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Changes in effective connectivity of human superior parietal
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Abstract

Previous event-related potential (ERP) studies have identified the superior parietal lobule (SPL) as actively multisensory. This study
compares effective, or contextually active, connections to this region under unisensory and multisensory conditions. Effective
connectivity, the influence of one brain region over another, during unisensory visual, unisensory auditory and multisensory
audiovisual stimulation was investigated. ERPs were recorded from subdural electrodes placed over the parietal lobe of three
patients while they conducted a rapid reaction-time task. A generative model of interacting neuronal ensembles for ERPs was
inverted in a scheme allowing investigation of the connections from and to the SPL, a multisensory processing area. Important
features of the ensemble model include inhibitory and excitatory feedback connections to pyramidal cells and extrinsic input to the
stellate cell pool, with extrinsic forward and backward connections delineated by laminar connection differences between ensembles.
The framework embeds the SPL in a plausible connection of distinct neuronal ensembles mirroring the integrated brain regions
involved in the response task. Bayesian model comparison was used to test competing feed-forward and feed-backward models of
how the electrophysiological data were generated. Comparisons were performed between multisensory and unisensory data.
Findings from three patients show differences in summed unisensory and multisensory ERPs that can be accounted for by a
mediation of both forward and backward connections to the SPL. In particular, a negative gain in all forward and backward
connections to the SPL from other regions was observed during the period of multisensory integration, while a positive gain was
observed for forward projections that arise from the SPL.

Introduction

Functional neuroimaging and electrophysiological techniques have
been widely applied in the area of multisensory research to examine
the distributed cortical networks responsible for multisensory pro-
cessing (e.g. Calvert et al., 2000; Foxe et al., 2000, 2002; Raij et al.,
2000; Molholm et al., 2002, 2004; Laurienti et al., 2005). While
substantial progress has been made in defining these circuits and in
assessing the temporal course of activation across the nodes within
these circuits, the key to understanding how multisensory computa-
tions are made lies in understanding how the nodes of these circuits
interact and the causal relationships between them. The study of
effective connectivity based on model-led approaches that make use of
the various available classes of neurophysiological data [e.g. func-
tional magnetic resonance imaging (fMRI), electroencephalogram
(EEG) and event-related potentials (ERPs)] is one prominent approach
to this fundamental issue that has recently been applied (e.g. Pleger
et al., 2006; Mechelli et al., 2003; Bitan et al., 2005). These
investigations are based on the premise that effective connections
display task-dependent activity and mediate processing across all areas

active in a given system. Such dynamic causal models, where the
EEG, fMRI or ERP time series is represented in an input-state-output
sense, make inferences about the system state based on nonlinear
generative models that are biologically plausible (see Friston et al.,
2003; Penny et al., 2004; David et al., 2006; Stephan et al., 2007).
The advantage of these so-called ‘neural mass models’ for ERP data is
that both extrinsic and intrinsic anatomic connections, those between
and within cortical regions, can be parameterized explicitly. This
allows investigation of which components of the dynamics are due to
local within-region effects and which arise from longer-range
interactions across the nodes of a given network (Kiebel et al.,
2007; Moran et al., 2007). Additionally, application of these models
allows for the assessment of the direction of information flow between
regions and an estimation of the influence of feedforward and
feedback connectivity on processing. In fact, where competing
hypotheses exist regarding feedforward or feedback influences on
sensory processing, different extrinsic white-matter axonal connec-
tions can be embedded in the model and tested using real physiolo-
gical data (e.g. Garrido et al., 2007).
Our goal in this report was to apply neural mass modelling to

multisensory data as a means of assessing the contribution of
feedforward and feedback processes to ongoing sensory integration
processes within an identified node of the audiovisual multisensory
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processing network, namely the superior parietal lobule (SPL).
Multisensory integration refers to the neural integration of inputs
from more than a single sense to form unified or unitary multisensory
percepts. Typically, cortical and subcortical regions responsible for
multisensory integration are identified by assessing the differences in
their response properties under unisensory and multisensory stimula-
tion conditions where nonlinear properties are taken to indicate
sensory integration. For example, as in the present study, subjects are
stimulated with auditory-alone (A), visual-alone (V) and simultaneous
auditory-visual (AV) bisensory inputs, and the summed unisensory
responses (A + V) are compared to the bisensory response (AV). As
voltage sums linearly, any difference between the A + V and AV
responses is direct evidence of an interaction (e.g. Giard & Peronnet,
1999; Foxe et al., 2000). The same approach is often taken with
haemodynamic imaging data even though linearity cannot be assumed
for the blood oxygen level-dependent (BOLD) response (see Laurienti
et al., 2005).
Current findings in multisensory integration research support both

