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Abstract
Sensorimotor integration deficits are routinely observed in both schizophreniform and mood-
disordered psychoses. Neurobiological theories of schizophrenia and related psychoses have
proposed aberrations in large scale cortico-thalamic-cerebellar-thalamic-cortical loops may underlie
integration abnormalities, and that such dysfunctional connectivity may be central to the
pathophysiology. In this study, we utilized a basic mechanoreception task to probe cortical-cerebellar
circuitry in early-onset psychosis. Ten adolescents with psychosis and 10 controls completed
unilateral tactile stimulation of the right and left index finger, as whole-head
magnetoencephalography (MEG) data were acquired. MEG data were imaged in the frequency-
domain, using spatial filtering, and the resulting event-related synchronizations and
desynchronizations (ERS/ERD) were subjected to voxel-wise analyses of group and task effects
using statistical parametric mapping. Our results indicated bilateral ERD activation of cerebellar
regions and postcentral gyri in both groups during stimulation of either hand. Interestingly, during
left finger stimulations, adolescents with psychosis exhibited greater alpha and gamma ERD activity
in right cerebellar cortices relative to controls. Subjects with psychosis also showed greater ERD in
bilateral cerebellum and the right postcentral gyrus during right finger stimulation, and these
differences were statistically stronger for higher frequency bins. Lastly, controls exhibited greater
alpha ERS of the right postcentral gyrus during right finger stimulation. These findings provide new
data on the neurodevelopmental trajectory of basic mechanoreception in adolescents, and also
indicate aberrant cerebellar functioning in early-onset psychoses, especially in the right cerebellum,
which may be the crucial dysfunctional node in cortico-thalamic-cerebellar-thalamic-cortical
circuits.
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1. Introduction
A disruption in systems-level neuronal coordination (i.e., dysfunctional connectivity) has been
posited as central to the neurobiology of schizophrenia and other psychoses (Andreasen et al.,
1996, 1998; Friston, 1998). The majority of evidence supporting this notion has been gleaned
from neuroimaging studies, but the concept is also consistent with cognitive descriptions of
psychosis as the integration impairments found across sensorimotor tasks and in all sensory
modalities (Hemsley, 1996; Silverstein et al., 1996; Gray, 1998; Altshuler et al., 2004; Bombin
et al., 2005) could emerge from dysfunctional connectivity between involved neural systems.
Friston and colleagues have suggested the key pathology may lie in synaptic mechanisms
mediating operations of any given cortical region. These anomalous synaptic connections are
thought to partially originate from the ascending neuromodulatory transmitter systems (e.g.,
dopamine, acetylcholine), which ostensibly modulate learning-based synaptic changes and are
deviant in psychotic disorders (Friston, 1998). Such synaptic abnormalities presumably would
reduce the fidelity of interactions between constituent elements (i.e., brain regions) sub-serving
a given cognitive act, and eventually produce further pathology in the individual elements as
a secondary consequence of abnormal input-output dynamics (Friston and Frith, 1995; Friston,
1998). By contrast, Andreasen and colleagues have proposed that aberrant circuitry in cortical-
cerebellar-thalamic-cortical loops impairs information processing in psychosis by perturbing
the temporal correlations amongst distributed brain systems (Andreasen et al., 1996; Andreasen
1997, 1998). This disturbance in coordinating mental activity, termed cognitive dysmetria, is
argued to underlie sensory integration deficits as it would diminish the capacity to integrate
incoming stimuli with memory representations, which is essential for developing adaptive
responses to existing environmental parameters (Andreasen et al., 1996, 1998, 1999).
Dysmetria has been described as a universal consequence of cerebellar damage and refers to
a deficit in coordinated movement (see Schmahmann, 2004 for a review). Such deficits are
common in patients with psychoses, but disease correlates potentially linked to the cerebellum
are much more widespread (see Picard et al., 2008).

