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The superior temporal sulcus (STS) is a region involved in audiovisual integration. In non-human primates,
multisensory neurons in STS display inverse effectiveness. In two fMRI studies using multisensory tool and
speech stimuli presented at parametrically varied levels of signal strength, we show that the pattern of
neural activation in human STS is also inversely effective. Although multisensory tool-defined and speech-

defined regions of interest were non-overlapping, the pattern of inverse effectiveness was the same for tools
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and speech across regions. The findings suggest that, even though there are sub-regions in STS that are
speech-selective, the manner in which visual and auditory signals are integrated in multisensory STS is not

© 2008 Elsevier Inc. All rights reserved.

Introduction

Much of what we know about the neural mechanisms of human
sensory integration comes from non-human models. Based on solid
supporting evidence replicated in a number of studies, three rules that
govern the properties of multisensory neurons have been proposed
(Holmes, 2007; Stanford et al., 2005). The spatial rule states that the
components of a multisensory stimulus are more effectively integrated
(either increased behavioral or neural responses relative to unisensory
stimuli) when they originate from congruent spatial locations (Meredith
and Stein, 19863, 1996). The temporal rule states that the components of
amultisensory stimulus are more effectively integrated when they occur
simultaneously, rather than consecutively (Meredith et al., 1987; Miller
and D'Esposito, 2005; Senkowski et al., 2007). Finally, the rule of inverse
effectiveness states that components of a multisensory stimulus are
more effectively integrated when the salience of those components is
relatively weak (Kayser et al., 2005; Meredith and Stein, 1983, 1986b;
Perrault et al., 2005; Stanford et al., 2005).

These rules, and the models that instantiate them, have been
instrumental in molding our understanding of human sensory
integration, even though a majority of the evidence comes from non-
human animals. While results of behavioral studies in humans suggest
that these models can be generalized to humans (Bolognini et al., 2005;
Frens et al., 1995; Hairston et al., 2003a,b, 2006; Mozolic et al., 2007;
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Serino et al., 2007), the results of neuroimaging studies in humans are
more controversial (Beauchamp, 2005). While the spatial, temporal,
and inverse effectiveness rules have been used to characterize the
properties of neuronal convergence (where individual neurons receive
information from both modality-specific streams) in animal studies of
sensory integration, they have not been well explored in humans.
Specifically, while experimenters have begun to investigate the spatial
and temporal rules in humans (Bushara et al., 2001; Macaluso et al.,
2004), neuronal inverse effectiveness has never been shown. To incor-
porate fully what we have learned from animal models of sensory
integration with human studies of the same phenomena, these pro-
perties must be clarified. Here, we will specifically address the lack of
evidence for neuronal inverse effectiveness with audiovisual stimuli in
human cortex.

A second outstanding issue in the field of sensory integration is
whether or not speech stimuli are integrated in the same manner as
other environmental sounds. For instance, it has been hypothesized
that speech, or stimuli perceived as speech, are integrated through
special mechanisms (Kuhl et al., 1991; Stekelenburg and Vroomen,
2007; Tuomainen et al., 2005). In neuroimaging studies, this has been
supported both anatomically and functionally within superior
temporal sulcus (STS). Anatomically, responses in STS to visual facial
movements, particularly of the mouth and eyes, are more anterior
than other forms of biological motion (Johnson-Frey et al., 2005;
Materna et al., 2007; Pelphrey et al., 2005; Puce et al., 1998; Winston
et al., 2004). Perhaps not coincidentally, intelligible auditory-speech
stimuli activate anterior STS whereas non-intelligible, speech-like
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stimuli do not (Scott et al., 2000). Functionally, presentations of
audiovisual speech have shown superadditive responses within STS
(Calvert et al., 2000), whereas objects have only been shown to elicit
superadditivity when they are highly degraded (Stevenson et al.,
2007), and have often been shown to not evoke a superadditive
response otherwise (Beauchamp, 2005; Beauchamp et al., 2004a,b).
The goal of the following studies was twofold: first, to attempt to
characterize inverse effectiveness in human cortex, and second, to
investigate possible differences and similarities between mechanisms
of integration of the auditory and visual sensory streams in human STS
with regards to speech and object recognition. Two experiments are
reported investigating BOLD responses in human STS, an area known
to show multisensory integration for audiovisual stimuli in humans
(Beauchamp, 2005; Calvert, 2001; Calvert et al., 2000; Stevenson et al.,
2007), non-human primates (Barraclough et al., 2005; Benevento et
al., 1977; Bruce et al., 1981; Hikosaka et al., 1988) and other mammals
(Allman and Meredith, 2007). These two experiments use a range of
stimulus-salience levels, which produce parametrically varying levels

of behavioral performance, to test whether or not BOLD activation in
human STS follows the law of inverse effectiveness with both speech
and object stimuli. Changes in unisensory activation are compared to
changes in multisensory activation to assess inverse effectiveness in
multisensory integration. Additionally, functional localization of
regions of STS involved in the integration of audiovisual speech and
independent localization of STS regions involved in audiovisual object
integration allow for direct anatomical and functional comparisons of
these regions within STS.

Methods and materials
Experiment 1: Fast event-related design with tool stimuli
Participants
Participants included eleven right-handed subjects (6 female, mean

age=25.9). Experimental protocol was approved by the Indiana
University Institutional Review Board and Human Subjects Committee.

