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Finger-tapping tasks are one of the most common paradigms used to study
the human motor system in functional neuroimaging studies. These tasks
can vary both in the presence or absence of a pacing stimulus as well as in
the complexity of the tapping task. A voxel-wise, coordinate-based meta-
analysis was performed on 685 sets of activation foci in Talairach space
gathered from 38 published studies employing finger-tapping tasks.
Clusters of concordance were identified within the primary sensorimotor
cortices, supplementary motor area, premotor cortex, inferior parietal
cortices, basal ganglia, and anterior cerebellum. Subsequent analyses
performed on subsets of the primary set of foci demonstrated that the
use of a pacing stimulus resulted in a larger, more diverse network of
concordance clusters, in comparison to varying the complexity of the
tapping task. The majority of the additional concordance clusters
occurred in regions involved in the temporal aspects of the tapping task,
rather than its execution. Tapping tasks employing a visual pacing
stimulus recruited a set of nodes distinct from the results observed in those
tasks employing either an auditory or no pacing stimulus, suggesting
differing cognitive networks when integrating visual or auditory pacing
stimuli into simple motor tasks. The relatively uniform network of
concordance clusters observed across the more complex finger-tapping
tasks suggests that further complexity, beyond the use of multi-finger
sequences or bimanual tasks, may be required to fully reveal those brain
regions necessary to execute truly complex movements.
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Introduction

Finger-tapping tasks are commonly used to study the human
motor system in functional neuroimaging studies. Tapping tasks
have the advantage of being simple enough to use in the study of
both normal control subjects as well as those with neuropathol-
ogies affecting the motor system, while being flexible enough to
accommodate numerous modifications. These tasks can vary
across studies both by the use or lack of a pacing stimulus and
in the relative complexity of the tapping task.

Pacing stimuli are used to ensure that all subjects uniformly
perform a given finger-tapping task at a predetermined rate. The
stimuli are usually in the form of a regularly paced, repetitive auditory
or visual cue, such as that produced by a metronome (e.g. Catalan
et al., 1998; Colebatch et al., 1991; Sadato et al., 1996a) or blinking
light (e.g. Indovina and Sanes, 2001; Jancke et al., 2000b),
respectively. Such finger-tapping tasks performed in the presence
of a pacing stimulus are referred to as externally guided or externally
generated. In contrast, the task can be performed in the absence of any
pacing stimulus (i.e. self-paced). Such self-paced tapping tasks are
referred to as internally guided or internally generated. The results
from studies investigating the effects of auditory and visual pacing
stimuli have reported different networks of active brain regions,
however, these results are not consistent across different studies.

Pacing stimuli are also often used in conjunction with more
complex finger-tapping tasks such as multi-finger sequential or
bimanual tapping tasks. For the purposes of the ensuing analyses,
multi-finger sequential tapping tasks were taken to be complex in
terms of the increased number of fingers involved in the task; factors
such as the rate of movement and the length of the sequence were not
specifically considered. Bimanual tasks were taken to be any task
involving the tapping of fingers on both hands, regardless of the
symmetry. These types of complex finger-tapping tasks are often
employed to elicit neural activation that is more representative of
what would be observed in typical, everyday manual movements
that may not be practical to complete within the confines of a MRI or
PET scanner. The use of complex finger-tapping tasks also allows
for the further study of secondary and tertiary neural motor regions
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Table 1
Published studies employing finger-tapping tasks used in the meta-analyses
Publication Contrast Foci Stimulus Complexity Bimanual
Aoki et al. (2005) Index finger vs Rest 1 Auditory RH index
Ring finger vs Rest 7 Auditory
Double finger tapping vs Rest 12 Auditory
Aramaki et al. (2006) Parallel vs Rest 18 Auditory Bimanual
Mirror vs Rest 7 Auditory Bimanual
Blinkenberg et al. (1996) Finger tapping vs Rest 10 Auditory RH index
Boecker et al. (1998) Motor sequences vs Rest 20 Auditory Sequence
Calautti et al. (2001) RH tapping vs Rest, young subjects 10 Auditory RH index
LH tapping vs Rest, young subjects 10 Auditory
RH tapping vs Rest, older subjects 4 Auditory RH index
LH tapping vs Rest, older subjects 10 Auditory
Catalan et al. (1998) Sequence-12 vs Rest 9 Auditory Sequence
Catalan et al. (1999) Sequence-16 vs Rest, controls 12 Auditory Sequence
Colebatch et al. (1991) Index vs Rest 3 Auditory RH index
Opposition vs Rest 8 Auditory Sequence
De Luca et al. (2005) RH finger tapping, controls 4 Visual RH index
Denslow et al. (2005) Volitional movement vs sham TMS 18 Auditory RH index
Fox et al. (2004) Finger movement vs sham TMS 1 Auditory RH index
Gelnar et al. (1999) Finger opposition vs Rest 8 None Sequence
Gerardin et al. (2000) Motor Execution vs Rest 24 Auditory
Gosain et al. (2001) Finger tapping vs Rest 2 None RH index
Hanakawa et al. (2003) Finger movement vs Rest 25 Visual Sequence
Indovina and Sanes (2001) Move vs Rest 15 Visual RH index
Jéncke et al. (1999) RH, 1 Hz vs Rest 2 Auditory Sequence
RH, 3 Hz vs Rest 2 Auditory Sequence
LH, 1 Hz vs Rest 2 Auditory Sequence
LH, 3 Hz vs Rest 2 Auditory Sequence
Both hands, 1 Hz vs Rest 2 Auditory Sequence Bimanual
Both hands, 3 Hz vs Rest 2 Auditory Sequence Bimanual
Jéncke et al. (2000a) Right fast, left slow 3 None Bimanual
Right slow, left fast 3 None Bimanual
Right fast 1 None RH index
Right slow 2 None RH index
Left fast 1 None
Left slow 2 None
Jéncke et al. (2000b) Auditory synchronization vs Rest 12 Auditory RH index
Auditory continuation vs Rest 11 None RH index
Visual synchronization vs Rest 13 Visual RH index
Visual continuation vs Rest 12 None RH index
Joliot et al. (1998) Finger tapping vs Rest 13 None RH index
Joliot et al. (1999) Finger tapping vs Rest — PET 11 None RH index
Finger tapping vs Rest — fMRI-average 16 None RH index
Finger tapping vs Rest — fMRI-correlation 20 None RH index
Kawashima et al. (1999) Finger movements vs Rest 3 None RH index
Kawashima et al. (2000) Memory timed finger movement vs Rest 10 None RH index
Visually cued finger movement vs Rest 14 Visual RH index
Kuhtz-Buschbeck et al. (2003) Motor execution, complex RH vs baseline 8 Auditory Sequence
Motor execution, complex LH vs baseline 12 Auditory Sequence
Larsson et al. (1996) Self-paced movements vs Rest 12 None RH index
Visually triggered movements vs Rest 14 Visual RH index
Lehericy et al. (2006) Simple vs Rest 8 Auditory RH index
Scale vs Rest 11 Auditory Sequence
Complex vs Rest 27 Auditory Sequence
Lerner et al. (2004) Tapping vs Rest, Normals 9 Auditory RH index
Lutz et al. (2000) Random vs Rest 17 Visual RH index
Regular vs Rest 7 Visual RH index
Mattay et al. (1998) Non-dominant hand, simple motor 8 None Sequence
Dominant hand, simple motor 12 None Sequence
Dominant hand, random motor 15 None Sequence
Miiller et al. (2002) Finger tapping vs Rest, healthy subjects 4 None
Ramsey et al. (1996) fMRI finger tapping vs Rest, Mean 1 None Sequence
PET finger tapping vs Rest, Mean 1 None Sequence
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Table 1 (continued)

