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Abstract: Over the past two decades neuroimaging data have accumulated showing that the cerebellum,
traditionally viewed only as a motor structure, is also active in a wide variety of sensory and cognitive
tasks. We have proposed that instead of explicit involvement in any particular motor, sensory, or
cognitive task, the cerebellum performs a much more fundamental computation involving the active
acquisition of sensory data. We carried out an activation likelihood estimate (ALE) meta-analysis to
determine whether neuroimaging results obtained during a wide range of auditory tasks support this
proposal. Specifically, we analyzed the coordinates of 231 activation foci obtained in 15 different auditory
studies selected through an extensive search of the positron emission tomography (PET) and functional
magnetic resonance imaging (fMRI) literature. The studies selected represent a wide variety of purely
auditory tasks using highly controlled synthesized acoustic stimuli. The results clearly revealed that in
addition to temporal auditory areas of cerebral cortex, specific regions in the cerebellum are activated
consistently across studies regardless of the particular auditory task involved. In particular, one area in
left lateral crus I area showed the greatest volume and ALE peak value among the extratemporal regions.
A subanalysis was carried out that ruled out the specific association of this cerebellar cluster with
attentional demand. The results are consistent with the hypothesis that the cerebellum may play a role in
purely sensory auditory processing, and are discussed in light of the broader idea of the cerebellum
subserving a fundamental sensory function. Hum Brain Mapp 25:118 –128, 2005. © 2005 Wiley-Liss, Inc.
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A growing body of evidence suggests that the cerebellum,
long believed to be involved primarily in motor control, may
actually contribute to a much wider range of behaviors
[Ackermann and Hertrich, 2000; Bower, 2002; Desmond,
2001; Desmond and Fiez, 1998; Fiez, 1996; Houk, 1997; Justus
and Ivry, 2001; Marien et al., 2001; Rapoport et al., 2000; Saab
and Willis, 2003; Schmahmann, 1997, 2000, 2004; Silveri and
Misciagna, 2000]. Based largely on recent advancements in
neuroimaging techniques, there are in particular a growing
number of suggestions about cerebellar involvement in a
wide variety of cognitive and perceptual activities, including
temporal processing [Ivry and Keele, 1989; Jueptner et al.,
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1995; Nichelli et al., 1996; Pastor et al., 2004], language
production and comprehension [Desmond et al., 1997; Justus, 2004; Petersen et al., 1989; Silveri et al., 1994; Xiang et al.,
2003], spatial reasoning [Bracke-Tolmitt et al., 1989; Parsons
et al., 1995], visual perception of motion, speed, and direction [Ivry and Diener, 1991; Thier et al., 1999], visual attention [Allen et al., 1997], color discrimination [Claeys et al.,
2003], tactile and proprioceptive information processing
[Blakemore et al., 1998; Jueptner et al., 1997; Seitz et al.,
1991], olfaction [Ferdon and Murphy, 2003; Sobel et al.,
1998], nociception [Helmchen et al., 2004; Saab and Willis,
2001, 2002], as well as sensory and cognitive states related to
thirst [Parsons et al., 2000a], affect [Levisohn et al., 2000;
Schmahmann and Schermann, 1998], and the perception of
music [Parsons, 2001]. As a result, within the past 10 years,
speculations regarding cerebellar function have arguably
undergone the largest expansion seen for any brain structure
in the last 100 years.
Based on our previous studies of tactile/sensory receiving
areas of the rat cerebellum [Bower and Woolston, 1983;
Bower and Kassell, 1990; Gundappa-Sulur et al., 1999; Hartmann and Bower, 2001], we have proposed what we consider a more fundamental and potentially unifying hypothesis: that the cerebellum is actually performing a sensory
rather than a motor or specific cognitive function [Bower,
1997, 2002; Bower and Kassel, 1990]. Specifically, we suggest
that the cerebellum is involved in regulating the acquisition
of sensory data across all modalities, evaluating those data
in very close to real-time, and then rapidly influencing the
