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Abstract

In our natural environment the senses are continuously flooded with myriads of signals. To
form a coherent representation of the world, the brain needs to integrate sensory signals
arising from a common cause and segregate signals coming from separate causes. An
unresolved question is how the brain solves this binding or causal inference problem and
determines the causal structure of the sensory signals.

In this functional magnetic resonance imaging (fMRI) study human observers (female and
male) were presented with synchronous auditory and visual signals at same (i.e. common
cause) or different locations (i.e. separate causes). On each trial observers decided whether
signals come from common or separate sources (i.e. ‘causal decisions’). To dissociate
participants’ causal inference from the spatial correspondence cues we adjusted the signals’
audiovisual disparity individually for each participant to threshold accuracy.

Multivariate fMRI pattern analysis revealed the lateral prefrontal cortex as the only region
that encodes predominantly the outcome of observers’ causal inference (i.e. common vs.
separate causes). By contrast, the frontal eye field (FEF) and the intraparietal sulcus (IPS0—4)
form a circuitry that concurrently encodes spatial (auditory and visual stimulus locations),
decisional (causal inference) and motor response dimensions.

These results suggest that the lateral prefrontal cortex plays a key role in inferring and
making explicit decisions about the causal structure that generates sensory signals in our
environment. By contrast, informed by observers’ inferred causal structure the FEF-IPS
circuitry integrates auditory and visual spatial signals into representations that guide motor

responses.
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Significance statement

In our natural environment our senses are continuously flooded with myriads of signals.
Transforming this barrage of sensory signals into a coherent percept of the world relies
inherently on solving the causal inference problem, deciding whether sensory signals arise
from a common cause and should hence be integrated or else be segregated. This functional
magnetic resonance imaging (fMRI) study shows that the lateral prefrontal cortex plays a key
role in inferring the environment’s causal structure. Crucially, informed by the spatial
correspondence cues and the inferred causal structure FEF and IPS form a circuitry that

integrates auditory and visual spatial signals into representations that guide motor responses.
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Introduction

In our natural environment our senses are continuously flooded with myriads of signals. To
form a coherent representation of the world, the brain needs to integrate sensory signals
arising from a common cause and segregate signals coming from different causes (Noppeney,
2020). Multisensory perception thus implicitly relies on solving the so-called causal inference
or binding problem, i.e. deciding whether or not signals originate from a common cause
based on spatiotemporal or higher order correspondence cues (Munhall et al., 1996; Welch,
1999; Slutsky and Recanzone, 2001; Lewald and Guski, 2003; Wallace et al., 2004b;
Noesselt et al., 2007; van Wassenhove et al., 2007; Recanzone, 2009; Lee and Noppeney,
2011a; Parise and Ernst, 2016).

Accumulating evidence suggests that human observers arbitrate between sensory
integration and segregation in perception consistent with Bayesian causal inference (Kording
et al., 2007; Shams and Beierholm, 2010; Rohe and Noppeney, 2015a; Acerbi et al., 2018).
Most notably, observers integrate synchronous audiovisual (AV) signals when they are
presented with a small spatial disparity but segregate them at large spatial disparities. As a
result, they perceive the sound location biased or shifted towards the visual signal location
and vice versa depending on the relative auditory and visual reliabilities (Bertelson and
Radeau, 1981; Driver, 1996; Ernst and Banks, 2002; Alais and Burr, 2004; Bonath et al.,
2007; Meijer et al.,, 2019). Crucially, these crossmodal biases taper off at large spatial
disparities when it is unlikely that auditory and visual signals come from a common source.

At the neural level, fMRI, MEG and EEG research (Rohe and Noppeney, 2015b,
2016; Aller and Noppeney, 2019; Cao et al., 2019; Rohe et al., 2019) has recently suggested
that the brain flexibly combines sensory signals by dynamically encoding multiple perceptual
estimates at distinct cortical levels along the visual and auditory processing hierarchies. For

instance, early (50-100ms) neural processes in primary sensory areas encoded predominantly
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the spatial locations independently for auditory and visual signals, while later processes
(100-200ms) in posterior parietal cortices (IPS1-2) formed spatial representations by
combining audiovisual signals. Critically, only at the top of the hierarchy in anterior parietal
cortices (IPS3—4, 350—450ms) were audiovisual signals integrated weighted by their bottom-
up sensory reliabilities and top-down task-relevance into spatial priority maps that take into
account the world’s causal structure.

While previous research has thus convincingly demonstrated that causal inference
implicitly influences how observers flexibly combine signals into representations of the
environment, it remains unknown which brain systems are critical for solving this causal
inference problem. How does the brain determine whether signals arise from common or
independent causes based on spatiotemporal correspondence cues? Previous research (Rohe
and Noppeney, 2015b, 2016; Aller and Noppeney, 2019; Cao et al., 2019; Rohe et al., 2019)
could not address this critical question because observers’ implicit causal inference was
inherently correlated with the physical correspondence cues (e.g. spatial, temporal or rate).
To define the neural systems underlying causal inference, we need to dissociate the decisional
outcome of observers’ causal inference from the underlying physical correspondence cues
such as e.g. the spatial congruency of audiovisual signals.

This fMRI study investigated how the brain infers the environment’s causal structure.
Human observers were presented with auditory and visual signals in synchrony at the same
(spatially congruent) or separate (spatially incongruent) locations. On each trial, participants
decided in an explicit causal inference task whether the AV signals originated from common
or separate causes. Importantly, we adjusted the AV disparity individually for each
participant, such that observers were approximately 70% correct in their causal decisions
both for AV spatially congruent and incongruent trials. This individual adjustment allowed us

to dissociate observers’ causal inference from physical AV spatial correspondence cues (i.e.
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spatial congruency). Based on previous research (Noppeney et al., 2010; Gau and Noppeney,
2016) implicating the prefrontal cortex in arbitrating between integration and segregation, we
hypothesized that the dorsolateral prefrontal cortex (DLPFC) plays a critical role in causal

inference and decisions.

Materials and Methods

Participants

Thirteen right-handed participants (11 females, mean age: 21.4; range: 18-29 years) gave
informed consent to take part in the fMRI experiment. Two participants were excluded
because their visual regions could not be reliably defined based on the retinotopic localizer
scans acquired after the main experiment. One participant took part only in the retinotopic
localizer session but did not progress to the fMRI experiment. The final study thus consisted
of 10 participants. The study was approved by the human research ethics committee at the
University of Birmingham. We acknowledge that the number of participants in this extensive
multi-day psychophysics-fMRI study is low compared to other human neuroimaging
research, which may limit the sensitivity and reliability of our group results (Thirion et al.,
2007). Guided by the results of the current study, future research will be able to design

shorter studies for larger cohorts to further substantiate and expand the findings of this report.

Inclusion criteria

All participants were selected prior to the fMRI experiment based on the following criteria: i.
no history of neurological or psychiatric illness; ii. normal or corrected-to-normal vision; iii.
reported normal hearing; iv. unbiased sound localization performance in the anechoic
chamber (day 1), inside the mock scanner (day 2 and 3) and inside the fMRI scanner (day 5);
and v. 60—80% accuracy for the main task at an individually adjusted audiovisual disparity in

the mock scanner (day 2 and 3).
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Experimental procedure

Typically, participants completed six sessions, each performed on a separate day. On day 1
(~1 hour) the sound stimuli were recorded in an anechoic chamber and participants’ sound
localization performance were assessed. On day 2 and 3 (~2 hours in total), participants were
trained to determine the subject-specific AV spatial disparities in a mock scanner. On day 4
(~1 hour) participants performed a standard retinotopic localizer task for the retinotopic
mapping of visual and parietal cortical areas. On day 5 and 6 (~3 hours in total) participants
performed the main experiment inside the scanner after final adjustment of the spatial

disparity. Eye movements were measured in the mock scanner.

