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Multisensory Facilitation of Behavior in Monkeys:
Effects of Stimulus Intensity

Céline Cappe'?>, Micah M. Murray’, Pascal Barone?,
and Eric M. Rouiller’

Abstract

[l Multisensory stimuli can improve performance, facilitating RTs
on sensorimotor tasks. This benefit is referred to as the redundant
signals effect (RSE) and can exceed predictions on the basis of
probability summation, indicative of integrative processes.
Although an RSE exceeding probability summation has been
repeatedly observed in humans and nonprimate animals, there
are scant and inconsistent data from nonhuman primates perform-
ing similar protocols. Rather, existing paradigms have instead fo-
cused on saccadic eye movements. Moreover, the extant results in
monkeys leave unresolved how stimulus synchronicity and inten-
sity impact performance. Two trained monkeys performed a sim-
ple detection task involving arm movements to auditory, visual, or

INTRODUCTION

The environment provides multisensory inputs to an
organism. Because the combination of different sensory
inputs can reduce perceptual ambiguity and enhance the
speed and accuracy of stimulus detection (e.g., Cappe,
Thut, Romei, & Murray, 2009; Romei, Murray, Cappe, &
Thut, 2009; Ross, Saint-Amour, Leavitt, Javitt, & Foxe,
2007; Stein, London, Wilkinson, & Price, 1996; Sumby
& Pollack, 1954), the ability to integrate cues across mul-
tiple senses is likely advantageous for survival. Across
species ranging from single-cell organisms to humans, it
has been shown that behavior with multisensory stimuli is
quicker and/or more accurate than that to their unisensory
components (Stein & Meredith, 1993; Welch & Warren,
1986). This behavioral facilitation under multisensory con-
ditions is one instantiation of the so-called redundant sig-
nals effect (RSE; Nickerson, 1973; Raab, 1962; Todd, 1912).
The extent to which nonhuman primates, specifically
macaque monkeys, exhibit an RSE in their manual RTs
(RTs) to auditory—visual multisensory stimuli is unresolved
and was the focus of the present study. Prior research in
monkeys observed an RSE only for manual RTs when stim-
uli were presented asynchronously, although it is note-
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synchronous auditory—visual multisensory pairs. RSEs in excess of
predictions on the basis of probability summation were observed
and thus forcibly follow from neural response interactions. Para-
metric variation of auditory stimulus intensity revealed that in both
animals, RT facilitation was limited to situations where the auditory
stimulus intensity was below or up to 20 dB above perceptual
threshold, despite the visual stimulus always being suprathresh-
old. No RT facilitation or even behavioral costs were obtained with
auditory intensities 30—40 dB above threshold. The present study
demonstrates the feasibility and the suitability of behaving mon-
keys for investigating links between psychophysical and neuro-
physiologic instantiations of multisensory interactions. [l

worthy that such was not statistically validated (Miller,
Ulrich, & Lamarre, 2001; Lamarre, Busby, & Spidalieri,
1983). By contrast, studies in humans have successfully
used synchronously presented stimuli to elicit an RSE (e.g.,
Cappe, Thut, et al., 2009; Romei et al., 2009; Martuzzi et al.,
2007; Romei, Murray, Merabet, & Thut, 2007; Molholm
et al., 2002; Giard & Peronnet, 1999). Determining the con-
ditions under which an RSE is observable in monkeys is an
essential step for ultimately drawing (causal) links between
neurophysiologic and behavioral indices of multisensory
processes not only in animals (e.g., Wang, Celebrini, Trotter,
& Barone, 2008) but also across species (for results in
humans, see Romei et al., 2007, 2009; Sperdin, Cappe, Foxe,
& Murray, 2009).

To date, studies of the impact of multisensory stimula-
tion on monkey behavior have focused either on saccadic
eye movements to visual or auditory—visual targets (Wang
et al., 2008; Frens & Van Opstal, 1998) or on preferential
looking paradigms that required the monkey to use audi-
tory information as a basis for which visual stream to look at
(Maier, Neuhoff, Logothetis, & Ghazanfar, 2004; Ghazanfar
& Logothetis, 2003; for forced-choice data from a chimpan-
zee, see also Izumi & Kojima, 2004). One downside with
these paradigms is that they cannot exclude the role of
selective attention to one or the other sensory modality,
nor can they provide a metric of truly integrative processes,
because the requisite unisensory conditions were not in-
cluded. This being said, eye movements are a quintessen-
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tial feature for the perception of naturalistic stimuli, and
monkeys and humans have stereotypical viewing patterns
when looking at dynamic faces (Ghazanfar, Nielsen, &
Logothetis, 2006; Vatikiotis-Bateson, Eigsti, Yano, & Munhall,
1998). However, given the known impact of eye position
on neural responsiveness (e.g., Bell, Meredith, Van Opstal,
& Munoz, 2005; Werner-Reiss, Kelly, Trause, Underhill, &
Groh, 2003; Corneil, Van Wanrooij, Munoz, & Van Opstal,
2002; for a contrary example when recording from area
VIP, see Schlack, Sterbing-D’Angelo, Hartung, Hoffmann,
& Bremmer, 2005), electrophysiological and brain imaging
studies in awake animals typically required central fixation
and no other behavior (e.g., Kayser & Logothetis, 2009;
Kayser, Petkov, & Logothetis, 2008; Ghazanfar, Maier,
Hoffman, & Logothetis, 2005; Bell, Corneil, Meredith, &
Munoz, 2001). Plus, fixation is nearly universally required
in human brain imaging (fMRI, PET, EEG, and MEG). Impor-
tantly, as far as we know, fixation tasks have no influence
at a behavioral level (e.g., Hughes, Reuter-Lorenz, Nozawa,
& Fendrich, 1994). Moreover, we sought to have the ani-
mals fixate here because most electrophysiological studies
are conducted while the animal fixates to avoid confounds
from muscle activity and to minimize uncertainty about task
compliance and the kind of visual input entering the neu-
ron’s receptive field on a given trial.