A & B Experimental Methods

B Audio Component Video Component

SR ot

SNR Level

P Ty Ve W,

C Noise Only

» ' Yorih

LI ) 'r_‘ AL ¥- ﬁr-i'
s litmdeln bl VS iy e Lo e oo Lk s v

F Reduced Contrast, Noisy Tool Stimulus

oA AL 1 LA

Fig. 1. Methods and stimuli. Experimental runs were conducted using an event-related design with stimulus presentations at various SNR-levels (A), while localizer runs used a
blocked design with high-SNR level stimuli (B). Stimuli from Experiment 1 consisted dynamic videos and sounds of hand-held tools (D), with the video presented here as individual
frames, and the audio as a spectrogram (red=high power spectral density, blue=low power spectral density). Visual white noise and audio scanner noise (C) were added to the
original stimuli, and the SNR was reduced for experimental runs (see F for an example). Stimuli from Experiment 2 consisted of dynamic videos and sounds of single word utterances
(D). Visual white noise and audio scanner noise (C) were added to the original stimuli, and the SNR was reduced for experimental runs (see G for an example).
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Stimuli

Stimuli consisted of two-second, dynamic AV recordings of manual
tools including hammers and paper cutters (16 stimuli in all were used,
with varying rhythms, viewpoints, and speeds, to ensure that recogni-
tion was based upon the object itself as opposed to a specific exemplar)
(see Fig. 1D). Participants' individual psychophysical thresholds were
found while in an MRI simulator designed to mimic the actual fMRI.
Interleaved two-down-one-up and one-down-one-up staircases were
used. Participants performed a two-alternative forced-choice (2AFC)
decision: whether the stimulus was a hammer or a paper cutter. During
the audio task, pre-recorded scanner noise was played at an equal
decibel level to the actual MRI. For both the A and V tasks, dynamic
noise (standard deviation=0.1 for A and 0.0118 for V) was added to the
signal (see Fig. 1C). Signal level was measured as root mean square
contrast for both A and V stimuli. Signal level was varied across
staircase trials while noise contrast was held constant, thus varying the
signal-to-noise ratio (SNR) (see Fig. 1F). Participants completed 400
trials in each modality. The data gathered during the staircase proce-
dures were then fitted with psychometric Weibull functions. Stimulus
levels used during the fMRI testing procedure were derived from the
fitted functions for each participant for A and V stimuli at five SNR
levels corresponding to 55, 65, 75, 85, and 95% accuracy.

SNR of AV presentations, which combined A and V stimulus
components into a multisensory stimulus, were not determined from
AV staircases. Instead, AV presentations were derived by combining A and
V components of the same signal level. For instance, the 75% AV condition
was the simultaneous presentation of the 75% A and the 75% V stimuli.

All stimuli were presented using MATLAB 5.2 (MATHWORKS Inc.,
Natick, MA) software with the Psychophysics Toolbox extensions
(Brainard, 1997; Pelli, 1997), running on a Macintosh computer. V
stimuli were projected onto a frosted glass screen using a Mitsubishi
XL30U projector. V stimuli were 200x200 pixels and subtended
10.3x10.3 of visual angle. Audio stimuli were presented using pneu-
matic headphones.

Scanning procedures

Each imaging session included two phases: functional localizers
and experimental scans. Functional localizers consisted of high-SNR
stimuli (i.e., not degraded by lowering contrast, see Fig. 1F) presented
in a blocked stimulus design (see Fig. 1B) while participants completed
an identification task. Each run began with the presentation of a
fixation cross for 12 s followed by six blocks of A, V, or AV stimuli. AV
stimuli were always congruent, which has been shown to be a critical
factor in multisensory facilitation (Laurienti et al., 2004). Each run
included two blocks of each stimulus type, with blocks consisting of

eight, two-second stimulus presentations, separated by 0.1 s inter-
stimuli intervals (ISI). New blocks began every 28 s separated by
fixation. Runs ended with 12 s of fixation. Block orders were counter-
balanced across runs and participants. Each participant completed
two functional localizer runs.

During experimental runs, stimuli were presented in a fast event-
related design (see Fig. 1A) in which participants performed a 2AFC
task, discriminating hammers from paper cutters. Each run included
A, V, and AV stimuli from three of the five SNR levels (recall that AV
stimuli were a combination of A and V stimuli at their respective
unisensory SNR levels), as well as blank trials, which consisted of A
and V noise without an A or V signal (henceforth to be referred to as
‘baseline’ in experimental runs) (see Fig. 1C). Runs began with the
presentation of a fixation cross for 12 s, followed by seven trials of
each stimulus type, for a total of 70 trials per run. For the seven trials of
each stimulus type, four trials were preceded by a two-second ISI, two
preceded by a four-second ISI, and one by a six-second ISI, with ISIs
consisting of a static visual fixation cross. Runs concluded with 12 s of
fixation. Trial and ISI orders were counterbalanced across runs and run
order was counterbalanced across participants. Each participant
completed 10 experimental runs, for a total of 42 trials per condition.

Imaging parameters and analysis

Imaging was carried out using a Siemens Magnetron Trio 3-T whole
body scanner, and collected on an eight-channel phased-array head
coil. The field of view was 22 x22x9.9 cm, with an in plane resolution
of 64 x 64 pixels and 33 axial slices per volume (whole brain), creating a
voxel size of 3.44x3.44 x3 mm. Images were collected using a gradient
echo EPI (TE=30 ms, TR=2000 ms, flip angle=70°) for BOLD imaging.
High-resolution T1-weighted anatomical volumes were acquired using
Turbo-flash 3-D (TI=1100 ms, TE=3.93 ms, TR=14.375 ms, flip
angle=12°) with 160 sagittal slices with a thickness of 1 mm and
field of view of 224 x256 (voxel size=1x1x1 mm).

Imaging data were pre-processed using Brain Voyager ™ 3-D
analysis tools. Anatomical volumes were transformed into a common
stereotactic space (Talaraich and Tournoux, 1988). Functional data
were aligned to the first volume of the run closest in time to the
anatomical data collection. Each functional run was then aligned to
the transformed anatomical volumes, transforming the functional
data to a common stereotactic space across participants. Functional
data underwent a linear trend removal, 3-D spatial Gaussian filtering
(FWHM 6 mm), slice scan time correction, and 3-D motion correction.