Stimuli and sound recording (day 1)

The visual stimuli were clouds of 20 white dots (diameter: 0.4° visual angle) sampled from a
bivariate Gaussian presented on a dark grey background (70% contrast) and were presented
for 50 ms. The horizontal standard deviation of the Gaussian was set to a 5° visual angle, and
the vertical standard deviation was set to a 2° visual angle.

The sound stimuli were bursts of white noise with 5 ms on/off ramp and were
presented for 50 ms. They were recorded individually for each participant with Sound
Professionals™, Inc. (USA) in-ear binaural microphones in an anechoic chamber in the
School of Psychology, University of Birmingham. The process consisted of displaying the
sounds with an Apple Pro Speaker (at a distance of 68 cm from the participants) from -8° to
8° visual angle with 0.5° visual angle spacing, and at £9° and +12° visual angle along the
azimuth. The participant’s head was placed on a chin rest with forehead support and
controlled by the experimenter to ensure stable positioning during the recording process. Five
stimuli were recorded at each location (‘recording set”) to ensure that sound locations could
not be determined based on irrelevant acoustic cues. On each trial, new visual stimuli were

generated, and the auditory stimuli were selected from the recording set of five stimuli.
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Assessment of sound localization performance — anechoic chamber (day 1)

Participants were presented with the recorded auditory stimuli from £12°, £9°, £7°, £5°, +3°,
+2°, £1°, 0° visual angle (10 trials/location in pseudorandomized order) in a forced choice
left-right classification task. A cumulative Gaussian was fitted to the percentage ‘perceived
right responses’ as a function of stimulus location using maximum-likelihood estimation
(Kingdom and Prins, 2010). We estimated the threshold (point of subjective equality, PSE)
and the slope (inverse of the standard deviation, STD) of the psychometric function as free
parameters. The guess rate and lapse rate (0 and 0.01, respectively) were fixed parameters.
Participants were included in the fMRI study if their sound localization was unbiased as

defined by a PSE/STD ratio < 0.3 (i.e. inclusion criterion iv).

Adjustment of spatial disparity and assessment of sound localization — mock scanner (day 2
and 3)

We adjusted the audiovisual spatial disparity inside the mock scanner individually for each
subject to obtain an accuracy of ~70% on the main causal inference task (i.e. common vs.
separate causes). This individual adjustment of AV spatial disparity allowed us to compare
BOLD-response to physically identical AV signals that were perceived as coming from
common or separate causes and thereby dissociate observer’s causal inference and decisions
from bottom-up spatial correspondence cues (physical spatial congruency). On day 2, we
adjusted subject-specific AV spatial disparities in maximally 5 adaptive staircases, using a 1-
up 2-down, procedure (i.e. up after one error and down after two correct responses with equal
step size) which targets 70.71% accuracy on the causal inference task. Each staircase was
terminated after a minimum number of 30 trials, when 8 reversals occurred within the last 20
trials and the standard deviation of the AV disparity computed over these reversal was < 2°
visual angles (Kingdom and Prins, 2010). The spatial disparity thresholds (i.e. the disparities

averaged across the final eight reversals within each staircase) were averaged across the five
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adaptive staircases within each participant (8.1° visual angles + 1.2 SEM across participants).
These estimates formed the starting estimate for additional manual fine tuning in subsequent
runs of 60 trials where the AV disparity was held constant within a run and adjusted across
runs in step size of 1-2° visual angles across runs. Participants were included in the fMRI
study if their performance accuracy for the individually selected AV disparity (between 4°—
16° visual angle) was between 60—-80% (i.e. inclusion criterion v). This criterion is required
to ensure sufficient number of trials to compare physically identical AV trials that were
perceived as emanating from common or separate causes. On day 3, further fine tuning of AV
disparities was performed in subsequent runs of 60 trials as before to ensure that participants’
performance was stable over days.

On day 2 and 3, the sound localization performance was further assessed based on a
left-right classification task with 2 selected stimulus locations. Typically, 20—60 repetitions
per stimulus location were performed in the mock scanner. Unbiased sound localization was
defined as less than 30% difference in the accuracy for left and right-side stimuli (i.e.

inclusion criterion iv).

Final assessment of spatial disparity and sound localization — fMRI scanner (day 5)

To account for differences between the mock scanner and the real fMRI scanner, the AV
spatial disparity was finally adjusted in additional 1-3 runs with constant disparity inside the
scanner prior to the main causal inference fMRI experiment. Similarly to the mock scanner,
the sound localization performance was finally assessed in the scanner using a left-right
classification task for 2 selected stimulus locations (see inclusion criterion iv). Each
participant of the main fMRI study completed at least 20 repetitions per stimulus location for
the final auditory stimulus locations resulting in a group mean localization accuracy of 87%

(£ 0.02 SEM across participants).
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Experimental design (fMRI, day 5)

In the main fMRI experiment, participants were presented with synchronous auditory
and visual spatial signals (stimulus duration: 50 ms) independently sampled from two
possible visual angles along the azimuth (e.g. -3° or +3° visual angle with respect to a central
fixation cross; Figure 1A). This resulted in four trial types: i. AV spatially congruent left (i.e.
A and V at same location), ii. AV spatially congruent right, iii. AV spatially incongruent with
A left and V right and iv. AV spatially incongruent with A right and V left. On each trial,
participants reported whether ‘A and V signals were generated by common or separate causes
as accurately as possible’ by pressing a key pad with their left or right thumb. Critically, we
alternated and counterbalanced the mapping from left/right hand to the decisional outcome of
observers (i.e. common vs. separate causes) across fMRI runs within each participant to
dissociate the participants’ motor response from their causal decision. Each fMRI run
included 60 trials per trial type x 4 trial types (i.e. A left/V left, A left /V right, A right/V left,
A right /V right) = 240 trials per run. In addition, we included 20 null events (~8% of trials).
To increase design efficiency all four trial types and the null events were presented in a
pseudorandomized order with a trial onset asynchrony of 2.3 s.

In summary, the experimental design factorially manipulated: i. visual stimulus
location (left vs. right); ii. auditory stimulus location (left vs. right); iii. motor response (left
vs. right hand) (Figure 1B). Based on these experimental manipulations, participants’ causal
decisions and motor responses we characterized the functional properties of brain regions
according to the following encoding dimensions: i. visual space (i.e. V left vs. right); ii.
auditory space (i.e. A left vs. right); iii. spatial (i.e. physical) congruency (i.e. AV spatially
congruent vs. incongruent); iv. observers’ causal inference (i.e. causal decision: common vs.

separate causes) and v. motor response (i.e. left vs. right hand). For the last two dimensions

10
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the ‘labels’ were based on observers’ causal decisions (i.e. common cause vs. independent

cause response) or motor output (i.e. left vs. right hand response).

Eye movement recording and analysis

To address potential concerns that our results may be confounded by eye movements, we
evaluated participants’ eye movements based on eye tracking data recorded concurrently
during the causal inference task inside the mock scanner. Eye recordings were calibrated
(~35° horizontally and ~14° vertically) to determine the deviation from the fixation cross.
Fixation position was post-hoc offset corrected. For each position, the number of saccades
(radial velocity threshold = 30°/s, acceleration threshold = 8000°/s>, motion threshold =
0.15°, radial amplitude > 1°) and eye blinks were quantified (0—875 ms after stimulus onset).
Critically, the 2 (visual left, right) x 2 (auditory left, right) repeated measures ANOVAs on
the stimulus conditions performed separately for i. % saccades or ii. % eye blinks revealed no
significant main effects or interactions indicating that differences in BOLD-response between

conditions are unlikely to be due to eye movement confounds.

