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Abstract
Schizophrenia is often accompanied by disturbances in motor behavior thought to result from
abnormalities in the brain’s timing mechanisms. Virtually all behavior has a motor component,
and proper regulation of motor behavior is often dependent upon accurate registration of
somatosensory input. This study utilizes the steady state evoked response (SSR), to quantify the
accuracy of timing of the neocortical response to rapidly presented tactile somatosensory stimuli
in patients with schizophrenia compared to control subjects. We used magnetic evoked fields and
source space projection to estimate the time course of equivalent current sources in somatosensory
cortex. Wavelet based time-frequency analysis was used to compute intertrial timing consistency
and amplitudes. SSR’s in schizophrenic subjects demonstrated decreased performance in both
metrics to contralateral 25 Hz tactile stimulation. Previous studies have reported similar
abnormalities in the SSR in both auditory and visual domains. The magnetic SSR to tactile stimuli
is thought to reflect activation of layer 3 pyramidal cells in primary sensory cortex, thus these
findings, as in other sensory domains, are suggestive of impaired GABAergic inhibitory
interneuronal control of the timing of pyramidal cell activity. This deficit may be intrinsic to
neocortex, or might reflect as well impairment of cerebellar and/or thalamic involvement. These
findings reinforce the notion that abnormalities in the brain’s timing mechanisms are a central
component of the schizophrenia syndrome.
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1. Introduction
Motor control abnormalities are prominent in schizophrenia. These range widely and include
unusual or poorly coordinated motor behaviors observed in home movies of very young
children who later develop schizophrenia (Walker and Lewine, 1990), abnormal motor
behaviors and control seen in patients prior to and after development of the disorder (Tarrant
and Jones, 1999), abnormal motor function on neuropsychological testing (Hoff et al.,
1996), abnormal neurological soft signs (Krebs et al., 2000, Chan and Gottesman, 2008),
and abnormal generation and/or processing and interpretation of the corollary discharge
(efference copy) accompanying motor acts - believed essential for separation of thoughts
and actions generated by self from those of other persons (Feinberg, 1978, Ford and
Mathalon, 2004, Ford et al., 2008). Accuracy of all such motor behaviors is dependent in
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part upon accuracy of somatosensory feedback. Central to such accuracy is timing. Beta-
band oscillations in the somatosensory cortex are synchronized with those in motor cortex
and this is thought to be a possible mechanism for the mediation of corticomuscular
coherence (see Baker, 2007 for a review). Inaccurate or noisy somatosensory feedback will
likely result in impaired generation, coordination, and interpretation of motor behavior.
While numerous studies have demonstrated abnormalities in somatosensory evoked
potentials (Furlong et al., 1990, Shagass et al., 1978, Josiassen et al., 1988, Norra et al.,
2004, Waberski et al., 2004) and evoked fields (Reite et al., 2003, Thoma et al., 2007,
Huang et al., 2010) in schizophrenia, few have good time resolution or are able to postulate
specific mechanisms.

Evoked potential/ evoked field studies involving neocortical driving using rapidly repeating
stimuli which evoke a steady state response (SSR) are a metric that provides both high time
resolution as well as a likely mechanism underlying their generation. The phase control of
individual SSR components in auditory and visual domains has been suggested as being a
representation of neocortical GABAergic activity of interneurons which control layer 3
pyramidal cell firing in the sensory cortex (McBain and Fisahn, 2001). In a study
demonstrating increased corticomotoneuronal excitability in response to somatosensory
stimulation (Kaelin-Lang et al., 2002), it was found that the GABAA receptor agonist
Lorazepam blocked the effect whereas neither placebo nor dextromethorphan had any effect.
The authors speculate that this pharmacologic modulation of the inhibitory cortical
GABAergic neurotransmission system might explain the reduction in excitability and
supports the general concept of GABAergic mediation of somatosensory cortex.

