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ARTICLE INFO ABSTRACT

Keywords: Prepulse inhibition (PPI), the diminished eye blink response to a startling pulse induced by a prepulse, is
Schizophrenia regulated by brainstem, and modulated by cerebral, processes. Attentional modulation by the prepulse (AMP), a
Behavioral regressor potential biomarker of psychotic disorders, differs from other modulatory processes because it only occurs if the
Attention

interval between the prepulse and pulse exceeds 100 ms (>PP100). Videotaped eye blinks were measured
during fMRI scanning in 15 healthy subjects hearing 64 pulse alone, 64 PP60 and 64 PP120 trials in a rapid
event-related design. Because attentional influences on PPI vary spontaneously, we posited AMP could be iso-
lated by comparing eye blink and Blood Oxygen Level Dependent covariation during the two PP trial types.
Behavioral regressor coefficients reflecting significant covariation covered the insula and auditory cortices
during PP120 but not PP60 trials. Clusters within the right anterior insula and auditory cortex were specific to
AMP. Functional connections (FCs) between cerebral ROIs implicated in PPI were stronger during PP120 trials.
The four FCs that were individually stronger during PP120 trials involved the right insula or auditory cortex and
three were not present during PP60 trials. Converging evidence indicates the right insula is the hub of a network

Functional MRI
Functional connectivity
Salience

Biomarker

underlying AMP.

1. Introduction

Accumulating evidence indicates psychotic disorders are best con-
ceptualized as disorders of neural circuit activity (Braff, 2015; Hyman,
2012). Core signs and symptoms arise from poorly characterized par-
allel and recursive circuits, however, greatly complicating efforts to
isolate potential pathologic activity, distinguish this from compensatory
activity, and determine its contribution to psychopathology
(Logothetis, 2008). Fortunately, better characterized early sensory
processing steps also appear relevant to the pathogenesis of psychotic
disorders (Javitt, 2009; Swerdlow et al., 2008), can be linked to specific
pathways and cognitive functions, and may also reveal discrete bio-
markers and targets for future therapeutic interventions (Cuthbert and
Insel, 2013; Fendt and Koch, 2013; Hyman, 2012).

1.1. Prepulse inhibition is a model of early sensory processing linked to
psychotic disorders

Prepulse inhibition of startle (PPI) is a model of early sensory pro-
cessing and one of the most widely utilized paradigms for studying the
neurobiology and exploring potential therapies for psychotic disorders
(Swerdlow et al., 2008; Fendt and Koch, 2013). The fundamental neural
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elements of PPI are present in all vertebrates and can be probed by two
simple and discrete stimuli (Tabor et al., 2018). PPI in humans is ty-
pically defined as the diminished eye blink to a startling stimulus
(pulse) induced by a preceding nonstartling stimulus (prepulse)
(Graham, 1975) (Fig. 1). Converging evidence supports the view that
the prepulse models a potentially relevant sensory stimulus, the star-
tling pulse models a potent biologically-relevant distractor, and the
diminished eye blink response models the CNS filtering of the distractor
(Blumenthal et al., 2015). Despite its simplicity, PPI is correlated with
human executive functioning (Bitsios et al., 2006; Scholes and Martin-
Iverson, 2009); is blunted in psychotic disorders (Braff et al., 2001); can
be normalized in animals models of schizophrenia by deep brain sti-
mulation (Bikovsky et al., 2016) and is a valuable tool for identifying
novel antipsychotic medications.

1.2. Passive paradigms identified cerebral modulation of PPI in animal
models and humans

Brainstem pathways activated by the prepulse inhibit the startle
response when the pulse follows about 30 to 250 ms after the prepulse
(Fig. 1C: green arrows) (Fendt et al., 2001). These brainstem mediated
effects are primarily determined by the intensity and duration of the

Received 31 May 2018; Received in revised form 1 January 2019; Accepted 15 April 2019

Available online 19 April 2019
0925-4927/ © 2019 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/09254927
https://www.elsevier.com/locate/psychresns
https://doi.org/10.1016/j.pscychresns.2019.04.005
https://doi.org/10.1016/j.pscychresns.2019.04.005
mailto:m-goldman@northwestern.edu
https://doi.org/10.1016/j.pscychresns.2019.04.005
http://crossmark.crossref.org/dialog/?doi=10.1016/j.pscychresns.2019.04.005&domain=pdf

L. Heidinger, et al.

Brainstem CEREBRUM

regulation D D
Cerebral ——s Cortical | ] Subcortical
Structures / Structures

modulation T
(.erebraln Z é
modulation C
by prepulse ~ Inhibitory A
8 3 Lol Startle Respons
= ¢ Re [
OFS) v vy 5
o C
(&)
Startle
circuit E
Time (ms) BRAINSTEM

Fig. 1. Neural activity underlying AMP can be distinguished. Prepulse inhibi-
tion (PPI) of acoustic startle is the reduced startle response (A) to a startling
stimulus (pulse) produced by a preceding nonstartling stimulus (prepulse) (B).
The Figure illustrates a PP120 trial which contains a stimulus onset asynchrony
(SOA) of 140 ms (interstimulus interval (ISI) of 120 ms). Separate brainstem
pathways (C) activate and inhibit the startle response (green arrows). Processes
within the brainstem mediate the impact of the intensity of the stimuli and the
duration of the SOA on startle. These pathways also convey modulatory influ-
ences arising from cerebral processes (D) conveying, for example, the perceived
salience of the stimuli, the subject's mood and general level of attentiveness (red
arrows). Attentional modulation by the prepulse (AMP) differs from other
cerebral influences because it is time-locked to trial onset and requires an SOA
of at least about 100 ms in order to effect the eye blink response (blue arrows).
Note that most of the imaged BOLD signal reflects neural activity generated
after the eye blink response has occurred and at least some of this is likely
proportional to the eye blink response. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this
article.)

two stimuli as well as the time interval between them (prepulse/pulse
interval (PP)). Swerdlow et al., 2001) demonstrated PPI was also
modulated by activity originating in the cerebrum, in particular the
prefrontal cortex, hippocampus, amygdala, striatum and thalamus
(Fig. 1D: red arrows). These effects were demonstrated with ‘passive’
paradigms in which the significance of the PP trials and other cerebral
processes that might influence PPI are not manipulated. His studies
revealed that ‘top-down’ modulation by these structures involved neu-
rotransmitters, and was responsive to pharmacologic treatments, im-
plicated in psychotic disorders. Furthermore, functional imaging stu-
dies of Blood Oxygen Level Dependent (BOLD) activation utilizing
passive paradigms substantiated the involvement of these cerebral
structures in PPI in humans and identified differences in those with
psychotic and other neuropsychiatric disorders (Table 1).

