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Changes in the delay (phase) and amplitude of sound at the ears are cues for the analysis of sound
movement. The detection of these cues depends on the convergence of the inputs to each ear, a
process that first occurs in the brainstem. The conscious perception of these cues is likely to involve
higher centers. Using novel stimuli that produce different perceptions of movement in the presence

of identical phase and amplitude modulation components, [EiEEESNoISISEolunEnbEn

The perception of movement in auditory space by humans depends
on a number of cues. The movement of sounds in space produces
changes in the sound considered at each ear alone! and changes in
the relative phase and amplitude of the sound’s spectral components
between the two ears?. For broad spectrum sounds, the spatial fil-
tering properties of the pinnae® provide another cue for the per-
ception of spatial sound properties and are responsible for the
external quality of the perception.

The neural basis for the perception of sound movement is not
firmly established by animal work. The detection of differences in
sound phase and amplitude at the two ears depends on the con-
vergence of the inputs to each ear. This convergence first occurs in
nuclei of the superior olive in the brainstem*°. Neurons sensitive
to changing sound phase or amplitude cues at the two ears have
been described in the inferior colliculus® and primary auditory
cortex’. The detection of cues based on the spectral shape of sound
may depend on a different brainstem pathway. Neurons in the
auditory cortex have also been shown to be selectively activated by
the actual movement of sounds in space®. Animal lesions that
involve the primary auditory cortex produce a deficit in the per-
formance of tasks based on the detection of dynamic phase differ-
ences between the ears’.

The auditory pathway described in animals from the cochlea
to the auditory cortex is therefore necessary for the perception
of sound movement. Human lesion work also suggests that the
convergence of the inputs to the two ears in the brainstem is
important for the detection of interaural cues that produce a
perception of sound movement!?. However, another human
lesion study suggests that sound movement perception depends
on processing beyond the auditory cortex in the right hemi-
sphere!l, and that the pathway up to the auditory cortex is
therefore not sufficient to underlie the perceptual process.
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This study specifically addresses the question of which brain areas
are responsible for the conscious perception of sound movement in
humans, as opposed to the simple detection of the underlying cues.
The study’s hypothesis was that sound movement perception
depends on processing in cortical areas beyond the primary audi-
tory cortex. We have used novel stimuli that contain identical changes
in the phase and amplitude at the two ears but produce different
perceptions of sound movement. These stimuli allow us to identify
brain areas where activity increases with the perception of sound
movement. That activity has been measured in two separate exper-
iments by BOLD (blood oxygen level-dependent) fMRI response
and by regional cerebral blood flow as measured by PET.

Results
PSYCHOPHYSICAL DATA

Con-
sidered alone, both the phase and the amplitude change may be per-
ceived as sound movement toward one side. When the directions of
the perceived movements generated by these two cues are opposite
to one another, cancellation or trading can occur; the stimulus is a
dynamic extension for those used in static time-intensity trading
experiments'2. For all subjects, a point could be defined at which
there was exact cancellation of the movement percept due to the two
cues and a single static sound image was perceived in the midline
(Fig. 1). The point of cancellation for the phase and amplitude ramps
varied between subjects (Table 1). The mean amplitude/phase ratio
at the point of trading was 0.86 (standard deviation 0.34).

During the PET and fMRI experiments, subjects were present-
ed with two sound conditions (Fig. 2). The cancel condition repre-
sents the dynamic time-intensity-traded stimulus discussed above.
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During the ‘cancel’ epochs, subjects listened to ~ Table 1. Cancellation point for each subject.

repeated stimuli containing phase and ampli-
tude modulations, set at the point of cancella-
tion so that there was no perceived movement.
During the ‘add’ epochs, subjects listened to
stimuli containing phase and amplitude
changes of the same magnitude as in the can-
cel condition, but the direction of perceived
movement due to either the phase or ampli-
tude change was in the same direction, so that
there was a strong resultant perception of
movement. For the add condition, all subjects
clearly perceived movement of the sound over g
one second to a point at least halfway between
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Subject Rate of interaural amplitude Rate of interaural phase
change at trade point, k;