feedback and feedforward mechanisms. Feedback modulation is
characterized by the control of unisensory input by higher cognitive
functions such as attention. For example, increased performance in
behavioural tasks might be attributed to heightened attention to a
given sensory modality due to coactivation of another (e.g. Macaluso
et al., 2000; McDonald et al., 2000) or, alternatively, selective
attention to one sensory modality might result in suppression of inputs
from competing sensory inputs (e.g. Foxe et al., 1998, 2005; Fu et al.,
2001; Weissman et al., 2004; Foxe & Simpson, 2005). In such cases,
the control of sensory processing, and to some extent of multisensory
integration, is thought to be driven by higher-level cortical regions
such as the superior temporal sulcus, the inferior parietal sulcus,
regions of frontal cortex, the insula and claustrum (e.g. Calvert, 2001;
Calvert et al., 2001; Ongur & Price, 2000). Additionally, it was long
believed that inputs to the different sensory systems were initially
analysed in isolation during passage through the multiple stages of
their respective unisensory processing streams before integration
occurred in higher-order ‘multisensory’ regions of the cortex. Under
this view, multisensory interactions that were found at early cortical
processing stages, stages that had traditionally been thought of as
strictly ‘unisensory’, were assumed to reflect feedback modulations
that proceeded from multisensory processing in the higher-order
multisensory areas. However, it is now widely accepted that strict
sensory segregation does not pertain during the earliest phases of
cortical processing and that there is substantial feedforward conver-
gence and integration in early ‘unisensory’ processing regions (see
Schroeder & Foxe, 2002, 2005; Foxe & Schroeder, 2005). Thus, the
mode of operation of any given node in the multisensory processing
network might rely on either or both mechanisms.
Neural mass models of cortical neurons offer valuable insight into

the generation of the EEG and underlying local field potentials (Lopes
da Silva et al., 1974; Wendling et al., 2000). One particular neural
mass model, which is based on a biologically plausible parameteriza-
tion of the dynamic behaviour of the layered neocortex, has been
successfully used to generate signals akin to those observed exper-
imentally, including small-signal harmonic components such as the
alpha band and larger, transient, ERPs (Jansen & Rit, 1995). The goal
of neural mass modelling is to understand the neuronal architectures
that generate electrophysiological data, where key model parameters
are sought to explain observed changes in EEG output. In the present
study we took advantage of a unique intracranial dataset where highly
consistent multisensory audiovisual interactions were recorded
directly from the SPL of three human epilepsy patients performing a
simple reaction-time task (Molholm et al., 2006). We used this dataset

to model the unisensory-auditory and unisensory-visual component
pathways using a data-driven approach and then compared simulated
multisensory outputs to actual recorded multisensory ERPs from the
SPL. The approach we followed used the unisensory ERP data (A and
V) to construct the most plausible network that could generate the
multisensory ERP response in the SPL. We did this by modelling the
unisensory data first. We then had a ‘baseline’ value for the active
connections to and from the SPL under auditory-alone stimulation and
a ‘baseline’ value for the active connections under visual-alone
stimulation. The most basic AV network is assumed to take the form of
a simple linear sum of unisensory connection strengths (A + V). Any
changes from this basic AV ¼A + V network is assumed to underlie
the key ‘integration’. This is the very definition of an integration effect
in neuroimaging studies. We tested for changes from this A + V
baseline by using the real multisensory ERP data. Model inversion
uses the Bayes principle, which specifies priors on the parameter
values. These priors are taken as the basic A + V. If no change from
this basic condition occurred during multisensory integration then the
inversion scheme would similarly result in no change in parameters
from its priors values. We then tested three possible modulations to
this network that can generate the real measured multisensory (AV)
ERP. These three models comprise (i) changes in feedforward
connections only, (ii) changes in feedback connections only and (iii)
changes in both feedforward and feedback connections. Bayesian
model comparison was used to estimate which of the three is most
likely to account for the data. Differences in the extrinsic connections
to the SPL were studied to investigate how the perceptual system
changes form to affect multisensory integration.