1.3. Active paradigms reveal more specific deficits

Subsequent studies also utilized ‘active’ paradigms which helped
characterize cerebral modulatory effects related to stimulus novelty,
complexity, and salience as well as the subject's mood, focus of atten-
tion, alertness and motivation (Filion and Poge, 2003; Roskam and
Koch, 2006; Li et al., 2009). Active paradigms often involved more than
one kind of prepulse. For instance, one of the means of studying the
impact of attention on PPI was typically assessed using a selective at-
tention task in which the subject was instructed to “count the low
frequency prepulses and ignore the high frequency prepulses”
(Schell et al., 2000). This paradigm revealed that making the prepulse
(i.e. a potentially relevant stimulus) more relevant enhances PPI in
normals but not in patients with psychotic disorders (Li et al., 2009).
Further studies demonstrated that this blunted attentional influence on
PPI in patients covaries more closely with deficits in higher cognition
(Scholes and Martin-Iverson, 2010) and with severity of psychosis than
PPI obtained with passive paradigms (Dawson et al., 1993, 2000;
Hazlett et al., 2007). Other types of active paradigms (e.g. perceived
spatial separation) also demonstrated the influence of attention to the
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prepulse (referred here as attentional modulation of PPI by the prepulse
and abbreviated AMP) (Lei et al., 2018) and furthermore replicated the
patient differences seen with the selective attention task (Yang et al.,
2017). Functional imaging of AMP obtained with a selective attention
task (Hazlett et al., 2008) demonstrated greater BOLD activity during
the attend condition in bilateral striatum and thalamus and right
middle frontal lobe in normals but not patients with schizophrenia
(Table 1), consistent with the involvement of these structures in the
AMP deficit. Together the findings suggested that AMP captures the
entire PPI deficit in psychotic disorders (Scholes and Martin-
Iverson, 2010) and that further characterization of the components of
the underlying circuit could yield an objective, specific biological
measure of the associated pathogenic processes (i.e. biomarker).

1.4. AMP can be distinguished from other cerebral modulators

Unlike other cerebral modulators of the startle response, AMP
cannot take place until the prepulse-induced neural activity is conveyed
from the brainstem to the cerebrum, processed within the cerebrum,
and then conveyed back to the brainstem (Fig. 1C and D: blue arrows).
In humans this takes about 100 ms (Ashare et al., 2007; Du et al., 2011;
Li et al., 2009), and hence AMP cannot take place during trials with
briefer PP intervals. Therefore trial-induced BOLD and eye blink re-
sponses that covary following trials where the PP interval is longer (e.g.
PP120) but not shorter (e.g. PP60) than 100 ms may identify AMP.
Indeed, this activity is likely to be specific to AMP since cerebral
modulators of PPI unrelated to the current prepulse are independent of
the PP interval and their influence will not covary with trial-induced
BOLD responses. Indeed, the only other BOLD responses that might
covary with concurrent eye blink responses in a passive paradigm
would be a downstream consequence of PPI or startle. Unlike AMP, this
activity should occur independently of PP interval.

1.5. Cerebral modulation of PPI varies spontaneously and can be seen with
passive paradigms

One potential confound of using active paradigms to isolate AMP is
they generate accessory cerebral processes also linked to trial onset that
are specific to the attend task (e.g. ‘count the low frequency prepulses’)
and hence introduce cerebral BOLD activity unrelated to AMP, per se.
Rohleder et al., 2014, 2016) has shown in rodents, however, that an
active paradigm is not necessary because of spontaneous variation in
attention to the trial stimuli and the resulting startle response. In spe-
cific, they showed that prepulse- and pulse-induced neural activity was
correlated with the propensity to exhibit PPI and startle across a range
of rat breeds. In their first study, they demonstrated that neural activity
associated with cerebral modulation of PPI is particularly prominent in
the right pre-limbic cortex (the rodent analogue of lateral frontal lobes)
(Rohelder et al., 2014). In the next study, they identified seeds in the
left auditory cortex and right pre-limbic cortex where neural activity
was highly predictive of PPI intensity, and demonstrated that activity in
these seeds covaried with that in the anterior cingulate, insula, baso-
lateral amygdala, and ventral hippocampus, i.e. many of the same
cerebral structures associated with PPI in previous passive and active
paradigms in both laboratory animals and humans (Table 1). Their
analysis was facilitated by the showing that neural processes induced by
the prepulse (e.g. PPI) produced activity negatively correlated with
startle intensity while that induced by the pulse stimulus was positively
correlated with the startle intensity.

1.6. Current study design and predicted findings

Based on the results of these studies we predicted we could isolate
circuitry underlying AMP utilizing a passive paradigm by identifying
where cerebral BOLD and eye blink responses covaried during PP120
but not PP60 trials. Based on Rohelder's et al. (2014, 2016)
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observations, we also predicted that the sign of the covariation between
BOLD and eye blink responses for PPI in general and AMP in specific
would be negative. We utilized the previous human BOLD imaging
studies to pre-select cerebral regions of interest (Table 1, Supplemental
Figure 1). In our previous study we had found BOLD activity in the
auditory cortices and the anterior insula to be potentially associated
with AMP (Goldman et al., 2006; Table 1), and thus predicted these
structures would constitute part of the AMP circuitry.