structures acquiring the data to assure that the highest possible quality sensory data are obtained for use by the rest of
the nervous system. In this view, cerebellar computation
provides a supporting role for a wide range of sensory,
motor, and cognitive tasks and should be especially active
for tasks that are computationally more difficult and therefore require a finer level of sensory data control [Bower,
1997, 2002]. In our previous human somatosensory neuroimaging experiments, we have demonstrated the predicted
strong correlation between the level of cerebellar activation
and the use of somatosensory (tactile) information in a sensory discrimination task [Gao et al., 1996]. These studies
showed almost no activation in the lateral cerebellum with
fine finger movements, unless those movements required a
task involving tactile sensory data discrimination. We have
also reported similar results in other cerebellum-related
structures [Liu et al., 2000; Pu et al., 1998].
Although these results are consistent with our hypothesis,
the fact that the somatosensory system, like most other
sensory systems (e.g., vision, taste, and olfaction), uses body
movements to control sensory data acquisition makes it
harder to distinguish between sensory and motor function.
For this reason, we have begun to explore the possible role
of the cerebellum in the sensory performance of the auditory
system, where fine sensory perception is possible without
any overt body movements [Parsons et al., 2000b]. Based on
our sensory data acquisition hypothesis [Bower, 1997, 2002;
Bower and Kassel, 1990], we have specifically predicted that
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auditory perceptual tasks in the absence of any overt movements should generate specific and reproducible foci of activation within the cerebellum. In fact, it has been known
since the 1940s [Snider and Stowell, 1944] that the cerebellum responds to acoustic stimuli, interestingly, at shorter
latencies than the auditory cortex does. Despite having been
confirmed repeatedly across different animal species [Aitikin and Boyd, 1975; Huang and Liu, 1990; Sun et al., 1983;
Wolfe and Kos, 1975; Xi et al., 1994], we know of no positron
emission tomography (PET) or functional magnetic resonance imaging (fMRI) studies that have tested specifically
for a purely sensory role for the cerebellum in auditory
processing. Instead, most studies have focused on higherlevel aspects of auditory processing, such as the timing and
duration of sounds for speech perception [Mathiak et al.,
2002, 2004], processing of stimuli presentation rate [Ackermann et al., 2001; Pastor et al., 2002], or perceptual timing in
general [Jueptner et al., 1995; Mangels et al., 1998; Nichelli et
al., 1996]. Again, our hypothesis posits that cerebellar involvement in audition is more fundamental, operating at the
level of the basic mechanisms of active auditory sensory
data acquisition.
The absence of any study that tests specifically for a general auditory function for the cerebellum makes this problem an ideal application for a cross-study meta-analysis.
Accordingly, we have used the activation likelihood estimate (ALE) meta-analytic procedure developed by Turkeltaub et al. [2002] to determine whether consistent patterns of cerebellar activation are associated with the
presentation of auditory stimuli in humans, irrespective of
the specifics of the associated sensory task and in the absence of variations in emotional or cognitive state or explicit
motor performance. This method combines the coordinates
of activation maxima from multiple studies into an ALE
map for the brain, revealing interstudy consistencies that
may not be immediately evident by simple visual comparison of individual reports. Specifically, we analyzed the coordinates of 231 activation foci elicited by a variety of auditory tasks and stimuli in 15 different studies chosen to
normalize across cognitive, emotion, and motor task components. The results revealed several consistently activated
regions of the cerebellum including a large but previously
unrecognized auditory activation area in the anterior lateral
cerebellar cortex, which seems activated consistently in response to auditory stimuli alone. The results are interpreted
in the context of current theories of cerebellar function.

