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A BSTRACT
Figure-ground segregation is fundamental to listening in complex acoustic
environments. An ongoing debate pertains to whether segregation requires attention or is
‘automatic’ and pre-attentive. In this magnetoencephalography (MEG) study we tested a
prediction derived from Load Theory of attention1 that segregation requires attention, but
can benefit from the automatic allocation of any ‘leftover’ capacity under low load. Complex
auditory scenes were modelled with Stochastic Figure Ground stimuli (SFG2) which
occasionally contained repeated frequency component ‘figures’. Naive human subjects
passively listened to these signals while performing a visual attention task of either low or
high load. Whilst clear figure-related neural responses were observed under conditions of
low load, high visual load essentially abolished the neural response to the figure in auditory
cortex (Planum Temporale, Heschl’s gyrus). We conclude that fundamental figure-ground
segregation in hearing is not automatic but draws on shared resources across vision and
audition.
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I NTRODUCTION
Figure-ground segregation – the process by which an auditory object is perceptually
extracted from the aggregate sound input – underlies key aspects of listeners’ ability to
make sense of the acoustic environment, including recognizing individual sounds within
crowded scenes or understanding speech in noise. The extent to which segregation depends
on attention has been a long standing question in hearing research,3-6 crucial for
establishing how the acoustic environment is represented when attention is directed away
from sound. However, despite decades of research, the answer has remained elusive.
Previous studies7-11 have predominantly focused on mixtures of signals that are
separated in frequency, based on the understanding that segregation occurs when spatially
distinct populations of neurons are activated in the primary auditory cortex (for reviews see
5, 12, 13-19

). However, natural sounds rarely exhibit the frequency separation used in these

standard stimuli, suggesting that they may not adequately capture the challenges faced by
the auditory system in complex acoustic environments.
Recent work suggests that in addition to frequency separation, another cue for the
perceptual organization of acoustic scenes is ’temporal coherence’ 2, 4, 20-23. Sounds with
similar temporal properties are bound into one perceptual object, via a process that detects
correlations between the statistics of individual frequency channels in auditory cortex2, 4, 24.
This process provides segregation cues despite spectral overlap between auditory objects,
and can thus play a vital role in segregating the spectrally broad, dynamic sounds we
experience in natural environments.
The Stochastic-Figure ground stimulus (SFG2, 25, 26; Figure 1) has been proposed as a
means by which to model complex scene analysis. Signals are made of multiple, rapidly
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changing, random frequency components, which form a stochastic background. ‘Figures’ are
introduced by repeating a small subset of components throughout the signal, resulting in
the percept of a bound auditory object that is segregated from the random ground2.
Importantly, similarly to natural sound mixtures, and in contrast to most previous work, the
figure is not dissociable from the background based on instantaneous cues and can only be
identified by integrating information over both frequency and time.
Accumulating work has shown that listeners are highly sensitive to SFG figures; brain
responses to the emergence of the figure have been consistently observed in naïve,
distracted, listeners performing an incidental task24-26. This has been interpreted as
indicating an automatic (pre-attentive) segregation process. However, it is well established
that attention is only fully withdrawn from a stimulus when a separate, prioritized task
involves a high level of perceptual load that exhausts capacity (e.g.1, 27, 28). The incidental
tasks used previously, where participants either listened passively or watched a subtitled
film, are unlikely to have placed a high enough instantaneous demand on processing to
ensure that attention was diverted from the auditory stimuli. Thus, it remains possible that
figure ground segregation does depend on attention and cannot occur when attention is
fully withdrawn from the sound. Investigating the impact of perceptual load on the neural
response to SFG signals can thus provide a crucial window into understanding the extent to
which analysis of spectro-temporally complex auditory signals draws on attentional
resources.
Here we actively divert attention away from the auditory stimuli using a visual task
of high or low perceptual load. We show that load has a significant effect on segregation
such that under conditions of high visual load, the neural response to the auditory figure is
3
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essentially abolished. This indicates that in fact, identification of the figure does depend on
attention, and that even basic auditory scene analysis draws on processing resources which
are shared across the visual and auditory senses.

R ESULTS
E XPERIMENT 1: MEG TO SHORT SFG SEQUENCES
In this series of experiments, we focus on brief (~200ms long) SFG bursts that occasionally
(in 50% of the trials) contain a figure (Figure 1A). As a first step, Experiment 1 was designed
to characterize the MEG response under passive listening conditions. To maintain vigilance,
participants were engaged by a simple, very low load, incidental, visual task.
Figure 1B shows the evoked response to the SFG stimulus, collapsed over figurepresent and figure-absent trials. Because these data are comprised of 20 components (i.e.
reflect the independent activity of many processes), their dynamics are summarized by
calculating instantaneous power (RMS; see methods) across channels. Visible is the
characteristic succession of onset peaks (M50, M100, P200 at 50, 100 and 200 ms post
onset), followed by a P3 response from ~300-700 ms post stimulus onset.
A source separation analysis (see methods) was used to identify neural activity which
is most different between figure-present (FP) and figure-absent (FA) trials. The associated
spatial filter (in the inset) was applied to the data to produce the time series in Figure 1C.
The response to the FP trials relative to FA trials is characterized by a sustained ‘negativity’
(i.e. in the same direction as the M100 peak) which was significant from 60ms post stimulus
onset and persisted throughout the rest of the trial. We refer to this effect as the ‘figurerelated negativity’ (FRN). The pattern is generally reminiscent of the object-related
4
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negativity (ORN) response which has been observed when simultaneous auditory stimuli are
perceived as two objects rather than one (usually a mistuned harmonic within an otherwise
harmonic chord29-32, and more recently also in figure-ground stimuli similar to those used
here33). The ORN is typically superimposed on the N1-P2 complex, peaks between 150300ms post stimulus onset and can occur even when auditory stimuli are not actively
attended.
These results confirm that there is a measurable neural response to the presence of
the figure even during very brief SFG signals, consistent with previous behavioural reports2,
and despite the fact that the sounds were not explicitly attended. The fact that a response
to the figure can be seen within 60ms of scene onset (just over 2 chords), suggests a very
rapid, sensitive figure-ground segregation process.
Source localisation revealed several brain regions where activity differed significantly
between FP and FA trials (Fig 1C, Table 1). FP stimuli showed greater activity in bilateral
superior temporal gyri and right superior and inferior parietal lobules. This activity is
consistent with the findings of Teki et al.25, 26 that the SFG stimuli evoke figure-specific
activity along the superior temporal planes, superior temporal sulci, and also within the
intraparietal sulci.