2. Methods
2.1. Participants

Forty-eight healthy volunteers between the ages of 18 and 35 (27
males, 21 females) were recruited and provided informed written
consent to a protocol approved by the IRB at Northwestern University,
Chicago, IL. Selection criteria and PPI screening were previously de-
scribed (Goldman et al., 2006). In brief, all subjects could detect 40 dB
tones in the ranges of 250 to 6000 Hz and had no history of a neurologic
disorder or a personal or family history of mental illness. PPI was
measured in a mock scanner during 24 randomly presented trials con-
taining pulse alone (white noise, 104 dB for 40 ms) (PA); prepulse
(white noise, 88 dB for 20 ms) followed 60 ms later by pulse (PP60ms)
or prepulse followed 120 ms later by pulse (PP120) trials. Eye blink
responses to the 24 trials were measured with electromyography. Re-
sponses in millivolts were recorded every ms for 250 ms after the onset
of the pulse stimulus. Waveforms were rectified and filtered below 100
and above 300 Hz. Peak startle amplitudes were determined if a) the
average amplitude of the 20 ms baseline did not exceed 5mv; b) the
onset, defined as an increase of at least 3 mv above the mean of the
trailing 4 samples, occurred in the first 20 to 120 ms of the recording
and c) the peak occurred within 150 ms. To enhance detection of cov-
arying BOLD and eye blink responses in the MRI scanner we only in-
cluded those 18 subjects exhibiting >50% PPI. This was done because
previous studies which compared eye blink and BOLD responses to PA
and PP140 trials had limited ability to detect activity specific to the
prepulse (Neuner et al., 2010; Table 1) which was central to our study
aims. Two of the eighteen subjects could not be scheduled and one was
excluded due to scanner malfunction leaving a final sample of 15.

2.2. fMRI data acquisition and pre-processing

Images were acquired at the Northwestern University Center for
Translational Imaging on a Siemens 3T TIM Trio whole body magnet
equipped with a 12-channel head coil. Thirty-two interleaved 3.0 mm
slice EPI BOLD axial oblique functional slices (T,*-weighted, 2000 ms
TR, 20 ms time of echo (TE), 77° flip angle, fat saturation, field of view

active voxels

Eliminate ROIs
without BOLD activity

in 80% of subjects

Select seed voxel

Most significant

eye blink regressor
in each ROI
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Fig. 2. Analysis of circuit activity underlying attentional
modulation of PPI by the prepulse (AMP). A: 64 PA, 64
PP60 and 64 PP120 trials were administered over four
runs in an event-related design while eye blink responses
were videotaped. B: Ratings of the intensity of eye blink
responses were incorporated into the GLM to estimate the
extent variations from the mean BOLD response covaried
with eye blink responses for each trial type for each voxel
(BR coefficient). C: To identify functional connections
(FCs) associated with covarying BOLD/eye blink responses
we first limited ourselves to active voxels in preselected
ROIs where at least 80% of subjects demonstrated BOLD
activity. D: The voxel in each of these ROIs with the most
significant BR coefficient for each trial type served as the
seed for the FC. E: The magnitude of the BOLD response to
each trial was estimated for each seed. F: Functional
connection strengths for each trial type were estimated by
correlating the magnitudes across seeds. See Methods
section for further details.

(FOV) 206 x 220, matrix size 120 X 128) were obtained during four
10 min runs. The first 6 images were discarded leaving 288 images
covering the whole brain for each run. Onset of startling pulses oc-
curred 140 ms after the onset of a TR (i.e. the pulses were lined up
across trials). Between the second and third runs, a 10-min structural
MRI scan was obtained using a 1 mm isotropic MPRAGE with the fol-
lowing scanning parameters: TR/TE = 230ms/2.9 ms, flip angle 9°,
TI = 900 ms, matrix of 256 X 256, FOV = 256 mm, slice thick-
ness = 1 mm, no gap, covering the entire head left to right using 176
slices.

2.3. Stimulus presentation and eye blink recording in the scanner

During the MRI scan, subjects heard 192 trials in pseudo-rando-
mized order at 8-16 s (mean 12 sec) jittered intervals. The 64 trials of
each trial type contained the same stimuli used in the mock scanner,
except the intensity of the pulse was adjusted to 117 dB to overcome
scanner noise. Stimuli were generated by a Human Startle Response
Monitoring System (SRLAB, San Diego Instruments, San Diego, CA)
amplified with a Sony STR DE 185 amplifier before being played
through JBL 2425 h/j speakers (Stamford, CT, USA) placed in a custom-
designed speaker box. 1%4”” wide polyethylene air conduction tubing led
through a wave guide into padded MRI compatible headphones (Scan
Sound Inc. Coral Springs, FL, USA).

2.4. fMRI data and eye blink processing

Sequential analytic steps are summarized in Fig. 2. Eye blink re-
sponses were captured every 17 ms from the right eye with an infrared
emitter and camera (MRA Inc. Washington, PA, USA), then converted to
a digital signal (Canopus 110 ADVC, San Jose, CA, USA) and analyzed
with Vegus Studio 10.0 software (Fig. 2A). Blinks were rated only if
their onset was after frame one following the pulse (17 ms) and before
frame 7 (119 ms), and the peak occurred before frame nine (153 ms).
Each blink was rated on a seven-point scale from no response to sus-
tained eye closure over two consecutive frames (Essex et al., 2003)
(Table S1). Inter-rater reliability of 0.84 was demonstrated. Essex et al.,
2003) previously demonstrated a high correlation between EMG and
video-taped measures in 31 subjects (mean r = 0.84). We also mea-
sured eye blink intensity in an additional seven subjects and found a
mean r = 0.74 (range 0.50 to 0.97). fMRI data pre-processing and in-
itial analyses were conducted with Analysis of Functional Neurolmages
(AFNI) software (Cox, 1996; Goldman et al., 2006). The general linear
model (GLM) included 42 regressors: 12 modeling constant, linear and
quadratic variability in the baseline BOLD signal over each run; 21
modeling the hemodynamic response at trial onset and the subsequent
six TRs for each trial type; 6 modeling rotational and translational
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Table 2
Demographics; startle response, PPI and SCM across trial types.
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Value (+SD)

Statistics (2-tailed P)

Subjects (n)” 15 -

Age (years) 24.2 + 3.8 -

Gender Male Female
8 7 >0.50

Startleintensity” PA PP60 PP120 PA vs PP PP60 vs PP120
48+1.3 39+1.6 31+1.6 0.0001 0.0001

PPI (%) PP60 PP120

In Scanner 20.4 + 16.0 35.4 + 20.8 <0.003

Mock Scanner 43.0 + 28.3 85.2 +10.9 <0.001

Stimulus correlated motion (SCM)“ PA PP60 PP120 PA vs PP PP60 vs PP120

Translational (mm) .015 + 0.024 .017 + 0.026 .018 + 0.029 0.07 0.87

Motion Outliers (%) 0.23 + 0.31 0.13 + 0.16 0.24 + 0.21 0.25 0.04

@ Two subjects were Asian, one Hispanic, one African-American and the remainder Caucasian. Two were smokers and they were not instructed to refrain from

smoking on the day of the study. All subjects were right-handed.
> Mean eye blink intensity rated with Essex criteria following videotaping in the

scanner.