Experimental setup

Visual and auditory stimuli were presented using Psychtoolbox version 3.0.11 (Brainard,
1997; Pelli, 1997; Kleiner et al., 2007) running under MATLAB R2011b (MathWorks Inc.)
on a MacBook Pro (Mac OSX 10.6.8). For the main task, visual stimuli were back projected
to a Plexiglas screen using a D-ILA projector (JVC DLA-SX21) visible to the participant
through a mirror mounted on the magnetic resonance (MR) head coil. Auditory stimuli were
delivered via Sennheiser HD 280 Pro (in the anechoic chamber), Sennheiser HD 219 (in the
mock scanner) and MR Confon HP-VS03 headphones (in the scanner). Participants’ eye
movements were recorded in the mock scanner using an Eyelink Remote system (SR

Research Ltd.) at a sampling rate of 1000 Hz.

11
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MRI data acquisition

A 3T Philips Achieva scanner was used to acquire both T1-weighted anatomical images
(TR/TE/TI, 8.4/3.8/min. 540 ms; 175 slices; image matrix, 288 x 232; spatial resolution, 1 x 1
x 1 mm’® voxels) and T2*-weighted echo-planar images (EPI) with blood oxygenation level-
dependent (BOLD) contrast (fast field echo; TR/TE, 2600/40 ms; 38 axial slices acquired in
ascending direction; image matrix, 80 x 80; spatial resolution, 3 x 3 x 3 mm? voxels without
gap). Typically, there were 10—12 runs with 240 volumes per run over 2 sessions. The first 4
volumes were not acquired to allow T1 equilibration effects. In one participant, we repeated a
session, since the participant’s accuracy was 15% lower than the mean accuracy of the
remaining sessions. In another participant, 2 runs were excluded due to technical problems
with the setup. In 3 participants, 1-2 runs were removed from further analysis to be able to

counterbalance the left vs. right response hands across runs (see section experimental design).
Statistical analysis

Behavioural data analysis
For the eye movement analysis of the mock scanner data, i. % saccades and ii. % eye blinks
of the participants were entered into separate 2 (visual: left, right) x 2 (auditory: left, right)
repeated-measures ANOVAs.

For the reaction time analysis of the main fMRI experiment, participants’ response
times (i.e. condition-specific across trial median) were entered into 2 (physical: congruent,
incongruent) x 2 (perceptual: congruent, incongruent) repeated-measures ANOVA.

Unless stated otherwise, we report effects that are significant at p < 0.05.

fMRI data pre-processing
The data were analysed with statistical parametric mapping (SPM8; Wellcome Trust Centre

for Neuroimaging, London, UK; http://www.fil.ion.ucl.ac.uk/spm/; Friston, Holmes,

12
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Worsley, et al.,, 1995) running on MATLAB R2014a. Scans from each participant were
realigned using the first as a reference, unwarped and corrected for slice timing. The time
series in each voxel were high-pass filtered to 1/128 Hz. For the conventional univariate
analysis, the EPI images were spatially normalized into MNI standard space (Ashburner and
Friston, 2005), resampled to 2 x 2 x 2 mm’ voxels, and spatially smoothed with a Gaussian
kernel of 6 mm FWHM. For the multivariate decoding analysis, the EPI images were
analysed in native participant space and spatially smoothed with a Gaussian kernel of 3 mm
FWHM. For the retinotopic analysis, the data were analysed in native space and without

additional smoothing.

fMRI data analysis

Data were modelled in an event-related fashion with regressors entered into the design matrix
after convolving each event-related unit impulse (representing a single trial) with a canonical
hemodynamic response function and its first temporal derivative. Realignment parameters
were included as nuisance covariates to account for residual motion artefacts.

Univariate fMRI analysis: For the conventional univariate analysis, the general linear model

(GLM) modelled the 16 conditions in our 2 (visual: left, right) x 2 (auditory: left, right) x 2
(decisional outcome: common, separate causes) X 2 (hand response: left, right) factorial
design. Condition-specific effects for each participant were estimated according to the
general linear model and passed to a second-level repeated measures ANOVA as contrasts.
Inferences were made at the between-subjects level to allow for random effects analysis and
inferences at the population level (Friston et al., 1999). At the between-subjects level we
tested for the effects of visual signal location (left vs. right), auditory signal location (left vs.
right), hand response (left vs. right), physical AV spatial congruency (congruent vs.
incongruent), and causal inference or decision (decisional outcome: common vs. separate

causes) (Figure 2, Tables 1-2).

13
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We report activations at p < 0.05 at the cluster level corrected for multiple
comparisons within the entire brain, with an auxiliary uncorrected voxel threshold of
p < 0.001 (Friston et al., 1994b).

Multivariate decoding analysis: To ensure that multivariate decoding is valid and unbiased it

is critical that parameter estimates were estimated with comparable precision (i.e. inverse of
variance). Hence, their estimation should be based on the same number of trials. Because the
number of trials may vary across conditions that are defined by observers’ causal decisions
(e.g. comparing ‘common cause’ vs. ‘independent cause’ decisions), we generated design
matrices in which we explicitly matched the number of trials per regressor and the number of
regressors across conditions. First, each regressor always modelled exactly 8 trials from one
particular condition. As a result of this subsampling procedure, all parameter estimates that
were entered into the multivariate pattern analyses were estimated with comparable precision.
Second, we determined the number of regressors (maximally 7 for each condition) such that
they were matched across conditions for each comparison (e.g. common cause vs. separate
cause decision). For instance, to dissociate causal decision (i.e. common vs. separate causes)
from physical spatial congruency (i.e. congruent vs. incongruent), visual (i.e. left vs. right) or
auditory (i.e. left vs. right) location or motor response (i.e. left vs. right hand), we defined a
general linear model that included an equal number of regressors for ‘common cause’ and
‘separate cause’ decisions separately for each condition within the 2 (auditory: left vs. right)
x 2 (visual: left vs. right) x 2 (motor: left vs. right) design. The remaining trials were entered
into one single regressor of no interest to account for general stimulus related responses. To
ensure that the decoding results did not depend on particular subsamples we repeated this
matching and subsampling procedure (with subsequent GLM estimation and MVPA) 10

times and averaged the decoding accuracy across those 10 iterations.
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This subsampling and matching procedure ensured that the parameter estimates for
common vs. separate cause decisions were matched with respect to all other factors (i.e.
auditory, visual, physical spatial congruency and motor responses). This allowed us to
identify regions encoding participants’ causal decisions unconfounded by physical spatial
congruency, auditory or visual location or motor output. Likewise, we decoded participants’
motor response unconfounded by auditory or visual location, causal decisional outcome or
physical spatial congruency.

For multivariate pattern analyses, we trained a linear support vector classification
model as implemented in LIBSVM 3.20 (Chang and Lin, 2011). More specifically, the voxel
response patterns were extracted in a particular region of interest (e.g. Al, see below for
definition of region of interest) from the parameter estimate images corresponding to the
magnitude of the BOLD response for each condition and run as described above. Each
parameter estimate image was based on exactly 8 trials (see above). Decoding of
experimental factors such as visual location, auditory location or physical congruency was
typically based on 28 parameter estimate images per run x 10 runs = 280 parameter estimate
images in total (see MRI data acquisition for details). The number of parameter estimate
images for decoding ‘causal decisions’ or ‘motor responses’ depended on participants’
choices and hence varied across participants (mean number of parameter estimate images for
causal decisions: 116, range across participants: 82—194; mean number of parameter estimate
images for motor responses: 225, range across participants: 188-278). To implement a leave-
one-run-out cross-validation procedure, parameter estimate images from all but one run were
assigned to the training data set and images from the ‘left-out run’ were assigned to the test
set. Parameter estimate images for training and test data sets were normalized and scaled
independently using Euclidean normalization of the images and mean centering of the

features. Support vector classification models were trained to learn the mapping from the
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condition-specific fMRI responses patterns to the class labels from all but one run according
to the following dimensions: i. visual signal location (left vs. right); ii. auditory signal
location (left vs. right); iii. physical AV spatial congruency (congruent vs. incongruent); iv.
causal decisional outcome (common vs. separate causes); and v. motor response (left vs. right
hand). The model then used this learnt mapping to decode the class labels from the voxel
response patterns of the remaining run. First, we report decoding accuracies as box plots in
Figure 3 to provide insight into intersubject variability. Second, we show the weighted sum of
the BOLD parameter estimates for each class in each ROI again as box plots in Figure 4. The
weighted sum BOLD parameter estimates illustrate as a summary index the multivariate
differences in BOLD responses between class 1 and 2 which form the basis for multivariate
pattern decoding.

