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Abstract

The precise role of the cortex in human anxiety is not well characterised. Previous imaging research among healthy controls has reported
alterations in regional cerebral blood flow (rCBF) within the prefrontal and temporal cortices during periods of anxious anticipation;
however, the temporal dynamics of this activity has yet to be examined in detail. The present study examined cortical Steady State Probe
Topography (SSPT) changes associated with anticipatory anxiety (AA), allowing examination of the temporal continuity and the excitatory
or inhibitory nature of AA activations. We recorded Steady State Visually Evoked Potentials (SSVEPs) at 64 scalp locations, skin
conductance, and self reported anxiety among 26 right-handed males while relaxed and during the anticipation of an electric shock. Relative
to the baseline condition, the AA condition was associated with significantly higher levels of self-reported anxiety and increased phasic skin
conductance levels. Across the seven second imaging window, AA was associated with increased SSVEP latency within medial anterior
frontal, left dorsolateral prefrontal and bilateral temporal regions. In contrast, increased SSVEP amplitude and decreased SSVEP latency
were observed within occipital regions. The observed SSVEP latency increases within frontal and temporal cortical regions are suggestive
of increased localised inhibitory processes within regions reciprocally connected to subcortical limbic structures. Occipital SSVEP latency
decreases are suggestive of increased excitatory activity. SSVEP amplitude increases within occipital regions may be associated with an
attentional shift from external to internal environment. The current findings provide further support for the involvement of frontal, anterior
temporal, and occipital cortical regions during anticipatory anxiety, and suggest that both excitatory and inhibitory processes are associated
with AA alterations.
© 2003 Elsevier Inc. All rights reserved.
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Introduction

Human anxiety consists of a complex pattern of cogni-
tive, affective, physiological and behavioural changes in
response to threat, loss, or perceived negative outcome
(Beck and Clark, 1997). Anxiety reactions cross into the
spectrum of clinical disorders when they are situationally
inappropriate or excessive in duration or degree. Within any
one-year period, 5.7% of the Australian population meet the
DSM-IV criteria for an anxiety disorder, a level closely

matched in both UK and US samples (Andrews et al., 2001),
highlighting the importance of gaining a better understand-
ing of the neural underpinnings of anxious symptomatology.

Research within a range of anxiety disorders employing
symptom provocation, pharmacological or behavioural
challenges, and resting state comparison methodologies has
highlighted the fact that in addition to the activity of limbic
and brain stem structures, higher cortical areas are function-
ally significant to the pathophysiology of anxiety. The most
consistently reported cortical brain regions with functional
significance to anxiety are found within the prefrontal cor-
tex, the temporal cortex (particularly anteriorly) and insula,
and within the occipital lobes. Alterations in activity within
the prefrontal cortex have been observed amongst a range of
patient populations including social phobia (Davidson et al.,
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2000), simple phobia (SP) (Paquette et al., 2003; Johanson
et al., 1998; Fredrickson et al., 1995; Wik et al., 1993),
panic disorder (PD) (Boshuisen et al., 2002; Bremner et al.,
2000; Meyer et al., 2000; Malizia et al., 1998; Nordahl et
al., 1998, 1990; De Cristofaro et al., 1993), post traumatic
stress disorder (PTSD) (Shaw et al., 2002; Osuch et al.,
2001; Mirzaei et al., 2001; Semple et al., 2000, 1993;
Liberzon et al., 1999; Shin et al., 1999; Zubieta et al., 1999),
and obsessive compulsive disorder (OCD) (Rauch et al.,
2002; Lucey et al., 1997; Schwartz et al., 1996; Rubin et al.,
1992; Zohar et al., 1989; Baxter et al., 1987). The results of
the above studies are consistent with the hypothesis that
prefrontal cortical regions (particularly within the right
hemisphere) are involved with the regulation and control of
anxiety by regulating the activity of subcortical limbic areas
including the anterior cingulate and amygdala (Davidson,
2002; Davidson and Irwin, 1999).

Alterations in temporal lobe function associated with
anxious symptomatology have also been frequently re-
ported. Increased temporal lobe rCBF activity was reported
among patients with generalised anxiety disorder (GAD)
(Johanson et al., 1992; Wu et al., 1991), OCD (Breiter et al.,
1996), SP (Rauch et al., 1995; Davidson et al., 2000), PD
(Boshuisen et al., 2002) and PTSD (Shin et al., 1999).
Increased rCBF was observed within the right insula of SP
(Rauch et al., 1995) and OCD patients (Breiter et al., 1996)
and among SP, OCD and PTSD patients (Osuch et al., 2001;
Shin et al., 1999; Rauch et al., 1997). Decreased rCBF has
been reported within the parietotemporal cortex (Meyer et
al., 2000; Bisaga et al., 1998) and anterior insula (Boshuisen
et al., 2002) of PD patients, and within the temporal polar
cortices of SP patients (Fredrickson et al., 1995). Anxious
symptomatology has also been associated with alterations in
occipital lobe activity. Reduced rCBF within primary and
secondary visual cortical areas has been reported among SP
patients (Wik et al., 1996, 1993) and PTSD patients (Mir-
zaei et al., 2001). Increases in occipital rCBF have also been
reported among subjects with PTSD (Rauch et al., 1996), SP
(Paquette et al., 2003; Fredrikson et al., 1993 1997), GAD
(Wu et al., 1991) which were attenuated after benzodiaz-
epine treatment (Buchsbaum et al., 1987), and subjects with
OCD (Zohar, 1989).

Pharmacological challenges, whilst providing another
avenue for investigation of the neural basis of anxious
symptomatology, are somewhat difficult to synthesize be-
cause of the use of various panicogens (CCK-4, pentagas-
trin, yohimbine, lactate, and CO2 inhalation) in both clinical
and normal groups. Although each of these agents may be
used to induce anxious symptomatology to varying degrees
within patients and controls, each has a differing influence
on the adrenergic and vascular functioning of the central
nervous system. As a result, the specific results appear
somewhat contradictory, however regional cortical alter-
ations within PFC, temporal lobes and insula, and occipital
cortex are commonly reported (Boshuisen et al., 2002;
Cameron et al., 2000; Javanmand et al., 1999; Bremner et
al., 1997; Benkelfat et al., 1995; De Cristofaro et al., 1993;

Stewart et al., 1988; Gur et al., 1987), highlighting the
involvement of these cortical regions during periods of
anxiety.

While clinical anxiety represents an excessive or inap-
propriate response to perceived threat, the underlying neural
circuitry associated with the basic components of anxiety
reactions may be common to both healthy and pathological
anxiety. Research within healthy adults aims at delineating
the specific neural circuitry involved in the normal emo-
tional self regulation associated with the various aspects of
anxiety reactions, providing a baseline for comparison with
the disordered and excessive reactions observed within clin-
ical populations. Evidence suggests that although disorder
specific abnormalities are observed within unique systems,
there is a core system comprised of elements of the para-
limbic belt which is common to anxiety states within both a
range of clinical anxiety populations, and within physiolog-
ical or normal anxiety (Rauch et al., 1997). Cortical activa-
tions associated with anxiety within healthy control subjects
are generally consistent to those observed amongst clinical
populations. Experimentally induced anxiety has also been
associated with activity within the prefrontal cortex (Simp-
son et al., 2001; Liotti et al., 2000; Critchley et al., 2001;
Chua et al., 1999). The results of Simpson et al. (2001)
suggests a dynamic interrelationship between decreased
rCBF within the PFC, attentional focus and subjective lev-
els of anxiety. These authors propose that the ability to
remain relaxed during anxiety provocation was associated
with successful suppression of prefrontal cortical activity in
the face of threatening aversive environmental stimuli. Ac-
tivations within the temporal poles and within the right
superior temporal sulcus and bilateral insula have also been
reported within healthy anxious subjects, as have activa-
tions within occipital cortical regions (Paquette et al., 2003;
Liotti et al., 2000; Kimbrell et al., 1999; Reiman et al.,
1989).