Although the pathophysiological emphasis strongly varies amongst theoretical accounts of
dysfunctional connectivity, the evidence on precise mechanism(s) is consistent with multiple
distinct interpretations. In fact, given existent data, a general abnormality in local inhibitory
cortical circuits (e.g., see Selemon et al., 1995; Woo et al., 1998; Del Arco and Mora, 1999;
Lewis et al., 1999; Freedman, 2003) could be the basic substrate, with systems-level
connectivity aberrations being more an emergent phenomenon. Such local networks of
inhibitory interneurons are critical substrates for the production and maintenance of gamma
frequency oscillations, as they are known to function as GABA-gated pacemakers for
neocortical oscillatory activity (Bragin et al., 1995; Whittington et al., 1995; Traub et al.,
1996; Singer, 1999; Grothe and Klump, 2000; Bartos et al., 2002; Porjesz et al., 2002; Bartos
et al., 2007). An organizing hypothesis supported by extensive neurophysiological data holds
that systems-level neural interactions are contingent on engaged regions transiently
synchronizing their neuronal discharges, most commonly at high (gamma-band) frequencies
(Singer, 1999; Bartos et al., 2007; Fries et al., 2007). When two or more neural areas are
intrinsically synchronized, their elemental contents may be bound through coherent
interactions (computational connectivity), given structural tracts exist between involved
regions (physical connectivity). Thus, gamma-frequency activity is thought to provide a bridge
between brain regions enabling information transfer (often within lower frequency bands),
which is necessary for sensory input and/or cognitive events to be reassembled accurately into
the perceptual experience. Thus, a deficiency in the production of synchronous gamma
oscillations would putatively be associated with the presence of abnormal inhibitory networks
and deficient systems-level coordination amongst information processing units; in other words,
dysfunctional connectivity.
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Several independent lines of evidence support an inhibitory deficit in schizophrenia and other
psychoses, including cellular data and numerous psychophysiological studies demonstrating
aberrant responses in tasks believed dependent on GABA-ergic functioning. For example,
investigations of the 40 Hz steady-state response have demonstrated abnormally diminished
power in adolescents (Wilson et al., 2008) and adults with mood-related or schizophreniform
psychoses (Kwon et al., 1999; O’Donnell et al., 2004). Studies of the P50 and analogous
auditory gating paradigms have consistently shown controls, but not psychotic patients, exhibit
reduced amplitude responses to test stimuli when they are preceded by conditioning stimuli
(Adler et al., 1982; Freedman et al., 1996). Deficits in latent inhibition, antisaccades, and
negative priming have also been observed in cognitive studies of adults with schizophrenia
(Lubow et al., 2000; MacQueen et al., 2003; Hutton et al., 2004; Vink et al., 2005), but the
degree to which these findings reflect inhibitory deficiencies remains unclear (Williams et al.,
1998; Bradshaw, 2001). As for cellular evidence, post-mortem studies of subjects with
psychosis have indicated a 40% selective decrease (statistically unrelated to medication) in the
axon terminal density of GABA-ergic interneurons that synapse exclusively with pyramidal
cells (Pierri et al., 1999). Similar post-mortem studies have illuminated the dendritic
projections of GABA-ergic interneurons are reduced in several cortical areas of the
schizophrenic brain (Selemon and Goldman-Rakic, 1999).

However, a series of transcranial magnetic stimulation (TMS) studies have offered perhaps the
most unequivocal evidence to date of dysfunctional inhibitory circuits in patients with
psychosis. Interestingly, a series of these studies have utilized motor paradigms to focus on
cortical-cortical and/or cortical-cerebellar-thalamic-cortical circuitry (for methodological
reviews, see Pascual-Leone et al., 1998; Chen, 2000; Ziemann and Hallett, 2000). For example,
several studies have used paired-pulse TMS in a conditioning stimulus - test stimulus model
to demonstrate reduced inhibitory function in motor cortex of adults with schizophrenia
(Daskalakis et al., 2002; Fitzgerald et al., 2002a; Pascual-Leone et al., 2002). Another method
of assessing cortical inhibition is to measure the suppression of voluntary tonic motor activity,
following TMS stimulation of primary motor cortices, and patients with psychosis have also
exhibited deficits in this measure of inhibitory function (Davey et al., 1997; Daskalakis et al.,
2002; Fitzgerald et al., 2002a). TMS paradigms that putatively gauge transcallosal inhibition
have revealed aberrant inhibitory functioning in subjects with psychotic symptoms (Boroojerdi
et al., 1999; Daskalakis et al., 2002; Fitzgerald et al., 2002b), although such effects are only
indirectly related to motor cortex. Finally, a preliminary study by Daskalakis et al. (2005)
indicated cerebellar inhibition was also reduced in patients with schizophrenia. The TMS
paradigm for assessing cerebellar inhibition putatively activates Purkinje cells, leading to a
decrease of the excitatory drive from the dentate and interpositus nuclei to the motor cortex
via the thalamus (Ugawa et al., 1995). Thus, an abnormality in either cerebellar-cortical
connectivity or Purkinje cell functioning could underlie such a deficiency in cerebellar
inhibition (Daskalakis et al., 2005).