¢ Mean SCM motion was minimal. Translational motion was marginally greater during the two prepulse pulse (PP) than the pulse alone (PA) trial types and motion

outliers were significantly greater during PP120 than PP60 trials.

subject motion and 3 behavioral regressors (BRs) which reflected the
covariance of eye blink and BOLD responses for each trial type (Neuner
et al., 2010; Wood et al., 2008). The BRs were computed by first re-
plicating the stimulus timing file and replacing the values denoting trial
onset with the rated eye blink response; then files were convolved with
a gamma-variate function representing the ideal HDR for a 12 s BOLD
response; next, the resulting vectors were standardized and finally or-
thogonalized to the stimulus convolution matrices of the impulse re-
sponse functions (IRFs) of all three trial types as well as to each other
(Buchel et al., 1998). Thus, for each voxel in each subject, the GLM
analysis yielded a 12-s long IRF modeling the mean hemodynamic re-
sponse and a BR coefficient estimating the correlation of the variation
from this mean to the variation from the mean eye blink response on a
trial by trial basis for each trial type (Fig. 2B).

2.5. Subject-level ROI and functional connectivity analysis for each trial
type

ROIs for the connectivity analysis were restricted to 22 pre-selected
cerebral structures linked in previous imaging studies to PPI (Table 1,
Figure S1). After transforming each subject's data to Talairach space,
ROI borders were delineated from the San Antonio Talairach Daemon
(Lancaster et al., 2000). Active voxels within these ROIs were defined
applying a false discovery rate (FDR) of g < 0.2 to the partial F-stats of
the IRF to help assure only voxels exhibiting BOLD responses were
considered for seed selection while at the same time minimizing false
negatives (Genovese et al., 2002). Type I error was controlled by lim-
iting the connectivity analysis to those preselected ROIs in which at
least 80% of subjects exhibited activity for at least one trial type
(Richter et al., 2013) (Fig. 2C). The active voxel in each of these qua-
lifying ROIs that exhibited the most statistically significant BR coeffi-
cient was selected as the seed (Jennings et al., 1998; Stein et al., 2000)
(Fig. 2D). The BOLD response to each of the 64 trials in each seed was
estimated by correlating a fixed shape gamma variate function with the
BOLD signal at the onset and the six TRs following each trial (beta-
series correlation, AFNI ‘Individual Modulation’) (Fig. 2E)
(Rissman et al., 2004). Finally, the strengths of the functional connec-
tions (FCs) were estimated by correlating these 64 beta coefficients
between the qualifying ROI pairs (Fig. 2F) (Cisler et al., 2014).

2.6. Statistical analyses

Data for the three trial types were transformed into two Helmert
contrasts (H1, H2). H1 reflects differences between PA and the two PP
trial types and H2 reflects differences between the two PP trial types.

Mean translational motion between trial onset and the subsequent TR,
computed from the three translational regressors, and the number of
BOLD outliers/image volume occurring during the TR following trial
presentation (Whitfield-Gabrieli et al., 2009) were relied on to estimate
stimulus-correlated motion. Stimulus-correlated motion confounds data
analysis (Johnstone et al., 2006) though this is somewhat mitigated by
event-related designs. (Morgan et al., 2007)

To facilitate comparison with previous studies (Table S1), a con-
ventional voxel-wise group-level mixed effects ANOVA was performed
on the mean of the 2nd, 3rd and 4th regression coefficients of the IRF
(Goldman et al., 2006). An analogous assessment of the BR coefficients
identified clusters where the covariance of BOLD and eye blink re-
sponses differed between the two PP trial types. Subsequent ROI-based
analyses were conducted using subject-level mixed effects hierarchical
linear regression (Goldman et al., 2006; Hedeker and Gibbons, 1996).
Subject was the level three random effect, ROI or ROI pair the level two
random effect, and the outcome measure for each trial type was the
level one factor (e.g. Z-transformed BR regressor coefficient, number of
active voxels, Z-transformed correlation coefficient).

3. Results

Table 2 contains the subjects’ demographic characteristics, mean
eye blink responses and indices of stimulus correlated motion. Con-
sistent with normal habituation, eye blink intensity diminished about
25% over the four scanner runs (Figure S2). The drop was proportional
across trial types, however, and percent prepulse inhibition
(PPI = (1 — (PPgg/120/PA)) X 100) thus remained constant. Mean PPI
in the scanner, based on videotaped eye blink responses, was dimin-
ished relative to (t = 5.6, df = 4, P < 0.001), but highly correlated with
(r = 0.67, df = 45, P < 0.0001), that obtained with EMG. Consistent
with the literature, startle intensity was about 25% greater during pulse
alone than PP60 trials, which, in turn, was about 25% greater than
PP120 trials (Braff et al., 2001). Eye blink intensity was included as a
covariate in the subject-level analyses to help assess if differences in
startle/PPI intensity accounted for trial type differences in BOLD ac-
tivity. Both of the indices of stimulus correlated motion differed across
trial types, but this movement appeared to be minimal and the indices
were unrelated to each other or to startle intensity. In any case, these
were also included as covariates in the subject-level analyses.