MATERIALS AND METHODS
Literature Search
We used three methods to locate studies for this metaanalysis: (1) Medline and Web of Science databases were
searched through September 2004 using the keywords
positron emission tomography and functional magnetic resonance
imaging (including acronyms and synonyms such as PET,
fMRI, regional cerebral blood flow, BOLD, etc.) cross-referenced
with audit*, hear*, listen*, sound*, acoustic, tone*, click*, and

119

!

!

Petacchi et al. !

noise, where * indicates a wild-card; (2) we searched Web of
Science database for articles that cited the works selected
with the previous method (Cited Reference Search); and (3)
we reviewed the reference lists of all the selected articles.
Several hundred articles were obtained and reviewed as a
result of this procedure.

Inclusion Criteria
Of the identified articles, we included studies in this metaanalysis if they fulfilled six specific criteria. First, studies had
to be published in a peer-reviewed journal. Second, they had
to report the coordinates of activation maxima in standardized stereotaxic space. Third, the imaged brain volume in a
study had to include both the cerebrum and cerebellum
entirely; all brain areas in the acquired images had to be
analyzed for activations, not just regions of interest, because
the analysis carried out here was probabilistic in nature, and
it was therefore important that all brain areas had equal
chance to be represented. Fourth, subjects had to be reported
to be healthy individuals with no reported neurological or
psychiatric history (we excluded studies that specifically
indicated that the subjects had musical training). Fifth, studies had to contain at least one contrast involving low-level,
non-cognitively nor emotionally connotated, aspects of auditory processing. Accordingly, we excluded studies that
used human vocal sounds, environmental sounds, machinery noises, musical instruments, and music to avoid stimuli
that might elicit speech analysis, imagery, or emotional responses and therefore contaminate the meta-analysis with
nonsensory elements. The sixth criterion was that contrasts
in a study had to either exclude motor tasks (button press,
finger lifting, etc.) or control for them by subtraction between conditions. For each article evaluated, the printed text
was the primary source of information about the study.
When the information contained in an article was not sufficient, we contacted the authors for clarification and in several cases were provided additional data not included in the
articles [e.g., Dittmann-Balcar et al., 2001; Lockwood et al.,
1999; Zatorre et al., 2002a].
Of several hundred articles evaluated, 17 articles satisfied
our criteria. Despite the relatively small size of our sample,
further selection was carried out to avoid bias generated by
the overrepresentation of particular experiments, tasks, or
particular experimental groups. For example, the 17 articles
included three reports from the same research group on the
perception of sound movement [Griffiths et al., 1994, 1998,
2000]. To avoid bias in our sample, we elected to include
only the latest study because (as also stressed by the authors) it confirmed the previous findings by means of improved protocol and analysis. We decided not to exclude an
article by this group addressing a similar theoretical issue
(perception of sounds rotating around the head) [Griffiths
and Green, 1999] because tasks, stimuli, and imaging modality differed from the other articles.
From the remaining 15 studies, we selected sets of coordinates for the meta-analysis by choosing only those contrasts
that met the fifth and sixth inclusion criteria. This yielded 37
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contrasts that were also filtered further to avoid overrepresentation. Specifically, from Lockwood et al. [1999] we selected
two of eight contrasts, specifically, those at 70 dB HL, which
was an average intensity level falling in the intensity level
range used in the other included studies. We did not include
the contrasts at 30, 50, and 90 dB hearing level (HL) because the
inclusion of conditions differing only for slight variations of
one parameter would have inflated the weight of this study in
the meta-analysis. Furthermore, the perception of differences
in sound intensity was addressed with more specificity in
another selected article [Belin et al., 1998] using an intensity
discrimination paradigm. Again, to avoid overrepresenting
data from similar tasks, we decided not to include the secondary contrasts from Griffiths and Green [1999] and Griffiths et al.
[2000] that subanalyzed minor differences in the perception of
clockwise and anticlockwise sound rotation around the head (9
foci total), and sound movement to the left and to the right (43
foci total), respectively.
In summary, our final pool of studies for the meta-analysis consisted of 15 articles spanning July 1997 to August
2004. There were 27 selected contrasts encompassing a wide
variety of passive and active auditory tasks and highly
controlled synthesized stimuli, for a total of 231 foci. Table I
shows the list of selected articles and contrasts and provides
a summary of the main parameters of interest. These articles
have been coded and input into the BrainMap database
(online at http://www.brainmap.org) where they are available for further reference.