Publication Contrast Foci Stimulus Complexity Bimanual
Riecker et al. (2006) Main effects during index finger movement, young subjects 6 Auditory RH index
Main effects during index finger movement, older subjects 8 Auditory RH index
Rounis et al. (2005) Main effects of movement 17 Auditory RH index
Sadato et al. (1996a) Various length sequences 6 Auditory Sequence
Sadato et al. (1997) Mirror vs Rest 13 Auditory Sequence Bimanual
Parallel vs Rest 15 Auditory Sequence Bimanual
Right unimanual vs Rest 3 Auditory RH index
Left unimanual vs Rest 6 Auditory
Bimanual mirror vs Rest 12 Auditory Bimanual
Bimanual parallel vs Rest 13 Auditory Bimanual
Seitz et al. (2000) Irregularly paced right finger movement 4 Auditory RH index
Wilson et al. (2004) Moving fingers 2 None Sequence Bimanual
Yoo et al. (2005) Group-level finger-tapping activation 17 Auditory Sequence

A total of 38 studies with 74 contrasts and 685 foci was included in the finger-tapping meta-analyses (listed in alphabetical order by first author). The type or lack
of pacing stimulus and the level of complexity as well as whether the task was bimanual are indicated for each contrast.

that may not be active during a simple, unimanual index finger-
tapping task.

Results from studies employing finger-tapping tasks can be
divergent due to variations in the experimental paradigms used,
making them difficult to interpret across studies. Additionally, studies
can choose to focus on a few specific neural regions (e.g. Jincke
etal., 2000a; Colebatch etal., 1991; De Luca et al., 2005), resulting in
partial descriptions of the underlying neural network involved in a
given tapping task. A quantitative meta-analysis technique, such as
that proposed independently by Turkeltaub et al. (2002) and Chein
et al. (2002) provides a method to assess the degree of concordance
across multiple studies. The results of such an analysis can be useful
in determining a more complete network of neural regions involved
in a given task or paradigm as well as in forming new hypotheses and
interpreting results from subjects with neurological impairments.

This present study was not the first to use quantitative meta-analysis
techniques to assess concordance across studies examining the human
motor system. Chouinard and Paus (2006) employed a similar
technique to further elucidate the roles of the primary motor and
premotor cortices in various motor tasks. Four motor-related tasks —
movement response selection, movement response to a stimulus,
execution of object-related hand movements, and observation of
object-related hand movements — were chosen to map out the roles of
the dorsal and ventral premotor cortices in these tasks. Chouinard and
Paus were successful in utilizing meta-analysis to identify several
distinct nonprimary motor areas within the motor cortex.

In the present meta-analysis, our aim was to isolate the corpus
of published literature for simple hand movements (i.e., finger
tapping), and identify the entire network of brain regions
associated with this type of motor task. Our intent was to examine
agreement across studies not only in the motor cortex, but also
throughout all cortical, subcortical, and cerebellar regions. In
addition, meta-analysis was used to differentiate the brain regions
that are active during the most common variations of finger-
tapping tasks: auditorially-paced, visually-paced, self-paced, single
index finger, unimanual, dominant hand (RH) multi-finger
sequence, and bimanual, as well as to compare these networks
among the tapping task variations. We hypothesized that the choice
of finger-tapping task variation would have a strong influence on
the observed network of active brain regions.

