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Abstract
Prepulse inhibition (PPI) of the startle reflex is disrupted in a number of developmental
neuropsychiatric disorders, including Tourette syndrome (TS). This disruption is hypothesized to
reflect abnormalities in sensorimotor gating. We applied whole-brain functional magnetic
resonance imaging (fMRI) to elucidate the neural correlates of PPI in adult TS subjects using
airpuff stimuli to the throat to elicit a tactile startle response. We used a cross-sectional, case-
control study design and a blocked-design fMRI paradigm. There were 33 participants: 17 with TS
and 16 healthy individuals. As a measure of PPI-related brain activity, we looked for differential
cerebral activation to prepulse-plus-pulse stimuli versus activation to pulse-alone stimuli. In
healthy subjects, PPI was associated with increased activity in multiple brain regions, of which
activation in the left middle frontal gyrus in the healthy controls showed a significant linear
correlation with the degree of PPI measured outside of the magnet. Group comparisons identified
nine regions where brain activity during PPI differed significantly between TS and healthy
subjects. Among the TS subjects, activation in the left caudate was significantly correlated with
current tic severity as measured by the total score on the Yale Global Tic Severity Scale.
Differential activation of the caudate nucleus associated with current tic severity is consistent with
neuropathological data and suggests that portions of cortical-striatal circuits may modulate the
severity of tic symptoms in adulthood.
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1. Introduction
Tourette syndrome (TS) is a childhood-onset neuropsychiatric disorder characterized by
multiple motor tics and at least one phonic tic (Leckman, 2002,2012). Estimates of TS
prevalence indicate prevalence in childhood on the order of 0.1% to 1.0% with a much lower
prevalence in adulthood (Khalifa and von Knorring, 2003, 2006; Mol Debes et al., 2008;
Scahill et al., 2007). The onset of TS is typically prepubertal, and boys are more commonly
affected than girls. In both clinical and population-based samples, tic severity usually peaks
between 8 and 12 years of age with many affected individuals showing a marked reduction
in severity by the end of adolescence (Leckman et al., 1998; Bloch et al., 2006). Indeed, by
the age of 20 years, tic severity is generally greatly reduced in a majority of individuals with
TS (Leckman et al., 1998; Bloch et al., 2006).

Recent neuropathology studies have highlighted the loss of GABAergic and cholinergic
interneurons in the caudate and putamen of individuals with TS (Kalanithi et al., 2005;
Kataoka et al., 2010). Although structural and functional brain imaging studies have also
implicated striatal involvement in the pathobiology and persistence of TS (Bloch et al.,
2005), a number of other cortical and subcortical regions, including the hippocampus, have
also been implicated (Peterson et al., 2007; Bansal et al., 2012). Indeed, multiple lines of
evidence suggest that disturbances in the development of the sensorimotor portions of
cortical–subcortical circuits likely predispose to the development TS, and that neuroplastic
changes in the limbic and associative circuits may help to modulate the severity of symptom
expression over the lifespan (Graybiel, 2008; Plessen et al., 2009; Leckman et al., 2010;
Wang et al., 2011; Bansal et al., 2012). Hypothesized abnormalities in cortical–striatal
circuits in TS have led to behavioral paradigms to detect inhibitory deficits, such as prepulse
inhibition (PPI). PPI is a simple behavioral measure of inhibition of the startle blink reflex,
referring to reduction in startle blink magnitude when a stimulus (prepulse) occurs 30–500
ms before a startle stimulus (Swerdlow et al., 2001). The prepulse is believed to activate
automatic brain mechanisms that protect or “gate” the processing of that stimulus for a brief
window of time. Animal studies show that PPI is mediated by brain stem circuits as well as
forebrain circuits involving the prefrontal cortex, thalamus, hippocampus, amygdala,
nucleus accumbens, striatum, ventral pallidum, and globus pallidus (Swerdlow et al., 2001,
2008). Although the neural substrates of PPI may vary to some degree between animals and
humans (Swerdlow et al. 2008), imaging studies (Hazlett and Buchsbaum, 2001; Kumari et
al., 2003, 2005; Campbell et al., 2007; Hazlett et al., 2008) support the involvement of
similar brain regions in the modulation of human PPI.

In schizophrenia research PPI has played an important role in strategic efforts to develop
and characterize new treatments as well as to identify valid endophenotypes (Postma et al.,
2006; Swerdlow et al., 2008; Kumari et al., 2008; Greenwood et al., 2011). Similar
opportunities may exist in efforts to understand and treat TS. Specifically, several studies
have shown reduced PPI in TS subjects compared to control subjects (Smith and Lees, 1989;
Castellanos et al., 1996; Swerdlow et al., 2001; Swerdlow, 2012).

