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Abstract: The cortical (auditory and prefrontal) and/or subcortical (thalamic and hippocampal) generators
of abnormal electrophysiological responses during sensory gating remain actively debated in the schizo-
phrenia literature. Functional magnetic resonance imaging has the spatial resolution for disambiguating
deep or simultaneous sources but has been relatively under-utilized to investigate generators of the gating
response. Thirty patients with chronic schizophrenia (SP) and 30 matched controls participated in the cur-
rent experiment. Hemodynamic response functions (HRFs) for single (S1) and pairs (S1 þ S2) of identical
(‘‘gating-out’’ redundant information) or nonidentical (‘‘gating-in’’ novel information) tones were generated
through deconvolution. Increased or prolonged activation for patients in conjunction with deactivation for
controls was observed within auditory cortex, prefrontal cortex, and thalamus in response to single tones
during the late hemodynamic response, and these group differences were not associated with clinical or cog-
nitive symptomatology. Although patient hyperactivation to paired-tones conditions was present in several
regions of interest, the effects were not statistically significant for either the gating-out or gating-in condi-
tions. Finally, abnormalities in the postundershoot of the auditory HRF were also observed for both single
and paired-tones conditions in patients. In conclusion, the amalgamation of the entire electrophysiological
response to both S1 and S2 stimuli may limit hemodynamic sensitivity to paired tones during sensory gat-
ing, which may be more readily overcome by paradigms that use multiple stimuli rather than pairs. Patient
hyperactivation following single tones is suggestive of deficits in basic inhibition, neurovascular abnormal-
ities, or a combination of both factors. Hum Brain Mapp 34:2302–2312, 2013. VC 2012 Wiley Periodicals, Inc.
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INTRODUCTION

A neuronal mechanism for attenuating redundant or
unimportant sensory information is critical for maintaining
cognitive resources for processing novel (i.e., potentially
important) information. Neurophysiologists have devel-
oped a number of methods for indexing this gating mech-
anism, the most common of which is an auditory paired-
click paradigm [Adler et al., 1982; Freedman et al., 1987].
In this paradigm, a click (S1) is presented to elicit a corti-
cal response followed by a brief interstimulus interval
(typically 500 ms) and a second click (S2). The ratio of the
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electrophysiological 50 (P50 or M50) or 100 (N100 or
M100) ms response from S2 relative to S1 is then derived
as a putative marker of neuronal efficiency.

Reports of ‘‘sensory overload’’ in patients with schizo-
phrenia (SP) motivated the hypothesis that abnormal sen-
sory gating may be characteristic of the disorder. Indeed,
there are now dozens of studies reporting reduced attenua-
tion for redundant information in SP [de Wilde et al., 2007;
Light and Braff, 2003; Patterson et al., 2008]. This deficit is
detectible in antipsychotic-naı̈ve patients, patients under
treatment with first and second generation antipsychotics or
their combination, prodromal and potentially prodromal
(at-risk) patients, and in unaffected relatives of patients in
most studies [Brockhaus-Dumke et al., 2008b; de Wilde
et al., 2007; Hall et al., 2011; Myles-Worsley et al., 2004;
Olincy et al., 2010], suggesting a genetic association with
schizophrenia [Adler et al., 1999; Freedman et al., 2003;
Olincy et al., 2010]. Gating deficits predict cognitive function
and symptomatology in SP [Louchart-de la Chapelle et al.,
2005; Smith et al., 2010; Thoma et al., 2005], indicating that
gating abnormalities may account for some of cognitive dys-
function that characterizes the disorder. Although the differ-
ences in ratio scores have traditionally been interpreted as a
failure to suppress irrelevant sensory input (i.e., S2), other
studies have suggested that poor gating may be partially at-
tributable to a reduced S1 response in SP [Clementz and Blu-
menfeld, 2001; Johannesen et al., 2005]. The potential source
of group differences is critical given the putative cognitive
roles that are ascribed to S1 (encoding information) versus
S2 (filtering information) during gating [Smith et al., 2010].

