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Chapter 6

The effects of accessory stimuli on informationgassing:
Evidence from electrophysiology and a diffusion-mlod
analysis

This chapter is published as: Jepma, M., Wagenmaker]., Band, G.P.H., & Nieuwenhuis, S.
(2009). The effects of accessory stimuli on infotioraprocessing: Evidence from
electrophysiology and a diffusion-model analydmsurnal of Cognitive Neuroscience,, B47-864.
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Abstract

People typically respond faster to a stimulus wihé&haccompanied by a task-irrelevant accessory
stimulus presented in another perceptual modadibyvever, the mechanisms responsible for this
accessory-stimulus effect are still poorly undeydtdVe examined the effects of auditory accessory
stimulation on the processing of visual stimulingsscalp electrophysiology (Experiment 1) and a
diffusion-model analysis (Experiment 2). In accaorciawith previous studies, lateralized readiness
potentials indicated that accessory stimuli dosp&ed motor execution. Surface Laplacians over
the motor cortex, however, revealed a bihemispheci@ase in motor activation--an effect
predicted by nonspecific arousal models. The diffiursnodel analysis suggested that accessory
stimuli do not affect parameters of the decisioocpss, but expedite only the nondecision
component of information processing. Consequentéyconclude that accessory stimuli facilitate
stimulus encoding. The visual P1 and N1 amplituateaccessory-stimulus trials were modulated
in a way that is consistent with multisensory egengegration, a possible mechanism for this
facilitation.
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Introduction

During most everyday activities, people receiveinfation from multiple sensory
modalities. When you ride your bicycle throughty cientre, for example, you see the road and the
traffic around you, hear cars approaching from hehand feel the pedals and steering wheel of
your bicycle. The signals from the different motes are not processed independently, but are
integrated into coherent representational st&tegnitive psychologists have demonstrated
multisensory integration in several psychologidampomena. In ventriloquism, for examplee
source of an auditory signal is wrongfully perceia the location of a visual cue (Howard &
Templeton, 1966). Multisensory processing can kdad to a change in the perceived signal itself.
This was illustrated in a classic experiment inchha face articulating “gaga” was presented
visually, while “baba” was presented aurally. Itsfiaund that people usually combined the signals
from the two sources and perceived “dada” (McGurkl@Donald, 1976). The present paper
addresses another striking instance of crossmotihiction: the phenomenon that task-irrelevant
stimulation (i.e., noise) in one perceptual moglatdn speed up responses to stimuli concurrently
presented in another perceptual modality.

It has repeatedly been found that responsesattion time (RT) tasks are shorter when a
salient but task-irrelevaiccessory stimulusresented in another perceptual modality accomsgani
the imperative stimulus, compared to when the irapex stimulus is presented alone (e.g.,
Bernstein, Clark, & Edelstein, 1969a, 1969b). ®used-up of RTs—often without a concomitant
increase in errors—has been referred to as thessmgestimulus (AS) effect. The AS effect has
been found in both simple and choice RT tasks,(Bgynstein et al., 1969a, 1969b; Morrell, 1968),
is largest for auditory stimuli accompanying visumperative stimuli (Bernstein, 1970; Davis &
Green, 1969), and increases in size with the iitieasthe AS (Stahl & Rammsayer, 2005).
Because the AS is typically presented simultangouih, or in close temporal proximity to, the
imperative stimulus, it has no value for the pgvaat as a cue to start voluntary preparation.
Indeed, AS effects have been found even when thiagsSthe imperative stimulus (e.g., Bernstein
et al., 1969a, 1969b; Stahl & Rammsayer, 2005difition, in most experiments the predictive
value of the AS is limited by the inclusion of tsan which no AS is presented (no-AS trials), as
well as trials on which the AS is not followed hy imperative stimulus (catch trials).

The various explanations of the AS effect that haeen proposed so far can be divided into
four types of accounts, depending on the comporadntgormation processing that are assumed to
be affected. One account of the AS effect is thaessory stimuli facilitate stimulus encoding. In
particular, it has been proposed that stimulusggnisrcombined across different modalities in such
a way that adding an auditory AS is comparabl@toegasing the intensity of the visual imperative
stimulus (Bernstein, Rose, & Ashe, 1970). Accordimghe energy-integration hypothesis, the
increased strength of the joint event speeds uptthmilus-encoding process, resulting in shorter
RTs. The critical assumption of the energy-intagrahypothesis is supported by the finding that
auditory stimuli can increase the perceived intgrs simultaneously presented visual stimuli
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(Stein, London, Wilkinson, & Price, 1996). At theural level, an AS effect on stimulus encoding
might be explained in terms of the effects of nsaltisory neurorsneurons that respond to stimuli
from more than one modality. Such neurons exisbnbt in higher-order association areas, but
also in low-level, modality-specific sensory aré@panzafar & Schroeder, 2006), supporting the
notion that multisensory interactions can influeeady sensory processing.

According to the second and third account, accgssonuli affect a critical parameter of
the decision process that is based on the sensmgnee obtained during stimulus encoding. The
mechanism underlying two-choice decisions is welatibed by the accumulation of noisy
information from a stimulus over time (Gold & Sha] 2007; Smith & Ratcliff, 2004).

Information accumulates toward one or the othdéwofdecision thresholds until one of the
thresholds is reached; then the response assowdtethat threshold is initiated. One possibily
that accessory stimuli speed up the rate with whiddence is accumulated in the decision process
(Hackley & Valle-Inclan, 1999), for example through AS-triggered, rapid and transient increase
in attention to the imperative stimulus. Anothesgibility is that accessory stimuli do not change
the rate of information build-up but instead caasewering of the decision threshold (Posner,
1978). According to this view, decisions are madeh@ basis of less evidence, resulting in shorter
RTs and, possibly, more errors. Such a speed-anctnade-off has indeed been found in some AS
studies (e.g., Posner, 1978).

The fourth account of the AS effect holds that asoey stimuli speed up motor-execution
processes. Apparent support for a motoric locub®fS effect has come from studies that have
found an increased response force (Miller, Franklldch, 1999; Stahl & Rammsayer, 2005) or a
speeding of reflexes (Low, Larson, Burke, & Hackl&996; Stafford & Jacobs, 1990) to stimuli
accompanied by an acoustic AS. Other evidencentiembeen presented as support for the motor
account is the interaction effect on RT of AS pnegeand some factors known to affect motor
processes, such as tonic muscle tension (San@8@, Schmidt, Gielen, & Van den Heuvel, 1984).
Sanders (1980, 1983) has argued, using additiverfalogic (Sternberg, 1969), that such
interactions indicate a motoric locus for the Atgdered speeding of RTs. A discussion of the
problems with this argument will be deferred uttié General Discussion.

Despite a substantial empirical database, thare general agreement among researchers
on which of these four accounts explains most efdata. One possible source of confusion in the
debate may be that the various accounts are nataliyiexclusive, and hence different portions of
the database may be explained by different accoAntsther reason for the lack of agreement may
be that it is hard to distinguish the various actswn the basis of behavioral performance
measures alone.