Whole-brain, random-effects (RFX) statistical parametric maps
(SPM) were calculated using Brain Voyager™ general linear model
(GLM) procedure. Event-related averages (ERA), consisting of aligning

Table 1

Region of interests with tool and speech stimuli
ROI X-coordinate Y-coordinate Z-coordinate # of voxels

Experiment 1 (tool) R audiovisual 50.0 -40.1 113 642.4
L audiovisual -47.7 -40.1 10.6 754.3
R audio 523 -15.1 8.9 3267.9
L audio -50.0 -18.9 7.8 3948.6
R visual 29.0 =737 19 3054.7
L visual -33.1 -70.5 0.6 3348.9

Experiment 2 (tool) R audiovisual 54.3 -45.0% 15.4* 20474
L audiovisual -475 -46.6* 11.9 1395.3
R audio 53.8 =173 10.7 13019.1
L audio -51.0 =200 11.3* 11755.6
R visual 30.7 -745 -2.8 17796.4
L visual =27 -75.98 0.3 15737.6

Experiment 2 (speech) R audiovisual 50.8 -35.8* 9.8% 3315.6
L audiovisual -48.2 -38.2% 111 1861.9
R audio 56.0 -16.6 10.5 4041.6
L audio -43.5 -18.1* 8.9% 1895.4
R visual 259 -81.9 -15 6288.8
L visual =235 -80.5 =310) 5543.0

* Indicates a significant difference between tool and speech ROIs in Experiment 2.
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Table 2
Group SPM regions of activation with tool stimuli (event-related runs)
Contrast Region BA X Y Z mm3
Audio-only: Left Heschel's gyrus 42
High-SNR speech > bRight Heschel's gyrus 13 =52 -20 10 9875
Low-SNR speech Left superior temporal gyrus 21/22
(Experiment 2) “Left superior temporal sulcus 42
bRight superior temporal gyrus 13 52 -20 10 10037
bRight superior temporal sulcus 21/22
Left inferior occipital gyrus/Left lingual gyrus 19 -24 -76 -13 355
Right inferior occipital gyrus/Right lingual gyrus 19 22 -83 -10 328
Left middle occipital gyrus 18 =24 -91 4 90
Right middle occipital gyrus 18 24 -91 6 456
Visual-only: Left fusiform gyrus 37 =28 -44 =4 282
High-SNR Speech > Right fusiform gyrus 37 36 -40 -14 539
Low-SNR Speech Left anterior inferior frontal gyrus 45 =37 32 -4 288
(Experiment 2) Right anterior inferior frontal gyrus 45 33 32 1 23
Left posterior inferior frontal gyrus 9 -46 9 22 929
Right posterior inferior frontal gyrus 9 48 13 27 27
Left medial occipital gyrus 19 -38 =70 =3 19
Right medial occipital gyrus 19 44 -66 -11 1577
Left anterior superior temporal gyrus 38 -45 10 -12 1446
Right anterior superior temporal gyrus 38 47 16 -9 598
Left anterior superior temporal sulcus 21 -56 -18 -5 2728
Left superior temporal sulcus 22 -42 -58 13 520
Right superior temporal sulcus 22 -49 -54 20 215
Audiovisual: Left anterior cingulate gyrus 24 =5 17 44 1130
High-SNR Speech > Right anterior cingulate gyrus 24 2 6 45 288
Low-SNR Speech Left fusiform gyrus 37 =25 -48 -11 41
(Experiment 2) Right fusiform gyrus 37 35 -59 -13 184
Left Heschel's gyrus 42
“Left superior temporal gyrus 13 =52 =22 8 25434
“Left superior temporal sulcus 21/22
dRight Heschel's gyrus 42
dRight superior temporal gyrus 13 54 -20 10 18656
dRight superior temporal sulcus 21/22
Left medial occipital gyrus 19 539 =70 =5 344
Right medial occipital gyrus 19 36 -67 0 357

@ Superscripted letters indicate contiguous activations over several adjacent brain regions.

Y = -46

B Conjunction of Audio-only and Visual-only Speech Acivations

—

p<0.004

Y=-57
XY

Fig. 2. Conjunction of activations in response to unisensory presentations of audio-only and visual-only tools and speech. Whole-brain, REX SPMs of activations defined by the
contrast (A>rest) N (V>rest) from blocked localizer runs with both tools (A) and speech (B) stimuli in Experiment 2. Activations were similar, and in both cases indicated bilateral STS
activations, which were subsequently defined separately for each individual as multisensory ROIs according to that individual's data. Other regions of activation are labeled by letters,
and include: (a) anterior cingulated gyrus, (b) thalamus, (c) post-central gyrus, (d) superior temporal sulcus, (e) inferior parietal lobule, (f) fusiform gyrus, (g) cerebellum, (h)

Heschel's gyrus, superior temporal gyrus, and superior temporal sulcus, and (i) insula. For region of activity details, see Table 2.



1214

and averaging all trials from each condition to stimulus onset, were
created based on stimulus type for both the localizer and the
experimental study. Hemodynamic response amplitudes were defined
as the arithmetic mean of the time course within a time window 6-
16 s after block onset for the localizer runs, and a window of 4-6 s after
trial onset for the fast event-related experimental runs.

Experiment 2: Fast event-related design with speech stimuli

Participants

Participants included eleven right-handed subjects (6 female,
mean age=24.4). All subjects were native speakers of English.
Experimental protocol was approved by the Indiana University
Institutional Review Board and Human Subjects Committee.

Stimuli

Stimuli included dynamic, AV recordings of a female actor saying ten
nouns (see Fig. 1e). Stimuli were selected from a previously published
stimulus set, The Hoosier Audiovisual Multi-Talker Database (Sheffert
et al., 1996). All word stimuli were spoken by speaker F1. We selected
words that were monosyllabic, had the highest levels of accuracy on
both visual-only and audio-only discrimination (Lachs and Hernandez,
1998), and that resided in low-density neighborhoods (Sheffert et al.,
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1996). From the set of words that matched these criteria, we selected 10
such that they fell into two easily distinguishable semantic categories,
and had mean word length approximately equal across categories. The
two categories were body parts (face, leg, mouth, neck, and teeth) and
environmental words (beach, dirt, rain, rock, and sand). Mean body-
part-word duration was 1.562 s, and mean environmental-word
duration was 1.582 s. Participants' psychophysical thresholds for A
and V stimuli were found using the same staircase procedure described
for Experiment 1, but the 2AFC task was to discriminate between body-
part and environmental words. Means of stimuli presentation were
identical to those in Experiment 1 (see Fig. 1G).