In addition, the neuronal generators of the gating
response remain actively debated. As recently discussed
[Garcia-Rill et al., 2008], early electroencephalography
(EEG) studies argued for sources in the temporal lobes, but
limited spatial resolution and methodological concerns
may have limited the conclusions of these studies. Magne-
toencephalography (MEG) studies also localize the S1 M50
and M100 to the superior temporal gyrus (STG), finding a
left-hemisphere STG M50 gating deficit and a bilateral STG
M100 gating deficit in SP [Hanlon et al., 2005; Thoma et al.,
2005]. However, others localize M50 to the frontal cortex
[Garcia-Rill et al., 2008]. Other approaches computing
source estimates of a gating difference wave (the event-
related average of S1 minus that of S2) suggest both tem-
poral and frontal sources as well as potential involvement
of the posterior cingulate and precentral/postcentral gyri
[Knott et al., 2009]. Invasive recordings suggest that the
temporal lobes are the primary generators of the P50 wave-
form, but that attenuation of the S2 response was chiefly a
frontal lobe phenomenon [Korzyukov et al., 2007]. In addi-
tion to cortical generators, animal models have reported
gating effects in thalamic nuclei [Krause et al., 2003] and
hippocampus [Freedman et al., 1996], which are more diffi-
cult to detect with noninvasive electrophysiological techni-
ques. Finally, presurgical mesial-temporal lobectomy
human evaluations [Boutros et al., 2008] have also reported
evidence of a late gating response in the hippocampus.

The majority of gating studies have exploited the milli-
second resolution of electrophysiological techniques to
measure the individual components (e.g., P50/M50 and
N100/M100) of the S1 and S2 responses. Although func-
tional magnetic resonance imaging (fMRI) studies of sen-
sory gating are rare [Bak et al., 2011; Mayer et al., 2009;
Tregellas et al., 2007], they provide higher spatial resolu-
tion and the ability to noninvasively measure simultane-
ously active neuronal generators, including deeper sources
such as the thalamus and hippocampus, at the expense of
coarser temporal resolution. The single fMRI study exam-
ining gating in SP reported hyperactivation of the hippo-
campus, dorsolateral prefrontal cortex (DLPFC), and
thalamus in SP relative to controls based on a region of in-
terest (ROI) approach [Tregellas et al., 2007]. To mitigate
the temporal properties of the hemodynamic response,
gating was operationally defined by comparing a train of
nine clicks repeated over 4 s to a single click.

Pairs of either identical (IT) or nonidentical (NT) tones
can also be used to examine auditory sensory gating instead
of traditional clicks [Boutros et al., 1999], permitting the
assessment of inhibition for repeated stimuli (IT; ‘‘gating
out’’) as well as the dishabituation (NT; ‘‘gating in’’) to
novel stimuli [Gjini et al., 2010]. Previously published elec-
trophysiological results indicate larger gating effects for IT
(P50 gating ratio ¼ 44%) compared to NT tones condition
(P50 gating ratio ¼ 67%) in healthy controls (HC), with a
reversal of effects in SP [Boutros et al., 1999]. Specifically,
we predicted that the previously reported dissociation in
electrophysiological response amplitude would also be
present in the hemodynamic gating response, based on the
assumption that a reduced electrophysiological gating
response (i.e., increased S2) would also result in increased
blood oxygen level dependent activity [Mayer et al., 2009].
Therefore, we predicted that HC would demonstrate
decreased activity within the gating network (auditory cor-
tex, thalamus, hippocampus, and prefrontal cortex) during
IT compared to NT tones, whereas SP would show the op-
posite pattern. Finally, we also predicted there would be no
group differences in the hemodynamic response to single
tones, an fMRI analog of the S1 response.

METHODS

Participants

Thirty-one patients with a Diagnostic and Statistical Man-
ual of Mental Disorders (Fourth Edition) (DSM-IV) diagno-
sis of SP (eight females and 23 males; 36.5 � 12.8 years old)
and 31 gender and age-matched HC (35.8 � 13.0 years old)
were recruited for the current study, which is part of a
larger, multimodal imaging project. All patients were
chronic with relatively well-treated symptoms. One female
SP was an outlier (three standard deviations) relative to the
cohort on four of six motion parameters and was elimi-
nated from all subsequent analyses. This participant’s
matched female control was eliminated as well. Informed
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consent was obtained from participants according to institu-
tional guidelines at the University of New Mexico.

Inclusion criteria for diagnosis of schizophrenia and a
chronological age of 18–65 years. All SP were on a variety
of antipsychotic medications (no medication changes in 1
month), such that olanzapine equivalency scores were calcu-
lated to estimate medication load [Gardner et al., 2010]. SP
with a history of neurological disorder, head trauma with
loss of consciousness greater than 5 min, mental retardation,
active substance dependence or abuse (except for nicotine)
within the past year, current use of mood stabilizers, history
of dependence on PCP, amphetamines or cocaine, or history
of PCP, amphetamine, or cocaine use within the last 12
months were excluded. Each patient completed the struc-
tured clinical interview for DSM-IV axis I disorders (SCID).

HC completed the SCID—non-patient edition to rule out
axis I conditions. Exclusion criteria included current or
past psychiatric disorder, family history of a psychotic dis-
order in a first-degree relative, history of neurological dis-
order, head trauma with a loss of consciousness greater
than 5 min, mental retardation, recent history of substance
abuse or dependence, history of more than one lifetime
depressive episode, history of depression or antidepressant
use within the last 6 months, and history of lifetime anti-
depressant use of more than 1 year. All participants
refrained from smoking for at least 1 h prior to scanning.