3.1. Group level voxel-wise ANOVA confirms pulse masks prepulse—induced
BOLD

The conjunction analysis of BOLD responses yielded 13 clusters
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Fig. 3. BR coefficients estimate unique association between BOLD and eye blink responses for each trial type. Voxels exhibiting positive (yellow-red) or negatively-
signed (blue) correlations between BOLD and eye blink responses were mapped using a liberal threshold (P < 0.05, uncorrected; linear smoothing) for A) Pulse alone
(PA), B) PP60 and C) PP120 trials. Note differences between trial types are accentuated by orthogonalizing the BR vectors to each other because it largely eliminates
activity in one trial type if it is completely swamped by identical activity found in another trial type. The relative ratio of positive to negative coefficients across
voxels substantiates the visual impression that negatively signed voxels predominate during PP120, relative to PP60, trials in: whole brain (ratio 2:1 (positive/
negative) for PP60 trials, 1:3 for PP120 trials (H2: P < 0.00001)); preselected ROIs (PP60 5:1, PP120 1:3, H2: P < 0.000001); and the insula (H2: Z = 2.6, P < 0.01),
but no other, preselected ROIs. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

(Table S2A; Figure S3) which overlapped the structures identified in
previous imaging studies (Table 1). The Helmert contrast comparing
pulse alone (PA) to the two PP trial types (H1) yielded five clusters all
showing greater BOLD responses during PA trials (Table S2B; Figure
S4). The contrast comparing PP60 to PP120 trials (H2) yielded one
cluster showing a greater response during PP60 trials (Table S2C;
Figure S5). Thus, the conventional voxel-wise ANOVA resembled the
comparable analysis in our previous study (Goldman et al., 2006) which
showed pulse-induced BOLD responses (e.g. startle) swamped prepulse-
induced responses (e.g. PPI). Thus unlike other investigators listed in
Table 1 we could not use this analysis to identify BOLD activity specific
to either PPI or AMP.

3.2. BR coefficients distinguish between pulse- and prepulse-induced neural
activities

BR coefficients quantify covarying BOLD and eye blink responses
and hence provide a more direct indication of neural activity associated
with startle modification. Pulse alone (PA) trials generated dispersed
and prominent positive BR coefficients throughout the CNS (Fig. 3A);
PP60 trials generated a scattering of inconspicuous positive coefficients
as well as some negative coefficients in the left inferior cortices
(Fig. 3B); while PP120 trials generated some prominent positive coef-
ficients within the medial prefrontal cortex, posterior cingulate and
precuneus as well as bilateral bands of negative coefficients covering
the insula, auditory and parietal cortices and scattered areas in the left
inferior cortices (Fig. 3C). The sign of the coefficients appeared analo-
gous to that described by Rohelder et al. (2014, 2016) who also found
that neural activity was positively correlated with pulse-induced (i.e.
startle) and negatively correlated with prepulse-induced (i.e. PPI) re-
sponses. Hence, we treated negative BR coefficients as potentially in-
dicative of PPI or AMP. The ratio of positive/negative coefficients dif-
fered significantly between the two PP trial types (Legend, Fig. 3), and
comparison of the pattern in the two PP trials suggested that activity in
the left inferior cortices seen with both trail types was a consequence of
PPI and the bands of negative BR coefficients exclusive to the PP120
trials were consistent with AMP though they conceivably reflect the
greater PPI during the PP120 trials. The source of the prominent po-
sitive coefficients in the medial prefrontal cortex, posterior cingulate

and precuneus during PP120 trail was unclear, but could reflect the
protective effects of AMP on activity with the default mode network
which overlaps these structures.

3.3. ANOVA of BR coefficients link AMP to right insula and right 2°
auditory cortex

A group level ANOVA identified nine clusters where BR coefficients
differed between the two PP trial types. BR coefficients in all nine were
more negative during PP120 trials (Table 2, Fig. 4), and thus could
represent either activity attributable to greater startle during PP60
trials, greater PPI during PP120 trials or AMP. Clusters #2 (right au-
ditory cortex and inferior parietal lobule) and #7 (right anterior insula)
are clearly indicative of AMP since 1) they overlap areas where pro-
minent bands of negative coefficients are apparent during PP120 trials
(Fig. 3C), but 2) where neither positive nor negative BR coefficients are
apparent during PP60 trials (Fig. 3B), and 3) the PP60 BR coefficients
are consistently positive (Table 3, last three columns) and thus unlikely
to reflect lower levels of PPI. Clusters 1, 4, 6, 9 are suggestive of AMP in
so far as PP120 BR coefficients are consistently negative while PP60 BR
coefficients are consistently positive (2 SD below 0) (Table 3, last three
columns), though none overlap the negative bands in Fig. 3C.

3.4. Active voxels and functional connections implicate same structures in
AMP

To constrain type 1 error, seed selection for the functional con-
nections was limited to voxels demonstrating active BOLD responses
(‘active voxels’) (Fig. 2C). The number of active voxels was positively
correlated with the startle response regardless of trial type (Table 4,
next to last column), consistent with the conventional voxel-wise
ANOVA of BOLD activity indicating that pulse-induced generally
swamped prepulse-induced BOLD activity (Table S2). The only excep-
tions were the insula and auditory cortices consistent with the assess-
ment of the BR coefficients (Fig. 3, Table 3) and our previous study
(Goldman et al., 2006).

To further constrain type I error, the circuit analysis was limited to
the nine ROIs in which nearly all (> 80%) subjects exhibited some voxel
activity (Fig. 2C; Table 4, last column). The active voxel in the resulting
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Fig. 4. Clusters where BR coefficients differ
during PP60 and PP120 trials. Note the left
side of images are the right side of subjects. See
Table 2 for additional cluster information.
red = left cingulate, insula, caudate; or-
ange = right angular gyrus, 2° auditory cortex;
yellow = posterior cingulate; light
green = right  superior  frontal  gyrus;
green = right thalamus; light blue= right
middle frontal gyrus; dark blue = right ante-
rior insula; purple= left thalamus; dark red =
right anterior cingulate. Note two clusters were
not in the cerebrum: yellow green = cerebellar
vermis; blue green= culmen; brainstem. (For
interpretation of the references to color in this
figure legend, the reader is referred to the web
version of this article.)

Table 3

Differences in the sign and magnitude of cerebral behavioral regressor coefficients for the two PP trial types®.
Cluster # Vox-els Peak Voxel Nearest Gray Matter Color” BR Coefficients (mean + SD)“

X Y z PP60 PP120 Studentt”

1 137 -19 13 23 L. Insula, middle frontal lobe, caudate Red orange 0.59 + 0.22 —0.37+ 0.22 -71
2 79 34 —49 17 R. 2° auditory cortex, inferior parietal Orange 0.69 + 0.25 —0.31+0.16 —46
3 52 -4 —-25 23 Posterior cingulate Yellow 0.87 + 0.35 0.02 + 0.22 -21
4 40 4 64 26 Superior frontal lobe Pale green 0.78 + 0.39 —0.39 + 0.16 -26
5 33 10 -1 -9 R. thalamus Green 0.65 + 0.23 —-0.22 + 0.19 -37
6 29 34 58 2 Right middle frontal lobe Light blue 0.53 + 0.29 —0.44 + 0.22 -31
7 28 28 22 2 R. insula Dark Blue 0.76 + 0.19 —-0.31 + 0.16 =31
8 25 -13 -7 5 L. thalamus Purple 1.31 + 0.34 —0.14 + 0.14 -17
9 25 19 37 14 R. anterior cingulate Dark red 0.65 + 0.18 —0.34 + 0.22 -35

@ Threshold and cluster size: P < 0.04 for 25 or more adjacent voxels (uncorrected).

b Colors correspond to map in Fig. 4.