We studied PPI in healthy controls and individuals with TS using functional magnetic
resonance imaging (fMRI) to determine if a deficit in sensorimotor gating is a characteristic
of TS in adulthood and if brain regions displaying differential activation to prepulse-plus-
pulse vs. pulse-alone stimuli were associated with current levels of tic severity. Based on the
available neuropathological and structural imaging studies, we were particularly interested
in the possible association of current tic severity, PPI and differential BOLD responses in
striatal and hippocampal regions.
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2. Methods
2.1. Study subjects

Thirty-eight subjects were recruited to voluntarily participate in this fMRI study (18 TS and
20 healthy control subjects). There were 11 males and 7 female subjects with TS who
ranged from 21 to 59, averaging 33.2 years of age. Healthy normal participants (12 male, 8
female) ranged from 21 to 44, averaging 30.4 years of age. The two groups did not differ
significantly in age (p>0.2) or gender (p>0.2). We recruited persons with a lifetime
diagnosis of TS and who were being followed in the Tic Disorder Specialty Clinic at the
Yale Child Study Center in New Haven, CT, excluding persons who had an axis I disorder
other than obsessive-compulsive disorder (OCD) or attention deficit hyperactivity disorder
(ADHD) before the onset of TS (comorbid OCD: N=12, comorbid ADHD: N=9, both OCD
and ADHD: N=7). We did not exclude individuals with a lifetime history of a mood disorder
as long as the disorder was not currently a source of impairment (lifetime mood disorder:
N=7). We recruited comparison subjects through advertisements on Craigslist <http://
newhaven.craigslist.org/> and by word-of-mouth. We excluded those who reported a history
of tic disorder, OCD, or ADHD, or who met diagnostic criteria for any axis I psychiatric
disorder at the time of the Baseline assessment. Additional exclusionary criteria for both
groups were a lifetime history of substance abuse or head trauma.

We administered the Schedule for Tourette and Other Behavioral Disorders (STOBD) (Pauls
and Hurst, 1993), as well as clinical evaluations, to establish diagnoses through a consensus
procedure of expert clinicians (Leckman et al., 1982). The STOBD includes the Schedule
for Affective Disorders and Schizophrenia (SADS) (Endicott and Spitzer, 1978) for adults,
as well as sections on TS and OCD. Ratings of current and worst-ever symptom severity of
tic and obsessive–compulsive symptoms were obtained using the Yale Global Tic Severity
Scale (YGTSS) (Leckman et al., 1989) and the Yale-Brown Obsessive Compulsive Scale
(Y-BOCS) (Goodman et al., 1989).

All subjects were screened for illicit drug abuse. Written informed consent was obtained at
the time of the evaluation assessment. Compensation for participation was provided at both
time points under the guidelines of the Yale University Human Investigation Committee.
Data from four control subjects and one TS participant (who fell asleep) who startled on
fewer than 36% pulse-alone trials during the psychophysiological assessment outside the
scanner were excluded (see below). The demographic and clinical characteristics (including
medication status) for these 33 subjects are presented in Table 1.

2.2. Startle task
A tactile (airpuff) startle paradigm in an fMRI setting similar to that used by Kumari et al.
(2003) was employed to measure PPI. A block design with three conditions was used: pulse-
alone, prepulse+pulse (PPI), and rest. The pulse-alone condition involved presentations of
the pulse stimulus. The PPI condition involved presentation of the prepulse stimulus 100 ms
before the pulse stimulus. Each condition was presented to the participant six times in 30-s
blocks in pseudorandom order across two runs. The pulse-alone, PPI and rest blocks each
occurred three times in run 1 and three times in run 2. Run 1 began with six pulse-alone
stimuli (30 s). Each of the runs began with a 10-s resting baseline period. Within each 30-s
block, six stimuli were presented with an inter-stimulus interval of 3 s to 6 s. Air puffs to the
throat area were used as both pulse and prepulse. Stimulus presentation inside and outside
the scanner was controlled by identical San Diego Instruments Human Startle Response
Monitoring Systems (SR-Lab, San Diego Instruments, San Diego, CA, USA). The air-puff
delivery system consisted of two cylinders of compressed breathable air (one for the pulse,
one for the prepulse) and regulators for setting the psi level (pulse stimulus regulator range
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0–240 psi; prepulse stimulus regulator range 0–30 psi). Solenoid-controlled valves and 10-
m-long plastic tubes delivered the air. The pulse tube consisted of rigid nylon-11 material (6
mm I.D.). The prepulse tube consisted of flexible Tygon tubing (3 mm I.D.). To maintain
comparable placement across participants, each tube was fastened to a customized protective
ice hockey collar. Each participant wore the collar so that the air tubes were midline, over
the larynx. Inside the collar, two parallel 1.5 cm×3 cm foam pads kept the tubing at 1.5 cm
from the participant's larynx. Pulse-alone stimuli were 80 psi at the regulator and 40 ms in
duration. Prepulses were 7 psi at the regulator and 20 ms in duration. Following Kumari et
al. (2003), the startle responses were measured outside the fMRI setting. Since it was not
possible to safely use electrodes to acquire electromyographic (EMG) activity during MRI
scanning, the eye-blink reflex response was measured on the same day as the imaging scan,
approximately 2.5 h post-scan. The startle assessment took place in a quiet, dimly lit room
(60 W bulb). The individual sat in a comfortable chair with the EMG electrodes and tactile
startle apparatus attached (Borelli et al., 2010).

