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Abstract: Theories of mental timekeeping suggest frontostriatal networks may mediate performance of
tasks requiring precise timing. We assessed whether frontostriatal networks are functionally integrated
during the performance of timing tasks. Functional magnetic resonance imaging (fMRI) data from 31
healthy adults were collected during performance of several different types of discrete interval timing
tasks. Independent component analysis (ICA) was used to examine functional connectivity within
frontostriatal circuits. ICA identifies groups of spatially discrete brain regions sharing similar patterns of
hemodynamic signal change over time. The results confirm the existence of a frontostriatal neural timing
circuit that includes anterior cingulate gyrus, supplementary motor area, bilateral anterior insula, bilateral
putamen/globus pallidus, bilateral thalamus, and right superior temporal gyrus and supramarginal
gyrus. Several other distinct neural circuits were identified that may represent the neurobiological
substrates of different information processing stages of mental timekeeping. Small areas of right cerebel-
lum were engaged in several of these circuits, suggesting that cerebellar function may be important in, but
not the primary substrate of, the mental timing tasks used in this experiment. These findings are discussed
within the context of current biological and information processing models of neural timekeeping. Hum
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INTRODUCTION

The ability to track the passage of time is important for
numerous cognitive processes that plan, execute, and coor-
dinate complex behavior. Neurobiological theories of mental
timekeeping propose that mental and motor timing engage
one or more networks of distributed brain regions [Gibbon
et al., 1997; Rammsayer, 1999; Macar et al., 2002; Lewis and
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Miall, 2003; MacDonald and Meck, 2004; Meck and Ma-
lapani, 2004; Rubia and Smith, 2004; Buhusi and Meck, 2005;
Lustig et al., 2005]. It is possible that particular brain struc-
tures have different functional roles depending on contex-
tual demands, such as the length of measured intervals or
the use of movement to define timekeeping [Lewis and
Miall, 2003]. These theories are supported by numerous
functional magnetic resonance imaging (fMRI) and positron
emission tomography (PET) studies that observe neural ac-
tivity when time reproduction, estimation, or discrimination
is required [Blinkenberg et al., 1996; Sadato et al., 1996;
Lejeune et al., 1997; Rao et al.,, 1997, Wessel et al., 1997;
Jancke et al., 1998, 2000; Menon et al., 1998; Rubia et al., 1998,
2000; Mima et al., 1999; Kawashima et al., 2000; Macar et al.,
2002; Mayville et al., 2002; Riecker et al., 2003; Ward and
Frackowiak, 2003; Coull et al., 2004; Hinton and Meck, 2004;
Jantzen et al., 2004]. The brain regions activated during these
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tasks include sensorimotor, lateral premotor, and supple-
mentary motor, dorsolateral prefrontal, insula, anterior cin-
gulate cortices, superior temporal gyrus, right parietal lobe,
the cerebellum, basal ganglia structures, and the thalamus
[see reviews by Macar et al., 2002; Lewis and Miall, 2003;
Rubia and Smith, 2004; Buhusi and Meck, 2005]. Of these,
frontostriatal brain regions [Gibbon et al., 1997; Meck and
Benson, 2002; Ferrandez et al., 2003; Coull et al., 2004; Hin-
ton and Meck, 2004; Pouthas et al., 2005] and the cerebellum
[Gibbon et al., 1997; Ivry and Spencer, 2004; but see Har-
rington et al., 2004] have been proposed to be the most likely
primary neural substrates of mental timekeeping.

Few studies have examined whether these brain regions
form distinct functionally integrated neural circuits. The
identification and characterization of such circuits may help
elucidate the neural substrates of mental timekeeping oper-
ations. For example, one previous study found that hemo-
dynamic activity was correlated between basal ganglia (pu-
tamen and globus pallidus) and thalamus during a cued
complex motor sequence task [Menon et al., 2000]. Using
magnetoencephalography measurements obtained during
finger tapping paced by auditory cues, Pollok et al. [2005]
found that activity in sensorimotor cortex was functionally
integrated with premotor, supplementary motor, posterior
parietal cortex, thalamus, and cerebellum ipsilateral to the
response hand. Moritz et al. [2000, 2005] examined which
brain regions were functionally correlated to primary motor
cortex during simple motor or self-paced tapping. Both tasks
showed connectivity between bilateral sensorimotor areas,
but only self-paced tapping engaged supplementary motor
area cortex with bilateral sensorimotor areas [Moritz et al.,
2005]. Although these studies reveal brain regions that are
correlated with motor function, the methods used were un-
able to identify coherent neural networks whose activity
might be related to nonmotor timekeeping processes. Neural
activity in such networks might not be directly coupled to
primary motor cortex activity. In addition, none of these
studies examined how functional network activity corre-
sponded to different contextual demands on timing. There-
fore, there is need for studies that not only confirm the
spatial structure of putative mental timekeeping neural net-
works, but also studies that link activity in these networks to
specific timing task demands.

Data-driven analytic techniques that identify and charac-
terize coherent patterns of coordinated neural activation in
different brain regions can address these questions. PET and
fMRI neuroimaging data analytic methods typically use the
general linear model (GLM) [Friston et al., 1995] to identify
and quantify neural activity associated with an a priori
hypothesized model of task-elicited brain activity. The GLM
approach is less useful than multivariate data-driven tech-
niques for characterizing the dynamics of brain networks
having coherent spatiotemporal correlation, but whose com-
ponents and time courses are not known in advance. Spatial
independent component analysis (ICA) [McKeown et al.,
1998, 2003; Calhoun et al., 2001c, 2003] is one approach to

identify groups of spatially remote brain regions that have
strongly correlated patterns of neural activity change.

Because previous studies of mental chronometry reliably
find concurrent activation of frontostriatal brain regions on
interval timing tasks and there is some evidence for func-
tional coupling among many of these regions, the primary
objective of this study was to test the hypothesis that a
frontostriatal neural network mediates mental timing. The
importance of frontostriatal brain regions to mental time-
keeping has been documented by numerous studies and
converging lines of evidence [see review by Mattell and
Meck, 2004]. Spatial ICA was used to reexamine previous
fMRI data (data not shown) obtained during the perfor-
mance of several tasks requiring explicit timing of motor
function to auditory cues. We hypothesized that there
would be evidence of functional connectivity among frontal
lobe and basal ganglia structures. Secondary objectives were
to identify other functionally connected neural circuits and
to characterize their likely function by examining their as-
sociation with different paradigm demands.

MATERIALS AND METHODS
Participants

Participants were 31 healthy screened right-handed vol-
unteers (15 men) with a mean age of 26.1 years (SD 6.48).
Participants were recruited via advertisements and word of
mouth at the Olin Neuropsychiatry Research Center (Hart-
ford, CT). Participants provided written informed consent in
protocols approved by Hartford Hospital’s Institutional Re-
view Board. All research procedures were conducted in
adherence to ethical standards required for human subject
protection.