Clinical Assessment

Composite neuropsychological indices were calculated
for the following six domains by averaging normalized
scores: 1) attention/inhibition [Connors Continuous Per-
formance Test (CCPT; commissions and hit reaction times)
and MATRICS Continuous Performance Test–Identical
Pairs (overall T-score)], 2) learning and memory [Hopkins
Verbal Learning Test-Revised (HVLT-R) and HVLT-R
delayed recall], 3) working memory [MATRICS Wechsler
Memory Scale (Letter-Number Span and Spatial Span)], 4)
processing speed [MATRICS Brief Assessment of Cogni-
tion in Schizophrenia (Symbol Coding), Wechsler Adult
Intelligence Scale - IV (Symbol Search), and the Trail Mak-
ing Test part A], and 5) executive function [Word Fluency
(FAS), MATRICS Neuropsychological Assessment Battery
(Mazes), and Category Fluency (Animal Naming)].

All participants also completed the Wechsler Test of
Adult Reading (WTAR), Wechsler Abbreviated Scale of
Intelligence (WASI), the Fagerstrom Test for Nicotine De-
pendence (FTND), and urine drug screening. SP were also
rated with the Positive and Negative Syndrome Scale
(PANSS), Calgary Depression Scale and the Clinical Global
Impression (CGI).

Task

The paradigm was a variant of the traditional paired-
click paradigm previously used to investigate the hemody-

namic gating response in a separate cohort of HC [Mayer
et al., 2009]. Participants were presented with either a pair
of 5 ms binaural IT 2,000 Hz tones (IT condition), a 5 ms
binaural 2,000 Hz tone followed by a 5 ms binaural 3,000
Hz tone (NT condition), a single 5 ms binaural 2,000 Hz
tone, or a single 5 ms binaural 3,000 Hz tone in an event-
related design. The hemodynamic response represents a
nonlinear summation of the underlying electrophysiologi-
cal response to both S1 and S2. Therefore, whereas the he-
modynamic S1 response should be the same for the IT and
NT conditions, S2 should theoretically be reduced in am-
plitude during the gating of repeated (IT) relative to novel
(NT) information [Mayer et al., 2009]. All tones included 1
ms linear onset and offset ramps and paired tones were
separated by 500 ms. The 11) ordering of trials was pseu-
dorandomized across all conditions. There were a total of
19 trials for each single-tone condition and 20 trials for
each paired-tone condition.

A visual fixation cross was used to minimize the likeli-
hood of eye movements. A jittered intertrial interval (ITI)
of either 6, 8, or 10 s was adopted in the current experi-
ment. The pseudorandomized timing scheme (ITI) also
permitted the establishment of a baseline state in the
regression model [Burock et al., 1998]. The level of audi-
tory stimulation was determined separately for each par-
ticipant by the limits method [Boutros et al., 2002; Thoma
et al., 2003] using the Presentation Software platform. Spe-
cifically, all auditory stimuli were first presented via an
Avotec SS-3100 audio system while the scanner was
acquiring echo-planar imaging (EPI) data to simulate
actual experimental conditions. The initial starting condi-
tion for all participants was an attenuation level of 0. Par-
ticipants were instructed to attenuate sound level by 0.05
unit decrements (through button presses) until stimuli
were no longer detectable, followed by amplification (0.01
unit increments) until stimuli were again audible. The Pre-
sentation Software platform indicates that each unit (0.01)
of attenuation corresponds roughly to a single decibel. The
experimental stimuli were then delivered at 0.35 units
above the individually determined threshold level. The
final level of attenuation was significantly higher (t1,57 ¼
3.10, P ¼ 0.003) for HC (0.19 � 0.06) than SP (0.14 � 0.08).

MR Imaging

All images were collected on a 3 T Siemens Trio scanner
with foam padding/paper tape used to restrict motion.
High resolution T1-weighted images were acquired with a
five-echo multiecho MPRAGE sequence [TE (echo times) ¼
1.64, 3.5, 5.36, 7.22, 9.08 ms, TR (repetition time) ¼ 2.53 s,
inversion time ¼ 1.2 s, 7� flip angle, number of excitations
¼ 1, slice thickness ¼ 1 mm, FOV (field of view) ¼ 256
mm, resolution ¼ 256 � 256] for ROI analyses. Echo-pla-
nar images (336 images across three runs) were collected
using a conventional single-shot, gradient-echo echoplanar
pulse sequence [TR ¼ 2,000 ms; TE ¼ 29 ms; flip angle ¼
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75�; FOV ¼ 240 mm; matrix size ¼ 64 � 64; 33 slices; voxel
size: 3.75 � 3.75 � 4.55 mm3]. The first image of each run
was eliminated to account for T1 equilibrium effects.