Materials and methods

Modelling approaches for ERP investigation

Neural mass models of the EEG originated with Wilson & Cowan
(1973), who theorized that on a scale greater than a few millimeters, the
dynamics of large interacting groups of neurons could be described by
a few average population variables. A cortical area, understood as an
‘ensemble’ of strongly interacting macro-columns of granular and
agranular cells, has been modelled in a dynamic framework by Jansen
and Rit (for its formal mathematical description see Jansen & Rit,
1995). They provided parameter values for the different cell propor-
tions and synaptic responses based on in vitro animal anatomical
investigations. Their model produced similar timing and amplitude
effects to human visual evoked potentials, and also demonstrated
that the ensemble could produce characteristic alpha wave activity. The
ensemble contains pyramidal, inhibitory and granular stellate excit-
atory cells and the EEG is assumed to be generated by the synchronous
dendritic activity of the pyramidal cell group (Steinschneider et al.,
1992; Niedermeyer & Lopes da Silva, 2004).
The hierarchical arrangement of sensory cortices has been delin-

eated on the basis of laminar connections among different cortical
areas. Based on neuroanatomic studies of the monkey visual cortex,
Felleman and Van Essen (1991) provide a tri-partitioning of the
cortical sheet into supra- and infra-granular layers and granular
layer IV, which have certain extrinsic connections (those that traverse
white matter and connect cortical regions and subcortical structures).
Three kinds of interarea connectivity were described and these have
been incorporated by David et al. (2006) into the single-mass model in
order to examine the effects of feedforward and feedback connections
on ERP generation. These are described by heterogeneous and highly
asymmetric coupling among the different layers of interacting neural
masses. These are (i) forward connections that originate in supra-
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granular and infra-granular layers and terminate in layer 1V, (ii)
backward connections where only supra- and infra-granular layers are
connected, and (iii) lateral connections that originate in both supra-
and infra-granular layers and target all layers (see Fig. 1). The model
has been used previously for human scalp EEG data to examine
connectivity changes to the network subtending category-specific
visual processing, with model connection changes validated using
functional magnetic resonance imaging (David et al., 2006). Recently,
in a study by Garrido et al. (2007), competing models of the kind used
here demonstrated reproducible connectivity changes across subjects
during oddball responses in a mismatch negativity paradigm. The
study by Garrido et al. (2007) also used scalp EEG.

The data acquired for our study comprised intracortical EEG. This
means that the whole network involved in multisensory processing
could not be examined. However, as the terminations of feedforward
and feedback connections to a certain area (here the SPL) are
asymmetrical and heterogenous, we can examine their separate effects
in parallel.

The following exposition of this type of hierarchical framework, in
the context of multisensory ERPs, should uncover where feedback or
feedforward effects are most salient in the perceptual process.

Experimental subjects

Data from three individuals (ages 29, 35, and 45 years) with epilepsy
were used. The basic ERP effects were reported previously (Molholm
et al., 2006). The patients (referred to as D.M., K.K. and V.H.
throughout) were implanted with subdural electrodes for evaluation of
the foci of pharmacologically intractable epilepsy. They were all males
and two were right-handed. Recordings were made after all clinical
procedures related to seizure localization were completed. During
localization procedures, subjects were removed from their antiepileptic
medications until sufficient numbers of seizures were recorded but
when these clinical measures were completed they were immediately
returned to their regular dosages. All recordings for the present study
were made after subjects had been re-started on their medications. All

subjects provided written informed consent after the procedures were
fully explained to them. The Institutional Review Boards at both
Nathan S. Kline Institute and at Weill Cornell Medical College
approved all experimental procedures, which were in accordance with
NIH guidelines.

Stimulation and task

The auditory stimulus was a 1000-Hz tone (60 ms duration, 10 ms rise
and fall times; 75 dB SPL) that was presented over headphones.
Visual stimulation was comprised of a simple red disk (60 ms
duration), subtending 1.2� in diameter (140 cm viewing distance) on a
black background. Subjects were instructed to make a rapid button
press response whenever a stimulus in either stimulus modality was
detected, as quickly as possible. The three stimulus conditions
(auditory, visual and bisensory audiovisual) were presented with
equal probability in random order. Stimulus onset asynchrony varied
randomly between 750 and 3000 ms. Stimuli were delivered in blocks
of 150 trials. Frequent breaks were provided to maintain concentration
and to prevent fatigue.

EEG recordings

Continuous EEG from 75–118 subdurally placed electrodes was
recorded using BrainAmpTM amplifiers (Brain Products GmbH,
München, Germany). The data were bandpass-filtered online from
0.05 to 100 Hz and digitized at 1000 Hz. The continuous EEG was
divided into epochs from 100 ms before to 250 ms after stimulus
onset and baseline-corrected over the full epoch. An artifact criterion
of ±300 lV was applied to electrodes within the region of interest to
reject trials with excessive noise transients. An average of 350 trials
was accepted per stimulus condition. When clean averages had been
obtained, baseline was redefined as the epoch from )100 to 0 ms prior
to stimulus onset. EEG epochs were sorted according to stimulus
condition and averaged for each subject to compute the ERP.