Experimental Design

The temporal reproduction timing paradigm will be de-
scribed in detail in another publication. In brief, the para-
digm included three timing tasks (sychronize, syncopate,
and listen) and three rates of auditory cue presentation [1.33
Hz or a 0.75-s stimulus onset asynchrony (SOA), 0.67 Hz or
1.5-s SOA, and 0.29 Hz or 3.5-s SOA]. For synchronize,
participants were instructed to time their taps to coincide as
closely as possible to the onset of each auditory tone. For
syncopate, participants were instructed to time their taps to
occur as close as possible to the midpoint between two
successive tones. The listen condition was included to give
participants a respite from motor responding and to serve as
a comparison timing condition without explicit motor out-
put. During the listen condition, participants were in-
structed to pay attention to auditory tones, but to make no
motor responses. For each task, auditory tones were pre-
sented at all three different rates. The nine different combi-
nations of the task and rate factors were presented in blocks
of 21 s.

A total of three runs (each 4 min and 27 s) were presented
to each participant. The order of conditions across the three
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runs was pseudorandomly distributed so that no two similar
conditions followed each other. Each of three experimental
sessions included all nine conditions. Each fMRI session
began with a 9-s rest period during which subjects were
instructed to focus on a fixation point. This was followed by
a block of three of the nine experimental conditions followed
by a 21-s rest period, another block of three conditions and
rest, and finally the remaining three conditions and rest.
Participants were instructed by screen prompts displayed
continuously throughout each block. Auditory tones were
100-ms 500 Hz tones with 10-ms rise and fall times. Each 1.33
Hz block contained 28 regularly presented cues; 0.67 Hz
blocks contained 14 cues; and 0.29 Hz blocks contained 6
cues. A custom visual and auditory presentation package
(VAPP; http:/ /www.psychiatry.ubc.ca/sz/nilab/software/
vapp) was used to control stimuli presentation timing
closely. The stimulus sequences were presented to the par-
ticipant by a computer-controlled auditory sound system
that delivered the auditory stimuli with earphones embed-
ded within 30 dB sound attenuating MRI-compatible head-
phones. All participants reported that they could hear the
stimuli and discriminate them from the background scanner
noise. Prior to beginning the task, each participant per-
formed a practice trial that included all nine conditions to
ensure understanding of the instructions. A commercially
available MRI-compatible fiber-optic response device (Light-
wave Medical, Vancouver, Canada) was used to acquire
behavioral responses. Stimulus events and behavioral re-
sponses were recorded and monitored online using a sepa-
rate computer.

Imaging Parameters

Imaging was implemented on a Siemens Allegra 3T sys-
tem located at the Olin Neuropsychiatry Research Center.
Each participant’s head was firmly secured using a custom
head holder. Localizer images were acquired for use in
prescribing the functional image volumes. The echo planar
image (EPI) gradient-echo pulse sequence (TR/TE
= 1,500/28 ms; flip angle = 65°; FOV = 24 X 24 cm; 64 X 64
matrix; 3.4 X 3.4 mm in plane resolution; 5 mm effective slice
thickness; 30 slices) effectively covered the entire brain (150
mm) in 1.5 s. Head motion was restricted using a custom-
built cushion inside the head coil. The three stimulus runs
each consisted of 178 time points, including a 9-s rest session
at the beginning that was collected to allow for T, effects to
stabilize. These six initial images were not included in any
subsequent analyses.

Image Processing

Functional images were reconstructed offline and each
run was separately realigned using INRIAlign [Freire and
Mangin, 2001; Freire et al., 2002] as implemented in Statis-
tical Parametric Mapping (SPM2). Each participants” trans-
lation and rotation corrections were examined to ensure
there was no excessive head motion. Corrections were less
than a voxel length for all but one participant. Visual inspec-
tion of this participant’s individual activation maps to a

statistical model implemented in SPM2 did not reveal any
obvious motion-induced artifact, so these data were retained
for subsequent group analysis. A mean functional image
volume was constructed for each session from the realigned
image volumes. This mean image volume was then used to
determine parameters for spatial normalization into Mon-
treal Neurological Institute standardized space employed in
SPM2. The normalization parameters determined for the
mean functional volume were then applied to the corre-
sponding functional image volumes for each participant.
These normalized data were corrected with a custom algo-
rithm that used linear interpolation to remove variation in
BOLD signal intensity due to slice acquisition temporal on-
set differences. Finally, the normalized functional images
were smoothed with an 8 mm full width at half-maximum
(FWHM) Gaussian filter.

Independent Component Analyses

Analyses of spatiotemporal association were conducted
using procedures and algorithms described in previous re-
ports [Calhoun et al., 2001a, 2004]. In this approach, a single
ICA analysis is performed on a group of participants, fol-
lowed by a back reconstruction of single-subject time
courses and spatial maps from the raw data. This approach
includes several data compression and subject-wise data
concatenation stages. This method has been shown to be a
useful approach to group ICA analysis [Calhoun et al,
2001b; Schmithorst and Holland, 2004]. For computational
feasibility, three principal component analysis (PCA) data
reduction stages were needed. First, data from each subject
were reduced from 172 to 30 dimensions. A second stage
involved concatenation into groups of four subjects, each of
which was reduced to 15 dimensions using PCA. This was
followed by a final concatenation and reduction to 20 di-
mensions and independent component estimation of 20
components using a neural network algorithm that attempts
to minimize the mutual information of the network outputs
[Bell and Sejnowski, 1995]. Component time courses and
spatial maps were then reconstructed for each subject. The
resulting single-subject time course amplitudes were then
calibrated (scaled) using the raw data so that they reflected
percent fMRI signal strength [Calhoun et al., 2001b] and
could be compared across participants. The ICA methods
are available in a Group ICA of fMRI Toolbox (GIFT v1.2c)
implemented in Matlab (http://icatb.sourceforge.net). The
dimensionality of the data (number of components) was
estimated using the minimum description length (MDL)
criteria tool built into GIFT.

ICA produced 20 maximally independent patterns of spa-
tiotemporally correlated BOLD signal changes. A systematic
process was used to identify which components were re-
tained for further analysis. The association of each compo-
nent’s spatial map with a priori probabilistic maps of gray
matter, white matter, and cerebral spinal fluid within stan-
dardized brain space (MNI templates provided in SPM2)
helped to identify those components whose patterns of cor-
related signal change were largely consisting of gray matter
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versus nongray matter. Components with high correlation
to a priori localized cerebrospinal fluid (CSF) or white mat-
ter or with low correlation to gray matter suggested they
may be artifactual instead of representing hemodynamic
change. Correlation analysis indicated that no component
was related to the spatial distribution of white matter. Eight
components were discarded because their R* association
with CSF was greater than 0.025. An additional four com-
ponents were discarded because they had less than a 0.025
R? association with gray matter. Visual inspection of dis-
carded components suggested that they represented eyeball
movements, head motion, and cardiac-induced pulsatile ar-
tifact at the base of the brain.