Image Processing and Statistical Analyses

Functional images were generated using the Analysis of
Functional NeuroImages package. Time-series images were
spatially registered in both two- and three-dimensional
space to the second EPI image of the first run, temporally
interpolated to correct for slice-time acquisition differences
and despiked. Time series were then registered to standard
stereotaxic Talairach coordinate space using a 12 degree-of-
freedom affine transformation and spatially blurred (6 mm
Gaussian full-width half-maximum filter). A deconvolution
analysis was used to generate one hemodynamic response
function (HRF) for each of the four conditions on a voxel-
wise basis, with motion parameters entered as regressors of
no interest. Each HRF was derived relative to the baseline
state (fixation plus ambient scanner noise) and based on the
first eight images (16 s) poststimulus onset. Therefore, sig-
nificant activation suggests a greater regional hemody-
namic response in relation to the task versus baseline,
whereas deactivation would suggest that hemodynamic ac-
tivity was greater during the baseline condition. Based on
reports of a later electrophysiological gating response in
some structures, we examined a single image correspond-
ing to both peak (4–6 s poststimulus onset; Fig. 4) and later
(6–8 s) responses of the HRF separately. Percent signal
change (PSC) was calculated for each HRF by dividing
resulting beta coefficients by the model intercept.

To examine a priori predictions of a double dissocia-
tion of functioning in paired-tones conditions, ROI analy-

ses were performed for the STG, prefrontal cortex,
thalamus, and medial temporal lobes. Specifically, T1-
weighted images were processed using the Freesurfer
automated pipeline, yielding participant-specific parcella-
tions of the cerebral cortex based on individual gyral
anatomy and inspected for gross segmentation errors.
From these parcellations, five ROIs were generated
including: (1) the STG/transverse temporal gyri; (2)
DLPFC (rostral middle frontal cortex); (3) ventrolateral
prefrontal cortex (VLPFC; pars opercularis and pars trian-
gularis); (4) (hippocampus, parahippocampal gyrus, and
entorhinal cortex); and (5) thalamus. To reduce the num-
ber of comparisons and be consistent with previous work
[Tregellas et al., 2007], mean PSC was averaged across
the bilateral ROIs.

Four exploratory 2 � 2 [condition (NT vs. IT or 2,000 vs.
3,000 Hz tones) � group (HC vs. SP)] voxel-wise linear
mixed-effects analyses were also performed for both the
paired and single-tone conditions to examine differences
in functional activity associated with peak (4–6 s) versus
late (6–8 s) responses. All voxel-wise results were cor-
rected for false positives at P < 0.05 using Gaussian ran-
dom fields theory as implemented in FSL (http://
www.fmrib.ox.ac.uk/fsl/feat5/programs.html).

RESULTS

Clinical/Neuropsychological Results

There were no significant (P > 0.10) group differences in
age, education attainment, or primary caregiver education
attainment (Table I). There was a significant difference
between groups on frequency of smokers (X2 ¼ 4.022, P ¼

TABLE I. Summary of participant neuropsychological performance

SP (N ¼ 30) HC (N ¼ 30)

P value Cohen’s DMean SD Mean SD

Demographics
Age (years) 36.57 12.97 36.07 13.08 0.882 0.04
Education level 4.10 1.49 4.70 1.42 0.116 �0.42
Parent education level 4.38 2.19 4.80 1.75 0.434 �0.22

Composite indices
Attention/inhibition 44.00 7.25 51.88 4.02 0.000 �1.36
Learning/memory 36.85 8.56 45.02 10.64 0.002 �0.87
Working memory 42.29 10.93 51.41 8.68 0.001 �0.94
Processing speed 38.87 9.85 53.81 5.13 0.000 �1.92
Executive functioning 40.75 7.59 50.07 5.00 0.000 �1.47

Additional measures
WTAR 103.21 13.39 111.44 18.27 0.019 �0.53
WASI verbal IQ 98.41 13.91 107.81 11.57 0.008 �0.75
WASI performance IQ 104.28 18.27 116.81 11.23 0.003 �0.83

Notes: SP ¼ Schizophrenia Patients, HC ¼ Healthy Controls, WTAR ¼ Wechsler Test of Adult Reading, WASI ¼ Wechsler Abbreviated
Scale of Intelligence. Education level was determined based on the following scale: Grade 6 or less ¼ 1; Grade 7–11 ¼ 2; high school
graduate ¼ 3; attended college ¼ 4; graduated 2 years college ¼ 5; graduated 4 years college ¼ 6; attended graduate or professional
school ¼ 7; Completed graduate or professional school ¼ 8.
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0.045; 12/30 SP and 5/30 HC). Clinical characteristics of
the patient group can be found in Table II. PANSS positive
and negative symptom scores suggested that the patient
cohort was fairly stable. Scores on the Calgary Depression
Scale indicated minimal affective disturbance, and mean
CGI severity indicated that patients were mildly ill at the
time of their visit. Results presented in Tables I and II are
derived from the final groups of participants (n ¼ 30 for
both SP and HC) after removing outliers based on head
movement.

