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Abstract: The startle reflex provides a unique tool for the investigation of sensorimotor gating and in-
formation processing. Simultaneous EMG—MRI acquisition (i.e., online stimulation and recording in
the MR environment) allows for the quantitative assessment of the neuronal correlates of the startle
reflex and its modulations on a single trial level. This serves as the backbone for a startle response
informed fMRI analysis, which is fed by data acquired in the same brain at the same time. We here
present the first MR study using a single trial approach with simultaneous acquired EMG and fMRI
data on the human startle response in 15 healthy young men. It investigates the neural correlates for
isolated air puff startle pulses (PA), prepulse—pulse inhibition (PPI), and prepulse facilitation (PPF).
We identified a common core network engaged by all three conditions (PA, PPI, and PPF), consisting
of bilateral primary and secondary somatosensory cortices, right insula, right thalamus, right temporal
pole, middle cingulate cortex, and cerebellum. The cerebellar vermis exhibits distinct activation pat-
terns between the startle modifications. It is differentially activated with the highest amplitude for
PPF, a lower activation for PA, and lowest for PPI. The orbital frontal cortex exhibits a differential acti-
vation pattern, not for the type of startle response but for the amplitude modification. For pulse alone
it is close to zero; for PPI it is activated. This is in contrast to PPF where it shows deactivation. In addi-
tion, the thalamus, the cerebellum, and the anterior cingulate cortex add to the modulation of the star-
tle reflex. Hum Brain Mapp 31:1675-1685, 2010.  © 2010 Wiley-Liss, Inc.
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INTRODUCTION

The startle reflex and its modification via prepulses pro-
vide an important window on the basic principles of infor-
mation processing [Graham, 1975; Koch and Schnitzler,
1997; Swerdlow et al.,, 2001a]. If the startle pulse is pre-
ceded by a weaker, nonstartling pulse in a time range of
40-400 ms, the startle eye blink will be inhibited, which is
termed prepulse inhibition (PPI) [Blumenthal, 1996; Braff
et al., 1992; Swerdlow et al., 1999, 2001a]. If the time range
between the prepulse and the startling pulse is either very
small (<20-40 ms) or large (>1,000 ms), the startle
response is facilitated [prepulse facilitation (PPF); Graham,
1975; Hsieh et al., 2006]. PPI and PPF are thought to reflect
two different mechanisms. The amount of PPI is inter-
preted as an index of automatic sensorimotor gating and
hence indicative of a protection mechanism in sensory
processing [Graham, 1975; Swerdlow et al., 2001a; Swer-
dlow and Geyer, 1998]. The mechanism underlying PPF is
less clear. Graham [1975] discussed that facilitation pro-
duced by a sustained prepulse is at least in part the result
of generalized arousal processes elicited by the prepulse.
Although the elicitation of the startle blink is an automatic
process which does not require attentional processing, it
can be reliably modified by attentional processing of the
prepulse [Filion et al., 1993]. As reviewed by Braff et al.
[2001], theories about the neural correlates of the startle
reflex and its modification historically first embraced the
concept that sensory information is processed through a
series of sequential “steps” or “stages.” Later, these
“stage” models were increasingly challenged by evolving
“integrationist” models of neural networks, which empha-
size that parallel information processing in multiple loci is
integrated into a “symphonic array” of time-coordinated
events [Braff et al., 1999, 2001].

The primary startle circuit as described by Davis et al.
[1982] in rats consists of six synapses: the auditory nerve,
the posterioventral cochlear nucleus, the ventral nucleus of
the lateral lemniscus, the nucleus reticularis pontis cauda-
lis, spinal interneuron, and finally the lower motor neuron.
PPI of the startle response in rats is regulated by a number
of neural structures including the hippocampus, the pre-
frontal cortex including the medial prefrontal cortex and
orbital cortex, the basolateral amygdala, the core and shell
of the nucleus accumbens, the basal ganglia, the thalamus
(mediodorsal nucleus, medial geniculate), the ventral
tegmental area, the substantia nigra reticulate, and the
peduncolopontine nucleus [Braff et al., 2001]. This limbic
cortico-striato-pallido-pontine circuitry converges with the
primary startle circuit at the level of the nucleus reticularis
pontis caudalis [Braff et al., 2001]. Unlike PPI, the anatomi-

cal substrates of PPF are poorly described [Plappert et al.,
2004]. Research on PPF seems to be limited to pure electro-
physiological studies including the investigation of influ-
ences of background noise and interstimulus interval
pulse—prepulse [Davis et al., 1982; Fendt, 2001; Koch and
Schnitzler, 1997; Plappert et al., 2004; Takahashi et al.,
2007].