Procedure
Before analysis, the coordinates from studies that used the
Montreal Neurological Institute (MNI) templates were transformed to Talairach coordinate space [Brett, 1999]. Once all the
coordinates were in Talairach space, they were imported into a
Java-based version of ALE software developed at the Research
Imaging Center (online at http://www.brainmap.org/ale) and
analyzed with a fully automated procedure. The Talairach
space was divided into 2 mm ! 2 mm ! 2 mm voxels and a
whole-brain ALE map created by modeling the foci as localization probability distributions centered at the given coordinates, and for each voxel calculating the probability each focus
was located within that particular voxel using a 3D Gaussian
function of 12 mm full-width half-maximum (FWHM), computing the ALE value as the union of these probabilities, and
then assessing statistical significance using the threshold determined by a permutation test of randomly generated sets of foci.
Detailed description of the ALE method and the statistical test
employed can be found in Turkeltaub et al. [2002] and Laird et
al. [2005a,b]. For purposes of visualization, the ALE map was
imported into AFNI software [Cox, 1996] and masked using an
International Consortium for Brain Mapping (ICBM) template
normalized to Talairach space [Kochunov et al., 2002].
With the same procedure, a second ALE map was generated to subanalyze the 10 studies containing only passive
listening tasks (see Table I). This subsample was obtained by
removing the five active listening discriminative studies
from our total sample [i.e., Belin et al., 1998, 2002; Poeppel et
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TABLE I. Summary of studies included in the meta-analysis
Article and contrasts
Passive listening
Ackermann et al., 2001
Main effecta
1st-order effecta
2nd-order effect
Griffiths and Green, 1999
Combined sounds vs. resta
Rotating vs. coherent
Griffiths et al., 2000
Movement vs. stationarya
Lockwood et al., 1999
0.5 kHz, 70 dB HL vs. resta
4.0 kHz, 70 dB HL vs. resta
Ortuño et al., 2002
Main effect listeninga
Pastor et al., 2002
All frequencies vs. rest
40 Hz vs. groupeda
Rao et al., 1997
Listening vs. rest
Reyes et al., 2004
Pure tones vs. rest
40 Hz AM vs. rest
40 Hz AM vs. pure tone
Sevostianov et al., 2002
Ignore deviant vs. ignore standarda
Thivard et al., 2000
Stationary vs. rest
SM vs. rest
SM vs. stationary
Active listening
Belin et al., 1998
Intensity discr. vs. standard soundsa
Belin et al., 2002
Duration discr. vs. standard soundsa
Poeppel et al., 2004
FM sweeps vs. resta
van Dijk and Backes, 2003
Simultaneous masking vs. resta
Backward masking vs. rest
Simultaneous vs. backwarda
Backward vs. simultaneous
Vouloumanos et al., 2001
Complex nonspeech vs. simple tones

Imaging
modality

n

Filter
(mm)

fMRI

8

10

Stimuli

Clicks

Stimuli
presentation

Foci

Binaural
6
2
3

PET

6

16

Broadband noise

Binaural
5
4

fMRI

4

8

Pure tones

Binaural

PET

12

10

Pure tones

Monaural R

22
21
13
PET

10

12

Clicks

Binaural

PET

9

10

Clicks

Monaural R

9
5
2
fMRI

13

8

PET

9

11 ! 12 ! 14

Pure tones

Binaural

AM tones, pure tones

Monaural R

3
4
4
2
PET

18

10

Pure tones

Monaural R/L

PET

8

15

Complex sounds

Binaural

16
6
6
4
PET

7

12

Complex tones

Binaural

PET

7

12

Complex tones

Binaural

PET

10

15 ! 15 ! 9

FM pure tones

Free field

fMRI

8

8

Tone pulses, noise bursts

Monaural R

6
19
34
13
9
5
3
fMRI

15

8

Complex sounds, pure tones

Binaural
5

Total

231

a

Contrasts containing cerebellar activations in indicated study.
AM, amplitude modulated; FM, frequency modulated; HL, hearing level; SM, spectral motion.

al., 2004; van Dijk and Backes, 2003; Vouloumanos et al.,
2001] and consisted of 19 contrasts for 137 foci in total.