¢ Mean (+SD) BR coefficients reflect the extent that variations from the mean HDR response in each cluster voxel correlate with variations from the mean eye
blink response for that trial type. Mean PP120 coefficients were significantly more negative than PP60 coefficients in all nine clusters but this in itself does not
identify AMP. All but clusters 3, 5, 8 are consistent with AMP, while these three likely reflect greater startle seen with PP60 trials, since PP60 BR coefficients are
consistently positive (2 SD > 0) while PP120 coefficients do not differ from 0.

4 Ppaired t-test of BR coefficients for PP60 and PP120 trials across voxels. The large t values reflect the consistency of the differences in BR coefficients across each
voxel in a given cluster.
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Subjects with voxel activity; mean active voxels ( = SD) and correlation with eye blink intensity in preselected ROIs™.

Left Right Active voxels vs eye Activity in at least 80% of
blink r, (P)° subjects”

Region of interest PA PP60 PP120 PA PP 60 PP 120

Nucleus accumbens Active 29 + 92 27 03 =1 31 + 96 34 + 88 1x2 0.221 (0.036) Neither side
voxels*
Subjects (n) 3 3 2 6 5 4

Anterior cingulate Active voxels 33 + 90 24 +79 2*9 37 + 94 32+ 85 1+3 0.263 (0.012) Neither side
Subjects (n) 5 4 1 6 4 1

1° Auditory (BA41) Active voxels 44 + 15 43 + 16 45 + 14 51 +13 45 + 21 53 + 22 0.016 (0.878) L(eft), R(ight)
Subjects (n) 15 15 15 15 15 15

2° Auditory (BA42) Active voxels 25 + 18 22 +16 25+ 18 33+ 13 25+ 13 29 +13 0.122 (0.252) LR
Subjects (n) 13 14 14 15 14 14

Caudate Active voxels 24 + 46 21 + 47 8 + 14 24 + 43 24 + 45 69 0.290 (0.006) Neither
Subjects (n) 10 7 5 10 7 4

Hippocampus Active voxels 3 + 9 38 03 =1 39 3 =10 1+1 0.282 (0.007) Neither
Subjects (n) 3 3 3 4 3 3

Insula Active voxels 176 + 150 139 + 138 134+ 109 175+ 136 134+ 193 143 + 114 0.197 (0.078) LR
Subjects (n) 15 14 15 13 15 15

Globus pallidus/ Active voxels 59 + 143 42+ 85 7 *+ 22 47 + 72 30 + 74 12 + 36 .335 0.001) Neither

Putamen

Subjects (n) 9 7 5 8 6 5

Middle frontal Active voxels 76 +175 60 + 181 34+ 81 97 +204 90 +204 38+091 0.227 (0.032) Neither
Subjects (n) 6 7 5 10 7 7

Parahippo-campus Active Voxels 46 + 72 38 + 61 9 + 21 32 £ 53 30+ 68 5+ 10 .327 (0.002) L
Subjects (n) 13 11 5 10 11 7

Thalamus Active voxels 114 + 165 87 + 155 23 + 41 91 + 88 61 + 75 32 + 48 .300 (0.004) LR
Subjects (n) 13 12 8 12 11 7

2 The first row shows the mean (+ /- SD) number of active voxels for each hemisphere of the ROI during each trial type. Active voxels defined by false discovery
rate (¢ = 0.2) primarily to minimize false negatives. The second row shows the number of subjects with at least one active voxel for that trial type.
> To further diminish the risk of type I error we limited the functional circuit analysis to those ROIs where at least 80% of the subjects (n = 12) had active voxels

for at least one of the trial types.

¢ Mean correlation between number of active voxels and mean eye blink response for each trial type across subjects. Significant correlations indicate voxel activity
is proportional to, and thus potentially attributable to, startle intensity (recall PA trials do not induce PPI). Only in the insula and auditory cortices is it clear that
BOLD activity cannot be attributed to startle intensity, and only in the right insula and left 2° auditory cortex do more subjects exhibited voxel activity during PP than

PA trials.

Table 5
Differences in the BR coefficients of seed voxels®.

Statistics (two-tailed P)"

PA vs PP PP60 vs Hemi- Hemi*H1 Hemi*H2
(H1) 120 (H2) sphere
Region of Interest
1° Auditory ((BA41)) 0.52 0.31 0.89 0.62 0.37
2°Auditory (BA42) 0.93 0.09 0.58 0.74 0.29
Insula® 0.40 0.009 0.42 0.39 0.54
Parahippocampus 0.11 0.21 - - -
Thalamus® 0.008 0.37 0.82 0.79 0.83

2 The Table displays the statistical significance of the difference in BR
coefficients for seed voxels in the nine ROIs that qualified for the circuit ana-
lysis. Note none of the findings appeared to be lateralized.

b p values reflect mixed model linear regressions (Subject level 2, t stat level
1).

¢ Accounting for differences in eye blink intensity could not account for
differences between the PP trial types in the insula (adjusted H2; Z = 2.51,
P = 0.012), consistent with evidence in the text that insular BR coefficients
reflect AMP. In contrast, accounting for eye blink intensity nearly eliminated
the differences between PP and PA trials in the thalamus (adjusted H1:
Z = 2.01, P = 0.044) indicating differences were largely attributable to differ-
ences in startle intensity.

nine ROIs which contained the most significant BR coefficient served as
the seed for the connectivity analysis, thereby linking the functional
connectivity analysis directly to startle modification (Table 5). BR
coefficients in the PP120 insula seeds appeared specific to AMP since
they were more negative than the PP60 seeds and the difference could
not be attributed to differences in eye blink responses (i.e. PPI or
startle) (Table 5, Legend). The mean of the 36 correlation coefficients,
reflecting the strength of the cerebral functional connections (FCs), was

greater during PP120 (0.41 =+ 0.22) than PP60 trials (0.35 = 0.24,
H2: Z=298, P=0.003) which, in turn, resembled PA trials
(0.36 = 0.24) (Fig. 2D and E; Table S3). 12 of the 36 connections were
not significant during the PP60 trials whereas only four were not sig-
nificant during PP120 trials (Xz = 5.1, P = 0.02). These differences
also could not be attributed to differences in eye blink responses
(analysis with eye blink response as covariate: H2: Z = 3.65,
P = 0.0002).