In comparison to electrophysiological studies, only few
neuroimaging studies using fMRI and PET to investigate
the startle reflex and its modification have been carried
out so far [Campbell et al., 2007; Goldman et al., 2006;
Hazlett et al., 1998, 2001, 2008, Kumari et al., 2003a,b].
Most studies focus on the neural correlates of PPI report-
ing a complex neural network made up of a primary pon-
tine circuitry that interconnects with inferior parietal,
superior temporal, and prefrontal cortices via thalamus
and striatum. Campbell et al. [2007] report bilateral PPI-
related BOLD responses in the caudate nuclei, the left
insula, the right middle frontal gyrus, and right fusiform
gyrus. When the mean startle amplitude for PPI was
included in the fMRI analysis as a covariate, activation
clusters were identified in the caudate nuclei, the thalamic
nuclei, the anterior cingulate cortex, the pons, and the left
angular gyrus [Campbell et al., 2007]. Kumari et al. [2007]
report increased activity in the striatum, thalamus, insula,
hippocampus, temporal, inferior frontal, and inferior parie-
tal regions associated with PPI. These studies contribute
important insights into the neural correlates of the startle
reflex and its modification for PPI via a fronto-striatal tha-
lamic circuitry [Hazlett et al., 2008]. To our knowledge,
there is no published neuroimaging study investigating
PPF. FMRI startle studies reported by Kumari et al.
[2003a,b] or Campbell et al. [2007] stimulate simultane-
ously but do not record simultaneously. The influence of
different parameters such as background noise level and
habituation from one session to the other as opposed to
data gathered within one session is significant [Blumen-
thal, 1996; Hsieh et al., 2006; McDowell et al., 2006]. Until
now, real simultaneous approaches, i.e. simultaneously
stimulate and record startle responses, have been limited
to the PET environment [Hazlett et al., 1998].

Simultaneous stimulation and recording allows one a
quantitative assessment of the startle response and the cor-
responding BOLD response in analogy to EEG/fMRI-data
analysis on a single trial level [Esposito et al., 2009, in
press; Mulert et al., 2008]. The single trial results of the
individual startle measurement enter the statistical analy-
sis of the event-related fMRI data and add valuable infor-
mation which is otherwise lost. This enables the
identification of neural components implicated in the regu-
lation of the startle reflex and its modification. FMRI-
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startle paradigms using pharmacologic challenges would
especially profit from simultaneously acquired data. The
simultaneous measurement would help quantify the extent
of deficient inhibition via PPI measurement and assess the
effect of pharmacological intervention. A broad range of
neuropsychiatric disorders such as schizophrenia, Tour-
ette’s syndrome, and Huntington’s disease is characterized
by a deficit in gating out irrelevant stimuli or a lack of
inhibition.

The online, simultaneous measurement of the startle
reflex mandates MR-compatible EMG electrodes, electrode
leads, and amplifiers. In addition, the switching of the
MR gradient coils causes severe interference patterns in
the recorded EMG signal. The startle set up in the MR
scanner is further complicated by the issue of stimulation.
The balance between acoustic stimulation being loud
enough to elicit the startle reflex but still safe for the vol-
unteer during fMRI is a difficult one to attain. We there-
fore adapted air puff stimulation for use in the MR
scanner. The use of air puff stimulation has been
reported by Swerdlow and colleagues [Kumari et al.,
2003c; Swerdlow et al., 2001b] as a successful MRI-
friendly approach.