In the current study, we investigate somatosensory circuitry in a group of normal adolescents
and a group with early-onset psychoses. Participants in our psychosis group had diagnoses of
psychotic bipolar disorder, schizoaffective disorder or schizophrenia. Comparing across
specific diagnoses is justified in the sense that there are likely biological markers shared in
common among specific manifestations of psychosis (e.g., Sigurdsson et al., 1999; Isohanni
et al., 2001) which relate more directly to psychosis (e.g., positive symptoms) than to other
phenotypes (e.g., negative symptoms, mood instability). Thus, by pooling across diagnoses
with shared phentotype, we aim to investigate neurobiological correlates specific to psychosis,
which unlike the unique symptomatology, are shared amongst disorders embodied in our
patient group. To this end, we subjected whole-head magnetoencephalography (MEG) data to
a frequency-domain spatial filtering technique to image neural responses that were either
evoked or induced by unilateral mechanoreceptive stimulation. The stimulation paradigm
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involved delivering a pulse of air to a rubber bladder attached to the pad of a single index finger
per block. Prior studies using similar tactile stimulation paradigms have relied largely on dipole
modeling in the time-domain, and thus have not illuminated brain areas showing induced
activations. Analyses in the time-domain involve averaging raw amplitude measurements (i.e.,
femtoTeslas in MEG and microvolts in EEG) data-point by data-point in reference to the
occurrence of an event to create an averaged waveform for the trial (i.e., an event-related
potential (ERP) or field (ERF)). For neural activity to survive such averaging, it must be time-
locked and phase-locked (i.e., evoked activity) to the event or stimulus of interest. Most
commonly, neural activity fitting these criteria is of low-frequency and tends to dissipate in
amplitude as a function of time (i.e., phase-locking is most common in early primary sensory
responses). In contrast, frequency-domain analyses involve averaging signal power within pre-
specified time ranges and frequency bands. These techniques do not require neural activity to
be phase-locked to the stimulus and are also more lax on signals being time-locked (i.e., roughly
time-locked responses are captured). Thus, frequency-domain methods are sensitive to a
broader spectrum of neural activity (i.e., induced and evoked activity) and are especially useful
for examining higher frequency responses, as these rarely survive time-domain averaging (i.e.,
such activity is not phase-locked). However, this additional sensitivity comes at the price of
temporal precision as frequency domain analyses provide only a temporal range for neural
activity (e.g., 50–150 ms) whereas time-domain analyses provide peak response latencies that
are accurate to the limit imposed by the sampling rate of the recording. The objective of the
present study was to examine activation across a range of frequencies in both groups, and
ascertain which cerebellar and rolandic brain regions showed significant power differences as
a function of group. We hypothesized that adolescents with psychoses would exhibit more
activation relative to controls ipsilateral to stimulation due abnormal inhibitory circuitry in
cortical and cerebellar somatosensory cortices.

2. Methods
2.1. Subject selection

We studied 10 adolescents with psychosis (7 male) and 10 typically-developing controls (4
male). The two groups were statistically equivalent in full-scale IQ, education, age at MEG
scan, parental socio-economic status, sex, and handedness. Additional demographic
information is provided in Table 1. In the psychosis group, three subjects were diagnosed with
schizoaffective disorder, three with bipolar I disorder (with psychotic features), and the
remaining four had schizophrenia. All patients were in outpatient treatment. At time of study,
one patient was un-medicated, one was taking only a psycho-stimulant, and eight were taking
multiple medications at least one of which was an atypical antipsychotic. Upon entering this
study, all participant diagnoses in the psychosis group were confirmed using the Schedule for
Affective Disorders and Schizophrenia for School-Age Children – Present and Lifetime
Version (K-SADS-PL; Kaufman et al., 1997), and a review of medical records. Exclusionary
criteria included any medical illness affecting CNS function, confounding-dual diagnoses,
neurological disorder, history of head trauma, and current substance abuse. Comparison
subjects met the same exclusionary criteria, but had no history of Axis I disorder or first-degree
relatives with an Axis I diagnosis; all were recruited from the local community. Informed
consent was obtained in accord with guidelines of the Colorado Multiple Institutional Review
Board.

2.2. Experimental paradigm
Single pneumatic pressure pulses were applied to the volar distal pad of the index finger by
means of a 1 cm diameter rubber bladder encased in plastic housing (4-D Neuroimaging, San
Diego, CA, USA). Each pressure pulse was of 200 ms duration with a constant inter-stimulus-
interval of 1.5 s. At least 1000 trials per hand were collected with the order of hand stimulated
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being counterbalanced in each group. Throughout the paradigm, participants watched a silent
video to promote a consistent state of alertness while supine in a magnetically-shielded room
(MSR).

2.3. Data acquisition
With an acquisition bandwidth of 0.1–400 Hz, neuromagnetic responses were sampled in epoch
mode at 1017 Hz using a Magnes 3600 WH equipped with 248 first-order axial-gradiometers
(4-D Neuroimaging, San Diego, CA, USA). Each epoch was of 250 ms duration, including a
50 ms pre-stimulus baseline. MEG data were subjected to a noise filter subtracting the external,
non-biological noise obtained through the MEG reference channels.