Due to technical difficulties, one TS patient was scanned on a different day than his startle
response measurement. In addition, three controls and one TS participant (who fell asleep)
who startled on fewer than 36% pulse-alone trials during the psychophysiological
assessment were excluded. In terms of cases, we had originally had 38 subjects. However,
data from only 33 participants were included in the data analysis (17 with TS and 16 healthy
individuals).

2.3. Startle and prepulse inhibition
Based on earlier studies, the eye-blink component of the startle response was assessed by
recording the EMG activity of the left orbicularis oculi muscle via two miniature (contact
area <4 mm) Ag/AgCl electrodes filled with Grass electrode cream (Blumenthal et al., 1996,
2004; Grillon et al., 1996). After preparation of the skin surface with Nuprep exfoliant and a
cotton swab, one electrode was positioned below the eyelid in line with the pupil in forward
gaze. A second electrode was placed ~1.5 cm lateral to the first. In addition, a ground
(reference) electrode was placed on the inner side of the left forearm. The computer system
recorded EMG activity for 1000 ms (sample interval 1 ms) from 200 ms prior to the onset of
the startle stimulus. The amplification gain control for EMG signal was kept constant for all
subjects. Recorded EMG activity was band-pass filtered, as recommended by SR-Lab.
Analogue frequency filtering occurred before digitizing. The high-pass and low-pass cut-off
frequencies were set at 30 Hz and 1 kHz respectively. A 60-Hz notch filter was used to
eliminate the 60-Hz interference. The data were scored offline by the analytical program of
this system for response amplitude (in arbitrary analog-to-digital units), and latencies to
response peak (in ms). The scoring program contained a rolling average routine that
smoothed the rectified EMG response. The latency to response peak was determined as the
point of maximal amplitude that occurred within 120 ms from the startle stimulus. PPI
calculation followed the guidelines proposed by Blumenthal et al. (1996). Average response
to each stimulus condition was calculated across the entire session. Average response to the
pulse-alone conditions was then subtracted from that in the PPI conditions, and this
difference was divided by average response to the pulse-alone conditions. Ratios
significantly less than zero indicate PPI.

2.4. Image acquisition
The fMRI data were acquired on a Siemens trio 3.0 T full-body scanner (Erlangen,
Germany). Head movements were minimized with foam padding and surgical tape placed
across participants' foreheads (sticky side up). Subjects were informed that the stimulus may
cause them to blink and were instructed to avoid consciously altering their response.
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First, high-resolution T1-weighted anatomical images were obtained (3D MPRAGE;
TR=2530 ms; TE=3.66 ms; matrix size 256 × 256; 176 slices). Then, anatomical T1-
weighted echo-planar images (spin-echo; TR=300 ms; TE=4 ms; matrix size 64 × 64; 30
axial slices; 3.125-mm in-plane resolution, 5-mm thick, no skip) were acquired to be
coplanar with the functional scans for registration. The two functional runs, 400 s and 370 s
in duration respectively, were acquired (echo planar T2*- weighted gradient-echo, TR=2000
ms, TE=30 ms, flip angle=80°, matrix size 64 × 64, 30 axial slices, 3.125-mm in-plane
resolution; 5-mm thick, skip 0 mm) spanning the entire brain.

2.5. Image preprocessing
Image processing, analyses, and tests of statistical significance were performed using
BrainVoyager QX version 2.07 software (Brain Innovation, Maastricht, The Netherlands).
The functional data were preprocessed using slice scan time correction (cubic spline
interpolation), three-dimensional motion correction (trilinear interpolation), spatial
smoothing with a 4-mm Gaussian kernel, and temporal high-pass filtering (fast-Fourier-
transform-based with a cutoff of 3 cycles/time course). Each individual functional data set
underwent piecewise linear transformation into a proportional three-dimensional grid
defined by Talairach and Tournoux (1988), and co-registered with the high-resolution 3D
data set that was re-sampled to give 1 mm3 voxels. Estimated motion plots and cine loops
were examined for each run to identify movements and eliminate runs in which participants
displayed a deviation >3 mm in the estimated center of mass in any direction. As such, run 1
for one TS patient was excluded from further analysis.

2.6. PPI and the neural correlates of PPI
Our a priori hypothesis was that PPI and the associated neural correlates would differ in the
TS versus the comparison subjects. First, we analyzed the group differences in PPI data
collected outside of the magnet using a two-tailed t-test. Second, we examined the functional
activation in the control group alone using a random effects general linear model (GLM)
analysis contrasting the two experimental conditions: PPI and pulse alone. Third, a whole-
brain Condition by Group analysis of variance (ANOVA) with random effects was used to
assess group differences in functional activation. Two groups were used: healthy controls
and subjects with TS. Three sets of conditions were used: PPI and pulse, pulse and rest, PPI
and rest. Whole brain analysis used a voxel-wise threshold of p <0.01 to protect against
Type 1 errors. Regions identified were then tested between groups using p value of <0.05.