Trading ratio
change at trade point, k, amplitude/phase

() ()

0.10 0.22 0.43
0.10 0.17 1.43
0.15 0.12 1.25
0.10 0.16 0.62
0.15 0.10 1.50
0.10 0.14 0.71
0.15 0.16 0.94
0.10 0.14 071

the midline and the maximum possible lateral One subject (subject 2) took part in both experiments. The rates of amplitude and phase changes

displacement. In the add condition, the direc-
tion of perceived movement was randomized.
Thus, the add and cancel conditions represent
stimuli that produce different percepts despite containing the same
component phase and amplitude cues. This allows the stimuli to
reveal areas involved in the perception of sound movement, as
opposed to the detection of the component cues.

At the start of each scanning session, subjects were played pro-
longed runs of either the add or cancel condition. All subjects report-
ed single fused percepts corresponding to the individual sounds in
either condition. For the add condition, all subjects performed at
100% level for the identification of the direction of movement under
scanning conditions. For the cancel condition, all subjects scored at
50% (chance) level.

fMRI STUDY

During the fMRI study, subjects listened to 40 second epochs of
either the add or cancel condition, alternating with rest. Over the 40
seconds, subjects were presented with 33 stimuli. Figure 3a shows
the comparison between the fMRI BOLD responses for the add (288
scans) and cancel (288 scans) conditions, based on a group analysis
using statistical parametric mapping. Significant activation of pos-
terior parietal cortex occurred in two areas in the right inferior pari-
etal lobule (Brodmann area, BA40), in the right superior parietal
lobule (BA 7), and in the left inferior and left superior parietal lob-
ules. Analysis of the BOLD signal change between conditions for
individual subjects showed a consistent increase in the three sub-
jects in the more superior area in the right inferior parietal lobule
(Fig. 3b). An increase in activation was also shown in the left and
right prefrontal cortex, the cerebellum, and the right insula. Table 2
lists the areas of activation with their coordinates.

The comparison of the two sound conditions with rest showed
significant bilateral activation of the primary auditory cortex (Al)
in Heschl’s Gyrus!? (right co-ordinates 46 -24 10, Z = 6.9; left coor-
dinates -50 -22 10, Z = 8.2). Therefore, Al was active during both
tasks, but was not differentially activated by sound movement. No
differential activation in A1 was demonstrated even if this area was
treated as a region of interest for which a prior hypothesis existed,
in which case statistical correction for multiple comparisons does
not need to be made.

PET STUDY

During the PET study, subjects were scanned over an 80- second
acquisition period while they listened to the add or the cancel con-
dition. Over a typical acquisition period of 80 seconds, subjects were
presented with 66 stimuli. Figure 4 shows the comparison between
the add (30 scans) and the cancel condition (30 scans) in the PET
experiment. A single area of right parietal lobe activation was demon-
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have the dimensions of s 1 as the amplitude changes over the one second presentation (proportional
change in sound pressure) and phase changes (radians) are both dimensionless.

strated, situated 18 mm from the superior area in the inferior pari-
etal lobule demonstrated in the fMRI experiment (coordinates 24
-40 66, Z = 3.49). The comparison between the two sound condi-
tions and silence demonstrated bilateral activation of A1 (right coor-
dinates 50 -26 4, Z = 6.6; left coordinates -46 -26 8, Z = 6.0). Again,
the comparison between the two sound conditions showed no sig-
nificant difference at A1 even without correction for multiple com-
parisons.