Methods

Several literature searches were performed in Medline to find the
published corpus of literature prior to July 2006 involving finger-
tapping tasks in unimpaired, right-handed subjects. References from
all relevant papers were also examined. From these search results,
only those papers which reported activations as coordinates in
stereotactic space (x,),z) were considered. Papers directly addressing
motor learning or using over-trained subjects such as professional
musicians were excluded. Results from 38 papers (22 fMRI and 16
PET; Table 1) were selected (685 foci), and three analyses were
performed. The first pooled the results from all of the included studies.
For the second, studies were divided into three groups based on the
type or lack of pacing stimulus employed: auditory stimulus (22
papers; 403 foci), visual stimulus (7 papers; 109 foci), and no stimulus
(13 papers; 173 foci). The final analysis divided the studies into three
groups determined by the complexity of the tapping task used: right
hand index finger (23 papers; 311 foci), RH multi-finger sequence (15
papers; 242 foci), and bimanual (5 papers; 90 foci). All MNI
coordinates were transformed to Talairach space using the ichm2tal
transform (Lancaster et al., 2007), which has shown to provide
improved fit over the mni2tal transform (Brett et al., 2001, 2002).
When applying the Lancaster transform, software-specific versions
were used for FSL (icbm_fsl2tal) and SPM (icbm_spm2tal)
coordinates, to correct for varying normalization methods within
each software package. Activation likelihood estimate (ALE) maps
were created for each grouping by modeling each focus as a three-
dimensional Gaussian function with a FWHM of 12 mm (Turkeltaub
etal., 2002). Statistical significance was assessed using a permutation
test with 5000 permutations, corrected for multiple comparisons using
the false discovery rate (FDR) (Laird et al., 2005). The resultant maps
were thresholded at P<0.05.

Results

The ALE map for the main effects of all finger-tapping task
variations included in this study is shown in Fig. 1. Common, robust
concordance was seen in bilateral sensorimotor cortices (L: —38,
—26,50; R: 36,-22,54), supplementary motor area (SMA) (—4,
—8,52), left ventral premotor cortex (—54,—2,32), bilateral inferior
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parietal cortices (L: —50,-26,20; R: 40,—42,44), bilateral basal
ganglia (L: —22,-8,4; R: 22,-10,6), and bilateral anterior
cerebellum (L: —22,—52,22; R: 16,—50,—20). Smaller clusters of
concordance were seen in the right dorsolateral prefrontal cortex
(34,32,34), right inferior frontal gyrus (54,4,22), and left occipital
lobe (—44,—66,4). The appearance of this latter trio of brain regions
will later be shown to have more to do with the inclusion of visually-
paced finger-tapping tasks, than in these regions playing a role in the
performance of finger-tapping tasks in general.

Figs. 2A—G show representative axial slices of the combined ALE
map for the three groups of studies involving the use or absence of
pacing stimuli — auditorially-paced, visually-paced, and self-paced.
In addition to the executive areas noted above for the main effects, the
ALE map for the pacing stimulus group showed clusters of
concordance, which were unique to one or more of the task variations
in this grouping. All three variations within this group showed

concordance within the dorsal premotor cortices (R: 47,1,50; 38,
—10,54), with laterality depending on task variation. The visually- and
self-paced groups exhibited concordance within the right dorsolateral
prefrontal cortex (42,34,32; 32,30,32) and right inferior parietal lobe
(46,—44,44). The auditorially- and self-paced groups shared con-
cordance in bilateral claustrum (L: —32,—-4,6; R: 34,—8,14), again
with laterality depending on task variation. The visually-paced group
had exclusive concordance in bilateral insula (L: —48,10,0; R:
48,10,2), right inferior frontal gyrus (50,8,32), bilateral occipital lobe
(L: —42,-66,4; —10,-82,—2; R: 44,-66,-2; 4,-76,0), and left
posterior cerebellum (—28,—62,—28). Finally, the auditorially-paced
group had exclusive concordance in Brodmann's area 44 (56,3,20) and
the self-paced group in the left ventral premotor cortex (—52,—2,10)
and right posterior cerebellum (10,—66,—32).

In order to determine the relative effect of tapping rate in the meta-
analytic comparisons of stimulus modality, we performed a comparison

Fig. 1. ALE map of the main effects (all finger-tapping task variations). Axial slices representing full brain coverage are shown (P<0.05; FDR corrected). Robust
concordance is seen in bilateral sensorimotor cortices, supplementary motor area, left ventral premotor, bilateral inferior parietal cortices, bilateral basal ganglia,

and bilateral anterior cerebellum.
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Auditory stimulus
B No stimulus

B Auditory + no stimulus

Visual stimulus

Auditory + visual

No stimulus + visual
. Conjunction

Fig. 2. ALE results segregated by pacing stimuli. Representative axial slices are shown (P<0.05; FDR corrected) for finger-tapping activations when paced by
auditory, visual, or no stimuli. Overlap (conjunction) among all three task variations is seen in the same executive regions noted for the main effects in Fig. 1,

except the basal ganglia. The results also show many clusters of concordance that are unique to one or more of the task variations.

of study characteristics for auditory vs visual stimuli and paced vs self-
paced tapping tasks. The tapping rate was recorded for each experiment
that was included in the meta-analyses. An unpaired # test was perfor-
med on the tapping rates for auditory (mean rate=1.716 Hz) and visual
(mean rate=1.241 Hz) studies in which no statistical difference was
found between groups (P=0.182). A subsequent test was performed to
determine if a rate effect existed between paced (mean rate=1.642 Hz)
and self-paced (mean rate=1.795 Hz) studies; however, this test also
revealed no difference (P=0.5301). Note that this result may potentially
be biased by the fact that no observed tapping rate was reported in 6 of
24 self-paced experiments; however, given the high P value this is
unlikely.

To determine the effect of tapping difficulty on the observed
meta-analysis results, studies were reviewed and assigned scores of
tapping difficulty according to a five-point rating system: 1 —
unimanual single finger, 2 — bimanual single finger or unimanual
simple sequence, 3 — bimanual simple sequence or unimanual
complex sequence, 4 — bimanual mirrored tapping of a complex
sequence, and 5 — bimanual parallel tapping of a complex sequence.
Unpaired ¢ tests were carried out on comparisons of auditory (mean
score=1.919) vs visual (mean score=1.125) studies and paced (mean
score=1.794) vs self-paced (mean score=1.708) studies. Again, no
difference was found between either group (P=0.059 and P=0.760,
respectively). Arguably, the test of auditory vs visual nearly achieved
significance, and therefore some potential bias may have been
introduced into the meta-analysis as a result of this. Future imaging
studies will be useful in dissociating the degree of interaction between
auditory vs visual stimuli and tapping difficulty.