Scanning procedures

Each imaging session included two phases: functional localizers
and experimental scans. Functional localizers included blocks of both
tool stimuli from Experiment 1 as well as the previously described
speech stimuli. Runs consisted of high-SNR stimuli presented in a
blocked stimulus design (see Fig. 1B) while participants completed
an identification task. Each run began with the presentation of a
fixation cross for 12 s followed by 1 block of A, V, and AV tool
stimuli, and 1 block of A, V, and AV speech stimuli. AV stimuli were
always congruent with blocks consisting of eight, two-second stimuli
presentations, separated by 0.1 s ISI. New blocks began every 28 s

Superadditivity in STS
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Fig. 3. Response from individual ROIs with object stimuli in Experiment 1. Unisensory audio (STG), unisensory visual (LOC), and multisensory audiovisual (STS) tool ROIs were
identified in each individual (see B for an example subjects ROIs). BOLD response curves were extracted in the multisensory ROI with A-only, V-only, and AV tool stimuli at each SNR
level (F, G, and H, respectively). BOLD response amplitudes were calculated in the multisensory ROI (D), as well as in the auditory (C) and visual (E) ROIs. The multisensory ROIs
responses with unisensory tool stimuli were summed and compared to the response with multisensory stimuli (A). Responses with high SNR-level stimuli did not show
superadditivity, but as SNR decreased, multisensory enhancement became stronger, implying inverse effectiveness.
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separated by fixation. Runs ended with 12 s of fixation. Block orders
were counterbalanced across runs and participants. Each participant
completed 4 functional localizer runs.

Experimental runs were identical to those in Experiment 1 but
used only speech stimuli, with subjects performing a discrimination
task between word categories. Each participant completed 10
experimental runs, for a total of 42 trials per condition.

Imaging parameters and analysis
All imaging parameters and preprocessing analysis were identical
to those in Experiment 1.

Results
Functional regions of interest

In both experiments, three functional ROIs were defined inde-
pendently for each participant by combining functional information
from a whole-brain SPM analysis on the localizer runs (in which
blocked, high-SNR manual-tool stimuli were used) with anatomical
landmarks.

A High-saliency Audio-only Tools

Y =26 Y=9

Bilateral AV tool ROIs were defined based on a conjunction of
two contrasts, activations with audio stimuli greater than baseline
AND with visual stimuli greater than baseline (p<4x10~°). These
ROIs were located on the posterior aspect of the STS (see Fig. 3B and
Table 1). The AV tool ROIs described in both experiments used
identical stimuli, stimulus presentation, and functional and anato-
mical definitions. Consistency of tool ROIs across experiments was
examined using a one-way ANOVA with center of mass of ROIs as
the dependent measure. No significant differences were found
between tool ROIs (but see results from Experiment 2 for a compa-
rison of tool and speech ROIs). All individual ROIs were found
bilaterally (p<4x10~°) with the exception of 1 individual who
lacked a definable right AV tool ROIL

Bilateral tool A and V ROIs were defined in both experiments.
Audio ROIs were defined as areas in which the BOLD response was
greater with A than with V stimuli (p<4x107°), and located on the
superior temporal gyrus (STG), likely corresponding to primary and
secondary auditory cortex (Semple and Scott, 2003). Visual ROIs were
defined as areas in which the BOLD response was greater with V than
with A stimuli (p<4x107°), and located on the anterior inferior
occipital gyrus, likely consisting of a portion of the lateral occipital

> Low-saliency Audio-only Tools

Y =-21 Y =-41

B High-saliency Visual-only Tools> Low-saliency Visual-only Tools

=-20 Y = -48

C High-saliency Audio-visual Tools> Low-Saliency Audio-visual Tools

% Contrast threshold for slice Y = -91 was lowered to t =-2.4 (p < 0.016)

Fig. 4. Regions showing higher activation with high-SNR than with low-SNR tool stimuli. Whole-brain, RFX SPMs of group activations defining regions more active with high-SNR
than with low-SNR tools for audio-only (A), visual-only (B), and audiovisual (D) presentations. Importantly, all three contrasts identified bilateral STS, mirroring the results seen in
individually-defined, multisensory STS. Other regions of significance are labeled by letters, and include: (a) inferior frontal gyrus, (b) a large area of activation including Heschel's
gyrus, superior temporal sulcus, and superior temporal gyrus, (¢) middle occipital gyrus, (d) inferior frontal gyrus, (e) thalamus, (f) fusiform gyrus, (g) lateral occipital complex, and

(h) middle occipital gyrus. For region of activity details, see Table 3.
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complex (LOC) (James et al., 2003; James and Gauthier, 2006; James et
al., 2000, 2002; Malach et al., 1995) (see Fig. 3B and Table 1).

Speech ROIs in Experiment 2 were defined in the same manner as
tool ROIs in Experiment 1 (see Fig. 4b and Table 1). Timecourse data
were extracted from bilateral multisensory regions within STS, and
BOLD response amplitudes were calculated (Figs. 3d, f, g, and h).
Bilateral AV speech ROIs were defined in all participants (See Table 1).
All individual ROIs were found bilaterally (p<4x107°) with the
exception of 1 individual who lacked a definable right AV speech
ROI (the same subject who lacked a significant right AV tool ROI).

In Experiment 2, whole-brain, REX statistical parametric maps
(SPMs) were created using group data from localizer runs with both
speech and tool stimuli. Multisensory regions were defined as regions
that responded to both audio-only and visual-only stimuli (see Figs. 4
and 6) at significant levels (t>4, p<0.004) (see Table 2).

Anatomical locations of functional tool ROIs were highly consistent
across experiments. Because the localizer runs for Experiment 2 used
tool and speech stimuli, the coordinates of the tool-defined and
speech-defined ROIs were compared directly. Consistent with pre-
vious findings (Specht and Reul, 2003), the centers of multisensory
speech ROIs in the left hemisphere were significantly anterior (p<0.02)
to the centers of multisensory tool ROIs (see Figs. 7 and 8), and
significantly anterior (p<0.03) and ventral (p<0.005) in the right
hemisphere. The centers of auditory speech-defined ROIs in the left
hemisphere were more anterior (p<0.03) and ventral (p<0.005) than
the centers of auditory tool-defined ROIs, which is also consistent
with previous reports (Binder et al., 1996; Scott et al., 2000; Scott and
Johnsrude, 2003; Specht and Reul, 2003; Zekveld et al., 2006). There
were no significant differences in the location of the visual ROIs.

