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In our natural environment the senses are continuously flooded with a myriad 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 the same location (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
audiovisual disparity of the signals 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 infer-
ence (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 a myriad of signals. Transforming this barrage of sen-
sory 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 study shows that the lateral prefrontal cortex plays a key role in inferring the causal structure of the envi-
ronment. Crucially, informed by the spatial correspondence cues and the inferred causal structure the frontal eye field and
the intraparietal sulcus form a circuitry that integrates auditory and visual spatial signals into representations that guide
motor responses.

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 implic-
itly 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 corre-
spondence 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 arbi-
trate between sensory integration and segregation in perception
consistent with Bayesian causal inference (Körding 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 toward
the visual signal location and vice versa, depending on the rela-
tive auditory and visual reliabilities (Bertelson and Radeau, 1981;
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Driver, 1996; Ernst and Banks, 2002; Alais and Burr, 2004;
Bonath et al., 2007; Meijer et al., 2019). Crucially, these cross-
modal 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, functional magnetic resonance imaging
(fMRI), magnetoencephalography, and electroencephalography
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 hierar-
chies. For instance, early (50–100 ms) neural processes in pri-
mary sensory areas encoded predominantly the spatial locations
independently for auditory and visual signals, while later proc-
esses (100–200 ms) in posterior intraparietal sulcus (IPS) (IPS1-2)
formed spatial representations by combining audiovisual sig-
nals. Critically, only at the top of the hierarchy in anterior IPS
(IPS3–IPS4, 350–450 ms) 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 causal structure of the world.

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 inher-
ently correlated with the physical correspondence cues (e.g., spa-
tial, 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 corre-
spondence cues such as, for example, the spatial congruency of
audiovisual signals.

This fMRI study investigated how the brain infers the envi-
ronment’s causal structure. Human observers were presented
with auditory and visual signals in synchrony at the same (spa-
tially 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 sepa-
rate causes. Importantly, we adjusted the AV disparity individu-
ally for each participant, such that observers were ;70% correct
in their causal decisions both for AV spatially congruent and
incongruent trials. This individual adjustment allowed us to dis-
sociate observers’ causal inference from physical AV spatial cor-
respondence cues (i.e., spatial congruency). Based on previous
research (Noppeney et al., 2010; Gau and Noppeney, 2016)
implicating the prefrontal cortex in arbitrating between integra-
tion and segregation, we hypothesized that the dorsolateral pre-
frontal 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 years;
age 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 experi-
ment. 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 multiday psychophysics–fMRI study is low compared with
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 before the fMRI experiment based on the
following criteria: (1) no history of neurologic or psychiatric illness; (2)
normal or corrected-to-normal vision; (3) reported normal hearing; (4)
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 (5) 60–80% accuracy for the main task at an individually
adjusted audiovisual disparity in the mock scanner (day 2 and 3).

Experimental procedure
Typically, participants completed six sessions, each performed on a sepa-
rate day. On day 1 (;1 h) the sound stimuli were recorded in an
anechoic chamber and participants’ sound localization performances
were assessed. On days 2 and 3 (;2 h in total), participants were trained
to determine the subject-specific AV spatial disparities in a mock scan-
ner. On day 4 (;1 h), participants performed a standard retinotopic lo-
calizer task for the retinotopic mapping of visual and parietal cortical
areas. On days 5 and 6 (;3 h in total), participants performed the main
experiment inside the scanner after final adjustment of the spatial dis-
parity. 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 gray back-
ground (70% contrast) and were presented for 50ms. The horizontal SD
of the Gaussian was set to a 5° visual angle, and the vertical SD was set to
a 2° visual angle.

The sound stimuli were bursts of white noise with 5ms on/off ramp
and were presented for 50ms. They were recorded individually for each
participant with Sound Professionals in-ear binaural microphones in an
anechoic chamber in the School of Psychology at the 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 69° and
612° 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.

Assessment of sound localization performance–anechoic chamber
(day 1)
Participants were presented with the recorded auditory stimuli from
612°,69°,67°,65°,63°,62°,61°, and 0° visual angle (10 trials/loca-
tion in pseudorandomized order) in a forced choice left-right classifica-
tion task. A cumulative Gaussian was fitted to the percentage of
“perceived right responses” as a function of stimulus location using max-
imum-likelihood estimation (Kingdom and Prins, 2010). We estimated
the threshold [point of subjective equality (PSE)] and the slope (inverse
of the SD) 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/SD ratio of ,0.3 (i.e., inclusion crite-
rion 4).
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Adjustment of spatial disparity and
assessment of sound localization–mock
scanner (days 2 and 3)
We adjusted the audiovisual spatial dispar-
ity 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 individ-
ual adjustment of AV spatial disparity
allowed us to compare the blood oxygen-
ation level-dependent (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 five adapt-
ive staircases, using a 1-up 2-down, proce-
dure (i.e., up after one error and down
after two correct responses with equal step
size) that 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 SD of the AV disparity computed over these
reversal was ,2° of visual angle (Kingdom and Prins, 2010). The spa-
tial disparity thresholds (i.e., the disparities averaged across the final
eight reversals within each staircase) were averaged across the five
adaptive staircases within each participant (8.1° visual angles6 1.2
SEMs across participants). These estimates formed the starting esti-
mate 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° and 16° of visual angle)
was between 60% and 80% (i.e., inclusion criterion 5). This criterion is
required to ensure a 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 par-
ticipants’ performance was stable over days.