More generally, there is a gap between our understand-
ing of neural manifestations of multisensory interactions
and their causal relationship with behavior. Similarly, the
extant behavioral results leave it unclear whether monkeys
will exhibit RSEs in response to auditory—visual multi-
sensory stimuli akin to those frequently observed in humans
(e.g., Cappe, Thut, et al., 2009; Martuzzi et al., 2007; Romei
et al., 2007; Molholm et al., 2002; Giard & Peronnet, 1999).
Establishing such would provide a model system that can
in turn be the focus of neurophysiological and neurophar-
macological research, particularly given the increased
evidence for a role of multisensory phenomena in develop-
ment (Neil, Chee-Ruiter, Scheier, Lewkowicz, & Shimojo,
2006; Wallace, Carriere, Perrault, Vaughan, & Stein, 20006),
aging (Laurienti, Burdette, Maldjian, & Wallace, 2006), and
clinical syndromes (e.g., Blau, van Atteveldt, Ekkebus,
Goebel, & Blomert, 2009; Ross, Saint-Amour, Leavitt,
Molholm, et al., 2007; Hairston, Burdette, Flowers, Wood,
& Wallace, 2005). Consequently, the principal objective of
this study was to use performance on a manual RT task as an
index of multisensory processes in trained macaque
monkeys.

In the present study, we used a simple detection task,
in which a reaching arm movement was triggered by
presentation of auditory (A), visual (V), or synchronous
multisensory auditory—visual (AV) stimuli. Analyses of
accuracy rates and RTs allowed us to determine if mon-
keys exhibit an RSE with similar gains to those typi-
cally observed in human observers. The assessment of
whether RT facilitation exceeded levels predicted by
probability summation allowed us to determine whether
integrative processes need to be invoked to account for

behavioral improvements. Given the pattern of results
obtained by Miller et al. (2001) and Lamarre et al.
(1983), who failed to observe an RSE with synchronously
presented and suprathreshold auditory and visual stimuli,
and given the fact that studies in humans routinely obtain
an RSE with synchronously presented auditory—visual
stimuli, we parametrically varied the efficacy of audi-
tory stimuli. We hypothesized that multisensory stimulus
presentation facilitates detection near threshold and
shortens RT as compared with unisensory stimulus pre-
sentation (cf. Stein & Meredith, 1993). The assumption
is that unisensory stimuli, which may be difficult to per-
ceive near threshold, may be detected with higher prob-
ability and faster (shorter RT) when delivered together as
a multisensory stimulus pair. To this end, the threshold
of an auditory stimulus was determined for two monkeys.
Then, accuracy rates and RTs were determined at differ-
ent acoustic intensity levels and compared with multi-
sensory conditions when the same auditory stimulus was
presented simultaneously with a suprathreshold visual
stimulus.

METHODS
Behavioral Task

Two adult male macaque monkeys (Macaca fascicularis;
MK1 and MK2) were trained to perform an AV detection
task (Figure 1) that required an arm-reaching movement
in response to auditory (A), visual (V), or simultaneous
multisensory auditory—visual (AV) stimuli. Data included
in the present analyses were collected over a period when
both monkeys were aged between 3 and 4 years. All ex-
perimental protocols, including care, surgery, and train-
ing of animals, were performed according to the Guide
for the Care and Use of Laboratory Animals (ISBN 0-309-
05377-3, 1996) and were approved by local (Swiss) veteri-
nary authorities.

All training and recording sessions took place in an
electrically shielded, sound-attenuated chamber (see
Durif, Jouffrais, & Rouiller, 2003). Using pellets as reward,
the animal was trained to maintain fixation on a cross
located at the center of the computer monitor facing
the animal. Eye position was monitored using an ISCAN
eye-tracking system. To initiate a trial, the monkey had to
place the left hand on a starting lever, prompting the
appearance of the fixation point on the monitor. Then,
the monkey had to fixate during the entire trial. If the
monkey did not maintain his fixation, the trial was termi-
nated. The initiation of the trial was followed by a ran-
dom delay, ranging from 250 to 1000 msec, that was
included to minimize anticipation of stimulus onset after
which the A, V, or AV stimulus was presented. In re-
sponse, the monkey had to reach a pad just above the
starting lever with the left hand. RTs were measured as
the latency at which the monkey initiated its motor re-
sponse (i.e., when it lifted its hand from the lever). We
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Figure 1. Schematic representation of a typical trial of the task. (A) Schematic representation of the experimental setup. The monkey sat in its
primate chair and faced a vertical transparent glass in front of a computer monitor. Below the monitor, a horizontal touch-sensitive pad (bottom,
gray rectangle) was used as start lever to initiate a trial. The monkey had to fixate the cross displayed on the monitor at the same time and throughout
the duration of the trial. Next to the start lever, a pellet basin was used to deliver the reward (not shown). The transparent glass was adorned with

a panel composed of a key detector (black square), representing the pad target to be touched by the monkey after presentation of the stimulus.