Discussion
In this study we have used a novel psychophysical stimulus to
demonstrate cortical areas where activity increases when sound
movement is perceived. The use of stimuli with the same acoustic
structure allows these areas to be interpreted in terms of perceptual
and cognitive processing, rather than in terms of the earlier acoustic
processing. Thus, this study addresses the question of how sound
movement is perceived in general. The fMRI and PET studies con-
verged to show right parietal lobe activation, and additionally are
consistent with previous human lesion studies showing posterior
right hemisphere involvement in auditory spatial perception'®1>.
A striking feature of this work is the demonstration of activity
in areas in the fMRI experiment that are not shown by the PET
study. Few previous studies have used the same stimulus in the same
experiment with both techniques; the demonstration of additional
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Fig. 1. Function used to calculate the point of trading between the
linear amplitude and phase excursions for subject 1. The rate of
amplitude change, k;, is 0.1 s -1 (see Methods).
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Fig. 2. Basis for the fMRI and PET paradigms. In the add condition,
the percepts of movement due to amplitude and phase changes
within the stimulus add to produce a strong resultant percept of
movement. Stimuli for the cancel condition contain the same
amplitude and phase changes in opposition, which results in no
movement perception.

areas in the fMRI experiment may be based on methodological dif-
ferences in the techniques, or due to biological differences in the
nature of the task carried out.

DYNAMIC TIME-INTENSITY TRADING

The two conditions used in the imaging experiments produced dif-
ferent perceptions of movement in the presence of identical inter-
aural phase and amplitude modulation. We have been able to
quantify this different perception in terms of psychophysical per-
formance. The variation between subjects in the trade point demon-
strated for the dynamic time-intensity trades is notable and a
phenomenon that is well etablished in static time-intensity trading!2.
No subject reported ‘double images’ in the cancel condition used,
as have been reported in some studies of static time-intensity trad-
ing!2. This may be because sustained perceptual adjustment of the
auditory image is only possible in the static case, in which the stim-
ulus is constant for a prolonged period.

COMMON ACTIVATION IN THE fMRI AND PET STUDIES

The fMRI and PET experiments both showed increased activation
in the right parietal cortex during the perception of sound move-
ment. The locations of the single area of significant activation in
the PET experiment and the superior area in the inferior parietal
lobule in the fMRI experiment are within the combined resolution
of the two experiments, being situated 18 mm apart, with the use
of a 5 mm filter in the fMRI experiment and 16 mm filter in the
PET experiment. PET and fMRI are both indirect measures of
regional brain activity; however the fMRI response and the region-
al cerebral blood flow obtained with PET are not identical. The
fMRI response depends on blood oxygen level, whereas PET indi-
cates local blood flow. It is possible that the maximum changes in
blood oxygen level are not at the same position as the maximum
changes in local blood flow.

The activation in the right parietal cortex is consistent with the
idea that analysis of spatial sound properties, including movement,
occurs beyond the primary auditory cortex in the right hemisphere,
as suggested by human lesion experiments'%1>. One study'# used a
lesion-mapping technique to identify the locus corresponding to a
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static lateralization deficit demonstrated by interaural amplitude
testing. Subjects with deficits were found to have lesions in the pos-
terior right hemisphere. Another study'> demonstrated a dissociat-
ed deficit in sound movement detection due to a posterior right
hemisphere lesion that was distinct from the auditory cortex. That
lesion involved the right parietal cortex, in addition to the right insu-
la, which was activated in a previous PET auditory movement study
using an interaural phase paradigm®.

We considered whether the areas differentially activated by the
movement task might correspond to areas for the perception of
sound movement, or whether they might have a less specific role
in the perception of static auditory space. There is a longstanding
psychophysical debate about whether sound movement perception
depends on detection of velocity per se or sequential static percep-
tion 217, The current experiment was not designed to distinguish
between the two, but to demonstrate areas involved in sound move-
ment perception, whatever the underlying mechanism. We have
purposely used a low sound velocity (approximately half of the
maximum possible lateral sound source displacement in one sec-
ond); this velocity is clearly perceived as moving by all subjects and
can be tracked. This is in contrast to the sudden changes in posi-
tion that occur with the very rapid sound-movement velocities that
have been used in some experiments'®, in which perceptual expla-
nations based on sequential static perception become much more
compelling. The low sound-movement velocity in the current
experiment makes either velocity detection or sequential static
detection mechanisms possible.