On days 2 and 3, the sound localization performance was further
assessed based on a left-right classification task with two selected stimu-
lus locations. Typically, 20–60 repetitions per stimulus location were
performed in the mock scanner. Unbiased sound localization was
defined as ,30% difference in the accuracy for left-side and right-side
stimuli (i.e., inclusion criterion 4).

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 one
to three runs with constant disparity inside the scanner before the main
causal inference fMRI experiment. Similar to the mock scanner, the
sound localization performance was finally assessed in the scanner using
a left-right classification task for two selected stimulus locations (see
inclusion criterion 4). Each participant of the main fMRI study com-
pleted at least 20 repetitions per stimulus location for the final auditory
stimulus locations, resulting in a group mean localization accuracy of
87% (60.02 SEMs across participants).

Experimental design (fMRI, day 5)
In the main fMRI experiment, participants were presented with synchro-
nous auditory and visual spatial signals (stimulus duration, 50ms) inde-
pendently sampled from two possible visual angles along the azimuth
(e.g., �3° or13° visual angle with respect to a central fixation cross; Fig.
1A). This resulted in the following four trial types: (1) AV spatially

congruent left (i.e., A and V at same location); (2) AV spatially congru-
ent right; (3) AV spatially incongruent with A left and V right; and (4)
AV spatially incongruent with A right and V left. On each trial, partici-
pants 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� 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 the
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 the fol-
lowing: (1) visual stimulus location (left vs right); (2) auditory stimulus
location (left vs right); and (3) motor response (left vs right hand; Fig.
1B). Based on these experimental manipulations, and participants’ causal
decisions and motor responses, we characterized the functional proper-
ties of brain regions according to the following encoding dimensions: (1)
visual space (i.e., V left vs right); (2) auditory space (i.e., A left vs right);
(3) spatial (i.e., physical) congruency (i.e., AV spatially congruent vs
incongruent); (4) observers’ causal inference (i.e., causal decision: com-
mon vs separate causes); and (5) motor response (i.e., left vs right hand).
For the last two dimensions, the “labels” were based on observers’ causal
decisions (i.e., common cause vs independent cause response) or motor
output (i.e., left-hand 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° horizon-
tally 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°/s2, motion threshold= 0.15°, radial amplitude. 1°)
and eye blinks were quantified (0–875ms after stimulus onset). Critically,
the 2 (visual left, right) � 2 (auditory left, right) repeated-measures
ANOVAs on the stimulus conditions performed separately for (1) the
percentage of saccades or (2) the percentage of eye blinks revealed no
significant main effects or interactions, indicating that differences in
BOLD response between conditions are unlikely to be because of eye
movement confounds.
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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 (1) visual location (left vs right), (2) auditory location (left
vs right), and (3) motor response (left vs right hand) as independent variables. The interaction between auditory and visual loca-
tion defines physical congruency; causal decision (common vs separate causes) was a dependent variable defined based on partic-
ipants’ responses.
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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) on a MacBook Pro (Mac OSX version
10.6.8). For the main task, visual stimuli were backprojected to a
Plexiglas screen using a D-ILA projector (model DLA-SX21, JVC) visible
to the participant through a mirror mounted on the magnetic resonance
(MR) head coil. Auditory stimuli were delivered via Sennheiser HD 280
Pro headphones (in the anechoic chamber), Sennheiser HD 219 head-
phones (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) at a sam-
pling rate of 1000Hz.

MRI data acquisition
A 3 T Philips Achieva scanner was used to acquire both T1-weighted
anatomic images (TR, 8.4 ms; TE, 3.8 ms; 175 slices; image matrix, 288 -
� 232; spatial resolution, 1� 1� 1 mm3 voxels) and T2*-weighted echo-
planar imaging (EPI) images with BOLD contrast (fast field echo; TR,
2600 ms; TE, 40ms; 38 axial slices acquired in ascending direction;

image matrix, 80� 80; spatial resolution, 3� 3 � 3 mm3 voxels without
gap). Typically, there were 10–12 runs with 240 volumes per run over
two sessions. The first four volumes were not acquired to allow T1 equil-
ibration effects. In one participant, we repeated a session, since the par-
ticipant’s accuracy was 15% lower than the mean accuracy of the
remaining sessions. In another participant, two runs were excluded
because of technical problems with the setup. In three participants, one
to two runs were removed from further analysis to be able to counterbal-
ance the left and right response hands across runs (see Experimental
design).