E XPERIMENT 2: E FFECT OF P ERCEPTUAL L OAD ON F IGURE -G ROUND S EGREGATION
To understand how figure-ground segregation is affected by the availability of processing
resources, we recorded MEG responses to non-attended SFG signals while attention was
engaged by a concurrently presented visual task which placed different levels of load on
perceptual processing. The auditory stimuli were identical to those in Experiment 1, but
with fixed parameters: coherence 6, chord duration 25ms and chord number 8, producing a
5
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200ms long stimulus. A feature vs. combination visual search task was used to implement
different levels of visual perceptual load1, 34. Figure 2B shows a schematic diagram of the
trial structure. The search array, presented for 200 ms, consisted of five coloured shapes
spaced around a (non-visible) circle centred at fixation. The low load (LL) task, colour search,
required participants to respond to any blue shape. The high load (HL) task, colour-shape
combination search, required participants to respond to a red circle or a green square. On
half of the trials the visual search array was accompanied by an auditory stimulus.
Participants were told that the sounds should be ignored and were encouraged to focus on
the visual task.

V ISUAL TASK
A significant effect of load on performance in the visual task was observed (Figure 2B).

Mean: LL = 94.5%, HL = 83.7%; SD:
LL = 10.7, HL = 11.9; t(19) = 7.8, p < .001. d’: Mean: LL = 4.3, HL = 2.5; SD: LL = 1.3, HL = 1.0;
t(19) = 9.9, p < .001) and longer RTs (Mean: LL = 594ms HL = 1000ms; SD: LL = 128, HL = 184;
t(19) = -10.5, p< .001) confirming that the load manipulation was successful.
Increased load led to lower accuracy (Percentage Correct:

A UDITORY PROCESSING
EFFECT OF PERCEPTUAL LOAD ON FIGURE GROUND SEGREGATION
To quantify the effect of load on figure-ground segregation, we calculated a spatial
filter which best captured the figure-specific brain response within the aggregate MEG
signal (see methods). Figure 3A shows this filter (inset) and the derived evoked responses,
contrasting the responses to FP and FA signals in low load (LL, left) and high load (HL, right).
The similarity between FA and FP responses calculated here and those recorded in
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Experiment 1 confirms that the analysis was successful at isolating the relevant responses
from within the mixture of auditory and visual evoked activity. A clear sustained figurerelated negativity is observed in the LL condition from 35-60ms and from 110ms until the
end of the epoch. In contrast, under high load the figure-related negativity was only
significant from 225-265 ms – high visual load apparently reduced the auditory system’s
ability to distinguish between FP and FA scenes. This is confirmed explicitly by evaluating the
interaction between FP/FA and HH/LL conditions: for each subject a difference time-series
(LL (FP-FA) – HL (FP – FA)) was computed and subjected to bootstrap resampling. Figure 3B
plots the resulting mean difference across subjects. This indicated that the amplitude of the
figure-related negativity was significantly different between load conditions from 290-475
ms post stimulus onset. To understand whether this effect is driven by a load effect on FP
trials, FA trials, or both, we compared HL and LL responses for FP and FA stimuli separately.
This analysis demonstrated that load only had a significant effect on FP responses: under
high load, FP responses were reduced during the period from ~200-350 ms post stimulus
(green horizontal lines in Figure 3B). Load did not have a significant effect on responses to
FA stimuli.
Overall, the data indicate that perceptual load had a significant effect on processing
specifically related to detecting the figure. This pattern of results was replicated in a
different experiment (see supplementary materials) which used the same SFG stimuli but a
different load-inducing visual task.