Estimates of premorbid intelligence (word reading) sug-
gested significantly lower scores for the patient group (t1,54

¼ 2.42, P ¼ 0.019). A MANOVA indicated significantly
lower IQ for the patient group (F2,53 ¼ 5.47, P ¼ 0.007),
with between-participants univariate effects showing sig-
nificant differences on both verbal (F1,54 ¼ 7.50, P ¼ 0.008)
and performance (F1,54 ¼ 9.40, P ¼ 0.003) IQ. Finally, the
multivariate effect of group was significant (F5,50 ¼ 11.35,
P < 0.001) for a MANOVA examining cognitive deficits, as
were the univariate group effects for individual domains
(Table I). Effect sizes across the majority of measures were
large (i.e., greater than 0.75), suggesting robust cognitive
deficits in the SP group.

fMRI Results

MANOVAs were used to assess group differences in
rotational and translational motion. The multivariate effect
of rotational motion was a trend (F3,56 ¼ 2.60, P ¼ 0.061),
with patients showing significantly greater rotation in
pitch (around the y-axis; F1,58 ¼ 7.36, P ¼ 0.009) during
univariate tests. Additionally, there was a multivariate
trend toward differences in translational motion (F3,56 ¼
2.22, P ¼ 0.096), with SP showing significantly greater
movement in the superior–inferior (F1,58 ¼ 6.33, P ¼ 0.015)
and anterior–posterior (F1,58 ¼ 5.64, P ¼ 0.021) directions.

Paired-Tones Comparisons

Linear mixed-effects ANOVAs were performed to exam-
ine for group differences in functional activation in
response to the paired-tones condition (ROIs). Although
activation was higher for the SP group in 4/5 regions (Fig.
1), these findings did not reach statistical significance at ei-
ther uncorrected (P < 0.05) or corrected (Bonferoni; P <
0.005) levels for the peak or late hemodynamic response
within the STG, DLPFC, VLPFC, thalamus, or medial tem-
poral ROIs. Additional analyses were also conducted using
sound attenuation levels as a covariate, but these results
were also not significant. Similarly, the exploratory voxel-
wise 2 � 2 linear mixed-effects analyses did not reveal sig-
nificant effects following correction for multiple compari-
sons (P < 0.05).

Supplementary Analyses

Previous fMRI studies reported an increased hemody-
namic response in the thalamus, hippocampus, and pre-
frontal cortex for SP during a sensory gating task
[Tregellas et al., 2007] using one-tailed t tests. Qualitative
examination of the mean PSC in current results (Fig. 1) was
suggestive of an increased hemodynamic response for SP
in conjunction with high variance. Therefore, IT analyses
were repeated with two-sample t tests; however, results
remained nonsignificant even with the simpler nonfactorial
model. All ROI analyses were also repeated separately for
right and left hemisphere structures; however, results did
not reach conventional levels of statistical significance
(uncorrected P < 0.05). Finally, ROI analyses were also con-
ducted with smaller volumes of interest for the auditory
cortex (Heschl’s gyrus only) and medial temporal lobes
(hippocampus only). The results from these analyses were
similar with no significant group differences.

Single-Tone Comparisons

Two 2 � 2 [group (HC vs. SP) � condition (2,000 vs.
3,000 Hz tones)] voxel-wise linear mixed-effects analyses
were also performed on the peak (third image poststimu-
lus onset) and late (fourth image poststimulus onset)
images of the single-tone conditions. Contrary to predic-
tions, results from the peak image (Fig. 2A) indicated a
main effect of diagnosis in the bilateral precentral gyri
(BAs 4/6) and right postcentral gyri/inferior parietal
regions (BAs 2/3/5/40). Examination of PSC maps sug-
gested that this effect was driven by SP activation and
control deactivation. Neither the main effect of condition
nor the group by condition interaction was significant.