Statistical analysis
Behavioral data analysis
For the eye movement analysis of the mock scanner data, (1) percentage
of saccades and (2) percentage of eye blinks of the participants were
entered into separate 2 (visual: left, right) � 2 (auditory: left, right)
repeated-measures ANOVA.

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

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

(2) causal decision x physical spatial congruency (incorrect > correct):
bilateral superior frontal gyrus

(3) causal decision (separate > common cause):
right posterior intraparietal sulcus 
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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, pFWE,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 � physical AV spatial congruency interaction: incorrect . correct (red, pFWE,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 6 SEM) overlaid with bee swarm
plots (for individual participants) show the parameter estimates (averaged across all voxels in the black encircled cluster) in the (1) left inferior frontal sulcus/precentral sulcus, (2) bilateral supe-
rior frontal gyrus, (3) right posterior intraparietal sulcus, and (4) right anterior intraparietal sulcus that are displayed on axial slices of a mean image created by averaging the participants’ nor-
malized structural images. L, Left; R, right; a.u., arbitrary unit.
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Unless stated otherwise, we report effects that are significant at
p, 0.05.

fMRI data preprocessing
The data were analyzed with statistical parametric mapping [SPM8;
Wellcome Trust Center for Neuroimaging, London, UK (http://www.fil.
ion.ucl.ac.uk/spm/); Friston et al., 1994a] 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 1/128Hz. For the conventional univariate
analysis, the EPI images were spatially normalized into MNI standard
space (Ashburner and Friston, 2005), resampled to 2� 2 � 2 mm3 vox-
els, and spatially smoothed with a Gaussian kernel of 6 mm FWHM. For
the multivariate decoding analysis, the EPI images were analyzed in
native participant space and spatially smoothed with a Gaussian kernel
of 3 mm FWHM. For the retinotopic analysis, the data were analyzed in
native space and without additional smoothing.

fMRI data analysis
Data were modeled 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 artifacts.

Univariate fMRI analysis. For the conventional univariate analysis,
the general linear model (GLM) modeled the 16 conditions in our 2 (vis-
ual: left, right) � 2 (auditory: left, right) � 2 (decisional outcome: com-
mon, separate causes) � 2 (hand response: left, right) factorial design.
Condition-specific effects for each participant were estimated according
to the GLM 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 congru-
ency (congruent vs incongruent), and causal inference or decision (deci-
sional outcome: common vs separate causes; Fig. 2, Tables 1, 2).

We report activations at p , 0.05 at the cluster level corrected for
multiple comparisons within the entire brain, with an auxiliary uncor-
rected 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 esti-
mated 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 observ-
ers’ 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 modeled exactly eight tri-
als from one particular condition. As a result of this subsampling proce-
dure, all parameter estimates that were entered into the multivariate
pattern analyses were estimated with comparable precision. Second, we
determined the number of regressors (maximally, seven for each condi-
tion) such that they were matched across conditions for each compari-
son (e.g., common cause vs separate cause decision). For instance, to
dissociate causal decision (i.e., common vs separate causes) from physi-
cal 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 GLM 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)� 2 (visual: left vs
right)� 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 pro-
cedure (with subsequent GLM estimation and multivariate pattern anal-
ysis) 10 times and averaged the decoding accuracy across those 10
iterations.

This subsampling and matching procedure ensured that the parame-
ter estimates for common versus 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 responses unconfounded by auditory or vis-
ual location, causal decisional outcome, or physical spatial congruency.

For multivariate pattern analyses, we trained a linear support vector
classification model as implemented in LIBSVM version 3.20 (Chang
and Lin, 2011). More specifically, the voxel response patterns were
extracted in a particular region of interest (e.g., A1, see below for defini-
tion of region of interest) from the parameter estimate images corre-
sponding to the magnitude of the BOLD response for each condition
and run as described above. Each parameter estimate image was based
on exactly eight 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� 10 runs= 280 parame-
ter estimate images in total (for details, see MRI data acquisition). The
number of parameter estimate images for decoding “causal decisions” or

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

MNI coordinates, mm

z score, peak
Cluster size,
number of voxels

pFWE value,
clusterBrain regions x y z

Visual L . visual R
R calcarine sulcus 12 �72 �2 7.58 935 ,0.001
R cuneus 10 �86 20 7.04