Non-parametric statistical inference was performed both at the ‘within-subjects’ level
and the ‘between-subjects’ (group) level to allow for generalization to the population
(Nichols and Holmes, 2002). For the within-subjects level, we generated a null distribution of
decoding accuracies for each participant individually by permuting the condition-specific
labels of the parameter estimates for each run (i.e. not of individual trials to preserve the auto-
correlation structure) and calculating the decoding accuracies for all permutations (500
permutations x 10 GLMs = 5000 repetitions in total). We computed the p-value as the
fraction of permutations in which the decoding accuracy obtained from the permuted data
exceeded the observed decoding accuracy (i.e. directed or one-sided permutation test).

For the between-subjects level permutation test, we first determined the chance
decoding accuracy individually for each participant as the average decoding accuracy across
all permutations. Next, we subtracted the empirically defined chance accuracy from the
corresponding observed decoding accuracy in each participant. Then we generated a null

distribution of decoding accuracies as follows. We randomly assigned +/- sign to the subject-
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specific deviations of the observed decoding accuracy from chance decoding accuracy for
each participant. We formed the across-participants’ mean. We repeated this procedure for all
possible sign assignments (2'° = 1024 cases for 10 participants). We then compared the
original across-participants’ mean of the observed decoding accuracies with the thus
generated null-distribution. We computed the p-value as the fraction of permutations in
which the signed decoding accuracy deviation exceeded the observed decoding accuracy
difference (i.e. directed or one-sided permutation test).

Likewise, we assessed whether the DLPFC mainly encodes observers’ causal
decisional choices (common vs. separate sources) rather than the remaining dimensions in
our paradigm using non-parametric permutation testing as described above: briefly, we 1.
computed the deviations from chance decoding accuracy for each of the five information
dimensions individually for each participant, ii. calculated the differences in these relative
decoding accuracies between information dimensions for each participant (e.g. causal
decision minus physical spatial congruency) and iii. formed the across-participants’ mean of
those differences in decoding accuracy. To generate a null-distribution for these across-
participants’ means we flipped the sign of these differences randomly for each participant and
re-computed the across participants’ mean for each permutation. We computed the p-value as
the fraction of across-participants’ means (generated via permutation) that exceeded the
observed across-participants’ mean.

Unless otherwise stated, we report decoding accuracies at p < 0.05 (based on one
sided tests). We apply Bonferroni corrections for multiple comparisons across all 11 regions
of interest. In Figure 3 and Table 3 we report the uncorrected p-values based on between-
subjects level permutation test and indicate using a triangle whether these p-values are
significant when the threshold is adjusted according to Bonferroni correction, i.e. 0.05/

11 ROI = 0.0045. In Table 3, we also report the number of subjects that were individually
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significant (i.e. uncorrected p < 0.05) based on within subject permutation test (in brackets
we list the number of subjects which were significant after Bonferroni correction for multiple
comparisons across the 11 regions of interest, i.e. uncorrected p < 0.0045). Please note
because the number of permutations is 500 at the within-subjects level and 1024 at the
between-subjects level, the minimal uncorrected p-values are 1/500 = 0.002 and 1/1024 =
0.00098, respectively. Hence, after Bonferroni correction even the most significant p-values
will be indicated only by a single triangle to indicate that the Bonferroni corrected familywise
error rate is < 0.05 (i.e. 0.002 %11 =0.022 and 0.00098 * 11 = 0.01, respectively).
Guided by a priori hypotheses we did not apply Bonferroni correction for testing: visual
left/right location in V1, V2, V3, V3AB; auditory left/right location in Al, PT; motor
left/right hand response in PCG and causal decision (common vs. separate causes) in DLPFC.
Because we predicted DLPFC to encode mainly causal decisions we also report the
comparisons of decoding accuracy for causal decisions relative to other information

dimensions without Bonferroni correction.

Visual retinotopic localizer

Standard phase-encoded polar angle retinotopic mapping (Sereno et al., 1995) was used to
define regions of interest along the dorsal visual processing hierarchy (Rohe and Noppeney,
2015b). Participants viewed a checkerboard background flickering at 7.5 Hz through a
rotating wedge aperture of 70° width. The periodicity of the apertures was 44.2 s. After the
fMRI pre-processing steps (see fMRI analysis: data pre-processing), visual responses were
modelled by entering a sine and cosine convolved with the hemodynamic response function
as regressors into a general linear model. The preferred polar angle was determined as the
phase lag for each voxel, which is the angle between the parameter estimates for the sine and
the cosine. The preferred phase lags for each voxel were projected on the participants’

reconstructed and inflated cortical surface using Freesurfer 5.3.0 (Dale et al., 1999). Visual
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regions V1-V3, V3AB, and parietal regions [IPSO—4 were defined as phase reversal in angular
retinotopic maps. IPS0—4 were defined as contiguous, approximately rectangular regions
based on phase reversals along the anatomical IPS (Swisher et al., 2007) and guided by

group-level retinotopic probabilistic maps (Wang et al., 2015).

Region of interests used for decoding analysis
For the decoding analyses, all regions of interest (ROI) were combined from the left and right
hemispheres.

Occipital, parietal and FEF regions: Regions in the occipital and parietal cortices were

defined based on retinotopic mapping as described above. The frontal eye-field (FEF) was
defined by an inverse normalized group-level retinotopic probabilistic map (Wang et al.,
2015). The resulting subject-level probabilistic map was thresholded at the 80 percentile and
any overlap with the motor cortex was removed.

Auditory, motor and prefrontal regions: These regions were based on labels of the Destrieux

atlas of Freesurfer 5.3.0 (Dale et al., 1999; Destrieux et al., 2010). The primary auditory
cortex was defined as the anterior transverse temporal gyrus (Heschl’s gyrus). The higher
auditory cortex was formed by merging the transverse temporal sulcus and the planum
temporale (PT). The motor cortex was based on the precentral gyrus. The dorsolateral
prefrontal cortex (DLPFC) was defined by combining the superior and middle frontal gyri
and sulci as previously described (Yendiki et al., 2010). In line with (Rajkowska and
Goldman-Rakic, 1995) we limited the superior frontal gyrus and sulcus to Talairach
coordinates y = 26 and y = 53, respectively, and the middle frontal gyrus and sulcus to

Talairach coordinates y = 20 and y = 50, respectively.
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Results

Behavioural results

Observers’ performance accuracy in their causal decisions during the main experiment inside
the MRI scanner indicated that the individual adjustment of spatial disparity was adjusted
appropriately. As expected participants were about 70% correct when deciding whether
auditory and visual signals originated from common or independent causes with a small bias
towards common causes decisions (accuracysc =77 + 1.7%, accuracys; = 66 t
2.2% with the index SC and SI for physically spatially congruent and incongruent;
d":1.07 £+ 0.12; bias: 0.16 + 0.03; and mean + SEM in all cases).

