diagnosis, F(1,82) = 5.24, p < 0.05
(ηp

2 = 0.06), with the bipolar disorder group showing significantly increased variability
relative to controls. In addition, there was a main effect of condition, F(1,88) = 4.22, p <
0.05 (ηp

2 = 0.05), due to significantly higher variability overall in the alternating thumbs
condition. No other significant main effects or interactions were observed.

Motor implementation variance, in contrast, did not significantly differ between groups,
F(1,82) = 1.14, p = ns, and no significant interactions were observed. There was a
significant main effect of condition, F(1,82) = 46.92, p < 0.001 (ηp

2 = 0.36), with increased
motor implementation variance in the alternating thumbs task relative to the dominant index
finger.

Bipolar disorder mood state analysis—There was an interaction between group and
tapping condition on clock variability, F(1,39) = 4.32, p < 0.05 (ηp

2 = 0.10), when only the
bipolar disorder group was included and mood state (euthymic, manic) was used as the
between-subjects factor. Group differences were not significant in either condition in post-
hoc comparisons. There were no other differences on either clock or motor variability.

Discussion
The primary goal of this study was to investigate whether timing deficits exist in bipolar
disorder as measured by a paced finger-tapping task. In addition, we examined the potential
clinical relevance of timing variability by comparing euthymic and manic bipolar disorder
participants. The findings indicate that bipolar disorder participants tapped at a faster rate
than controls. In addition, tapping variability was significantly higher in bipolar disorder
participants as measured by both the standard deviation and coefficient of variation of the
intertap interval. Group differences on the coefficient of variation measure indicate that
greater variability in the bipolar disorder group was not due to differences in mean tapping
rate. Notably, the bipolar disorder group had significantly higher clock variability than
controls, but there was no difference between groups on motor implementation variability,
suggesting that impaired interval timing in bipolar disorder is due to central timekeeper
abnormalities. Interestingly, the manic and euthymic groups did not significantly differ from
each other on any of the tapping variables.

Across all of the participants, the alternating thumbs task produced faster intertap intervals
and higher variability compared to the dominant index finger task. Intertap intervals were
also faster in the absence of an external pacing stimulus in comparison to the
synchronization condition. The lack of an interaction between pacing stimulus and group,
however, suggests that the increased interval timing variability observed in the bipolar
disorder patients persisted regardless of whether or not the participants were provided with
an external pacing stimulus. An additional finding that was somewhat surprising was the
increased variability in the synchronization tapping task relative to continuation tapping. It is
generally expected that variability will increase in the absence of an external pacing stimulus
due to the greater demand on the internal timekeeping system (27), but in this case it appears
that it may have interfered with sensorimotor timing.

Results from analysis of the finger-tapping data using the Wing–Kristofferson method
revealed that clock variability was higher in the bipolar disorder group compared to controls.
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The mean clock variability for euthymic and manic bipolar disorder participants was nearly
identical, suggesting that increased timekeeper variance may be a characteristic of bipolar
disorder independent of mood state. In general, these results were consistent with those of
Ivry et al. (28), who observed increased central timekeeper variance but no deficits in motor
implementation variance in patients with lesions in the lateral hemispheres of the
cerebellum, as well as with recent reports in adult ADHD (3).

Dopamine serves a neuromodulatory role in temporal processing, in particular the
nigrostriatal pathway (29,30). Both animal and human studies indicate that dopamine
agonists accelerate clock speed, resulting in an overestimation (and underproduction) of
temporal intervals, whereas antagonism of dopamine receptors slows clock speed and is
associated with underestimation (and overproduction) of temporal intervals (31–35). In
addition, examination of interval timing in the milliseconds range in Parkinson’s disease
suggests that decreased brain dopamine levels may be associated with increased timing
variability (36).

Dopaminergic dysregulation has been implicated in bipolar disorder, with mania generally
associated with increased dopamine transmission and depression with a decrease in
dopaminergic activity. Specifically, the mesolimbic and mesocortical dopamine systems are
predominantly associated with bipolar disorder and with the emergence of mood episodes,
although there is also evidence to suggest alterations in the nigrostriatal dopamine system
(37). Taken together, all else being equal, it could be expected that mania would increase
variability in finger tapping compared to euthymia. The fact that no differences were
observed between manic and euthymic groups may indicate a central timekeeper deficit that
represents a core feature of the disorder, existing independently of clinical status.