We also considered a possible attentional basis for the activation
demonstrated in the movement condition, that is, an activation due
to lateralized spatial shifts of auditory attention. In visuomotor atten-
tion tasks, parietal cortex is active when subjects have to make a
response to a target presented at a location they do not expect!>%°,
However, this effect depends on the subject being required to make
a speeded motor response to an unexpected target, and there is no
evidence for such spatial cueing effects in auditory attention?!. In
the present study, the subjects did not make responses, and the loca-

Table 2. Areas of significant difference between the add
and cancel condition (see Methods) in the fMRI
experiment

Region Area Talairach Z Score
Coordinates
Parietal Right LPs [7] 26 -72 60 55
Right LPi [40] 32-4250 54
Right LPi [40] 66 -26 26 54
Left LPi [40] -52 -38 32 6.7
Left LPs [7] -20-48 76 6.1
Left postcentral -44 -32 62 5.6
Frontal Right [6/8] 58 8 46 74
Right Gfi/insula 3424 -8 45
Left [6] -36 058 6.5
Left Frontal -54 4 44 5.7
Left Gfi -38822 49
Left [6] -22268 51
Anterior Cingulate -4 1050 5.6
Cerebellar Right hemisphere 28 -46 -36 6.1
Right hemisphere -26 -64 -18 49
Midline/vermis 4-78-18 5.6

The abbreviations for the individual areas are as in Talairach*® and are given
with the Brodmann area based on that atlas in brackets. LP, parietal lobule. LPi,
inferior parietal lobule. LPs, superior parietal lobule. Gfi, inferior frontal gyrus.
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Fig. 3. Areas of increased activation using the add condition compared to the cancel condition in the fMRI experiment (see Methods).
(a) Group comparison for three subjects superimposed on a T1-weighted template. The posterior parietal areas of maximal signal change
are highlighted by arrows. (b) Percentage change in BOLD signal measurements for individual subjects from the superior right posterior pari-
etal areas in (a). (c) Percentage change in BOLD signal measurements for individual subjects from the inferior right posterior parietal areas
in (a). (d) Percentage change in BOLD signal measurements for individual subjects from the left posterior parietal area in (a). The BOLD sig-
nal bars are relative to an arbitrary origin, and the figure can only be used to compare the blood flow between the conditions. Error bars cor-

respond to one standard error.

tions of the stimuli, although randomized within a run, included
only three spatial positions (right, left or center), known in advance

by the subject. W therefore suggest that the posterior parietal acti-

Abstract spatial representations in the posterior parietal cor-
tex can be produced by several sensory modalities??, and the area
of activation shown therefore does not represent an auditory ana-
logue of the specific visual area for the perception of motion in
the anterolateral occipital cortex?®. Neurophysiological work sug-
gests a role for the posterior parietal cortex in the planning of
motor and oculomotor action?>%4, in addition to the represen-
tation of the space within which those actions are performed.
Although subjects performed no output task and maintained
visual fixation (and electro-oculogram recordings did not show
eye movements when subjects listened to the stimuli), a possible
additional role of the parietal area demonstrated here in the plan-
ning of eye movements cannot be excluded.

THE AUDITORY CORTEX IN SOUND-MOVEMENT PERCEPTION

8,25,26 However, the actu-
al differences in firing rate of neurons in the auditory cortices that
show spatial selectivity are subtle. If neurons in human auditory cor-
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tex behaved similarly, such subtle responses might not be apparent
using a technique based on the detection of local summated activi-
ty, especially under fMRI scanning conditions where saturation
effects in the BOLD response are possible?’. Thus, the absence of a
differential response in auditory cortex to the two sound stimuli
does not exclude its involvement in the task.