Prior to MEG measurement, five coils were attached to the subject’s head and the locations of
these coils, together with the three fiducial points and scalp surface, were determined with a
3-D digitizer (Fastrak 3SF0002, Polhemus Navigator Sciences, Colchester, VT, USA). Once
the subject was positioned inside the MSR, an electric current was fed to the coils. This induced
a measurable magnetic field and allowed the coils to be localized in reference to the sensors.
Since coil locations were also known in head coordinates, all MEG measurements could be
transformed into a common coordinate system. With this coordinate system (including the
scalp surface points) we coregistered each participant’s MEG data with their structural T1-
weighted MRI data prior to source imaging (for MR acquisition parameters, see Rojas et al.,
2005) using the BrainVoyager 2000 software (Version 4.9; Brain Innovations, The
Netherlands).

2.4. MEG pre-processing
Artifact rejection was based on a fixed threshold method (MEG level exceeding +/− 1.2 pT),
supplemented with visual inspection. Artifact-free epochs from each condition were
transformed into the time-frequency domain using complex demodulation (Paap and Ktonas,
1977; Hoechstetter et al., 2004), and the resulting spectral density power estimations per sensor
were averaged over trials to generate time-frequency displays of complex spectral density.
These data were normalized by dividing the power value of each post-stimulus time-frequency
bin by the respective frequency’s baseline power, calculated as the mean power during the time
period preceding stimulus onset. This normalization procedure allowed task-related power
fluctuations to be readily visualized in sensor space (i.e., normalized time-frequency
spectrograms per sensor), and once identified the neural regions generating these event-related
synchronizations (ERS; power increases) or desynchronizations (ERD; power decreases) could
be scrutinized by examining these time-frequency windows with a beamformer. In the
beamformer output, brain regions generating the ERS activity (as reflected in sensor space)
show amplitude increases relative to baseline whereas the ERD areas show current amplitude
decreases.

In agreement with previous studies, pressure pulse tactile stimulation elicited robust responses
from ~35–100 ms post-stimulus onset, with signals returning to baseline levels thereafter in
all participants (Yang et al., 1993; Hoechstetter et al., 2001; Iguchi et al., 2001; Druschky et
al., 2003). To our knowledge, earlier studies using comparable stimuli have relied on time-
domain averaging followed by dipole modeling, thus the frequency range(s) of interest and the
nature of any induced responses have remained an open question. We focused on four
frequency bands of equal width spanning 8–46 Hz in the current study, as at least 80% of the
sample showed task-related responses across this frequency range, thus reflecting the degree
of consistency necessary to reach significance in a one-tailed chi-square test. This approach
narrowed the frequency bands of interest to 8–16, 18–26, 28–36, and 38–46 Hz. These bands
were imaged separately using the 40–90 ms post-stimulus window to focus on the time period
of maximum response (i.e., MEG signal). The main objective in imaging frequency bands
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separately was to distinguish regions where activity may be predominantly at higher
frequencies. With regard to the lower frequency bands, we do not claim statistical independence
between the imaged window of time and the proximal samples occurring immediately before
and after this specific time period, due to the lower time resolution inherent in lower frequency
signals.

2.5. MEG source imaging
Cortical networks were imaged through an extension of the linearly constrained minimum
variance vector beamformer (Gross et al., 2001), which employs spatial filters in the frequency
domain to calculate source power for the entire brain volume. The single images are derived
from the cross spectral densities of all combinations of MEG sensors averaged over the time-
frequency range of interest, and the solution of the forward problem for each location on a grid
specified by input voxel space. Following convention, the source power in these images was
normalized per condition and subject using a separately averaged pre-stimulus noise period of
equal duration and bandwidth (van Veen et al., 1997). In principle, the beamformer operator
generates a spatial filter for each grid point (i.e., fixed dipole), which passes signals without
attenuation from the given neural region while minimizing interference from activity in all
other brain areas. The properties of these filters are entirely determined from the MEG
covariance matrix and the forward solution for each grid point in the image space (i.e., brain
space), which are used to allocate sensitivity weights to each sensor in the array for each voxel
in the brain (for a review, see Hillebrand et al., 2005). In this study, sensitivity weights were
calculated for every voxel in the brain and anatomical masks (see below) were applied to the
beamformer output images (i.e., the whole brain volume).

Normalized source power was computed for the selected frequency bands over the entire brain
volume per condition. Each subject’s functional images and corresponding structural volume
were transferred into SPM2 (Statistical Parametric Mapping; Wellcome Department of
Cognitive Neurology, London, UK), where the MRI volume was transformed into standardized
space (MNI; Montreal Neurological Institute, Montreal, Canada). This MNI transform was
then applied to all functional images, which were co-registered to the subject’s structural
volume prior to source imaging, and these spatially normalized functional images were
resampled to 4.5 × 4.5 × 4.5 mm resolution.