A 2 (physical: spatially congruent, incongruent) x 2 (decision: common, separate
causes) repeated measures ANOVA of response times revealed a significant main effect of
causal decisional outcome (F(1,9) = 8.266,p = 0.018) and a significant physical spatial
congruency x causal decision interaction (F(1,9) = 15.621,p = 0.003). Overall, participants
were slower on trials where they perceived AV signals as caused by separate events (i.e.
averaged across physically spatially congruent and incongruent trials). Post hoc paired t-tests
of the simple main effects revealed that participants were significantly faster judging
physically spatially congruent stimuli as coming from ‘common cause’ and physically
spatially incongruent stimuli as coming from ‘separate causes’ (RTscpc = 0.89 + 0.05s;
RTg;ps = 0.93 £0.06s; RTscps = 1.02 £ 0.06 s; RTg; pc = 0.96 £ 0.06 s; with the index
SC and SI for physically spatially congruent and incongruent, DC and DS for common and
separate cause decisions, respectively). In other words, observers were faster on their correct
than wrong responses suggesting that trials with wrong responses were associated with a
greater degree of decisional uncertainty. Importantly, we decoded observers’ decisional
outcome i.e. ‘common cause’ vs. ‘separate cause’ judgments pooled over correct and

incorrect responses, i.e. both ‘common cause’ and ‘separate cause’ judgments included
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correct and incorrect trials. Hence, our decoding focused on decisional outcome irrespective

of decisional uncertainty.

SfMRI analysis: univariate results
The current study focused primarily on multivariate pattern analyses to characterize explicit
causal inference in audiovisual perception. For completeness we also provide a brief

summary of the results from the conventional univariate analyses (Figure 2, Tables 1-2).

Main effects of visual and auditory location and motor response

As expected, the spatially lateralized auditory and visual stimuli elicited stronger activations
in the contralateral hemifield (Table 1). Right relative to left visual stimuli increased
activations in the left calcarine sulcus, the middle and superior occipital gyri, while left
relative to right visual stimuli increased activations in the right calcarine sulcus and right
cuneus. Likewise, right relative to left auditory stimuli increased activations in the left
planum temporale.

Moreover, we observed the expected lateralization effects for motor responses: left
relative to right hand responses were associated with greater activations in the right pre- and
postcentral gyri, whilst right relative to left hand responses were associated with greater
activations in the left pre- and postcentral gyri, the central sulcus and the left rolandic

operculum (Table 1).

Main effect of physical AV spatial congruency and observers’ causal decision

We did not observe any significant effects of physical spatial congruency (i.e. interaction
between visual and auditory location) most likely because the spatial disparity was too small
to elicit the multisensory incongruency effects observed in classical suprathreshold paradigms
(Hein et al., 2007; van Atteveldt et al., 2007; Noppeney et al., 2008, 2010; Gau and

Noppeney, 2016). However, the outcome of observers’ causal decision influenced brain
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activations: stimuli that were judged to come from separate (relative to common) causes
increased activations in a widespread right lateralized system including the intraparietal
sulcus, the superior and inferior frontal sulci and the insula (Figure 2, Table 2). Thus, in our
threshold paradigm observer’s decisional outcome ‘separate causes’ and hence their
perceived AV incongruency increased activations usually observed for physical
incongruency. These activation increases for ‘separate causes’ decisions also dovetail nicely

with observers longer response times for these trials (see behavioural results).

Interaction between physical AV spatial congruency and causal decision

To understand the interaction between physical spatial congruency and observers’ causal
decision, we note that the interaction is equivalent to correct vs. incorrect responses. We
found bilateral putamen activations for correct > incorrect responses (Table 2) that is in
concordance with previous results showing a role of putamen in audiovisual conditions
associated with faster and more accurate responses (von Saldern and Noppeney, 2013). For
incorrect > correct responses, we observed increased activations in the prefrontal cortex (e.g.
bilateral superior frontal gyri and insulae, inferior frontal sulcus; Figure 2, Table 2), which
have previously been associated with greater executive demands (Noppeney et al., 2008;

Werner and Noppeney, 2010a).

fMRI analysis: multivariate results

Using multivariate pattern analyses we assessed which of our regions of interest encode the
key dimensions of our experimental design: i. visual signal location (left vs. right); ii.
auditory signal location (left vs. right); iii. physical spatial congruency (congruent vs.
incongruent); iv. causal decisional outcome (common vs. separate causes); and v. motor
response (left vs. right hand) (Figure 1B). The multivariate pattern classification results are
provided in Table 3 and the decoding accuracies are shown in Figure 3. Further, we show the

weighted sum BOLD parameter estimates as summary indices to illustrate the multivariate
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BOLD-response patterns that form the basis for multivariate pattern classification separate

for class 1 and 2 in each region in Figure 4.

Decoding of auditory and visual location

Visual location could be decoded significantly better than chance from BOLD-response
patterns in visual areas including V1, V2, V3 and V3AB (Figure 3). In addition, visual
location was represented in the parietal cortex (IPS0—4) as well as in the frontal eye-fields
(FEF) which is consistent with the well-established retinotopic organization of those cortical

regions (Swisher et al., 2007; Silver and Kastner, 2009; Wang et al., 2015). Auditory location

could be decoded significantly better than chance from the planum temporale (PT) as a higher
order auditory area previously implicated in spatial processing (Rauschecker and Tian, 2000;
Warren and Griffiths, 2003; Moerel et al., 2014) as well as along the dorsal auditory
processing stream including the posterior parietal cortex (IPS0-2), the frontal eye-fields
(FEF), and the dorsolateral prefrontal cortex (DLPFC) (Rauschecker and Tian, 2000; Arnott

et al., 2004; Rauschecker and Scott, 2009; Recanzone and Cohen, 2010) (Figure 3).

Decoding of physical AV spatial congruency and observers’ causal decision

By titrating observers’ accuracy to about 70% correct our design allowed us to dissociate
observers’ causal decision from physical spatial congruency. However, it is important to
emphasize that this threshold design will also limit the maximal accuracy with which
physical spatial disparity and observers’ causal decision can be decoded from fMRI
activation patterns. This is because the small spatial disparity will make observers’ commit to
a motor response despite a high level of decisional uncertainty.

Physical AV spatial congruency could be decoded from higher order association

cortices encompassing the parietal cortex (IPS0-4), the FEF and DLPFC as well as the
planum temporale (Figure 3). These results are consistent with the classical view of

multisensory processing in which primary auditory and visual cortices are specialized for
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processing signals of their preferred sensory modality and higher order fronto-parietal
association cortices are involved as convergence zones in combining signals across the senses
(Felleman and Van Essen, 1991; Calvert, 2001; Wallace et al., 2004a; Romanski, 2012).

Critically, adjusting spatial disparity individually for each participant to obtain 70%
performance accuracy allowed us to compare physically spatially congruent (resp.
incongruent) stimuli that were judged as coming from one common vs. separate causes. In
other words, the individual threshold adjustment allowed us to identify regions encoding
participants’ causal decisions irrespective of the physical spatial congruency of the
underlying AV signals (see methods about additional subsampling and matching procedures).
In line with our predictions, participants’ causal decisional outcome could be decoded from
DLPFC (Figure 3). Critically, observers’ causal decision could be decoded from DLPFC
better than from any other stimulus feature (pp_y = 0.0107, pp_a = 0.0342, pp_g =
0.0078, pp_m = 0.0020; with indexes D—V,D—A, D—S, D—M for comparing the
accuracies of causal decision with visual, auditor, physical spatial congruency and motor
response, respectively) suggesting a key role for DLPFC in causal inference. In addition,
observers’ causal decision could be decoded to a lesser extent from activation patterns in a
widespread system encompassing FEF, IPSO—4 and even the early visual areas such as V2
(Figure 3).