Visualization of Spatial Components

The ICA analysis produced three session-specific compo-
nent spatial maps for each participant. These maps were
transformed to z-scores, incorporating a bias term to center
each image’s distribution of z-scores at zero. Z-score maps
for the three sessions were averaged to produce one com-
ponent map for each participant used in the SPM2 analyses.
SPM2 random-effects analyses were used on these individ-
ual subject component maps to visualize which brain re-
gions were statistically significant for each component. The
statistical significance of the results was evaluated using P
< 0.0001 family-wise error rate [Worsley et al., 1996] correc-
tion for searching the whole brain. Previous analyses em-
ploying these methods [Calhoun et al., 2004] indicate that
stringent corrected statistical thresholds are appropriate for
identifying which brain regions are incorporated into each
independent component. Component spatial structure was
visualized by color-coded component maps overlaid on ax-
ial slices of representative brain anatomy.

Examination of Component Temporal Dynamics

The time course analysis involved parameterizing the time
courses using multiple regression to provide estimates of the
association between time course and experimental design. The
conditions in the experiment were represented using a canon-
ical hemodynamic response model in SPM2 [Josephs et al.,
1997]. This SPM model separately represented each combina-
tion of task and rate, leaving rest blocks unmodeled. These
analyses yielded R* values that represented the overall associ-
ation of all sessions in the experimental design to each compo-
nent time course. A second analysis examined the magnitude
of the session mean unstandardized B-weights produced from
this multiple regression. These coefficients represent the asso-
ciation of each experimental condition to signal change relative
to global baseline. The sign of the coefficient represents positive
versus negative signal change. It is important to note that true
hemodynamic change may be in the opposite direction of that
suggested by the signal of the B-coefficient. Coefficients for
each participant were examined using a three-factor (task
X rate X session) repeated-measures ANOVA using Green-
house-Geiser corrections. Supplemental analyses tested for the
presence of linear or quadratic trends across conditions, as well
as posthoc analyses showing which specific conditions dif-

fered. Cortical surface renderings [Van Essen et al., 2001] and
figures depicting ICA time course data were constructed for
visualization of positive and negative signal change patterns.
Time course data were averaged across participants for differ-
ent experimental conditions for those components with signif-
icant task or rate effects. The figures depict true positive and
negative signal change, determined by inspection of the mean
activity of each brain regions during task performance.

Behavioral Analyses

Repeated-measures regression indicated that there were
statistically significant differences in accuracy (measured as
absolute deviation between the auditory cue and the re-
sponse) between tasks with a motor component (P < 0.05)
and among rates (P < 0.001), with accuracy differences
among all three rates of synchronous and syncopated tap-
ping. Participants were slightly more accurate during syn-
chronization than syncopation. These data showed in-
creased variability of timing accuracy with larger intervals,
consistent with well-described effects of interval length
[Wing and Kristofferson, 1973; Gibbon et al., 1997]. As dis-
cussed by Matell and Meck [2004], this scalar property of
interval timing is invariant across different interval lengths
and represents one basis for investigation of the neural
substrates of clock or memory components of interval tim-
ing mechanisms. Behavioral performance adhering to this
pattern indicates the operation of mental timekeeping as
previously examined in numerous studies [see review by
Matell and Meck, 2004].

RESULTS

Eight components that depicted spatiotemporal relation-
ships within standardized brain space were identified. Brain
regions in these components are listed in Table I, along with
the x-, y-, and z-coordinates of the peak t-score within each
region. An illustration of all components overlaid on a map
of brain structure is displayed in Figure 1, separately color-
coded for each component. Each component’s overall asso-
ciation with the experimental paradigm is listed in Table II,
in order of descending correlation (R?) to the overall SPM2
model. Table II also lists mean and standard deviation of the
participants’ B-weights for each condition, extracted from
the above multiple regression and Greenhouse-Geisser sig-
nificance levels (P) for each repeated-measures ANOVA test
of task, rate, or task X rate performed on those B-weights.
Specific results of these tests are detailed below. No compo-
nent had a significant effect of session, indicating that all
three runs provided comparable data to task and rate anal-
yses. Each of the eight components that survived our artifact
rejection criteria are listed below.

Component |

The component that showed the strongest association with
the experimental design (R* = 0.479) comprised frontostriatal
brain regions, including supplementary motor area, anterior
cingulate gyrus, bilateral anterior insula, bilateral putamen/
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TABLE . List of brain regions within components showing significant spatiotemporal correlation

Component, color, and regions Brodmann areas XY z tso
1: Red
Cingulate gyrus (RCZ) 24/32 -6, 30, 30 19.79*
Cingulate gyrus (CCZ) 24/32 —-6,9,42 19.02*
Superior frontal gyrus (SMA) 6 3,15, 60 15.18*
R superior/middle frontal gyrus 10 27,48, 24 11.88*
L insula 13/47 -33,12,0 25.52*
R insula 13/47 33,18,0 23.14*
R middle temporal gyrus 21/22 66, —36, 3 11.15%
R supramarginal gyrus 40 54, —48, 33 10.64**
L caudate/putamen/globus pallidus -15,9,9 21.23*
R caudate/putamen/globus pallidus 12,6,9 18.73*
L thalamus 12, —15, 3 15.60*
R thalamus 15, —12, 12 17.71*
2: Blue
Superior frontal gyrus 6/8 3,3,63 11.10**
R superior/middle frontal gyrus 6 27,9, 66 11.42%
L middle frontal gyrus 10/46 —42, 42,27 12.26*
R middle frontal gyrus 9/10/46 39, 48, 21 21.00*
R inferior frontal gyrus 44 /45 57,9, 12 12.76*
R inferior parietal lobule 40 48, —39, 48 13.62*
| anterior cingulate (pregenual) 24/32 -3,42,9 27.55*
| medial frontal gyrus (ventral) 11 0, 45, —18 15.93*
| medial frontal gyrus (dorsal) 9 3,45,24 16.25*
| L middle frontal gyrus 8 -39, 18, 51 13.78*
| Precuneus 7 -3, —60, 30 32.53*
| L posterior cingulate gyrus 23/30/31 —6, —48,9 16.31*
| R posterior cingulate gyrus 23/30/31 9, 51,9 11.57*
| L middle/inferior temporal gyrus 20/21 —51, 3, =36 14.16*
| L superior temporal gyrus (posterior) 39 —51, —66, 27 20.83*
| R superior temporal gyrus (posterior) 39 48, =57, 24 12.10*
| R cerebellum (posterior lobe) 27, —87, =36 11.82*
3: Aqua
Medial frontal gyrus (pre-SMA) 6/8 —3, 36, 42 10.99%*
L middle frontal gyrus 8/9/46 —48, 12, 42 10.89**
L middle frontal gyrus 10/11 —42,51, -3 10.56**
R middle frontal gyrus 8/9/46 48, 24, 27 13.75*
L inferior parietal lobule/supramarginal gyrus 39/40 —45, —57, 39 14.49*
R inferior parietal lobule/supramarginal gyrus 39/40 51, =57, 36 12.99*
4: Green
Cingulate gyrus (CCZ) 24/32 3,0,45 10.49**
L postcentral gyrus 2/3 —54, —18, 45 13.33*
L superior temporal gyrus 22/42 -57,3,0 15.99*
L superior/transverse temporal gyrus 41/42 -60, —27,9 14.74*
R superior temporal gyrus 22/42 60, 3, =3 14.51*
R superior/transverse temporal gyrus 41/42 54, —18,9 14.07*
R cerebellum (posterior lobe) 21, —60, —24 13.19*
| L middle frontal gyrus 6/8 —-27,12, 51 11.47*
| R middle frontal gyrus 6/8 24, 30, 48 11.51*
5: Yellow
L cuneus 18/19 -9, =93, 24 18.89*
R cuneus 18/19 15, —87, 18 19.38*
L lingual 18/19 -12, —63, =3 21.11*
R lingual 18/19 6, =75, =3 21.03*
6: Purple
Medial frontal gyrus (SMA) 6 0, 3,51 15.95*
L precentral gyrus 6 —48, —15, 54 13.71*
R precentral gyrus 6 45, -9, 54 15.34*
L postcentral gyrus 2/3 —42, —27,54 19.33*
R postcentral gyrus 2/3 45, —-27, 51 15.38*
Paracentral lobule 0, —39, 63 16.64*
| L inferior frontal gyrus 45/47 —54,15,3 11.61*
| R inferior frontal gyrus 13/47 30, 18, —9 12.83*
| R middle temporal gyrus 21 57, =27, —12 10.28**
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TABLE I. (Continued)