At the late timepoint, SP exhibited significantly more
activation in the bilateral STG/transverse temporal gyri
(BAs 21/22/41/42), bilateral posterior insula (BA 13),
bilateral VLPFC extending into anterior insula (BA 47),
and striatum (Fig. 2B), which resulted from a combination
of patient hyperactivation and HC deactivation. A main

TABLE II. Summary of patient clinical characteristics

Patient Clinical
Characteristics

Mean SD

Age of onset (years) 19.73 7.77
Illness duration (years) 16.83 13.06
PANSS positive 14.60 5.42
PANSS negative 12.63 3.96
PANSS general 27.66 8.74
PANSS total 54.83 13.92
Calgary depression 4.03 4.68
CGI 3.33 0.96
Olanzapine equivalent 15.71 13.96

Note: PANSS ¼ positive and negative syndrome scale.
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effect of condition also indicated increased response across
both groups to 3,000 Hz tones in a large cluster within the
left inferior and middle frontal gyri (BA 11/44/45/46/47).
Representative HRFs for selected regions are also pre-
sented in Supporting Information Figure 1.

The diagnosis by condition interaction (Fig. 3) for the
late timepoint was also significant in the right thalamus,
right STG and posterior insula (BA 13), bilateral cingulate
gyrus (BAs 24/32), bilateral VLPFC extending into anterior
insula (BAs 6/44/45/47), and bilateral anterior striatum.
Simple effects tests indicated that interaction in the right
STG was primarily attributable to patient hyperactivation
to the 2,000 Hz tones (P ¼ 0.001). In the remainder of
areas, the interaction effect was a result of a combination
of increased or prolonged patient activation and HC deac-
tivation in response to the 2,000 Hz tones (all regions P <
0.05).

The results of the single-tone analyses were similar
when sound attenuation level was used as a covariate. In
addition, voxel-wise multiple regressions were performed
to determine whether hyperactivation to the single-tone
conditions at the late timepoint was associated with either
medication load (olanzapine equivalent; regression 1) or

positive and negative symptoms (PANSS; regression 2) for
SP. However, neither variable was significantly associated
with PSC data in the regions that exhibited differences
between HC and SP. In addition, three other voxel-wise
multiple regressions indicated that traditional neuropsy-
chological tests of attention/inhibition, executive function-
ing, or working memory did not predict PSC at the late
timepoint (false positive correction at P < 0.05) for any
regions that exhibited significant group differences.

Within-Group Comparisons

Although no group differences were observed in the
paired-tones conditions, post hoc analyses were conducted
to examine the neuronal networks activated within each
group separately integrating across the peak of the hemo-
dynamic response (peak þ late). Results indicated robust
bilateral activation of the primary and secondary auditory
cortex for both SP and HC in response to both IT and NT
conditions (Fig. 4). However, examination of the HRF for
the auditory cortex suggested that although HC exhibited
a canonical HRF with a clear poststimulus undershoot for

Figure 1.

Regions of interest (ROIs) analyses for the paired-tones condi-

tions revealing no significant group differences. Top row depicts

all ROI, including auditory cortex, b. ventrolateral prefrontal cor-

tex (VLPFC), dorsolateral prefrontal cortex (DLPFC), thalamus,

and medial temporal lobes (MTL). Middle row depicts c. percent

signal change (PSC) for identical (IT) and nonidentical (NT)

tones for both patients (SP; blue) and controls (HC; red) during

the peak of the hemodynamic response. The bottom row illus-

trates the late response, and all error bars represent 2 � stand-

ard error of the mean.
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both conditions, no poststimulus undershoot was evident
in SP. The HRF for the single tones exhibited a similar pat-
tern, indicating that previously described group differen-
ces for the late timepoint were partially driven by a
combination of prolonged patient activation compared to a
normal postundershoot (i.e., deactivation) in HC. In addi-
tion, SP showed activation within the right thalamus for
IT relative to baseline, whereas HC exhibited increased
activation in the bilateral precuneus for the NT condition.

DISCUSSION

The current experiment investigated potential sources of
gating abnormalities in SP using a neuroimaging technique
(fMRI) that has superior spatial resolution relative to elec-
trophysiological techniques and the ability to measure deep
and simultaneous sources of the gating response. Consistent
with previous work, SP exhibited gross cognitive deficits on
formal neuropsychological testing. However, unlike previ-
ous electrophysiological studies, there were no significant
group differences in the hemodynamic sensory gating
response within auditory cortex, MTL, thalamus, or pre-

frontal cortex during either ‘‘gating out’’ (IT) or ‘‘gating in’’
(NT) conditions [Boutros et al., 1999; Gjini et al., 2010]. The
hemodynamic response represents a summation of large
temporal epochs of electrophysiological activity (e.g., 0–500
ms) for both S1 and S2 stimuli. In contrast, electrophysiolog-
ical studies typically report group differences for very spe-
cific and relatively narrow time epochs or even peaks (i.e.,
EEG: P50 and N100; MEG: M50 and M100). Thus, the rela-
tively small epochs of observable group differences
observed in electrophysiological data may be diminished in
the summed hemodynamic response.