Fig. 1. SPL Cortical sheet receiving extrinsic input to different cell types, characterizing feedforward, feedback and lateral connections. Pyramidal cells and
inhibitory interneurons are found in both infra- and supragranular layers in the cortex, and granular excitatory cells are found in layer IV. The assignment of neuronal
populations to layers is important for multiarea models with connections that reflect the hierarchical position of the areas and have layer-specific terminations
(adapted from David et al., 2006).
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For all subjects, the electrode site from which data were analysed
was chosen based on the following criteria: (i) it was over the parietal
cortex; (ii) both auditory and visual stimuli elicited a robust unisensory
response at the site; and (iii) both the auditory and the visual responses
were larger than the corresponding responses from the surrounding
electrodes. In two of the subjects the electrode that met the
predetermined criteria was located just anterior to the intraparietal
sulcus over the superior parietal lobule. In the third subject the
location was located on a somewhat more lateral and anterior portion
of the parietal lobe. However, the sparser electrode coverage (strips
rather than grids were used in this subject) prevented as precise a
localization of this activity as was possible for the first two subjects.
Nonetheless, the highly similar morphology and timing of the
responses to those of the other subjects strongly suggests a similar
origin. Figure 2 displays the location of the electrode for each of the
subjects. Greater detail regarding electrode localization and the sharp
focus of multisensory activity within the SPL is provided in Molholm
et al. (2006). EEG epochs were sorted according to stimulus condition

and averaged for each subject to compute the ERP. Statistics were
performed on individual subject data.

Auditory and visual component models

Each neural mass model was parameterized by a system of six state
equations (Supplementary material, Appendix S1) describing the
population firing rate and postsynaptic potentials within a mass, and
feedforward and feedbackward gain parameters impinging on the
mass. The parameters of interest are these second gain parameters
which model the input to and output from the SPL (Fig. 1); a
feedforward population (Region 1), a feedback population (Region 3),
feeding to the SPL (Region 2). These parameters of interest, h,
included feedback connections from the SPL to Region 1 [backward
connection (BC)1,2], feedback connections from Region 3 to the SPL
(BC2,3), feedforward connections from Region 1 to the SPL [forward
connection (FC)2,1] and feedforward connections from the SPL to
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Fig. 2. (A) Superior parietal lobule electrode positions (see dotted white lines) for subjects D.M. (lower right), K.K. (lower left) and V.H. (top). In Talairach
coordinates these positions are: D.M., ()52, )18, 50); K.K., ()44, )14, 46); and V.H. ()40, )20, 57). (B–D) Average ERPs for each subject, recorded from the
electrodes at the positions given in A. Broken traces illustrate summed audio and visual (A + V) recorded ERPs, thick traces illustrate the recorded audiovisual (AV)
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Region 3 (FC3,2). (Note the use of conventional notation where the
second subscript sends to first subscript.) The optimization involved
maximizing the log model evidence with respect to the connectivity
parameters h from a three-source hierarchy.

The optimization was conducted using an expectation-maximization
routine from the Statistical Parametric Mapping (SPM) software
package (SPM5; Wellcome Trust Centre for Neuroimaging, London,
UK, http://www.fil-.ion.ucl.ac.uk/spm). SPM for dynamic causal
models of magnetoencephalogram (MEG) and EEG event-related
responses (Kiebel & Friston, 2004; David et al., 2006) is intended for
use on high-density scalp EEG and MEG data. The lead field of this
work (mapping source space to sensor space) was not necessary here
as, in the model, the (dendritic) membrane potential of pyramidal cells
provides the cortical output as measured with the local field potential.
This is based on the fact that the apical dendrites of these cells
orientate perpendicularly to the cortical surface providing maximally
congruent postsynaptic potentials (Nunez & Srinivasan, 2006;
Schwartz et al., 2006). The estimation scheme was originally
introduced for dynamic causal models of functional imaging data
(Friston et al., 2003; Penny et al., 2004) where the moments of the
posterior distribution of connection parameters are estimated using
the Bayes rule (Kass & Raftery, 1995). The posterior moments, q(h)
are updated iteratively using Variational Bayes where the moments
of the parameters to be optimized are assumed to be Gaussian in
their probability distribution and to independently impact the ERP
output. Optimization involves a gradient ascent on the free energy (F)
of the system, parameterized by the parameter set h representing
the extrinsic connections and measurement noise with covariance k.
This free energy approximates the log evidence and can be decom-
posed into two components (described below): an accuracy term,
which quantifies the data fit, and a complexity term, which penalizes
models with a large number of parameters. Therefore, the evidence
prevents artificial result enhancements from an ‘overfitting’ model
with more free parameters. The prior variance of intrinsic parameters
was set to zero, allowing changes in only extrinsic connectivity
between the three populations. The fixed intrinsic parameters were set
at standard SPM for ERP values, derived from the anatomical studies
of Jansen & Rit (1995; see also Table 1). Thus the final a posteriori
estimates for these connection parameters can be assessed in terms of
competing model structure. Below we test three suitable candidate
models.