Anticipatory Anxiety (AA) is one of the most basic
forms of anxiety, and while being experienced by normal
individuals, also occurs within a number of clinical anxiety
disorders such as PD and phobias. AA refers to human
anxiety that is focused on an imminent threat or danger and
is typically associated with sympathetic arousal and fight or
flight reactions. AA can be differentiated from the more
long term and distally focused anxiety, such as worry,
which may largely constitute disorders such as GAD in a
similar fashion to Heller et al.’s (1997) differentiation of
Anxious Arousal from the more generalised Anxious Ap-
prehension. AA has previously been induced within healthy
male controls via the expectation of an unpleasant electric
shock (Simpson et al., 2001; Chua et al., 1999; Reiman et
al., 1989). AA is also associated with arousal of the central
autonomic nervous system, previously gauged by examina-
tion of electrodermal activity (Chua et al., 1999; Kopacz
and Smith, 1971). These previous investigations amongst
healthy controls have employed Positron Emission Tomog-
raphy (PET) to investigate the alterations in cerebral meta-
bolic function associated with AA. Whilst providing data
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with an exceptional spatial resolution, PET data is less able
to provide fine-grained information on when these changes
occur and insight into the temporal continuity of AA acti-
vations.

In the current study, we aimed to examine electrical brain
activity associated with AA using an electrophysiological
technique called Steady State Probe Topography (SSPT).
SSPT is a variant of EEG which allows the examination of
cortical electrical activity on a millisecond timescale. Pre-
vious studies also have indicated that SSVEP is relatively
insensitive to noise contamination from sources including
Electrocculargraphic (EOG), eye blink, 50 Hz mains, and
electromyographic (EMG) noise (Silberstein et al., 1998;
Regan 1989). Furthermore, studies within our laboratory
suggest that SSVEPs are sensitive to cognitive (Silberstein
et al., 1998, 1996) and emotional alterations (Kemp et al.,
2003, 2002, in press). In addition, the differing neural basis
of PET and SSVEP data may provide complementary in-
formation the metabolic demands and excitatory or inhibi-
tory nature of localized cortical activity.

Methods

Subjects

Twenty-six healthy males (age � 23.4 yrs, �4.0) par-
ticipated in the present study. Prior to inclusion in the study,
all subjects underwent a medical examination, screening for
physical illness, and past or present neuropsychiatric disor-
ders. Subjects were non-smokers and were free of psycho-
tropic or prescribed medications. All subjects were strongly
right handed as assessed by the Edinburgh Handedness
Inventory (Oldfield et al., 1971). Subjects were recruited via
university notice board advertisements, and were generally
well educated (education � 15.2 years, �2.0 yrs). All
subjects gave written informed consent to take part in the
study, which was approved by the Swinburne University
Human Research Ethics Committee.

Behavioural measures

Upon arrival subjects completed the Stait Trait Anxiety
Inventory (STAI) State and Trait versions (Spielberger et
al., 1970), and the Beck Depression Inventory (BDI) to
assess levels of anxious and depressive symptomatology
(Beck et al., 1961). Subjects also completed a Visual Ana-
logue Scale (VAS) measure of anxiety prior to scanning,
after the baseline scan and again after the anxiety-inducing
scan. The VAS consisted of three 100 mm lines anchored at
each end with the words relaxed/anxious, calm/nervous, and
tense/peaceful.

Experimental tasks

Subjects completed a simple computer based Continuous
Performance Task, the CPT-AX under two conditions; a

relaxed followed by an anticipatory anxiety condition. The
CPT-AX task, previously described in Silberstein et al.
(2000, 1998, 1996), was included in order to ensure a basic
level of cognitive activity which was consistent between
task conditions. Subjects were instructed to view a computer
monitor upon which a random letter appeared every 1.5 sec,
remaining on the screen for 1.2 sec after which it was
replaced by a central fixation cross. Subjects held a button
box and were required to make a button press on the un-
predictable appearance of the letter X, only when this was
preceded by the letter A. The ratio of targets to non-targets
was set at 1:4. The letters subtended a vertical and horizon-
tal angle of approximately 1.2 degrees when viewed at the
fixed distance of 2.3 meters. During the relaxed task con-
dition, a 1.2 cm blue border framed the stimulus presenta-
tion screen. Subjects were assured that they would not
receive any electric shocks during the baseline task. During
the anticipatory anxiety condition, SS performed the same
CPT-AX task. As in the control condition, this task began
with a blue-bordered screen. Every 25 sec, this border
changed from blue to red, for a period of 11 sec. This
occurred 11 times throughout the task. SS were informed
that during this task they may receive electric shocks at any
time during the red border display. Five shocks were ad-
ministered at varying latencies after red border onset, en-
suring that subjects could not predict the exact timing of
electrical stimulation.

Procedure—experimental design

Subjects sat in a quiet recording room 2.3 meters from the
task computer monitor. Brain electrical activity was recorded
through an electrode cap containing 64 electrodes (10–20
international location system and other midpoint electrodes),
with linked ear electrodes as a reference and a nose electrode
as ground. Half-mirrored goggles were fitted which emitted a
flickering mild white light (13 Hz) while allowing subjects to
see the computer monitor before them. Subjects completed the
baseline task while SSPT data was collected. An isolated
stimulator CMS1-200 (Dogwood scientific equipment) was
used to deliver electrical stimulation via electrodes applied to
the dorsal aspect of the subjects’ right hand immediately prior
to completion of the AA condition. Shocks were set at a
predetermined level of 30 mA, 115 v (maximum).

SSPT signal processing

The key features of the SSPT signal processing em-
ployed is described in Silberstein et al. (1995, 1990). Brain
electrical activity was amplified and filtered with a 0.74 Hz
high pass filter and a 74 Hz low pass filter prior to digiti-
zation (16 bit accuracy). Electrical activity was recorded at
a sampling rate of 500 Hz. SSVEPs, induced via a spatially
uniform 13 Hz visual flicker were extracted from the brain
electrical activity by calculating the sine and cosine Fourier
Transform (FT) coefficients at each stimulus cycle during
each task recording. FT coefficients were smoothed to re-
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duce noise by averaging overlapping blocks of 10 stimulus
cycles. All data were checked for artifact within each elec-
trode as described in Silberstein et al. (1995).

SSVEP data analysis

The SSVEP was first epoched to provide measures of
cortical activity within the relaxed and AA conditions. Dur-
ing the relaxed condition, nine seven-second periods were
randomly selected and averaged to form an epoch of relaxed
task SSVEPs for each subject. Similarly, nine seven-second
epochs were selected during the AA condition. These ep-
ochs were chosen so that they began upon the presentation
of the red-bordered screen and ended before shock delivery.
Electrical stimulation was delivered within the first 1.5 sec
of the red border presentation during the remaining AA
periods, and as a result these were not included as AA
SSVEP epochs. The task characteristics during the relaxed
and AA epochs were matched, so that each contained the
same number of A and X targets as well as the same number
of AX responses required. SSVEP data is comprised of both
amplitude; the size of the SSVEP signal recorded at each
electrode site, and phase components; alterations in the time
between sinusoidal steady state visual stimuli presentation,
and their expression as SSVEP within the cortex. SSVEP
amplitude was normalized by subtracting the average am-
plitude for all electrodes from each electrode time series
(discrete waveform) data, for each subject. SSVEP phase
was normalized by subtracting the mean phase for each
electrode from its time series for each subject. Cross subject
averages were then constructed for each task condition,
providing averaged SSVEP maps for each of the 91 data
cycles (13 Hz � 7 sec) within both the relaxed baseline and
AA conditions.

Topographic mapping of SSVEP data

Difference maps, subtracting the relaxed condition SS-
VEP from the SSVEP obtained during the AA condition,
were generated to provide a measure of electro-cortical
activity observed during periods of anticipatory anxiety.
SSVEP phase variations are presented in millisecond (msec)
latencies; (change in phase/2 � �) � (1000/13). Hotellings
T statistics indicating the statistical strength of differences
in amplitude and phase combined were also calculated.
Previous spatial component analysis of SSVEP data sug-
gests that 5 independent factors are represented in SSVEP
data (Silberstein et al., 1995). As a result, Hotellings T p
values (2-tailed) have been divided by 5 before being re-
ported. Hotellings T statistics are presented as topographic
maps illustrating the statistical significance of differences in
amplitude and latency at each electrode. Contour lines il-
lustrate areas of statistical significant at 0.05 and 0.01 and
0.001 alpha levels.