(B) Schematic representation of the temporal sequence of events during a typical trial. Row 1 indicates the position of the different events imposed
on the monkey. Row 2 illustrates the monkey’s motor behavior. From trial initiation, the monkey maintained its left hand on the start lever until the
stimulus was delivered, followed by an RT preceding the onset of the pointing movement to the target (MT = motor time, corresponding to the
time for the hand to reach the pad target).

would note that motor kinematics were not recorded or  as a criterion for interruption; a situation that did not oc-
analyzed here. If this RT was initiated within a restricted cur in the present study.

time window (800 msec), the animal received the reward The monkeys were initially trained in several steps over
(pellet). The monkey could initiate the next trial by repo- a period of 10-14 months to execute the entire auditory—
sitioning the left hand on the start lever and so on. If the ~ visual-motor task with the head restrained. First, they
monkey did not respond fast enough, the trial was  were trained to press the starting lever and receive a re-
aborted, no reward was delivered, and a delay of 10 sec ~ ward. Next, they were trained to touch the target pad
was imposed before giving the monkey the possibility to  when a stimulus was delivered (first, a visual stimulus; sec-
move on to the next trial. Trial sequences were random- ond an auditory stimulus; third, an auditory—visual stim-
ized across stimulus types within a block. The monkeys ulus; and finally, any of the three stimuli presented
were not food deprived, but the task was executed in the randomly) and receive a reward. Finally, after implantation
morning, thus representing the first access to food on of head fixation bars (see below), the monkey was trained
each day. After training, the monkeys received additional to execute the same task with the head fixed and under
food (cereals, fruits). The weight of the animal was mon- conditions of controlled eye position.

itored daily (MK1 weighed 3.5 kg and MK2 weighed The duration of both visual and auditory stimuli was
5 kg). A loss of weight of 10% or more was established  fixed at 250 msec throughout the study. The visual stimulus
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consisted of a 32° square flash delivered on the computer
monitor in front of the animal at several intensities de-
fined by 80%, 75%, 60%, 45%, 25%, and 5% levels of con-
trast, corresponding to 17, 15.2, 9.2, 6.5, 4.6, and 3.6 Ix,
respectively measured with a Luxmeter ELV LM-300. The
auditory stimulus was a white noise burst delivered simul-
taneously from two loudspeakers placed on each side of
the computer monitor at the following intensity levels:
60, 50, 40, 30, 20, 10, 9, 7 dB SPL measured with Sonometer
Bruel & Kjaer Type 2231. In the AV conditions, the audi-
tory and the visual stimuli were presented simultaneously.
A test (a given combination of intensities) usually consisted
of 200 trials, randomly and equally distributed between the
A, V, and AV conditions. On a daily session, usually one to
three tests were conducted, corresponding to different
combinations of intensities. The number of tests consid-
ered for each condition was at least 2, and the number of
trials considered for each condition was around 200.

The behavioral performance of the monkey (collecting
the RTs, checking that the motor response was time locked
to the presentation of stimulus, delivery of the reward, etc.)
and the controlled presentation of the A, V, or AV stimuli
were conducted in the Tucker-Davis-Technology (TDT,
Florida, USA) environment on a personal computer using
the software “OpenX.” A “correct” response was defined
as a monkey’s reaching movement aimed to the target
(touch the target pad) initiated within a time window of
200 to 800 msec after the presentation of the stimulus
(see Kermadi, Liu, Tempini, Calciati, & Rouiller, 1998).
Trials on which the RT was faster than 200 msec were con-
sidered anticipatory, and trials on which the RT was slower
than 800 msec were considered as failure to comply with
task demands. Likewise, trials on which the monkey failed
to maintain fixation were terminated. In this regard, all
these trials were labeled as “incorrect.” The detection
threshold was considered as the intensity for which the
percentage of correct responses amounted to at least
75%, consistent with discrimination thresholds defined
under the rubric of signal detection theory (Macmillan &
Creelman, 1991). RTs were analyzed with ANOVA and post
hoc tests, as described more precisely in the Results sec-
tion. When appropriate, Bonferroni correction for mul-
tiple comparisons was applied.

Whether the RSE exceeded the facilitation predicted by
probability summation was tested using Miller’s so-called
“race model” inequality (Miller, 1982). Two classes of mod-
els have been formulated to account for the RSE: race and
coactivation models. According to the race model (Raab,
1962), neural convergence and interactions are not re-
quired to obtain the RSE. Rather, stimuli independently
compete for response initiation and the faster of the two
stimuli mediates the behavioral response on any given trial.
Under this model, probability summation can account for
the RSE because the likelihood of either of the two stim-
uli yielding a fast RT on any given trial is higher than that
from either stimulus alone. In contrast, according to the
coactivation model (e.g., Miller, 1982), neural responses

to multisensory stimuli interact before the initiation of
the behavioral response. The threshold for initiating a
motor response is thus met more rapidly following multi-
sensory than unisensory stimuli. Miller’s inequality is a
quantitative assessment of whether RTs of a given speed
satisfy the condition of probability summation. Violation
of this inequality is considered a benchmark for integra-
tive processes, although the converse (i.e., no interac-
tions when probability summation accounts for the data)
cannot be claimed.

Formally, this inequality tests whether the probability of
an RT of a given speed to a multisensory stimulus is higher
than the summed probabilities for an equally fast RT to
either unisensory stimulus alone (minus their joint prob-
ability under the assumption of complete independence).
This entailed calculating the cumulative probability distri-
bution for each condition. To facilitate comparisons across
stimulus intensities (as well as across species), these distri-
butions were first divided into 5% bins on the basis of the
range of RT's across stimulus conditions within a given test.
A model of the probability distribution for each multi-
sensory combination was then calculated. For each 5%
bin, the modeled value equals the sum of the probabilities
for each component unisensory condition minus their
joint probability [i.e., P(RT(A)) + P(RT(V)) — (P(RTA)) X
PRT(V)))] as in Corballis (1998).