In this study, an MR-compatible EMG startle set up is
described which meets the above challenges. With this
combined study approach we aimed to answer the follow-
ing questions:

a. Which neural structures form the core neural network
for processing PA, PPI, and PPF? More precisely, the
pulse alone (PA) is regarded as “default” or control
condition, whereas it is assumed that both prepulses
(PPI and PPF) engage brain areas more than the PA
does. Based on the results of animal research [Braff
et al., 2001] and available neuroimaging studies we
hypothesize a pontine network connecting via thala-
mus and striatum to prefrontal, parietal, and temporal
cortical areas [Goldman et al.,, 2006; Hazlett et al.,
1998, 2001; Kumari et al., 2003a,b,c, 2007]. This net-
work will receive additional contributions from the
cerebellum, the hippocampus, amygdala, insula, and
cingulate cortex [Braff et al., 2001, Campbell et al.,
2007; Goldman et al., 2006; Hazlett et al., 1998, 2001,
2008; Kumari et al., 2003a,b,c; Timmann et al., 1998].

b. Which neural structures are differentially involved in
the PA, PPI, and PPF? This is a rather explorative
approach, since—as far as we know—no imaging
study has yet compared the startle reflex and both
modification types in one experiment. To our knowl-
edge PPF has not even been investigated with neuroi-
maging techniques yet.

c. Which neural structures show activity that is related
to the amplitude of the startle response? Candidate
structures for the modulation of startle amplitudes
based on prior studies and animal research are the
prefrontal cortex, the nucleus caudate, the anterior
cingulate cortex, and the thalamus [Campbell et al.,

2007; Hazlett et al., 2001; Kumari et al., 2003a,b,c;
Swerdlow et al., 2001a].

MATERIALS AND METHODS
Healthy Subjects

We included 15 male subjects (aged 21-41 years, mean
28.4, SD 6.2) for the analysis of electrophysiological and
fMRI data (out of 22 scanned subjects five were excluded
due to startle nonresponsiveness and two subjects due to
realignment parameters exceeding the limit of 2 mm).
Nonresponsiveness was defined as two or more responses
missing in Section A or unusable PPI or PPF data, e.g.,
the responses were too low to be clearly distinctive from
baseline. A board-certified neurologist and psychiatrist
screened subjects by clinical interview. Exclusion criteria
were intake of any medication, recreational drug use, or
any past or present history of neurological or psychiatric
disorders, as well as relatives of first degree suffering
from psychiatric disorders. All subjects gave written
informed consent. The study was approved by the local
ethics committee. Subjects received a monetary compensa-
tion (15 € per hour) for their participation.

Startle Recording Set-Up

The set-up for recording the subjects’ startle reflex inside
the scanner consisted of an MR-compatible EEG amplifier
(MR plus, Brainproducts, Munich, Germany) and a cus-
tom-made, adjustable MR-compatible EEG cap (Easy cap,
Munich, Germany). The startle reflex was recorded from
the right orbicularis oculi muscle. Electrodes for recording
electromyographic activity of this muscle were fixed below
the eye in midline and the outer canthus. The ground elec-
trode was positioned at Iz. Prior to placement of the elec-
trodes, the skin was treated with alcohol and abralyte™
gel (EasyCap, Munich, Germany) to reduce resistance
below 10 kQ.

Air Puff Stimulation

Given the limitation of using auditory stimulation for
evoking startle responses, we chose to use somatosensory
stimulation by means of air puffs to elicit the startle
reflex. Two custom-made flexible plastic mountings were
attached to the left rail of the scanner table, each con-
taining a Teflon tube of 6 mm diameter (see Fig. 1).
These were individually bent for each subject to point to
the region below the left clavicula. The Teflon tubes
were fed through a wave guide from the scanner room
to the neighboring technical room and each one was con-
nected to a pressure regulator. The first pressure regula-
tor was set to 8 PSI and the second one to 40 PSI. The
magnetic valves of the pressure regulators were triggered
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Figure I.
Set up of the air puff stimulation in the MR suite. Blue plastic
mountings are flexible and allow for individual adaptation.
[Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

by a control element connected to the PC governing
the timing of the stimuli via the presentation software
package.