Statistical cluster plot & component mapping

A statistical cluster plot displaying Hotellings T data
across all electrodes (y-axis) and time-points (x-axis) was
generated to investigate the location and time course of
significant SSVEP differences. One benefit of statistical
cluster plots is their ability to display data at each time point
across all electrodes, providing a clear summary of temporal
patterns of significance. While datasets comprised of nu-
merous point wise t-tests will contain randomly distributed
type 1 error, clusters of statistical significance are likely to
reflect real effects, and may provide a useful guide for
further examination (Murray et al., 2002; Guthrie and Buch-
wald, 1991). Electrodes are approximately separated into
frontal (electrodes 0–20, including Fp1, Fp2, F7, F3, Fz, F4,
and F8), parieto-temporal (electrodes 21–52, including T3,
C3, Cz, C4, T4, T5, P3, Pz, P4, and T6) and occipital
(electrodes 53–63, including O1, Oz, and O2) locations.
The two clusters of significant differences within frontal/
temporal electrodes clearly evident in the statistical cluster
plot were further examined by generating early and late
epochs (each 1 sec at 13 Hz), applying the original normal-
isation routine, and averaging the resulting data sets to form
topographic maps.

Electrodermal data analysis

Electrodermal measures of skin conductance (SC) were
recorded throughout the baseline and AA conditions for 14
of the 26 subjects using the Psylab SC5-SA skin conduc-
tance and temperature coupler. Electrodes were located on
the distal phalanx of index and middle fingers, and a hy-
poallergenic gel ensured contact between the skin and elec-
trode. Skin conductance was recorded at 40 Hz and digitized
to 24-bit accuracy at the electrode site, producing SC data
with an absolute accuracy of 0.1 micro siemens. Mean Skin
Conductance Level (SCL) was chosen as an electrodermal
index of sympathetic nervous system arousal, as this mea-
sure is able to reflect differences in both the amplitude and
the frequency of non-specific skin conductance responses,
as well as general phasic increases in galvanic SC. In order
to ensure SCLs were not artificially inflated by shock de-
livery, we selected the four red-bordered epochs during
which no shocks were actually delivered. These were aver-
aged together to provide a measure of AA SC for each
subject. Relaxed SC was constructed from the average of
the entire baseline condition.

EMG artifact investigation

In order to ensure the results from our study were not
contaminated by electromyographic (EMG) noise, we ex-
amined the influence of EMG activity on SSVEP profiles. A
subset of 15 subjects were quasi-randomly selected to com-
plete an EMG artifact condition immediately following the
recording of the baseline AX condition. Subjects instructed
to complete the baseline AX task a second time while
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clenching their jaw every 2 to 3 sec. Apart from this, the
task instructions were identical, as were data analysis pro-
cedures.

Results

The BDI scores (M � 5.3, SD � 5.7) indicated that no
subjects suffered from depressive symptomatology to any
discernable extent. These scores are within the normal BDI
range for male college students. Likewise the trait STAI
scores (M � 36.4, SD � 7.6) also indicated that all subjects
were within the normal ranges (Spielberger et al., 1970).
State STAI scores (M � 32.3, SD � 6.8) indicated that
subjects were reasonably relaxed before testing com-
menced. VAS scores indicated that subjects were signifi-
cantly more anxious during the anxiety induction task t(21)
� 8.194, p � 0.001, see Fig. 1.

EMG artefact results

Mann-Whitney U non-parametric tests for independent
samples indicated that the 15 subjects included in the EMG
control study were not significantly different from the re-
maining 11 subjects in terms of STAI (state or trait mea-
sures), BDI scores, or VAS levels during either the relaxed
or anticipatory conditions. Hotellings T analysis failed to
reveal any significant differences at any electrode site be-
tween SSPTs recorded during the baseline and the EMG
artifact condition.

Behavioural self-report measures and SCL

Again, Mann-Whitney U analysis indicated that the 14
subjects for which SCL data was recorded were not signif-
icantly different from the remaining subjects in terms of
STAI (state or trait measures), BDI scores, or VAS levels
during either the relaxed or anticipatory conditions. Analy-
sis of SC data revealed significant increases in sympathetic
nervous system arousal during the AA condition, relative to
the baseline t(13) � 3.256, p � 0.006, see Fig. 1.

SSVEP data

We first examined the SSVEP difference data across the
seven-second epoch as a whole. Fig. 2 (left) shows the mean
SSVEP maps specific to the AA condition. Hotellings T
data is presented as a topographic map illustrating the sta-
tistical significance of AA specific differences in SSVEP
data (considering both amplitude and latency differences).
Across the entire 7 sec epoch, AA was associated with
significant alterations in SSVEPs within the medial (mid-
line) anterior frontal cortex, left dorsolateral prefrontal cor-
tex, bilateral temporal lobes, and left occipital cortex. Fig. 2
also illustrates differences in both the amplitude and latency
components of the SSVEP’s. Warmer colours indicate re-

duced SSVEP amplitude and latency in the AA condition
relative to the baseline scan. Significant alterations within
frontal and temporal electrodes are associated predomi-
nately with increases in SSVEP latency. SSVEP amplitude
increases are evident only within the occipital cortex. Wide-
spread latency reductions are evident within bilateral occip-
ital lobes; however, only a smaller portion of the left oc-
cipital lobe reached statistical significance.

In order to examine the temporal nature of the observed
alterations in SSVEPs, we generated a Hotellings T statis-
tical cluster plot which displays the significant SSVEP dif-
ferences for all electrodes (y-axis) across time (x-axis) (see
Fig. 2, right). An examination of the statistical cluster plot
indicates that the majority of significant frontal and tempo-
ral differences occur in two bursts, an initial early compo-
nent (692–1692 ms) and a later component (5000–6000 ms)
indicated by the white banded regions in Fig. 2. The occip-
ital activations conversely are relatively stable and consis-
tent throughout the windowing period, and are therefore
reasonably illustrated within the 7 sec epoch mean topo-
graphic maps. In order to examine frontal and temporal
activations, we generated SSVEP mean topographic maps
for both these early and late components (see Fig. 3).

Within both the early (692–1692 ms) and late (5000–
6000 ms) epochs, significant differences are again primarily
driven by alterations in SSVEP latency. During the early
component epoch (692–1692 ms), SSVEP latency increases
reached significance within midline prefrontal electrodes
and left dorsolateral prefrontal electrodes. Further examina-
tion reveals the largest latency increases within temporal
electrodes (particularly left hemisphere) and left dorsolat-
eral electrodes. As in the entire epoch mean (Fig. 2), occip-
ital latency reductions are evident, reaching significance
within the left occipital lobe. SSVEP amplitude changes are
relatively modest, with minor amplitude reductions within
the left frontal lobe and amplitude increases within the right
frontal and temporal lobes and within bilateral occipital
lobes. During the later component epoch (5000–6000 ms),
significant differences are observed within large regions of
the bilateral frontal lobes, within the right temporal lobe,
and bilateral occipital lobes. Occipital amplitude and la-
tency increases are more pronounced during the later com-
ponent. Relative to the early component, SSVEP latency
increases are attenuated within the temporal lobes, particu-
larly within the left hemisphere, whilst within prefrontal
electrodes, larger latency increases are evident, particularly
within bilateral anterior frontal electrodes.

Further examination of the temporal profile of SSVEP
latency changes within the temporal lobes revealed some
evidence of hemispheric differences. Fig. 4 displays the
SSVEP latency changes recorded at 3 temporal lobe elec-
trodes within each hemisphere across the entire 7 sec epoch.
During the early component, the left hemisphere latency
increases are larger, more uniform, and more sharply de-
fined than within the right hemisphere.
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Discussion

The current study examined the temporal processing of
AA within healthy male subjects. Our findings suggest that
AA is associated with two predominant electrophysiological
changes; (1) significant SSVEP latency increases within
prefrontal and temporal cortical regions, and (2) significant
SSVEP latency decreases and amplitude increases within
occipital regions. Whilst occipital SSVEP latency decreases
and amplitude increases were evident throughout the anx-
ious anticipatory epoch, frontal and temporal lobe latency
increases were more transitory, appearing within the first
sec, and again within the fifth sec of the imaging window.
These cortical activations were associated with concomitant
increases in self-reported anxiety and electrodermal activ-
ity.

In terms of regional cortical alterations, the present find-
ings are consistent with a large amount of previous research
amongst both patient groups and healthy controls. Anxiety
associated prefrontal increases in rCBF have been fre-
quently reported by metabolic imaging studies (Paquette et
al., 2003; Rauch et al., 2002, 1997; Meyer et al., 2000;
Zubieta et al., 1999; Shin et al., 1999; Malizia et al., 1999;
Liberzon et al., 1999; Johanson et al., 1998; Nordahl et al.,
1998, 1990; Breiter et al., 1996; Semple et al., 1993; Rubin
et al., 1992; Wu et al., 1991; Swedo et al., 1989; Baxter et
al., 1987). Previously reported increased rCBF within ante-
rior temporal lobes and insula are also consistent with the
significant SSVEP alterations we observed within temporal
lobe electrodes (Boshuisen et al., 2002; Osuch et al., 2001;
Meyer et al., 2000; Liotti et al., 2000; Chua et al., 1999;
Shin et al., 1999; Rauch et al., 1997, 1996, 1995; Breiter et

Fig. 1. Skin conductance and visual analogue scale (Anxiety) measures during baseline and anticipatory anxiety conditions.