Surgery

The head of the monkey was restrained to allow eye posi-
tion monitoring. Maintenance of gaze fixation during the
trial is important because there is evidence that responses
to acoustic stimuli in the auditory midbrain and cortex are
influenced by eye position (e.g., Porter, Metzger, & Groh,
2006, 2007; Fu et al., 2004; Werner-Reiss et al., 2003). When
the monkeys reached a daily stable level of performance
(80-90% of correct responses), two stainless steel head-
fixation cylinders were implanted longitudinally above the
midline, one at the level of the frontal region and one at
the level of the occipital region. The head fixation device
was anchored to the skull using 10 titanium screws and
orthopedic cement (Palacos R-40 + 500 mg gentamicin).
Surgeries for the implantation of the head-fixation bars
were performed as follows under aseptic conditions. The
monkeys were preanesthetized with ketamine (5 mg/kg
im) and treated with the analgesic Carprofen (Rymadil;
4 mg/kg sc), antibiotics (Albipen: ampicillin 10%, 15—
30 mg/kg sc), atropine sulfate (0.05 ml/kg im), and dexa-
methasone (Decadron, 0.05 ml/kg diluted 1:1 in saline
im). Then, they were anaesthetized with a continuous per-
fusion through the femoral vein (0.1 ml/min/kg) of a mix-
ture of propofol (1%) and 4% glucose solution to which
ketamine was added (65 mg/100 ml). During surgery, heart
and respiration rates, rectal temperature, O, blood satu-
ration, and expiratory CO, content were continuously
monitored. After surgery, muscles and skin were sutured,
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and the animal was treated for several days with an analge-
sic (pills of Rymadil mixed with food; 5 mg/kg po) and an
antibiotic (amoxicillin; 10 mg/kg po). All measures were
taken to minimize pain and discomfort for the monkeys.

The monkey was then retrained to perform the task
having the head fixed and to fixate a target in the middle
of the screen during the task. In a further step, we im-
planted a recording chamber for single-unit recordings
in the auditory cortex (electrophysiological data will be
reported elsewhere).

RESULTS
Unisensory Thresholds

In a first phase of the experiment (Figure 2), the auditory
and the visual thresholds were assessed by pooling differ-
ent sessions corresponding to distinct intensity levels. As
expected, the higher the intensity of the auditory or the
visual stimulus, the higher the probability of a correct re-
sponse and the shorter the RT (Figure 2). As single-unit
recordings will be aimed at the auditory cortex (results
reported in a separate publication), particular emphasis
was put here on the intensity of the auditory stimulus.
Auditory threshold was reached when increasing the in-
tensity from 9 to 10 dB SPL in MK1 and from 10 to 20 dB
SPL in MK2 (Figure 2A). As a function of increasing
intensities, there was a progressive decrease of RTs in

response to the auditory stimulus in both monkeys (Fig-
ure 2B). A univariate ANOVA with RTs as a function of the
intensity of the auditory stimuli revealed that there was a
significant effect of the intensity of the auditory stimuli
on RTs (p < .0001 for both monkeys). Post hoc unpaired
t tests confirmed these RT differences for distinct audi-
tory intensities, except for the RTs obtained in response
to 50 and 60 dB SPL in MK2 (p = .61). In addition, it is
noteworthy that the RTs were substantially shorter and less
variable in MKI1 than in MK2, irrespective of the noise
burst’s intensity, because it is MK2 who exhibits the larger
gain from multisensory stimuli (see Figure 5 and The im-
pact of stimulus intensity on multisensory gains and costs
section).

Visual threshold was less accurately determined. It was at
slightly above 5% of contrast in MK1, whereas threshold
was already exceeded at the lowest intensity tested in
MK2 (Figure 2C). RTs to the visual stimulus were less af-
fected by the intensity levels we used (Figure 2D). The
univariate ANOVA on RTs as a function of the visual inten-
sity showed that there was significant effect of the inten-
sity of the visual stimuli on RTs for MK2 (p < .0001) but
no significant effect for MK1. Post hoc unpaired ¢ tests re-
vealed that this effect was only due to a significant differ-
ence between RTs for 5% contrast versus all the other
contrast levels (p < .0001), the latter of which did not dif-
fer among each other.

Auditory threshold

Intensity (dB SPL)

A % of correct responses C % of correct responses
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@ -
< _ 2
. - 60
g g
g g
] £ 40
o (¥}
‘s 5 20
€ o4 ‘ . . ‘ ‘ ‘ = ol ‘ ‘ : : ‘
0 10 20 30 40 50 60 0 20 40 60 80 100
Intensity (dB SPL) Intensity (% of visual contrast)

B Mean RT for auditory stimuli D Mean RT for visual stimuli

600 600
m m
D [
£ 500 2 500
= =
[ [
£ 400 £ 400
[ [
= =

300 T T T 4 300 T T T T !

0 10 20 30 40 50 60 0 20 40 60 80 100§

Visual threshold

Intensity (% of visual contrast)

Figure 2. Evaluation of auditory (panel A) and visual (panel C) thresholds for monkey 1 (MK1, filled square) and monkey 2 (MK2, open circle),

as derived from multiple sessions: In each individual session, one intensity for each mode, visual (V) and auditory (A), was tested. Panels A and

C represent the percentage of correct responses generated by each monkey as a function of stimulus intensity in the A and V conditions, respectively.
The detection threshold is defined as the intensity at which a percentage of correct responses reached 75% (horizontal dashed line). In panels B
and D, the mean RT and its SEM was plotted as a function of stimulus intensity for MK1 and MK2, in the A and V conditions, respectively. For

each data point, the number of trials (A, C) or RTs (B, D) ranged between 80 and 430.
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In summary, these results show that the range of auditory
stimulus intensities tested here consistently modulated the
rate of correct responses and/or RTs. Such was not the case
for the visual stimulus intensities we examined. The sub-
sequent portions of the experiment therefore systematically
varied the intensity of the auditory stimulus, whereas that
of the visual stimulus was always at least 25% contrast (i.e.,
at levels where performance was no longer below the 75%
accuracy threshold; see Figure 2).