RESULTS
The ALE meta-analysis carried out on all 15 articles revealed 11 clusters of significant likelihood for activation
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found in bilateral auditory cortex, bilateral cerebellum, right
prefrontal association cortex, right anterior insula, and right
parietal association cortex. Figure 1 shows these locations in
horizontal sections selected at the z-axis value of each cluster’s ALE maximum. The coordinates and ALE value for
each of the local maxima, as well as the volume of the
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Figure 1.
Brain regions showing significant likelihood for activation in gyrus (higher-order auditory cortex). F: Left cerebellum-lobule
response to auditory processing across all studies. A: Right V. G: Right cerebellum-lobule V. H: Left cerebellum-lateral
inferior parietal lobule. B: Right middle frontal gyrus. C: Left crus I, and right cerebellum-posterior crus II. I: Right cerebeltransverse temporal gyrus (AI) and right superior temporal lum-posterior crus I.
gyrus (AII). D: Right anterior insula. E: Left superior temporal
corresponding cluster, are reported in Table II. As can be
seen, the highest probabilities for activation in the cerebral
cortex were found in the primary and secondary auditory
cortex, and in addition above threshold activation regions

were also found in the left transverse temporal gyrus and in
the right superior temporal gyrus. Within the temporal lobe,
an additional peak was identified more anterior, in the higher-order auditory cortex of the left superior temporal gyrus.

TABLE II. Locations of significant ALE maxima
Coordinates
Region
Auditory cortex
Left transverse temporal gyrus
Right superior temporal gyrus
Left superior temporal gyrus
Cerebellum
Left cerebellum, crus I
Right cerebellum, lobule V
Right cerebellum, crus I
Left cerebellum, lobule V
Right cerebellum, crus II
Right hemisphere
Right middle frontal gyrus
Right anterior insula
Right inferior parietal lobule

BA

x

y

z

Volume (mm3)

ALE (!10"3)*

41
42
22

"40
60
"50

"26
"20
2

10
10
"6

11032
9608
768

27.20
20.32
11.66

"44
28
26
"20
4

"50
"38
"76
"50
"82

"32
"28
"36
"22
"32

1048
336
312
184
152

10.33
10.26
10.00
8.99
7.88

34
36
48

38
18
"46

12
4
46

416
1024
528

10.00
9.89
9.72

10
40

Nomenclature of cerebral areas and corresponding Brodmann areas (BA) is based on Talairach and Tournoux [1988]. Cerebellar regions are
designated according to Schmahmann et al. [2000].
*P # 0.01, corresponding ALE threshold value $ 6.00 ! 10"3.
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Figure 2.
A: Location of cerebellar ALE clusters (coronal sections). All the
areas consistently activated during auditory tasks are hemispheric
and concentrated in a restricted range along the z-axis. B: The
largest cerebellar ALE cluster (maximum at x, y, z $ "44, "50,
"32) extends from crus I (x, y, z $ "48, "60, "38) to lobule VI
(x, y, z $ "40, "46, "24). The sagittal view (left image) shows the
extension of this cluster compared to the largest temporal cluster.

Figure 3.
A: Comparison of the right hemispheric areas presumed to be
related to attention when meta-analysis was carried out including
(left) or excluding (right) tasks involving auditory discrimination.
B: Comparison of the largest region of cerebellar activation when
meta-analysis was carried out including (left) or excluding (right)
tasks involving auditory discrimination. Note slight change in the
ALE maximum.