SOURCE ANALYSIS
When collapsed over low and high load, source analysis identified areas in the right
temporal and right parietal lobes which showed greater activity in response to FP vs. FA
7
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scenes (Table 3). The temporal region covered the posterior portion of the right superior
temporal gyrus, with some extension to middle temporal gyrus and planum temporale. This
closely mirrors the bilateral temporal sources seen in Experiment 1, and previous fMRI and
MEG data25, 26. The parietal source covered regions of the superior and inferior parietal
lobules. It was slightly superior and anterior to the source seen in Experiment 1, and overall
more diffuse, but given the relatively poor spatial resolution for MEG, we believe both
represent activity within the IPS. Both these loci are also consistent with the fMRI and MEG
data discussed above25, 26. This further confirms that the DSS analysis successfully captured
the relevant SFG evoked activity.
The source of the interaction between load and figure was localised to the left
temporal lobe (Figure 3B, Table 4). The area extends down the left superior temporal gyrus
and planum temporale including Heschl’s gyrus. The data show that the successful
differentiation of responses for FP vs. FA stimuli in this area is impaired under high load. This
is commensurate with the main effect of figure described above, which was significant in
the right but not left temporal gyrus. It suggests that under low load the SFG figures are
processed in bilateral STG and right IPS (consistent with the data from Experiment 2), but as
resources are depleted, processing in the left hemisphere is impaired more than that in the
right.

EFFECT OF PERCEPTUAL LOAD ON OVERALL RESPONSE TO IGNORED SOUND
To establish whether perceptual load had an effect on the base response to auditory stimuli
(i.e. independently of whether a figure was present or absent), auditory components of the
evoked response (after separation from visual evoked activity, but before isolating the
figure response – see methods) were calculated. The responses (collapsed over FP and FA
8
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conditions) are illustrated in Figure 3C using the RMS over channels. The activity is
characterized by the standard succession of auditory response peaks, and the field-maps
associated with the major peaks (also plotted) exhibit the standard dipolar pattern over
temporal channels commonly associated with auditory activity. The data closely match the
responses observed during passive listening (Experiment 1, Figure 1B), confirming that the
auditory activity was isolated successfully from the response mixtures.
Comparing responses under low and high visual perceptual load revealed significant
effects of load from 300-650 ms post stimulus, with a clear P3 apparent in the responses to
the sounds under low but not high visual load. This is in keeping with Molloy et al.’s previous
findings35 where high visual load also led to the suppression of the P3 ‘awareness’ response
to ignored sounds, and fits with a limited resource model. Molloy et al.35 also observed
suppression of early (~100 ms) auditory responses under high load. In contrast, the present
data show no evidence of a suppression of the onset responses under high visual load. This
is likely because Molloy et al.35 used faint sounds whereas those used here were
substantially louder.
Source analysis revealed significantly stronger activity in frontal and occipital regions
in low load compared to high (see Figure 3A, Table 2). The activity in bilateral middle frontal
gyri is likely to be the source of the P3 response which was apparent under low but not high
load; the P3 has reliably been shown to have a generator in the frontal lobe when it occurs
in response to non-target stimuli36-39. The difference in activity within the left occipital lobe
may indicate some residual visual activity.
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E XPERIMENT 3: P SYCHOPHYSICS D UAL T ASK
Experiment 3 was designed to determine whether the reduced figure-ground segregation
that was shown in Experiment 2 under high (relative to low) visual load was associated with
a reduction in perception of the auditory figures.
Results are shown in Table 5. Similarly to the behavioural pattern in Experiment 2,
participants showed a significant effect of load on performance in the primary, visual, task.

t

p

t

p

Increased load led to lower accuracy ( (1,11)=7.0, < .001) and longer RTs ( (1,11)=-12.5, <
.001), indicating that the load manipulation was successful. Higher load in the primary visual
task also led to poorer performance in the secondary, auditory, task: hit rates were reduced

t

p

( (1,11)=4.2, =.001), and participants showed poorer sensitivity to the auditory target – d’
scores were significantly reduced in the high compared to the low load condition

t

p

( (1,11)=3.7, =.004), with no change in decision criterion (beta) or false alarm rates.
These data confirm that participants can successfully identify the figure within very
short auditory scenes when these receive attentional resources in conditions of low
perceptual load. However, high demands in a concurrent visual task reduced participants’
ability to segregate the auditory figures from the scene, leading to reduced detection
sensitivity. This suggests that the reduction of the figure-related negativity seen under high
visual load in the MEG data does indeed reflect a failure of the auditory system to segregate
and thus hear an auditory figure out from a complex scene.
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D ISCUSSION
The present results revealed an extensive impact of visual attention on auditory
figure-ground segregation. In conditions of low visual perceptual load, a neural marker of
auditory figure-ground segregation (the figure-related negativity, FRN) was clearly evident
from ~100-800 ms post sound onset. In contrast, conditions of high perceptual load in the
visual task resulted in almost complete elimination of the neural response to the SFG figure,
indicating a failure of auditory segregation in the absence of attention. Behavioural results
also demonstrated poorer detection of the figure in conditions of high (vs. low) visual
perceptual load even though participants were intently listening for it in both load
conditions.
In addition to the effect of load on figure-ground segregation, high visual load also
led to a reduced P3 response to sounds overall (irrespective of whether a figure was
present). The P3 ‘awareness positivity’ is understood to reflect attentional engagement and
conscious awareness of a stimulus36, 38, 40, 41. The finding that the auditory P3 is reduced
under high visual load is consistent with a recent report that assessed responses to pure
tones35 and confirms that under high visual load, unattended sounds are less likely to attract
attention.
We note that with respect to overall response to the auditory stimuli (i.e.
irrespective of figure vs. ground), the present findings were confined to a modulation of the
P3 while previous work reported suppression of early evoked responses in auditory cortex35,
. Molloy et al.35, for example, demonstrated that in addition to abolishing the P3