The Impact of Stimulus Intensity on the RSE

Accuracy rates for both monkeys across stimulus conditions
and as a function of stimulus intensity are listed in Table 1.
Mean RTs in response to A, V, and AV stimuli are shown for
each monkey across a range of stimulus parameters (Fig-
ure 3 for MK1 and MK2). Each pairing of a given auditory
and visual intensity was analyzed with a univariate repeated
measures ANOVA with the within-subject factor of stimulus
condition (A, V, and AV). The results of these analyses are
summarized in Tables 2 and 3 for MK1 and MK2, respec-
tively. Pairings involving noise bursts at near threshold and
up to 20 dB above threshold levels resulted in a significant
RSE in both monkeys, whereas pairings involving noise
bursts 30 dB or more above threshold levels failed to pro-
duce a significant RSE (i.e., RTs were no different between
AV and A conditions). This pattern of results was observed
irrespective of the contrast level of the visual stimulus. It is
also worth noting that RTs to auditory stimuli were sig-
nificantly slower than those to visual stimuli when the sound
intensity was just above threshold (10 dB in MK1 and 20 dB
in MK2), again irrespective of the visual contrast level, but
that this pattern reversed (i.e., auditory RTs became faster
than visual RTs) when the sound intensity was increased.
In other words, at suprathreshold intensity and contrast
levels, RTs to auditory stimuli were significantly faster than
those to visual stimuli, a finding consistent with observa-
tions in humans (e.g., Hershenson, 1962; Todd, 1912).

The Impact of Stimulus Intensity on Psychophysical
Metrics of Multisensory Interactions

Miller’s race model inequality (Miller, 1982) was used to
assess whether neural response interactions need be in-

Table 1. Accuracy Rates

MK1 MRK2
Stimuli AV A \4 AV A Vv
Threshold 88 62 87 90 65 80

10 dB above threshold 91 90 89 92 85 88
20 dB above threshold 87 8 8 8 8 86
30 dB above threshold 86 80 8 93 76 87
40 dB above threshold 88 82 89 82 78 90

voked to explain the above RSEs. As described in the
Methods section, for each pairing of stimulus intensities,
the cumulative probability functions was calculated for
each condition (A, V, and AV). The values from the uni-
sensory conditions were in turn used to establish bound-
ary values on the basis of probability summation, beyond
which (i.e., to the left of which) neural response interac-
tions need be invoked. These cumulative probability
functions are displayed in Figure 4A and B, respectively,
for one representative condition for each monkey. In
these plots, faster RTs are evident as leftward shifts
(i.e., higher probabilities at a given RT latency). Pairings
involving noise bursts at near threshold and up to 20 dB
above threshold levels resulted in a leftward shift of the
cumulative probability function for AV stimuli (i.e., red
curves in Figure 4A and B for an example), whereas pair-
ings involving noise bursts 30 dB or more above thresh-
old levels failed to do so. In fact, at these auditory
intensities, the cumulative probability function was often
more leftward for A than for AV stimuli. As was the case
with mean RTs, this pattern of results was observed irre-
spective of the contrast level of the visual stimulus. It is
also worth noting that the leftward shift of the cumulative
probability function for AV stimuli was more pronounced
in MK2 than in MK1, indicating that multisensory facilita-
tion was more pronounced in the monkey characterized
by generally slower RTs to the unisensory stimuli.

Comparison of the cumulative probability functions
with AV stimuli and the modeled values was performed
for each pairing of stimulus intensities to determine
whether and over which portions of the RT distribution
neural response interactions need be invoked (Figure 4C
and D, respectively, for each monkey). Such violation of
the race model inequality would be indicative of RT facil-
itation in excess of predictions on the basis of probability
summation. For the conditions near threshold and just
above (at 10, 20, and 30 dB SPL for MK1 and at 20, 30,
and 40 dB SPL for MK2), we observed a violation of the
race model (i.e., positive values) over the faster half of
the RT distribution. By contrast and in agreement with
the above analyses of mean RTs, the race model was re-
spected at higher sound intensities (zero or negative val-
ues), providing no necessity to invoke neural response
interactions (although nonlinear neural response interac-
tions in the absence of an RSE exceeding probability sum-
mation have been previously observed in Murray, Foxe,
Higgins, Javitt, & Schroeder, 2001).