Medication use represents a significant difficulty in determining underlying mechanisms
associated with bipolar disorder. The foregoing discussion begs the question of how
psychotropic medications may have affected the current results. A number of commonly
used treatments for bipolar disorder interact with dopamine systems, notably antipsychotic
drugs which antagonize dopamine receptors. Such antagonism would be expected to
decrease clock speed and therefore tapping rate; therefore, it seems unlikely that these
particular drugs can account for the observed differences in tapping rate given that bipolar
disorder participants tapped faster than controls in the current study. However, the finding
that L-DOPA normalized timing variability in Parkinson’s disease patients in a finger-
tapping task with intertap intervals in the milliseconds range (37) suggests that, conversely,
dopamine antagonism may increase timing variability. Given that the bipolar disorder group
showed a large and consistent increase in timing variability, possible medication effects
cannot be completely ruled out. However, it is worth noting that although haloperidol, which
primarily antagonizes the dopamine D2 receptor, has been reported to disrupt discrimination
of durations in the milliseconds range, atypical antipsychotic drugs, which exhibit a broader
pharmacological profile, do not appear to affect subsecond time perception (35). The
majority of bipolar disorder participants in this study who were taking antipsychotic drugs
were on atypical medications.

A significant obstacle to dissociating the effects of illness vis-à-vis medication effects is
exemplified in this study, specifically that unmedicated participants are often symptomatic.
Here, 6 of 8 unmedicated bipolar disorder participants were in a manic state, thus
confounding the interpretation of medication effects with mood state. Moreover, individuals
with the most severe course of illness often have the most extensive medication use and
medication histories. In our sample, more than half were on at least two psychotropic
medications. Nevertheless, comparison of participants based on categories of medication use
provides some evidence that the observed effects are not due the effects of psychotropic
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drugs. Both typical and atypical antipsychotic drugs (38–40) and lithium (41) have been
reported to affect time reproduction in suprasecond intervals. However, consistent with
earlier reports that atypical antipsychotic drugs do not affect timing in the millisecond range
(35), the present study did not uncover any differences between patients prescribed atypical
antipsychotics compared to those who were not. Moreover, the finding that unmedicated
participants performed similarly to those on psychotropic medications is in accordance with
the finding that there were no statistically significant differences in post-hoc tests comparing
manic and euthymic participants. Given that all but two unmedicated bipolar disorder
participants were manic, this suggests that neither mood state nor medication use (at least
current use) substantively affected performance and points to a more fundamental
impairment in internal timekeeping.

A review of the neuroimaging literature on timing by Lewis and Miall (12) reported that
across interval durations spanning subsecond to suprasecond durations, regardless of
whether the task was a motor or perceptual task, the supplementary motor area and
cerebellum were the two brain areas that showed consistent activation. More recent reviews
of neuroimaging literature have concluded that the cerebellum is especially critical for the
perception of temporal intervals below one sec (9,42). Particularly strong evidence for this
assertion comes from repetitive transcranial magnetic stimulation (rTMS) studies in which
stimulation of the cerebellum selectively interferes with performance at intervals spanning
hundreds of milliseconds (around 500 ms), which has recently been demonstrated in time
reproduction tasks including paced finger tapping (43,44) and time estimation (45), as well
as in a time perception task (46). Moreover, neuroimaging studies have reported activation
in cerebellum during both synchronization and continuation tapping at subsecond intervals
(26,47,48). Taken together with our recent finding that cerebellar-dependent eyeblink
conditioning is impaired in bipolar disorder (7), it is possible that the observed increase in
clock variability is due to disruptions in cerebellar function. Indeed, structural abnormalities
of the cerebellum have been reported in imaging studies of patients with mood disorders,
including bipolar disorder (49–57) and unipolar depression (58,59).