Stimulation Paradigm

To be consistent with the conventional setup for testing
the startle reflex, the experimental stimulation was pre-
ceded by a rest period in the scanner. This lasted for 5
min and allowed for adaptation to the scanner surround-
ings and noise of the running EPI sequence. During this
5-min-period no air puff stimulation was delivered. The
subjects lying in the scanner were instructed to keep their
eyes open throughout the experiment and to focus on a
blue stripe at the upper border of the magnet bore and
tolerate the air puffs passively. The air puff stimuli were
presented in an event-related design in three different
successive sections, A, B, and C. In Section A, six PA
stimuli (40 PSI, duration 20 ms) were delivered at an
interstimulus interval jittered between 9.3750 and 28 s. In
Section B, 18 PA stimuli, 18 PPI stimuli (prepulse: 8 PSI,
duration 20 ms, pulse as in PA, prepulse—pulse interval
140 ms) and 18 PPF stimuli (prepulse: 8 PSI, duration 20
ms, pulse: 40 PSI, duration 20 ms, prepulse-pulse interval
4,500 ms) were delivered in a random order at an inter-
stimulus interval jittered between 9.3750 and 28 s. The
order and onsets of the stimuli in this section were calcu-
lated using the program optseq (http://surfer.
nmr.mgh.harvard.edu/optseq/). In Section C, six PA
stimuli were applied again. In total, the event-related
experiment consisted of one session starting with a rest
period followed immediately by Sections A, B, and C for
a total scan duration of 24 min.

MR Protocol

The study was performed using a 3T Tim Trio Scanner
(Siemens, Erlangen, Germany) at the Research Center Jue-
lich. Prior to the startle experiment, an anatomical MR
scan was obtained using the MP-RAGE sequence at an iso-
tropic resolution of 1 mm. For functional MRI, an EPI
sequence with a 64 x 64 imaging matrix, FOV of 200 mm,
TR of 2,500 ms, TE of 30 ms, and 40 slices with slice-thick-
ness 3 mm and 10% slice gap was applied. Five hundred
seventy-six EPI volumes were acquired within the com-
plete run.

Startle Data Analysis

Offline data analysis was performed with Brainvision
Analyser Version 1.3 (Brain Products, Munich, Germany).
Raw data underwent corrections for MR-gradient artifacts
and cardioballistic artifacts [Allen et al., 1998, 2000]. Inde-
pendent component analysis was applied to extract startle
responses. For each startle response, the onset latency,
peak-to-peak amplitude, and peak latency were calculated.
For latency measurements, the first peak after onset was
chosen. For startle reactivity, we averaged all PA trials of
Section A. Nonresponsiveness was determined when at
least two PA trials did not elicit a startle response in
Section A. Assessment of startle habituation was calculated
by the average of the six PA trials in Section C divided
by the average of the six PA trials in Section A. %PPI was
calculated (PPI — PA)/PA * 100. %PPF was calculated
(PPF — PA)/PA * 100.

fMRI Data Analysis

Prior to the fMRI data processing, data quality was
assessed by means of the quality assurance protocol
described by Stocker et al. [2005], which provides the time
series of global percent signal change (PSC) as a data qual-
ity measure. fMRI data proved to be of high quality with a
mean PSC of 3.1% (SD 0.27). Thereafter, the data were ana-
lyzed using Statistical Parametric Mapping (SPM5, Well-
come Department of Cognitive Neurology, Institute of
Neurology, University College of London, UK). The first
120 images, acquired during the rest period for scanner-
noise adaptation, were discarded for this analysis. The
remaining 456 images were corrected for between-scan
movement by rigid-body realignment to the first image.
After spatial normalization to the EPI template provided
by the SPM package, the time series was spatially
smoothed with an isotropic Gaussian kernel of 10-mm
FWHM (full-width at half-maximum).

For the individual first-level analyses, the input func-
tions representing the timing of each event type (PA, PPI,
and PPF) in that subject were convolved with the canoni-
cal hemodynamic response function (HRF) to construct
the regressors for a voxel-by-voxel analysis within the
framework of the general linear model (GLM).
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TABLE I. Results of startle measurements

Startle response Magnitude Peak-latency (ms)
PA mean sections A-C 2,274 pV (2,860 pV) 125 (24)
PA section A 5,243 uV (5,883 uv) 132 (24)
PA section B 1,695 pV (2,416 pV) 123 (20)
PA section C 1,601 pV (2,737 uV) 132 (57)
PPI —37% 244 (42)
PPF +55% 248 (28)

Additionally, regressors of temporal derivatives of each
event-vector were included in the statistical model to
account for temporal shifts in the individual BOLD
response relative to its canonical form [Friston et al., 1998;
Henson et al., 2002]. Furthermore, each of the three event-
regressors, PA, PPI, and PPF, was parametrically modu-
lated with the individual startle amplitudes. These para-
metric modulation (PM) vectors enter the SPM design
matrix as additional columns. Thus, the statistical model
allows for separation of general, condition-specific neuro-
nal activations like PA, PPI, and PPF and of those effects
that are correlated with the measured amplitude of the
startle reflex, PAm (PA-modulated), PPIm (PPI-modu-
lated), and PPFm (PPF-modulated) [Durston et al., 2003;
Friston et al., 1998; Maguire et al., 2001]. Finally, the SPM
realignment parameters and the data quality parameter
PSC were introduced as additional covariates to remove
movement-related variance from the time-series.