ADDITIONAL ACTIVATION IN THE fMRI STUDY

The fMRI experiment showed areas of activation in the left parietal
cortex and in bilateral frontal areas that were not seen with PET.
This may be because the contrast between the two sound conditions
in the fMRI experiment was based on 288 scans per condition, com-
pared to 30 scans per condition in the PET experiment. The stimuli
used for the two functional imaging experiments were identical and
presented at the same sensation level relative to background noise,
and the psychophysical performance of the subjects under scanning
conditions was the same. However, despite the acoustic isolation in
the fMRI experiment, the subjects did hear considerable background
noise generated by the scanner. The task might then have addition-
ally included an element of auditory streaming®® in order for the
subject to separate the stimulus from the noise. This is the process of
separating auditory perceptual objects, analogous to Gestalt pro-
cessing in the visual system, when the objects would be called fig-
ure and ground. This process, and the shorter fMRI epochs, may
have increased the attentional load in the fMRI experiment, and
thus have engaged attentional mechanisms that may not have been
activated to the same degree in the PET experiment.

Frontal and parietal activation have been described in studies of
auditory selective attention?5%°, A PET study of auditory selective
attention, using a paradigm based on pitch change, suggests the exis-
tence of an anterior cingulate and predominantly right frontal net-
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Fig. 4. Statistical paramet-
ric map showing area
of increased activation
using PET for add com-
pared to the cancel condi-
tion (see Methods). Group
comparison for 6 subjects
are superimposed on a
T1-weighted template.

work, which is supramodal®®. That study incorporated lateraliza-
tion to disengage stimulus-dependent and independent effects. How-
ever, it cannot be compared directly with the present study, which
explored the detection of spatial cues without a specific lateralized
attention task. Another study of selective attention by fMRI in con-
sonant-vowel discrimination?! used binaural and dichotic listening
conditions to vary the attentional load (again requiring lateralized
attention in the dichotic condition), and showed bilateral increased
parietal activation in the task demanding greater selective attention.

The prefrontal activation demonstrated in the present experi-
ment might also be related to spatial monitoring, which has been
shown to involve the prefrontal areas in a visual spatial monitoring
task30, Spatial monitoring refers to the active checking of the incom-
ing spatial auditory information. There was no spatial search strate-
gy or output task required in this experiment, but activation of spatial
working memory by a random sequence of moving tones with dif-
ferent directions is also possible. The areas of frontal activation we
describe are not within the accepted limits for the frontal eye fields’!,
but a role for these areas in spatial attention linked to eye move-
ments®? cannot be excluded.

A PERCEPTUAL AND ATTENTIONAL NETWORK

Whatever the mechanism, the additional activation seen in the frontal
cortices cannot be explained in terms of abstract spatial representa-
tion in the same way as the parietal activation. The frontal activa-
tion is hypothesized to be a post-perceptual phenomenon. The
activation of both frontal and parietal areas in the movement task
represents a form of functional connectivity for which there is an
established anatomical basis. The prefrontal areas receive projections
from both ventral parietal cortex (area 7)33 and from area 7a/LIP in
the monkey®>34, We suggest that the parietal areas, in conjunction
with the prefrontal areas that we have demonstrated in the fMRI
experiment, form a network involved in sound spatial perception
and selective attention.

Methods

SuJecTs. Three subjects participated in the fMRI experiment and six sub-
jects in the PET experiment. All subjects were right handed, with no hear-
ing or neurological disorder and normal structural MRI scans. All subjects
gave informed written consent, and the study was approved by the local hos-
pital ethics committee and conducted under certification from the Admin-
istration of Radioactive Substances Advisory Committee (Department of
Health, London, UK).