Component, color, and regions Brodmann areas XY z t30
7: Pink
R middle frontal gyrus 6 33, 3, 60 12.76*
L superior/inferior parietal lobule 7/40 —27, —63, 51 16.33*
R superior/inferior parietal lobule 7/40 33, —66, 48 17.00*
L precuneus 7 -6, —69, 51 19.58*
R precuneus 7 12, —69, 45 16.24*
| L inferior frontal gyrus 11/47 —48, -39, —12 9.63***
| R cerebellum (posterior lobe) 27, —84, —42 11.07**
8: Orange
L cerebellum (anterior lobe) —15, —48, —36 14.66*
L cerebellum (anterior lobe) -3, —45, —36 15.02*
R cerebellum (posterior lobe) 21, —51, —48 12.26*

Columns depict component number (and associated color on Fig. 1), anatomical label, MNI coordinate for peak activation voxel, and t-score
from random-effects analysis. Unless otherwise noted, regions show significant increases in hemodynamic activity. Regions noted | show

relative decreases in hemodynamic activity.
* P < 0.0000001 FWE; ** P < 0.000001 FWE; *** P < 0.00001 FWE.

globus pallidus, and bilateral thalamus. Right middle temporal Component 2
gyrus, right supramarginal gyrus, and a small region of right
dorsolateral prefrontal cortex were also components of this
circuit. The lack of significant ANOVA differences suggests ing the anterior cingulate, ventral medial frontal gyrus, dor-
that this neural circuit was active across all tasks and rates. sal medial frontal gyrus, precuneus, bilateral posterior cin-

This component comprised a network of regions includ-

Tt

86w

Figure 1.
lllustration of eight independent components identified in the regions across components, a detailed list of what brain areas
analysis. The overlay was constructed in ascending order of R?  comprise each component is listed in Table I, along with a color
association with the experimental design, with the weakest com-  key identifying each. All component maps are thresholded at P
ponent entered first. Because there is overlap of some brain < 0.000001 FWE, corrected for searching the whole brain.
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TABLE Il. Results of repeated-measures ANOVA on the coefficients derived from multiple regression analysis of component time courses with

paradigm design

Listen, B mean

pP*

Synchronize, B mean (SD) Syncopate, B mean (SD)

(SD)

Rate  Task X rate

0.67 Hz 0.29 Hz 1.33 Hz 0.67 Hz 0.29 Hz 1.33 Hz 0.67 Hz 0.29 Hz Task

1.33 Hz

Avle_{rzage

Color

Component

0.252
0.163
0.291
0.232
0.022
0.780
0.534
0.553

0.290
0.005**
0.245
0.305
0.360
0.707
0.003**
0.516

0.496
0.102
0.108
0.039**
0.222
0.358
0.603

~1.085 (0.85) < 0.001%*

—0.027 (2.31)
0.431 (1.42)
0.109 (0.54)

—0.882 (1.47)

—0.491 (1.74)

—0.034 (0.92)

—0.018 (0.49)

0.108 (2.53)
—0.999 (1.35)
0.528 (1.45)
0.362 (0.79)
~0.508 (1.11)
—0.372 (1.92)
0.185 (0.53)
~0.027 (0.59)

0.438 (2.85)
—0.685 (0.87)

0.286 (0.96)

0.455 (1.05)
—0.200 (0.81)
—0.075 (0.77)
—0.050 (0.78)

—0.363 (1.75)

0.038 (2.41)
~0.828 (1.14)
0.343 (0.85)
0.182 (0.92)
—0.099 (0.71)
—0.253 (1.18)
0.040 (0.86)
—0.057 (0.74)

1.90)
0.98)
0.68)
0.88)
0.92)
0.85)
1.17)
0.59)

0.080
—0.676
0.210
0.062
—0.301
—0.034
—0.145
0.108

0.077 (2.13)
~0.248 (0.88)

0.103 (0.62)

0.282 (1.44)
~0.013 (0.59)
~0.079 (0.81)
—0.157 (0.54)
~0.070 (0.48)

0.055 (1.18)
—0.241 (0.66)
0.045 (0.85)
0.139 (0.48)
0.009 (0.79)
—0.043 (1.26)
0.087 (0.59)
—0.051 (0.40)

—0.256 (1.37)
~0.186 (0.71)
0.173 (1.31)
0.010 (0.27)
~0.189 (1.10)
0.087 (0.60)
0.101 (0.78)

—0.284 (1.85)

—0.081 (0.60)
—0.037 (0.65)

0.103 (0.65)
—0.006 (0.48)
—0.462 (1.26)
~0.116 (1.00)
—0.240 (1.01)

0.090 (0.84)

0.479
0.410
0.364
0.357
0.334
0.327
0.205
0.135

Red
Blue
Aqua
Green
Yellow
Purple
Pink
Orange

— AN <t LD O DN o

Columns depict component (and associated color on Fig. 1), average overall association (R?) of component time courses with paradigm design, participant § mean (SD), and

significance levels for task, rate, and task X rate interaction conditions.