Frequencies below a period of 128 s were eliminated by
means of a high pass filter to remove scanner drifts and
the aliasing of physiological noise. Autocorrelations of the
time-series were modeled using an autoregressive model
as implemented in SPM5. Parameter estimates of the HRF
for each event type (PA, PPI, and PPF) as well as their
PMs with the startle response (PAm, PPIm, PPFm) from
each subject were entered into a within-subject ANOVA.
Model specification of the ANOVA allowed for dependen-
cies between conditions and unequal variances between
subjects and conditions. We calculated the following
contrasts:

1. Planned t-contrasts (thresholded at P < 0.05, FWE
corrected and using an extent threshold of 10 voxels)
for PPI versus PA, PPF versus PA, PPIm versus PAm,
and PPFm versus PAm. These contrasts aimed at
identifying brain regions that are more engaged dur-
ing each of the experimental conditions (PPA and
PPI) as compared to the control condition (PA) (and
the PMs, respectively). The underlying hypothesis is
that the brain processes both prepulses (PPI and PPF)
in a way that some regions are more active as they
are when a PA is presented.

2. Conjunction analysis (thresholded at P < 0.001 uncor-
rected, whole brain and ROI approach based on prob-
ability maps [Eickhoff et al.,, 2005, small volume
correction, P < 0.001] for PA, PPI, and PPF and in

analogy for PAm, PPIm, and PPFm (thresholded at P
< 0.001 uncorrected)

3. F-contrast “Differences PA, PPI, PPF” (thresholded at
P < 0.001 uncorrected, extent threshold 50 voxel)
spanning all differences between the condition regres-
sors, i.e. testing simultaneously for any change in the
neural activity between PA, PPI, and PPF, and F-con-
trast “Differences PM” (thresholded at P < 0.001
uncorrected, extent threshold 50 voxel), i.e. testing
simultaneously for any change in the neural activity
between PAm, PPIm and PPFm. In addition, we per-
formed with a priori hypotheses for the candidate
regions a region of interest (ROI) approach. ROIs
were placed based on the results of the t-contrasts
PPI versus PA, PPF versus PA, or the conjunction
analysis (ROI sphere 20 mm, SVC P < 0.05 corrected
at MNI —32 —52 —36, MNI 6 8 24, MNI 8 14 8, and
MNI -8 14 8).

RESULTS
Startle Data

The relative PPI response were calculated by 100 x (PPI
— PA)/PA, resulting in a mean percentage change of
—37% for all inhibition events. Accordingly, the relative
PPF response was calculated by 100 x (PPF — PA)/PA,
resulting in a mean percentage change of +55% for all
facilitation events. Habituation was calculated by dividing
the mean PA amplitude in Section C through the mean PA
amplitude in Section A. This showed a habituation effect
of 70% (Table I).

fMRI Data Analysis
PPI versus PA

The contrast PPI versus PA shows activation in the right
superior parietal lobe (MNI 44 —54 60) and the right infe-
rior frontal gyrus, pars triangularis (MNI 44 —54 60).

PPF versus PA

The contrast PPF versus PA shows activation in the left
superior medial gyrus (MNI —2 44 46), right middle fron-
tal gyrus (MNI 32 24 56), anterior/middle cingulate cortex
(MNI 6 8 24, 13 4 42) and the cerebellum [crus 1 left MNI
—12 —70 —34, left cerebellum lobule IX MNI —8 —48 —50,
right cerebellum (lobule VIII) MNI 24 —44 48].

PPIm versus PAm

The contrast PPIm versus PAm shows the right caudate
nucleus (MNI —6 10 12), the right anterior cingulate cortex
(MNI 16 22 24), the left superior medial gyrus (MNI —8 66
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Figure 2.
The conjunction analysis PA-PPI-PPF reveals a common core network consisting of primary and
secondary somatosensory cortices, the left thalamus, the right insula, the right temporal pole,
the middle cingulate cortex, and cerebellar components.