Fig. 2. SSVEP amplitude and latency changes and Hotellings T values during anticipatory anxiety induction (left) and statistical cluster plot illustrating the
selection of the early and late epochs (right).
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Fig. 3. Mean SSVEP amplitude, latency and Hotellings T during early and late components.

Fig. 4. SSVEP latency changes within temporal lobe electrodes across the seven second imaging epoch. Early and late components are indicated by red
banded regions.
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al., 1996; Johanson et al., 1992; Wu et al., 1991; Reiman et
al., 1989). Likewise, regional anxiety associated changes
within the occipital cortex previously reported are also ev-
ident in the present results (Paquette et al., 2003; Mirzaei et
al., 2001; Fredrikson et al., 1997; Rauch et al., 1996; De
Cristofaro et al., 1993; Wu et al., 1991, Zohar et al., 1989;
Stewart et al., 1988; Buchsbaum et al., 1987).

SSVEPs are comprised of both amplitude and latency
components, each of which reflect different aspects of re-
gional cortical network activation. Variations in SSVEP
latency have been previously interpreted as an index of
variations in neural information processing speed, and are
likely to result from alterations in the loop transmission time
of local cortico-cortical feedback loops (Kemp et al., 2002;
Silberstein et al., 2001, 1995). Previous research within our
institute has illustrated correlations between reaction time
during a visual vigilance task and SSVEP latency (Silber-
stein et al., 1996). In addition, SSVEP latency reductions
within prefrontal electrodes observed within normal chil-
dren during attentional tasks are attenuated among children
with attention deficit hyperactivity disorder (Silberstein et
al., 1998), further strengthening the association between
latency decreases and normal excitatory processes. Alter-
ations in SSVEP latency are understood to result from the
excitatory and inhibitory neuromodulation of regional cor-
tico-cortical resonances (Silberstein et al., 2000, Regan,
1989). The release of neurotransmitters such as acetylcho-
line (ACh) are believed to reduce the cortico-cortical loop
time in a similar way to the increases in thalamocortical
transmission speeds following cortical ACh release ob-
served within animal research (Metherate and Ashe, 1993).
Likewise increases in latency are likely to be associated
with inhibitory neuromodulation of cortico-cortical feed-
back loops, possibly via inhibitory interneurons such as
golgi, basket and stellate cells (Attwell and Iadecola, 2002;
Koos et al., 1999). SSVEP amplitude is, in some respects,
analogous to EEG amplitude within the alpha bandwidth,
such that regional event related desynchronisation results in
relative EEG alpha and SSVEP amplitude reductions
(Pfurtscheller and Lopes da Silva, 1999). Conversely, in-
creases in the number of neurons recruited into synchro-
nously activated cortico-cortical rhythmic activity results in
cortico-cortical loop gain, or relative SSVEP amplitude
increases.

The present findings of increased SSVEP latency within
frontal electrodes may be interpreted as evidence of an
increase in neurochemically modulated inhibitory cortical
activity. These results suggest that previously reported PFC
increases in rCBF may be associated with increased lo-
calised inhibition. Regions within the prefrontal cortex have
long been understood to have a role in the modulation and
inhibition of subcortical limbic structures including the
amygdala and cingulate (Carr et al., 2003; Quirk and Geh-
lert, 2003; Davidson et al., 2002; Cardinal et al., 2002;
Niemer and Goodfellow, 1966). The amygdala is well
known to be necessary for the development of conditioned
fear (LeDoux, 1996) and communicates with regions within

the prefrontal cortex including the orbitofrontal cortex via
direct excitatory efferents and the dorsolateral prefrontal
cortex through a smaller number of excitatory efferents as
well as pathways through the orbitofrontal cortex (Barbas,
2000). Glutamatergic projections from the PFC are believed
to project to GABAergic neurons which synapse on the
amygdala, allowing both the PFC and amygdala to modu-
late each other during cognitive-emotional processing (Da-
vidson et al., 2002; LeDoux, 1996). Disruption of this co-
modulation may underlie increased PFC activation observed
within clinical populations (Barbas, 2000). The increased
SSVEP latency within dorsolateral and anterior PFC elec-
trodes amongst our healthy subjects during AA may be
associated with increased inhibition within localised PFC
circuits occurring in response to increased excitatory input
from the amygdala, although without the ability to concur-
rently image amygdala activity, this interpretation must
remain speculative. The significant SSVEP alterations
within the left dorsolateral PFC evident in the epoch mean
data and also within both the early and late frontal compo-
nents lies approximately over Brodmann’s area 8, an area
which is known to receive robust projections from visual
association cortices within primates, and may be associated
with visual attentive aspects of the PFC’s selection of emo-
tionally appropriate responding (Barbas, 2000). In addition,
anxiety induced increases in inhibitory activity within pre-
frontal regions accords well with deficits in processes sub-
served by prefrontal information processing during anxiety,
including attentional biases and working memory deficits
(Ninan and Berger, 2001; Mogg and Bradley, 1998; Beck,
1976).

Increases in localised inhibitory processes associated
with the observed significant SSVEP latency increases
within the right temporal lobe are consistent with many
previous reports of anxiety associated rCBF increases
within the temporal lobes of both patients and healthy con-
trols (Paquette et al., 2003; Boshuisen et al., 2002; Liotti et
al., 2000; Meyer et al., 2000; Chua et al., 1999; Rauch et al.,
1997, 1995; Breiter et al., 1996; Johanson et al., 1992; Wu
et al., 1991; Reiman et al., 1989). The frequently reported
activity within temporal cortices observed during the imag-
ing of human anxiety has previously been related to visceral
processing by the agranular neurons within the medial wall
of the temporal lobe and insula (Chua et al., 1999; Mesulam
and Mufsom 1982a). The temporal poles and insula form
part of the paralimbic cortex, reciprocally connected to the
amygdala, orbitofrontal and dorsolateral PFC and cingulate
gyrus, and are thought to integrate internal and external
environmental information useful for selection of appropri-
ate responses during situations involving threat, helpless-
ness or danger (Barbas, 2000; Pandya, 1995, Reiman et al.,
1989; Mesulam and Mufsom, 1982b). Our findings of in-
creased SSVEP latency within temporal lobe electrodes
suggests that within these regions AA is again associated
with increased localised inhibitory modulation of cortico-
cortical oscillatory activity. Our findings of larger latency
increases and more frequently significant right temporal

982 M. Gray et al. / NeuroImage 20 (2003) 975–986



lobe alterations, relative to the left hemisphere within both
the later component and overall epoch means are consistent
with the more frequent reports of rCBF increases within the
right temporal lobe, relative to the left associated with
anxiety specifically, and emotional processing generally
(Heilman, 1997; Heller et al., 1997; Ross, 1981). It is
interesting to note, however, that the largest SSVEP latency
increases were observed within the left hemisphere during
the early component. This is consistent with largest rCBF
increases within the left insula of healthy males anticipating
an electric shock reported by Chua et al. (1999). Davidson
et al. (2002) suggests that the left PFC particularly may be
involved with inhibitory control of amygdala activity. Our
results indicate that this latency increase was more clearly
defined within the left hemisphere, providing some evi-
dence of hemispheric differences in the temporal lobe in-
volvement during AA.

The results from the EMG artefact condition have par-
ticular relevance to the observed changes within the tempo-
ral lobes. Acute periods of anxiety are commonly associated
with increases in muscle tension, which significantly in-
creases the risk of EMG artefact during electrophysiological
recordings of brain activity. Previous reports on anxiety
induced alterations in temporal lobe function have had to
defend against claims of EMG artefact (Benkelfat et al.,
1995; Drevets et al., 1992). Our findings of no significant
SSVEP differences between the baseline and EMG artefact
conditions suggest that the observed results are indeed re-
lated to temporal lobe function.