* Significance levels reflect Greenhouse-Geisser corrections for multiple comparisons from the repeated-measures ANOVA. Effects surpassing a corrected threshold of P < 0.05

are indicated with a double asterisk (*¥).

gulate gyri, and bilateral posterior superior temporal gyri.
These regions showed negative signal change during exper-
imental timing conditions. Other brain regions in this net-
work showed positive signal change during task perfor-
mance, including superior frontal gyrus (BA 6/8), right
middle frontal gyrus (BA 9/46), right precentral gyrus, and
right inferior parietal lobule (BA 40). ANOVA results show
that condition loadings differed both by task type and by
rate. There was relatively greater association of this compo-
nent with more difficult tasks (i.e., synchronization and
syncopation; F, 5, = 15.670; P < 0.001) and with slower rates
(Fy30 = 7.474; P = 0.005). Both effects showed significantly
linear change across conditions (task F, 3, 22.092, P
< 0.001; rate F, 5 = 9.146, P = 0.005). Easier tasks (mean
+ SE; listen = 0.15 = 0.08; synchronize = 0.58 * 0.16;
syncopate = 0.92 * 0.17) and slower rates (1.33 Hz = 0.32
+0.11;0.67 Hz = 0.53 = 0.09; 0.29 Hz = 0.81 = 0.19) showed
stronger association with the component time courses. Bon-
ferroni-corrected posthoc comparisons showed that the
B-loadings for all three tasks significantly differed from each
other, but only the slowest and fastest rates significantly
differed. Figure 2 shows both patterns of positive and neg-
ative signal change and average ICA time courses for sig-
nificantly different conditions for easier visualization.

Component 3

Task performance engaged a network of regions including
dorsal medial frontal gyrus, left middle frontal gyrus in
lateral premotor cortex (BA 8), left middle frontal gyrus (BA
10/11), right middle frontal gyrus (BA 9/46), and bilateral
inferior parietal lobule. The lack of significant ANOVA dif-
ferences suggests that this neural circuit was active across all
tasks and rates.

Component 4

Regions of left postcentral gyrus, cingulate, and bilateral
superior temporal gyri (BA 22/42) comprised component 3.
The lack of significant ANOVA differences suggests that this
neural circuit was active across all tasks and rates.

Component 5

Areas within bilateral cuneus and lingual gyri reduced
their hemodynamic activity during all tasks. This relative
reduction in hemodynamic activity was most apparent dur-
ing syncopation tasks (F, 5, = 3.529; P = 0.039). Bonferroni-
corrected posthoc tests showed that syncopation conditions
were more strongly associated with this component than
other tasks (listen = —0.21 * 0.14; synchronize = —0.14
*+ 0.09; syncopate = —0.53 * 0.18). There also was a signif-
icant task X rate interaction (F, 3o = 3.593; P = 0.022), such
that bilateral cuneus and lingual showed less hemodynamic
activity during the slower suprasecond rates of the synco-
pate condition. Figure 3 shows an illustration of component
spatial extent and average ICA time courses for significantly
different conditions for easier visualization of condition dif-
ferences.
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Figure 2.

lllustration of component 2 showing regions consistent with de-
fault mode network. Brain regions showing positive signal change
during task performance are shown in red. Regions with true
negative signal change are shown in blue. The cerebellum coronal
rendering is depicted from the posterior view. Statistical results

Component 6

This component showed increasing activity in motor cortex
regions, including supplementary motor area cortex in medial
frontal gyrus, bilateral precentral gyri, bilateral postcentral
gyri, and paracentral lobule. Decreasing hemodynamic activity
was simultaneously observed in bilateral inferior frontal gyri
and right middle temporal gyrus. Component loadings show
that this neural network showed a nonsignificant tendency to
greater hemodyanmic activity in motor regions during condi-
tions requiring movement; more activity in nonmotor cortex
was observed during listen.

Component 7

This component included right middle frontal gyrus (BA 6),
left bilateral superior parietal lobule, and bilateral precuneus.
As hemodynamic activity in these regions increased, it de-
creased in right inferior frontal gyrus and the right posterior
lobe of the cerebellum. The ANOVA indicates that activity in
these regions varied by rate of stimulus presentation (F, 3,
= 7.631; P = 0.003). The overall association of this component
B-loadings changed linearly with rate (F 5, = 13.410; P
= 0.005), such that the fastest rate showed negative association
to the component time course (1.33 Hz = —0.16 * 0.1), while
the slowest rate had a positive association (0.29 Hz = 0.15
* 0.12). The difference between fastest and slowest rate load-
ings was significantly different following Bonferroni posthoc
test. Figure 4 shows both patterns of positive and negative
signal change and average ICA time courses for significantly
different conditions for easier visualization.

Component 8

Some activity within the cerebellum was functionally in-
tegrated, but not associated with hemodynamic activity out-

are thresholded at P < 0.00001 FWE, corrected for searching the
whole brain. Time courses (right) for task and rate conditions
depict average amplitude of the hemodynamic response for the
ICA time course following start of task blocks (time 0), adjusted
for other regressors in the experimental design.
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Figure 3.

lllustration of component 5 showing cortical regions that reduce
hemodynamic activity during syncopation tasks (blue). Statistical
results are thresholded at P < 0.00001 FWE, corrected for
searching the whole brain. Time courses (right) for task conditions
depict average amplitude of the hemodynamic response for the
ICA time course following start of task blocks (time 0), adjusted
for other regressors in the experimental design.
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Figure 4.

lllustration of component 7 showing a frontal-parietal-cerebellar
network whose activity differs between the fastest and slowest
rates of stimulus presentation. Brain regions showing positive
signal change during task performance are shown in red-yellow.
Regions with negative signal change are shown in blue. The cere-
bellum coronal rendering is depicted from the posterior view.
Statistical results are thresholded at P < 0.00001 FWE, corrected
for searching the whole brain. Time courses (right) for rate con-
ditions depict average amplitude of the hemodynamic response for
the ICA time course following start of task blocks (time 0),
adjusted for other regressors in the experimental design.

side the cerebellum. Areas showing significant spatiotempo-
ral correlation included two foci in left anterior lobe and one
in right posterior lobe. The lack of significant ANOVA dif-
ferences suggests that this activity was present across all
tasks and rates.

DISCUSSION

We examined functional connectivity during performance
of tasks requiring precise mental timing of finger move-
ments. Spatial ICA identified eight independent neural cir-
cuits with varying association to the discrete interval timing
tasks used to elicit neural activity. We were careful to ensure
through rigorous exclusion criteria that these components

reflected patterns of brain hemodynamic activity and did
not represent movement or BOLD signal artifact. The com-
ponents identified in this analysis comprised brain regions
found to be active in previous analyses of this data set using
general linear model analytic methods (data not shown) and
in previous studies of synchronized finger movements
[Blinkenberg et al., 1996; Sadato et al., 1996; Lejeune et al.,
1997; Rao et al., 1997; Wessel et al., 1997; Jancke et al., 1998,
2000; Menon et al., 1998; Rubia et al., 1998, Rammsayer,
1999; Kawashima et al., 2000; Macar et al., 2002; Mayville et
al., 2002; Lewis and Miall, 2003; Riecker et al., 2003; Ward
and Frackowiak, 2003; Hinton and Meck, 2004; Jantzen et al.,
2004]. The current analysis extends those results by identi-
fying groups of functionally integrated brain regions and
relating the function of these neural circuits to particular
aspects of task performance. The following discussion inte-
grates an examination of whether these neural circuits might
correspond to stages of mental timekeeping information
processing models [Gibbon et al., 1984; Gibbon and Church,
1990], which include distinct clock, memory, and decision
stages for the precise timing of movement.