14), and the right cerebellum (lobule VIII) (MNI —20 —62
—46).

PPFm versus PAm

The contrast PPFm versus PAm (P < 0.001, uncorrected,
extent threshold 10 voxel) reveals cerebellar activation
spots in the right lobule VIII and the left lobule X (MNI
—14 —42 40, t = 4.51; MNI 20 —62 —46, t = 3.8).

Conjunction analysis PA-PPI-PPF

The conjunction analysis identified primary and second-
ary somatosensory cortices, the right thalamus, the right
insula, the right temporal pole, the cerebellum, and the
middle part of the cingulum as the essential common neu-

ral network for the startle reflex and its modification (see
Fig. 2). Coordinates in MNI space are listed in Table IL

Conjunction analysis PAm—PPIm-PPFm

The conjunction analysis over PAm, PPIm, and PPFm
revealed no suprathreshold voxels.

F-test differences PA-PPI-PPF

The F-contrast spanning all differences between the con-
dition regressors, i.e. testing simultaneously for any
change in the neural activity between PA, PPI, and PPF,
reveals cerebellar activation in the vermis (MNI 4 —58
—32, F = 7.23, Fig. 3a). The contrast estimates are depicted
in Figure 3b.
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TABLE Il. Conjunction analysis PA, PPI, and PPF

Macroanatomic region MNI coordinates t value Probability” Area®
Supramarginal gyrus R 58 —28 22 7.77 Probability 40% or1
66 —24 22 7.48 Probability 40% OP1
Superior temporal gyrus R 48 —28 16 6.78 Probability 70% OP1
Superior temporal gyrus L -50 —26 8 7.37 Probability 30% TE1.0
Probability 20% TE1.1
Heschl’s gyrus R 44 -206 5.55 Probability 60% TE1.0
Probability 30% TE1.1
Insula lobe R 40 —14 -6 9.34
400 -10 5.51
4414 —6 6.24
Calcarine gyrus L -12 -80 6 7.55 Probability 100% Area 17
-2 -8210 6.46 Probability 80% Area 18
Calcarine gyrus R 4 -74 10 6.7 Probability 70% Area 18
12 -84 10 6.40 Probability 100% Area 17
Thalamus R 8-148 6.26 P0.92 prefrontal cortex”
12 -26 7.12 P0.85 prefrontal cortex
10 —26 2 6.07 P0.36 prefrontal cortex
P0.45 post. parietal cortex
12 -28 4 6.03 P0.21 post. parietal cortex
P0.45 temporal cortex
Cerebellum Crus 1 L —16 —76 —26 6.84
—6 —80 —24 5.84
Cerebellum lobule VI L —32 —52 -36 5.84
Middle cingulated cortex L 214 40 6.11
Postcentral gyrus 6 —46 64 0.001 SVC Probability 40% Area3a
Amygdala 34 -5 -18 0.001 sVC Probability 50% Laterobasal amygdala
-30 -3 -22 0.001 SVC Probability 90% Laterobasal amygdala
Hippocampus 18 =30 -7 0.001 SVC Probability 70% Subiculum
-18 -31 -7 0.001 sVC Probability 80% Subiculum
Brainstem 1-25-21 0.001 SVC

? Probability as assessed by Thalamic Connectivity Atlas, (http://www.fmrib.ox.ac.uk/cgi-bin/thalamus.pl, Behrens et al. 2003).
b Anatomy toolbox for SPM [Amunts et al., 2000, 2005; Eickhoff et al., 2005, 2006; Geyer et al., 1999; Morosan et al., 2001].

F-test differences PM

The F-contrast spanning all differences between the con-
dition regressors, i.e. testing simultaneously for any
change in neural activity between PAm, PPIm, and PPFm,
reveals a frontal center of activation in the left middle orbital
gyrus (MNI 0 58 —4, F = 7.72) (see Fig. 4a). Contrast esti-
mates are shown in Figure 4b. The ROI approach showed
significant small clusters in the left cerebellum (10 voxels,
local maximum at MNI —16 —42 —40), in the anterior cingu-
lum (Cluster 1: 28 voxels, local maximum at MNI —6 8 12;
Cluster 2: 21 voxels, local maximum at MNI 16 22 34), and
in the left thalamus partly overlapping in the striatum (Clus-
ter 1: 4 voxels, local maximum at MNI —24 —20 0; Cluster 2:
13 voxels, local maximum at MNI —20 —6 4). Parameter esti-
mates are provided in Supplementary Table 1.