Given the significant interaction between causal decision and spatial disparity in our
behavioural and univariate fMRI analyses, we assessed in a subsequent analysis whether
observers’ causal decisions can be decoded similarly from activation patterns for spatially
congruent and disparate audiovisual signals. Indeed, we were able to decode observers’
causal decisions similarly for spatially congruent and incongruent audiovisual signals. The
decoding accuracy for DLPFC was 60.02 = 1.78 (group mean = SEM, group-level

permutation test: p = 0.001 uncorrected) for spatially congruent (SC) signals and 58.72 +
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2.06 (group mean = SEM, group-level permutation test: p = 0.003 uncorrected) for spatially
incongruent (SI). These results suggest that the DLPFC encodes observers’ decisional choice
for both spatially congruent and incongruent signals.

For completeness, we also assessed the decoding accuracies for i. IPS0-2: 56.40 +
1.27 for SC (group mean + SEM, group-level permutation test: p = 0.003 uncorrected) and
55.60 £ 1.35 for SI (group mean + SEM, group-level permutation test: p = 0.002
uncorrected); ii. IPS3—4: 55.37 + 1.84 for SC (group mean + SEM, group-level permutation
test: p = 0.013 uncorrected) and 55.09 + 1.35 for SI (group mean + SEM, group-level
permutation test: p = 0.003 uncorrected); iii. FEF: 58.14 = 1.35 for SC (group mean + SEM,
group-level permutation test: p = 0.002 uncorrected) and 55.98 = 0.98 for SI (group mean +

SEM, group-level permutation test: p = 0.001 uncorrected).

Decoding of motor response

We also ensured by experimental design that participants’ causal decisions were orthogonal
to their motor response (i.e. left vs. right hand) by alternating the mapping from participants’
causal decisions to the selected hand response across runs. Not surprisingly, the motor
response was decoded with a high accuracy from the precentral gyrus (Figure 3). In addition,
we were able to decode observers’ motor response from the FEF, IPS0O—4 and V3AB. Further,
we were able to decode participants’ motor response from planum temporale and Heschl’s
gyrus. The latter decoding of sensory-motor information from activation patterns in Heschl’s
gyrus may potentially be attributed to activations from the neighbouring secondary

somatosensory areas (see above for univariate results in the left rolandic operculum).

Discussion

To form a coherent percept of the world the brain needs to integrate sensory signals generated

by a common cause and segregate those from different causes (Noppeney, 2020). The human
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brain infers whether or not signals originate from a common cause or event based on multiple
correspondence cues such as spatial disparity (Slutsky and Recanzone, 2001; Lewald and
Guski, 2003; Wallace et al., 2004b; Recanzone, 2009), temporal synchrony (Munhall et al.,
1996; Noesselt et al., 2007; van Wassenhove et al., 2007; Lewis and Noppeney, 2010; Lee
and Noppeney, 2011b; Maier et al., 2011; Parise et al., 2012; Magnotti et al., 2013; Parise
and Ernst, 2016) or semantic and other higher order correspondence cues (Welch, 1999;
Parise and Spence, 2009; Sadaghiani et al., 2009; Adam and Noppeney, 2010; Noppeney et
al., 2010; Bishop and Miller, 2011; Lee and Noppeney, 2011a). As a result, observers’ causal
decisions have previously been inherently correlated with the congruency of the audiovisual
signals (Rohe and Noppeney, 2015b, 2016; Aller and Noppeney, 2019; Cao et al., 2019;
Rohe et al., 2019) making it challenging to dissociate observers’ causal decisions from the
underlying physical correspondence cues such as audiovisual spatial disparity.

To dissociate the neural processes associated with participants’ causal decisions from
those driven by the physical AV spatial congruency cues we adjusted the audiovisual spatial
disparity individually for each participant to enable a threshold accuracy of 70%. As a result
of external and internal noise (Faisal et al., 2008) spatially congruent audiovisual signals
were perceived as coming from the same source in ~70% of cases. Conversely, spatially
disparate audiovisual signals were perceived as coming from independent sources in ~70% of
cases. This causal uncertainty allowed us to select and compare physically identical
audiovisual signals that were perceived as coming from common or separate causes.
Moreover, we dissociated participants’ causal decisions from their motor responses by
counterbalancing the mapping between causal decision (i.e. common vs. separate causes) and
motor response (i.e. left vs. right hand) over runs. In summary, our experimental design
enabled us to characterize a system of brain regions with respect to five different ‘encoding

dimensions’: i. visual space (left vs. right); ii. auditory space (left vs. right); iii. physical
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spatial congruency (congruent vs. incongruent); iv. causal inference and decision (common
vs. separate causes); and v. motor response (left vs. right hand).

Unsurprisingly, our multivariate decoding results demonstrate that low level visual
areas (V1-3) encode predominantly visual space, planum temporale (PT) auditory space and
precentral gyrus participant’s motor responses. Physical spatial congruency could be decoded
from planum temporale, all parietal areas (IPS0—4) and prefrontal cortices (DLPFC, FEF).
This profile of results is consistent with the classical hierarchical organization of
multisensory perception, according to which low level sensory cortices process signals
mainly from their preferred sensory modalities and higher order cortical regions combine
signals across the senses (Felleman and Van Essen, 1991; Mesulam, 1998; Calvert, 2001;
Kaas and Collins, 2004; Wallace et al., 2004a). This view has been challenged by studies
showing multisensory interactions already at the primary cortical level (Molholm et al., 2002;
Ghazanfar, 2005; Senkowski et al., 2005; Ghazanfar and Schroeder, 2006; Hunt et al., 2006;
Kayser and Logothetis, 2007; Lakatos et al., 2007; Driver and Noesselt, 2008; Werner and
Noppeney, 2011). However, in primary sensory cortices stimuli from the non-preferred
sensory modality typically modulated the response magnitude or salience rather than spatial
representation of stimuli from the preferred sensory modality. Likewise, previous
multivariate pattern analyses showed that a synchronous yet displaced auditory signal had
minimal impact on the spatial representations in primary visual cortices (e.g. Rohe and
Noppeney, 2015b, 2016). Only later in the processing hierarchy in posterior and anterior
parietal cortices were spatial representations formed that integrated auditory and visual
signals weighted by their bottom-up reliabilities (ISP0—4) and top-down task-relevance
(IPS3—4) (Rohe and Noppeney, 2015b, 2016, 2018; Aller and Noppeney, 2019). Our current
findings thus lend further support for this hierarchical perspective by showing that

predominantly higher order areas (e.g. planum temporale and frontoparietal cortices) encode
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physical spatial congruency that relies on information from auditory and visual processing
streams. Critically, while previous research used spatial localization tasks, in which causal
inference is implicit and the signal’s spatial location is explicitly computed and mapped onto
a motor response, in the current study spatial representations were not explicitly task-relevant
but computed for explicit causal inference, i.e. to determine whether audiovisual signals
come from a common cause. Collectively, our research suggests that fronto-parietal areas
play a key role in integrating auditory and visual signals into spatial representations for both
1. explicit spatial localization that involves implicit causal inference and ii. explicit causal
inference (i.e. common source judgments) that requires implicit spatial localization of AV
signals.