Figs. 3A—G show representative axial slices of the combined
ALE map for the three groups of studies involving tapping task
complexity — RH index finger, RH multi-finger sequence, and
bimanual. Unlike for the meta-analyses results for the pacing
stimulus group, the combined ALE map for the complexity group

suggested that there are fewer unique brain regions required to
complete more complex finger-tapping tasks that are not already
active during the execution of finger-tapping tasks of all variations.
All three task variations within this grouping shared concordance
within the dorsal (L: —16,—20,48; R: 34,—8,52; 46,1,51) and ventral
(—56,—4,34; —54,2,10; —50,0,34) premotor cortices. The RH multi-
finger sequence and RH index finger-tapping task variations showed
concordance in the right inferior parietal cortex (46,—44,44; 38,
—40,44). The RH multi-finger sequence tapping task group
exhibited concordance within bilateral posterior parietal cortices
(L: —26,—-62,48; R: 16,—72,42), and the bimanual group within the
left posterior cerebellum (—4,-66,—18). The RH index finger-
tapping task group showed a small cluster of concordance within the
left DLPFC (—37,30,32), in addition to sharing several clusters of
concordance with the externally paced tasks, including the right
insula (48,12,4), right inferior frontal gyrus (52,6,28), bilateral
claustra (L: —32,—4.,4; R: 34,14,6), and right DLPFC (34,30,32).

Discussion

An ALE meta-analysis was performed to quantify the motor
system during finger tapping, a common task used in functional
imaging studies. Results allowed for detailed description of the
motor networks involved in single finger, unimanual, dominant
hand multi-finger, and bimanual movement sequences, varying in
the presence or absence of a pacing (auditory or visual) stimulus.

Main effects
The results for the main effects analysis across all finger-tapping

tasks exhibited clusters of concordance in regions commonly
associated with the performance of motor tasks, including the
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RH index finger

. Sequence
B RH index + sequence

Bimanual

RH index + bimanual

Sequence + bimanual
. Conjunction

Fig. 3. ALE results segregated by task complexity. Representative axial slices are shown (P<0.05; FDR corrected). Overlap (conjunction) among all three task
variations (RH index, RH multi-finger sequence, and bimanual tapping) is seen in the same executive regions noted for the main effects in Fig. 1. Compared with the
results from the effects of a pacing stimulus, there are fewer concordance clusters that are unique to one or more of the task variations, not observed in the main effects.

primary sensorimotor cortex (SM1), supplementary motor area
(SMA), basal ganglia (BG), and cerebellum. The primary
sensorimotor cortex has traditionally been considered the main
executive locus for simple voluntary movements (Gerloff et al.,
1998), however, recent studies have implicated this region in the
processing of complex sequential tapping tasks (Kawashima et al.,
1993, Kawashima and Fukuda, 1994; Kawashima et al. 1994; Kim
et al., 1993a,b; Rao et al., 1993; Chen et al., 1997) as well as the
processing of bimanual movements (Kermadi et al., 2000). The
SMA has also been found to be an executive area for simple
voluntary movements (Colebatch et al., 1991; Matelli et al., 1993;
Sadato et al., 1995). Additionally, activity in the SMA has been
linked to higher motor processing functions such as the initiation of
movement, motor programming (Roland et al., 1980b), motor
planning (Orgogozo and Larsen, 1979; Grafton et al., 1992a; Rao
et al., 1993), readiness to move (Fox et al., 1985), motor learning
(Roland et al., 1989; Seitz et al., 1990; Grafton et al., 1992a),
complexity of movement (Shibasaki et al., 1993), bimanual
coordination (Goerres et al., 1998; Immisch et al., 2001; Jancke
et al., 2000a; Meyer-Lindenberg et al., 2002; Sadato et al., 1997,
Stephan et al., 1999a,b; Toyokura et al., 1999, 2002; Ullén et al.,
2003), and responsiveness to internal cueing of movement
(Halsband et al., 1993) or to the selection of movement (Deiber
etal., 1991). Activation in the basal ganglia has been associated with
both the performance of simple repetitive movements (Lehéricy
et al., 1998; Maillard et al.,, 2000), as well as more complex
sequential movements (Roland et al., 1982; Shibasaki et al., 1993;
Jenkins et al., 1994a; Jueptner et al., 1997; Gordon et al., 1998;
Boecker et al., 1998; Catalan et al., 1998; Haslinger et al., 2002).
Activity in both the SMA and BG has been preferentially linked to
internally generated movements over externally generated move-
ments in non-human primates (Mushiake et al., 1990, 1991; Tanji,
1994; Tanji and Shima, 1994, 1996; Brinkman, 1984; Chen et al.,

1995, Taniwaki et al., 2003; Romo and Schultz, 1987; Middleton
and Strick, 2000), however this distinction has not been consistently
reported in humans (Menon et al., 1998; Cunnington et al., 2002).
Regions in the cerebellum have been shown to be active during the
preparation, execution, and timing of both simple and complex
movements (Habas et al., 2004a), and while cerebellar activity has
been traditionally associated with externally cued movements, it has
been observed in motor tasks driven by both external and internal
cues (Grafton et al., 1992b).