A significant amount of research has reported increased
activation of the occipital cortex associated with both the
visual processing of emotionally valanced stimuli (Kemp et
al., 2002; Phan et al., 2002; Lane et al., 1999; Lang et al.,
1998; Morris et al., 1998), and with anxiety, within patient
groups and anxious controls (Paquette 2003; Fredrikson et
al., 1997, 1993; Rauch et al., 1996; Breiter et al., 1996; De
Cristofaro et al., 1993; Wik et al., 1993; Wu et al., 1991;
Zohar et al., 1989; Gur et al., 1987). Wik et al., (1996)
observed anxiety related decreases in rCBF within primary
visual cortical regions amongst phobics which may be as-
sociated with anticipatory coping. Within occipital elec-
trodes, we also observed significant SSVEP alterations dur-
ing periods of anxious anticipation. These were generally
observed within the left hemisphere, and were localised
with decreases in SSVEP latency observed within occipital
electrodes. Regions of the limbic cortex including the ante-
rior temporal lobes, orbitofrontal and dorsolateral PFC and
the magnocellular portion of the basal nucleus of the amyg-
dala are reciprocally connected to the primary visual cortex
and widespread regions of the extra-striate cortex (Weller et
al., 2002; Linke et al., 1999; Barbas, 1995). This connec-
tivity is likely to underlie visual cortex alterations observed
not only during anxiety induction, but also more generally
during emotional processing (Phan et al., 2002; Davis and
Whalen, 2001; Lang et al., 1998; Morris et al., 1998; Breiter
et al., 1996). The decreased SSVEP latency observed within
occipital electrodes is consistent with an increase in lo-

calised excitatory processes, possibly associated with in-
creased modulation of visual processing by regions of the
limbic system including the amygdala (LeDoux, 1996). Our
previous studies have reported SSVEP amplitude decreases
within extra-striate visual areas associated with increased
visual vigilance during continuous performance attentional
tasks (Nield et al., 1998; Silberstein et al., 1990). In con-
trast, the present results indicate SSVEP amplitude in-
creases within extra-striate cortex during periods of AA. We
hypothesise that this may be due to a shift in attentional
focus away from the visual aspects of the task in the face of
intense emotional induction. This is consistent with previ-
ous findings that while highly trait anxious controls shift
attention towards anxiety inducing stimuli, normal controls
tend to divert attention from anxiety inducing stimuli (Wil-
son and MacLeod, 2003; Mogg and Bradley, 2002; Clark,
1999; Vasey et al., 1996).

Scalp recorded SSVEP’s are generated by the synchro-
nised firing of pyramidal neurons lying within layers 2 and
3 of the cortex (Silberstein et al., 2001; Regan, 1989).
Alterations in rCBF measured by metabolic imaging meth-
odologies, such as PET and fMRI are understood to be
driven by the synaptic energy requirements of re-establish-
ing ionic concentrations and neurotransmitter repackaging
(Arthurs et al., 2002, Attwell and Iadecola, 2002, Attwell
and Laughlin, 2001; Jueptner and Weiller, 1995). Logoth-
etis and colleagues have recently shown in a fascinating
series of articles that rCBF as indexed by the BOLD re-
sponse is closely correlated with local field potentials within
the occipital cortex, strengthening the association between
excitatory driven BOLD responses and cortical local field
potentials (Logothetis et al., 2003, 2001; Logothetis, 2002).
A number of researchers have argued that both inhibitory
and excitatory activity is associated with increased rCBF
resulting from ion recycling and ion gradient restoration
(Arthurs et al., 2002, Jueptner and Weiller, 1995, Nudo and
Masterton, 1986, Ackermann et al., 1984). Although meta-
bolic imaging methodologies and electro-cortically re-
corded field potentials gauge information processing within
cortical regions, the differing neurological basis of each
methodology may provide complementary perspectives on
regional cortical activity. Our findings of region specific
excitatory and inhibitory processes in areas previously as-
sociated with rCBF increases suggests that further research
could benefit from the simultaneous investigation of SSVEP
latency and rCBF alterations within the same region of the
cortex.

In summary, the results from the present study support
alterations in regions previously found to undergo increases
in rCBF during anxious anticipation, including the anterior
and dorsolateral PFC, anterior temporal cortices, and the
extra-striate cortex. While previous research has reported
increases in rCBF within prefrontal, temporal and occipital
cortical regions, our results suggests an increase in localised
inhibitory processes within the PFC and anterior temporal
lobes, and an increase of localised excitatory processes
within regions of the extra-striate occipital cortex during
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anticipatory anxiety. These findings may provide further
insight into the nature of the neurophysiological mecha-
nisms underlying anticipatory anxiety.

Acknowledgments

The authors would like to thank Cindy Van Roy, Peter
Line, and Andrew Pipingas for technical assistance.

References

Ackermann, R.F., Finch, D.M., Babb, T.L., Engel Jr., J., 1984. Increased
glucose metabolism during long duration recurrent inhibition of hip-
pocampal pyramidal cells. Journal of Neuroscience 4, 251–264.

Andrews, G., Henderson, S., Hall, W., 2001. Prevalence, comorbidity,
disability and service utilisation. Overview of the Australian national
mental health survey. British Journal of Psychiatry 178, 145–153.

Arthurs, O.J., Boniface, S., 2002. How well do we understand the neural
origins of the fMRI BOLD signal? Trends in Neurosciences 25 (1), 27–31.

Attwell, D., Iadecola, C., 2002. The neural basis of functional brain
imaging signals. Trends in Neuroscience 25 (12), 621–625.

Attwell, D., Iaughlin, S.B., 2001. An energy budget for signalling in the
grey matter of the brain. Journal of Cerebral Blood Flow Metabolism
21, 1133–1145.

Baxter Jr, L.R., Phelps, M.E., Mazziotta, J.C., Guze, B.H., Schwartz, J.M.,
Selin, C.E., 1987. Local cerebral glucose metabolic rates in obsessive-
compulsive disorder. A comparison with rates in unipolar depression
and in normal controls. Archives of General Psychiatry 44 (3), 211–8.

Baxter, M.G., Parker, A., Lindner, C.C.C., Izquierdo, A.D., Murray, E.A.,
2000. Control of response selection by reinforcer value requires inter-
action of amygdala and orbital prefrontal cortex. Journal of Neuro-
science 20 (11), 4311–4319.

Barbas, H., 2000. Proceedings from the Human Cerebral Cortex: From
Gene to Structure and Function, Connections underlying the synthesis
of cognition, memory, and emotion in primate prefrontal cortices. Brain
Research Bulletin 52 (5), 319–330.

Barbas, H., 1995. Anatomic basis of cognitive-emotional interactions in the
primate prefrontal cortex. Neuroscience and Behavioural Reviews 19
(3), 499–510.

Beck, A.T., Ward, C.H., Mendelson, M., Mock, N., Erbaugh, J., 1961. An
inventory for measuring depression. Archives of General Psychiatry 4,
561–571.

Beck, A.T., 1976. Cognitive Therapy and the Emotional Disorders. Inter-
national Universities Press, New York.

Beck, A.T., Clark, D.A., 1997. An information processing model of anx-
iety: automatic and strategic processes. Behaviour Research and Ther-
apy 35 (1), 49–58.

Benkelfat, C., Bradwejn, M.E., Ellenbogen, M., Milot, S., Gjedde, A.,
Evans, A., 1995. Functional neuroanatomy of CCK sub 4-induced
anxiety in normal healthy volunteers. American Journal of Psychiatry
152 (8), 1180–1184.

Bisaga, A., Katz, J.L., Antonini, A., Wright, E., Margouleff, C., Gorman,
J.M., Eidelberg, D., 1998. Cerebral glucose metabolism in women with
panic disorder. American Journal of Psychiatry 155, 1178–1183.

Boshuisen, M.L., Ter Horst, G.J., Paans, A.M.J., Reinders, S., den Boer,
J.A., 2002. rCBF differences between panic disorder patients and
control subjects during anticipatory anxiety and rest. Biological Psy-
chiatry 52, 126–135.

Breiter, H.C., Rauch, S.L., Kwong, K.K., Baker, J.R., Weisskoff, R.M.,
Kennedy, D.N., Kendrick, A.D., Davis, T.L., Jiang, A., Cohen, M.S.,
Stern, C.E., Belliveau, J.W., Baer, L., O’Sullivan, R.L., Savage, C.R.,
Jenike, M.A., Rosen, B.R., 1996. Functional magnetic resonance im-
aging of symptom provocation in obsessive-compulsive disorder. Ar-
chives of General Psychiatry 53 (7), 595–606.