Probably the most conclusive evidence to date bas beported by Hackley and Valle-
Inclan (1998, 1999). These investigators recortiecetectroencephalogram (EEG) from
participants performing an AS task and computeddtezalized readiness potential (LRP) to
investigate the timing of the AS effect. The LRRusEEG index of hand-specific response
preparation. It is computed as the difference iGEEtivity over the motor cortices contralateral
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and ipsilateral to the responding hand, and average until the accumulated evidence at the level
of the motor cortex for one of the response optisrmitweighing that for the other response
option. Thus, the onset of the LRP reflects thepduring the decision process during which, on
average, stimulus-specific accumulators have gathevidence favoring one of the two response
options, and this evidence has been transmittesd téi brain areas representing the relevant
stimulus-response mappings, and then to the mottexwhere it is expressed in asymmetrical
activity of the two hemispheres (Gold & ShadlenQ20Spencer & Coles, 1999). Hackley and
Valle-Inclan found that accessory stimuli shortea interval between stimulus onset and LRP
onset but not the interval between LRP onset aadWert response. This is strong evidence against
the notion that accessory stimuli speed up motecetion processes, and in support of the view
that the AS effect develops during stimulus encgdind/or an early phase of the decision-making
process (i.e., before the motor cortex beginsweakthe outcome of the decision).

Despite the knowledge gained by these LRP studg@sral important questions remain
unanswered. For example, is it possible to recerhi conclusion that accessory stimuli do not
speed up motor-execution processes with findingmaoAS effect on voluntary response force and
the amplitude of somatic reflexes? Can we distisigtine possibilities, suggested by LRP studies,
that the AS effect develops during stimulus encgainduring an early phase of the decision-
making process? And can we find indications thatAl effect is a result of energy convergence in
low-level sensory brain areas? We addressed tmesether questions in the two experiments
reported below.

Experiment 1: Electrophysiology

The aims of this experiment were threefold. Finat,tried to replicate the finding, reported
by Hackley and Valle-Inclan (1998, 1999), that amigi accessory stimuli speed up visual
information processing before LRP onset but na&rdfRP onset. As noted, this type of information
provides important clues about the processing corapis influenced by accessory stimuli.

Second, we wanted to investigate whether accessionyli have an effect on central motor
processes that is not revealed by the LRP methggalsed in previous research. Specifically, the
LRP is a relative measure, which shows the diffeean activity between the contralateral and
ipsilateral motor cortices, but not the respectiwtvities of each individual motor cortex.
Therefore, the LRP does not reveal potential ASwoedinonspecifiancreases in motor
activity—increases in activity that are equal for the cdatesal and ipsilateral motor cortices, and
that are not expressed in a RT benefit. The pdagithat accessory stimuli increase bilateral moto
activity without speeding the actual response ett@cus consistent with proposals that energy-
related stimulus properties (e.g., the intensitthefAS) have nonspecific arousal effects that are
dissociable from the effects of translating thenstus into the appropriate response (Sanders,
1983). It is possible to assess the activity ohaadividual motor cortex by estimating the surface
Laplacians over the primary motor areas by meariseo$ource-derivation method (Hjorth, 1975).
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The Laplacian acts as a high-pass spatial filtereblyicing the common activities between neighboring
electrodes. It removes the blurring effect of cotriffusion through the highly resistive skudind is
considered to give a good approximation of theicogram (Gevins, 1989).

The third aim of Experiment 1 was to evaluate aljgteon of the energy-integration
hypothesis, by examining the effect of accessamyusdi on the P1 and N1, two early visual evoked
ERP components recorded over the lateral occipadéx. Previous research has shown that these
components increase in amplitude with increasimgudus brightness (i.e., energy; Blenner &
Yingling, 1993). Therefore, if auditory accessotiynslli increase energy in brain areas specialized
in visual processing, this energy increase (ihe ,donverged energy from the visual and auditory
stimuli) should manifest in increased amplitudethefP1 and N1 associated with the visual
imperative stimuli. A failure to find such amplim@nhancements would provide evidence against
the energy-integration hypothesis. It is importanmote that the observation of such enhancements,
though consistent with the energy-integration higpsis, would not present definitive evidence for
this hypothesis; although the use of surface Lagtescimproves estimates of the orientation and
location (i.e., biased towards superficial sourcéshtracerebral generators, this method does not
solve the inverse problem. That is, it cannot edelthe possibility that the amplitude increases
reflect the summation at the scalp of electricéivig from two or more different cell populations,
rather than the summed activity from one sourogsnal areas. Nevertheless, the current results
will be valuable as a basis for future studiesgiesil to distinguish these possibilities. We also
compared the latencies of the P1 and N1 compoensS trials and no-AS trials to determine to
what extent the AS effect was already presenteattiiresponding stages of information
processing.

Method

Participants.Thirteen volunteers participated (10 women; 12triginded; aged 18-30
years; mean age = 21.5). All participants reponanal hearing and normal or corrected-to-
normal vision. All participants gave informed contsand received either 15 euros or course credits
for participation.

Stimuli and procedurelhe task we used was a slightly modified versibtine task used by
Hackley and Valle-Inclan (1998). On most trials $iregle letter ‘S’ or ‘T’ was presented for 250
ms, in the center of the screen. The letter suleigeither 1.0° or 0.8° in visual angle, on 80% and
20% of the trials, respectively. When a 1.0° lett@s presented, participants were to indicate
whether it was an S or a T by pressing a left oglat key (go trials). The key assignment was
balanced across participants. When a 0.8° letterpsasented, the response was to be withheld
(nogo trials). On a randomly chosen 50% of thdgyian AS (800 Hz, 80 dB, 150 ms long tone)
was presented 30 ms prior to the letter onset.tdies were presented binaurally through Epymotic
air-pulse ear phones. Intertrial intervals wer8 @r 4 s. Unlike in Hackley and Valle-Inclan’s task
we also included trials on which the AS was presgalone (catch trials). These catch trials were
included to discourage premature responses to $jeAd to be able to compare ERPs to auditory-
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only, visual-only, and combined visual-and-auditstiynulation. Keypress responses were made
with the left and the right thumb, and participawtze instructed to respond as fast as possible. An
ERROR message of 1 s was displayed following ire@argo trial responses and responses on nogo
trials.

Participants completed one practice block, followgd5 experimental blocks. Ten of the
experimental blocks contained 40 go trials, 10 niogds and 6 catch trials each. In order to obtain
enough catch trials, the remaining five blocks aored 16 go trials, 4 nogo trials, and 28 catch
trials each. These blocks were presented asth@"39", 12" and 1% block of the experiment.