2.6. Statistical analyses
The effect of group was examined separately using a random effects analysis for each frequency
band per condition. In addition, one-sample t-tests were conducted to probe activation patterns
per frequency and condition observed across adolescent groups. To reduce the risk of false
positive results while increasing sensitivity, a masking procedure was used to circumvent
statistical problems posed by whole-brain analyses (i.e., multiple comparisons). This mask
included only cortical regions encompassing basic mechanoreceptive circuitry, and those
reported in comparable studies of the M50 and related responses (Yang et al., 1993;
Hoechstetter et al., 2001; Iguchi et al., 2001; Druschky et al., 2003), with the primary goal
being to ensure statistical tests were performed only on neural regions of a priori interest.
Initially, a grey matter mask was constructed by averaging segmentation results across the
sample using SPM2. This mask was reduced further to include only cortices of bilateral
cerebellar regions and pre- and post-central gyri using the automated anatomical labeling
template (AAL; Tzourio-Mazoyer et al., 2002) implemented in the WFU Pickatlas (Maldjian
et al., 2003, 2004).

Finally, several recent papers have highlighted the issue of inhomogeneous spatial smoothness
in beamformer images (e.g., Gross et al., 2003; Barnes and Hillebrand, 2003; Barnes et al.,
2004), and suggested non-parametric permutation tests may be a more appropriate approach
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(e.g., see Singh et al., 2003). Thus, in the current study, the same group-wise statistical
comparisons described above were also performed using mean voxel value in a multi-group
single-condition design implemented SnPM3 (Nichols and Holmes, 2002). The results of these
analyses were essentially identical to those following the parametric approach, as activation
clusters in the uncorrected SPM (P < 0.05) were also present in the SnPM (P < 0.05) of the
same comparison. Given the parametric and non-parametric results were largely congruent
(i.e., only minor extent differences), the Results section focuses only on the parametric analyses
for conciseness.

3. Results
3.1. Activation by task

Table 2 shows the brain regions and coordinates for the cluster maxima across groups for each
condition and frequency bin. Maps collapsing across group (Figures 1 and 2) were thresholded
at P < 0.001 (corrected, FWE) and inspected for regions of significant ERS or ERD. For tactile
stimulation of the left index finger, several brain regions exhibited significant ERD across
frequency bins of interest. These regions included right cerebellar cortices (8–16, 18–26, 28–
36, 38–46 Hz), and the left postcentral and right pre- and post-central gyri (18–26, 28–36, 38–
46 Hz; see Figure 1). In the 8–16 Hz band, ERD activity in left cerebellar cortex, right rolandic
opercularis, and left precentral gyrus was also detected.

Stimulation of the right index finger also elicited ERD activation that was not frequency-
specific in several brain areas. These regions included right cerebellar cortices and the left
postcentral gyrus (8–16, 18–26, 38–46 Hz; see Figure 2). ERD of the right superior parietal
was detected only in the 18–26 Hz band, and ERD activity centering on the right central sulcus
was found in the 38–46 Hz range. Finally, ERD in the 28–36 Hz bin indicated the right
postcentral gyrus, left inferior parietal, and left cerebellum. Consistent with the left finger,
neural areas showing significant ERS were not found.

3.2. Group-wise comparisons
Group-wise comparisons for each frequency band and condition are shown in Table 3, with
coordinates for each cluster maxima. Functional maps were initially thresholded at P < 0.01
(uncorrected), with suprathreshold clusters being further scrutinized using the spherical small
volume correction (7 mm) tool implemented in SPM2. This section will focus on clusters
surviving correction, but information about the uncorrected clusters is also provided and both
are listed in Table 3.

Stimulation of the left index finger elicited greater ERD activity in subjects with psychosis
relative to controls in multiple frequency bins. Interestingly, right cerebellar cortices exhibited
greater ERD in the psychosis group across the 8–16, 28–36, and 38–46 Hz bands, with distinct
maxima for each frequency bin (see Figure 3A–C). For the 8–16 Hz band, the cerebellar ERD
activity was near the superior and most posterior medial aspects of cerebellum crus II. Likewise,
the ERD maxima at 28–36 Hz was also found in the most posterior medial areas of right
cerebellar crus II, but with a substantially inferior activation maximum. The 38–46 Hz ERD
activity centered on the most medial regions of the right cerebellar lobule 7b, but extended
bilaterally through most of the cerebellum (Figure 3C). Stronger ERD activity in the psychosis
group was also found in the right post-central gyrus (8–16 Hz) and the left pre-central gyrus
(38–46 Hz), but these areas did not survive statistical correction. Furthermore, the uncorrected
data suggested greater 8–16 Hz ERS in the psychosis group of a more anterior and lateral
aspect, relative to the ERD maxima described above, of the right cerebellum crus II.
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Data from the right hand stimulation condition showed some surprising congruencies with that
observed for the left hand. ERD of the 8–16 Hz band indicated activity in superior and posterior
aspects of the right cerebellar crus II was stronger in the psychosis group. Adolescents with
psychosis also exhibited greater 28–36 and 38–46 Hz ERD in the right post-central gyrus (see
Figure 4). For the 38–46 Hz band, the psychosis group subjects showed significantly more
ERD activity in bilateral regions of the cerebellum, including three distinct clusters centered
on superior areas of right cerebellar crus I (Figure 4), the most medial regions of left cerebellar
crus II, and a cluster in posterior left cerebellar crus II. Additional activations not surviving
statistical correction, but suggesting greater ERD in patients, included left (28–36 Hz) and right
(18–26 Hz) cerebellar lobule VI, right cerebellar crus I (28–36 Hz), and the left post-central
gyrus (28–36 Hz). Lastly, typically-developing adolescents exhibited significantly greater ERS
in the right post-central gyrus, adjacent to the hand-knob “omega-sign” region of the precentral
gyrus (Figure 5).