Previous studies demonstrated that the lateral prefrontal cortex (lateral PFC) is a key
convergence zone for multisensory integration (Wallace et al., 2004a; Werner and Noppeney,
2010b; Romanski, 2012), moreover, the lateral PFC has been implicated in controlling
audiovisual integration and segregation (Noppeney et al., 2010; Gau and Noppeney, 2016;
Cao et al., 2019) and causal structure learning (Tomov et al., 2018). Critically, our study
enabled us to identify brain regions encoding the outcome of participants’ causal decisions
irrespective of the physical spatial correspondence cues. In line with our a priori prediction,
the DLPFC was the only region where the decoding accuracy profile peaked for causal
judgements. This result indicates that the lateral PFC encodes participants’ explicit causal
inference irrespective of the physical spatial audiovisual correspondence cues or observers’
motor response. A critical question for future research is whether lateral PFC also encodes
implicit causal decisions that are required to arbitrate between sensory integration and
segregation in multisensory perception. For instance, future studies may utilise similar
threshold designs in an auditory localization task. Guided by previous research showing that

the lateral PFC modulates audiovisual binding in McGurk illusion trials we expect that lateral
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prefrontal cortex encodes observers implicit causal decision that will then in turn influence
their auditory spatial percept (Gau and Noppeney, 2016).

Moreover, given the extensive evidence for early integration in low level sensory
cortices discussed earlier it is rather unlikely that the brain delays multisensory binding until
an accumulated causal judgment made by the prefrontal cortex. On the contrary, it is more
plausible that the brain integrates or segregates spatial sensory signals already at the primary
cortex level and progressively refines the representations via multiple feedback loops across
the cortical hierarchy (Rao and Ballard, 1999; Friston, 2005). Recent evidence is in line with
such a feedback loop architecture describing i. top-down control of multisensory
representations by the prefrontal cortex (Siegel et al., 2015; Gau and Noppeney, 2016; Rohe
and Noppeney, 2018), ii. hierarchical nature of perceptual inference in the human brain (Rohe
and Noppeney, 2015b, 2016) and iii. its temporal evolution involving the dynamic encoding
of multiple perceptual estimates in spatial (Aller and Noppeney, 2019) or non-spatial tasks
(Cao et al., 2019; Rohe et al., 2019). Therefore, the causal evidence that is accumulated in the
prefrontal cortex needs to be projected backwards to lower level sensory areas to inform and
update their spatial representation and the binding process. Accordingly, we were able to
decode causal decisional outcome also from low level sensory cortices such as V2-3 and
planum temporale suggesting that the causal inference in the lateral PFC top-down modulates
along the sensory processing hierarchy.

Importantly, we were able to decode all dimensions of our design from the frontal
eye-field (FEF) and the intraparietal sulcus (IPS0—4) including visual and auditory space,
physical AV spatial congruency, observers’ causal decisions and motor responses. Further,
our current paradigm enabled us to orthogonalize participants’ motor responses with respect
to their causal decisions. Even when trials were matched for causal decisions, we were able to

decode participants’ hand response from IPS0—4 significantly better than chance. These
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results suggest that [IPS0—4 integrates audiovisual signals not only into spatial representations,
but it also transforms them into motor responses. In concordance with these findings,
numerous electrophysiological studies have demonstrated that IPS can transform sensory
input into motor output according to learnt mappings (Cohen and Andersen, 2004; Gottlieb
and Snyder, 2010; Sereno and Huang, 2014).

The sensitivity of the FEF-IPS circuitry to all experimental dimensions suggests that
they integrate audiovisual signals into spatial representations informed by the explicit causal
inference encoded in the lateral PFC. Our results thus extend previous findings showing that
IPS3—4 arbitrates between audiovisual integration and segregation depending on the physical
correspondence cues of the sensory signals for spatial localization (Rohe and Noppeney,
2015b, 2016). They converge with recent findings that parietal cortices (e.g. LIP in macaque)
might not be directly involved in evidence accumulation per se but rather related to decision
formation indirectly as part of a distributed network (Katz et al., 2016). Notably, our ability
to decode all information dimensions from activation patterns in fronto-parietal cortices
aligns well with recent suggestions that parietal cortices represent sensory, motor and
potentially decision-related variables via multiplexing (Huk et al., 2017). Future
neurophysiology research will need to assess whether these dimensions are encoded in
distinct or overlapping neuronal populations.

In conclusion, our study was able to dissociate participants’ causal inference from the
physical audiovisual correspondence cues and motor responses. Our results suggest that the
lateral PFC plays a key role in inferring the causal structure, i.e. the number of sources that
generated the noisy audiovisual signals. Moreover, informed by the physical AV spatial
congruency cues and the inferred causal structure FEF and IPS form a circuitry that integrates
auditory and visual spatial signals into representations to guide behavioural (i.e. motor)

response.
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Figure legends

Figure 1. Experimental stimuli and design. (A) Time course of one physically AV spatially
incongruent and congruent trial. On each trial observers indicate whether they perceived
auditory and visual signals as generated by one or two causes (i.e. explicit causal inference or
decision). (B) The experimental design manipulated: i. visual location (left vs. right), ii.
auditory location (left vs. right), iii. motor response (left vs. right hand) as independent
variables. The interaction between auditory and visual location defines physical congruency;
causal decision (common vs. separate causes) was a dependent variable defined based on

participants’ responses.

Figure 2. Univariate results of the main effect of causal decision and the interaction of
causal decision and physical spatial congruency. Activation increases for causal decisional
outcome: separate > common cause (green, ppwg < 0.05 at the cluster level corrected for
multiple comparisons within the entire brain, with an auxiliary uncorrected voxel threshold of
p < 0.001) and activation increases for causal decision x physical AV spatial congruency
interaction: incorrect > correct (red, ppwg < 0.05 at the cluster level corrected for multiple
comparisons within the entire brain, with an auxiliary uncorrected voxel threshold of
p < 0.001) are rendered on an inflated canonical brain. Bar plots (across participants mean +
SEM) overlaid with bee swarm plots (for individual participants) show the parameter
estimates (averaged across all voxels in the black encircled cluster) in the i. left inferior
frontal sulcus/precentral sulcus; ii. bilateral superior frontal gyrus; iii. right posterior
intraparietal sulcus; and iv. right anterior intraparietal sulcus that are displayed on axial slices

of a mean image created by averaging the participants’ normalized structural images. L, Left;

40



s
O
p-
@)
7p)
-
-
®
=
O
D
e
O
)
@)
O
<
@)
0p)
O
| -
-
)
Z
-

949

950

951

952

953

954

955

956

957

958

959

960

961

962

963

964

965

966

967

968

969

970

971

972

973

R, right; SC, physically spatially congruent; SI, physically spatially incongruent; DC,

common cause decision; DS, separate cause decision; a.u., arbitrary unit.

Figure 3. Multivariate pattern results along the visual and auditory spatial cortical
hierarchy. Support vector classification decoding accuracy for: i. V = visual location: left vs.
right; ii. A = auditory location: left vs. right; iii. S = physical spatial congruency: congruent
vs. incongruent; iv. D = causal decisional outcome: common vs. separate causes; and v. M =
motor response: left vs. right hand in the regions of interest (ROI) as indicated in the figure.
Box plots show the accuracies across participants (box for median and interquartile range,
whiskers for lowest and highest data points, dots for outside of 1.5 interquartile range).
Significance is indicated by “p < 0.01, “p < 0.001, “p < 0.0045; the single triangle
indicates that the p-value is significant when adjusting the threshold according to Bonferroni
correction i.e. p < 0.0045 * 11ROIs = 0.0495. The ROIs are delineated on the surface of an
inflated single participant brain. V1, primary visual cortex; V2, secondary visual cortex; V3,
V3AB, higher order visual cortices; HG, Heschl’s gyrus; PT, planum temporale; IPS0-2,
posterior intraparietal sulcus; IPS3—4, anterior intraparietal sulcus; PCG, precentral gyrus;

FEF, frontal eye-fields; DLPFC, dorsolateral prefrontal cortex.