After each block the mean RT appeared on the scaeehparticipants could take a short break if
needed. A total of 800 trials was presented througthe experiment, which lasted about one hour.
Instrumentation and recordiny/isual stimuli were presented on a 19” computenitao,

located at a distance of about 60 cm from the gpént. Presentation of the visual and auditory
stimuli was controlled by a personal computer ugAgrime 1.1 EEG was recorded from 64
Ag/AgCIl scalp electrodes mounted in an elastic eag, from the left and riglmastoidsusing a
64-channel active electrode recording system (sagphate 512 Hz)Two additional electrodes
(CMS-Common Mode Sense and DRL-Driven Right Leglenesed as reference and ground (see
http://www.biosemi.com/fag/cms&drl.htm for detaildhe signal was referenced offline to the
average mastoid signal. The horizontal and vergétsadtro-oculogram (EOG) were measured using
bipolar recordings from electrodes placed approtetyal cm lateral of the outer canthi of the two
eyes and from electrodes placed approximately albove and below the participant’s left eye.
EEG and EOG were high-pass filtered at 0.1 Hz amddass filtered at 30 Hz. Electromyographic
(EMG) activity of the flexor pollicis brevis wasaerded with paired electrodes fixed about 2 cm
apart on the skin of the Thenar eminence of eand,Haandpass-filtered (10-256 Hz), and full-
wave rectified.

Signal processing and data analysgsigle-trial epochs were extracted offline foreipd
from 500 ms before until 800 ms after the critieaeént. Ocular and eyeblink artifacts were
corrected using the method of Gratton, Coles, aocbin (1983). Epochs with other artifacts
(spike artifacts [5@V/2 ms] and slow drifts [20QV/200 ms]) were also discarded. Then, for each
participant and each condition of interest, the E#pGchs were averaged with respect to letter onset
(imaginary letter onset on catch trials) and EMGeairto create stimulus-locked and EMG-locked
averages. A baseline, computed as the averagd sigihaty across the 200 ms prior to the AS, was
subtracted for each ERP. The EMG traces were \sunspected and the EMG onsets were hand-
scored by an experimenter. We used this methodusecasual inspection is more accurate than
automated algorithms (Hodges & Bui, 1996; Van Bhx&eraats, Van den Berg-Lenssen, &
Brunia, 1993). To prevent subjective influence lo@ dnset scoring, the experimenter who scored
the onsets was unaware of the trial types to wtiieHEMG traces corresponded.

Trials were excluded from the data analyses iRflevas shorter than 100 ms or longer
than 1000 ms, or when the response was incorragd.résulted in the exclusion of 1.4% of the
trials. The EMG onset was used to divide the tRfRlin premotor time (interval between stimulus
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onset and EMG onset) and motor time (interval betwleMG onset and overt response). For the
LRP analysis, we used the same procedure as Haaktkyalle-Inclan (1998): Stimulus- and
EMG-locked LRPs were computed from monopolar reiogsiover C3 and C4, using the standard
double subtraction method. LRP latency was assexs&@lo, 50% and 70% of the peak amplitude,
using jackknife tests (Miller, Patterson & Ulrict998). For the surface Laplacian estimation, we
used the spherical spline interpolation algoritHrRerrin, Pernier, Bertrand, and Echallier (1989),
as implemented in Brain Vision Analyzer. This meth® based on the entire electrode array and
consists of two steps: first the values recordezhah electrode are interpolated, and then théaspat
second derivative of this function is computéte used 4 as the degree of spline and 10° as the
maximum Legendre polynomial. The P1 amplitude weftndd as the peak amplitude of the
average surface Laplacian over electrodes PO7 @&driPthe 60-140 ms time window. The N1
amplitude was defined as the peak amplitude oatleeage surface Laplacian over electrodes P7
and P8 in the 100-200 ms time window.

Results

Behavioral resultsin agreement with the findings of Hackley and ¥dhclan (1998), RT
on go trials was shorter on AS trials (mean = 5@1 8D = 77 ms) than on no-AS trials (mean =
519 ms, SD =80 m#$(12) = 5.0,p < 0.001). (We verified that this AS effect wasaaimilar
magnitude in the blocks with a high probabilitycatch trials [21 ms] and the blocks with a low
probability of catch trials [18 msk, < 1.) Accuracy on go trials did not differ betwe&8 trials and
no-AS trials (97.2% vs. 97.5%(12) = 0.6,p = 0.53). The percentage of nogo errors (falsevedar
was higher on AS trials than on no-AS trials (9.6806.8%;t(12) = 2.2,p = 0.047).

Responses on catch trials were very rare: oneegbdinticipants responded to a catch trial
twice, whereas the other participants never respmal a catch trial. This indicates that accessory
stimuli did not induce fast-guess responses.

Motor and premotor timel'he premotor time was shorter on AS trials thamoS trials
(364 ms vs. 379 m¢(12) = 6.9,p < 0.001). The motor time did not differ between #&ls and no-
AS trials (122 ms vs. 124 migl2) = 1.4p=0.18)

Electrophysiological datakrigure 1 shows the stimulus- and EMG-locked LR gtie AS
trials and no-AS trials. Consistent with Hackleglaralle-Inclan’s (1998) results, we found an AS
effect on the stimulus-locked but not on the EM@kled LRP latency. The difference on the
stimulus-locked LRP latency was 16 ms for the 308plgude point {12] = 0.62,p = 0.27), 23 ms
for the 50% amplitude point[{2] = 1.65,p = 0.06), and also 23 ms for the 70% amplitude tpoin
(t[12] = 2.04,p = 0.03). It is interesting that these effect simgyhly correspond to the AS effect
on RT. In contrast, the EMG-locked LRPs for the tAi&ls and no-AS trials almost overlapped, and
no significant AS effect was found for any of theete time points (atk < 0.2). Taken together,
this pattern of results indicates that, like Re HRP onset occurred earlier and was somewhat less
variable in latency on AS trials than on no-ASl&idmportantly, accessory stimuli did not speed
processes that followed LRP onset.
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Figure 1. LRPs as a function of AS presence, time-locketthéoonset of the visual imperative stimulus (upmearel)
and to EMG onset (lower panel). Accessory stimdrevpresented 30 ms before the imperative stimulus.

The Laplacian waveforms over the motor cortex @rand ipsilateral to the involved hand
are shown in Figure 2, separately for the AS tréald no-AS trials. On AS trials, two early peaks
were observed that were absent on no-AS trialssd peaks reflect tone-related activation in the
Sylvian fissure, volume-conducted to the verteg.(eéGiard et al., 1994). Preceding EMG onset, a
negative wave developed over the contralateral noadex and a positive wave over the ipsilateral
motor cortex. This pattern has also been reportguiavious studies, and is thought to reflect the
activation of the involved motor cortex and theg@ssion of activation in the non-involved motor
cortex (Burle, Vidal, Tandonnet, & Hasbroucq, 2004iller, 2007; Tandonnet, Burle, Vidal, &
Hasbroucq, 2003; Vidal, Grapperon, Bonnet, & Hasbgp 2003). Importantly, both the ipsi- and
the contralateral waves were more negative in dogdion AS trials, suggesting that accessory
stimuli induced a nonspecific (i.e., bilateral) i@ase in activation of the motor cortex. At thedim
of EMG onset, the AS effect on the Laplacian amptwas 4.1V /cm? for the contralateral
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(involved) motor cortex and 28V /cm?for the ipsilateral (non-involved) motor corfex
repeated-measures ANOVA with laterality (ipsi/capt@nd AS presence as within-subject factors
yielded main effects of laterality[1,11] = 60.0p < 0.001) and AS presend&(l,11] =9.5p =
0.01), but no significant interactioR[{,11] = 0.6,p = 0.47). Follow-up contrasts indicated that the
contralateral negativity, reflecting the activatwinthe involved motor cortex, was larger on AS
trials than on no-AS trials (175 /cm?vs. 13.3uV /cm? t[11] = 2.2,p = 0.046). Likewise, the
ipsilateral positive wave, reflecting the inhibitiof the non-involved motor cortex, was smaller in
amplitude on AS-trials than on no-AS trials (14\8 /cm?vs. 17.1uV /cm?; t[11] = 2.4,p = 0.03).
These results confirm the notion that accessonyudticaused a nonspecific increase in motor
cortex activation.