Visual R . visual L
L middle occipital gyrus �48 �78 10 7.80 1869 ,0.001
L superior occipital gyrus �20 �86 20 6.96
L calcarine sulcus �10 �86 2 5.87

Auditory R . auditory L
L planum temporale �56 �44 14 4.66 274 ,0.001

Motor L . motor R
R postcentral gyrus 54 �16 50 .8 1964 ,0.001
R precentral gyrus 40 �16 54 .8

Motor R . motor L
L precentral gyrus �36 �24 52 .8 2153 ,0.001
Central sulcus �44 �24 50 .8
L postcentral gyrus �52 �18 50 .8
L rolandic operculum �46 �22 18 6.04 346 ,0.001

pFWE,0:05 at the cluster level corrected for multiple comparisons within the entire brain, with an auxiliary uncorrected voxel threshold of p, 0:001. We also report the z score of the peak voxel (or several peak voxels)
with their corresponding MNI coordinates. L, Left; R, right.
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“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 par-
ticipants, 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 dataset, and images from the “left-out run” were
assigned to the test set. Parameter estimate images for training and test
datasets were normalized and scaled independently using Euclidean nor-
malization of the images and mean centering of the features. Support
vector classification models were trained to learn the mapping from the
condition-specific fMRI response patterns to the class labels from all but
one run according to the following dimensions: (1) visual signal location
(left vs right); (2) auditory signal location (left vs right); (3) physical AV
spatial congruency (congruent vs incongruent); (4) causal decisional out-
come (common vs separate causes); and (5) motor response (left vs right
hand). The model then used this learned 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 region of interest
(ROI) again as box plots in Figure 4. The weighted sum BOLD parame-
ter estimates illustrate as a summary index the multivariate differences
in BOLD responses between class 1 and 2, which form the basis for mul-
tivariate pattern decoding.

Nonparametric 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 accu-
racies for each participant individually by permuting the condition-spe-
cific labels of the parameter estimates for each run (i.e., not of individual
trials to preserve the autocorrelation structure) and calculating the
decoding accuracies for all permutations (500 permutations � 10
GLMs= 5000 repetitions in total). We computed the p value as the frac-
tion 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 av-
erage 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 the 6 sign to the subject-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 (210 = 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 ac-
curacy 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 nonparametric permuta-
tion testing as described above: briefly, we (1) computed the deviations
from chance decoding accuracy for each of the five information dimen-
sions individually for each participant, (2) calculated the differences in
these relative decoding accuracies between information dimensions for
each participant (e.g., causal decision minus physical spatial congru-
ency), and (3) 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 recomputed 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 ROIs. 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 significant (i.e., uncorrected p , 0.05) based on a
within-subject permutation test (in brackets, we list the number of sub-
jects that were significant after Bonferroni correction for multiple com-
parisons across the 11 ROI (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 family-
wise error (FWE) rate is,0:05 (i.e., 0.02� 11 = 0.022 and 0.00098� 11 =

Table 2. Univariate results of the main effect of causal decision and the interaction of causal decision and physical spatial congruency

MNI coordinates, mm

z score, peak
Cluster size,
number of voxels

pFWE value,
clusterBrain regions x y z

Causal decision: separate . common cause
R posterior intraparietal sulcus 40 �74 34 3.87 229 ,0.001
R anterior intraparietal sulcus 38 �46 38 3.50 183 0.001
R inferior frontal sulcus 42 30 18 4.09 179 0.002
R middle frontal gyrus 50 20 8 4.08
R superior frontal sulcus 26 6 52 3.89 150 0.004
R anterior insula 30 26 �6 4.86 139 0.006
R precuneus 4 �68 46 3.73 112 0.018

Causal decision � 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

Causal decision � physical spatial congruency interaction: incorrect . correct
L superior frontal gyrus (medial wall) �6 14 50 5.63 1589 ,0.001
R superior frontal gyrus (medial wall) 6 12 54 5.12
L anterior cingulate sulcus/gyrus �2 20 38 4.89
L inferior frontal sulcus �50 22 26 5.32 716 ,0.001
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