Bremner, D.J., Innis, R.B., White, T., Fujita, M., Silbersweig, D., Goddard,
A.W., Staib, L., Stern, E., Cappiello, A., Woods, S., Baldwin, R.,
Charney, D.S., 2000. SPECT [1–123] iomazenil measurement of the
benzodiazepine receptor in panic disorder. Biological Psychiatry 47,
96–106.

Bremner, J.D., Innis, R.B., Ng, C.K., Staib, L.H., Salomon, R.M., Bronen,
R.A., Duncan, J., Southwick, S.M., Krystal, J.H., Rich, D., Zubal, G.,
Dey, H., Soufer, R., Charney, D.S., 1997. Positron emission tomogra-
phy measurement of cerebral metabolic correlates of yohimbine ad-
ministration in combat-related posttraumatic stress disorder. Archives
of General Psychiatry 54 (3), 246–254.

Buchsbaum, M.S., Wu, J., Haier, R., Hazlett, E., Ball, R., Katz, M.,
Sokolski, K., Lagunas-Solar, M., Langer, D., 1987. Positron emission
tomography assessment of effects of benzodiazepines on regional glu-
cose metabolic rate in patients with anxiety disorder. Life Sciences 40
(25), 2393–2400.

Cameron, O.D., Zubieta, J.K., Grunhaus, L., Minoshima, S., 2000. Effects
of yohimbine on cerebral blood flow, symptoms, and physiological
functions in humans. Psychosomatic Medicine 62, 549–559.

Carr, L., Iacoboni, M., Dubeau, M., Mazziotta, J.C., Lenzi, G.L., 2003.
Neural mechanisms of empathy in humans: A relay from neural sys-
tems for imitation to limbic areas. Proceedings of the National Acad-
emy of Sciences of the United States of America 100 (9), 5497–5502.

Cardinal, R.N., Parkinson, J.A., Hall, J., Everitt, B.J., 2002. Emotion and
motivation: the role of the amygdala, ventral striatum, and prefrontal
cortex. Neuroscience and Behavioural Reviews 26, 321–352.

Chua, P., Krams, M., Toni, I., Passingham, R., Dolan, R., 1999. A func-
tional anatomy of anticipatory anxiety. NeuroImage 9, 563–571.

Clark, D., 1999. Anxiety disorders: why they persist and how to treat them.
Behaviour Research and Therapy 37, S5–S27.

Critchley, H.D., Mathias, C.J., Dolan, R.J., 2001. Neural activity in the
human brain relating to uncertainty and arousal during anticipation.
Neuron 29 (2), 537–45.

Davidson, R.J., Irwin, W., 1999. The functional neuroanatomy of emotion
and affective style. Trends in Cognitive Science 3, 11–21.

Davidson, R.J., Marshall, J.R., Tomarken, A.J., Henriques, J.B., 2000.
While a phobic waits: regional brain electrical and autonomic activity
in social phobics during anticipation of public speaking. Biological
Psychiatry 47, 85–95.

Davidson, R.J., 2002. Anxiety and affective style, role of prefrontal cortex
and amygdala. Biological Psychiatry 51, 68–80.

Davis, M., Whalen, P.J., 2001. The amygdala: vigilance and emotion.
Molecular Psychiatry 6, 13–34.

De Cristofaro, M.T., Sessarego, A., Pupi, A., Biondi, F., Faravelli, C.,
1993. Brain perfusion abnormalities in drug-naive, lactate-sensitive
panic patients: a SPECT study. Biological Psychiatry 33 (7), 505–512.

Drevets, W., Videen, T.O., MacLeod, A.K., Haller, J.W., Raichle, M.E.,
1992. PET images of blood flow changes during anxiety: correction.
Science 256, 1696.

Fredrikson, M., Wik, G., Greitz, T., Eriksson, L., Stone-Elander, S., Eric-
son, K., Sedvall, G., 1993. Regional cerebral blood flow during exper-
imental phobic fear. Psychophysiology 30, 127–131.

Fredrikson, M., Wik, G., Annas, P., Ericson, K., Stone-Elander, S., 1995.
Functional neuroanatomy of visually elicited simple phobic fear: ad-
ditional data and theoretical analysis. Psychophysiology 32, 43–48.

Fredrikson, M., Fischer, H., Wik, G., 1997. Cerebral blood flow during
anxiety provocation. Journal of Clinical Psychiatry 58 (suppl 16),
16–21.

Gur, R.C., Gur, R.E., Resnick, S.M., Skolnick, B.E., Alavi, A., Reivich,
M., 1987. The effect of anxiety on cortical cerebral blood flow and
metabolism. Journal of Cerebral Blood Flow and Metabolism 7 (2),
173–7.

Guthrie, D., Buchwald, J.S., 1991. Significance testing of difference po-
tentials. Psychophysiology 28 (2), 240–244.

Heller, W., Nitschke, J.B., Etienne, M.A., Miller, G.A., 1997. Patterns of
regional brain activity differentiate types of anxiety. Journal of Abnor-
mal Psychology 106 (3), 376–385.

984 M. Gray et al. / NeuroImage 20 (2003) 975–986



Heilman, K.M., 1997. The neurobiology of emotional experience. Journal
of Neuropsychiatry and Clinical Neurosciences 9, 439–448.

Javanmard, M., Shlik, J., Kennedy, S.H., Vaccarino, F.J., Houle, S., Brad-
wejn, J., 1999. Neuroanatomic correlates of CCK-4-Induced panic
attacks in healthy humans: A comparison of two time points. Biological
Psychiatry 45, 872–882.

Johanson, A., Smith, G., Risberg, J., Silfverskiold, P., Tucker, D., 1992.
Left orbital frontal activation in pathological anxiety. Anxiety, Stress
and Coping 5, 313–328.

Johanson, A., Gustafson, L., Passant, U., Risberg, J., Smith, G., Warkentin,
S., Tucker, D., 1998. Brain function in spider phobia. Psychiatry
Research: Neuroimaging Section 84, 101–111.

Jueptner, M., Weiller, C., 1995. Review: does measurement of regional
cerebral blood flow reflect synaptic activity? Implications for PET and
fMRI. NeuroImage 2, 148–156.

Kemp, A.H., Gray, M.A., Eide, P., Silberstein, R.B., Nathan, P.J., 2003.
Preliminary electrophysiological evidence for modulation of the pro-
cessing of negative affect by serotonin. Brain & Cognition 51 (2),
198–200.

Kemp, A.H., Gray, M.A., Line, P., Silberstein, R.B., Nathan, P.J., 2002.
Steady-state visually evoked potential topography during processing of
emotional valence in healthy subjects. NeuroImage 17, 1684–1692.

Kemp, A.H., Gray, M.A., Silberstein, R.B., Armstrong, S.M., Nathan, P.J.
Augmentation of serotonin enhances pleasant and suppresses unpleas-
ant electrophysiological responses to visual emotional stimuli in hu-
mans. Submitted.

Kimbrell, T.A., George, M.S., Parekh, P.I., Ketter, T.A., Podell, D.M.,
Danielson, A.L., Repella, J.D., Benson, B.E., Willis, M.W., Hersco-
vitch, P., Post, R.M., 1999. Regional brain activity during transient
self-induced anxiety and anger in healthy adults. Biological Psychiatry
46, 454–465.

Koos, T., Tepper, J.M., 1999. Inhibitory control of neostriatal projection
neurons by GABAergic interneurons. Nature Neuroscience 2 (5), 467–
472.

Kopacz 2nd., F.M., Smith, B.D., 1971. Sex differences in skin conductance
measures as a function of shock threat. Psychophysiology 8 (3), 293–303.

Lane, R.D., Chua, P.M., Dolan, R.J., 1999. Common effects of emotional
valence, arousal and attention on neural activation during visual pro-
cessing of pictures. Neuropsychologia 37, 989–997.

Lang, P.J., Bradley, M.M., Fitzsimmons, J.R., Cuthbert, B.N., Scott, J.D.,
Moulder, B., Nangia, V., 1998. Emotional arousal and activation of the
visual cortex: an fMRI analysis. Psychophysiology 35, 199–210.

Lepola, U., Nousiainen, U., Puranen, M., Riekkinen, P., Rimon, R., 1990.
EEG and CT findings in patients with panic disorder. Biological Psy-
chiatry 28 (8), 721–727.

LeDoux, J.E., 1996. The Emotional Brain: The Mysterious Underpinnings
of Emotional Life. Simon and Schuster, New York, pp 284–291.