42

‘awareness’ response, a high load visual task led to a reduction of the M100 onset response
to concurrently presented pure tone stimuli. This likely occurred because Molloy et al. used
11
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faint sounds (12 dB above individual threshold). In contrast, the signals used in the present
study were deliberately set loud enough to compensate for these early effects. Under these
conditions, the effect of load was confined specifically to responses to figure-present
stimuli, suggesting that visual perceptual load interfered with the processes which underlie
the extraction of the figure and elicitation of the figure-related-negativity (FRN). Thus, our
data indicate that apart from early effects on faint sounds, load on visual attention can also
reduce the computational capacity of the auditory system.
The extent to which auditory figure-ground segregation is dependent on attention
has been a longstanding issue in hearing research4, 7-11, 30, 42-48. Evidence of segregation in the
supposed absence of directed attention (e.g.30, 42, 47) has been taken to indicate that
segregation takes place automatically and pre-attentively, and that attention operates at a
subsequent stage to enhance the representation of attended objects and suppress
distracters20, 49-52, for example by modulating the temporal coherence of neural
populations3. Specifically in the context of SFG segregation, accumulating work in humans
has shown ‘figure’-evoked brain responses in naïve, distracted listeners, suggesting an early
pre-attentive computation of temporal coherence24-26 that is enhanced during active
listening24. In keeping with these reports, in the passive listening (Experiment 1) and low
load (Experiment 2) conditions, the auditory evoked fields reliably showed a characteristic
negativity in response to scenes where the figure was present relative to the figure-absent
conditions, which we refer to as the figure-related negativity (FRN). However, we also show
that depleting resources can lead to an abrupt failure of the process: conditions of high load
in the visual task resulted in a reduction of the FRN so that there was almost no distinction
between the responses to figure present and figure absent scenes. These results suggest
that high load impairs the mechanisms which support auditory segregation, indicating that
12
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these computations are not performed in a fully automatic manner in the sense that they do
require attentional resources.
Overall this pattern of results, where a process occurs when resources are available
but can be disrupted in situations of very high demand, is congruent with load theory of
attention (e.g.27, 53) and may explain some of the apparent discrepancies in previous
research. Paradigms which attempted to direct attention away from the streaming signals
but still saw evidence of successful segregation may have used distraction tasks which did
not fully deplete resources. According to load theory, perceptual processing depends on
limited resources that are allocated involuntarily to all stimuli within capacity. The level of
perceptual load in the attended task therefore determines the extent to which any
resources are available to ‘spill over’ to processing outside the focus of attention. The spillover of attention allows figure-ground segregation in conditions of low perceptual load,
while the greater level of engagement of resources in conditions of high perceptual load
results in a significant decrease of both neural response to the figure and its conscious
perception.
The FRN characterised here is generally reminiscent of the object-related negativity
(ORN29, 54, 55, see also33) - a response from ~150-300 ms which is understood to be an index
of segregation of a tone from a concurrent sound complex. Whilst both the FRN and ORN
are associated with a similar perceptual outcome – the representation of a segregated
‘figure’ against a ‘background’ – it is likely that they arise from distinct underlying
processes23. The calculations which underlie segregation based on harmonic cues
presumably occur subcortically, during early stages of the auditory processing hierarchy56. In
contrast, temporal coherence computation requires integration over time and likely has, at
13
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least in part, a cortical origin25, 26, 46. This difference may also make the process of SFG
segregation more susceptible to depletion of resources than segregation based on
harmonicity, consistent with previous studies which have reported no effect of attentional
load on the ORN30, 42.
The neural underpinning for temporal coherence computations remain poorly
understood and it is likely that the relevant computations are elaborated along a broad
processing hierarchy. Current computational models of auditory scene analysis apply crosschannel correlation at a variety of temporal delays2, 20, 21 that are hypothesized to be
supported by rapid adaptive processes in auditory cortex46. Recent animal work has
indicated that this rapid plasticity only takes place when animals are explicitly attending to
the auditory signals46, which does not tally with the human literature, where segregation is
reliably observed during passive listening24, 26. However, our data shows that the limiting
aspect is not active attention per se, but rather the availability of general computational
resources irrespective of the specific focus of attention. Thus, a disparity in the size of
resource pools between humans and animals could lead to the apparent differences
between the levels of attention required for these adaptive processes.
Human neuroimaging work has implicated Planum Temporale (PT) and Intra-Parietal
Sulcus (IPS) in the process of detecting SFG ‘figures’ 25, 26 and a similar network is also seen
in the present experiments during low load/passive listening conditions (Experiment 1 here).
The involvement of PT in segregation is also in agreement with other work using simpler
streaming signals57-59. Teki et al.25 suggest that PT operates as a hub for the process that
computes the coherence maps, while IPS is involved in reading out these calculations and
encoding the signal as consisting of several sources.
14
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Interestingly, here load specifically impacted processing in temporal cortex: the
effect of load on the FRN was localised to the upper bank of the left superior temporal
gyrus, including the PT and Heschl’s gyrus. Activity in this region was generally more
pronounced during figure present scenes compared to figure absent, but the distinction was
less marked under high load. This is consistent with both the findings of attentiondependent adaptation in A146, and with the hypothesized role of PT in computing the
temporal coherence maps which underlie segregation25. Importantly, our data demonstrate
that processing within these regions is not encapsulated but draws on domain-general
resources such that conditions of high demand in the visual modality can lead to the failure
of fundamental aspects of auditory processing.
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M

ATERIALS & M ETHODS

E XPERIMENT 1: MEG TO SHORT SFG SEQUENCES
P ARTICIPANTS
Sixteen paid participants (9 male; mean age of 24.8 years, SD = 3.0 years) took part in
Experiment 1. All were right handed, had normal or corrected to normal vision and reported
normal hearing and no history of neurological disorders. The experimental protocol for all
reported experiments was approved by the University College London research ethics
committee.