To test the prediction suggested by the energgiat®n hypothesis, we tested whether
accessory stimuli increased the amplitudes of easlyal ERP components. More specifically, we
assessed the AS effect on the stimulus-locked tegrlacomponents corresponding to the P1
(electrodes PO7/8) and the N1 (P7/8; see Figuré@)sistent with the energy-integration
hypothesis, the P1 amplitude was larger on ASsttizn on no-AS trial4[(2] = 4.4,p < 0.001).

The N1 amplitude was also larger on AS trials,thig effect just missed significandgl@] = 1.6,

p = 0.065). Interestingly, as illustrated in Fig@réupper panel), the P1/N1 amplitude differences
between AS trials and no-AS trials were similathte amplitudes of the P1 and N1 components
elicited by the accessory stimuli on catch (i.aditory-only) trials. To further illustrate thisjgure

3 (lower panel) shows the waveforms on AS triatsr(bined visual-and-auditory), as well as the
sum waveform created by adding the waveforms asativith catch trials (auditory-only) and no-
AS trials (visual-only). Although they do not eeliy overlap, the similarity of these waveforms is
remarkable, and consistent with the energy-intagratypothesi

To assess whether the AS latency effect observetiédoRTs and LRPs is already present at
the time of the P1 and N1 components, we deterntimedS effect on the peak latencies of these
components. There was no AS effect on the P1 Igtgfi?] = 0.1,p = 0.46). The N1 peaked 6 ms
earlier on AS trials than on no-AS trials, a sniait consistent differencé{12] = 1.9,p = 0.04).

* The analyses reported here controlled for thedifice in pre-EMG baseline between AS trials and®adrials. This
baseline difference reflects the tone-elicited tiggacomponent (see Figure 2, upper panel), smeareth the EMG-
locked averages. Thus we subtracted the basekfiagd as the amplitude of the peak immediatelggueng EMG
onset, from the Laplacian amplitudes at the timEMIG onset. One participant was excluded from tleesdyses
because he did not show a clear baseline peak.

®> Most ERP studies on multisensory processing focusuperadditive enhancements (i.e., situatiomghich the
multisensory response exceeds the sum of the wstiseresponses) to demonstrate multisensory irtteresc Cell-
recording studies, however, have revealed thatradpéivity is merely one facet of multisensorydgtation, and one
that is produced under very specific circumstancas)ely when the unisensory component-stimuli arakly
effective. Across the broader range of stimulusrisities, the majority of the multisensory intei@t$ approximate
linear summation, i.e., additive enhancements éweed in Stanford, & Stein, 2007).
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Figure 2. Surface Laplacians over the motor cortex as atiom of AS presence, time-locked to the onsehefvisual
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imperative stimulus.
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Figure 3. Upper panel: Surface Laplacians over electrode&d®@nd P7/8 for AS trials, no-AS trials and catidis,
time-locked to stimulus onset. Lower panel: The suawe created by adding the no-AS signal to thehcsignal is
similar to the waveform for AS trials.

Discussion

The principal findings of Experiment 1 may be sumael as follows. In accordance with
previous studies (Hackley & Valle-Inclan, 1998, @99ve found that the AS effect was entirely
confined to the time period prior to LRP onset (8 1@s prior to EMG onset). Consistent with this
finding, the AS effect was reflected in premotonéis but not in motor times. A small portion
(about one third) of the effect was already apptaté0 ms after stimulus onset, at the time of the
N1 peak. Accordingly, most of the effect must hdegeloped between the N1, a component
associated with stimulus encoding, and LRP onketptoment at which the motor cortex begins to
reveal the outcome of the decision-making procEssse findings confirm that accessory stimuli
do not expedite response execution; they indidatethe AS effect reflects a speed-up of stimulus
encoding or an early phase of the decision-makinggss (presumably in association cortices;
Gold & Shadlen, 2007). Given that auditory sigree modulate cortical visual processing as early
as 40 ms following their onset (Giard & Peronn®99), this temporal “locus” of the AS effect
seems consistent with the observation, under sanrmigntstances, of a residual AS effect when the
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auditory AS lags the imperative stimulus (up to b@) e.g., Bernstein et al., 1969a, 1969b; Stahl
& Rammsayer, 2005).

Interestingly, AS trials were associated with imsed amplitudes of the P1 and N1
components, in a way that is consistent with trergyrintegration hypothesis. Specifically, the
P1/N1 amplitudes on AS trials (combined visual-anditory) were of a similar magnitude as the
summed amplitudes observed on no-AS trials (visa&l) and catch trials (auditory-only). Thus, it
Is possible that the speed-up of RTs on AS treflects the effects of energy integration in visual
processing areas, a possibility that is consistéit anatomical and physiological findings
(Ghazanfar & Schroeder, 2006). However, the datacdaule out an alternative interpretation,
namely that the increased P1/N1 amplitudes reflecsummation at the scalp of signals originating
from visual and auditory processing areas. Otheghaus are necessary to distinguish between
these possibilities.

Previous work has found that accessory stimuligase response force and reflex
magnitude, and that, in general, these responsétadgmeasures correlate poorly with RT (Low
et al., 1996; Miller et al., 1999; Stahl & Rammsayg®05). These findings have been viewed as
support for the proposal by Sanders (1983) thagssmry stimuli trigger a phasic burst of arousal
that leads to nonspecific priming of low-level mopathways, and that this effect occurs
independently from the stimulus-response transigtimcesses contributing to RT. Sanders’
proposal dovetails nicely with another principauk of the current studythe finding that
accessory stimuli evoked a nonspecific (i.e., biia) increase in motor-cortex activity that, as
noted above, was not expressed in a RT benefis. fitding seems to provide direct evidence for
an AS-induced nonspecific increase in motor aativatand, furthermore, suggests a possible
explanation of why this nonspecific effect is exgz@d in higher response force (as determined in
previous studies; a similar explanation may applseflex magnitude) but not in shorter RTs.
According to this explanation, response force teeined by the activation of the relevant (i.e.,
contralateral) motor cortex, which is higher on ti8ls. This assumption is consistent with
neuroimaging studies and neurophysiological recgsl{Cramer et al., 2002; Maier, Bennett,
Hepp-Reymond, & Lemon, 1993). In contrast, choiGeifdependent on (or at least scales with)
thedifferencebetween the activity in the relevant and irreldéwantor cortex, which is not affected,
due to the nonspecificity of the AS effect. Thiswasption is consistent with previous results
indicating that the LRP amplitude at the time of GMnset is constant across spontaneous
variations in RT (Gratton, Coles, Sirevaag, Eriksemonchin, 1988; Mordkoff & Grosjean,
2001), and with the present finding that the EMGaia on AS trials and no-AS trials were
associated with the same LRP amplitude. In any, ¢hseassumption is in accordance with an
influential class of decision-making models (el@ming, 1968), which assumes that a response is
initiated when the difference between the eviddoceach of the two possible responses reaches a
certain criterion value. One of these models isdiffesion model (Ratcliff, 1978), which will be
used in the next study.
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In this experiment we aimed to further clarify winicomponents of information processing
are affected by accessory stimuli on the basisdiffasion-model analysis of AS effects on RT and
accuracy. The diffusion model is a model of twoickalecision making that defines the decision
process as the continuous accumulation of noigyudtis information over time, from a starting
point towards one of two decision criteria or tina@sls (Ratcliff, 1978; see Figure 4). When one of
the two thresholds is reached, the correspondisgprese is initiated. There are several reasons to
assume that the diffusion model gives an accuedkection of how the decision process is
implemented in the brain. First, the diffusion pss is the optimal decision process: it provides th
fastest responses for a fixed level of accuracth@highest accuracy for a fixed response time
(Wald, 1947). Second, the diffusion model explairessdynamics of neuronal activity during
decision-making behavior (Gold & Shadlen, 2007; t8r&i Ratcliff, 2004). And third, the diffusion
model successfully accounts for RT distributiond arror rates in a variety of two-alternative