In addition to the above regions, clusters of concordance are
observed in regions that have been traditionally reported to be
preferentially active during one or more specific finger-tapping task
variations, namely the premotor and parietal cortices. For both the
externally cued and complex tapping tasks, activity has been reported
within the premotor and parietal cortices. The premotor cortex has
been shown to play an important role in the transformation of sensory
information into appropriate motor behavior (Crammond and
Kalaska, 1996; Godschalk et al., 1981; Johnson et al., 1996;
Mushiake et al., 1991; Wise et al., 1997; Halsband et al., 1993;
Harrington et al., 2000; Grafton et al., 1993; Kawashima et al., 1995;
Passingham, 1985; Samuel et al., 1997; Roland, 1984), especially in
regards to sequential movements (Harrington et al., 2000; Catalan et
al., 1998; Grafton et al., 1992a; Shibasaki et al., 1993). The parietal
cortex has also been shown to be active during both auditorily- and
visually-cued movements (Deiber et al., 1991; Grafion et al., 1992b;
Jenkins et al., 1994b; Huttunen et al., 1996; Forss and Jousmaki,
1998; Linn and Forss, 2002), also particularly during both the
execution and production of complex, sequential motor tasks (Gordon
et al., 1998; Sadato et al., 1996a; Honda et al., 1998; Jenkins et al.,
1994b; Rauch et al., 1995; Sakai et al., 1998; Boecker et al., 1998).
The observed concordance in these two regions suggests that they
may play a more general, executive role in motor tasks, in addition to
their more task variation specific roles discussed below.
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Pacing stimulus effects

In line with the ALE map for the main effects of all finger-
tapping task variations (Fig. 1), conjunction analysis revealed that
the three groups (auditorially-, visually-, and self-paced) shared
common, robust concordance in the primary sensorimotor cortex,
supplementary motor area, and anterior cerebellum (Fig. 2). This
shared concordance is in agreement with the body of literature on
externally and internally generated motor tasks, suggesting that these
areas are involved in the execution motor tasks under both conditions
(Weeks et al., 2001; Grafton et al., 1992b). Within the basal ganglia,
there was no robust concordance among all three groups. The
auditorially- and self-paced groups demonstrated concordance within
the putamen and thalamus. The use of visually-paced tapping tasks
only revealed concordance within the left globus pallidus external
(GPe). These results suggest that the basal ganglia may be active
during both externally and internally generated motor tasks but only
for those externally generated tasks driven by an auditory cue.

The concordance within the dorsal premotor cortex (PMd; BA 6)
was lateralized based on task variation, with the visually-paced group
showing bilateral concordance, the auditorially-paced group in the right
PMd, and the self-paced group in the left PMd. With the exception of the
visually-paced group's clusters in the right PMd, none showed distinct
clusters of concordance in this region. Rather, the clusters comprising
the primary sensorimotor cortices extended anterior enough to
encompass the cortical region usually defined as the dorsal premotor
cortex, and the location of this extension in the left hemisphere was in
agreement with the region of the left PMd identified through a previous
meta-analysis study (Chouinard and Paus, 2006) as being involved in
the execution of simple movements in response to an external stimulus.
The premotor cortex, in general, has traditionally been associated with
the execution of movements under sensory guidance (Goldberg, 1985).
Removal of the PMd in humans, in particular, has been shown to disrupt
the ability to use arbitrary cues to withhold or perform a particular
movement (Petrides, 1982, 1985; Halsband and Passingham, 1982,
1985). More recently, Schubotz and von Cramon (2003) posited a
general trend for lateral premotor cortex dominance over externally
guided movements and medial premotor cortex dominance over
internally guided movements, implying that the premotor cortex is
involved in movement execution regardless of the presence or absence
of an external cue, which is confirmed by concordance within this
region for both the externally and internally paced tasks.

From Fig. 2B, one can observe a definite somatotopy to the
concordance cluster within the right dorsolateral prefrontal cortex
(DLPFC; BA 9), with the visually-paced group exhibiting concordance
in the lateral aspect and the self-paced group in the more medial aspect.
The DLPFC has been consistently linked to self-paced movements.
Jahanshahi et al. (1995) found greater activation within the DLPFC
during self-initiated movements. This study also noted, in line with
previous results (Deiber et al., 1991; Frith et al., 1991; Playford et al.,
1992) that the DLPFC was the area that significantly distinguished
internally generated movements from externally triggered movements,
especially in regards to internal temporal processing (Rao et al., 2001;
Thaut, 2003), so its observed concordance for visually-paced move-
ments is not in line with previous results. However, this area is also
associated with sustained attention (Pardo et al., 1991). It may be that
externally generated finger-tapping tasks that use a visual pacing
stimulus may not be as automatic as those the make use of an auditory
pacing stimulus.

The inferior parietal lobe (LPi; BA 40) has been linked to the
encoding of sequence-specific information (Honda et al., 1998; Jenkins

et al., 1994b; Rauch et al., 1995; Sakai et al., 1998) as well as
sensorimotor integration processes (Huttunen et al., 1996; Forss and
Jousmaki, 1998; Linn and Forss, 2002). Vaillancourt et al. (2006)
showed increased activation in right LPi, in conjunction with right PMd
and right PMy, in the presence of frequent visual pacing stimulus during
a visuomotor task. Its increased activity observed during internally
generated movements has been hypothesized to be a consequence of
increased attentional demands directed towards somatosensory input
from the limbs (Debaere et al., 2003).

As with the dorsal premotor cortices, the concordance in the bilateral
claustra was also lateralized based on task variation, with the cluster in
the left hemisphere corresponding to the auditorially-paced group and
that in the right hemisphere to the self-paced group. Activity in the
claustrum has been linked to sensorimotor integration (Edelstein and
Denaro, 2004). Neuroanatomical studies have shown that the non-
human primate claustrum shares reciprocal connections with structures
in the frontal lobe, including the motor, premotor, and cingulate cortices;
the visual cortices in the occiplital lobe; the temporal cortex; the parieto-
occipital and posterior parietal cortices; and somatosensory areas (Crick
and Koch, 2005). A prior PET study in humans revealed involvement of
the claustrum, along with the insula, in cross-model matching tasks that
require the simultaneous evaluation of information from more than one
sensory domain (Hadjikhani and Roland, 1998). The results from this
study, in particular, lend support to the hypothesis that the claustrum
serves to combine and bind different attributes of objects, both within
and across modalities. Crick and Koch (2005) further suggest that the
claustrum may contain specialized mechanisms that permit information
within its own extent to synchronize different perceptual, cognitive, and
motor modalities. That these two different pacing modalities activated
the left and right claustra separately suggest a potential segregation of
sensory processing within the claustrum.