The Impact of Stimulus Intensity on Multisensory
Gains and Costs

Figure 5 illustrates the multisensory gain obtained in the
AV condition as compared with the A or V conditions
alone, as a function of auditory intensity. The multisensory
gain/cost was defined as the decrease (in percent) of the
mean RT obtained in the multisensory condition as com-
pared with the mean RT obtained in the best unisensory
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Figure 3. RT data for MK1 (left
column) and for MK2 (right
column) at moderate auditory
intensities (at threshold, 10 and
20 dB above) and at high
auditory intensities (30 and 40
dB above threshold). Mean RTs
and SEM are indicated for
auditory, visual, and auditory—
visual stimuli for different
intensity conditions. Green bars
correspond to visual (V), blue
to auditory (A), and red to
auditory—visual (AV) stimuli.
Stimulus parameters are
indicated on top of each graph.

condition (Stein & Meredith, 1993). In MK1 (squares in
Figure 5), gains (i.e., facilitative RSEs) were observed at
auditory intensities from threshold to 20 dB above
threshold and ranged from 5% to 7%. In MK2 (open cir-
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cles in Figure 5), gains ranged from 7% to 11% and were
also observed at auditory intensities from threshold to
20 dB above threshold. By contrast, either no gain or costs
were observed at auditory intensities 30-40 dB above
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Table 2. Analyses of RTs from MKI1

Post hoc Contrasts

Stimuli Main Effect of Stimulus Condition

AV ws. A

AV s V Avs. V

Threshold F(2,178) = 70.164, p < .001
10 dB above
threshold
20 dB above
threshold
30 dB above
threshold
40 dB above
threshold

F(2, 244) = 168.627, p < .001
F(2,303) = 132.976, p < .001
F(2,163) = 155.113, p < .001

F(2,156) = 117.573, p < .001

1(348) = 6.16, p < .001
1(363) = 4.77, p < .001
1(658) = 5.95, p < .001
1(288) = 1.78, p = .077

1(284) = 0.56, p = 575

t(378) = 4.14, p < .001  ¢(328) = 3.52, p < .001

1354) = 12.91, p < .001 1(347) = 3.53, p < .001
1(753) = 25.07, p < .001 #(703) = 14.07, p < .001
1(288) = 8.99, p < .001  £(290) = 9.38, p < .001

1(253) = 10.95, p < .001 £(243) = 7.86, p < .001

threshold in both monkeys. These gains and costs repre-
sent the mean across the full distribution of RTs relative
to the better unisensory condition. An alternative approach
for assessing the gains/costs of multisensory stimuli is pro-
vided in the contrast of the observed and modeled cumu-
lative probability distributions at each 5% bin of the RT
distribution (Figure 4). These plots show that gains were
approximately 4-8% in MK1 and 15-25% in MK2. Whether
there is a direct link between the size of the gain obtained
and the general efficacy with which the subject performed
the task is a speculative possibility that will require ad-
ditional data from a larger cohort of participants. None-
theless, the pattern in the present data highlights how
inspection of single-subject results in studies of multisen-
sory processes in humans might provide insights on the
determinants of performance benefits, particularly when
imaging data are simultaneously acquired (e.g., Sperdin
et al., 2009).

DISCUSSION

The present study demonstrates the feasibility and suit-
ability of using simple manual detection tasks in behav-
ing monkeys to investigate links between psychophysical

Table 3. Analyses of RTs from MK2

and neurophysiologic instantiations of multisensory inter-
actions. Several aspects of the RSE we obtained in macaque
monkeys are qualitatively and quantitatively similar to the
RSE observed in humans. Specifically, we show that RTs
are facilitated under multisensory conditions in excess of
predictions on the basis of probability summation and
therefore necessitate the invocation of neural response
interactions. Moreover, and in contrast to prior research
(Miller et al., 2001; Lamarre et al., 1983), this facilitation
was obtained following synchronous presentation of the
auditory—visual stimuli. Our parametric variation of audi-
tory stimulus intensity revealed that in both animals, the
RSE was limited to situations where the auditory stimulus
intensity was below or up to 20 dB above perceptual
threshold despite the visual stimulus always being supra-
threshold. No RSE or even behavioral costs were obtained
with auditory intensities 30-40 dB above threshold. These
findings, along with interindividual differences (i.e., the
slower of the two monkeys exhibited the larger gain from
multisensory stimuli; see Figure 5), are consistent with the
principle of inverse effectiveness (PolE; Stein & Meredith,
1993). In what follows, we situate these findings within the
extant psychophysical literature in humans and monkeys
as well as current models of multisensory interactions. We
conclude by discussing how these results promote new

Post hoc Contrasts

Stimuli Main Effect of Stimulus Condition

AV s, A

AVuws. V Avs. V

Threshold F(2,52) = 8422, p < .001
10 dB above
threshold
20 dB above
threshold
30 dB above
threshold
40 dB above
threshold

F(2, 166) = 41.367, p < .001
F(2, 68) = 53.128, p < .001
F(2, 113) = 89.736, p < .001

F(2, 63) = 27.43, p < .001

t(112) = 4.79, p < .001
1(344) = 5.57,p < .001
1(144) = 259, p < .001
1(247) = 0.26, p = .798

1(153) = 0.72, p = 473

1(133) = 0.07, p < .001  #(127) = 5.14, p < .001

1(334) = 824, p < 001  1(344) = 2.26, p < .001
1(139) = 7.24, p < .001  #(145) = 4.20, p < .001
1(251) = 16.68, p < .001 #(232) = 14.92, p < .001

1(138) = 431, p < .001  £(143) = 539, p < .001
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Figure 4. Exemplar cumulative probability distributions of the RTs in the three conditions (A, V, and AV) at a moderate auditory intensity for each
monkey (panel A for MK1 and panel B for MK2). The dashed curve displays values predicted according by Miller’s (1982) race model inequality.