Repeat until convergence:

E-step hiþ1 ! maxjhi
F ðh; kÞ and

M-step kiþ1 ! maxjki
F ðh; kÞ where ð1Þ

F ðh; kÞ ¼ hlnðyjh; kÞ þ lnqðhÞ � lnpðhÞi ð2Þ

The prior assumptions about the connectivity parameters are given
by p(h). In simulations, the parameter values are assigned log-normal
priors with large variance. The log normal initial values are
exponentially transformed to ensure positivity, a natural physical
constraint. For forward connections density ni � N(0,Cn), the state
equations use hi ¼ li exp(ni) with li ¼ 350, and for the backward
connections li ¼ 50. The variance of the initial estimates, Cn, is 0.5,
corresponding to a relatively uninformed initial value that allows
scaling up to an order of magnitude in the posterior density.
Optimization was performed on an approximation to the conditional

(posterior) density, using the iterative estimates of the likelihood
probability. Optimization was performed for each subject’s grand
averaged auditory (A) and visual (V) response from stimulus onset to
250 ms post-stimulus. The inputs consisted of delta functions to the
feedforward population (population 1; see Fig. 3). This was sized as
per the original ERP study by Jansen and Rit to produce sufficient
excitation for an ERP to emerge over simulated background noise
(Jansen & Rit, 1995). The unitary, A and V maximum a posteriori
(MAP) estimates for connection parameters then served as initial
parameter values in the AV condition. Hence multisensory integration
can be formally described as a difference between a combination
(linear sum) of the A and V response ERPs and the measured AV
ERP., i.e. one may test specifically what connectivity changes most
probably occur in the AV condition compared to the A + V condition
during the integration effect. This difference serves as the definition of
an integration effect in ERP studies (Foxe et al., 2000). The MAP
estimates for the A and V connections were summed linearly for the
initial values on AV and so represent a linear stimulus summation
starting point. The AV response was then constructed from a three-
layer hierarchy using the same estimation-maximization (E-M)
scheme.
Bayesian model selection provides a method for evaluating different

types of models (see Eqn 6 of Raftery, 1995; Penny et al., 2004).

Table 1. Model parameters for each cortical pool

Parameter Description Value

Synapse linear impulse response
Excitatory
He Maximum amplitude of the excitatory postsynaptic potential 4 mV
se Time constant of passive membrane and spatially distributed delays in the dendritic tree excitatory population 8 ms

Inhibitory
Hi Maximum amplitude of the inhibitory postsynaptic potential 32 mV
sI Time constant of passive membrane and spatially distributed delays in the dendritic tree: inhibitory population 16 ms

Wave to pulse sigmoidal transfer function
e0 Maximum firing rate of the neural population 2.5 s)1

v0 The PSP for which a 50% firing rate is achieved 6 mV
r Sigmoid linear slope approximation 0.56 mV)1

Intrinsic synaptic connectivity constants
C1 Proportional to the number of synapses made by the pyramidal neurons to the dendrites of the excitatory stellate loop 128
C2 Proportional to the number of synapses made by the excitatory stellates to the dendrites of pyramidal cells 102
C3 Proportional to the number of synapses made by the pyramidal cells to the dendrites of the inhibitory interneurons 32
C4 Proportional to the number of synapses made by the inhibitory interneurons to the dendrites of pyramidal cell group 32
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Using the output of the variational E-M objective function one can
calculate the model evidence and compare what type of model best
captures that data’s structure. Before conducting an analysis of AV
MAP connection estimates, three types of models (dynamic causal
models) were compared. The first model allowed changes in forward
connection only between the A + V and the AV condition, the
second model allowed changes in backward connections only and
the third model allowed changes in both forward and backward
connections.
Model evidence:

pðyjmÞ ¼
Z

pðyjhmÞpðhjmÞdh ð3Þ

Atthe final M-step, the free energy value gives the log model
evidence ln p(y|km) � ln p(y|m). The term consists of model accuracy
and complexity, penalizing more complex models when similar
accuracies exist.
Log model evidence:

ln pðyjmÞ ¼ AccuracyðmÞ � ComplexityðmÞ ð4Þ

Theterm thus gives the most likely model candidate for the given
data. It is used below to distinguish between three possible sets of
posterior parameter (connection) values. The ratio of model evidence
for models i and j is given by the Bayes factor Bij. A Bayes factor of
20–150 represents strong evidence in favour model i over model j, and
factors > 150 represent very strong evidence (see table 1 in Penny
et al., 2004 for a full interpretation of these metrics and their
comparison to classical P-statistics.)