The concordance seen in bilateral insula, right inferior frontal gyrus
(IFG), Brodmann's areas 18 and 37, and left posterior cerebellum,
specifically Crus I (Schmahmann et al., 1999) can all be related to the
processing of the visual pacing stimuli. Areas 18 and 37 are commonly
associated with the processing of visual information, and activity in
Crus I has been linked to visuomotor processing in the presence of
frequent but not infrequent visual stimuli (Vaillancourt et al., 2006).
Anatomic studies have shown that the insular cortex (BA 13) has
numerous afferent and efferent connections with a diverse array of brain
structures including the motor and somatosensory cortices (Augustine,
1996). With regard to its motor-related connections, researchers have
suggested that the insula plays an important role as a motor association
area involved in the movement of the upper limbs, including the hands
(Chollet et al., 1991; Weiller et al., 1992) and in saccadic movements of
the eyes (Petit et al., 1993). This region has also been shown to be
involved in a variety of timing tasks including interval sequence
encoding (Schubotz et al., 2000) and sensorimotor synchronization
(Rubia et al., 2000). Cerasa et al. (2006) proposed that this region, along
with the right IFG (BA 9), may guide the timing of sequential
movements through both the internal subvocalization of the interval
duration and multi-modal integration. This hypothesis is supported by
observed insular and right IFG activity during both acoustically (Rao
et al.,, 1997; Riecker et al., 2002) and visually (Cerasa et al., 2005;
Penhune et al., 1998) stimulated timing tasks.

The self-paced group exhibited small clusters of concordance
within the left inferior ventral premotor cortex (BA 6) and the right
cerebellar pyramis (VIII-IX; Schmahmann et al., 1999). The role
of the ventral premotor cortex is discussed more fully below in
relation to its observed concordance for the complex finger-tapping
tasks, but as it is most often associated with the execution of



350 S.T. Witt et al. / Neurolmage 42 (2008) 343—-356

visually guided movements (Kurata, 1993, 1994a; Rizzolatti et al.,
1996; Debaere et al., 2003), its apparent concordance for the self-
paced tapping task group represents a deviation from the accepted
role of the PMv. This suggests a role of the PMv in movement
beyond sensorimotor integration. There is little published about the
right cerebellar pyramis, however, Rijntjes et al. (1999) provided
evidence that it may be the location of a third homunculus. If this is
true, it is uncertain why activation was not seen in this area for all
finger-tapping task variations.

Brodmann's area 44 (frontal opercular cortex; inferior frontal
gyrus) has been connected to finger movements (Binkofski et al.,
1999; Harrington et al., 2000; Schlaug et al., 1994), motor
imagination (Decety et al., 1994; Grafton et al., 1996; Stephan
et al., 1995), motor learning (Seitz, 1992), and motor observation
(Haslinger et al., 2002; Chouinard and Paus, 2006). Rao et al. (1997)
found this region to be active during auditory continuation tasks,
suggesting that it may play a role in the internal timing of movements.
Studies have further found the right inferior fronal gyrus along with
the right superior temporal gyrus form a network associated with the
retrieval and rehearsal of auditory information, particularly in the
absence of any external stimulus (Zatorre et al., 1996), making this
network key in the subvocal rehearsal systems (Paulesu et al., 1993).
Additional studies have proposed that this region, along with the
lateral aspect of BA 6, forms the human ventral premotor cortex
(Tomaiuolo et al., 1999). Activity in the frontal opercular and ventral
premotor cortices has been linked to the learning of implicit and
explicit motor sequences (Hazeltine et al., 1997; Rauch et al., 1995;
Seitz, 1992) and novel visuomotor associations (Toni et al., 2001;
Toni et al., 2002). In non-human primates, studies have shown that
the ventral premotor cortex plays an important role during visually
guided movements (Kurata and Hoffman, 1994), so its concordance
for the auditorially-paced tasks — many of which are sequential
tapping tasks — may have more to do with the performance of the
sequential task as opposed to the modality of the pacing sequence.

The use or lack of a pacing stimulus has an effect on the network of
brain regions observed to be active during finger-tapping tasks. The use
of a visual stimulus requires the recruitment of a number of brain
regions distinct from either the use of an auditory stimulus or no
stimulus. This network includes the bilateral insula, right inferior
frontal gyrus (IFG), Brodmann's areas 18 and 37, and left posterior
cerebellum. The self-paced tasks appear to be more demanding than the
auditorily-paced tasks, necessitating more complex cognitive control,
as evidenced by observed concordance in several frontal and prefrontal
regions including more lateral aspects of the premotor and parietal
cortices, as well as the dorsolateral pretrontal cortex. The auditorily-
paced tasks did not appear to recruit many additional regions beyond
those observed in the main effects (Fig. 1). However, the observed
concordance in Brodmann's Area 44 is of interest, as while in this
region has previously been associated with the internal timing system,
its observed concordance during the auditorily-paced tasks, suggests a
role in both the internal timing system as well as the sensorimotor
integration of external, auditory pacing stimuli. Taken together, these
results suggest that there is a stronger distinction between the visually-
paced tasks and either the auditorily- or self-paced tasks than between
the auditorily- and self-paced tasks, as evidenced by greater overlap of
the ALE results for the auditorily- and self-paced tasks.