pFWE,0:05 at the cluster level corrected for multiple comparisons within the entire brain, with an auxiliary uncorrected voxel threshold of p, 0:001. We also report the z score of the peak voxel (or several peak voxels)
with their corresponding MNI coordinates. L, Left; R, right.
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0.01, respectively). Guided by a priori hypotheses, we did not apply
Bonferroni correction for testing: visual left/right location in V1
(primary visual cortex), V2 (secondary visual cortex), V3, V3AB
(higher-order visual cortices); auditory left/right location in A1, planum
temporale (PT); motor left/right hand response in precentral gyrus
(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 rela-
tive 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 proc-
essing hierarchy (Rohe and Noppeney, 2015b). Participants viewed a
checkerboard background flickering at 7.5Hz through a rotating wedge
aperture of 70° width. The periodicity of the apertures was 44.2 s. After
the fMRI preprocessing steps (see fMRI data preprocessing), visual
responses were modeled by entering a sine and cosine convolved with
the hemodynamic response function as regressors into a GLM. The pre-
ferred 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 partici-
pants’ reconstructed and inflated cortical surface using Freesurfer ver-
sion 5.3.0 (Dale et al., 1999). Visual regions V1–V3, V3AB, and parietal
regions IPS0–4 were defined as phase reversal in angular retinotopic
maps. IPS0–4 were defined as contiguous, approximately rectangular
regions based on phase reversals along the anatomic 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 ROIs were combined from the left and
right hemispheres.

Occipital, parietal, and frontal eye field regions. Regions in the occipi-
tal 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 80th 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

Figure 3. Multivariate pattern results along the visual and auditory spatial cortical hierarchy. Support vector classification decoding accuracy for: (1) V, visual location: left vs right; (2) A, au-
ditory location: left vs right; (3) S, physical spatial congruency: congruent vs incongruent; (4) D, causal decisional outcome: common versus separate causes; and (5) M, motor response: left ver-
sus right hand in the ROIs, 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, 4p, 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 ¼ 0:0495). The ROIs are delineated on the surface of an inflated single participant brain.
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anterior transverse temporal gyrus (Heschl’s gyrus, HG). The higher au-
ditory cortex was formed by merging the transverse temporal sulcus and
the PT. The motor cortex was based on the precentral gyrus. The
DLPFC was defined by combining the superior and middle frontal gyri
and sulci as previously described (Yendiki et al., 2010). In line with the
study by Rajkowska and Goldman-Rakic (1995), we limited the superior
frontal gyrus and sulcus to Talairach coordinates y ¼ 26 and y ¼ 53,
respectively, and the middle frontal gyrus and sulcus to Talairach coordi-
nates y ¼ 20 and y ¼ 50, respectively.

Results
Behavioral 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 appro-
priately. As expected participants were ;70% correct when
deciding whether auditory and visual signals originated from
common or independent causes with a small bias toward

common causes decisions (accuracySC = 776 1.7%, accuracySI =
666 2.2% with the index SC (physically spatially congruent) and
SI (physically spatially incongruent; d9 1.076 0.12; bias: 0.16 6
0.03; and mean6 SEM in all cases).

A 2 (physical: spatially congruent, incongruent) � 2 (deci-
sion: common, separate causes) repeated-measures ANOVA of
response times revealed a significant main effect of causal deci-
sional outcome (F(1,9) = 8.266, p = 0.018) and a significant physi-
cal spatial congruency � 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 incon-
gruent trials). Post hoc paired t tests of the simple main effects
revealed that participants were significantly faster judging physi-
cally spatially congruent stimuli as coming from common cause
and physically spatially incongruent stimuli as coming from sep-
arate causes (RTSC,DC = 0.89 6 0.05 s; RTSI,DS = 0.93 6 0.06 s;
RTSC,DS = 1.02 6 0.06 s; RTSI,DC = 0.96 6 0.06 s; with RT for

V A S D M

-0.4

-0.2

0

0.2

0.4

Pa
ra

m
et

er
 e

st
im

at
es

 (
a.

u.
)

V A S D M

-0.4

-0.2

0

0.2

0.4

Pa
ra

m
et

er
 e

st
im

at
es

 (
a.

u.
)

V A S D M

-0.4

-0.2

0

0.2

0.4

Pa
ra

m
et

er
 e

st
im

at
es

 (
a.

u.
)

V A S D M

-0.4

-0.2

0

0.2

0.4

Pa
ra

m
et

er
 e

st
im

at
es

 (
a.

u.
)4-3SPI2-0SPI FEF DLPFC

V A S D M

-0.4

-0.2

0

0.2

0.4

Pa
ra

m
et

er
 e

st
im

at
es

 (
a.

u.
)

V A S D M

-0.4

-0.2

0

0.2

0.4

Pa
ra

m
et

er
 e

st
im

at
es

 (
a.

u.
)

V A S D M

-1

-0.5

0

0.5

1

Pa
ra

m
et

er
 e

st
im

at
es

 (
a.

u.
)HG PT PCG

V A S D M

-1

-0.5

0

0.5

1

Pa
ra

m
et

er
 e

st
im

at
es

 (
a.

u.
)

V A S D M

-1

-0.5

0

0.5

1
Pa

ra
m

et
er

 e
st

im
at

es
 (

a.
u.