To account for multiple comparisons, a cluster size threshold was computed using
BrainVoyager's cluster level statistical threshold estimator plug-in to estimate cluster level
false-positives. This algorithm uses Monte Carlo simulations to estimate the probability of
clusters of a given size arising purely from chance adapted from Forman et al. (1995). After
5000 iterations and an alpha value of 0.05, a minimum cluster size of seven contiguous
functional voxels was applied to all statistical maps.

A random effects covariate analysis with all subjects was used to check for effects of age
and gender on regional brain activation for PPI vs. pulse contrast. Similarly, a random
effects covariate analysis with subjects with TS was used to check for an effect of age,
comorbid illnesses (OCD, ADHD, and a lifetime history of a mood disorder) and
medications (relevant to >2 participants; SSRIs and benzodiazepines) on regional brain
activation for the PPI vs. pulse contrast. Finally, we evaluated the association of regional
brain activation (BOLD response) with tic (YGTSS total tic severity score, 0–50) and
obsessive–compulsive symptom (YBOCS total score, 0–40) severity using simple linear
regression analyses (p<0.05 significant). We also stratified the TS subjects according to their
current total tic severity scale score into two groups: “mild or remitted” (n=6) vs. active
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(n=11). “Mild or remitted” TS cases are subjects whose total tic score on the Yale Global
Tic Severity Scale was 0–12 for the 12 months prior to the study (Bloch et al., 2005).

3. Results
3.1. Prepulse inhibition

A normal level of PPI was observed in healthy controls (58.9%±28.5% reduction). As
illustrated in Fig. 1, PPI was considerably lower in subjects with TS (39.9%±37.4%)
compared to controls. However, this difference did not reach statistical significance (t=1.64,
p=0.11). No association was observed between current or worst ever YGTSS total tic
severity (0–50) and the degree of PPI (r2=0.04, p=0.47 and r2=0.07, p=0.29 respectively).
Although there were no group differences in startle magnitude or latency, the TS subjects,
on average, did have higher amplitudes and longer latencies (Supplemental Table S1).

3.2. Neural correlates of PPI in healthy participants
A whole-brain random effects analysis of healthy participants revealed 18 distinct cortical
and subcortical regions (p=0.01) where the BOLD signal was greater during PPI (pulse
preceded by the prepulse) compared to the pulse alone (Table 2). An examination of the
mean beta values of the pulse versus the PPI condition confirmed that 15 of these 18
differed significantly (p<0.05) in activity among healthy and TS groups (Fig. 2A and B)
while three did not. For healthy controls, regression analysis demonstrated a significant
linear relationship (r=0.51, r2=0.26, p<0.05) between PPI and activity in only one brain
region—the left middle frontal gyrus (Fig. 3). BOLD activity in this region, however, did
not correlate significantly with PPI for TS subjects.

3.3. Differential PPI brain activation in healthy control and TS subjects
As shown in Fig. 4, a whole-brain Condition (PPI vs. pulse alone) by Group (healthy vs. TS
subjects) ANOVA with random effects revealed nine distinct brain regions (p≤0.01) (see
also Table 3 for additional information concerning localization and extent of activation in
each of these regions). In most regions, the healthy controls exhibited increased activity in
PPI compared to pulse alone with an opposite pattern of activity seen within the TS group
(Fig. 5).

3.4. Correlations with tic and OCD severity
Among these nine regions, regression analyses demonstrated a significant positive linear
relationship (p<0.05) between the current total tic severity score on the YGTSS in the TS
population only with regard to the differential PPI BOLD activity (prepulse +pulse minus
pulse alone) in the left caudate (r=0.50, r2=0.25, p<0.05) (Fig. 6A) while the right caudate
approached significance (r=0.45, r2=0.20, p=0.07). No significant linear relationship was
found between the worst ever tic severity score on the YGTSS and any of the nine ROIs.
However, activity in the left posterior cingulate cortex approached significance (r=0.42,
r2=0.18, p=0.09). In addition, a significant positive linear relationship was found between
the severity of obsessive–compulsive symptoms measured with the YBOCS in the TS
population and activity in the left orbito/inferior frontal cortex (r=0.59, r2=0.35, p<0.05)
(Fig. 6B) while activity in the left caudate approached significance (r=0.43, r2=0.18,
p=0.087).

In an effort to determine if our results were due to a differential response to the pulse-alone
condition (pulse vs. rest) or the PPI condition (prepulse+pulse vs. rest), we also ran a set of
post hoc analyses where we stratified the TS subjects based on their current total tic severity
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scale score into two groups: mild/remitted vs. active/moderate/severe. However, no
differences were detected (see Supplemental materials).