DISCUSSION

Our simultaneous measurement (i.e., stimulation and re-
cording) of fMRI and startle reflex identified primary and

secondary somatosensory cortices, the right thalamus, the
right insula, the right temporal pole, the cerebellum, and
the middle part of the cingulum as essential common neu-
ral network for the startle reflex and its modification.

Despite air puff (i.e., somatosensory stimulation), pri-
mary acoustic and visual cortices show activation in the
conjunction analysis for PA, PPI, and PPF. The acoustic
activation could either result from the distinct hissing tone
caused by the air puffs leaving the Teflon tubes or from
the primary visual activation via crossmodal activation
through the somatosensory stimulus [Diederich and Koch,
2005; Lugo et al., 2008; McDowell et al., 2006; Senkowski
et al., 2008; Diederich and Colonius, 2008].

In our results PPI differs from PA in the additional
recruitment of prefrontal and parietal areas. The recruit-
ment of prefrontal areas for PPI is well in line with the
results of animal research and prior neuroimaging find-
ings. In their comprehensive review, Swerdlow et al.
[2001a] describe the role of the prefrontal cortex including
the medial prefrontal cortex and the orbital cortex. An
BEDG-PET acoustic startle study in humans [Hazlett et al.,
1998] supports the findings from research in rodents and
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b Contrast estimates and 90% C.I.

Effect of PA PPI PPF

-32)

contrast estimate at |4, -58,

05 1 15 2 25 3 35
contrast

Figure 3.
(@) The F-contrast differences PA—PPI-PPF reveals cerebellar
activation with maximum activity localized in the vermis. (b) The
contrast estimates plot reflects high activation for PPF in com-
parison to PPI.

reports an association between a high PPI response and a
high prefrontal glucose metabolism (Brodman areas 8, 9,
und 10 bilaterally). Another group [Kumari et al., 2005]
revealed a positive correlation between acoustic PPI and
gray matter volume in the dorsolateral prefrontal, middle
frontal, and orbital/medial prefrontal cortices. Our data
indicate that for the modulation of PPI the left superior
medial frontal cortex, the anterior cingulate cortex, the
right caudate nucleus, and the cerebellum are of impor-
tance. A modulating role for the nucleus caudatus in PPI
is also known from work in rats [Swerdlow et al., 2001a].
In humans, Campbell et al. [2007] report in their fMRI
study at 1.5 T in combination with off-line recorded acous-
tic PPI an association between the startle amplitudes and
the BOLD signal bilaterally in the caudate nuclei, the ante-

rior cingulate cortex, the pons, the angular gyrus, and the
thalamus. Our data replicate these data in a tactile para-
digm for the caudate nucleus, the striatum, the thalamus,
and the anterior cingulate. In contrast to Campbell et al.,
we did not replicate the association between pons activa-
tion and PPI response. In our data, in the brainstem, no
activation cluster emerges for the differential t-contrast
PPIm versus PAm. Only in the conjunction analysis using
an ROI approach a small cluster is detected. However, this
has to be interpreted with care. The imaging of the brain-
stem in fMRI is a demanding task, since during the car-
diac cycle the brainstem moves in rostral-caudal direction
1-2 mm. Another challenge lies in the differentiation
between reliable activation and signal artifacts originating
from small veins. In future studies, these challenges can be
met partly by the cardiac gating of the EPI sequence and

b Gontrast estimates and 90% G.I.
Effect of Modulation
0.15
(
— 0.05F r ‘
T r‘ ‘
g o :
S ()
® -0.05F
2
=
£ _oaf |
4
g 015
8 -02}
-0.25}
_galu L ) L . ) L
05 1 15 2 25 3 35

contrast

Figure 4.
(a) The F-contrast differences PM identifies frontal activation in
the middle orbital gyrus. (b) For the startle modification it
shows differential activation patterns, activation during PPl as
opposed to deactivation during PPF.
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increased sample size. In addition, we would adapt our
image acquisition scheme in a way to use an interstimulus
interval of 120 ms for PPIL In further studies, this would
allow a better comparison to other studies in the literature.
The interstimulus interval of 120 ms is important with
regard to attentional influences on the startle reflex and its
modification in active paradigms (e.g., with attention to
prepulses) [Filion et al., 1993].