Cerebellar ALE Patterns

the left. The two peaks in the left and right cerebellar lobule
V showed a higher degree of symmetry, whereas the cerebellar cluster in the medial posterior crus II area with the
smallest volume and ALE value was only found on the right
side.

As also summarized in Figure 1, five peaks are seen
clearly in the cerebellum: lateral crus I area of the left hemisphere, bilateral hemispheric lobule V, and posterior crus I
and II areas in the right hemisphere. As shown in Figure 2A,
all peaks found in the cerebellum were hemispheric, with no
consistent pattern of activations in the vermal or paravermal
regions. Furthermore, the ALE cerebellar clusters seemed
contained within a restricted range along the z-axis (between z $ "22 and z $ "36). Among the cerebellar areas,
the largest volume was for a region extending between crus
I and lobule VI (Fig. 2B). Overall, the extent of this cluster
was exceeded only by the two main regions in bilateral
primary and secondary auditory cortex (see Table II). This
cerebellar activation showed some lateralized symmetry
with the maximum in the right crus I, although the right
peak was smaller in volume and more posterior than that on
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Right Cerebral Hemispheric Maxima and
Subanalysis of Passive Listening Studies
Finally, although the primary focus of this study was
patterns of cerebellar activation, the meta-analysis also revealed three consistently lateralized peaks in the right cerebral hemisphere comparable by volume and ALE value with
the smaller clusters seen in the cerebellum. One cluster was
seen in the inferior parietal lobule, and the other two anteriorly in the middle frontal gyrus and anterior insula (Fig.
1A,B,D, respectively). A subanalysis of the data (Fig. 3A)
indicated that the right cerebral hemispheric clusters were
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no longer present when the five active listening studies were
removed from the sample and only the 10 passive listening
studies were analyzed. As shown in Figure 3B, removing
these studies had a much less profound effect on the largest
cerebellar cluster found in lateral crus I, resulting in a minor
modification of its shape and a slight reduction of the peak
ALE value.

DISCUSSION
The primary aim of this study was to determine whether
auditory processing tasks alone, independent of the particular task design or auditory stimulus, were sufficient to
consistently activate neuroimaging signals in the human
cerebellum. Our ALE meta-analysis revealed that five cerebellar areas show a significant likelihood for activation
across the range of tasks represented in this analysis. We
first consider the plausibility of the overall analysis by examining the results obtained in auditory regions of cerebral
cortex. We then address the cerebellar results in the context
of anatomical and physiological evidence supporting its
possible general role in auditory function, and more generally in sensory processes.