4. Discussion
The patterns of BOLD activity seen in response to tactile startle stimuli (Table 2) in the
healthy control subjects are largely congruent with earlier studies of PPI-related brain
activity in healthy controls using either acoustic or tactile startle stimuli (Goldman et al.,
2006; Campbell et al., 2007; Kumari et al., 2007). Although we were unable to monitor
activity in the pontine midbrain nuclei, we did identify multiple (frontal, anterior cingulate,
insular, temporal, and parietal) brain regions where the BOLD signal was significantly
greater in the PPI condition compared to the pulse-alone condition. However, in contrast to
these earlier studies, we did not detect significant activation in striatal, thalamic or
hippocampal regions. The significance of the observed correlation between the BOLD
response in left middle frontal gyrus and the degree of PPI (as measured outside of the
magnet) is unclear as similar associations have not been reported in earlier studies using
either acoustic or tactile startle (Goldman et al., 2006; Kumari et al., 2007). Specifically,
Kumari et al. (2003) combined the data from six controls and seven schizophrenic patients
and found significant associations between the BOLD response in the thalamus, nucleus
accumbens, and inferior parietal lobe. In contrast, Goldman et al. (2006), using an event-
related design in 14 healthy subjects, reported that the BOLD responses in anterior insula
and cerebellum were linearly associated with the degree of PPI. Nevertheless, we did
observe significant increases in the BOLD response in 18 brain regions in the healthy
controls including the left and right insula and the left inferior parietal lobe. Numerous
imaging studies have documented activations in these regions in association with eye
blinking and eye blink inhibition in healthy controls as well as in individuals with TS
(Dagenbach and Carr, 1994; Mazzone et al., 2010). We also note that in contrast to the fMRI
studies of PPI-related brain activity, structural MRI studies using voxel-based morphometry
have reported significant correlations between PPI of acoustic startle with grey matter
volume in regions of the left frontal gyrus (Kumari et al., 2005; Hammer et al., 2013). The
left dorsal premotor cortex region identified in the Hammer et al. study (centered at x=−21;
y=3; z=72) overlaps with the left frontal region reported here (centered at x=−42; y=5; z=52).
The healthy control subjects displayed greater tactile PPI than subjects with TS. Although
the mean difference was not statistically significant (p=0.11), this trend supports the findings
of earlier studies that have indicated that some individuals with TS have deficits in
sensorimotor gating). The most compelling finding in the present study is that among the TS
subjects there was a significant positive linear relationship between the current total tic
severity score on the YGTSS and the PPI BOLD activity in the left caudate. If replicated,
this suggests that activity in the caudate nucleus may be a critically important determinant of
tic severity. The involvement of the caudate is consistent with earlier brain imaging and
neuropathological studies (Peterson et al., 2003; Kalanithi et al., 2005; Leckman et al., 2006;
Kataoka et al., 2010; Worbe et al., 2012) as well as earlier longitudinal follow-up studies
where caudate volumes in childhood were found to be predictive of future tic severity in
adulthood (Bloch et al., 2005). The caudate also appears to play a key role in the control of
semi-voluntary behaviors including tics and eye blinks in subjects with TS (Peterson et al.,
1998; Mazzone et al., 2010). There is also clear evidence that lesions to the striatum can
disturb PPI in animal model systems (Kodsi and Swerdlow, 1995; Baldan Ramsey et al.,
2011). It is also worth noting that although the data are largely anecdotal, virtually all TS
subjects confirm that, when they are engaged in habitual behaviors that require focused
attention and motor control, their tics largely disappear. These habitual behaviors are known
to involve the caudate nuclei and their cortical connections (Graybiel, 2008).
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In our exploratory analyses we also found a significant association between the current level
of obsessive–compulsive symptom severity and differential activation in the left orbito/
inferior frontal cortex during the PPI condition. Neuroimaging studies support the central
role of frontal-basal ganglia–thalamic circuits in the pathophysiology of OCD. Converging
lines of evidence have pointed to the abnormalities in this circuit, specifically involving
orbital frontal cortex and anterior cingulate cortex, as well as the striatum and medial
thalamus (Swedo et al., 1989; Rauch et al., 1994; Jenike et al., 1996; Schwartz et al., 1996;
Saxena et al., 1999; Szeszko et al., 2008; Worbe et al., 2012). Although reduced PPI has
been reported in OCD (Swerdlow et al., 1993; Hoenig et al., 2005; Hashimoto et al., 2008),
this has not been a uniform finding (de Leeuw et al., 2010).

Finally, a closer examination of the neural activations seen during each of the three
conditions (rest, pulse alone, and prepulse plus pulse) indicates that group differences are
present in each of the conditions (see Supplemental materials, Tables 3S and 4S). For
example, the healthy controls show widespread deactivation in response to pulse compared
to rest, whereas the TS subjects show increased activity or close to zero activity. In contrast,
the control subjects showed close to zero activity during PPI compared to rest, whereas TS
subjects show marked activity. Of interest, a number of the regions identified in these
analyses are known to be active during the period immediately prior to tic onset including
the anterior cingulate and the insula (Bohlhalter et al., 2006; Hampson et al., 2009; Wang et
al., 2011). If replicated, this would further strengthen the hypothesis that PPI and tic
generation involve overlapping neural networks. In addition, two reports (Church et al.,
2009; Worbe et al., 2012) describing immature and anomalous patterns of functional
connectivity within the fronto-parietal network in adolescents with active TS are of
relevance to the current findings. Indeed, several of the regions described in the Church et
al. (2009) study show distinctive patterns of activation in both the active and remitted TS
subjects who participated in the current study. This was particularly true in the interaction
analysis of the pulse vs. the rest conditions (see Table 1S).