In their review, Swerdlow et al. [2001a] describe the
involvement of the basolateral amygdala and the hippo-
campus in the regulation of PPI. A ROI approach confirms
the participation of the basolateral amygdala and the hip-
pocampus for the data of the conjunction analysis PA, PPI,
and PPF. The implication of the amygdala in the regula-
tion circuit of the startle response correlates well with psy-
chophysiological measurements which show a potentiation
of the startle response during aversive picture viewing as
an indicator of trait fear [Vaidyanathan et al., 2009].

In contrast to PPI data PPF data in animals and humans
are sparse. The actual underlying neural pathway is not
well studied [Plappert et al., 2004]. In our human data, we
find that PA, PPI, and PPF share a common core network.
PPF differs from PA in our data by the recruitment of pre-
frontal areas, the anterior/middle cingulate cortex, and
cerebellar activations.

Based on the differential activation pattern in the F-con-
trast for the modulated PA, PPI, and PPF measure, the or-
bital cortex seems to play an important role in the
modulation of the startle responses (Fig. 3a,b). Our find-
ings are supported by animal research and a lesion study
in patients. Zavitsanou et al. [1999] report that dopamine
antagonists in the orbital prefrontal cortex reduce PPI of
the acoustic startle reflex in rats. In humans, the role of
the orbitofrontal cortex is supported by an electrophysio-
logical study using acoustic stimulation in patients with
orbitofrontal lesions [Angrilli et al., 2008]. It shows a defi-
cient PPI response in these patients. The ROI approach
also indicates that the orbitofrontal cortex is not an exclu-
sive modulator of the startle reflex. It involves the anterior
cingulate cortex, the cerebellum, and the thalamus/stria-
tum as well. This replicates the results of prior neuroimag-
ing studies [Campbell et al., 2007, Goldman et al., 2006;
Hazlett et al., 1998, 2001, 2008; Kumari et al., 2003a,b,c].

Our data clearly involve the cerebellum in the startle
reflex and its modification. This is in line with prior PET
and fMRI studies, especially by Timmann and her group
[Dimitrova et al., 2002; Pissiota et al., 2002; Timmann
et al., 1998]. As part of the core network as identified by
the conjunction analysis PA, PPI, and PPF, the left crusl
and lobule VI left are active in our data. These subregions
are considered to be involved in the cognitive domain by
a recent comprehensive review focusing on cerebellar acti-
vation in neuroimaging studies [Stoodley and Schmah-
mann, 2009]. For the modulated startle responses, other
regions of the cerebellum are activated. These are the right
lobule VIII and the left lobule X. Especially, the lobule VIII
is considered to take part in sensorimotor processing

[Stoodley and Schmahmann, 2009]. The F-contrast for dif-
ferentially activated neural structures during PA, PPI, and
PPF identifies activation in the vermis of the cerebellum
(Fig. 4a,b). The vermis is implicated in affective processing
and behavior [Maschke et al., 2003; Stoodley and Schmah-
mann, 2009; Timmann et al., 1998]. The cerebellum contrib-
utes to the startle reflex and its modification in three
domains, in the sensorimotor domain, in the cognitive do-
main, and in the affective domain.

fMRI data and EMG/EEG data are sampled at a differ-
ent time frame. How to approach this different temporal
solution in data analysis and interpretation is an evolving
field of research [Esposito et al.,, 2009, in press]. For
our data, we chose an event-related design and a single
trial approach resulting in a startle-data informed fMRI
analysis.

In summary, we present a simultaneous MR-compatible
startle reflex setup (stimulation and recording online) with
a single trial approach in healthy volunteers. This enables
a single trial informed fMRI analysis. Deficits in PPI and
PPF characterize a range of neuropsychiatric disorders
such as schizophrenia, Tourette’s syndrome, and Chorea
Huntington. As an outlook for further studies, the com-
bined measurement allows for the quantification of these
deficits. This prepares the ground for the evaluation of
pharmacological approaches to improve the ability to gate
out irrelevant stimuli, i.e. by neuroleptic medication in
schizophrenia. The startle reflex can be studied across spe-
cies and is a salient tool for the translation of pharmaco-
logic animal research results to humans.
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