Inverse effectiveness

Experiment 1 consisted of rapid event-related runs (see Fig. 1A)
in a 3x5 factorial design, with three sensory conditions and five

stimulus saliencies as levels of their respective factors. A, V, and AV
manual-tool stimuli (see Fig. 2C) were presented at five distinct
levels of SNR, with participants performing a 2AFC object categor-
ization task. Behaviorally, accuracies with audio- and visual-only
stimuli did not differ from their estimated accuracies (p<0.05 for
both). Behavioral accuracies with AV trials at each unisensory SNR
level were significantly higher than their respective unisensory
counterparts including the multisensory accuracies at SNR levels
associated with 55% (accuracy=63.6%, p<0.5), 65% (accuracy=80.6%,
p<0.5), 75% (accuracy=91.8%, p<0.5), 85% (accuracy=97.3%, p<0.5),
and 95% (accuracy=99.3%, p<0.5) unisensory accuracies.

BOLD response amplitudes with A, V, and AV stimuli were
averaged across trials for each subject at all five SNR levels. SNR had a
strong effect on BOLD activation in the A, V and AV conditions, with
high-SNR trials producing the greatest BOLD activation. In addition,
linear regressions of SNR on BOLD activation showed a highly sig-
nificant linear trend for all three stimulus types in STS, A (R>=0.78), V
(R?=0.92), and AV (R*>=0.95). In Experiment 1, in the multisensory STS
ROI, the unisensory and multisensory changes were greater than zero,
indicating that BOLD activation showed a general decrease as the
stimuli were more degraded, across stimulus modalities.

BOLD response amplitudes from STS were analyzed according to
the established metric of superadditivity. For each SNR level, a paired-
sample t-test was used to compare the summed unisensory responses
(A+V) to the AV response. Experiment 1 showed inverse effectiveness
in the levels of superadditivity (see Fig. 3A); as SNR decreased,
increases were seen in effect size and statistical significance. In accord
with Stevenson and colleague's findings of superadditivity at low SNR
(Stevenson et al., 2007), AV responses exceeded the superadditive
criterion (A+V<AV) at the 55 and 65% accuracy conditions (p<0.03
and 0.04, respectively), and marginally at 75% accuracy condition
(p<0.08), but there was no superadditivity at higher SNR levels.
Activation at higher SNR levels was not superadditive. This pattern of
activation implies inverse effectiveness, that is, multisensory

Table 3
Group SPM regions of activation with speech stimuli (event-related runs)
Contrast Region BA X Y Z mm3
Audio-only: “Left Heschel's gyrus 42
High-SNR speech > ALeft superior temporal gyrus 13 =57 -24 11 2265
Low-SNR speech ALeft superior temporal sulcus 21/22
(Experiment 2) PRight Heschel's gyrus 42
PRight superior temporal gyrus 13 55 -17 10 6418
bRight superior temporal sulcus 21/22
Left inferior occipital gyrus/Left lingual gyrus 19 =3 -70 =3 1333
Right inferior occipital gyrus/Right lingual gyrus 19 24 =772 -6 1391
Visual-only: Left fusiform gyrus 37 -41 -45 -1 2161
High-SNR speech > Right fusiform gyrus 37 37 -47 -11 2061
Low-SNR speech Left anterior inferior frontal gyrus 45 -39 31 7 1005
(Experiment 2) Right anterior inferior frontal gyrus 45 45 25 12 800
Left posterior inferior frontal gyrus 9 -46 9 25 3327
Right posterior inferior frontal gyrus 9 37 7 32 421
Left medial frontal gyrus 6 -5 5 50 452
Right medial frontal gyrus 6 1 6 50 120
Left medial occipital gyrus 19 -33 =77 =3 604
Right medial occipital gyrus 19 36 -76 0 318
Left superior temporal sulcus 22 -59 =37 12 302
Right superior temporal sulcus 22 45 -39 11 560
Audiovisual: Left fusiform gyrus 37 -40 -50 -12 3612
High-SNR speech > Right fusiform gyrus 37 39 -53 -9 4455
Low-SNR speech Left Heschel's gyrus 42
(Experiment 2) Left superior temporal gyrus 13 =53 =22 10 15349
“Superior temporal sulcus 21/22
dRight Heschel's gyrus 42
dRight superior temporal gyrus 13 54 -18 9 15039
9dRight superior temporal sulcus 21/22
Left anterior inferior frontal gyrus 45 -43 29 8 237
Right anterior inferior frontal gyrus 45 49 29 9 253
Left medial occipital gyrus 19 -35 =72 ) 3652
Right medial occipital gyrus 19 35 =75 =3 5497

@ Superscripted letters indicate contiguous activations over several adjacent brain regions.
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enhancement increases as stimulus saliency decreases. In the A and V
ROIs, the unisensory and multisensory activations did not show a
pattern of inverse effectiveness, that is, summed unisensory and
multisensory activations were equally sensitive to degradation. This
pattern implies that the two sensory streams do not converge in those
brain regions. A similar analysis was performed on the group whole-
brain SPM, and no voxels were found to be significantly superadditive
at any level.

In order to mirror the individual-subjects analysis, stimulus-
saliency-based contrasts were used to identify regions that responded
more (or less) to high-saliency tool stimuli than low-saliency tool
stimuli on a group level. Parametric contrast coefficients were
assigned to conditions based on participants pre-measured behavioral
accuracies (95%=+2, 85%=+1, 75%=-1, 65%=-2). With this contrast,
SPMs for audio-only, visual-only, and audiovisual trials were created
(see Fig. 4A-C, respectively), and significant activations identified
(t>4,p<.003) (see Table 3). Importantly, this group analysis confirmed
decreased activation in STS with unisensory and multisensory
stimulus presentations.

A second experiment was run to determine if these findings on
inverse effectiveness and neuronal convergence were robust across
stimulus types, specifically speech stimuli, which are often consi-
dered to be distinct from other forms of audiovisual stimuli. Experi-
ment 2 used an identical rapid event-related design as Experiment 1

with five levels of SNR, but with speech stimuli (see Fig. 1G) as
opposed to object stimuli. Behaviorally, accuracies with audio- and
visual-only stimuli did not differ from their estimated accuracies
(p<0.05 for both). Behavioral accuracies with AV trials at each
unisensory SNR level were significantly higher than their respective
unisensory counterparts including the multisensory accuracies at
SNR levels associated with 55% (accuracy=64.1%, p<0.5), 65%
(accuracy=77.9%, p<0.5), 75% (accuracy=86.8%, p<0.5), 85% (accu-
racy=96.6%, p<0.5), and 95% (accuracy=98.9%, p<0.5) unisensory
accuracies.