Alternatively, group differences in other factors such as
nonlinearities in neurovascular coupling, cerebral blood
flow, volume, and cerebral metabolic rate of oxygen, could
also have contributed to the negative results. Finally, there
is a high correlation between hemodynamic responses and
local field oscillations in the high gamma frequency range,
suggesting that the hemodynamic response is heavily de-
pendent on neuronal synchronization [Niessing et al.,
2005]. Similarly, there have been several reports of abnor-
malities in both prestimulus and stimulus-locked theta
and gamma activity in SP compared to controls

Figure 2.

Regions demonstrating a significant effect of patient hyperactiva-

tion (SP; blue) for the single-tone stimuli at (A) peak (4–6 s)

and (B) late (6–8 s) poststimulus onset times. Clusters include

bilateral precentral gyri (Pre), right inferior parietal lobule (IPL),

bilateral insula (Ins) extending to inferior frontal gyrus (IFG), and

bilateral primary auditory cortex (PAC), and are color-coded

according to magnitude of the z scores. Bar graphs depict mean

percent signal change (PSC) for patients with schizophrenia (SP;

blue) and controls (HC; red), with error bars representing 2 �
standard error of the mean. Slices (z) are prescribed according

to the Talairach atlas.
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[Brockhaus-Dumke et al., 2008a; Gandal et al., 2011].
Therefore, future studies on sensory gating should collect
simultaneous EEG and fMRI data to help resolve some of
the ambiguities between electrophysiological and hemody-
namic activity [Bak et al., 2011].

Current null findings also stand in contrast to a previ-
ous fMRI study that reported hyperactivation in DLPFC,
hippocampus, and thalamus for SP relative to HC during
a priori ROI analyses [Tregellas et al., 2007]. In addition, it
is notable that voxel-wise comparisons of the hemody-
namic gating response were negative both in current and
previous studies, suggesting that discrepancies in ROI
results may have been driven by several methodological
differences. Foremost, Tregellas et al. [2007] used a stimu-
lus train (nine rapidly presented clicks) rather than the tra-
ditional two-stimulus paradigm. Therefore, relatively small
differences in the hemodynamic sensory gating response

may have become more robust as a result of summing
across nine rather than two stimuli. However, using a
blocked design introduces limitations about the interpreta-
tion of the gating response secondary to the shorter ITI.
Second, the magnitude of electrophysiological differences
in sensory gating may be partially dependent on experi-
mental settings [de Wilde et al., 2007; Light et al., 2000;
Turetsky et al., 2009]. Previous studies that required par-
ticipants to attend to the visual modality [Tregellas et al.,
2007] or presented stimuli in blocks [Boutros et al., 1999]
may have disengaged attention mechanisms more for au-
ditory stimuli, which may be a requisite for observing
abnormal gating responses. In contrast, although partici-
pants passively listened to auditory stimuli in current
experiment, the stimuli were presented in a randomized
design and the switching between conditions may have
resulted in an orienting response even during the IT tones
condition.

Tregellas et al. [2007] also used a clustered volume ac-
quisition to acquire the data in complete silence, whereas
we used a standard EPI pulse sequence, which may have
reduced the magnitude of the gating response to the
paired-tones conditions. Although this is a limitation of
current study, the explanation is not very compelling
given that both SP and HC exhibited a robust response in
the auditory cortex to the paired and single-tone stimuli.
Moreover, the choice of a standard EPI sequence rather
than a clustered volume technique was intentional in the
current study, as we were interested in specifically model-
ing the HRF through deconvolution [Mayer et al., 2009],
which is not possible in clustered acquisition schemes as a
result of longer TRs. Nonetheless, future research on the
hemodynamic gating response in SP may also consider a
different sensory modality for measuring gating effects
[Bak et al., 2011].

There is also some debate as to whether electrophysio-
logical abnormalities during sensory gating result from
group differences in response variability rather than am-
plitude [Jin et al., 1997; Patterson et al., 2000]. Similarly,
current results indicated an abnormal HRF for SP in the
auditory cortex during both IT and NT conditions. Specifi-
cally, patients’ auditory HRF required several additional
seconds to return to baseline and the poststimulus under-
shoot was essentially absent. In addition, the full-width at
half maximum of the HRF appeared to be wider in SP rel-
ative to HC for the NT condition. Alterations in basic HRF
properties such as an increased delay [Ford et al., 2005]
and differences in the onset transient [Fox et al., 2005]
have previously been reported in the HRF of SP by some
but not all investigators [Barch et al., 2003], and may be
secondary to disease-related vascular differences altering
blood flow/volume, direct neuronal pathology, neuronal
pathology resulting from secondary disease characteristics
(e.g., increased smoking in SP), and/or medication effects.
Regardless of etiology, current and previous [Ford et al.,
2005; Fox et al., 2005] results argue for caution when inter-
preting results from methods that assume similar HRF

Figure 3.