4. Discussion
We examined the neural correlates of unilateral mechanoreceptive stimulation in a group of
healthy adolescents and a matched sample with psychosis. Across these groups, bilateral ERD
activation of postcentral gyrus and cerebellum was observed for both unilateral left and right
index finger stimulations. These activations rarely exhibited frequency specificity, although
they tended to be more statistically robust for higher frequency bands (e.g., 28–36 and 38–46
Hz). Condition-specific ERD activations were found in bilateral precentral gyrus (left
stimulation) and bilateral parietal areas (right stimulation). With regard to primary hypotheses,
adolescents with psychosis showed greater ERD activation in alpha and gamma frequencies
in right posterior cerebellar cortices during left hand tactile stimulation. For the right hand
condition, the psychosis group exhibited stronger ERD activity in bilateral cerebellum and the
right postcentral gyrus. Activation in left cerebellar cortices and the right postcentral gyrus was
observed only at higher gamma frequencies, whereas right cerebellar activity was more
broadband. Finally, controls showed significantly more ERS in the right postcentral gyrus in
response to right finger stimulation. These findings extend previous reports of
mechanoreceptive processing by providing developmental data, as well as new details on the
frequency of responses and the involvement of additional brain regions that are likely
exhibiting induced activity to tactile stimulation. Importantly, these results also indicate
abnormalities in the right postcentral gyrus and bilateral cerebellum in adolescents with
psychosis. Below, we discuss the overall findings and integrate group-specific data with
general dysfunctional connectivity accounts of psychosis (e.g., Andreasen et al., 1996; Friston
1998), but with a particular emphasis on the role of local inhibitory cortical circuits in large-
scale regional interactions.

To our knowledge, this is the first report of cerebellar activation during a mechanoreceptive
stimulation task in adults or children (Yang et al., 1993; Hoechstetter et al., 2001; Iguchi et al.,
2001; Druschky et al., 2003; Reite et al., 2003). This finding could reflect an additional
processing node in the somatosensory system of adolescents that becomes less involved
through maturation, or perhaps a more basic difference related to the data analytic procedures
employed in the current study. Previous investigations have utilized single-dipole modeling
techniques on time-domain averaged data, and often these analyses have been performed using
data from limited coverage arrays (i.e., instruments without whole-head coverage; Yang et al.,
1993; Iguchi et al., 2001; Druschky et al., 2003; Reite et al., 2003). Thus, most studies of
mechanoreception have either not been able to sample cerebellar activity or have focused
analyses on phase-locked responses only. The cerebellar activation detected here may be an
induced response (i.e., not phased-locked), especially those observed at higher frequencies
(e.g., 18–26, 28–36, and 38–46 Hz), as our source analysis methods would be sensitive to both
evoked and induced activity. Furthermore, we observed some differences in the frequency-
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specificity of cerebellar activity across conditions. Mainly, left hand stimulations elicited two
distinct clusters of 8–16 Hz activity in left cerebellum, along with broadband activity in right
cerebellar cortices (i.e., 8–46 Hz). In contrast, stimulation of the right index finger showed a
broader spectrum of left cerebellum activation (18–36 Hz), along with a more narrow range of
frequencies indicating significant power in the right cerebellum (8–26, 38–46 Hz). The
functional significance of these patterns remains an unclear, although the higher frequency
activations observed in each condition likely reflect induced responses. Our other findings of
significant activation in bilateral sensorimotor cortices are more commonplace and have been
reported in somatosensory tasks that used electrical stimulation (Hari and Forss, 1999; Ihara
et al., 2003) and various forms of mechanical stimulation, including lightly brushing of skin
(Cheyne et al., 2003; Gaetz et al. 2006) and pneumatic pressure stimuli (Hoechstetter et al.,
2001; Druschky et al., 2003). Interestingly, across both stimulation conditions we observed
bilateral activation in sensorimotor cortex for beta and gamma frequencies (18–46 Hz), which
partially coincides with reports of bilateral activity in the 10–28 Hz range of healthy adults
(Cheyne et al., 2003).