(C, D) Graphical representations after applying Miller’s inequality (see Methods) to each set of stimulus parameters (indicated in the legend). This
representation indicates whether the race model is violated (positive values) or satisfied (negative values) for each monkey (panel C for MK1 and

panel D for MK2).
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Figure 5. RSE magnitude expressed as a percent of gain or cost
following auditory—visual (AV) stimulation as compared with the faster
of the unisensory conditions. Filled squares display these values for
MK]1 as a function of the stimulus conditions shown in Figure 3 (i.e.,
condition 1 = 10 dB SPL, 25% visual contrast; condition 2 = 20 dB SPL,
60% visual contrast; condition 3 = 30 dB SPL, 75% visual contrast;
condition 4 = 40 dB SPL, 45% visual contrast; condition 5 = 50 dB SPL,
80% of contrast). Open circles display the values for MK2 as a function
of the stimulus conditions shown in Figure 3 (i.e., Condition 1 = 20 dB SPL,
60% visual contrast; Condition 2 = 30 dB SPL, 45% visual contrast;
Condition 3 = 40 dB SPL, 75% visual contrast; Condition 4 = 50 dB SPL,
60% visual contrast; Condition 5 = 60 dB SPL, 60% visual contrast).
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avenues of research that can yield a fuller understanding of
the mechanisms of multisensory interactions and integra-
tion at scales ranging from single neurons to behavior.

In all cases when a RSE was observed, the facilitation of
RTs exceeded predictions on the basis of probability
summation. That is, application of Miller’s race-model
inequality (Miller, 1982) indicated that neural response
interactions before the generation of the motor output
response need to be occurring to account for the mon-
keys’ performance on multisensory trials. The anatomical
level at which behaviorally relevant multisensory con-
vergence occurs is still debated (Miller et al., 2001). Some
suggest it to occur during early sensory processing stages
level (Gondan, Niederhaus, Rosler, & Roder, 2005; Miller
et al., 2001; Mordkoff, Miller, & Roch, 1996), whereas
others support the role of motor stages (Giray & Ulrich,
1993). Human brain imaging studies of the relation-
ship between behavioral and neuronal indices (Jepma,
Wagenmakers, Band, & Nieuwenhuis, 2009; Romei et al.,
2007, 2009; Sperdin et al., 2009; Senkowski, Molholm,
Gomez-Ramirez, & Foxe, 2006) suggest that behaviorally
relevant multisensory convergence occurs early in sen-
sory processing, before the decision and motor levels (for
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results in monkeys, see also Wang et al., 2008; Miller et al.,
2001; Lamarre et al., 1983). For example, Romei et al. (2007)
found that the magnitude of the RSE matched and corre-
lated with the facilitation of RTs induced by the combination
of single-pulse TMS over the occipital pole with the presen-
tation of sounds. These data suggest that multisensory inter-
actions within occipital regions may be linked to behavioral
indices of RT facilitation. The present findings thus open the
possibility of conducting similar research in a nonhuman pri-
mate to reveal the mechanisms of such interactions and
their behavioral relevance at a finer scale.

Our behavioral results in the monkey are in general
accordance with the PolE of multisensory integration,
which describes how the largest percentile gain in neuro-
nal discharge rates is observed when unisensory stimuli
are minimally effective and diminishes (or even becomes
a cost) when unisensory stimuli are maximally effective
(Stein & Meredith, 1993). Our study shows mainly the
influence of the auditory stimulus on this principle. The
lack of dependence of the effectiveness of the visual
stimulus could be explained by the fact that even in the
original studies (e.g., Meredith & Stein, 19806), there are
facilitative effects with highly effective stimuli. Also, there
are data showing that one can see modulations in multi-
sensory gain even if just one of the stimuli is less effec-
tive (e.g., Kayser, Petkov, Augath, & Logothetis, 2005;
Perrault, Vaughan, Stein, & Wallace, 2005; for a discussion
of statistical issues in evaluating the PolE, see also Holmes,
2009). At a neuronal level (at least within the superior
colliculus), supra-additive effects were more likely when
the neuron had a small or minimal dynamic range of re-
sponsiveness to unisensory stimuli (Perrault et al., 2005).
By contrast, additive and subadditive effects were more
likely when the neuron had a large dynamic range. In
the case of our data, it would seem that both animals ex-
hibited dynamic ranges in performance only in the audi-
tory modality and therefore were in this regard similar
to the class of “single modality dynamic range” neurons
described in Perrault et al. (2005). Interestingly, this profile
was observed in 49% of the tested neurons. In the case of
psychophysics, this principle is often applied to the obser-
vation of larger benefits of multisensory stimulation when
the unisensory stimuli are themselves near threshold and/or
noisy (Ma, Zhou, Ross, Foxe, & Parra, 2009; Bolognini, Leo,
Passamonti, Stein, & Ladavas, 2007; Ross, Saint-Amour,
Leavitt, Javitt, et al., 2007; Rach & Diederich, 2006; Diederich
& Colonius, 2004; Grant & Seitz, 2000; Sumby & Pollack,
1954). This principle can also be applied when considering
the perceptual benefits of multisensory interactions in the
case of sensory deficits (Rouger et al., 2007; Laurienti et al.,
2006; Hairston, Laurienti, Mishra, Burdette, & Wallace, 2003).
In the case of simple manual RTs to AV stimuli in humans,
RSEs (often exceeding probability summation) are none-
theless reliably obtained with suprathreshold stimuli in
both sensory modalities (e.g., Martuzzi et al., 2007; Romei
etal., 2007; Molholm et al., 2002; Giard & Peronnet, 1999).
It will therefore be important for future research to resolve

the basis of the apparent discrepancy between effects in
monkeys where the RSE was limited to near-threshold con-
ditions (i.e., the present data as well as those of Miller et al.,
2001; Lamarre et al., 1983) and effects in humans observed
at suprathreshold intensities. A similarly intriguing aspect
of the present results that warrants continued investigation
is that the RSE was observed irrespective of the suprathres-
hold contrast level of the visual stimuli. More generally and
despite the abovementioned points for future research,
the magnitude of the RSE we obtained, which was on the
order of a 5-10% gain in RTs, is highly consistent with that
typically observed in the abovementioned studies in hu-
mans albeit under different stimulation paradigms. It will
therefore be particularly informative for all of the above
issues to conduct identical psychophysical paradigms
(and if possible brain imaging or brain mapping paradigms)
in both humans and monkeys. The present results provide
an important first step in this direction.