Auditory Cortex
As would be expected, the primary auditory cortices
showed the greatest likelihood for activation in this analysis.
As also expected, the wide variety of tasks, contrasts, and
stimuli chosen for this meta-analysis resulted in a considerable extension of the ALE clusters over a large region of
auditory cortex. Although these clusters covered the most
part of primary and secondary auditory cortex, the left
hemispheric cluster was somewhat larger and peaks more
medial than on the right. The lateralization of auditory
cortical functions, observed in numerous studies before,
continues to be an active area of investigation [Lauter et al.,
1985; Poeppel et al., 2004; Tervaniemi and Hugdahl, 2003;
Woldorff et al., 1999; Zatorre and Belin, 2001; Zatorre et al.,
2002b], and might be an interesting subject for its own
meta-analysis, but is outside the focus of the current work.
Beyond the perhaps not-too-surprising preservation of
primary auditory responses, closer examination of cortical
activation regions also showed several more focused and
lateralized patterns of consistent activation in the frontal and
parietal regions of the right hemisphere (Fig. 1A,B,D). As
discussed in more detail below, these activations have been
associated previously with tasks involving increased attentional demand [Pardo et al., 1991; Paus et al., 1997; Sturm et
al., 2004; Zatorre et al., 1999]. The most important point for
the current report is that the presence of both larger and
smaller scale cortical auditory activation patterns suggests
that the patterns of cerebellar activity emerging from the
meta-analysis could also be considered generally characteristic of the brain’s response to an auditory input irrespective
of the particular tasks involved.
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Response Patterns in the Cerebellum
The primary purpose of this study was to determine
whether auditory processing studies in general consistently
activated the cerebellum in the absence of specific cognitive,
emotional, or motor elements. Our hypothesis suggesting a
role for the cerebellum in the control of sensory data acquisition [Bower, 1997, 2002; Bower and Kassel, 1990; Bower
and Parsons, 2003], predicts that this should be the case.
The basic results presented here support this conjecture.
Overall, the presence of cerebellar activations across the
selected studies was constant as it was observed in 11 of 15
articles (73.3%) and in 13 of 27 contrasts (48.1%), for a total
of 39 of 239 foci (16.0%). Furthermore, the ALE meta-analysis revealed that 5 of 11 total areas consistently activated
during auditory processing were located in the cerebellum,
and that the cluster with the largest volume after the auditory cortex itself was located in the left lateral crus I of the
cerebellum (Table II). Moreover, its maximum showed the
fourth highest ALE value after the three temporal peaks. The
ALE meta-analysis indicated a good level of concordance for
the location of cerebellar foci across studies, even though
these studies differed greatly in tasks, contrasts, and stimuli,
ranging from passive listening to pure tones [Lockwood et
al., 1999; Sevostianov et al., 2002] or clicks [Ackermann et al.,
2001; Ortuño et al., 2002; Pastor et al., 2002] to various types
of active auditory discrimination [Belin et al., 1998, 2002;
Poeppel et al., 2004] and masking tasks [van Dijk and
Backes, 2003]. Because imaging studies explicitly manipulating cognitive, emotion, or motor confounds were specifically
excluded from this study, cerebellar activation also did not
depend on variations in these conditions. Although the relatively few neuroimaging studies intended specifically to
examine cerebellar auditory responses have designed their
tasks to focus on one or another hypothesized specific function [e.g., timing: Ackermann et al., 2001; Pastor et al., 2002;
speech processing: Mathiak et al., 2002; 2004], our data suggest that the revealed cerebellar activations are more likely
related to the general processing of auditory stimuli. This is
the kind of result that can be revealed most clearly by a
meta-analysis of multiple published studies.

Anatomical and Physiological Support for the
Cerebellar Imaging Results
Although imaging data clearly can be used to infer function, it is important that functional interpretations also have
a solid basis in the anatomy and physiology of the neural
circuits under study. Physiologically, it was shown 60 years
ago in cats that auditory stimuli alone induce strong short
latency responses in the cerebellum [Snider and Stowell,
1944]. Subsequent physiological studies have confirmed the
same result across different animal species [Aitikin and
Boyd, 1975; Huang and Liu, 1990; Sun et al., 1983; Wolfe and
Kos, 1975; Xi et al., 1994]. It has also been demonstrated
anatomically that the cochlear nucleus, the first relay nucleus along the auditory pathway, sends efferents directly to
the cerebellum [Huang et al., 1982] and together with the
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superior olive directly receives retrograde cerebellifugal
projections [Gacek, 1973; Rossi et al., 1967]. Although the
functional significance of this direct cerebellar projection
close to the auditory periphery has been little considered, it
has been shown that the cerebellum can exert an inhibitory
effect on the auditory nerve action potentials and on cochlear microphonics [Velluti and Crispino, 1979]. Furthermore, central structures such as the inferior colliculus, the
medial geniculate body, and the auditory cortex have also
been shown to communicate indirectly with the cerebellum
via the dorsolateral pontine nuclei [Aitkin and Boyd, 1978;
Huffman and Henson, 1990], providing abundant support
for a cerebellar role in primary auditory processing both
centrally and peripherally.