The greater ERD activation of cerebellar cortices exhibited by adolescents with psychosis is
likely our most important finding, as it indicates abnormalities in cortical-cerebellar-thalamic-
cortical loops emerge early in the disease process and provides crucial information concerning
the nature of connectivity disruptions in psychosis. First, it is important to consider the
cerebellum’s place in the overall mechanoreceptive processing network. Based on the signal’s
late latency relative to the initial response from primary somatosensory cortex, we believe the
cerebellar activation observed in this study is post-cortical, meaning the neural signal likely
transversed spinal-thalamic-cortico-thalamic-cerebellar-thalamic-cortical pathways.
Furthermore, once the signal initially reached contralateral somatosensory cortices, parallel
signals may have been relayed to ipsilateral homologue cortices (via callosal projections)
resulting in bilateral cerebellum activation via the thalamus. If cortical efferents were driving
cerebellar activation, it would partially explain the strict right cerebellum involvement in left
hand stimulation and the more bilateral cerebellar activation observed for right hand
stimulation. Essentially, the greater right cerebellar ERD activation in both conditions likely
indicates greater aberration relative to left hemispheric homologue cortices in these psychotic
adolescents. A prior study of individuals at high risk for schizophrenia indicated significant
gray matter density reductions were limited to right cerebellar regions and the left temporal
lobe 2–3 years preceding disease onset (Job et al., 2005). Likewise, several studies have shown
bilateral decreases in cerebellar volume of psychotic adults, but attempts to link neural and
clinical-behavioral indices have been more successful for the right cerebellar hemisphere
(Mendrek et al., 2004; Bottmer et al., 2005; Walter et al., 2007). As per the greater left cerebellar
activation observed in the psychosis group, this may be secondary to the higher activation
observed in the right post-central gyrus. Another possibility is that this higher cerebellar
activation is secondary to abnormal callosal inhibition, which is discussed further below.

Beyond the cerebellum, early-onset patients also exhibited abnormalities in cortical
sensorimotor regions ipsilateral to tactile stimulation. This overall pattern was clearly apparent
in both conditions, but only survived statistical correction for right hand stimulations. This
included greater ERD of the 28–46 Hz band in the right post-central gyrus of patients, and
greater ERS of alpha band in the same cortices of controls. These findings could possibly reflect
deficits in transcallosal inhibition, local GABA-ergic circuitry, or a combination of both.
Recent TMS studies have strongly supported aberrant transcallosal inhibition during
sensorimotor processing in schizophrenia (Boroojerdi et al., 1999; Daskalakis et al., 2002;
Fitzgerald et al., 2002b), and related TMS findings suggest a similar mechanism may underlie
the motor overflow deficits also common in psychotic patients (Hoy et al., 2007). These
involuntary mirror-like movements of the limb contralateral to the one being voluntarily
moved, often referred to as motor overflow, are present in virtually all young children but
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usually abate long before normal children reach adolescence. However, in psychosis patients
motor overflow abnormalities are known to persist into adulthood, as they are commonly
observed in neurological soft sign investigations (for a review, see Bombin et al., 2005) and
have even been linked to specific regions of the corpus callosum (Hoppner et al., 2001). Thus,
in regard to current findings, the areas of increased ERD and decreased ERS in early-onset
patients may reflect inhibitory networks that were not properly stimulated due to anomalous
callosal efferents. If this were the case, one would expect abnormally increased activation (i.e.,
ERD) and decreased deactivation in neighboring brain regions (Singh et al., 2002), which is
consistent with these data.