These initial findings provide limited support for two additional hypotheses. First, the neural
networks involved in online adaptive control in the resting state may be altered in TS,
perhaps due to the presence of atypical sensory inputs identified as premonitory urges in
active TS cases. Alternatively, some of these interconnections may permit the failure of
sensorimotor gating. Second, age-related improvements in tic severity including remission
in some cases in TS, rather than simply being associated with an eventual maturation of
these fronto-parietal circuits, may typically involve the development and reinforcement of
anomalous patterns of functional connectivity. This perspective is consistent with the
growing evidence that `learning' or the `adaptation' to atypical stimuli could alter patterns of
inter-connectivity (Albert et al., 2009; Urner et al., 2013). The functional implications of the
anomalous patterns of interconnectivity are unclear, but they may lead to unusual subjective
sensory experiences of the sort described by individuals with TS (Bliss, 1980; Cohen and
Leckman, 1992; Hollenbeck, 2001; Leckman et al., 1993). This unusual pattern of
connectivity may also account for why tics largely disappear when a person with TS
engages in goal directed behavior that requires focused attention and motor control
including the competing responses used in habit reversal training (Piacentini et al., 2010).
Future studies are needed to examine these hypotheses and alternative explanations in a
larger cohort of well-characterized TS subjects. Additionally, both tactile as well as acoustic
startle responses need to be assessed. Ideally, these studies would also include a more
detailed analysis of the EMG data, given prior work on TS in this area (Schall et al., 1996).
Based on these initial findings, future neuroimaging studies of individuals with TS whose
symptoms have remitted or persist along with their unaffected siblings and typically
developing individuals may permit a deeper understanding of the endophenotype of TS
similar to earlier studies of OCD and autism spectrum disorders (Chamberlain et al., 2008;
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Kaiser et al., 2010). The use of mixed block/event-related designs may also be of value
(Petersen and Dubis, 2012).

These initial findings must be interpreted in light of several limitations. First, considerable
variability in PPI was observed outside of the magnet, particularly for the individuals with
TS. This variability may have contributed to our failure to find a statistically significant
difference in PPI across groups. This variability in PPI was also likely to contribute to
variations in the patterns of neural responses seen in the BOLD response to specific
conditions (rest, pulse alone, prepulse+pulse). Since we corrected and matched participants
at the group level for head motion and excluded subjects who failed to show EMG and eye-
blink responses to the startle stimuli outside the magnet, it is unlikely that the observed
differences in BOLD activity are attributable to these confounding factors. Nonetheless, we
cannot rule out other potential confounds such as background noise (associated with being in
the scanner), the effects of trial repetition, and possible differences in pulse intensity. Future
efforts at replication should include a large number of individuals with TS and healthy
controls. The tactile startle responses also should be monitored directly while the subjects
are in the magnet. A larger number of subjects will also permit a closer examination of the
neural activations seen during rest, pulse alone, and prepulse plus pulse. Belluscio et al.
(2011) have recently reported that TS subjects are particularly sensitive to faint sensory
stimuli. Consequently, it will be important for future studies to examine the effects of faint
tactile or acoustic stimuli (prepulse-alone condition). Indeed, until this question has been
addressed, we will be unsure whether our findings reflect a deficit in sensorimotor gating or
are simply due to the fact that TS subjects may be uniquely sensitive to faint sensory stimuli.

In addition, differences in age, gender (and menstrual cycle phase), co-occurring disorders
and use of psychotropic medications could have influenced our results (Rahman et al., 2003;
Jovanovic et al., 2004; Ashare et al., 2010; Holstein et al., 2013). Weighing against this
possibility, however, is that co-varying for age and gender, as well as co-occurring OCD and
ADHD and medication use, across subjects with TS had no discernible effects on our
findings. In contrast, the small sample size precludes any definitive assessment of the
potential impact of comorbid diagnoses or medications on these findings. However, the
presence of a lifetime history of a mood disorder predicted significant activity in the left
medial parietal cortex and the left medial paracentral and post-central gyri during the PPI-
pulse condition (Table 3S). It is noteworthy that neither of these regions was determined to
be a region of significant differential functional activity in healthy and TS subjects for the
PPI condition in our previous analysis.