Frontostriatal Circuit

The primary study hypothesis was that frontal lobe and
basal ganglia structures would show evidence for spatio-
temporal intercorrelation during the performance of discrete
interval timing tasks. Consistent with this hypothesis, spa-
tial ICA revealed a frontostriatal circuit common to all tim-
ing task conditions (component 1, red). Hemodynamic ac-
tivity in bilateral caudate, putamen, and globus pallidus
significantly covaried with activity in right dorsolateral pre-
frontal and medial supplementary motor area cortex, bilat-
eral anterior insula, anterior cingulate, and bilateral thala-
mus. The component time course was the most strongly
associated with the experimental paradigm, suggesting that
it may be the most important neural circuit mediating per-
formance of the timing tasks. Interestingly, this network was
consistently engaged during tasks with and without explicit
motor demands, which makes it unlikely that its activity
merely reflects motor function. This result is most consistent
with the striatal beat frequency model of interval timing
proposed by Meck and colleagues, which would predict
basal ganglia involvement in nonmotor timekeeping [Matell
and Meck, 2000; see also Buhusi and Meck, 2005; MacDonald
and Meck, 2004].

The spatial structure of this component is consistent with
the well-described anatomical connections among these
brain regions. These areas of prefrontal cortex are recipro-
cally connected to the dorsal striatum, which in turn con-
veys information to the globus pallidus. Globus pallidus
output is relayed to the thalamus, which is widely intercon-
nected with cortical regions, as well as back to the striatum
[Mengual et al., 1999]. Anatomically derived models of basal
ganglia operation have focused on the distinction between
the direct corticostriatopallidal loop and an internal indirect
striatopallidal pathway [Mink, 1996; Smith et al., 1998]. The
direct pathway initiates movement by disinhibiting
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thalamocortical input, while the indirect pathway inhibits
thalamocortical output, serving to regulate jointly informa-
tion flow to facilitate or inhibit particular movements or
behavior. Recent evidence from comparative anatomy stud-
ies [Haber and McFarland, 2001] suggests that the thalamus
may play a key role in integrating information inputs and
outputs through use of oscillatory mechanisms [Steriade,
1999] that may change the dynamics of information process-
ing in output brain regions. Therefore, the regions in this
neural circuit appear suited to perform the functions of
gating motor timing information via cortical inputs (i.e.,
direct corticostriatopallidal and indirect striatopallidal path-
ways) and integrating that information into temporal repre-
sentations (i.e., via thalamic output pathways back to the
striatum and to cortex) [Matell and Meck, 2000; Meck and
Benson, 2002; MacDonald and Meck, 2004; Buhusi and
Meck, 2005]. These two functions are key components of the
clock stage of timing information processing models [Gib-
bon et al., 1984; Gibbon and Church, 1990]. Recent evidence
shows that dopaminergic function modulates measures of
functional connectivity in corticostriatothalamic circuits
[Williams et al., 2002; Honey et al., 2003]; indeed, drugs that
decrease dopaminergic function decrease the speed of the
internal clock [Meck, 1986, 1996; Rammsayer, 1997, 1999].
These studies highlight the importance of this circuit in
forming temporal representations.

This component also included activity within caudal an-
terior cingulate gyrus, supplementary motor area, bilateral
anterior insula, right middle temporal gyrus, and right su-
pramarginal gyrus. The caudal cingulate region included
what has been referred to as the cingulate cognitive division
(BA 24'/32') [Devinsky et al., 1995], which recently has been
further divided into a rostral cingulate and caudal cingulate
zones (RCZ and CCZ, respectively) [Picard and Strick, 2001].
Previous studies suggest that the caudal aspect (CCZ) is
active primarily during movement execution [Picard and
Strick, 2001], whereas the rostral cingulate zone can be fur-
ther subdivided into an anterior division (RCZa) important
for attention to action and a posterior division (RCZp) for
the selection of action [Carter et al., 2000]. Component 1
included activation throughout the anterior and posterior
RCZ subdivisions. Cingulate cortex receives input from sup-
plementary motor area, premotor, and primary motor cortex
[Paus, 2001]. As previously proposed [Rubia and Smith,
2004], this suggests that the cingulate may function in this
circuit to monitor and influence movement. Previous studies
have linked activity in the insula to the integration of mul-
timodal sensory signals associated with voluntary move-
ment [Farrer and Frith, 2002]. Right parietal lobe regions
also are associated with integrating sensory and motor in-
formation [Behrmann et al., 2004], particularly for move-
ment planning [Cohen and Andersen, 2002; Assad, 2003]
and prediction, perhaps also with a role for monitoring
motor performance [Blakemore and Sirigu, 2003]. Indeed,
this right parietal region is active during numerous previous
externally paced timing tasks [Lejeune et al., 1997; Mima et
al., 1999; Jancke et al., 2000; Rubia et al., 2000; Macar et al.,

2002; Ward and Frackowiak, 2003; Jantzen et al., 2004]. The
role of primary auditory cortex in this circuit may be to help
coordinate motor activity directly with incoming auditory
pacing cues. Collectively, the role of these structures may be
to serve as somatosensory information input pathways to
the basal ganglia and thalamus to determine and help mon-
itor accurate movement coordination in time.

Cerebellar Circuits

The role of the cerebellum in mental timekeeping is sup-
ported by neuropsychological studies [e.g., Harrington et al.,
1998] but is not yet clearly understood [Ivry and Spencer,
2004]. The current results indicate that areas of right cere-
bellum posterior lobe were engaged in two separate corti-
cocerebellar neural circuits. In one network (component 4,
green), an area of right cerebellum, increased activity in
conjunction with activity in cingulate gyrus (CCZ), left post-
central gyrus, and bilateral superior/transverse temporal
gyri. This is consistent with previous functional connectivity
studies of motor function that found coordinated activity
between left postcentral gyrus and right cerebellar dentate
nucleus during drawing tasks [Saini et al., 2004]. Because the
thalamus was not engaged in this circuit, it is likely that the
cerebellum was integrated into this network through its
output directly to primary motor cortex [Middleton and
Strick, 1997]. The network identified here resembles the
“automatic” timing system proposed by Lewis and Miall
[2003]. The regions of bilateral premotor cortex (pre-PMd)
[Picard and Strick, 2001] in this circuit are found in previous
studies of spatial attention and working memory [Bous-
saoud, 2001]. As activity in bilateral lateral premotor regions
decreased, activity in other brain regions increased. This is
consistent with an automatic timing system that functions
when attentional modulation is not required. Lewis and
Miall [2003] hypothesize that automatic timing is mediated
by central pattern generator mechanisms that track cellular
firing rates in sensory and motor cortex, possibly with the
aid of the sensory imagery or cerebellar function. Consistent
with this proposal, Rao et al. [1997] observed increased
hemodynamic activity in auditory cortex in the absence of
auditory stimulation during a motor timing task, suggesting
the brain uses sensory imagery to support motor timing. In
the current experiment, strong bilateral auditory association
cortex activation co-occurred with right cerebellum activity.
The cerebellum might participate in this system by repre-
senting temporal aspects of sensory information, possibly by
anticipating sensory events [Tesche and Karhu, 2000]. In-
deed, it has been proposed that the primary function of the
cerebellum in timekeeping tasks may be to provide a precise
temporal representation of both motor and nonmotor tasks
that require rapid and efficient execution [Ivry, 2000]. There-
fore, the independence of the cerebellum from the fronto-
striatal timing network might reflect a reduced need to
access cerebellar representations of temporal information
when frontal and parietal lobe-mediated timing mechanisms
are engaged. This is consistent with the idea that two sepa-
rate motor timing networks may exist. Alternatively, it also
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is possible that access to cerebellar temporal representations
is primarily needed during motor timing on the scale of
milliseconds rather than seconds, as some have proposed
[Ivry and Spencer, 2004]. Future studies using different par-
adigm demands (e.g., temporal discrimination, rhythm re-
production, exclusively subsecond timing rates) might fur-
ther clarify conditions in which the cerebellum is engaged.