A PPARATUS , S TIMULI AND P ROCEDURE
The magnetic signals were recorded using a CTF-275 MEG system (axial gradiometers, 274
channels, 30 reference channels, VSM MedTech, Canada) in a magnetically shielded room.
Subjects were seated in an upright position, with the visual stimuli projected onto a screen
placed ~52cm from the participants’ eyes. Data were recorded continuously with a 600Hz
sampling rate and a 100Hz hardware low-pass filter.
The auditory stimuli were ~200ms long, diotically presented SFG stimuli 2, 25, 26 (see
Figure 1). Signals consisted of a succession of chords, each comprised of multiple frequency
components. Frequencies were chosen from a log-distributed pool of 129 frequencies from
179 to 7246 Hz. Each chord was comprised of between 11 and 21 (number was uniformly
distributed) frequency components, which were selected from the frequency pool with

‘figure-absent’ stimuli (FA, 50%) were formed of random frequency
chords. The ‘figure-present’ stimuli (FP, 50%) were constrained so that a subset of the
equal probability. The

frequencies were repeated in each chord (this parameter is referred to as the ‘coherence’ of
16
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the figure, see Teki et al., 2011; 2013; 2016), while the others were selected randomly for
each chord. The repetition of the coherent frequencies creates the auditory ‘figure’ which
can be heard separately from the stochastically changing background2.
The stimuli were varied along several parameters so as to optimize the stimuli to be
used for the investigation of load (Experiment 2). Specifically, we varied the number of
coherent frequencies used for the figure (6 or 8); the duration of the chords (25 or 30ms);
and the number of chords (6 or 8); all combinations were tested (8 possibilities) and stimuli
were either FP or FA, creating 16 conditions. 120 exemplars of each of the 16 conditions
were randomly allocated into 4 blocks of 480 stimuli, and presented with ISIs of 800ms.
Naïve participants passively listened to the signals while performing an incidental visual
task. Prior to the recording, the volume of the stimuli was set to a comfortable level (~70 dB
SPL) by each participant.
The visual task was designed to be very low demand. Pictures of landscapes were
presented in groups of three (5 seconds per image, fade in and out over 1 second), and
participants had to press a button if picture 2 or 3 was the same as picture 1. Instances of
repetitions were relatively rare (~1 in 12 sets) so that motor responses were kept to a
minimum. This task helped ensure that participants’ eyes were open and they were awake
throughout the blocks, but did not place a high demand on processing resources.
At the beginning of the session, a short (4 minutes) ‘localizer’ block was recorded in
order to characterise participants’ neural responses to simple auditory stimuli. The
measurement consisted of 200 presentations of a 100ms long, 1 kHz pure tone with ISIs
randomly distributed between 700 and 1500ms. Participants watched a static fixation cross
in the centre of the screen and were not required to perform a task.
17
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A NALYSIS
All conditions (over coherence, chord duration and number of chords) showed very similar
evoked responses; the data were therefore collapsed over all conditions for display
purposes in the results, and for the subsequent source analysis.
The data from the localizer block were divided into 800ms epochs, and baselinecorrected using a 200ms pre-stimulus interval. The M100 onset response (Roberts et al.,
2000) was identified for each subject as a source/sink pair in the magnetic-field contour
plots distributed over the temporal region of each hemisphere. For each subject, the 40
most activated channels at the peak of the M100 (20 in each hemisphere) were selected for
subsequent sensor-level analysis of the responses evoked by the SFG stimuli.
The data from the main blocks were epoched into 1000ms trials which covered
800ms post-stimulus onset, and 200ms pre-onset. All data were baseline corrected to the
pre-onset interval. Epochs with amplitudes above 3pT (~6% of trials) were considered to
contain artefacts and discarded. A PCA-based, Denoising Source Separation (DSS; 60) routine
was applied to the data to extract stimulus-locked activity. The 20 most repeatable
components were retained and projected back to sensor space. To characterize the
response at this stage, the root mean square (RMS) of the evoked field over the localizer
channels was calculated for each time point to give a time-series which reflects the
instantaneous power of the evoked response. For illustrative purposes, group-RMS (RMS of
individual subject RMSs) is plotted (Figure 1B) but statistical analysis was performed across
subjects.
To characterise the elements of the response which are specific to FP stimuli, a
further DSS was conducted, this time optimized to find components (spatial filters) which
18
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differed maximally between FA and FP trials (calculated over all channels and the whole
epoch; 60). The highest ranked DSS component was retained for the analysis and used as a
spatial filter (source model) for the analysis of FA vs. FP trials (Figure 1C). In all cases this
spatial filter corresponded to the standard temporal dipolar pattern associated with
auditory responses.
FP trials were characterized by increased negativity relative to FA trials. To quantify
this effect, the difference between the evoked responses for FP and FA trials was calculated
for each participant, and subjected to bootstrap re-sampling (1000 iterations, balanced; 61).
The difference was judged to be significant if the proportion of bootstrap iterations which