Future studies of PPI in animal models of TS have the potential to screen pharmaceutical
agents for their potential therapeutic benefits (Swerdlow, 2012). For example, as reviewed
by Swerdlow et al. (2006), PPI is regulated in part by norepinephrine (NE) and dopamine
(DA) substrates that are neurochemically separable. Several of the agents that have been
shown to have robust effects on PPI are used to treat TS. Given the recent genetic findings
implicating another biogenic amine, histamine, in the pathobiology of TS (Ercan-Sencicek et
al., 2010; Fernandez et al., 2012), it is intriguing that there are high levels of histamine in the
striatum (Krusong et al., 2011) and that some histamine modulators can also affect the
startle response (Baldan et al., 2012; Ligneau et al., 2007).

In our view, the results of this preliminary study support the hypothesis that at least some
individuals with TS have sensor-imotor gating deficits. Comparable deficits in PPI and
associated patterns of neural activations across TS adults, regardless of their level of current
tic severity, suggest that sensorimotor gating deficits for some individuals remain even when
their tics diminish. Differential patterns of activity that are correlated with current tic
severity suggest that neuroplastic changes associated with lower levels of tic severity may be
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distinctive and vary markedly from patterns of activity seen in healthy individuals.
Specifically, as presented in Fig. 6a, one might naturally expect that healthy controls would
have lower beta values than the TS subjects with mild tic severity. However, the healthy
controls have beta values higher than that seen in the severely affected TS subjects. The
impact of these anomalous patterns of activity is unknown, but they may well contribute to a
deeper understanding of the unique internal sensorimotor world that is Tourette's (Bliss,
1980; Hollenbeck, 2001).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Mean percent prepulse inhibition (PPI) in tactile startle in healthy controls and Tourette
syndrome (TS) subjects. Healthy controls (N=16) show a greater reduction in PPI compared
to subjects with Tourette syndrome (TS, N=17), p=0.11. Error bars represent standard error
of the mean (SEM).
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Fig. 2.
Functional brain region activation in healthy controls is associated with prepulse inhibition
(PPI) in response to tactile startle. Whole-brain random effects analysis of healthy controls
for PPI-pulse contrast (p<0.01, k=7) identified 18 regions of interest. Comparison of BOLD
response of controls to Tourette syndrome (TS) subjects demonstrated 15 distinct brain
regions which differed significantly (p<0.05) inactivity (A), while three regions did not (B).
Error bars represent SEM. Co-varying for age and gender as well as co-occurring obsessive–
compulsive disorder and attention deficit hyperactivity disorder and medication use across
subjects with TS had no discernible effect on these findings (data not shown).
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Fig. 3.
Degree of prepulse inhibition (PPI) is associated with a differential activation of the left
middle frontal gyrus in healthy subjects. Regression analysis shows a significant linear
relationship between the degree of PPI and the differential activation in a region within the
left middle frontal gyrus (centered at x=−42; y=5; z=52; beta values [prepulse+pulse−pulse])
for healthy controls (r=0.51, r2=0.26, p<0.05), but not for subjects with TS (r=0.33, r2=0.11,
p<0.05).
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Fig. 4.
Differential PPI brain activation in healthy controls and Tourette syndrome (TS) subjects.
An interaction analysis (po0.01, k=7, group [healthy controls, TS] by condition [PPI, pulse]
revealed nine distinct neuroanatomical regions localized to cortical and subcortical regions
(see text, Table 3, and Fig. 5 for more detail). In all brain regions with the exception of the
left parietal/supramarginal cortex (red), TS individuals had significantly lower beta values
(blue) than healthy individuals. Co-varying for age and gender as well as co-occurring
obsessive–compulsive disorder and attention deficit hyperactivity disorder and medication
use across subjects with TS had no discernible effect on these findings (data not shown).
(For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 5.
Differential brain region activation in healthy controls and Tourette syndrome (TS) subjects
associated with prepulse inhibition (PPI) in response to tactile startle. Whole-brain random
effects analysis of all subjects for PPI-pulse contrast (p<0.01, k=7) identified nine regions of
interest. In all brain regions with the exception of the left parietal/supramarginal cortex, TS
individuals had significantly lower beta values than healthy individuals. Error bars represent
SEM. Covarying for age and gender as well as co-occurring obsessive–compulsive disorder
and attention deficit hyperactivity disorder and medication use across subjects with TS had
no discernible effect on these findings (data not shown).
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Fig. 6.
Differential activation in the left caudate nucleus and the left orbito/inferior frontal cortex is
associated with current tic and current obsessive–compulsive symptom severity, respectively
(all subjects, group (controls, Tourette syndrome [TS]) by condition (PPI, pulse) interaction
analysis [p<0.01, k=7]). Regression analysis shows a significant linear relationship (r=0.50,
r2= 0.25, p<0.05) between the level of current tic severity* and activity in the left caudate
(A), the level of current obsessive–compulsive symptom severity* and activity in the left
orbito/inferior frontal cortex (r=0.59, r2=0.35, p<0.05) (B). Co-varying for age and gender
as well as co-occurring obsessive–compulsive disorder and attention deficit hyperactivity
disorder and medication use across subjects with TS had no discernible effect on these
findings (data not shown). *YGTSS=Yale Global Tic Severity Scale; YBOCS=Yale-Brown
Obsessive Compulsive Scale
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Table 1

Demographic and clinical characteristics at baseline.