In light of the present findings of abnormalities in the paced finger-tapping task in bipolar
disorder, strong evidence of cerebellar involvement in paced finger tapping suggests that the
cerebellum may be impaired in the disorder. These behavioral findings are consistent with
previous reports of neurochemical and cellular anomalies in the cerebella of bipolar disorder
patients. For example, reductions of approximately 50% in glutamic acid decarboxylase 67
(GAD 67) and reelin have been reported in the cerebella of bipolar disorder patients (60–
62). Specifically, these studies reported that GAD 67 was reduced in Purkinje cells,
suggesting impairment of these principal neurons of the cerebellum, and this deficiency was
accompanied by significant reductions in reelin messenger RNA in cerebellar granule cells.
Reelin is an important secretory glycoprotein that guides neurons and glia during embryonic
brain development, ensuring normal brain lamination, and, in the adult brain, may mediate
neuroplasticity. Another study found that Purkinje cell density was decreased by 20% in
bipolar disorder, and this deficiency was unrelated to antipsychotic drug exposure or
substance abuse (63). Such anomalies could have profound effects on cerebellar output,
which occurs solely through Purkinje cell modulation of deep nuclei.

Overall, impaired performance on the repetitive tapping task employed in this study suggests
that internal timing mechanisms are disturbed in bipolar disorder. While more recent
evidence, outlined above, supports the notion that finger-tapping tasks at the 500-ms intertap
interval employed in this study rely on cerebellar timing mechanisms, it is important to note
that brain areas besides the cerebellum are involved in paced finger-tapping tasks. For
example, the striatum has been consistently identified as part of the neural circuitry
supporting internal timing. While it seems clear that both are involved, and indeed the
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cerebellum projects to the striatum (64), there may be differential contributions of the
cerebellum and basal ganglia, with the former more consistently implicated in subsecond
temporal intervals and the latter contributing to estimation of suprasecond intervals, which
may require cognitive operations such as working memory and attention (9).

To our knowledge, this is the first study to assess timekeeping performance on this task in
mood disorders, although paced finger tapping has been used to assess the integrity of
internal timing mechanisms in a variety of neurological and neuropsychiatric disorders,
including cerebellar lesions (28), Parkinson’s disease (64), ADHD (3), and schizophrenia
(1,2). The present findings are important because it may be that abnormalities in internal
timing systems manifest themselves in behavioral abnormalities associated with psychiatric
symptoms. For example, Andreasen (65) postulated that dysfunctional cerebellar modulation
of neural networks implicated in higher cognition, especially the cortico-cerebello-thalamic-
cortical circuit, may result in disturbed temporal coordination of thoughts and lead to
‘cognitive dysmetria’, analogous to the motor dysmetria that results from cerebellar lesions.
Likewise, symptoms strikingly similar to bipolar disorder, including mania, depression,
rapid cycling, impulsivity, and contextually inappropriate behavior, have been observed
following cerebellar lesions (66). Even excluding a cerebellar explanation or one directly
linked to timing per se, deficits in internal timing point to disruptions in distinct brain
regions and circuits implicated in timing functions and may point to novel therapeutic
targets that deserve further investigation.

Future studies should investigate additional timing tasks in bipolar disorder. For example,
time reproduction and estimation tasks at intervals ranging from hundreds of milliseconds to
seconds would be informative regarding the nature of timing deficits in bipolar disorder and
the effects of mood state. Combining these behavioral tasks with neuroimaging could
provide important information regarding which brain regions are specifically impaired in the
disorder. Finally, it will also be important to extend the present findings by including a
larger sample of bipolar disorder participants in a manic episode, as well as in depressed and
mixed mood states, to provide further information regarding the contribution of clinical
status to timing abnormalities in bipolar disorder.
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Fig. 1.
Tapping performance for healthy controls and bipolar disorder groups in the dominant index
finger and alternating thumbs conditions. Panels A–C show the mean intertap interval,
standard deviation of the intertap interval, and the coefficient of variation. The bipolar
disorder group had a faster tapping rate and increased variability relative to controls.
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Fig. 2.
Wing–Kristofferson estimates of (A) clock and (B) motor variance. Clock, but not motor
variance, was significantly higher in the bipolar disorder group relative to controls.
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Table 3

Means and standard deviations (in parentheses) of clock and motor implementation variance estimated from
the Wing–Kristofferson model

Dominant index finger Alternating thumbs

Clock variance

Healthy controls 453 (332) 552 (548)

Bipolar disorder 705 (552) 832 (868)

 Euthymic 727 (644) 973 (1012)

 Manic 673 (399) 624 (736)

Motor variance

Healthy controls 107 (112) 273 (262)

Bipolar disorder 111 (136) 365 (385)

 Euthymic 103 (140) 341 (397)

 Manic 104 (128) 353 (364)
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