)

V A S D M

-1

-0.5

0

0.5

1

Pa
ra

m
et

er
 e

st
im

at
es

 (
a.

u.
)

V A S D M

-1

-0.5

0

0.5

1

Pa
ra

m
et

er
 e

st
im

at
es

 (
a.

u.
)V1 V3V2 V3AB

-0.4

-0.2

0

0.2

0.4

Pa
ra

m
et

er
 e

st
im

at
es

 (
a.

u.
)

DC DS

SC

DC DS

SI

-0.4

-0.2

0

0.2

0.4

Pa
ra

m
et

er
 e

st
im

at
es

 (
a.

u.
)

DC DS

SC

DC DS

SI

-0.4

-0.2

0

0.2

0.4

Pa
ra

m
et

er
 e

st
im

at
es

 (
a.

u.
)

DC DS

SC

DC DS

SI

-0.4

-0.2

0

0.2

0.4

Pa
ra

m
et

er
 e

st
im

at
es

 (
a.

u.
)

DC DS

SC

DC DS

SI

IPS0-2 IPS3-4 FEF DLPFC

A

B

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 (1) V, visual location: left versus right; (2) A, auditory location: left versus right; (3) S, physical spatial
congruency: congruent versus incongruent; (4) D, causal decisional outcome: common versus separate causes; and (5) M, motor response: left versus right hand in the ROIs, as indicated in the
figure. Box plots show the weighted sum of parameter 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., DC and DS) trained separately for SC and SI stimuli.
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reaction time and the index DC for common cause decision and
DS for separate cause decisions). In other words, observers
were faster on their correct responses than on their 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 judgements) pooled over cor-
rect and incorrect resopnses (i.e., common cause and separate
cause judgements included correct and incorrect trials). Hence,
our decoding focused on decisional outcome regardless of
decisional uncertainty.

fMRI 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 (Fig. 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, and 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 rela-
tive to left auditory stimuli increased activations in the left pla-
num temporale (PT).

Moreover, we observed the expected lateralization effects for
motor responses: left-hand relative to right-hand responses were
associated with greater activations in the right precentral and
postcentral gyri, while right-hand relative to left-hand responses
were associated with greater activations in the left precentral and
postcentral gyri, the central sulcus, and the left rolandic opercu-
lum (Table 1).

Main effect of physical AV spatial congruency and observers’
causal decision
We did not observe any significant effects of physical spatial con-
gruency (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 activations: stimuli that were judged to come from separate
(relative to common) causes increased activations in a wide-
spread right lateralized system including the intraparietal sulcus,
the superior and inferior frontal sulci, and the insula (Fig. 2,
Table 2). Thus, in our threshold paradigm, observer’s decisional
outcome separate causes and hence their perceived AV incon-
gruency 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 Behavioral results).

Interaction between physical AV spatial congruency and causal
decision
To understand the interaction between physical spatial congru-
ency and observers’ causal decision, we note that the interaction
is equivalent to correct versus 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 activa-
tions in the prefrontal cortex (e.g., bilateral superior frontal gyri
and insulae, inferior frontal sulcus; Fig. 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 experimen-
tal design, as follows: (1) visual signal location (left vs right); (2)
auditory signal location (left vs right); (3) physical spatial con-
gruency (congruent vs incongruent); (4) causal decisional out-
come (common vs separate causes); and (5) motor response (left
vs right hand; Fig. 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 multi-
variate BOLD response patterns that form the basis for multivar-
iate 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,

Table 3. Multivariate pattern classification results

Visual location
left vs right

Auditory location
left vs right

Physical spatial
congruent vs incongruent

Decision separate
vs common cause

Motor response
left vs right

Brain regions p value Subject p value Subject p value Subject p value Subject p value Subject

HG 0.409 3 (0) 0.092 5 (5) 0.058 3 (1) 0.826 1 (0) 0.001D 10 (10)
PT 0.028 5 (2) 0.001*** 8 (8) 0.002D 8 (4) 0.337 3 (2) 0.001D 9 (9)
V1 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 5 (4) 0.003D 3 (2) 0.041 6 (3)
V3 0.001*** 10 (10) 0.033 4 (4) 0.038 4 (3) 0.002D 5 (2) 0.004D 8 (7)
V3AB 0.001*** 10 (10) 0.010 8 (7) 0.030 5 (4) 0.013 6 (4) 0.078 3 (2)
IPS0–2 0.001D 10 (10) 0.001D 8 (6) 0.002D 8 (6) 0.004D 8 (6) 0.002D 7 (5)
IPS3–4 0.001D 10 (9) 0.006 7 (7) 0.001D 8 (7) 0.001D 7 (5) 0.001D 10 (10)
FEF 0.001D 9 (9) 0.004D 8 (7) 0.003D 8 (7) 0.003D 8 (7) 0.003D 8 (7)
PCG 0.006 7 (7) 0.035 6 (5) 0.171 5 (5) 0.704 2 (1) 0.001*** 10 (10)
DLPFC 0.013 7 (5) 0.001D 7 (4) 0.002D 6 (4) 0.002** 8 (8) 0.295 3 (1)