In conclusion, these findings indicate aberrations in cortical and cerebellar circuits serving
basic mechanoreception in adolescents with psychosis. The anomalous cortical activations may
reflect commonly observed corpus callosum dysfunction (Woodruff et al., 1995), abnormal
GABA-ergic interneurons or functional synapses, generic inhibitory deficits, or a host of other
mechanisms. Interestingly, the cortical findings in the psychosis group all indicated greater
ERD activation restricted to the higher frequencies (28–46 Hz). Overall, these findings of
aberrant high-frequency perturbations in psychosis are consistent with other work showing
inhibitory deficits such as the TMS studies which have demonstrated deficits of cortical
inhibition in the motor (Fitzgerald et al., 2002a) and the cerebellar cortices (Daskalakis et al.,
2005), along with a significant reduction in transcollosal inhibitory functioning in patients with
psychosis (Boroojerdi et al., 1999; Fitzgerald et al., 2002b). More broadly, the findings support
models positing deficient parietal and cerebellar somatosensory feedback loops as central to
the misattribution of self-generated actions in schizophrenia (Blakemore, 2003; Blakemore
and Frith, 2003). These data augment dysfunctional connectivity theories of psychosis
(Andreasen et al., 1996, 1998; Friston, 1998) by supplying more evidence of inhibitory
mechanisms as a basic deficit that may give rise to deficiencies in long-range systems-level
connectivity. The observed greater ERS activity in the ipsilateral post-central gyrus of normal-
developers is also indicative of decreased inhibition in patients. Such ERS responses can be
interpreted as a power increase in the baseline idle frequency of these cortices which, in
response to ipsilateral stimulation, presumably functions as an aid in left/right sensory
localization. In addition, the current data supplements the basic developmental literature on
somatosensory functioning in adolescents. Future MEG studies using whole-brain analysis
techniques will need to ascertain whether cerebellar involvement in mechanoreception extends
into adulthood. Finally, it is important to recognize limitations of this work including the small
sample size, inherent difficulty of diagnostic specificity in cases of early-onset psychosis, and
the relatively unknown effects of medication on neuronal indices, all of which limit the
generalizability of these findings. Another caveat to this and related work is that functional
connectivity aberrations cannot be considered specific to psychosis as they have been reported
in other conditions such as autistic disorder (Just et al., 2004), which may indicate these
anomalies are better understood as nonspecific risk factors for a variety of neurodevelopmental
disorders.
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Figure 1.
Task Effect for Left Hand Stimulation. Neural areas within the analysis mask that exhibited
significant ERD activity in the beta-band (18–26 Hz) following mechanoreceptive stimulation
of the left finger pad (collapsed across groups). Activation was observed in the right precentral
gyrus, right cerebellum, and bilaterally in postcentral gyri. Images are shown in neurological
convention (P < 0.001, corrected-FWE).
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Figure 2.
Right Hand Stimulation. Significant ERD activation in the alpha band (8–16 Hz) elicited by
right finger stimulation (collapsed across groups) was restricted to the contralateral postcentral
gyrus and right cerebellar areas (not shown) of the mask. Lines in sagittal image (bottom right)
show the placement of shown axial slices in the volume. Images are in neurological convention
(threshold: P < 0.001, corrected-FWE).
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Figure 3.
Figure 3A–C. Group Effect for Left Finger Stimulation. Significantly greater ERD of cerebellar
cortices was observed in patients across three separate frequency bands. In (AC), all images
are displayed Patients > Controls at a threshold of P < 0.05, uncorrected, with the center axial
image containing the cluster maxima and the sagittal image (far right of row) showing the
placement of displayed slices in the volume. (A) Images of alpha-band (8–16 Hz) activity are
shown indicating greater activation strongly lateralized to the right cerebellum. In (B), greater
gamma ERD activity (28–36 Hz) in patients across an extended, but very inferior, volume is
displayed with the maxima in the most posterior aspects of right cerebellar crus II. (C) High-
gamma ERD (38–46 Hz) was greater in patients in most areas of the cerebellum, with a maxima
in medial and inferior parts of the right hemisphere lobule 7b. Note the superior placement of
the two axial slices on the right of (C). All images are shown in neurological convention.
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Figure 4.
Masked Brain Regions More Active in Patients for Right Finger Stimulation. Patients exhibited
greater ERD activation in the high-gamma band (36–48 Hz) in ipsilateral postcentral gyrus
and cerebellum during right index finger stimulation. As shown, activity in right somatosensory
cortex extended inferiorly and anteriorly covering a large of the gyrus. As with left finger
stimulation, greater cerebellar activation in 36–38 Hz band extended through large parts of the
structure, but differences were statistically greater in the right. Images are shown (P < 0.05,
uncorrected) in neurological convention.
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Figure 5.
Masked Neural Areas More Active in Controls during Right Hand Stimulation. Cortices
showing greater alpha-band ERS in controls were confined to ipsilateral regions of the
postcentral gyrus. Greater ERS indicates an increase in the frequency-band relative to the
baseline background activity in this brain region, which likely reflects transcallosal inhibition
in these normally-developing adolescents. Lines in sagittal image (bottom right) show the
placement of shown axial slices in the volume. Images are in neurological convention
(threshold: P < 0.05, uncorrected).
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Table 1
Demographic Information

Variable M, SD:Controls M, SD:Patients t-Statistic (df) P-value

Age 15.82 (1.8) 14.64 (2.1) 1.36 (18) n.s.

Handednessa 0.72 (0.41) 0.75 (0.13) 0.25 (18) n.s.

Educationb 9.40 (0.97) 8.80 (1.69) 0.98 (18) n.s.

Full-Scale IQc 109.60 (14) 97.80 (14) 1.91 (18) n.s.

Parental SESd 36.95 (18.9) 41.75 (18.4) 0.57 (18) n.s.

Age at onset 11.20 (2.97)

a
Based on the Annett Handedness Scale (Annett, 1985).

b
Listed in years.

c
Wechsler Abbreviated Scale of Intelligence (WASI).

d
Based on the Hollingshead method (Hollingshead, 1975).
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