Diagnosis by condition interaction for the late response. Clus-

ters include the medial frontal and anterior cingulate gyrus

(MFC), bilateral insula (Ins), and right superior temporal gyrus

(STG), and are color-coded according to magnitude of the z

scores. Each bar graph b. (patients (SP) in blue, controls (HC) in

red) depicts mean PSC across the clusters in the 2,000 Hz tone

(2 K, left) and 3,000 Hz tone (3 K, right) conditions, with error

bars representing 2 � standard error of the mean. Slices are

prescribed (x and z) according to the Talairach atlas.
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shapes across patient and control groups (i.e., convolving
stimulus timecourses with a ‘‘canonical’’ HRF), even dur-
ing relatively simple tasks.

A recent meta-analysis indicated that group differences
in S1 may be minimal relative to the S2 response [Chang
et al., 2011], whereas others report that a reduced S1
response (i.e., hypoactivation) directly contributes to
observed gating deficits during the construction of ratios
[Clementz and Blumenfeld, 2001; Johannesen et al., 2005;
Smith et al., 2010]. Our single-tone conditions were
designed to serve as a hemodynamic analog of the S1
response, and we predicted that there would not be signif-
icant group differences to these basic auditory stimuli.
However, results indicated an increased (peak) and/or
more prolonged (late) hemodynamic response for SP rela-
tive to HC within thalamus, bilateral precentral gyri, bilat-
eral auditory cortex, bilateral anterior insula/VLPFC, and
right postcentral gyri/inferior parietal regions in response
to the single tones. Multiple regression analyses indicated
that potential confounds such as medication load [Gardner
et al., 2010], patient symptoms, or levels of cognitive func-
tioning (domains of attention/inhibition, working mem-
ory, and executive functioning) did not explain the
increased activation in these regions for the patient group.

Previous studies have reported patient hyperactivation
in response to click trains [Tregellas et al., 2007], urban
white noise [Tregellas et al., 2009], working memory
demands [Kim et al., 2010; Manoach et al., 1999], and in-
hibitory tasks [Arce et al., 2006], which has been inter-
preted to be indicative of neuronal inefficiency, inhibitory
failure, or compensatory mechanisms. Current results indi-
cate that the pattern of increased/prolonged activation
was more prevalent for the 2,000 Hz single tone, which
was the tone that was presented first in the majority of tri-
als (approximately 75%). Therefore, current findings pro-
vide preliminary data suggesting that differences in
neuronal hyperexcitability in SP may extend to even more
basic sensory stimuli such as a single tone. Finally, the
combination of increased/prolonged patient activation
coupled with a more canonical HRF for controls (i.e., intact
postundershoot) may suggest a role for more basic differ-
ences in the neurovascular response. Regardless of etiol-
ogy, the group-wise differences in the single-tone response
precluded the formation of an estimated gating response
as has previously been done in our study involving only
HC [Mayer et al., 2009].

There are several additional limitations to the current
study that should be noted. First, due to power issues

Figure 4.

Panel (A) shows auditory activation for ITand NT tones relative to baseline for a. controls (HC) and

patients (SP) (blue) and are color-coded according to magnitude of the z scores. Graphs in Panel (B)

illustrate aberrant HRFs (postpeak) for b. SP (blue) compared to HC (red) in bilateral auditory cortex

for identical (IT; upper graph) and nonidentical (NT; lower graph) tones, with percent signal change

(PSC) represented along the y-axis. Error bars represent 2� standard error of the mean.
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(seven females), we were not able to assess the effects of
gender on the hemodynamic gating response. Similarly,
due to the relatively small number of smokers and our col-
lected measurements (Fagerstrom rather than pack his-
tory), we were not able to carefully examine the effect of
smoking history. Second, the current experiment only
included approximately 20 trials per condition, which may
have slightly reduced our power to detect group differen-
ces. Third, our selected sound intensity level may not have
been optimal for detecting group differences [Griffith
et al., 1995]. Finally, a portion of our trials were based on
ITIs of 6 s, which may not have permitted adequate time
to promote a full recovery of the gating response.

In conclusion, current and previous [Tregellas et al.,
2007] results suggest that differences in the hemodynamic
auditory gating response are likely to be relatively small
between SP and HC. These differences may only become
significant in paradigms involving repetitive stimulation
(e.g., more than two stimuli) that increases detection
power [Liu, 2004], paradigms that involve a different sen-
sory modality, or when using techniques that rely on spa-
tial averaging (ROI analyses) rather than voxel-wise
comparisons.
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