Intertrial phase control of the SSR response (termed phase locking factor or PLF) provides a
high resolution measure of the accuracy of neocortical timing mechanisms, abnormalities in
which have been previously found in both auditory and visual domains in schizophrenia
(Teale et al., 2008, Brenner et al., 2009). In the auditory realm the stimuli are often 40 Hz
click trains or tones amplitude modulated by 30 – 50 Hz sine waves. In the visual context
stimuli may be light flashes or checkerboard alternation occurring in the 7 – 30 Hz range. In
our case we utilized a tactile stimulation rate of 25 Hz, which was informed by a number of
previous studies. The optimum frequency for vibrotactile steady state stimulation is
probably somewhat variable by individual but several studies have demonstrated good SSR
responses with frequencies in the medium to high beta range. Snyder (Snyder, 1995) found
the best signal to noise ratio to be associated with 26 Hz stimulation using an 8 cm diameter
mechanically shaken sphere which engaged all fingers and the palm. Tobimatsu and
colleagues (Tobimatsu, et al., 1999) describe maximum response to 21 Hz oscillation using
a 9 cm spherical shell, and Nangini and colleagues (Nangini et al., 2006) reported good
results with finger stimulation using 22 Hz driving a bladder type stimulator with the right
index finger. We performed several pilot studies utilizing our tactile stimulator and found
the optimal SSR response at 25 Hz. This was done with three volunteers in our lab using
stimulus rates from 10 to 100 Hz in steps of 5 Hz. All three subjects demonstrated maximal
response at 25 Hz.

In this study we utilized the somatosensory SSR to tactile stimulation as a method to
estimate somatosensory neocortical timing mechanisms central to motor control, a method,
to our knowledge, not previously reported in schizophrenia. We hypothesized that the phase
locking factor and related evoked amplitude would be diminished in subjects with
schizophrenia as they have been in the other sensory modalities investigated to date.
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2. Methods
2.1 Subjects

We studied 13 patients with schizophrenia (six female, mean age 46 ± 7). We compared
their data with that of eighteen comparison subjects (8 female, mean age 40 ± 12). There
was no statistically significant difference in age between the groups (t(30) = 1.6024, p =
0.1195). Diagnosis was determined using the Diagnostic and Statistical Manual of Mental
Disorders, Fourth Edition (DSMIV-TR) (American Psychiatric Association, 2000) criteria
based on structured diagnostic interviews; Structured Clinical Interview for DSMIV-TR, and
Diagnostic Interview for Genetic Studies (SCID and DIGS) (First et al., 1995, Nurnberger et
al., 1994), and information obtained from medical records. All subjects received a full
explanation of the experimental procedures in accordance with the guidelines of the
Colorado Multiple Institutional Review Board, and signed informed consent documents to
that effect. All patients with schizophrenia were taking antipsychotic medications. Nine
were taking only, atypicals, two were on typicals only (haloperidol, perphenazine), and two
were taking both typicals and atypicals. Handedness was determined by the Annett
Handedness Scale (Annett, 1985). Both groups were primarily right handed (mean control
score 0.61, mean patient score 0.41). Table 1 below lists the psychotropic medications and
their olanzapine equivalent dosage where available (Gardner et al., 2010).

2.2 Stimuli
Tactile stimuli delivered to the index finger tips of each hand were produced by a
piezoelectrically operated Braille cell stimulator modified as appropriate for this application
(METEC AG/TeleSensory Corp., Stuttgart, Germany). Eight piezoelectrically operated
plastic rods (each 1.0 mm dia) were activated in unison covering an area of 4 × 9 mm. The
cell was encased in a 6 mm thick acrylic box and a 12 mm ball end mill was used to create a
finger-tip sized cutout over the rod array. The index finger of each hand was placed over this
cutout and held in place by tape. Displacement of rods upon activation was about 1 mm
without load. Tactile stimuli were delivered at 25 Hz in trains of 500 ms duration. Stimulus
trains were repeated every 2.0 sec for at least 200 trials for each finger-tip. Each individual
tactile stimulus consisted of the plastic rod ensemble compressing the skin for 20 msec
followed by the rods withdrawal for 20 msec, thus there was, in addition to the tactile/
pressure stimulus every 40 msec, a skin deformation stimulus every 20 msec or 50 Hz.