StivuLL Stimuli for all experiments were 500-Hz tones containing changes in
both phase and amplitude between the ears. The mean sensation level was
50 dB in all experiments. The sounds were all one second long. This dura-
tion was chosen to ensure that subjects clearly perceived the movement of
the sound, as opposed to a sudden change in position. In all sounds, the
phase was linearly advanced at one ear as it was simultaneously retarded at the
other, as occurs when a sound moves in the horizontal plane around the
head. This change in the instantaneous phase at either ear is identical to a
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frequency modulation, but subjects are much more sensitive to the phase
cue when there is a reference tone in the other ear'>3%; subjects perceived the
lateral movement but not the monaural frequency change with the modu-
lation depths used here. The amplitude in all sounds was also linearly
increased in one ear and decreased in the other. Considered alone, both the
phase and amplitude changes produce a perception of sound movement
from the midline to one side. When the perceptions due to the phase and
amplitude changes are in the same direction, they add to each other (add
condition). When the perceptions due to the phase and amplitude changes are
to opposite sides, they can cancel (cancel condition), so that subjects per-
ceived a single stationary sound image in the midline. The add and cancel
pressure waveforms, x (t), at either ear for a given subject are represented
below for the case of (1) an add stimulus producing perceptual movement to
the right and (2) a cancel stimulus:

(1) leftx () =Ay (1-kyt) sin (2wft + kyt),
right x (t) = Ay (1 + kit ) sin (27ft - kyt)

(2)  leftx (t) =Ay (1 +kit) sin 2mft + kyt),
right x (t) = Ay (1-Kk;t) sin (2xeft - kyt)

f = carrier frequency (500 Hz for all stimuli), A, = starting amplitude, k; =
constant determining the rate of amplitude change, k, = constant deter-
mining the rate of phase change. k, generated the rate of phase change nec-
essary to cancel the movement due to the amplitude cue in the cancel
condition. The values of k; and k, were fixed for all stimuli presented to any
given subject. The waveforms were smoothed on and off over 20 ms using
a cosine squared function. The add and cancel conditions represent stimuli
that contain identical magnitudes of component amplitude and phase mod-
ulations, but which produce different perceptions of movement. This allows
their use in categorical functional imaging paradigms to investigate sound-
movement perception.

PSYCHOPHYSICAL TESTING. All subjects underwent psychophysical testing in a
quiet environment, using headphones. In addition, the subjects for the fMRI
experiment were tested using the fMRI sound delivery equipment imme-
diately before the scanning session. For all subjects, a point was defined for
the cancel condition where the perceived movement was cancelled by
varying the interaural phase modulation for a fixed change in interaural
amplitude. The rate of interaural amplitude change, k;, was fixed at either
0.10 s 7! or 0.15 s ! for each subject; some subjects required the greater
amplitude change because the amplitude change of 0.1, when presented
alone, was subthreshold and did not produce a perception of movement.
A two-alternative, forced-choice procedure was used with two intervals
that both contained the fixed amplitude change. The direction of ampli-
tude change was opposite in the two trials, and the order of trials ran-
domized. The sound also contained ramp phase changes, which produced
a perception of movement in the opposite direction to the movement
due to the amplitude ramp alone. The stimulus length was one second,
and the interstimulus interval was one second. The rate of interaural
phase change, k,, was randomly varied between zero and a value that
always produced a perception of movement in the direction of the phase
change. Five levels of phase change were used with at least 20 trials per
level. Subjects were required to identify the trial in which the sound
appeared to move to the right. A response was counted as correct if the
subject chose the interval containing the phase change producing a per-
ception of movement to the right. The percentage of correct trials was
determined as a function of phase change to allow a 50% trade point to
be defined for each subject. This function is shown in Fig. 1 for subject 1.
When the phase cue was insufficient to cancel the amplitude change, the
subject chose the interval in which the amplitude signal moved to the right,
and therefore scored less than 50%. When the phase cue was more than suf-
ficient to cancel the amplitude change, the subject scored above 50%. The
trade point, marked with an arrow on Fig. 1, represents the point where
phase and amplitude cancelled each other, and subjects did not perceive
movement in either interval and therefore performed at chance. This value of
k, was used in the imaging experiments.