Results

Behavioural results

Across the three subjects, reaction times were fastest for the
multisensory condition (average 279 ms), intermediate for the audi-
tory condition (334 ms) and slowest for the visual condition (355 ms).
This pattern of results is equivalent to that observed in an earlier study
on a larger sample of 12 subjects (Molholm et al., 2002; see also
Murray et al., 2005), in which the differences were found to be
statistically significant.
For individual subjects, the pattern of reaction times was for the

most part paralleled by accuracy as measured by percentage hits. The
individual performance data (reaction-times and percentage hits) are
presented in Table 2. This rapid response time is characteristic of
multisensory environments where performance is heightened (e.g.
Hairson et al., 2003; Zuidpek et al., 2004; Senkowski et al., 2007).
The implications of these behavioural data were discussed at length in
Molholm et al. (2006) and will not be discussed further in the present
report.

Table 2. Behavioural data: mean reaction times (RT) in ms and percentage
hits for each subject for each stimulus condition

Subject

Audiovisual Auditory Visual

RT (ms) Hits (%) RT (ms) Hits (%) RT (ms) Hits (%)

K.K. 359 87 471 72 409 82
V.H. 243 94 270 89 341 91
D.M. 236 91 260 90 314 88

A

B

C

Fig. 3. (A) Schematic of the dynamic causal model used to make
inferences about changes in connectivity for multisensory vs. unisensory
conditions. Ellipses represent three different populations of neurons. The
hatched ellipses represent areas upstream (Region 1) and downstream
(Region 3) of the SPL (Region 2); respectively, they send feedforward
projections to and receive feedforward projections from the SPL. These
areas are also connected via feedback connections that differ from
feedforward connections in terms of their laminar termination profile.
Backward connections are shown as hashed lines and forward connections
are shown as full lines. Beside each connection the average gain in
connection strengths for multisensory relative to summed unisensory models
is shown. (B) The bar graphs present model evidence for the AV model that
allowed (i) changes in forward connections only (blue bars), (ii) changes in
backward connections only (green bars) and (iii) changes in forward and
backward connections (red bars). The Bayes factor for the best-performing
relative to the next best-performing model is shown beside the bars. It can
be seen that the scheme strongly favours the mixed forward-and-backward
model. (C) An example of the best-performing ERP model fit (i.e. the mixed
forward-and-backward model) for subject D.M.’s recorded data (bisensory
AV condition) is illustrated.
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ERP posterior density estimates and model evidence

A posteriori estimates of the connectivity parameters for the auditory-
alone and visual-alone unisensory conditions are presented for each
subject in Table 3. These are the log-normal probability densities
constituting a defining mean and variance per parameter (i.e. the four
possible connections to and from SPL: BC1,2, BC2,3, FC2,1 and FC3,2).
Parameter labels use the second-to-first subscript notation in describ-
ing the connectivities. These MAP estimates are summed for each
connection to provide the reference AV model. They demonstrate
active connections in both the feedforward and feedback directions to
the SPL under unisensory stimulation. Using a linear sum of these
values as the initial value (baseline) AV parameters we then observed
changes when inverting the model using the multisensory ERP. These
parameters, as referred to the A + V baseline, are presented in Table 4.
Table 5 presents the log model evidence for each three models for each
subject, referred to the simple linear A + V model.

The general scheme output is depicted in panel A of Fig. 3 where
the data from the SPL are modelled by changes in connectivity
patterns into and out of SPL (i.e. Region 2) from ‘unknown’ sources

(Regions 1 and 3, respectively; broken outlines). Unknown sources
refer to those cortical regions immediately downstream of SPL in the
processing hierarchy [i.e. the cortical region(s) to which SPL projects]
and those immediately upstream [i.e. the region(s) that project to SPL].
The log model evidence for the best scheme describing AV data is
presented in bar charts in panel B of Fig. 3. Here the log Bayes factor
representing the difference between the best and next best performing
model is presented, relative to the unchanged A + V (starting) model.
These values of Bayes factor provide strong evidence (see Penny
et al., 2004) in favour of an AV model where the observed integrative
ERP effects are generated by a mixture of both feedforward and
feedback contributions.