Subject-level mixed effects hierarchical linear regression analysis
identified four of the 36 FCs that were each stronger during PP120 trials
(Table 6). Three of these involved the right insula and two involved the
right 2° auditory cortex. The other two ROIs that made up the circuit
were the right and left thalamus (Figure S6). Three of these four FCs
were not significant during PP60 trials (Table 6, Legend), and the
strength of one covaried with PPI across subjects only during PP120
trials as could only occur with AMP (Table 6, last column).

4. Discussion
4.1. A novel methodologic approach isolates a single component of PPI

This is the first study to identify the functional circuitry underlying
a discrete cerebral influence, attentional modulation by the prepulse
(AMP), on prepulse inhibition (PPI) in humans. AMP was distinguish-
able because it was both time-locked to trial onset and only took place if
the time interval between the prepulse and pulse exceeded about
100 ms (Fig. 1). Hence, BOLD and eye blink responses that covaried
during otherwise identical trials that exceeded (i.e. PP120), but not
during those that were shorter (i.e. PP60) than, 100 ms localized AMP.
The distinction between pulse- (i.e. startle) and prepulse- (i.e. PPI) in-
duced neural activity was greatly facilitated by the fact that the former
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Table 6
Functional connections strengths differing by trial type®.
Statistics
Correlation (SD) PA vs PP(H1) PP60 vs 120 (H2) H2*mean eye blink intensity
ROI pair PA PP60 PP120 Z, P Z,P Z,P
R Insula - R 2° Auditory 0.44 + 0.25 0.45 + 0.22 0.58 + 0.19 —1.27,0.20 —2.11,0.03 1.16, 0.24
R Insula - R Thalamus 0.25 + 0.26 0.17 + 0.23" 0.28 + 0.14 0.43,0.66 —2.25,0.02 0.18, 0.86
R Insula - L Thalamus 0.26 + 0.23 0.19 + 0.18" 0.34 + 0.14 1.23,0.29 —2.56,0.01 1.42, 0.15
L Thalamus-R 2° Auditory 0.22 + 0.21 0.20 + 0.14° 0.35 + 0.16 —0.91,0.36 —2.33,0.02 —2.59, 0.001°
R Thalamus -L Thalamus 0.50 + 0.19 0.51 + 0.17 0.29 + 0.14 2.08, 0.04 2.68,0.01 1.82,0.07
L 1° Auditory-R1° Auditory 0.54 + 0.18 0.39 + 0.29 0.45 + 0.22 2.20,0.03 —0.92,0.35 0.98,0.32

@ 36 functional connections (FCs) between the nine retained ROIs were generated for each trial type by correlating the 64 beta estimates of the BOLD response
from that trial type's seed voxel with those in the other ROIs of that trial type. The Table shows the six FCs that differed significantly. Note the first four functional
connections are stronger for PP120 than PP60 trials, and the last two are stronger for PA than the two PP trials. Table S3 shows statistical differences for all 36 FCs.

> Three of the four FCs that were stronger during PP120 than PP60 trials did not appear to even exist during the PP60 trials (i.e. r < 0.24). Table S3 identifies other

FCs that were not significant for each trial type.

¢ Eye blink intensity and its interaction with trial type were added to assess whether PPI predicted connection strength more for PP120 trials as might be expected
with AMP. The interaction was significant for the L Thalamus - R 2° Auditory connection reflecting that this FC strength covaried with mean PPI during PP120 but not

PP60 trials. None of the H1 *eye blink interactions were significant (not shown).

were consistently positively-correlated and the latter negatively-corre-
lated with eye blink activity (Fig. 3, Table 3). The circuitry underlying
AMP was assessed by comparing PP120 and PP60 functional connection
strengths between seeds whose BOLD and eye blink covariation were
most significant across cerebral ROI pairs previously associated with
PPI (Figure S1;Table 1) (and hence most likely to reflect circuit activity
associated with PPI) (Fig. 2). These functional connection strengths
were determined by estimating the BOLD response to each trial of the
given type and correlating these estimates across ROI pairs. Those seed
pairs in ROIs that appeared both specific to AMP and whose functional
connections were stronger during PP120 trials, and particularly if they
did not exist during PP60 trials, identified AMP circuit elements.

4.2. AMP centered in circuit emanating from right insula

Functional cerebral connections between all ROI pairs were both
more plentiful and more pronounced during the PP120 than PP60 trials
(Table S3), consistent with a dispersed cerebral circuit specific to AMP.
The series of analyses converged on the right insula as the hub of this
functional circuit (Figures S6). Thus, 1) large bands of activity of cov-
arying BOLD and eye blink responses indicative of PPI (i.e. negative BR
coefficients) covered the bilateral insula, auditory and parietal cortices
during the PP120 (Fig. 3C) but not the PP60 (Fig. 3B) trials; 2) a cluster
of voxels in the right insula and in the right auditory cortex/inferior
parietal lobe appeared specific to AMP while clusters in several other
cerebral structures were highly suggestive of it (Table 3, Legend); 3)
furthermore, PP120 voxels that constituted the seed for the insula cir-
cuit elements also appeared specific to AMP (Table 5); and 4) three of
the four individual functional connections that were stronger during the
PP120 trials involved the right insula and only one of these was ap-
parent during the PP60 trials (Table 6). Finally, the findings replicated
those of our previous study (Table 1) and closely matched our predicted
findings.