It should be noted that this device is capable of generating a capacitively coupled artifact
unless proper shielding and grounding arrangements are made. We used a layer of copper
foil around both the cell and the acrylic enclosure and a 12 gauge braided copper ground
strap. The enclosed device is shown below in figure 1. Approximately midway through the
experiment a failure in the outer shield and ground which went undetected for a few weeks
produced a small frontal artifact which resulted in the rejection of four subjects with
schizophrenia and seven normal control subjects.

2.3 Magnetoencephalographic (MEG) Recording
Magnetic evoked fields were recorded in the supine position using a whole head
neuromagnetometer (Magnes 3600 WH, 4D-Neuroimaging, San Diego, USA) while
subjects watched a video movie with sound delivered by acoustically isolated (> 30 dB
background attenuation, 125 – 8kHz) foam ear inserts. Data were acquired in epochs of
1000 ms duration with a 300 ms pre-stimulus baseline using a sampling rate of 678.17 Hz
and an analog bandwidth of 0.1 to 200 Hz. The establishment of a head frame coordinate
system (and the registration of the sensor coils within it) was accomplished by securing
small coils to the skin surface near the three fiducial points (left and right pre-auricular and
nasion) along with two additional coils located on the forehead. These coils were themselves
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registered in the head frame by digitizing their centers and the fiducial points using the
Polhemus Fastrak 3 (Colchester, Vermont, USA) 3-D digitizer. At both the start and finish
of MEG recording the coils were sequentially energized with a 165 Hz sine wave and their
positions localized in the sensor frame. A transform matrix was then computed using these
coordinates along with their Fastrak positions and the fiducial point Fastrak positions. In the
head frame system the y-axis is determined by the left and right pre-auricular points
(positive to the left), and the x-axis is determined as the line perpendicular to the midpoint
between the pre-auriculars and contained in the plane determined by the y-axis and the
nasion (positive to the front).

2.4 Data Analysis
Averaged, artifact free field data from each hemisphere were band-passed from 20 to 30 Hz
and then modeled with a single moving dipolar source across the post-stimulus time window
of 200 to 500 ms. A contour plot of a representative subject’s evoked field is shown below
in figure 2.

The location and strength parameters of the best fitting dipoles within 20 ms time bins were
then averaged provided they met certain acceptance criteria, namely: goodness of fit greater
than 0.9, anterior-posterior coordinate −5cm < x < 5 cm, absolute values of y (lateral)
coordinates between 2 and 7 cm, and z (vertical) coordinate values between 3 and 10 cm
(this would yield a maximum of 15 dipoles to average with a typical value of 14). These
mean dipole locations, rq and mean source strength vectors, q(rq), were then used along
with the pseudo inverse of the lead field (of a single equivalent current dipole in a
conductive sphere), L−1(rq, r), to create a spatial filter weight matrix W(q(rq)) = L−1 (rq, r)
• (q(rq)/|q(rq)|). The inner product of the original measured field and this weight matrix was
then used to estimate the time course of the source strengths in each individual trial as: q(t) =
B(r, t) • W(q(rq)), a procedure often referred to as source space projection (Ilmoniemi et al.,
1987, Tesche et al., 1995). A major benefit of this process is the semi-normalization that is
accomplished across individual subject measurements, i.e., the original measured field
amplitudes which are very sensitive to the distance from the cortex to the sensor and hence
dependent on subject head size and shape as well as positioning within the sensor array are
combined to estimate a single value for the cortical source strength which is far more
consistent from subject to subject. Figure 3 displays the reconstructed source q(t) derived
from the same data set as the contour plot above.