As in Experiment 1, reduction of BOLD signal with decreased
stimulus SNR was linear in STS with A (R?=0.91), V (R*=0.92), and AV
(R?=0. 92) stimuli. All unisensory and multisensory changes were
again greater than zero in the multisensory STS ROIL

As with Experiment 1, BOLD response amplitudes from STS were
analyzed according to superadditivity. For each SNR level, a paired-
sample t-test was used to compare the summed unisensory responses
(A+V) to the AV response. Experiment 2 showed inverse effectiveness
in the levels of superadditivity (see Fig. 5A); as SNR decreased,
increases were seen in effect size and statistical significance. AV
responses exceeded the superadditive criterion (A+V<AV) at the 55%
accuracy level with tool stimuli (p<0.01), with the 65% accuracy
condition showing marginal significance (p<0.08), while higher SNR
levels produced no superadditivity. This pattern of activation again

Superadditivity in STS
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Fig. 5. Response from individual ROIs with speech stimuli in Experiment 2. Unisensory audio (STG), unisensory visual (LOC), and multisensory audiovisual (STS) speech ROIs were
identified in each individual (see B for an example subjects ROIs). BOLD response curves were extracted in the multisensory ROI with A-only, V-only, and AV speech stimuli at each
SNR level (F, G, and H, respectively). BOLD response amplitudes were calculated in the multisensory ROI (D), as well as in the auditory (C) and visual (E) ROIs. The multisensory ROIs
responses with unisensory speech stimuli were summed and compared to the response with multisensory stimuli (A). Responses with high SNR-level stimuli did not show
superadditivity, but as SNR decreased, multisensory enhancement became stronger, implying inverse effectiveness.
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implies inverse effectiveness. That is, multisensory enhancement
increases as stimulus saliency decreases. In the A and V ROIs, the
unisensory and multisensory activations did not show a pattern of
inverse effectiveness.

As with Experiment 1, to mirror the individual-subjects analysis,
stimulus-saliency-based contrasts were used to identify regions
that responded more (or less) to high-saliency speech stimuli than
low-saliency speech stimuli. Parametric contrast coefficients were
assigned to conditions based on participants pre-measures beha-
vioral accuracies (95%=+2, 85%=+1, 75%=-1, 65%=-2). With this
contrast, SPMs for audio-only, visual-only, and audiovisual trials
were created (see Fig. 6A-C, respectively), and significant acti-
vations identified (t>4, p<.003) (see Table 4). Again, this group
analysis confirmed decreased activation in STS with unisensory and
multisensory stimulus presentations.

Object and speech differences
While results with both tool and speech stimuli showed inverse

effectiveness, there was a marked difference between the anatomical
locations of tool and speech ROIs (see Fig. 7 and 8). Due to these

anatomical differences, possible differences in functional processing
were assessed. Results from Experiments 1 and 2, consisting of iden-
tical event-related designs but using tool and speech stimuli,
respectively, were compared in a repeated-measures ANOVA, with
SNR level and modality (AV compared to A+V) as within-subjects
variables, and stimulus type as a between-subjects variable. There was
a significant main effect of SNR level (p<0.001), and a marginally
significant interaction between modality and SNR level (p=0.065).
This interaction further demonstrates inverse effectiveness. There
was, however, no three-way interaction between modality, SNR level,
and stimulus type (p=0.89). Thus, the level of inverse effectiveness did
not vary between tools and speech.

In an attempt to verify the result of no difference in BOLD change
with SNR between speech and tool stimuli, individual t-tests were
performed on the slopes of the A, V, AV linear decreases with SNR. All
of these comparisons showed no significant differences between
responses to speech and tool stimuli, verifying the lack of differences
between speech and tool stimuli (A, p=0.88; V, p=0.78; AV, p=0.81).

A final analysis attempted to address a possible discrepancy in the
findings of two previous studies. The first found superadditivity for
speech (Calvert et al.,, 2000), and the other failed to find

B High-saliency Visual-only Speech > Low-saliency Visual-only Speech

Y=-12

Y=-21

C High-saliency Audio-visual Speech > Low-Saliency Audio-visual Speech

Fig. 6. Regions showing higher activation with high-SNR than with low-SNR speech stimuli. Whole-brain, REX SPMs of group activations defining regions more active with high-SNR
than with low-SNR speech for audio-only (A), visual-only (B), and audiovisual (D) presentations. Importantly, all three contrasts identified bilateral STS, mirroring the results seen in
individually-defined, multisensory STS. Other regions of significance are labeled by letters, and include: (a) a large area of activation including Heschel's gyrus, superior temporal
sulcus, and superior temporal gyrus, (b) inferior occipital gyrus, (c) anterior inferior frontal gyrus, (d) anterior cingulate gyrus, (e) posterior inferior frontal gyrus, (f) superior temporal

sulcus, and (g) fusiform gyrus. For region of activity details, see Table 4.
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superadditivity with manual tools (Beauchamp et al., 2004b). These
two previous experiments used blocked designs with high-SNR
stimuli, thus we analyzed our blocked-design localizer runs from
Experiment 2, in which high-SNR tool and speech stimuli were
presented in blocks of A, V, and AV modalities. Timecourses were
extracted from multisensory ROIs (see Fig. 9A-D). Neither the left nor
right multisensory STS ROIs, defined with tool or speech stimuli,
elicited a superadditive response in the AV condition. In fact, all
comparisons showed significant sub-additivity, consistent with pre-
dictions by models of multisensory BOLD response (Laurienti et al.,
2005), and consistent with previous multisensory studies with tools
(Beauchamp et al., 20044a,b; Stevenson et al., 2007), but inconsistent
with a previous multisensory study with speech (Calvert et al., 2000).