Task complexity effects

Comparing the studies based on the complexity of the tapping
task employed — RH index finger, RH multi-finger sequence, and

bimanual — conjunction analysis yielded common concordance in
the primary sensorimotor cortex, SMA, basal ganglia, and anterior
cerebellum. The concordance was contralateral to the dominant
hand for the RH index finger-tapping task group in all areas except
the anterior cerebellum, in which case it was bilateral. The
concordance within these executive regions was bilateral for the
bimanual tapping group, which was expected. It was also bilateral
for the sequence tapping group, even though the majority of the
studies included in this group used unimanual sequence tasks.

Concordance within the dorsal premotor cortices was again
lateralized based on task variation, with the RH index finger group
exhibiting bilateral clusters of concordance, the sequence group
right hemispherical, and the bimanual group left hemispherical. The
PMd, in addition to its afore-described role in integrating sensory
information into movements, has also been shown to be involved in
modulating movement frequency and complexity (Nakai et al.,
2003; Debaere et al., 2004; Ullén et al., 2003). Kermadi et al. (2000)
demonstrated that this region contains bimanual specific neurons,
with the left PMd playing a fundamental role in the control of
bimanual movements in right-handed subjects (Hlustik et al., 2002).
The right PMd has been shown to play a role in the execution of
motor sequences, even those performed with the dominant hand in
right-handed subjects (Sadato et al., 1996a). The cluster of
concordance centered on the right primary sensorimotor cortex for
the sequence tapping task group extended anterior into the cortical
area traditionally considered to be the PMd, supporting this
conclusion. However, the only definite concordance within the
right PMd was seen in the results for the RH index finger-tapping
group. Since the two clusters of concordance were in similar
locations to those seen for the auditorily- and visually-paced groups
(and likewise with the anterior extension of the left sensorimotor
cluster), their appearance in the RH index finger results may have
more to do with that group's inclusion of externally paced tapping
tasks, as opposed to the region's role in simple, dominant hand index
finger tapping. Particularly, the location of the anterior extension of
the left sensorimotor cortex into the left PMd — as discussed above
for in reference to the use of pacing stimuli — is in agreement with the
locus for simple movements in response to an external stimulus
(Chouinard and Paus, 2006).

The clusters of concordance in the ventral aspect of the premotor
cortex were located in the left hemisphere (BA 6) for the RH index
finger and sequence groups; the bimanual group also exhibited a
small cluster in the left hemisphere (BA 6), in addition to a larger
cluster in the right hemisphere (BA 44), where the role of BA 44 in
motor tasks and the PMv has been previously addressed in reference
to its observed concordance for the auditorily-paced tapping task
group. As stated above, the ventral premotor cortex has consistently
been shown to be active during visually guided movements (Kurata,
1993, 1994a; Rizzolatti et al., 1996; Debaere et al., 2003), especially
during reaching and grasping tasks (Kurata, 1994b, Kurata and
Hoffman, 1994; Kurata and Hoshi, 1999; Rizzolatti et al., 1987,
1990). Fogassi et al. (1992) posited that the PMv represents a body-
centered frame of reference which is involved in manipulating
movement direction towards a target location. Since all of the studies
used in these meta-analyses involved finger-tapping tasks, it is more
likely that the observed concordance within this region supports the
results of Stephan et al. (1995) who found activation within the left
PMy, in particular, during the execution of upper limb movements.
This suggests that PMv activity may constitute part of the normal
physiologic processes during finger movement. In addition to its role
in sensorimotor integration, the left PMv in particular has been
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implicated speech and language production, as its extent has been
shown to encompass part of Broca's region (Binkofski and Buccino,
2004), and as one of the key structures in the human mirror neuron
system, demonstrating activation during observation, execution, and
imitation of action (lacoboni et al., 1999; lacoboni and Dapretto,
2006).

As mentioned above, the inferior parietal lobe has been
implicated in the performance of sequential finger movements
(Jenkins et al., 1994a), confirmed by the concordance observed in
the right hemisphere for the RH multi-finger sequence group. A
large cluster of concordance was also observed in the right LPi for
the RH index finger-tapping group, suggesting that, in addition to
this region's role in sensorimotor integration and sequence
performance, it may play a role in the execution of movements in
general. There was also an apparent somatotopy within the right LP1,
with the region controlling sequence production and performance
located more anteriorly to that controlling sensorimotor integration
and general movement production. Such a functional dichotomy
within this region has not yet, to the best of the authors' knowledge,
been reported.

The roles of the insular cortex, right inferior frontal gyrus,
claustrum, and right dorsolateral prefrontal cortex have been
previously discussed in terms of their roles in externally paced
finger-tapping tasks. The observed concordance within these
regions for the RH index finger group is more likely due to the
inclusion of these studies using external pacing cues in the RH index
finger-tapping task group, as opposed any specific role these regions
have in simple, right hand index finger tapping. However in regards
to the insular cortex, its role in movement timing would seem to
suggest that this region should exhibit concordance for more than
just the visually-paced studies and RH index finger studies,
especially since this region is also implicated in such timing tasks
as interval sequence encoding (Schubotz et al., 2000) and
sensorimotor synchronization (Rubia et al., 2000). The concordance
cluster within the left DLPFC, observed for the RH index finger
group, cannot be fully explained, as this region has been implicated
in motor preparation for imitative tasks as well as in the selection and
combination of individual motor elements into new motor tasks
(Buccino et al., 2004), and the RH index finger-tapping tasks
employed by the studies were neither imitative nor novel.