Experiment 2: Diffusion-Model Analysis

forced-choice tasks (e.g., Ratcliff, 2002; Rat¢chfin Zandt, & McKoon, 1999).

Encoding
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Figure 4. An illustration of the diffusion model. The paraters area = boundary separation= starting pointy =
drift rate, To, = mean nondecision time. The sample paths repres@ment-by-moment fluctuations in the evidence
favoring the two possible responses, which is dugoise in the decision process. The decision gostarts a and
terminates when one of the two boundaries is rehchHee duration of, determines the additional time needed for

>
>

stimulus encoding and response execution.

The diffusion model can be helpful in evaluating ttarious accounts of the AS effect
because some of the main model parameters correspasely to the different processing
components emphasized by these accounts. Thertfo®emportant parameters of the model in
this respect are the drift rate, the boundary sgmar, and the nondecision component. The drift
rate () is the mean rate of evidence accumulation ird#wsion process, which depends on the
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quality of the stimulus and the perceptual systehe higher the absolute value of the drift rate, th
faster a decision threshold is reached. If accgssonuli increase the drift rate of the diffusion
model, this would support the idea that accessiimud induce a faster build-up of information.
The boundary separatioa)(is the distance between the two decision critdiias parameter
determines on how much evidence a decision is baseldcan be controlled strategically by the
decision maker. If accessory stimuli lower the laany separation, this would provide support for
the notion that the AS effect reflects a loweriligh@ decision threshold (Posner, 1978). As noted
above, a speed-accuracy trade-off in the empidatd also provides an important diagnostic
criterion for a change in decision threshold. Besithe decision process, there are other
components of processing involved in a two-choigetésk, namely stimulus encoding and
response execution which, respectively, precedddlmv the decision process. In the diffusion
model, these nondecision processes are combinzdmmet nondecision componeiig, A

shortening of the nondecision component by accgsdwnuli would indicate that stimulus
encoding and/or motor execution are speeded.

We applied the diffusion model to data from a staddexical-decision task, in which
participants were asked to classify letter striags word or a nonword, with task instructions
emphasizing reaction speed in half of the blocldrasponse accuracy in the other half of the
blocks. The diffusion model has been shown to e good fit of lexical-decision data,
accounting for the effects of the experimentalatales on RTs for correct and error responses,
shapes of the RT distributions, and accuracy valRegcliff, Gomez, & McKoon, 2004;
Wagenmakers, Ratcliff, Gomez, & McKoon, 2008). Impatly, on half of the trials, the letter
string was preceded by an auditory AS, and our najo was to examine which model
parameter(s) could best account for the correspgndiiferences in task performance. In particular,
this approach allowed us to test between the tvesipte interpretations of the AS effect suggested
by Experiment 1: speeding of stimulus encodingpaesling of evidence accumulation.

Method

Participants.Twenty-one students participated (18 women; 19t+#iginded; aged 18-31
years; mean age = 22; all native Dutch speaketkpa#ticipants reported normal hearing and
normal or corrected-to-normal vision. Each par@acipcompleted two sessions of approximately 75
minutes each, on separate days. Participants exteither 15 euros or course credits for
participation.

Stimuli. The stimuli were 800 Dutch words and 800 nonwoBigh the words and the
nonwords consisted of 4, 5 or 6 letters (195 4tef251 5-letter and 354 6-letter words as well as
nonwords). The frequency of the words ranged frod7 @ 5.48 per million (mean = 3.47, SD =
1.28; Baayen, Piepenbrock, & Gulikers, 1995). Thewords were generated by replacing one
letter of an existing word; vowels were replaced/bwels and consonants by consonants. The
words that were used to generate the nonwords negnesed as word stimuli.
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A 200-ms long, 80 dB, 1000-Hz sine-wave tone wasl&s the AS. The tones were
presented binaurally through headphones.

Procedure Participants were tested individually in a dimtydom. Stimuli were presented
on a personal computer screen, with response<tadlérom the keyboard. On-screen instructions
were provided. On most trials a letter string wesspnted (Courier New font; visual angle = 2.7°
for 4-letter words and 4.0° for 6-letter words)daarticipants were instructed to decide whether or
not each letter string was a Dutch word by presieg or the / key. The key assignment was
balanced across participants. The letter stringaneed on the screen until a response was made,
and was followed by an intertrial interval of 2,08,4 s. On a randomly chosen 50% of the trials the
AS was presented 100 ms prior to the onset ofetterIstring. Participants were informed that the
tones were irrelevant to the task and could bergphdOn 11% of the trials the AS was presented
alone (catch trials), to discourage premature nesp®to the AS.

In each of the two sessions, participants completedoractice blocks of 27 trials, followed
by 20 experimental blocks of 45 trials. Each expental block consisted of 20 trials on which a
letter string was presented alone, 20 trials orclvii letter string was presented together with the
AS, and 5 catch trials.

Speed-accuracy instructions alternated across ®ldclspeed blocks, participants were
instructed to respond as quickly as possible, bitout making a lot of errors, and responses
slower than 750 ms were followed by a message TOOV& of 1 s. When a response was faster
than 250 ms, the message TOO FAST was displayed$oNo accuracy feedback was given in
these blocks. In accuracy blocks, participants westucted to respond as accurately as possible,
but without taking more time to respond than neagssand incorrect responses were followed by a
message ERROR of 1 s. No speed feedback was gitaase blocks. Each block started with an
on-screen announcement of the upcoming speed-agcimstruction, which was displayed for 2 s.
At the end of each block the mean RT and the ptapoof correct responses appeared on the
screen, and participants could take a short brefk® initiating the next block.