Discussion

Our results provide the first evidence that neural activation in
human cortex follows the law of inverse effectiveness. As SNR was
decreased incrementally, area STS showed a relative gain in BOLD
activation with AV stimuli over and above the activation predicted by
combined responses with unisensory A and V stimuli. We assessed
this interaction using superadditive changes in BOLD with unisensory
and multisensory stimuli. Our results clearly show that AV tool and
speech stimuli produce identical patterns of neuronal convergence
across a dynamic range of stimulus saliencies, despite the fact that AV
tool- and speech-defined ROIs were spatially separable.

Previous studies with non-human primates have demonstrated
that STS is a site of multisensory integration (Barraclough et al., 2005;
Benevento et al., 1977; Bruce et al., 1981; Hikosaka et al., 1988). Many
neurons within STS show multisensory enhancement, that is, they
respond more strongly to a multisensory input than they do to either
unisensory input in isolation. The level of enhancement in those cells,
however, can be influenced by different factors. First, multiple sensory
inputs are integrated better when they originate from the same spatial
location (spatial congruence); second, inputs are integrated better
when they occur simultaneously or are synchronous (temporal
congruence); and third, inputs are integrated better when they are
degraded (inverse effectiveness).

1219

There is evidence that integration in human STS is influenced
by spatial and temporal congruence (Bushara et al., 2001; Macaluso
et al., 2004), but ours is the first evidence for inverse effectiveness.
The experiments reported here strongly suggest that human STS
does in fact respond in an inversely-effective manner: as the SNR of
stimuli decrease, BOLD activations with AV stimuli become relatively
larger compared to the AV response that the unisensory responses
predict. Studies of human sensory systems have demonstrated main
effects of BOLD response with multisensory stimuli exceeding that of
unisensory stimuli (Beauchamp, 2005; Beauchamp et al., 2004a,b;
Calvert, 2001; Calvert et al., 2000, 2001; Stevenson et al., 2007), as
well as increased BOLD response with increased SNR level
(Stevenson et al, 2007), but have not (until now) shown the
interaction between the two that defines inverse effectiveness. It
should also be noted that the effect was extremely reliable, and
generalized across conditions. The pattern of inverse effectiveness
was the same for tool and speech stimuli and was the same in tool-
defined and speech-defined ROIs. Furthermore, this interaction was
seen across the entire dynamic range of behavioral responses, from
55-95% accuracy, and was shown to be linear in nature. Also,
variances did not increase with higher mean BOLD responses,
ensuring that this inverse effectiveness was not merely a statistical
artifact (Holmes, 2007).

Inverse effectiveness can also be seen clearly in the increased
number of individual's ROIs showing superadditivity at lower SNR-
levels (see Fig. 7). As stimulus SNR decreased, the BOLD responses
within more of these ROIs became superadditive. A group SPM
analysis did not reveal any voxels that exhibited significant super-
additivity, at any of the SNR levels, even at liberal statistical thres-
holds. This was likely due to several reasons. First, the design of this
experiment divided trials into five SNR levels, whereas future studies
could isolate a single low-SNR condition, resulting in five times the
trials and increased power over this study. Second, as can be seen in
Fig. 7, the individual-defined ROIs show a high level of variability in
anatomical location. When these individuals are combined in a group
analysis, the lack of anatomical overlap causes a diffusion of the
superadditive effect, which in turn results in lower-than-expected
statistical power for the group analysis. Unlike the loss of power

Table 4

Group SPM regions of activation (blocked runs)

Contrast Region BA X Y VA mm3

Conjunction of activation with A-only and Left anterior cingulate gyrus 24 -14 8 11 400

V-only blocked tool stimuli (Experiment 2) Right anterior cingulate gyrus 24 20 1 29 1443
Right fusiform gyrus 37 33 =55 =21 412
Left inferior parietal lobule 40 =27 -53 36 2514
Right inferior parietal lobule 40 28 -60 32 826
Left lateral occipital complex 37 -45 -54 1 1090
Right lateral occipital complex 37 49 -58 4 558
Left post central gyrus 2 -52 =25 26 2619
Left superior temporal sulcus 21/22 -43 -50 2 2276
Right superior temporal sulcus 22 47 -30 2 623
Left thalamus N.A. -15 -17 4 1570
Right thalamus N.A. 19 -20 7 405

Conjunction of activation with A-only and Left anterior cingulate gyrus 24 -14 5 34 1127

V-only blocked speech stimuli (Experiment 2) Right anterior cingulate gyrus 24 16 12 32 378
Right cerebellum N.A. 17 =5l 2l 3919
Left fusiform gyrus 19/37 -33 -49 =25 447
Right fusiform gyrus 19/37 33 -49 -20 471
Left inferior parietal lobule 40 =39) -41 27 383
Right inferior parietal lobule 40 26 -39 32 752
Left insula 13 =25 23 5 608
Right insula 13 28 21 10 871
Left post central gyrus 2 -35 -25 44 2053
Left superior temporal sulcus 22 -41 -40 7 1348
Right superior temporal sulcus 22 51 =29 3 1082
Left thalamus N.A -24 4 1 1931
Right thalamus N.A 25 3 17 343
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A Superaddive Responses
with Tool Stimuli

B Superaddive Responses
with Speech Stimuli

I:l = Superadditive . = Subadditive

Fig. 7. Anatomically diffuse individual-defined functional ROIs show increased superadditivity at lower SNR-levels. At high SNR-levels (see insets), individuals' functionally-defined
multisensory STS ROIs were more often subadditive (seen as green activations) than superadditive (seen as red activations) with both tool (A) and speech (B) stimuli. At low SNR-
levels, more individuals' ROIs became superadditive than subadditive, following the law of inverse effectiveness. Individuals' multisensory ROIs (centroids represented by black dots)
where highly diffuse with little overlap, resulting in a lack of statistical power in the group superadditivity analysis.

described above, which was due to the division of trials among
multiple conditions, the loss of power caused by anatomical disper-
sion cannot be ameliorated by changing the experimental design. The
choice to use individual-defined versus group-defined ROIs is a
controversial one (Friston et al., 2006; Saxe et al., 2006), however, our
data appear to illustrate a case where the individual-defined ROIs are
able to describe the patterns in the data, whereas the group analysis
cannot. This case highlights the need to consider both individual-
defined and group-defined ROIs for a more complete understanding of
functional neuroimaging data.