Figure 4. Characterization of BOLD-response patterns. BOLD-response parameter
estimates for each of the two classes (e.g. left and right visual location) are summed within
each region weighted by the support vector classification weights. (A) Support vector
classification for i. V = visual location: left vs. right; ii. A = auditory location: left vs. right;
iii. S = physical spatial congruency: congruent vs. incongruent; iv. D = causal decisional
outcome: common Vs. separate causes; and v. M = motor response: left vs. right hand in the

regions of interest as indicated in the figure. Box plots show the weighted sum of parameter
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975

976

977

978

979
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981

estimates across participants (box for median and interquartile range, whiskers for lowest and
highest data points, dots for outside of 1.5 interquartile range). (B) Support vector
classification for causal decisional outcome (i.e. common (DC) and separate causes (DS))
trained separately for physically spatial congruent (SC) and incongruent (SI) stimuli. V1,
primary visual cortex; V2, secondary visual cortex; V3, V3AB, higher order visual cortices;
HG, Heschl’s gyrus; PT, planum temporale; IPS0-2, posterior intraparietal sulcus; IPS3—4,
anterior intraparietal sulcus; PCG, precentral gyrus; FEF, frontal eye-fields; DLPFC,

dorsolateral prefrontal cortex.
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982 Tables

983  Table 1. Univariate results of the main effects of stimulus location and motor response.

MNI coordinates, Cluster PEwE
+— - . “peak  numberof VAU
Q Brain regions X y voxels cluster
= : visual L > visual R
O R calcarine sulcus 12 =72 -2 7.58 935 <0.001
cD R cuneus 10 -86 20 7.04
visual R > visual L
3 L middle occipital gyrus -48  -78 10 7.80 1869 <0.001
C L superior occipital gyrus 20 -86 20 6.96
(U L calcarine sulcus -10  -86 2 5.87
auditory R > auditory L
2 L planum temporale 56 44 14 4.66 274 <0.001
motor L > motor R
U R postcentral gyrus 54 -16 50 >8 1964 <0.001
G) R precentral gyrus 40 -16 54 >8
e motor R > motor L
Q L precentral gyrus 36 24 52 >8 2153 <0.001
q) Central sulcus -44 24 50 >8
O L postcentral gyrus -52 -18 50 >8
o L rolandic operculum -46 22 18 6.04 346 <0.001
< 984  prwe < 0.05 at the cluster level corrected for multiple comparisons within the entire brain,
985  with an auxiliary uncorrected voxel threshold of p < 0.001. We also report the z-score of the
oy 986  peak-voxel (or several peak voxels) with their corresponding MNI coordinates. L, Left; R,
O 987  right.
dp) 988
<
-
O
Z
=)
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989  Table 2. Univariate results of the main effect of causal decision and the interaction of
990  causal decision and physical spatial congruency.

MNI coordinates, Cluster
mm z-score, size, 5;1‘1"1’2
e Brain regions X y z peak nu\z)l:z{sof cluster
Q causal decision: separate > common cause
. : R posterior intraparietal sulcus 40 74 34 3.87 229 <0.001
O R anterior intraparietal sulcus 38 -46 38 3.50 183 0.001
w R inferior frontal sulcus 42 30 18 4.09 179 0.002
R middle frontal gyrus 50 20 8 4.08
3 R superior frontal sulcus 26 6 52 3.89 150 0.004
C R anterior insula 30 26 -6 4.86 139 0.006
CU R precuneus 4 -68 46 3.73 112 0.018
2 causal decision x physical spatial congruency interaction: correct > incorrect
R putamen 28 6 0 5.60 757 <0.001
L putamen -26 2 -8 4.73 388 <0.001
U causal decision x physical spatial congruency interaction: incorrect > correct
_Iq_,) L(Isl‘lg’(;;‘l";gﬁ;“al Eyrus 6 14 50 563 1589 <0.001
QO R(f';g’;izl"ivl:l‘f)r‘tal gyrus 6 12 54 512
8 L anteriorcngult 2w s 4w
L inferior frontal sulcus -50 22 26 5.32 716 <0.001
o L precentral sulcus -40 2 28 4.47
< L anterior insula -36 18 6 5.47 585 <0.001
— R anterior insula 38 16 6 4.27 217 <0.001
O 991  prwe < 0.05 at the cluster level corrected for multiple comparisons within the entire brain,
m 992  with an auxiliary uncorrected voxel threshold of p < 0.001. We also report the z-score of the
993  peak-voxel (or several peak voxels) with their corresponding MNI coordinates. L, Left; R,
O 994  right.
-
3 995
O
Z
=)
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996  Table 3. Multivariate pattern classification results.

hysical spatial
visual location auditory location prysical spatia decision separate  motor response left
. . congruent vs. .
left vs. right left vs. right . VS. common cause vs. right
incongruent
Brain . . . . .
. p-value  subject p-value  subject p-value subject p-value subject p-value  subject
regions
HG 0.409 3(0) 0.092 5(5 0.058 3(1) 0.826 1(0) 0.001* 10 (10)
PT 0.028 52)  0.001™ 8(8) 0.002* 8(4) 0.337 32 0.001* 909)
Vi 0.001™"  10(10)  0.023 5(4) 0.021 6 (4) 0.040 5(2) 0.232 5(3)
V2 0.001"" 10 (10) 0.009 7(5) 0.078 54) 0.003" 32 0.041 6(3)
V3 0.001™" 10 (10) 0.033 4 (4) 0.038 4(3) 0.002* 52 0.004" 8(7)

V3AB  0.001"" 10(10)  0.010 8(7) 0.030 5(4) 0.013 6 (4) 0.078 3(2)
IPSO-2  0.001* 10(10) 0.001*  8(6)  0.002®  8(6)  0.004*  8(6)  0.002*  7(5)
IPS3-4  0.001* 10(9)  0.006 7(7) 0.001* 8 (7) 0.001* 7(5) 0.001* 10 (10)
FEF 0.001*  9(9)  0.004*  8(7)  0.003*  8(7)  0.003* 8(7)  0.003*  8(7)
PCG 0.006 7(7) 0.035 6 (5) 0.171 5(5) 0.704 2(1)  0.0017"  10(10)

DLPFC 0013  7(5)  0.001* 7))  0002* 6@) 0002 8@©8) 0295  3(I)

997  p-values (uncorrected) indicate better than chance decoding accuracy at the group level based
998  on between-subjects permutation test, Hp < 0.01, ***p < 0.001, “p < 0.0045 (i.c. significant
999  after Bonferroni correction for 11 regions of interest); subjects’ indicate the number of
1000  subjects that are associated with better than chance decoding accuracy based on within-
1001  subjects permutation test at p < 0.05 uncorrected (in brackets: number of subjects with
1002  p < 0.0045, i.e. significant after Bonferroni correction for 11 regions of interest unless
1003  guided by priori hypothesis); V1, primary visual cortex; V2, secondary visual cortex; V3,
1004  V3AB, higher order visual cortices; HG, Heschl’s gyrus; PT, planum temporale; IPS0-2,
1005  posterior intraparietal sulcus; [PS3—4, anterior intraparietal sulcus; PCG, precentral gyrus;
1006  FEF, frontal eye-fields; DLPFC, dorsolateral prefrontal cortex.
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(ii) causal decision x physical spatial congruency (incorrect > correct):
bilateral superior frontal gyrus

(i) causal decision x physical spatial congruency (incorrect > correct):
left inferior frontal sulcus/precentral sulcus

Parameter estimates (a.u.)

Parameter estimates (a.u.)

(iv) causal decision (separate > common cause):
right anterior intraparietal sulcus

(i) causal decision (separate > common cause):
right posterior intraparietal sulcus

,_.
o
Parameter estimates (a.u.)

@ causal decision x physical spatial congruency (incorrect > correct)
@ causal decision (separate > common cause)

Parameter estimates (a.u.)
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