Results

Behavioral resultsFigure 5 shows the mean correct RT and mean piiopercorrect as a
function of word type, instruction and AS preseriR€&s smaller than 300 ms or larger than 2500
ms were excluded from analysighich resulted in the exclusion of 0.5% of thalsi In accordance
with previous studies, RTs were shorter on ASgrihln on no-AS trials (636 ms vs. 660 ms;
F(1,20) = 75.7p < 0.001), yielding a reliable AS effect. Furthem®oRTs were shorter following
speed instructions than following accuracy instarg (599 ms vs. 697 mB(1,20) = 42.6p <
0.001), and shorter for words than for nonword¥/ (8 vs. 669 md3(1,20) = 84.0p < 0.001). AS
presence did not interact with instructign=.37) or word typef = .83). However, the latter two
variables showed a significant interaction, indiagthat the RT difference between the speed and
accuracy instructions was larger for nonwords tieanvords €[1,20] = 6.9,p = 0.016).
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Figure 5. Mean correct RT and proportion correct as a fomctif word type, instruction (speed/accuracy) asl A
presence.

Proportion correct showed no reliable differenceveen AS trials and no-AS trials (both
0.88;F(1,20) = 1.4p = 0.26). As expected, proportion correct was higheen the instruction
emphasized accuracy than when it emphasized spe¥ti\(s. 0.85F(1,20) = 44.5p < 0.001). In
addition, proportion correct was higher for nonwstidan for words (0.90 vs. 0.88(1,20) = 9.8p
= 0.005). None of the interactions between theetlagiables were significant (gié > 0.09).

Finally, responses on catch trials were pracijcalisent: One of the participants responded
to a catch trial once, whereas the other parti¢cgoaaver responded to a catch trial.

Diffusion-model analysig-or fitting the diffusion model to the data we dske Diffusion
Model Analysis Toolbox (DMAT; Vandekerckhove & Tlieckx, 2007, 2008). DMAT estimates
parameters by maximizing a multinomial likelihoaohétion. The data that are used to fit the
diffusion model are the RT distributions for cotrand incorrect responses, and the proportion
correct responses. To assess the processing compadhat are affected by accessory stimuli, four
different models were fitted to the data. The fowadels differed with regard to the parameters that
were free to vary as a function of AS presenceni@ model (the All free model), a, andv were
all left free to vary. In addition, there were taraodels in which eithél,, a, orv could vary,
whereas the other parameters were held constant{tmodel,a model, and model,
respectively).
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The following parameter settings were the samallanodels: 1) The intertrial variability
in nondecision timesf) was held constant across all conditions. 2) Tagisg point of the
diffusion processZ) was set at a fixed proportion of the boundaryas&ion, such that the bias in
starting point was constant across conditions.@)r8lary separatioral and the intertrial
variability in starting point$2 were free to vary between the speed and acce@myjitions
(Ratcliff & Rouder, 1998, Experiment 1; Ratcliffhdpar, & McKoon, 2001, Experiment 2). 4)
Mean drift rate{) and intertrial variability in drift ratey were free to vary between the word and
nonword trials (Ratcliff, Thapar, Gomez, & McKod(04).

The models were fitted to the data in two wayssti-the models were fitted to each
participant’s data individually. When a participam&de 10 or fewer errors in a condition, the
participant’s error data for this condition werd mecluded in the fitting procedure. Second, the
models were fitted to the averaged data. The aedregta was obtained by calculating the
accuracy and the RTs for correct and error triag®eiated with the .1, .3, .5, .7 and .9 quantdes
each individual participant, and then averagingéhealues across participants. (Note that the
quantile RTs are not the mean RTs within bins [R§t€979], but the boundary RTs of each
quantile) The codes that were used to fit the nsodah be found at
http://users.fmg.uva.nl/ewagenmakers/papers.html.

AS effects on the diffusion-model paramet&msassess which parameters were affected by
AS presence, we analyzed the AS effect on the astgrof thél,,, aandv parameters in the All
free model. Table 1 shows both the average paramstinates across participants and the
parameter estimates resulting from fits of the niotiethe averaged data. The parameter estimates
obtained by the two fitting methods were very sanilwhich replicates findings from previous
studies (e.qg., Ratcliff et al., 2001, 2004). Therage parameter estimates across participants and
the parameter estimates resulting from fits toateraged data were within one SD of each other
for all parameters. As expected, the boundary s¢iparwas smaller when the instruction
emphasized speed than when it emphasized acclélcR(Q) = 48.1p < 0.001). In addition, drift
rates were higher for words than for nonworeg&l(20) = 16.6p = 0.001). Importantly, neither
boundary separation nor drift rate was affectedBypresence (both(1,20) < 1). In contrast, the
nondecision componenke,, was significantly smaller on AS trials than onAS trials ¢(20) = 5.7,

p < 0.001). These results suggest that accessaonylsBhorten one or more nondecision processes,
but do not affect the decision process itself.
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Table 1. Parameter estimates for the fit of the All freed®la(SD in parentheses)

parameter AS No AS
average values across participant3e, 471 (.027) .488 (.027)

a (speed) .097 (.018) .099 (.018)

a (accuracy) .146 (.037) .148 (.041)

v (words) 404 (.169) .391 (.128)

v (nonwords)  -.331(.101) -.313 (.064)
fits to averaged data Ter AT75 494

a (speed) .089 .091

a (accuracy) 130 133

v (words) .318 327

v (nonwords) -.286 -.287

Model selectionTo further assess the AS effect on the differeodeh parameters, we
tested which model had the best fit to the datacdrapare the adequacy of the four models (i.e.,
the All free modelTemodel,a model, andsr model) in explaining the observed data we used the
Bayesian Information Criterion (BIC; Raftery, 1998)statistical criterion for model selection. The
BIC is an increasing function of the residual sumsguares from the estimated model, and an
increasing function of the number of free paranseteme estimated. Thus, the best model is the
model with the lowest BIC value. In addition, tleewBIC values were transformed to a probability
scale, enabling a more intuitive comparison ofghrababilities of each model being the best model
(Wagenmakers & Farrell, 2004). The transformatibBI€ values to probability values consists of
three steps. First, for each model i, the diffeeeimcBIC with respect to the model with the lowest
BIC value is computed (i.eAi(BIC)). Second, the relative likelihood L of eaclodel i is estimated
by means of the following transformation: L (Miata)a exp[-0.5Ai(BIC)], wherea stands for “is
proportional to”. Last, the model probabilities ammputed by normalizing the relative model
likelihoods, which is done by dividing each modkelihood by the sum of the likelihoods of all
models. Table 2 summarizes the BIC values and pitioes of each of the four models. Again,
both the average values across participants aneathes resulting from fits of the model to the
averaged data are displayed. Tlhemodel had by far the best fit, both for the indivally fitted
data and for the averaged data. In the individoalyses, thd. model yielded the best fit for 18 of
the 21 participants. For the sake of completenesalso examined the models in which
combinations of two parametef&(anda; Te; andv; a andv) were free to vary as a function of AS
presence. The BIC values of these three models allenmrse than that of thk,; model.
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Table 2 BIC values for each model. Note: p = BIC modelhability

df BIC p
average values across participants  All frezdel 20 6,725 <0.0001
Termodel 12 6,680 > 0.9998
amodel 15 6,703 < 0.0001
v model 15 6,706 < 0.0001
fits to averaged data All fremodel 20 139,653 <0.0001
Ter model 12 139,583 > 0.9998
amodel 15 139,714 < 0.0001
v model 15 139,878 < 0.0001