In the second cerebellar network (component 7, pink),
right cerebellar activity decreased in conjunction with right
premotor and left inferior frontal gyrus as hemodynamic
activity increased in bilateral parietal lobe regions (i.e., infe-
rior and superior parietal lobules and precuneus). In this
circuit, activity in prefrontal and cerebellum regions in-
creased during the fastest rate of movement, but decreased
during the slowest. Conversely, parietal regions showed
greater activity during the slowest movement rate and de-
creased activity during the fastest. This connectivity is con-
sistent with previous findings of premotor and parietal con-
nectivity using magnetoencephalography by Pollok et al.
[2006], which were attributed to evaluation of motor syn-
chrony function. The alternation of increases and decreases
in hemodyanmic activity between parietal and prefrontal
cortex/cerebellum with stimulus presentation rate indicates
that the cerebellum is more involved in mediating rapid
coordinated movements [Ivry and Spencer, 2004], whereas
parietal regions are more important for slower-paced move-
ments. It is not clear whether rate-related differences in these
parietal / prefrontal versus cerebellar regions also reflect the
engagement of conscious mediation, as suggested by numer-
ous previous neuroimaging studies [Petersen et al., 1989;
Corbetta et al., 1991; Heilman et al., 1993; Winstein et al.,
1997; Grafton et al., 1998; Mazoyer et al., 2002; MacDonald
and Paus, 2003], but this remains a distinct possibility.

Finally, activity within the cerebellum was functionally
integrated with other cerebellar regions, but this pattern of
activity was not reflected in other brain areas (component 8,
orange). Because this activity did not differ across task con-
ditions, it is difficult to suggest a specific functional correlate
of this activity.

Frontoparietal Circuit

Component 3 (aqua) comprised dorsolateral prefrontal
and parietal lobe regions previously linked to attention and
working memory functions [Fletcher and Henson, 2001] and
medial frontal regions involved with processing or main-
taining relevant sensory information (e.g., pre-SMA) [Picard
and Strick, 2001]. Working memory representation of tem-
poral information is an important component of information
processing theories of mental timekeeping [Gibbon et al.,
1984; Gibbon and Church, 1990]. Mental representations of
timing intervals needed to direct motor output are believed
to be stored in reference memory until a comparator mech-
anism evaluates whether motor activity should commence.
The current results suggest that these brain regions may
comprise a working memory module needed for timing
operation. This interpretation is consistent with proposals
made by others that the working memory function of inter-

nal clocks may involve activity within dorsolateral prefron-
tal cortex [Gibbon et al., 1984; Gibbon and Church, 1990;
Rubia and Smith, 2004]. Previous analysis of this data set
suggested that activity in some of these regions increased
when longer intervals were measured (data not shown).
However, the current component was unaffected by any
difference in rate or task. This suggests that in addition to
the rate effect previously noted in previous analyses, activity
in these brain regions also may subserve a more general
function required by all task conditions. One such general-
ized function is the short-term storage of temporal informa-
tion generated by the clock stage of information processing
models. Recent functional connectivity studies of working
memory indicate that coordinated functional interaction
among dorsolateral and ventrolateral prefrontal cortex, the
premotor cortex, the intraparietal sulcus, and other subcor-
tical regions underlies active working memory maintenance
of a perceptual representation [Gazzaley et al., 2004]. Fron-
toparietal connectivity also has been detected using EEG
coherence measures [Babiloni et al., 2004]. In that study,
there was evidence for both unidirectional (i.e., parietal to
frontal in beta and gamma frequencies) and bidirectional
(gamma) flow of information, consistent with well-described
bidirectional anatomical connections between dorsolateral
and parietal cortex [Petrides, 1998].

Motor Circuits

Previous functional connectivity studies that examined
motor cortex regions found significant correlation among
premotor, primary motor, supplementary motor cortex in
the left and right hemispheres during rest [Biswal et al.,
1995; Lowe et al., 1998; Xiong et al., 1999] and correlation of
sensorimotor cortex with posterior parietal association cor-
tex and dorsal cingulate gyrus [Xiong et al., 1999]. A handful
of studies have used spatial ICA to extend these results
during rest [van de Ven et al., 2004] or during motor task
performance [Moritz et al., 2000, 2005]. In these latter stud-
ies, only self-paced tapping engaged supplementary motor
area cortex with the motor circuit [Moritz et al., 2005]. Our
results (component 6, purple) extend these findings by
showing functional correction of sensorimotor cortex with
bilateral precentral gyri and postcentral gyri, dorsal medial
frontal gyrus (i.e., supplementary motor area cortex), and
the paracentral lobule. These regions may be responsible for
the preparation and execution of movements, as supplemen-
tary motor and premotor cortex project to primary motor
cortex [Picard and Strick, 2001]. The functional significance
of increases in motor region activity with concurrent de-
creases in bilateral inferior frontal gyri and right middle
temporal gyrus is not immediately clear. It is possible that
motor timing, which requires continual engaging and dis-
engaging motor activity, may be accompanied by dimin-
ished activity in regions known to be engaged during re-
sponse inhibition [Kiehl et al., 2000]. Alternatively, others
have demonstrated that right inferior frontal cortex may be
active during perceptive time estimation cognitive pro-
cesses, as activation of this region can occur in response to
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rhythm monitoring when no motor function is required
[Gruber et al., 2000; Schubotz et al., 2000]. Therefore, the
inclusion of bilateral inferior frontal gyri in this neural cir-
cuit may be more related to movement monitoring and
planning cognitive processes than to execution.