fMRI EXPERIMENT. Stimuli based on the add or cancel condition were deliv-
ered over an acoustically isolated system of speakers and graduated tubes at
a sensation level of 50 dB, set when the scanning sequence was running. A
combination of external ear defenders and ear plugs around the final tubes
within the ear canal was used for passive attenuation of the scanner noise.

nature neuroscience * volume 1 no 1 * may 1998





#4 © 1998 Nature America Inc. ¢ http://neurosci.nature.com

#4 © 1998 Nature America Inc. » http://neurosci.nature.com

All stimuli contained identical phase and amplitude modulations, deter-
mined psychophysically prior to the scan. During the movement epochs,
subjects were presented with stimuli in which the movement perception
added, to give a perception of movement to the left or the right in random
order. All subjects were able to correctly identify the correct direction of
movement with 100% accuracy, and perceived movements from the mid-
line to a point more than halfway between the midline and the maximum
possible excursion toward one ear. In the control epochs, the stimulus with
cancellation was used. Epochs of either sound condition were presented alter-
nating with silence. The epochs were approximately 40 s long, and subjects
were presented with 33 stimuli during the sound epochs. There was no out-
put task, and subjects were instructed to listen for any changes in the position
of the sound and required to fixate a visual cross-piece placed at the mid-
point of the visual axis. Electro-oculogram recording, carried out during a
separate session with stimulus presentation but no scanning, demonstrated
10 eye movements.

fMRI SCANNING AND ANALYSIS. BOLD contrast image volumes were acquired
at 2.0 T (Siemens VISION, Erlangen) with gradient-echo echo-planar imag-
ing (TR/TE = 6000 ms/40 ms). Each volume comprised sixty-four contigu-
ous 3-mm slices, with an in-plane resolution of 3 x 3 mm. Each subject
underwent three consecutive imaging sessions comprising 384 such volumes.
The first six volumes of each session were discarded to discount T1 saturation
effects. The movement and control conditions were presented in a fixed order
alternating with rest (baseline). Each epoch lasted for seven volumes (approx-
imately 40 s). For each subject separately, the T2* time series was realigned to
the first image, stereotactically normalized and smoothed with an isotropic
Gaussian kernel of 5 mm FWHM 3¢37, The entire imaging time-series for
each subject was used for a group analysis, representing 1134 image volumes
in total. Condition-specific effects were estimated using the general linear
model and theory of Gaussian fields as implemented in SPM96. A high-pass
filter with a cut-off frequency of 0.19 cycles per min modelled and exclud-
ed low-frequency confounding effects in the time-series. A fixed-response,
box-car model was used to characterize condition effects, using linear con-
trasts to test hypotheses about regionally specific condition effects. The
SPM{Z} for the add minus cancel comparison was thresholded at a Z value
0f 3.09 (p = 0.001 uncorrected for multiple comparisons), and the resulting
foci were characterized in terms of both spatial extent and peak height cor-
rected for multiple comparisons®®3? at the five percent level.

PET SCANNING. Identical stimuli to those used in the fMRI experiment were
delivered over insert earphones at a sensation level of 50 dB. Thus, subjects
would attend to approximately 66 stimulus sounds during a typical acqui-
sition period of 80 s. Subjects fixated a cross-piece and carried out no output
task, as in the fMRI experiment. Twelve scans were carried out on a Siemens
scanner in 3D mode, five with the add condition, five with the cancel con-
dition, and two with silence. The order of scans was randomized across sub-
jects. Statistical parametric mapping®®3$3° implemented in SPM96 software
(http//:www.fil.ion.ucl.ac.uk/spm) was used to compare regional cerebral
blood flow between conditions. The data were smoothed with an isotropic
Gaussian kernel of 16 mm FWHM.
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