Variable Normal controls (N=16) TS subjects (N=17)
b p-value

Age in years (SD) 28.3 (7.4) 32.5 (11.3) 0.22

Gender (% female) 62.5% 41.2% 0.22

Race (% Caucasian) 85% 94.2%

Age of tic onset in yrs, mean (SD) NA 7.9 (3.6)

Comorbid OCD lifetime, current
a
 (%)

NA 64.7%, 29.4%

Comorbid ADHD (%) NA 52.9%

Comorbid OCD and ADHD (%) NA 41.2%

Comorbid mood disorder lifetime (%) NA 41.2%

Current symptom severity
b

 TS, mean (SD) NA 21.4 (11.9)

 OCD, mean (SD) NA 7.6 (7.6)

Psychotropic medications

 Alpha-2 agonists (%) NA 5.9%

 Neuroleptics (%) NA 11.8%

 Selective serotonin reuptake inhibitors (%) NA 41.2%

 Benzodiazepines (%) NA 17.6%

TS=Tourette syndrome, OCD=obsessive–compulsive disorder, ADHD=attention deficit hyperactivity disorder; Mood disorder=a past history of
major depressive disorder or depressive disorder not otherwise specified.

a
Subjects with a core on the Yale-Brown Obsessive Compulsive Scale (Y-BOCS) > 16 at time of study were considered to have current comorbid

OCD.

b
Total score of the current Yale Global Tic Severity Scale (YGTSS) and total score on the Yale-Brown Obsessive Compulsive Scale (Y-BOCS).

However, only the YGTSS total tic severity score was used in analyzing the tactile startle and fMRI data (see text).
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Table 2

Neural correlates of prepulse inhibition (PPI) in healthy control subjects. A whole-brain random effects
analysis of healthy control subjects identified 18 regions of interest (anterior to posterior with cortical regions
followed by subcortical regions). In each instance the BOLD signal was stronger during the PPI condition
(prepulse stimuli 100 ms prior to the pulse stimuli) compared to the pulse alone condition.

Brain region Side Number of voxels Peak Talairach coordinates (in mm) Peak p

x y z

Middle frontal gyrus* Left 286 −42 5 52 0.000440

Inferior medial frontal gyrus Right 279 3 29 −11 0.000007

Superior temporal gyrus Right 189 48 14 −14 0.000501

Paracentral lobule Bilateral 793 3 −40 55 0.000012

Inferior middle temporal gyrus Left 309 −54 −19 −5 0.000027

Superior temporal gyrus Left 751 −48 −43 10 0.000316

Superior middle temporal gyrus Left 193 −39 −61 13 0.000113

Inferior parietal lobule Left 905 −48 −43 22 0.000115

Intraparietal sulcus Right 557 33 −49 52 0.000123

Cuneus/occipital Right 352 3 −76 25 0.000594

Cuneus/occipital Left 353 −9 −76 31 0.000740

Inferior occipital gyrus Left 271 −36 −76 −2 0.000156

Insula Right 498 45 −16 25 0.000765

Insula Left 756 −48 −28 19 0.000060

Anterior cingulate Left 359 −9 35 25 0.000283

Posterior cingulate Left 786 −3 −31 43 0.000001

Parahippocampal gyrus Left 479 −21 −43 7 0.000008

Corpus callosum Bilateral 517 6 −37 16 0.000415

*
PPI-pulse contrast BOLD signal correlated with mean percent PPI measured by EMG (r=0.51, r2=0.26, p<0.05); see text.
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Table 3

Brain regions associated with differential activation contrasting the prepulse inhibition (PPI) condition with
the startle (pulse) alone condition by diagnosis (healthy controls vs. Tourette syndrome [TS] subjects).* In all
brain regions with the exception of the left parietal/supramarginal cortex, TS individuals had significantly
lower beta values than healthy individuals (see Fig. 5). Brain regions are listed anterior to posterior with
cortical regions followed by the cerebellum and caudate nuclei).

Brain region Side Number of voxels Peak Talairach coordinates (in mm) Peak p

x y z

Orbitofrontal/inferior frontal cortex Left 676 −14 23 −2 0.000028

Lateral frontal cortex Right 326 36 32 13 0.000166

Ventral lateral prefrontal cortex/anterior insula Right 312 39 29 −6 0.000043

Posterior cingulate cortex Left 352 −3 −31 40 0.000117

Middle temporal gyrus Left 319 −51 −19 −8 0.001158

Parietal/supramarginal cortex Left 473 −30 −43 22 0.000327

Posterior cerebellum Left 224 −9 −77 −32 0.000730

Caudate Right 189 7 −1 13 0.000438

Caudate Left 53 −14 20 −2 0.001005

*
Differences in activation after subtracting the mean beta values of the pulse condition from the PPI condition (all subjects, group [healthy

controls, TS] by condition [PPI, pulse] interaction analysis [p<0.01, k=7]).
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