Discussion

A major goal of the present study was to demonstrate the utility of the
neural mass modelling approach when applied to human intracranial
electrophysiological data, and in particular to issues in multisensory
integration. The extent to which multisensory integration effects that
have been found in human cortex are driven by feedforward or
feedback inputs, or indeed by a mixture of both, is a matter of
vigorous investigation in the field (see, e.g., Foxe & Schroeder, 2005;
Macaluso & Driver, 2005). Here we applied the approach to
recordings made directly from the human SPL as subjects performed
a simple rapid reaction time task. As with all modelling studies, model
inversion accounts for changes in parameters across different data sets;
however, they do not account for physiological factors that are not
parameterized in a model. For this reason data-driven modelling
studies must be hypothesis-driven. The underlying hypothesis in this
study is that connection changes account for the majority of data
change among unisensory and multisensory conditions. This is
interesting, due to the competing theories mentioned above that
specifically speak to top-down and bottom-up contributions to
multisensory integration and to more theoretical accounts of neuronal
organization that describe the role of these connections in permitting
contextual and environmental expectations to permit current percep-
tion (Rao & Ballard, 1999; Friston, 2005). Clearly other effects within
the SPL may be actively changing across conditions and these are not
accounted for in the inversion. Other models describing intra-area
changes, for example, could give similar model evidence. However, in
this study we aimed to answer the question, how do feedback and
feedforward network connections affect the SPL during multisensory
integration? In this respect the model gave clear answers with formal
model comparison lending strong evidence to one model over others.
Clear and highly replicable multisensory integration effects were

seen in all three subjects and we applied neural mass modelling to
explain the mechanisms driving these effects. A mixed model that
comprised both feedforward and feedback influences best approxi-
mated the multisensory integration effects seen in SPL. Two other
models tested, one that relied exclusively on feedforward connections
and a second that relied exclusively on feedback connections, failed to
accurately account for the observed physiological data. The mixed
model provides an excellent fit for the observed data as demonstrated
by the large Bayes factors obtained for this model relative to either of
the other tested models (see Raftery, 1995; Penny et al., 2004).
While the main thrust of multisensory neuroimaging research in

humans to this point has been in mapping the cortical regions that
perform multisensory integrative operations, simply localizing these
regions does not go far towards explaining what their specific role in
integration is. Similarly, while ERPs have provided quite specific
information about the relative timing across the nodes of these

Table 4. Subjects’ log-normal posterior density estimates for connectivity
underlying multisensory responses

MAP estimates for connectivity underlying multisensory responses

V.H. K.K. D.M.

FC2,1 N()0.439,0.0067)* N()0.6363,0.0056)* N()0.218,0.001)*
FC3,2 N()1.3967,0.127)* N(1.912,0.052) N(1.43,0.024)
BC1,2 N()0.0119,0.3898)* N()2.303,0.427)* N()5.09,0.1715)*
BC2,3 N()0.5408,0.008)* N()0.259,0.0012)* N()0.897,0.0006)*

BC, backward connection; FC, forward connection. *Negative gains.

Table 5. Log-model evidence for forward, backward and mixed forward-and-
backward models, relative to a simple linear A + V reference

Model evidence V.H. K.K. D.M.

Forward connectivity changes 48 35 251
Backward connectivity changes 69 10 264
Forward-and-backward connectivity changes 113 68 322*

*Most strongly demonstrated model.

Table 3. Subjects’ log-normal posterior density estimates for connectivity
underlying unimodal responses

MAP estimates for connectivity underlying unimodal responses

V.H. K.K. D.M.

Audio
FC2,1 N(0.5159,0.0073) N(00.5378,0.0016) N(0.2422,0.0011)
FC3,2 N(3.356,0.0746) N(02.8937,0.0263) N(0.3219,0.0101)
BC1,2 N()2.149,0.4996) N(0.0311,0.5) N()0.0263,0.4981)
BC2,3 N(0.517,0.0017) N(0.5916,0.0007) N(0.1798,0.0003)

Visual
FC2,1 N()0.3484,0.0111) N()0.1380,0.0021) N(0.0420,0.1305)
FC3,2 N(0.0655,0.0598) N(2.0683,0.0296) N(0.0831,0.0829)
BC1,2 N(0.0414,0.0298) N()0.1024,0.4990) N(0.0820,0.2109)
BC2,3 N()1.9684,0.0073) N()0.5897,0.0013) N(0.0978,0.0022)