p

fell above/below zero was more than 99% (i.e. < .01) for 12 or more adjacent samples
(20ms). The bootstrap analysis was run over the entire epoch duration (200ms pre onset to
800ms post onset); all significant intervals identified in this way are indicated in the figure.
Sources were estimated using multiple sparse priors (MSP; 62) analysis. Inversions
were based on all MEG channels and used a single shell head model with group constraints.
Second-level analyses consisted of t-contrasts to compare activation between FP and FA

p

conditions. Results were thresholded at < .001 at the peak level and then subjected to a

p

whole brain < .05 FWE correction at the cluster level. In one instance a small-volume
correction (a 10mm diameter sphere centred at the peak of the cluster) was applied instead,
since the cluster was small but in a location consistent with previous fMRI26 and MEG25
sources for similar SFG stimuli. The use of a different correction is marked in Table 2.

E XPERIMENT 2: E FFECT OF V ISUAL L OAD ON F IGURE -G ROUND S EGREGATION
P ARTICIPANTS
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Twenty paid participants (8 male; mean age of 24.5 years, SD = 4.3 years) took part in
Experiment 2. All were right handed, had normal or corrected to normal vision and reported
normal hearing and no history of neurological disorders.

A PPARATUS AND S TIMULI
The apparatus and recording methods were identical to those in Experiment 1.
The visual search arrays, presented for 200 ms on a dark grey background, consisted
of five coloured shapes spaced equally around a (non-visible) circle centred at fixation and
subtending 1.9N viewing angle. The five shapes comprised one each of a circle, triangle,
square, diamond and pentagon. The colours were assigned so that there were always two
red items, two green, and one either blue or yellow (50% of trials each). In principle any
display could be used as a low load (LL; colour search) or high load (HL; colour-shape
combination search) stimulus, so that displays were identical between load conditions. The
target in low load was any blue shape; the high load targets were a red circle or green
square. Targets were present in 50% of arrays, and counterbalanced so that LL and HL
targets did not correlate (i.e. if the LL target was present in an array, the likelihood of the HL
target being present was 50%, and vice-versa). The positions of the shapes were pseudorandomised on each trial so that the target had an equal probability of occurring in each
position. Each combination of shape and colour was equiprobable across the stimulus array
sets.
On half of the trials, the visual display was accompanied by a brief auditory stimulus,
presented at the same time and for the same duration as the display (Figure 2). The auditory
stimuli were identical to the SFG stimuli used in Experiment 1, but with fixed parameters:
coherence 6, chord duration 25ms and chord number 8, producing a 200ms long stimulus
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(FP and FA with equal probability). There was no active auditory task - participants were
encouraged to focus on the visual task and were told that the sounds were incidental.
The session comprised 12 blocks (6 low load, 6 high load) consisting of 80 trials each;
the order of the blocks was counterbalanced between participants. Trial-by-trial feedback
was not given, but at the end of each block, participants were provided a score of
percentage correct on the visual task, to boost engagement. Blocks lasted for ~4 minutes
each, and participants were encouraged to take breaks between blocks when needed.

P ROCEDURE
Figure 2 shows a schematic diagram of the trial structure. Each trial began with a fixation
cross presented at the centre of the screen for 1000ms. Subsequently, a visual search array
was presented for 200ms, accompanied on 50% of trials by an auditory stimulus. A blank
screen was then presented for 1800ms, during which participants were to make a speeded
response as to whether the visual target was present or absent (by pressing one of two
buttons with their right hand).

A NALYSIS
The data from the main blocks were epoched into 1000ms trials, including a 200ms preonset interval. All data were baseline corrected to the pre-onset interval. Epochs with
amplitudes above 3pT (~6% of trials) were considered to contain artefacts and discarded.
DSS60 was applied to the data to extract stimulus-locked activity. As with the previous
analysis, the 20 most repeatable components were retained.
Since the auditory stimuli were always presented concurrently with the visual search
array, a further DSS step was necessary to separate auditory responses from the measured
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auditory-visual combined response. This analysis (collapsed over load conditions) identified
components in the data which showed the greatest difference between trials when the
visual stimuli were presented alone (50%) and those when an auditory stimulus was also
present (50%), with the aim of isolating activity which specifically relates to the auditory
stimuli (see detailed description of the procedure in 35, 60). The ten highest ranked
components were projected back into channel space and the dataset was split into the low
and high load conditions. Note that the RMS and scalp topographies (Figure 3A) of the
auditory component calculated from this analysis closely resemble the data recorded in
response to the same stimuli in Experiment 1 (Figure 1B), demonstrating that the auditory
evoked activity was successfully extracted.
As in Experiment 1, a subsequent DSS analysis was applied (collapsed over load
conditions) to produce a spatial filter which reflects activity most different between FP and
FA trials. The data were then separated into LL/HL and FP/FA conditions for analysis (Figure
3). Statistical analyses were as described for Experiment 1.
Source inversions were calculated using multiple sparse priors (MSP; 62) analysis.
Inversions were based on all MEG channels and used a single shell head model and group
constraints. For estimating sources of auditory activity, a soft prior over temporal and
parietal areas was used, motivated by previous fMRI and MEG data for SFG stimuli25, 26, and
our source results from Experiment 2, all of which indicate potential sources throughout the
temporal lobe and in IPS. The prior mask was created in FSLview
(http://surfer.nmr.mgh.harvard.edu/), based on combining the Harvard–Oxford Structural
atlases for all temporal areas, and the Juelich histologic atlas for IPS, with a threshold of 5%.
This resulted in a very broad prior, which was binarised so that the strength was equal over
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all regions. Note that solutions were not restricted to this mask, it served only as a prior to
the source algorithm.
Second-level analyses consisted of paired t-contrasts to compare the visual and
auditory responses between low and high load, and a full factorial RM F-contrast to model
the auditory responses, including main effects of load and figure, and the load x figure