p values (uncorrected) indicate better than chance decoding accuracy at the group level based on between-subjects permutation test, **p, 0:01, ***p, 0:001, 4p, 0:0045 (i.e., significant after Bonferroni correction for
11 regions of interest); “subjects” indicates the number of subjects that are associated with better than chance decoding accuracy based on within-subjects permutation test at p,0:05 uncorrected (in brackets: number of
subjects with p, 0:0045; i.e., significant after Bonferroni correction for 11 regions of interest unless guided by a priori hypothesis).
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V3, and V3AB (Fig. 3). In addition, visual location was repre-
sented in the parietal cortex (IPS0–4) as well as in the 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 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 process-
ing stream including the posterior parietal cortex (IPS0–2), the
FEF, and the DLPFC (Rauschecker and Tian, 2000; Arnott et al.,
2004; Rauschecker and Scott, 2009; Recanzone and Cohen, 2010;
Fig. 3).

Decoding of physical AV spatial congruency and observers’ causal
decision
By titrating observers’ accuracy to ;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 decisions
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 cor-
tex (IPS0–4), the FEF, and DLPFC as well as the planum tempo-
rale (Fig. 3). These results are consistent with the classical view of
multisensory processing in which primary auditory and visual
cortices are specialized for processing signals of their preferred
sensory modality, and higher-order frontoparietal 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 par-
ticipant to obtain 70% performance accuracy allowed us to com-
pare physically spatially congruent (respectively incongruent)
stimuli that were judged as coming from one common cause ver-
sus separate causes. In other words, the individual threshold
adjustment allowed us to identify regions encoding participants’
causal decisions regardless of the physical spatial congruency of
the underlying AV signals (see Materials and Methods regarding
the subsampling and matching procedures). In line with our pre-
dictions, participants’ causal decisional outcome could be
decoded from DLPFC (Fig. 3). Critically, observers’ causal deci-
sions could be decoded from DLPFC better than from any other
stimulus feature (PD�V = 0.0107, PD�A = 0.0342, PD�S = 0.0078,
PD�M = 0.0020; with indexes D�V, D�A, D� S, D�M for
comparing the accuracies of causal decision with visual, auditory,
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, IPS0–4, and even the early visual areas such as V2 (Fig. 3).

Given the significant interaction between causal decision and
spatial disparity in our behavioral 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 spa-
tially congruent and incongruent audiovisual signals. The decod-
ing accuracy for DLPFC was 60.026 1.78 (group mean 6 SEM;
group-level permutation test: p ¼ 0:001 uncorrected) for SC

and 58.726 2.06 (group mean 6 SEM, group-level permutation
test: p ¼ 0:003 uncorrected) for SI signals. These results suggest
that the DLPFC encodes observers’ decisional choices for both
spatially congruent and incongruent signals.

For completeness, we also assessed the decoding accuracies
for (1) IPS0–2: 56.406 1.27 for SC (group mean6 SEM, group-
level permutation test: p ¼ 0:003 uncorrected) and 55.606 1.35
for SI (group mean 6 SEM, group-level permutation test:
p ¼ 0:002 uncorrected); (2) IPS3–4: 55.376 1.84 for SC (group
mean 6 SEM, group-level permutation test: p ¼ 0:013 uncor-
rected) and 55.096 1.35 for SI (group mean6 SEM, group-level
permutation test: p ¼ 0:003 uncorrected); (3) FEF: 58.146 1.35
for SC (group mean 6 SEM, group-level permutation test:
p ¼ 0:002 uncorrected) and 55.986 0.98 for SI (group mean6
SEM, group-level permutation test: p ¼ 0:001 uncorrected).

Decoding of motor response
We also ensured by experimental design that participants’ causal
decisions were orthogonal to their motor responses (i.e., left
hand vs right hand) by alternating the mapping from partici-
pants’ causal decisions to the selected hand response across runs.
Not surprisingly, the motor response was decoded with a high
accuracy from the precentral gyrus (Fig. 3). In addition, we were
able to decode observers’motor responses from the FEF, IPS0–4,
and V3AB. Further, we were able to decode participants’ motor
responses from planum temporale (PT) and Heschl’s gyrus
(HG). The latter decoding of sensory–motor information from
activation patterns in Heschl’s gyrus may potentially be attrib-
uted to activations from the neighboring secondary somatosen-
sory areas (see above for univariate results in the left rolandic
operculum).