BC, backward connection; FC, forward connection.
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multisensory networks, and inferences can thus be made regarding the
level of processing engaged in by a given region, the degree of
specificity regarding mode of operation is still highly impoverished.
This is not the case for invasive studies in nonhuman primates (e.g.
Schroeder et al., 2001; Lakatos et al., 2007) where the use of
multicontact translaminar electrodes has allowed for direct testing of
the feedforward and feedback nature of multisensory effects based on
the observed laminar activation patterns (see Schroeder & Foxe, 2002;
Schroeder et al., 2004). Of course, similarly invasive studies in
humans are not a viable option for most studies of multisensory
integration and yet it would be of tremendous utility to be able to infer
directionality of information flow and the relative contributions of
various input types. Moreover, many of the multisensory functions
researchers are particularly interested in, especially multisensory
speech comprehension (e.g. Pekkola et al., 2006; Ross et al., 2007;
Saint-Amour et al., 2007), high-level attentional interactions (e.g.
Eimer & van Velzen, 2005) and issues in human clinical conditions
such as schizophrenia (Surguladze et al., 2001), are not possible in
animal models. As such, the demonstration here that meaningful
inferences about the directionality of information flow, based on
realistic models of laminar-specific interareal connectivity patterns,
can be made from surface-recorded human ERPs, suggests that
application of this approach can provide valuable new insights into the
operation of distributed cortical processing networks.
One potentially puzzling aspect of the model’s best estimate is the

observation of negative gain values in connection strength for both
feedforward and feedback connections during the integration period.
The implication is that some form of sequestration of SPL processing
occurs during this period, such that SPL ceases to be influenced as
greatly by either its input or output regions. The results suggest that
SPL, experiencing a reduction in signal input from other regions, may
become isolated for intrinsic processing of audiovisual information.
This result provides a testable hypothesis for further investigation.
Previous studies of effective connectivity that have employed neural

mass models have, in the main, used scalp-recorded EEG (e.g. Garrido
et al., 2007; Kiebel et al., 2007), with the inherent problem of
inaccuracies in generator localization. That is, in order to assess
effective connectivity between regions, the scalp-recorded data with
its spatial smearing due to volume conduction must first be source-
localized. The source localization scheme is an add-on to the neural
mass model, requiring further parameters that must be estimated in an
inversion scheme (Kiebel et al., 2006). The estimation of intracranial
generators, the so-called ‘inverse problem’, is ill-posed and models are
difficult to verify and often subject to experimenter bias, especially
when equivalent current dipole schemes are employed. Inaccuracies in
realistically modelling the resistivity of the various surfaces and
coverings of the head and brain (e.g. scalp, skull and cerebrospinal
fluid) and in realistically approximating the shape of the volume
conductor can also lead to localization errors. Determining the
minimum and maximum number of active sources is a particularly
vexing problem (see Michel et al., 2004 for a comprehensive
treatment of these issues). So, while future work could examine scalp
EEG and MEG data, which offer the possibility of testing connections
across the entire multisensory network, the accuracy of this work
would be predicated upon a source localization scheme that accurately
describes the output of the individual intracortical generators. This
source-localization problem is circumvented in the present study
where the output of only a single multisensory region could be
assessed in isolation because of our use of intracranial electrodes (see
Molholm et al., 2006). (In terms of output, the model in its form here
only assumes that pyramidal cell dendritic orientations provide local
field potential measures in the form of their congruent membrane

depolarization.) Of course, while we gain greatly in localization
accuracy and, as such, we can model contributions to and from the
SPL with confidence, we lose the ability to assess other nodes of the
network and can only make inferences about regions directly upstream
and downstream. Retrograde tracing studies of the superior parietal
cortex of rats and macaques could provide hypothetical routes for our
multisensory network. Such information could ameliorate some of
these problems associated with a scalp, whole-brain, EEG study.
Findings have shown connections directly from areas of the superior
temporal sulcus to areas near the SPL (Reep et al., 1994; Seltzer &
Pandya, 2004). Projections from the SPL have been shown to
terminate in premotor areas (Wise et al., 1997) which may contains
neurons that have been identified as multisensory in single-cell studies
(Fogassi et al., 1996). However, the quality of data, with mimimal
spatial smearing compared to scalp data and a precisely known
location, allows the multisensory integration effect to be maximally
observed in the ERP.

Supplementary material

The following supplementary material may be found on
http://www.blackwell-synergy.com
Appendix S1. A system of six state equations describing the
population firing rate and postsynaptic potentials within a mass, and
feedforward and feedbackward gain parameters impinging on the
mass.
Please note: Blackwell Publishing are not responsible for the content
or functionality of any supplementary materials supplied by the
authors. Any queries (other than missing material) should be directed
to the correspondence author for the article.
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