It is worth noting that there was no evidence for inverse effec-
tiveness in the two ROIs we investigated that do not show inverse
effectiveness in non-human primates, namely the putative unisen-
sory brain regions. Although many areas once thought to be
unisensory have now been shown to be modulated by other sensory
inputs (Calvert et al., 1997; Kayser et al., 2005; Laurienti et al., 2002),
these modulations tend to be small. Thus, the experimental
conditions did not produce reliable changes in activation in either
unisensory area when stimuli were presented bimodally as opposed
to unimodally in either of the experiments, as would be expected in
areas in which audio and visual streams do not significantly interact.
That being stated, audio-only presentations did diminish the BOLD
signal in the posterior occipital cortex with both tool and speech
stimuli (see Figs. 4A and 6A, respectively). That is, the stronger the
audio signal, the less activity there was in early visual areas. This
finding was only seen in unisensory presentations of audio stimuli,
and the reciprocal effect of visual-only stimuli modulating auditory
cortex was not seen.

Although several different metrics have been previously explored
for use in assessing multisensory integration, the most popular has

been superadditivity. In Experiments 1 and 2, multisensory enhance-
ment (as defined by superadditivity) increased as SNR level decreased
(see Fig. 3A and 5A, respectively). With 85% and 95% accuracy
thresholds, neither tools nor speech AV stimuli evoked a superadditive
response. As SNR decreased from the 75% to 55% level, AV stimuli
trended towards and exceeded the superadditivity criterion with both
stimulus types. This change in superadditivity across SNR levels is
indicative of inverse effectiveness. These findings coincide with our
previous study that found superadditive responses with low-SNR AV
stimuli, but not with high-SNR AV stimuli (Stevenson et al., 2007).

= Audiovisual-Speech ROI
[ = Audiovisual-Object ROI

Fig. 8. Differences between anatomical location of tool-defined and speech-defined
ROIs. Tool and speech stimuli identified anatomically different regions of activations in
each individual (see a for an example). However, responses to both unisensory and
multisensory stimuli did not vary between tool and speech regions, suggesting that
while there is a difference in anatomical location, the underlying function is similar.
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Fig. 9. Bilateral BOLD responses to blocked presentations of high-SNR tools and. BOLD response curves in response to blocked presentations of tool stimuli were extracted from
multisensory ROIs in right (A) and left (B) STS (lighter curves represent standard error). Reponses with audio-only, visual-only, and audiovisual presentations were measured, and
BOLD response amplitudes defined. Multisensory BOLD response amplitudes were then compared to the sum of the unisensory activation. No evidence of superadditivity was found.
Similar curves were extracted, and BOLD response amplitudes calculated, for activations with unisensory and multisensory presentations of speech stimuli (C and D). Again, no

superadditivity was found.

speech integration agree that STS is involved in this integration process
(Callan et al., 2004; Calvert et al., 2000; Skipper et al., 2005). While it is
generally agreed that human STS is involved in both object and speech

Studies of multisensory integration have been performed using a
variety of different stimulus types, but one of the most studied
categories has been speech. The vast majority of studies of audiovisual
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integration (Driver and Noesselt, 2008; Hocking and Price, 2008; Stein
and Stanford, 2008; Stevenson et al., 2007), it has been debated
whether or not the processes underlying speech perception are unique
to speech (Fowler, 1996; Liberman and Mattingly, 1985, 1989; Massaro,
1998; Moore, 2003; Remez et al., 1981, 1994; Repp, 1982) and
integration (Kuhl et al, 1991; Stekelenburg and Vroomen, 2007;
Tuomainen et al., 2005). Behavioral studies of speech integration
suggest that the mere perception of a stimulus as speech can modify
the process of audiovisual integration (Tuomainen et al., 2005), while
electrophysiological studies have shown that speech and non-speech
AV events indifferently modulate neural activity (Stekelenburg and
Vroomen, 2007). The locations of our tool-defined and speech-defined
ROIs were different and essentially non-overlapping, and coincide with
previous findings of anatomical specificity for speech (Specht and Reul,
2003). Both the audio and AV ROIs in the left hemisphere were more
anterior when defined with speech than when defined with tool
stimuli, and AV ROIs in the right hemisphere were more anterior and
ventral with speech stimuli. STS has also been shown to respond
differentially to faces and facial movements, as well as hands and hand
movements (Johnson-Frey et al., 2005; Materna et al., 2007; Pelphrey
et al, 2005; Puce et al,, 1998; Winston et al.,, 2004). As such, the
possibility that these anatomical differences may be accounted for by
the inclusion of faces in the speech condition and hands in the hand-
held tools condition cannot be ruled out.

Our analysis of superadditivity further supports the lack of functional
difference between speech and tool ROIs. In the Experiment 2 localizer
runs, which used high-SNR stimuli, AV responses did not exceed the
superadditivity criterion with either speech or tool stimuli (see Fig. 9a-
d). In fact, the AV responses were actually significantly sub-additive.
While sub-additivity has been shown reliably for tool stimuli in STS
(Beauchamp, 2005; Beauchamp et al., 2004a,b; Stevenson et al., 2007),
one study has reported finding superadditivity in STS in response to
congruent audiovisual presentations of speech (Calvert et al., 2000).
These discrepant findings have led to the hypothesis that speech may be
integrated in a unique fashion within STS. Our data, however, fail to
replicate this finding, and show that speech integration is no different
from integration of stimuli from other object classes. It should be noted,
however, that the speech stimuli used here were single words, while the
study finding superadditivity used audiovisual reading from literary
passages (Calvert et al., 2000).

In summary, human multisensory STS showed evidence of inverse
effectiveness for both speech and non-speech audiovisual stimuli,
similar to the inverse effectiveness seen in non-human primates at the
level of single neurons. Even though the tool-defined and speech-
defined ROIs were anatomically segregated, the patterns of activation
across SNR levels produced in these ROIs were strikingly similar. Thus,
despite anatomical specificity for stimulus type, there was no
functional specificity with regard to multisensory integration. In
other words, if there are substrates within STS that are specialized for
processing AV speech, the manner in which they integrate the visual
and auditory signals is not specific to speech stimuli.
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