Discussion
To form a coherent percept of the world, the brain needs to inte-
grate sensory signals generated by a common cause and segregate
those from different causes (Noppeney, 2020). The human brain
infers whether or not signals originate from a common cause or
event based on multiple correspondence cues such as spatial dis-
parity (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; Maier et al., 2011; Lee and
Noppeney, 2011b; Parise et al., 2012; Magnotti et al., 2013; Parise
and Ernst, 2016), or semantic and other higher-order correspon-
dence 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 cor-
related 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 corre-
spondence cues such as audiovisual spatial disparity.

To dissociate the neural processes associated with partici-
pants’ causal decisions from those driven by the physical AV
spatial congruency cues, we adjusted the audiovisual spatial dis-
parity individually for each participant to enable a threshold ac-
curacy 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
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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 the following five differ-
ent “encoding dimensions”: (1) visual space (left vs right); (2) au-
ditory space (left vs right); (3) physical spatial congruency
(congruent vs incongruent); (4) causal inference and decision
(common vs separate causes); and (5) motor response (left vs
right hand).

Unsurprisingly, our multivariate decoding results demon-
strate that low-level visual areas (V1–3) encode predominantly
visual space, PT auditory space, and precentral gyrus partici-
pants’ 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 con-
sistent with the classical hierarchical organization of multisen-
sory 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 interac-
tions already at the primary cortical level (Molholm et al., 2002;
Ghazanfar et al., 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 nonpreferred sensory modality typically modulated the
response magnitude or salience rather than the spatial represen-
tation of stimuli from the preferred sensory modality. Likewise,
previous multivariate pattern analyses showed that a synchro-
nous yet displaced auditory signal had minimal impact on the
spatial representations in primary visual cortices (Rohe and
Noppeney, 2015b, 2016). Only later in the processing hierarchy
in posterior and anterior parietal cortices were spatial representa-
tions formed that integrated auditory and visual signals weighted
by their bottom-up reliabilities (ISP0–4) and top-down task rele-
vance (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 pre-
dominantly higher-order areas (e.g., planum temporale and fron-
toparietal cortices) encode 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 spatial location of
the signal is explicitly computed and mapped onto a motor
response, in the current study spatial representations were not
explicitly task relevant but were computed for explicit causal in-
ference (i.e., to determine whether audiovisual signals come
from a common cause). Collectively, our research suggests that
frontoparietal 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 (2)
explicit causal inference (i.e., common source judgments) that
requires implicit spatial localization of AV signals.

Previous studies demonstrated that the lateral prefrontal cor-
tex (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 regardless 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 judgments. This result indicates that the lateral
PFC encodes participants’ explicit causal inference regardless of
the physical spatial audiovisual correspondence cues or observ-
ers’ motor responses. A critical question for future research is
whether lateral PFC also encodes implicit causal decisions that
are required to arbitrate between sensory integration and segre-
gation in multisensory perception. For instance, future studies
may use 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 PFC encodes observers’ implicit causal deci-
sion 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 progres-
sively 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 archi-
tecture describing (1) top-down control of multisensory repre-
sentations by the prefrontal cortex (Siegel et al., 2015; Gau and
Noppeney, 2016; Rohe and Noppeney, 2018), (2) the hierarchical
nature of perceptual inference in the human brain (Rohe and
Noppeney, 2015b, 2016), and (3) its temporal evolution involv-
ing the dynamic encoding of multiple perceptual estimates in
spatial tasks (Aller and Noppeney, 2019) or nonspatial tasks
(Cao et al., 2019; Rohe et al., 2019). Therefore, the causal evi-
dence that is accumulated in the prefrontal cortex needs to be
projected backward 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 FEF and IPS0–4, including visual and auditory
space, physical AV spatial congruency, and 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
results suggest that IPS0–4 integrates audiovisual signals not
only into spatial representations, but 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 learned
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
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findings showing that IPS3–4 arbitrates between audiovisual
integration and segregation depending on the physical corre-
spondence cues of the sensory signals for spatial localization
(Rohe and Noppeney, 2015b, 2016). They converge with recent
findings that parietal cortices (e.g., lateral intraparietal cortex in
macaque) might not be directly involved in evidence accumula-
tion 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 pat-
terns in frontoparietal cortices aligns well with recent suggestions
that parietal cortices represent sensory, motor and potentially de-
cision-related variables via multiplexing (Huk et al., 2017).
Future neurophysiology research will need to assess whether
these dimensions are encoded in distinct or overlapping neuro-
nal 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 structures FEF and IPS form a circuitry
that integrates auditory and visual spatial signals into representa-
tions to guide behavioral (i.e., motor) response.
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