Only the ALE maps for the RH multi-finger sequence tapping
task group showed concordance within bilateral posterior parietal
cortex (BA7, precuneus). Neurons in the posterior parietal cortex
(PPC) have been shown to be responsive to hand manipulation and
movements in extra-personal space (Mountcastle et al., 1975), and
the region itself'is thought of as an integrative system involved in the
processing of spatial aspects of movements (Boecker et al., 1998;
Sadato etal., 1996a; Roland et al., 1980a). Since finger-tapping tasks
do not necessitate extensive movements in extra-personal space, the
observed concordance within the PPC may suggest that this area is
also involved in the temporal aspects of the task, the integration of
sensory information into the movement sequence, as well as the
production of movement sequences in general (Gordon et al., 1998).
Studies have shown that this region, particularly the right PPC, is
active during complex sequential motor tasks (Boecker et al., 1998;
Jenkins et al., 1994a; Wenderoth et al., 2005; Grafton et al., 1992b).
Further studies have demonstrated the role of the PPC in the
integration of both auditory and visual cues into movement selection
and execution (Deiber et al., 1991; Grafton et al., 1992b; Jenkins
et al., 1994a). In addition to serving as a higher-order motor
structure, activity within the PPC has been linked to the executive

processing of working memory, in particular, updating, order, and
manipulation tasks (Wager and Smith, 2003). Further studies have
also demonstrated this region to be active during memory retrieval
(Buckner et al., 1996; Smith and Jonides, 1997; Krause et al., 1999;
Schmidt et al., 2002; Shannon and Buckner, 2004), suggesting that
activity in the posterior parietal cortex may be related to the retrieval
of a memorized sequence and its translation into a plan of execution
(Sakai et al., 1998) in addition to its above described role in the
temporal aspects and sensory integration of movement sequences.

Concordance for the bimanual tapping task group is observed in
the posterior cerebellum, vermal lobe VI/declive (Schmahmann
etal., 1999). Activity in the posterior cerebellum has been most often
linked to the temporal aspects of motor and visuospatial working
memory tasks (Geier et al., 2007; Jantzen et al., 2007; Simmonds
et al., 2007). Additionally, Habas et al. (2004b) demonstrated,
specifically, that vermal lobe VI may play a role in both simple and
complex bimanual movements. These results suggest that bimanual
movements may require additional temporal processing compared
with unimanual tasks.

Effects of tapping rate and proficiency

Although we included coordinates from studies specifically
employing tapping tasks of varying rates (Aramaki et al., 2006;
Blinkenberg et al., 1996; Jincke et al., 1999; Jancke et al., 2000a;
Kawashima et al., 1999; Lehéricy et al., 2006; Riecker et al., 2006;
Rounis et al., 2005), and previous studies have shown that the so
called “rate effect” can have an impact on the degree of both
cortical (Deiber et al., 1999; Jiancke et al., 1998; Lutz et al., 2005)
and subcortical (Lutz et al., 2005) activations, it would be difficult
for us to draw any conclusions regarding the effect of varying the
frequency of a tapping task would have on the observed clusters of
concordance. For all studies reporting a movement frequency, the
frequencies ranged from 0.25 to 4 Hz (average=1.73 Hz;
mode=2 Hz). There, as yet, does not appear to be a consensus
as to at what frequency or frequencies of movement the rate effect
becomes important (Deiber et al., 1999). Sadato et al. (1996b)
found peak SMA activation at 0.5 Hz, with decreasing activation at
higher frequencies. Blinkenberg et al. (1996), in contrast, found
peak SMA activation at 1 Hz, with decreasing activation at higher
frequencies less than 2 Hz; a second peak was reported at 4 Hz.
Finally, in regards to self-paced, repetitive simple movements in
young, healthy subjects, Diciotti et al. (2007) demonstrated that the
rate effect did was not a relevant source of variability in fMRI
signal for task frequencies ranging from 0.2 to 2 Hz. Since the
average and mode frequencies of movement reported were both
approximately 2 Hz, it is unlikely that the rate effect had any
significant impact on the results of our meta-analyses.

Enhanced training on motor tasks has also been shown to have an
effect on the level of activation observed in cortical motor structures,
particularly the primary sensorimotor cortex (Jancke et al., 2000c;
Koeneke et al., 2006a,b). Prior functional neuroimaging studies have
demonstrated an initial decrease in primary sensorimotor cortical
activation contralateral to the moving hand during motor skill
acquisition, followed by an enlargement in activation in this same
region during the course of motor training, which has been shown to
be sustained for up to 4 weeks post-training (Jancke et al., 2000c).
Motor skill acquisition has been suggested to occur in two discrete
stages: the first being a fast learning, initial, within-session
improvement phase and the second being a slow learning phase,
consisting of delayed, incremental gains in performance during



352 S.T. Witt et al. / Neurolmage 42 (2008) 343—-356

continued practice (Koeneke et al., 2006a). Only one study included
(Boecker et al., 1998) reported using an extended training period of
2 weeks, in an effort to allow the complex tapping sequences employed
to become more automatic. Of the remaining studies who reported
training (21 studies), all used training sessions just prior to scanning.
Although the majority of these studies merely indicated that training
had occurred, several studies did report the duration of these training
sessions, which lasted from a few minutes to up to an hour. As there is
no conclusive neurophysiological data demonstrating a clear effect of
the first stage of motor skill learning (Koeneke et al., 2006a), the lack of
consistency in reporting details on pre-scan training makes it again
difficult to assess what effect, if any this may have had on our results.

Conclusions

From the results of the meta-analyses performed, it appears that
the choice or lack of a pacing stimulus has a greater effect on the
network of brain regions consistently reported to be active than the
choice of a more complex tapping task. For all of the task
variations considered, though, the additional regions reported to be
active, beyond those involved in the general motor execution, seem
to be involved preferentially in the temporal aspects of the tapping
task. The use of a visual pacing stimulus seems to require a
network of brain regions that is distinct from either that observed
during the use of an auditory or no pacing stimulus. This suggests
that the network of brain regions necessary to integrate a visual
pacing stimulus into a simple motor task is separate from that for
an auditory pacing stimulus, however, further study examining the
effects of pacing stimuli on the performance of simple motor tasks
is warranted. The lack of diversity in brain networks consistently
reported during the two complex finger-tapping task variations
examined here suggests that further complexity, such as movement
in extra-personal space, may be required to fully elucidate the
network of brain regions necessary to execute truly complex motor
tasks.
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