Liberzon, I., Taylor, S.F., Amdur, R., Jung, T.D., Chamberlain, K.R.,
Minoshima, S., Koeppe, R.A., Fig, L.M., 1999. Brain activation in PTSD
in response to trauma-related stimuli. Biological Psychiatry 45, 817–826.

Linke, R., De Lima, A.D., Schwegler, H., Pape, H.C., 1999. Direct synaptic
connections of axons from superior colliculus with identified thalmo-
amygdaloid projection neurons in the rat: possible substrates of a
subcortical visual pathway to the amygdale. The Journal of Compara-
tive Neurology 403, 158–170.

Liotti, M., Mayberg, H.S., Brannan, S.K., McGinnis, S., Jerabek, P., Fox,
P.T., 2000. Differential limbic-cortical correlates of sadness and anx-
iety in healthy subjects: implications for affective disorders. Biological
Psychiatry 48, 30–42.

Logothetis, N.K., 2003. The underpinnings of the BOLD functional mag-
netic resonance imaging signal. Journal of Neuroscience 23 (10), 3963–
3971.

Logothetis, N.K., 2002. The neural basis of the blood-oxygen-level-dependent
functional magnetic resonance imaging signal. Philosophical Transactions
of the Royal Society of London, Series B 357, 1003–1037.

Logothetis, N.K., Pauls, J., Augath, M., Trinath, T., Oeltermann, A., 2001.
Neurophysiological investigation of the basis of the fMRI signal. Na-
ture 412 (6843), 150–157.

Lucey, J.V., Costa, D.C., Adshead, G., Deahl, M., Busatto, G., Gacinovic,
S., Travis, M., Pilowsky, L., Ell, P.J., Marks, I.M., Kerwin, R.W., 1997.
Brain blood flow in anxiety disorders. British Journal of Psychiatry
171, 346–350.

Lucey, J.V., Costa, D.C., Blanes, T., Busatto, G.F., Pilowsky, L.S., Takei,
N., Marks, I.M., Ell, P.J., Kerwin, R.W., 1995. Regional cerebral blood
flow in obsessive-compulsive disordered patients at rest. Differential
correlates with obsessive-compulsive and anxious-avoidant dimen-
sions. British Journal of Psychiatry 167 (5), 629–634.

Malizia, A.L., 1999. What do brain imaging studies tell us about anxiety
disorders. Journal of Psychopharmacology 13 (4), 372–378.

Malizia, A.L., Cunningham, V.J., Bell, C.J., Liddle, P.F., Jones, T., Nutt,
D.J., 1998. Decreased brain GABAA-Benzodiazepine receptor binding
in panic disorder. Archives of General Psychiatry 55, 715–720.

Mesulam, M.M., Musfom, E.J., 1982a. Insula of the old world monkey. I.
Architectonics in the insulo-orbito-temporal component of the para-
limbic brain. The Journal of Comparative Neurology 212 (1), 1–22.

Mesulam, M.M., Musfom, E.J., 1982b. Insula of the old world monkey. II:
Afferent cortical input and comments on the claustrum. The Journal of
Comparative Neurology 212 (1), 1–22.

Metherate, R., Ashe, J.H., 1993. Ionic flux contributions to neocortical
slow waves and nucleus basalis-mediated activation: whole-cell record-
ings in vivo. Journal of Neuroscience 12, 5312–5323.

Meyer, J.H., Swinson, R., Kennedy, S.H., Houle, S., Brown, G.M., 2000.
Increased left posterior parietal-temporal cortex activation after D-
fenfluramine in woman with panic disorder, Psychiatry Research. Neu-
roimaging Section 98, 133–143.

Mirzaei, S., Knoll, P., Preitler, B., Gutierrez, E., Umek, H., Kohn, H.,
Percherstorfer, M., 2001. Regional cerebral blood flow in patients
suffering from post traumatic stress disorder. Neuropsychobiology 43,
260–264.

Mogg, K., Bradley, B.P., 1998. A cognitive-motivational analysis of anx-
iety. Behaviour Research and Therapy 36, 809–848.

Mogg, K., Bradley, B.P., 2002. Selective orienting of attention to masked
threat faces in social anxiety. Behaviour Research and Therapy 40,
1403–1414.

Morris, J.S., Friston, K.J., Buchel, C., Frith, C.D., Young, A.W., Calder,
A.J., Dolan, R.J., 1998. A neuromodulatory role for the human amyg-
dala in processing emotional facial expressions. Brain 121 (1), 47–57.

Murray, M.M., Wylie, G.R., Higgins, B.A., Javitt, D.C., Schroeder, C.E.,
Foxe, J.J., 2002. The spatiotemporal dynamics of illusory contour
processing: combined high-density electrical mapping, source analysis,
and functional magnetic resonance imaging. Journal of Neuroscience
22 (12), 5055–5073.

Nield, G., Silberstein, R.B., Pipingas, A., Simpson, D.G., Burkitt, G., 1998.
Effects of visual vigilance task on gamma and alpha frequency range
steady state potential SSVEP topography, in: Koga, Y., Nagata, K.,
Hirata, H. (Eds.), Brain Topography Today, Elsevier Science, pp.
189–194.

Niemer, W.T., Goodfellow, E.F., 1966. Neocortical influence on the amyg-
dala. Electroencephalography and clinical neurophysiology 21 (5),
429–436.

Ninan, P.T., Berger, J., 2001. Symptomatic and syndromal anxiety and
depression. Depression and Anxiety 14, 79–85.

Nordahl, T.E., Semple, W.E., Gross, M., Mellman, T.A., Stein, M.B.,
Goyer, P., King, A.C., Uhde, T.W., Cohen, R.M., 1990. Cerebral
glucose metabolic differences in patients with panic disorder. Neuro-
psychopharmacology 3 (4), 261–72.

Nordahl, T.E., Stein, M.B., Benkelfat, C., Semple, W.E., Andreason, P.,
Zametkin, A., Uhde, T.W., Cohen, R.M., 1998. Regional cerebral
metabolic asymmetries replicated in an independent group of patients
with panic disorders. Biological Psychiatry 44 (10), 998–1006.

Nudo, J.R., Masterton, R.B., 1986. Stimulation-induced [14C]2-deoxyglu-
cose labelling of synaptic activity in the central auditory system. Jour-
nal of Comparative Neurology 245, 553–565.

Oldfield, R.C., 1971. The assessment and analysis of handedness, the
Edinburgh Inventory. Neuropsychologia 9 (1), 97–113.

985M. Gray et al. / NeuroImage 20 (2003) 975–986



Osuch, E., Benson, B., Geraci, M., Podell, D., Herscovitch, P., McCann,
U.D., Post, R., 2001. Regional cerebral blood flow correlated with
flashback intensity in patients with post traumatic stress disorder. Bi-
ological Psychiatry 50, 246–253.

Pandya, DN., 1995. Anatomy of the auditory cortex. Rev Neurol (Paris)
151 (8-9), 486–94.

Paquette, V., Levesque, J., Mensour, B., Leroux, J.M., Beaudoin, G.,
Bourgouin, P., Beauregard, M., 2003. “Change the mind and you
change the brain:” effects of cognitive behavioural therapy on the
neural correlates of spider phobia. NeuroImage 18, 401–409.

Phan, K.L., Wager, T., Taylor, S.F., Liberzon, I., 2002. Functional neuro-
anatomy of emotion: a meta-analysis of emotion activation studies in
PET and fMRI. NeuroImage 16, 331–348.

Pfurtscheller, G., Lopes da Silva, F.H., 1999. Event-related EEG/MEG
synchronization and desynchronization: basic principles. Clinical Neu-
rophysiology 110, 1842–1857.

Quirk, G.J., Gehlert, D.R., 2003. Inhibition of the amygdala: key to patho-
logical states? Annals of the New York Academy of Sciences 985,
263–272.

Rauch, S.L., Savage, C.R., Alpert, N.M., Miguel, E.C., Baer, L., Breiter,
H.C., Fischman, A.J., Manzo, P.A., Moretti, C., Jenike, M.A., 1995. A
positron emission tomographic study of simple phobic symptom prov-
ocation. Archives of General Psychiatry 52, 20–28.

Rauch, S.L., van der Kolk, B.A., Fisler, R.E., Alpert, N.M., Orr, S.P.,
Savage, C.R., Fischman, A.J., Jenike, M.A., Pitman, R.K., 1996. A
symptom provocation study of posttraumatic stress disorder using
positron emission tomography and script-driven imagery. Archives of
General Psychiatry 53 (5), 380–7.