Other Circuits

Two components reflected systematic hemodynamic de-
creases during task performance. Component 2 (blue) re-
flects a network of brain regions frequently described as
comprising a “default mode” [Gusnard et al., 2001; Raichle
et al.,, 2001], where the degree of hemodynamic decrease
may represent the brain engaging more neural resources
when faced with greater task difficulty. Consistent with this
interpretation, greater hemodynamic decreases were seen in
tasks believed to impose greater cognitive processing de-
mands (i.e., during motor syncopation and slower rates). As
activity in these regions decreased, activity in dorsolateral
prefrontal and right inferior parietal lobule increased. This
provides concrete evidence for a tightly coupled relationship
between activity in brain regions mediating working mem-
ory and attention with proposed default mode network
regions that reduce metabolic demands. Previous analysis of
this data set did not find a significant rate effect for “deac-
tivation” in these brain regions. However, this may be be-
cause posthoc tests found that there only were significant
differences between the fastest and slowest rates in the
current analysis. Interestingly, this circuit was distinct from
component 5 (yellow), in which bilateral cuneus and lingual
gyri showed hemodynamic decreases during syncopated
finger tapping. It is possible that visual cortex “deactivation”
is functionally independent from hemodynamic decreases in
midline medial frontal gyrus, precuneus, and posterior cin-
gulate structures observed in previous default mode net-
work studies. However, it is more likely that this finding
represents an effect specific to syncopation performance.

Summary and Limitations

Although we identified several separate functionally inte-
grated neural networks, we did not examine how changes in
one neural circuit’s activity might modulate activity in an-
other. Using known anatomical pathways, it is possible to
speculate on how information might flow in these circuits.
Auditory information from primary motor cortex appears to
be directly coupled to a frontostriatal timing network that
integrates sensory and proprioceptive information into basal
ganglia regions and the thalamus to form temporal repre-
sentations [Buhusi and Meck, 2005]. Auditory information
from sensory association cortex, motor activity from left
primary motor cortex, and right cerebellum output might
project to rostral anterior cingulate and perhaps serves to
track cellular firing rates to form a secondary neural net-
work representing timing [Paus, 2001; Lewis and Miall,
2003]. Our data suggest that temporal information output
from the frontostriatal circuit is likely maintained online to
guide behavior in a neural circuit that includes pre-SMA,
dorsolateral prefrontal, and bilateral parietal cortex. Motor

execution is subserved by a network of SMA, premotor and
primary motor cortex [Picard and Strick, 2001]. It is not
immediately clear exactly how the timing or working mem-
ory circuits may signal the onset of finger movements sub-
served by this circuit, but signaling through the SMA is a
likely possibility [Picard and Strick, 2001]. The current re-
sults could be extended in future studies by using causal
dynamic modeling techniques [e.g., Rajapakse et al., 2006] to
test the effective connectivity among structures in each neu-
ral circuit. This might clarify how activity in these circuits
may correspond to hypothetical stages of timekeeping infor-
mation processing models.

Our experiment was not designed to relate behavioral
performance to component structure. The analyses also were
not designed to test predictions explicitly regarding partic-
ular theoretical stages of information processing or distrib-
uted models of temporal processing [Ivry and Spencer, 2004;
Buhusi and Meck, 2005; Lustig et al., 2005]. However, the
analysis produced results consistent with aspects of both
models. We note that component 1 not only appears suited
to perform clock functions, it integrates these brain regions
with others that may reflect timing task performance mon-
itoring. This distributed circuit is more complex than that
hypothesized in strict localizationist information processing
models of mental timekeeping. A frontoparietal circuit
(component 3) also was identified that may correspond to
the working memory stage of timing information processing
models. Like the frontostriatal circuit, this distributed net-
work was active during all timing task components, sug-
gesting a ubiquitous importance of activity in these brain
regions for mental timing. It is noted that the analysis did
not produce a component suggestive of the proposed “de-
cision” stage of mental timekeeping models. If such a net-
work exists, it might be hypothesized to include anterior
cingulate, dorsolateral prefrontal, and premotor cortex. In-
deed, one previous study shows that decision-making in
uncertain situations involves an integrated network includ-
ing anterior cingulate, lateral prefrontal and parietal cortex,
and the striatum [Cohen et al., 2005]. The current paradigm,
in which continual motor output was necessary in two of the
three tasks types, may not have had an independent pattern
of activity underlying the decision stage. Decision-making
function likely was integrated into the frontostriatal and/or
frontoparietal circuits. It is possible that a separate decision
stage neural circuit might be found in a temporal discrimi-
nation or estimation task more ideally suited to reflect deci-
sion-making operations. It also is important to note that the
distributed nature of the neural circuits crucial for interval
timing suggests that the search for specific information pro-
cessing modules may be arbitrary. Numerous cognitive pro-
cesses appear subsumed into the function of each functional
circuit, as demonstrated by the breadth of regions in each
component and by the significant association between sev-
eral component time courses and multiple aspects of interval
timing tasks (e.g., rate, task). Indeed, recent proposals for
distributed coincidence detection models of interval timing
[Ivry and Spencer, 2004; Buhusi and Meck, 2005; Lustig et
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al., 2005] hold great promise for characterizing how specific
neural mechanisms may underlie the functional connections
among brain regions in each circuit engaged for complex
information processing.

As noted above, the network of frontostriatal brain struc-
tures is anatomically consistent with gating and neural ac-
cumulator components of the clock stage of temporal infor-
mation processing models. However, some of these brain
regions also have been implicated in attentional set switch-
ing [Dreher and Grafman, 2002; Dreher et al., 2002; Rush-
worth et al,, 2002]. While it is plausible that attentional
switching may contribute to neural activity at the beginning
of task blocks, it is unlikely that such activity would con-
tinue throughout an extended period of timed movement.
However, because the current paradigm was not con-
structed to differentiate the effects of switching among dif-
ferent instructional sets from timing neural function, addi-
tional work is needed to dissociate these cognitive processes
in these brain regions.

Finally, although several different types of timing task
demands were contrasted in the paradigm, timing neural
function can be measured with other, qualitatively different
types of tasks. Because this is the first fMRI study of mental
timekeeping temporal dynamics, it remains to be seen
whether similar results will be obtained from a functional
connectivity study of temporal discrimination, or from a
timing task that is less cognitively demanding. Indeed, Pol-
lok et al. [2006] suggest that the lower complexity of their
auditory paced finger-tapping task may be a factor in why
basal ganglia activity was not observed in their neural cir-
cuit. Additional work with these various task types is
needed before neural network models of mental timekeep-
ing can be fully characterized.

This study used a novel analytic technique to provide
evidence supporting the existence of a frontostriatal timing
neural network and demonstrated its importance to the
performance of discrete interval timing tasks. This network
comprises distributed brain structures that are anatomically
consistent with the proposed mental clock functions of in-
formation processing timekeeping models. Several other
distinct neural circuits also were identified, including a pos-
sible alternative timing neural network consistent with pre-
viously proposed automatic timing systems. Future studies
of neural timekeeping functional connectivity should at-
tempt to determine the exact function of this circuit by
examining its function in different types of timing tasks.
Another neural network was identified that may reflect the
brain regions important to the working memory stage of
timing models. The association between these networks and
their presumed function within these models remains to be
explicitly tested.
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