Model fits.To examine the RT distributions, the .1, .3, .5and .9 quantile RTs of each
participant were averaged across participants.reigishows the mean correct quantile RTs as well
as the mean proportions correct in each condifibe. predicted quantile RTs and proportions
correct from the best fitting model (tAe. model) are indicated as well. Figure 6 shows alidtve
guantile RTs of the correct responses were shont&sS trials than on no-AS trials. However, the
absolute AS effect was small relative to the ddferes between the quantile RWich makes
visual inspection difficult. To examine the AS efféen more detail, we calculated the RT difference
between AS trials and no-AS trials (i.e., the Afeet) for each of the five correct RT quantileseTh
resultingdelta plotprovides a way of zooming in on the AS effectiffedent points of the RT
distribution (e.g., de Jong, Liang, & Lauber, 19B4dderinkhof, 2002). Figure 7 shows the delta
plots for the observed data and for the data predily the best-fittinde,, aandv models. The AS
effect is rather constant across the .1 - .7 glesntas is predicted by tig, model, but is somewhat
increased for the .9 quantile. TA@ndv models both predict that the AS effect graduallyréases
as RTs become longer. Most of the conditions inotheerved data did not show this pattern, which
explains why thd@, provided a better account of the data tharathedv models. In addition, an
AS effect ona or v would lead to different proportions of correctgesses in AS trials and no-AS
trials, which was not found in the data.
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Discussion

We applied the diffusion model to the data frotexacal-decision experiment in which the
visual imperative stimuli (letter strings) were agganied by an auditory AS or not. The diffusion-
model analysis of these data provided importardenge regarding the source of the AS effect. The
fit of a model in which all critical parameters wdeft unconstrained showed that the AS effect was
largely accounted for by a change in the nondetisamponenTe,. In contrast, the decision
parameters drift rate and boundary separationpadth sensitive to other experimental variables,
were not affected by AS presence. In the regulbaberal analyses, we also found no indications
for an AS effect on boundary separation: there measpeed-accuracy trade-off between AS trials
and no-AS trials; and no interaction between tlieces of AS presence and instruction (emphasis
on speed or accuracy), a variable which affectethbary separation. A comparison of models in
which only one parameter was allowed to vary betw&$ trials and no-AS trials pointed in the
same direction: for almost all of the participathts T, model was best able to explain the data. The
Ter model was also significantly better than modelwlvich combinations of two parameters or all
three parameters were free to vary as a functigkSopresence. Finally, the AS effect was
relatively constant across the RT distribution.sTimplies that accessory stimuli did not alter the
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shape of the RT distribution but shifted the cortetiistribution to the left, which is consistent
with an effect on the nondecision component.

These results strongly suggest that accessorylstim not affect the decision process itself,
but instead speed up nondecision processes. Badbe diffusion-model analysis alone, it cannot
be determined whether the shortening of the nosaetcomponent reflects a speeding of stimulus
encoding or response execution, or both. Howetieretectrophysiological results of Experiment 1
and previous work (Hackley & Valle-Inclan, 1998 989 rule out a speeding of response execution.
Therefore, the combined results from Experimerdaad 2 suggest that the AS effect reflects
speeding of the stimulus-encoding process.

General Discussion

We conducted two experiments to assess which coempeof information processing are
affected by accessory stimuli. The combined resflthe two experiments have led us to the
following three main conclusions. First, accesssimuli speed up encoding of the imperative
stimulus. This is possibly the result of energggration in visual-processing areas. Second,
accessory stimuli cause a bilateral (nonspecificidase in cortical motor activation, which is not
expressed in a RT benefit. Third, accessory stime little or no effect on the decision process.
Each conclusion will be addressed below.

Accessory stimuli speed up encoding of the imperatiimulus

The EEG results and diffusion-model analyses tepdnere support the stimulus-encoding
account of the AS effect. The EEG results indicdkbed some of the effect was already present at
the time of the N1 peak, and that most of the éffieveloped in the interval between the N1 and
LRP onset. The diffusion-model analyses suggesigicthe effect occurred before the start of the
decision process, which is presumably some tensilb§econds before LRP onset, which marks
the moment when asymmetric evidence accumulatiogvisaled at the level of the motor cortex.
The notion that accessory stimuli speed up stimehcoding seems consistent with behavioral
studies demonstrating that auditory signals, whiesgnted concurrently with the visual imperative
stimulus, can facilitate spatial visual search (danBurg, Olivers, Bronkhorst, & Theeuwes, 2008)
and target detection in rapid serial visual pres@m streams (Dalton & Spence, 2007; Vroomen &
de Gelder, 2000), and increase the perceived ityesfsvisual stimuli (Stein et al., 1996). An
interesting goal for future research will be toastigate whether these seemingly similar
phenomena are indeed caused by a common mechanism.

The energy-integration hypothesis has been foreehes a specific account of how
accessory stimuli might speed up stimulus enco(Bsgnstein, 1970). According to this
hypothesis, stimulus energy is integrated acrdésrdint modalities in such a way that adding an
auditory AS is comparable to increasing the intignsd the visual imperative stimulus. The notion
of intermodal energy convergereeven in presumptive unimodal sensory areas consistent
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with the existence of direct connections betweadtitaty cortex and primary visual cortex

(Falchier, Clavagnier, Barone, & Kennedy, 2002; IRaxd & Ojima, 2003), and multisensory
neurons in low-level sensory areas, such as ayektmsitive neurons in visual cortex (Morrell,
1972). We found that accessory stimuli increasedathplitudes of early ERP components (P1/N1)
over visual-processing areas in a way that is stersi with the energy-integration hypothesis.
Previous studies have found that amplitude inceeasearly visual ERP components are associated
with faster target-detection RTs and forward shiftthe perceived onset of visual stimuli
(McDonald, Teder-Salejarvi, Di Russo, & Hillyard)@5; Talsma, Mulckhuyse, Slagter, &
Theeuwes, 2007), suggesting that increased strefgikural activity in visual cortex speeds up
downstream perceptual processing. Thus, accessomylismight have led to increased neural
activity in visual cortex (reflected in P1/N1), whiin turn might have speeded up subsequent
encoding processes. This possibility is consistegtit our finding that the first AS-induced increase
in ERP amplitude (~ 100 ms after stimulus onseheatime of the P1 peak) preceded the beginning
of the latency effect (~160 ms after stimulus ongethe time of the N1 peak). However, due to the
inherent limitations of EEG methods (i.e., the ‘@nse problem), the ERP findings cannot be taken
as conclusive evidence for energy integration suai-processing areas. They provide merely a
motivation for future research designed to deteentite mechanism underlying the AS effect.