4.3. Alternative interpretations can be excluded

These findings cannot be attributed to the greater PPI apparent
during PP120 than PP60 trials (Table 2) because accounting for this
only made the previously noted difference between PP120 and PP60
ROI pairs more significant and did not eliminate the finding linking
PP120 insula seeds to AMP (Table 5). Indeed, PP60 trials induced
minimal evidence of cerebral activity closely associated with PPI (i.e.
BR coefficients) (Fig. 3B), and in fact covarying PP60 BOLD and eye-
blink activity in all nine cerebral clusters appeared to reflect pulse (i.e.
startle: positive BR coefficients) effects (Table 3, last three columns).
Other modulatory influences on PPI cannot be responsible because they

are not time locked to trial onset and hence their impact on PPI would
not covary with trial-induced BOLD responses. Differences in pulse-in-
duced activity are also not responsible since the pulse clearly generated
positively signed BR coefficients (Fig. 3A), while the findings in ques-
tion were all negatively signed (Fig. 3C, Tables 3 and 5), and because
the key structures in the AMP circuit (insula and auditory cortices) were
the only ROIs where pulse induced activity could not account for PP120
eye blink responses (Table 4, Legend). Other cerebral processes cannot
be invoked because we used a passive event-related paradigm and thus
any other process should have been randomized across trial types.
Stimulus correlated motion (Table 1) can be excluded because it was
minimal (Table 1), unrelated to startle intensity, and was accounted for
in the statistical analyses. Finally, chance seems highly unlikely not
only because of the multiple steps taken to diminish type I error but
because of the consistency of the results across different outcome
measures.

4.4. Consistency with results reported by other investigators

While there are significant differences in study design that limit the
ability to compare this study to the previous work of others, our find-
ings are consistent with the literature. The original animal studies with
passive paradigms also implicated cortical-thalamic-striatal structures
in PPI (Swerdlow et al., 2001; Rohelder et al., 2016); while an active
paradigm of attentional modulation also implicated the auditory cortex
(Du et al., 2011) and a passive paradigm of cerebral modulation also
implicated the right prefrontal cortex, insula and anterior cingulate
(Rohleder et al., 2014, 2016). The previous human BOLD imaging
studies with passive paradigms also reported findings in striatum,
thalamus, anterior cingulate, inferior parietal lobe and frontal cortex
(Table 1) consistent with both our map of BR coefficients (Fig. 3) and
our cluster analysis (Table 3). Given its prominence in the current and
our previous study, we cannot, however, offer a compelling explanation
for why the insula was not consistently linked to PPI in most of the
previous imaging studies. The previous studies which directly assessed
AMP with an active paradigm (Hazlett et al., 2001, 2008) (Table 1) also
reported findings in the thalamus and prefrontal cortex (Table 3),
though they found striatal involvement which exceeded that apparent
in our study (Fig. 3C). Their reported absence of activity in the insula,
in contrast, may simply be attributable to the fact that they did not look
there.

4.5. Significance of functional circuit to psychotic disorders

The findings are consistent with the view that the reduced AMP in
psychotic disorders arises from the impaired salience detection that is
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found in psychotic disorders. The insula, and particularly the right
anterior insula contribute to salience detection (Cauda et al., 2012) and
its component processes (i.e. sustained attention (Dosenbach et al.,
2007) and auditory processing (Bamiou et al., 2003)). Bilateral tha-
lamus involvement is also critical to this network (Liang et al., 2013).
Impaired salience detection in psychotic disorders has been associated
with dysfunction of the insula and specifically altered connectivity of
the anterior insula (Goodkind et al., 2015; Palaniyappan et al., 2013;
Walter et al., 2016; Wylie and Tregellas, 2010).

4.6. Limitations of study design and interpretation

Several issues limit interpretation of these findings. First, the sample
size was small, composed only of young adults, and limited to those
exhibiting at least 50% PPI. Hence, additional work with larger samples
that are more representative of the general population are needed,
particularly when patients are to be assessed. Furthermore, multiple
comparisons were not rigorously controlled, though this was mitigated
by other steps to limit type I error and the overall consistency of the
various outcome measures (Fig. 2). AMP was inferred using a passive
paradigm that eliminated potential confounds and enhanced the power
of the design, but did not directly manipulate AMP. Hence it is im-
portant findings are replicated using an active paradigm (e.g.
Hazlett et al., 2008) that directs the subjects’ attention to and from the
prepulse. Other factors limit the precision of the results, such as the fact
that functional connectivity is correlative, does not address causality
and may not reflect anatomical connections; ROIs were defined in
common rather than in individual neurological space; pulse and pre-
pulse intensity were not modified to preserve functionally equivalent
effects as is commonly done in electrophysiology and psychophysics;
and seeds for the circuit analysis were selected on BR coefficient sig-
nificance of a single voxel.

4.7. Conclusions and future directions

Psychotic disorders appear to arise from dysfunction of distributed
neural networks, but deconstructing these networks, linking the ele-
ments to cognitive functions, targeting disordered activity and distin-
guishing it from adaptive/compensatory activity is a daunting task
(Fox, 2018). Because AMP reflects a single contribution to a quantifi-
able and interpretable evolutionarily-preserved cognitive process spe-
cifically linked to chronic psychosis, findings like those reported here
may offer a more expedient route to enhance diagnosis and treatment of
psychoses.

Deep brain stimulation may normalize PPI deficits in obsessive
compulsive disorder (Kohl et al., 2015), and transcranial magnetic sti-
mulation offers a non-invasive means of testing if a non-invasive sti-
mulus can normalize AMP and associated cognitive deficits in psychotic
disorders (Etkin, 2018). TMS applied to surface nodes of cerebral net-
works appear to enhance activity and function of the entire network
(Downar et al., 2016; Hallett, 2007; Wang et al., 2014). In particular,
TMS applied to the right middle frontal lobe appears to enhance insular
connectivity (Gratton et al., 2013) and augment putative insular-
mediated therapy (e.g. smoking cessation) (Li et al., 2017). The right
middle frontal lobe is a key component of the salience network and
associated with both PPI and AMP (Hazlett et al., 2008); a cluster in this
ROI located on the cerebral surface (Fig. 4) appeared closely associated
to AMP (Cluster #6, Table 2); and was highly connected with the right
insula during PP120 but not PP60 trials (data not shown). TMS effects
on insular circuit activity, PPI and putative cognitive functions that are
limited to PP120 trials would provide compelling evidence of the cir-
cuit's involvement in AMP and could lead to novel therapeutic treat-
ments for psychotic disorders.
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