Additional data provide insights on potential neural sub-
strates to account for RSEs necessitating neural response
interactions at a sensory rather than a motor level. Ana-
tomical data in monkeys have documented the existence
of direct projections between areas otherwise considered
unisensory (for a review, see Cappe, Rouiller, & Barone,
2009; Cappe & Barone, 2005; Rockland & Ojima, 2003;
Falchier, Clavagnier, Barone, & Kennedy, 2002), which could
support multisensory interactions at low hierarchical stages.
At a cortical level, multisensory convergence is present in
primary sensory cortices. On the one hand, the core audi-
tory cortex in monkeys receives direct visual projections
(Cappe & Barone, 2005). On the other hand, visual areas
such as V1 or V2 receive direct inputs from the core audi-
tory cortex (Smiley & Falchier, 2009; Falchier et al., 2002).
Moreover, recent findings also implicate the thalamus in
multisensory interactions (for a review, see Cappe, Morel,
Barone, & Rouiller, 2009; Cappe, Rouiller, et al., 2009;
Cappe, Morel, & Rouiller, 2007; Hackett et al., 2007,
Komura, Tamura, Uwano, Nishijo, & Ono, 2005). Although
the requisite studies directly linking such anatomical data
to behavior are still lacking, it is noteworthy that some
nuclei in the thalamus, such as the medial pulvinar, re-
ceive either mixed sensory inputs or projections from dif-
ferent sensory cortical areas and in turn project to sensory
and premotor areas (for a review, see Cappe, Morel, et al.,
2009; Cappe, Rouiller, et al., 2009). Sensory modalities
may already interact at a thalamic level before being di-
rectly conveyed to the premotor cortex and consequently
contributing to facilitated behavior.

At a neurophysiologic level, numerous studies in animals
have described a large set of cortical areas of the frontal,
temporal, or parietal lobes in which the neuronal activity
is related to multisensory processing (e.g., Chandrasekaran
& Ghazanfar, 2009; Sugihara, Diltz, Averbeck, & Romanski,
20006; Barraclough, Xiao, Baker, Oram, & Perrett, 2005; for
reviews, see Stein & Stanford, 2008; Romanski, 2007;
Ghazanfar & Schroeder, 2006; Schroeder & Foxe, 2002;
Stein & Meredith, 1993). Until recently, the predominant
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model was that multisensory interactions were restricted
to higher order association cortices and the superior
colliculus (although multisensory responses in this latter
structure have been shown to depend on cortical inputs;
Alvarado, Stanford, Vaughan, & Stein, 2007). Nowadays,
there is increasing evidence in both animals and humans
that multisensory interactions capitalize upon the above-
mentioned anatomical connectivity, such that effects are
observed within primary and similarly low levels at early
poststimulus latencies (e.g., Meredith & Allman, 2009;
Ghazanfar, Chandrasekaran, & Logothetis, 2008; Kayser
et al., 2008; Wang et al., 2008; Bizley, Nodal, Bajo, Nelken,
& King, 2007; Kayser, Petkov, Augath, & Logothetis, 2007;
Martuzzi et al., 2007; Brosch, Selezneva, & Scheich,
2005; Kayser et al., 2005; Fu et al., 2003; Molholm et al.,
2002; Schroeder et al., 2001; Giard & Peronnet, 1999; re-
viewed in Driver & Noesselt, 2008; Ghazanfar & Schroeder,
20006). It is worth noting that auditory inputs into primary
visual cortex and conversely visual inputs into core audi-
tory cortex are believed to serve a predominantly modula-
tory function, acting on the oscillatory activity (Kayser
et al., 2008; Schroeder, Lakatos, Kajikawa, Partan, & Puce,
2008; Lakatos, Chen, O’Connell, Mills, & Schroeder, 2007)
or on the latency of the neuronal responses (Wang et al.,
2008). Both such mechanisms could serve to enhance the
speed of sensory processing and induce a reduction of
RTs following multisensory stimulation. In the latter study
(Wang et al., 2008), neurons recorded in the primary visual
cortex exhibited a significant reduction in visual response
latencies specifically under suboptimal conditions; a result
that mimics the behavioral data of the present study.
Although it is unlikely that the benefit in detection evinced
in the present study can be ascribed solely to such changes
in brain activity, the universal nature of the manner in
which multisensory neurons throughout the brain process
their sensory cues makes this a reasonable mechanistic
model.

Conclusion

Given the dramatic growth in multisensory research over
the past decades as well as in the recognition of the role
of multisensory processes in human development, aging,
and disease (for reviews, see Driver & Noesselt, 2008;
Stein & Stanford, 2008), there is a clear and present need
for an animal model that bears high resemblance not
only neuroanatomically and neurophysiologically (as has
already been established over decades of research) but
also behaviorally (for studies in rats, see Hirokawa, Bosch,
Sakata, Sakurai, & Yamamori, 2008; Komura et al., 2005).
The present study demonstrates that macaque monkeys
do exhibit multisensory performance gains that are highly
similar to those observed in humans when completing a
stimulus detection task via arm movements. Both the
paradigm and the behavioral outcome provide an essential
first step for future studies of the neurophysiologic bases
of multisensory processes.
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