Rauch, S.L., Savage, C.R., Alpert, N.M., Fischman, A.J., Jenike, M.A.,
1997. The functional neuroanatomy of anxiety: A study of three dis-
orders using positron emission tomography and symptom provocation.
Biological Psychiatry 42, 446–452.

Rauch, S.L., Shin, L.M., Dougherty, D.D., Alpert, N.M., Fischman, A.J.,
Jenike, M.A., 2002. Predictors of fluvoxamine response in contamina-
tion-related obsessive compulsive disorder: A pet symptom provoca-
tion study. Neuropsychopharmacology 27 (5), 782–791.

Regan, D., 1989. Human Brain Electrophysiology: Evoked Potentials and
Evoked Magnetic Fields in Science and Medicine. Elsevier Publishers,
New York, NY, see Ch. 8 and 11.

Reiman, E.M., Fusselman, M.J., Fox, P.T., Raichle, M.E., 1989. Neuro-
anatomical correlates of anticipatory anxiety. Science 243, 1071–1074.

Ross, E.D., 1981. The aprosodias: functional-anatomical organization of
the affective components of language in the right hemisphere. Archives
of Neurology 38, 561–569.

Rubin, R.T., Villanueva-Meyer, J., Ananth, J., Trajmar, P.G., Mena, I.,
1992. Regional xenon 133 cerebral blood flow and cerebral technetium
99m HMPAO uptake in unmedicated patients with obsessive-compul-
sive disorder and matched normal control subjects. Determination by
high-resolution single-photon emission computed tomography. Ar-
chives of General Psychiatry 49 (9), 695–702.

Schwartz, J.M., Stoessel, P.W., Baxter Jr, L.R., Martin, K.M., Phelps,
M.E., 1996. Systematic changes in cerebral glucose metabolic rate after
successful behavior modification treatment of obsessive-compulsive
disorder. Archives of General Psychiatry 53 (2), 109–13.

Semple, W.E., Goyer, P., McCormick, R., Morris, E., Compton, B.,
Muswick, G., Nelson, D., Donovan, B., Leisure, G., Berridge, M., et
al., 1993. Preliminary report: brain blood flow using PET in patients
with posttraumatic stress disorder and substance-abuse histories. Bio-
logical Psychiatry 34 (1-2), 115–8.

Semple, W.E., Goyer, P.F., McCormick, R., Donovan, B., Muzic, R.F.,
Rugle, L., McCutcheon, K., Lewis, C., Liebling, D., Kowaliw, S.,
Vapenik, K., Semple, M.A., Flener, C.R., Schulz, C., 2000. Higher
brain blood flow at amygdala and lower frontal cortex blood flow in
PTSD patients with comorbid cocaine and alcohol abuse compared
with normals. Psychiatry 63 (1), 65–74.

Shaw, M., Strother, S.C., McFarlane, A.C., Morris, P., Anderson, J., Clark,
R., Egan, G.F., 2002. Abnormal functional connectivity in posttrau-
matic stress disorder. NeuroImage 15, 661–674.

Shin, L.M., McNally, R.J., Kosslyn, S.M., Thompson, W.L., Rauch, S.L.,
Alpert, N.M., Metzger, L.J., Lasko, N.B., Orr, S.P., Pitman, R.K., 1999.
Regional cerebral blood flow during script-driven imagery in childhood
sexual abuse-related PTSD: a PET investigation. American Journal of
Psychiatry 156 (4), 575–84.

Silberstein, R.B., Nunez, P.L., Pipingas, A., Harris, P., Danieli, F., 2001.
Steady state visually evoked potential (SSVEP) topography in a graded
working memory task. International Journal of Psychophysiology 42,
125–138.

Silberstein, R.B., Line, P., Pipingas, A., Copolov, D., Harris, P., 2000.
Steady-state visually evoked potential topography during the continu-
ous performance task in normal controls and schizophrenia. Clinical
Neurophysiology 111, 850–7.

Silberstein, R.B., Farrow, M., Levy, F., Pipingas, A., Hay, D.A., Jarman,
F.C., 1998. Functional brain electrical activity mapping in boys with
attention-deficit/hyperactivity disorder. Archives of General Psychiatry
55, 1105–1112.

Silberstein, R.B., Cadusch, P.J., Neild, G., Pipingas, A., Simpson, D.G.
1996. Steady-state visually evoked potential topography dynamics and
cognition, Recent Advances in Event-Related Brain Potential Research,
379–385.

Silberstein, R.B., Ciorciari, J., Pipingas, A., 1995. Steady-state visually
evoked potential topography during the Wisconsin card sorting test.
Electroencephalography and Clinical Neurophysiology 1, 24–35.

Silberstein, R.B., Schier, M.A., Pipingas, A., Ciorciari, J., Wood, S.R.,
Simpson, D.G., 1990. Steady-state visually evoked potential topogra-
phy associated with a visual vigilance task. Brain Topography 3,
337–347.

Simpson, J.R., Drevets, W.C., Snyder, A.Z., Gusnard, D.A., Raichle, M.E.,
2001. Emotion-induced changes in human medial prefrontal cortex II:
During anticipatory anxiety. Proceedings National Academy of Sci-
ences 98 (2), 688–693.

Spielberger, C.D., Gorsuch, R.L., Lushene, R.E., 1970. State-Trait
Anxiety Inventory Manual. Consulting Psychologists Press, Inc,
Palo Alto, CA.

Stewart, R.S., Devous Sr., M.D., Rush, A.J., Lane, L., Bonte, F.J., 1988.
Cerebral blood flow changes during sodium-lactate-induced panic at-
tacks. American Journal of Psychiatry 145, 442–449.

Swedo, S.E., Schapiro, M.B., Grady, C.L., Cheslow, D.L., Leonard, H.L.,
Kumar, A., Friedland, R., Rapoport, S.I., Rapoport, J.L., 1989. Cerebral
glucose metabolism in childhood-onset obsessive-compulsive disorder.
Archives of General Psychiatry 46 (6), 518–23.

Vasey, M.V., El-Hag, N., Daleiden, E.L., 1996. Anxiety and the processing
of emotionally threatening stimuli: Distinctive patterns of selective
attention among high-and-low-test-anxious children. Child Develop-
ment 67, 1173–1185.

Weller, R.E., Steele, G.E., Kaas, J.H., 2002. Pulvinar and other subcortical
connections of dorsolateral visual cortex in monkeys. The Journal of
Comparative Neurology 450, 215–240.

Wik, G., Fredrikson, M., Ericson, K., Eriksson, L., Stone-Elander, S.,
Greitz, T., 1993. A functional cerebral response to frightening visual
stimulation. Psychiatry Research 50 (1), 15–24.

Wik, G., Fredrikson, M., Fischer, H., 1996. Cerebral correlates of antici-
pated fear: a pet study of specific phobia. International Journal of
Neuroscience 87, 267–276.

Wilson, E., MacLeod, C., 2003. Contrasting two accounts of anxiety-linked
attentional bias: selective attention to varying levels of stimulus threat
intensity. Journal of Abnormal Psychology 112 (2), 212–218.

Wu, J.C., Buchsbaum, M.S., Hershey, T.G., Hazlett, E., Sicotte, N., John-
son, J.C., 1991. PET in generalized anxiety disorder. Biological Psy-
chiatry 15, 1181–99 29(12).

Zohar, J., Insel, T.R., Berman, K.F., Foa, E.B., Hill, J.L., Weinberger,
D.R., 1989. Anxiety and cerebral blood flow during behavioral chal-
lenge. Dissociation of central from peripheral and subjective measures.
Archives of General Psychiatry 46 (6), 505–10.

Zubieta, J.K., Chinitz, J.A., Lombardi, U., Fig, L.M., Cameron, O.G.,
Liberzon, I., 1999. Medial frontal cortex involvement in PTSD symp-
toms: a SPECT study. Journal of Psychiatric Research 33 (3), 259–64.

986 M. Gray et al. / NeuroImage 20 (2003) 975–986


	Cortical neurophysiology of anticipatory anxiety: an investigation utilizing steady state probe topography (SSPT)
	Introduction
	Methods
	Subjects
	Behavioural measures
	Experimental tasks
	Procedure—experimental design
	SSPT signal processing
	SSVEP data analysis
	Topographic mapping of SSVEP data
	Statistical cluster plot & component mapping
	Electrodermal data analysis
	EMG artifact investigation
	Results
	EMG artefact results
	Behavioural self-report measures and SCL
	SSVEP data
	Discussion
	Acknowledgments
	References