The individual source strength estimates, q(t), were then convolved with complex Morlet’s
wavelets (wave # =7) in 1 Hz increments from 20 to 70 Hz. The modulus of the mean across
trials of this convolution at each frequency and at each time point divided by the modulus of
the convolution for each trial results in the so-called phase locking factor (PLF), a number
whose value ranges from near zero for random phase trials, to one for completely
synchronized trials (Talon-Baudry et al, 1996). This measure also has the advantage of
inherent normalization with consequent improvement in data consistency from subject to
subject. The amplitude envelope of the source strength at any frequency may be estimated
by computing the modulus of the mean across trials of the convolution – hence it is
sometimes described as complex demodulation. Both PLF and the source strength amplitude
envelopes were computed. For statistical purposes we analyzed the responses at both 25 Hz
(the driving frequency) and 50 Hz. We computed the mean phase locking factors and the
mean evoked source strengths in two time windows: the “transient” evoked response which
occurs in the window 20 to 150 ms post stimulus onset, and the steady state region from 200
to 500 ms post stimulus onset.
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3. Results
A 2 × 2 mixed design Analysis of Variance (ANOVA) (group by hemisphere) was evaluated
separately for evoked source strength and PLF for the transient and steady-state responses at
both 25 Hz and 50 Hz.

3.1 Transient responses
For 25 Hz transient evoked source strength, a significant main effect of diagnosis (F(1,29) =
8.89, p = 0.006) indicated that the control group had higher source strengths than the
schizophrenia group. The hemisphere and diagnosis by hemisphere interaction were non-
significant. For PLF the schizophrenia group had significantly reduced values relative to
controls, F(1, 29) = 12.61, p = 0.001. No other significant effects were observed. For the 50
Hz responses, no significant differences were observed for group, hemisphere or the group
by hemisphere interaction for either evoked source strength or PLF. Overall the 25 Hz
responses were of greater amplitude than the 50 Hz components.

3.2 Steady-state responses
For 25 Hz steady-state evoked source strength, a significant main effect of diagnosis
(F(1,29) = 8.79, p = 0.006) indicated that the control group had higher source strengths than
the schizophrenia group, similar to the transient window results. The hemisphere and
diagnosis by hemisphere interaction were non-significant. For steady-state PLF the
schizophrenia group had significantly reduced values relative to controls, F(1, 29) = 10.51, p
= 0.003. Figures 4 and 5 show the PLF as a function of response time for both the right and
left hemispheres respectively. There was also a significant main effect of hemisphere,
F(1,29) = 5.34, p < 0.03, indicating higher phase-locking in the right, compared to the left,
hemisphere. However, there was not a significant diagnosis by hemisphere interaction. For
the 50 Hz steady-state responses, as with the 50 Hz transient responses, no significant
differences were observed for group, hemisphere or the group by hemisphere interaction for
either evoked source strength or PLF.

3.3 Medication effects
To test for possible medication effects Pearson correlations were computed between the
olanzapine equivalents (Table 1) and the respective PLF’s for the schizophrenic subjects.
There were no significant correlations between the olanzapine equivalents and any of the
phase locking measures. Results were as follows: for the left hemisphere, the correlation
between the olanzapine equivalents and the transient PLF was r(10) = −0.09, p = 0.37, and
for the steady state PLF, r(10) = −0.23, p = 0.29. For the right hemisphere the correlation
between the olanzapine equivalents and the transient PLF was r(10) = −0.24, p = 0.28, and
for the steady state PLF, r(10) = −0.3, p = 0.23.

4. Discussion
In the schizophrenic group both transient and SSR responses at 25 Hz were of lower
amplitude than in controls, and PLF’s were also significantly lower in both time windows.
However, the 50 Hz component of the response was not significantly different between
groups.

In the SSR region, PLF corresponds to the ability of neocortical pyramidal cells to
consistently synchronize their firing across trials in response to the rapidly repeating tactile
stimuli, a measure of timing accuracy of the neocortical driving response. The transient
window occurs prior to the establishment of the driving (SSR) response, and may represent a
measure of accuracy (variability) of the initial response to individual stimuli. Thus these
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measures suggest that, in schizophrenia, neocortical somatosensory cortex is less able to
accurately reflect timing of incoming sensory stimuli. To the extent that somatosensory
feedback is utilized to regulate motor behavior (Baker, 2007), this deficit may have
implications for motor impairments in schizophrenia. Such impaired somatosensory timing
could adversely influence accuracy and coordination of gross motor behaviors, which might
help explain the observed impaired coordination of many motor actions in patients with
schizophrenia. This may as well adversely influence the accuracy or interpretation of the
corollary discharge, or efference copy generated by motor cortex in schizophrenia, and sent
to somatosensory cortex. Sensory input resulting from such motor behavior is used to
interpret the origin as external or self-generated. Misinterpretation might result in
hallucinatory experience.