The Cerebellum and Attention
As described, our meta-analysis suggests that the cerebellum is just as likely to be activated by general auditory tasks
as is the auditory cortex, and therefore may very well provide as generalized a function. Accordingly, we suggest that
cerebellar imaging tasks built around hypotheses for cerebellar involvement in very specific sensory or cognitive tasks
(for example, perceptual timing [Ivry and Keele, 1989])
should control for such a generalized function. Of the many
new cognitive theories for cerebellar function, perhaps the
most difficult to control in this way are those proposing a
cerebellar role in attention [Akshoomoff and Courchesne,
1992; Allen et al., 1997; Gottwald et al., 2003; Le et al., 1998].
The presence in our ALE map of activation clusters in the
right frontal and parietal lobe of the cerebral cortex provided a
means to test the specific association of the cerebellar activation
regions with the control of attentional mechanisms. Specifically, these right hemispheric cortical regions have been associated previously with a network proposed to be involved in
the control of attentional mechanisms [Pardo et al., 1991; Paus
et al., 1997; Sturm et al., 2004; Zatorre et al., 1999]. Consistent
with this suggestion, when we removed the five studies from
our pool that were based on active listening discriminative
tasks [i.e., Belin et al., 1998, 2002; Poeppel et al., 2004; van Dijk
and Backes, 2003; Vouloumanos et al., 2001], these regions no
longer appeared in our ALE map (Fig. 3A). As shown in Figure
3B, removing these studies modified the shape only slightly
and slightly reduced the peak ALE value for the large lateral
cluster in crus I and had a similar effect on activations in
auditory cortex. This result suggests, once again, that at least
this region of the cerebellum is associated with some general
auditory function rather than any particular cognitive activity
such as attention. Although the parameter of interest of the
maps shown in this study is probability of occurrence across
studies rather than magnitude, the increased local likelihood of
activation with discriminative tasks is reminiscent of the results
of our original somatosensory imaging studies in which activation of the lateral cerebellar nuclei was greatest when the
sensory information was being used for discrimination [Gao et
al., 1996]. We interpret both results to support the hypothesis
that the involvement of the cerebellum in sensory processing
may very well be ramped up or down depending on the
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demand for sensory data [Bower, 2002]; however, this conclusion must be qualified by the relatively small number of studies available for analysis. The results of this meta-analysis
suggest that levels of cerebellar activation might very well scale
with increased sensory demand, a prediction which could be
tested using imaging techniques.

CONCLUSIONS
In conclusion, this meta-analysis supports a general role
for the cerebellum in auditory sensory processing, consistent
with our larger hypothesis for its involvement in the control
of sensory data acquisition in general [Bower, 1997, 2002;
Bower and Parsons, 2003]. Although the data presented here
do not prove the case, the analysis at least demonstrates,
once again, that consistent cerebellar responses can be obtained in the absence of motor behavior and in the presence
of pure sensory stimulation. Further, we would predict that
human neuroimaging studies should consistently find cerebellar activation patterns, especially in the lateral regions of
crus I, regardless of the nature of the auditory task involved.
Our theory predicts that the amplitude of those responses
should scale with the degree of complexity of the auditory
task, and therefore the demand for high-quality sensory
data. Unfortunately, the literature on auditory activation
patterns in the cerebellum remains too sparse to test this
prediction using meta-analytical techniques. Finally, we
would predict that disruption or removal of this region of
the cerebellum is likely to interfere with fundamental aspects of auditory processing (e.g., pitch perception or sound
localization). Such a general role for the cerebellum in primary audition is supported phylogenetically by the close
evolutionary association of the cerebellum with the lateral
line and the auditory portion of the hindbrain [Devor, 2000;
Paulin, 1993]. Based on the evolutionary history of the cerebellum and the data shown here, it seems reasonable to
suggest that further analysis of the cerebellar role in audition, even in humans, will provide an important new perspective on the general function of this large and important
brain structure.
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