p

interaction. Results were thresholded at < .001 at the peak level and then subjected to a

p

whole brain < .05 FWE correction at the cluster level.

E XPERIMENT 3: P SYCHOPHYSICS D UAL T ASK
P ARTICIPANTS
Thirteen paid participants took part in the behavioural study. One was excluded because
their performance on the low-load task was extremely poor (61%; average of all included
participants was 97.5%). For the remaining twelve participants (8 female), ages ranged from
18-35 years (mean = 21.4, SD = 4.1). All participants had normal or corrected to normal
vision and reported normal hearing.

A PPARATUS AND S TIMULI
The experiment was run on a Dell PC with a 13” monitor using Matlab 7.12 and Cogent 2000
(http://www.vislab.ucl.ac.uk/cogent.php). A viewing distance of 57cm was maintained
throughout using a chin rest. Sounds were presented via tubephones (E-A-RTONE 3A 10 Ω,
Etymotic Research, Inc) inserted into the ear-canal.
The stimuli were identical to those used in Experiment 2.

P ROCEDURE
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Trials were similar to those in Experiment 2, except that the auditory stimuli were present
on every trial, and participants were asked to perform a dual task, responding first to the
visual search (target present or absent), and subsequently to the presence of an SFG ‘figure’
(FP stimuli). Trials were similar to those in Experiment 2, but after the response to the visual
search (using their right hand), a prompt was displayed on the screen for 2000ms (see
Figure 2A) during which participants indicated whether they had heard the auditory figure
by pressing a button with their left hand. The experiment consisted of 12 blocks of 40 trials
each, six low load and six high, with the order of blocks counterbalanced between
participants.
The experimental session was preceded by a series of short demo blocks (with trialby-trial feedback) which introduced the auditory and visual tasks separately, and then
combined them to illustrate the procedure for the dual task.
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T ABLES
Cluster

Peaks

Cortical Structures

p(FWE-corr)

t

p(uncorr)

Co-ordinates (x,y,z)

Left Temporal Lobe:

<.001

5.12
4.63

<.001
<.001

-58
-58

-42
-52

10
24

< .001

5.72

<.001

56

-42

10

0.026*

3.54
3.32

<.001
0.001

34
34

-66
-62

46
48

Superior Temporal Gyrus, BA 22
Right Temporal Lobe:

Superior Temporal Gyrus, BA 22
Right Parietal Lobe:

Superior Parietal Lobule, Inferior
Parietal Lobule, BA 7

Experiment 1, Effect of Figure. Source estimates for the difference between FP and
FA trials. * indicates a small volume correction.
Table 1:

Cluster

Peaks

Cortical Structures

p(FWE-corr)

t

p(uncorr)

Co-ordinates (x,y,z)

Left Occipital Lobe:

0.001

4.46
3.92
3.70

<.001
<.001
<.001

-4
-6
-2

-92
-84
-100

-12
18
2

0.025

3.96
3.94

<.001
<.001

48
44

16
20

30
22

0.022

4.46

<.001

-48

20

30

Cuneus, Precuneus, Inferior Occipital
Gyrus, BA 17, BA 18
Right Frontal Lobe:

Middle Frontal Gyrus, Inferior Frontal
Gyrus
Left Frontal Lobe:

Middle Frontal Gyrus

Experiment 2, Main Effect of Load. Source estimates for the difference between
auditory responses in low and high load trials (regardless of figure presence).
Table 2:

Cluster
Cortical Structures
Right Parietal Lobe:

Inferior Parietal Lobule, Superior
Parietal Lobule, BA 40
Right Temporal Lobe:

Superior Temporal Gyrus, Middle
Temporal Gyrus, BA 22, BA 41, BA 42

p(FWE-corr)

Peaks
F

p(uncorr)

Co-ordinates (x,y,z)

< .001

21.64

<.001

48

-38

10

20.74
20.66

<.001
<.001

66

-26

2

52

-24

2

19.31
17.11

<.001
<.001

38

-38

44

42

-26

42

16.74

<.001

38

-30

48

< .001

Experiment 2, Main Effect of Figure. Source estimates for the difference between
auditory responses in FP and FA conditions (regardless of load).
Table 3:
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Cluster

Peaks

Cortical Structures

p(FWE-corr)

F

p(uncorr)

Co-ordinates (x,y,z)

Left Temporal Lobe:

0.006

25.82
14.69
13.67

<.001
<.001
<.001

-50
-60
-62

Superior Temporal Gyrus, Planum
Temporale BA 41, BA 42

-30
-2
-16

18
6
14

Experiment 2, Figure x Load Interaction. Source estimates for the interaction
between load (low, high) and figure presence (FP, FA).
Table 4:

Auditory Task
d'

Visual Task
Beta

FA Rate

Hit Rate

% Correct

RT (ms)

LL

HL

LL

HL

LL

HL

LL

HL

LL

HL

LL

HL

Mean

1.8

1.5

0.80

0.91

31.1

32.8

85.5

80.5

97.5

89.9

714

1066

SD

0.27

0.23

0.16

0.15

5.7

5.9

3.3

3.6

0.5

1.4

42

31

p value

0.004

Table 5:

0.178

0.440

0.001

Experiment 3, Dual Task Behavioural Data.
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F IGURE C APTIONS
FIGURE 1: STIMULI AND BASIC MEG RESPONSES UNDER LOW LOAD (EXPERIMENT 1)
A. Example schematics (left) and spectrograms (right) of the Stochastic Figure-Ground
(SFG) stimuli. Stimuli, adapted from Teki et al.2, 26, consisted of a succession of chords, each
comprised of multiple frequency components. The
(FA) stimuli were chords
formed of random frequencies, while the
(FP) stimuli were constrained so
that some of the frequencies (indicated in red in the schematic representation and by black
arrows in the spectrogram) were repeated in each chord of the stimulus, producing an
auditory ‘figure’. The spectrograms were generated with a filterbank of 1/ERB wide
channels (Equivalent Rectangular Bandwidth63) equally spaced on a scale of ERB-rate.
Channels are smoothed to obtain a temporal resolution similar to the Equivalent
Rectangular Duration64. This models processing in the auditory periphery to produce a
representation of the stimulus similar to that available to the central nervous systems. Black
lines overlaid on the spectrograms indicate the ERB-weighted spectral centroid. B. Overall
response to the SFG stimuli (collapsed over FA/FP conditions) under low load (Experiment
1). Plotted is the mean RMS (instantaneous power) of stimulus-evoked activity collapsed
over stimulus conditions. Associated scalp topographies at major peaks are provided. Error
bars reflect the standard deviation of bootstrap resamplings. C. Figure-related negativity
(Experiment 1) Evoked fields calculated using a spatial filter which maximised the difference
between FP and FA responses (inset – see methods). Evoked fields in this and subsequent
figures are plotted with the M100 as an ‘upwards’ peak, to match the convention used in
EEG for its counterpart, the N1. Error bars reflect the SD over bootstrap resamplings for
each condition, and significant differences between the conditions are marked by horizontal
black bars at the bottom of the plot. Right panel shows source-level contrast: regions where
FP trials showed greater activity than FA trials are indicated in red. No regions were found to
be significant in the opposite direction to that displayed.

‘figure-absent’
‘figure-present’

FIGURE 2: EXPERIMENT 2 - VISUAL LOAD TASK
A. Load Task Paradigm used in Experiments 2 and 3. Low load (LL) task was a colour feature
search; high load (HL) task was a colour-shape combination search. Auditory stimuli
occurred on 50% of trials in Experiment 2 (MEG) and 100% of trials in Experiment 3
(Behavioural Dual Task). When present, auditory stimuli occurred at precisely the same time
as the visual search array. The response window for the auditory target was displayed only
during Experiment 3 when there was an active auditory task. B. Visual task behavioural
data from Experiment 2 (MEG). Mean values for accuracy (percentage correct) and reaction
times are plotted for low load (blue bars) and high load (red bars). Error bars indicate the
standard error of the sample mean, corrected to reflect the within-subjects contrast.
Individual data are plotted and connected by grey lines to illustrate change in performance
for each participant between low and high load conditions.

FIGURE 3: EXPERIMENT 2 - EFFECT OF LOAD ON FIGURE-GROUND SEGREGATION
A. Figure Present/Absent responses as a function of visual load: Evoked fields illustrating
responses for Figure-present (FP) vs. Figure-absent (FA) signals under Low Load (LL; left) and
High Load (HL; right) conditions. The spatial filter used to calculate the responses (see
methods) is inset. Error bars reflect the SD of bootstrap resamplings for each condition, and
significant differences between the conditions are marked by horizontal black bars at the
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bottom of the plots. B. Interaction between load and figure present/absent: The difference
timeseries, LL(FP-FA) – HL(FP-FA), quantifies the interaction between load and figure. Error
bars show 2*SD of the bootstrap, for comparison with zero line; periods when the values
differed significantly from zero are indicated by the black bars below the plot. Green bars
indicate periods when load had a significant effect on responses to FP stimuli (no significant
periods were found for the effect of load on FA responses). Right panel indicates regions
where the source analysis showed a significant interaction between responses in LL vs. HL
and FP vs. FA. C. Overall response to the SFG stimuli (collapsed over FA/FP conditions) as a
function of load. Mean RMS (instantaneous power) of responses to auditory stimuli
(collapsed over FP and FA trials) in Experiment 2 under LL and HL, with scalp maps of peak
topographies. The topographies are characteristic of auditory activity (symmetric dipolar
pattern over temporal sensors) confirming that the source separation analysis was
successful at isolating auditory activity. Error bars reflect the SD of bootstrap iterations for
each condition, and significant differences between the conditions are marked by horizontal
black bars at the bottom of the plot. Right panel shows regions where activity was stronger
under LL than HL. No regions were found to be significant in the opposite direction to that
displayed.
R
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