Magnetic evoked fields as reported here are thought to originate from equivalent (or
averaged) current sources in neocortical layer 3 pyramidal cells (Murakami and Okada,
2006). The timing of pyramidal cell activation is modulated by GABAergic inhibitory
interneurons, thus the MEG current sources are indirect measures of interneuron activity
patterns, thus implicating abnormalities in the timing function of GABAergic inhibitory
systems (Lewis et al., 2005, Gonzalez-Burgos et al., 2010). In all cases it seems likely that
the neocortical driving response is the result of synchronized activity of neocortical layer 3
pyramidal cells acting as current sources generating the MEG sampled magnetic fields.
These source currents are most likely the result of pyramidal cell dendritic ion flow
(Murakami and Okada, 2006). Disrupted timing of SSR’s as reflected in the reduced PLF
values (and corresponding averaged amplitudes) could be a cortex-wide deficit in
schizophrenia due to abnormal GABAergic function, e.g., Muthukumaraswamy and
colleagues have shown a correlation between cortical GABA concentration and MEG
measured visual gamma band responses(Muthukumaraswamy et al., 2010). Another
possibility is that GABA interneuron dysfunction is itself a consequence of hyper or hypo
glutamatergic input, either through increased or decreased excitatory synaptic input or
simply an abnormal precursor concentration (Moghaddam and Javitt, 2012).

These systems however reflect the activity of thalamo-cortical feedback loops, whose timing
may well be modulated by cerebellar timing systems (Ivry et al., 2002). Somatosensory
input may reach cerebellum prior to cortex (Tesche et al., 1997) and considering the major
role of the cerebellum in motor timing, altered cerebellar regulation may be a significant
determinant of timing of thalamo-cortical oscillatory mechanisms. Lacking direct evidence
of cerebellar activation patterns, such relationships can only be speculative at this point,
however recent reviews suggest disturbed cerebellum may be central to schizophrenia
(Andreasen and Pierson, 2008).

All in all such findings are compatible with a disturbance in the origin and regulation of
oscillatory mechanisms, and explanations for the physiological mechanism(s) underlying
schizophrenia often invoke concepts of failed control or feedback between local and
distributed neural circuits (e.g., see Uhlhaas and Singer (2006) for a review). In particular
there may be a timing ‘jitter’ issue which prevents or reduces the synchronization of cortical
neuronal assemblies perhaps linked to the activity of GABA neurons (Lewis, et al., 2005,
Gonzalez-Burgos, et al., 2010). The methods of time-frequency analysis or spectral
decomposition are well suited for processing SSR data (Roach and Mathalon, 2008), and the
inter-trial phase coherence (Delorme and Makeig, 2004) or phase locking factor (PLF)
(Talon-Baudry et al., 1996) can be used to quantify the degree of ‘jitter’ across trials.

Similar findings of decreased amplitude and lower PLF of the SSR in schizophrenia have
also been described in both auditory and visual domains (see Brenner et al., 2009 for
review). The 25 Hz frequency likely represents a combination of responses including both
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the initial tactile response to vertical depression of the skin, the changing of skin contour,
and maintenance of pressure for 20 msec. We can make an estimate of the peripheral
receptors involved in generating the responses we report. Peripheral receptors transmitting
such tactile information likely involve both rapidly and slowly adapting Meissner corpuscle
mechanoreceptors. Srinivasan and Lamotte (1987) recorded from single afferent fibers in the
median and ulnar nerves of monkeys during tactile stimulation of the finger-tip with a
plastic plate. They demonstrated that both rapidly and slowly adapting mechanoreceptors
within and in the neighborhood of the contact respond during the ramp phase of vertical
indentation, whereas only the slowly adapting mechanoreceptors respond when the force or
depth of indentation was maintained as constant. It also appears that the slowly adapting
Meissner corpuscle mechanoreceptors are primary conveyors of information about change in
skin surface curvature. With our stimulus, skin contour change occurred at a frequency of 50
Hz, which may explain the origin of the 50 Hz component. The number of peripheral
receptors activated and accordingly the density of sensory input to the brain is greater in
auditory and visual domains when compared to somatosensory domains due to the nature of
peripheral receptors. Since in the case of auditory SSR, stimuli are usually delivered at 40
Hz, (technically at the low end of the EEG “gamma” frequency range) auditory SSR
findings have frequently been interpreted as a manifestation of “gamma band”
abnormalities. However, it seems likely that the 40 Hz neocortical driving response is
separate from the conceptualization of spontaneous cortical activity in the gamma band
range (e.g. 40 to several hundred Hz) as a manifestation of stimulus binding and cortical
information processing. This is likewise the case for piezoelectric steady-state stimulation,
where the beta and gamma-band responses elicited may not be related to perceptual binding
or other cognitive operations attributed to spontaneous or induced beta and gamma.

All of our patients were medicated and all but two were taking at least one atypical
antipsychotic. The role of specific medications in influencing MEG based metrics of this
type is unknown, although current thinking supports the concept that antipsychotic
medications may serve to normalize otherwise disturbed function. We found no significant
correlation between medication (as estimated using olanzapine equivalent doses) and the
MEG phase locking factors.

In summary, these findings of impaired timing of the neocortical response to tactile
stimulation further substantiate dysfunctional brain timing systems as being central to the
schizophrenia syndromes, and may help explain the many deficits in motor behaviors found
in schizophrenia,. Similar findings of decreased amplitude and lower PLF of the SSR in
schizophrenia in both auditory and visual domains suggest the possibility that all sensory
cortex has a similar timing impairment and/or that some common circuit element, e.g., the
thalamus or the cerebellum may also be compromised.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Braille Cell in Acrylic Housing with one layer Cu shielding. The foam layer around the cell
helped to reduce sound transmission. A second layer of Cu shielding was applied over the
acrylic after this photo was taken and a 12 gauge ground strap was connected between the
unit and the MSR ground.
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Figure 2.
Iso-Field Plot of the Band-Passed (20 – 30 Hz) Averaged Data at Time Point 382 ms. This is
a typical peak in the steady state region of the response to left finger stimulation. Black open
circles are sensor coil locations. Gray scale units are in Tesla.
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Figure 3.
Mean source strength across time as determined using Source Space Projection on a typical
subject’s evoked field data. Stimulus driving signal (square wave) displayed below to show
timing relationship. First gray area starting at 20 ms and ending at 150 ms is the transient
region and the second gray area starting at 200 ms and ending at 500 ms is the steady state
window. The bandpass for this data is 0.1 to 200 Hz.
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Figure 4.
Right hemisphere group mean phase locking factors as a function of response time. The
solid line is that of the control group and the dashed line is that of the patients. Again the
first gray area from 20 to 150 ms is the transient region and the second gray area is the
steady state region.
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Figure 5.
Left hemisphere group mean phase locking factors as a function of response time. The solid
line is that of the control group and the dashed line is that of the patients. Again the first
gray area from 20 to 150 ms is the transient region and the second gray area is the steady
state region.
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Table 1

Psychotropic Medications

Subject Psychotropic Medications Olanzapine Equivalent (mg/day)

1 Clonazepam, Ziprasidone 30

2 Olanzapine 20

3 Clozapine, Risperidone 30

4 Aripiprazole 3.4

5 Alprazolam, Olanzapine, Sertraline 20

6 Aripiprazole, Haloperidol, Olanzapine, Sertraline 53.4

7 Clozapine 12.5

8 Clozapine, Fluphenazine 21.7

9 Perphenazine 10

10 Haloperidol 30

11 Clonazepam, Clozapine, Quetiapine 8.1

12 Clozapine, Risperidone No Dosage Available

13 Risperidone 10
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