The effect of accessory stimuli on stimulus encgdmght be related to stochastic
resonance in sensory systems. Stochastic resorsatigecounterintuitive phenomenon that adding
a certain level of noise to a nonlinear system eobsiits response to a weak (subthreshold) input
signal (Benzi, Sutera, & Vulpiani, 1981). A possileixplanation for stochastic resonance in
perceptual systems is that the addition of noishes subthreshold stimuli across their threshold,
resulting in improved detection of the stimuli (Mo%Vard, & Sannita, 2004). Stochastic resonance
effects on stimulus detection have also been detraied when the signal and the noise were of
different modalities (Manjarrez, Mendez, MartinEigres, & Mirasso, 2007). Manjarrez and
colleagues found that continuous auditory noiserawgd the detection of subthreshold visual
stimuli, which was explained by an increased resparf multisensory neurons to the converged
auditory and visual input. Along similar lines, ffoint presentation of imperative and accessory
stimuli might cause a faster increase in neuravaibbn in visual-processing areas than the
imperative stimulus alone, thereby precipitatingedgon of the imperative stimulus. Whether
indeed similar neural mechanisms are involved @AB effect and stochastic resonance is an
interesting question for future research.

The conclusion that accessory stimuli facilitaiemstus encoding may be important for a
better understanding of other phenomena reportéteiattentional literature. A prominent example
is the warning effect, which is also referred tdraestemporal preparation effect. In the temporal
preparation paradigm, a warning stimulus annoutteesnset of an imperative stimulus. Unlike in
the AS paradigm, the interval (or foreperiod) begwevarning stimulus and imperative stimulus is
long enough to enable deliberate preparation (lysea800 ms). When foreperiods are constant
within blocks but vary between blocks, the typitatliing is that RT increases with increasing
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foreperiod length (Niemi & Naatanen, 1981). Thishisught to reflect a more difficult estimation
of the timing of the imperative stimulus for londereperiods (Klemmer, 1956). LRP studies and
psychophysical measurements have yielded evidem@egre-motoric locus of the effect (Muller-
Gethmann, Ulrich, & Rinkenauer, 2003; Rolke & Hofma2007; but see Rudell & Hu, 2001).
Furthermore, animal research has indicated thangltine foreperiod interval there is a gradual
increase in the firing rate of visual neurons (Gh&3sMaunsell, 2002), suggesting that the benefit
of temporal preparation is at least in part dupdxeptual changes. Although the warning effect
does not reflect motoric changes, the degree gboeah preparation is known to affect response
force (Mattes & Ulrich, 1997) and reflex amplitu@@runia & van Boxtel, 2000). Thus, in several
regards there is a marked similarity between thectf of temporal preparation and accessory
stimulation. Indeed, Bernstein, Chu, Briggs, andusiman (1973) have suggested that enhanced
preparation is one of the mechanisms underlyingh®effect. While warning stimuli cause a
gradual increase in the firing rate of visual ne&sraaccessory stimuli might cause an immediate
increase in firing rate. This would imply that tharning effect and the AS effect correspond to,
respectively, endogenous and exogenous instantbe eshme process (cf. Hackley & Valle-Inclan,
2003).

Accessory stimuli cause a nonspecific increaseatonactivation

Besides an effect on stimulus encoding, accessonyli induced a bilateral (nonspecific)
increase in motor activation, which had no effetRY. This finding supports the proposal by
Sanders (1983) that accessory stimuli trigger aipHaurst of arousal that leads to nonspecific
priming of low-level motor pathways, and that tafsect occurs independently from the stimulus-
response translation processes contributing toltRiIso has important implications for previous
findings of AS effects on motor processes. Inteoastof AS presence with manipulations that
influence motor processes (e.g., instructed tonisate tension) have been interpreted, using
additive-factors logic, as evidence that accesstimyuli affect the speed of motor processes
(Sanders, 1980; Schmidt et al., 1984). One prob¥gimthis line of reasoning is that the critical
assumptions underlying the additive-factors logelaghly disputed. For example, researchers
have challenged the assumption that informatiosgssing consists of a sequence of discrete
nonoverlapping stages (e.g., Spencer & Coles, 18ifl)even setting aside the problems with
these assumptions, an interaction between accessanylation and motor manipulations only
indicates that accessory stimuli influence motacpsses; the interaction does not specify the
nature of this influence and whether it is assedatith a change in thaurationof motor
processes. An AS-induced nonspecific increase itonactivation, even when having no direct
effect on RT, may modulate the effects of otheraldes on the duration of motor processes (and
hence RT), and therefore could have been resperfsibthe interactions that were found in studies
using additive-factors logic.

As discussed above, the conclusion that accessionyli caused a bilateral increase in
motor cortex activation also offers an explanafmmprevious findings that accessory stimuli
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increase response force, independently from tlffgicts on RT (Miller et al., 1999; Stahl &
Rammsayer, 2005). According to this explanatioa,As-induced stronger activation of the
relevant (contralateral) motor cortex causes arease in response force. Conversely, there is no
evidence that a bilateral increase in motor adgtwveaffects choice RT. Instead, it appears that
choice RT is dependent on ttéferencebetween the activity in the relevant and irrelévantor
cortex (Gratton et al., 1988; Mordkoff & Grosje@001), which was not substantially affected by
accessory stimuli in Experiment 1. It is plausithiat the AS-evoked nonspecific arousal effect also
increases the excitability of other motor systelinso, this may explain the finding of an increased
photic blink reflex when the reflex-eliciting stinus was accompanied by an acoustic AS (Low et
al., 1996)

Accessory stimuli might activate the motor corégker directly, via connections between
the auditory cortex and the motor cortex (Busen®ért, 1961; Ermolaeva, Tolchenova, &
Brukhanskaya, 1981), or indirectly. One possibtéract way in which accessory stimuli could
activate the motor cortex is via the locus coersilélne main noradrenergic nucleus in the
brainstem. Locus coeruleus neurons exhibit a reygictase in activity following motivationally
significant or salient stimuli (Aston-Jones, Rajlgiiy & Cohen, 2000). This causes the release of
norepinephrine in cortical and subcortical proj@ctareas, which increases the responsivity of
efferent neurons to their input (Servan-SchreiBentz, & Cohen, 1990). It is plausible that the
high-intensity auditory accessory stimuli that wased in the current study, by virtue of their
salience, caused a phasic locus coeruleus respomseesulting release of norepinephrine may
have caused the AS-induced increase in motor dictivan line with this hypothesis, it has been
shown that the availability of norepinephrine igical for an AS-induced increase of the
masseteric-reflex amplitude (Stafford & Jacobs,Q)98 remains to be determined whether the
noradrenergic system is also involved in AS-indudieainges in voluntary motor responses.

Accessory stimuli have little or no effect on tleeidion process

Our diffusion-model analyses suggested that ASem@s did not affect the main parameters
of the decision process: the rate of evidence aatation and the decision threshold. In addition,
no AS-induced speed-accuracy trade-off was fouredtirer of the two experimentshese findings
suggest that accessory stimuli did not have a anbat effect on the decision process. However,
the increased number of nogo errors (i.e., falaead) suggests that accessory stimuli induced a
lowering of the decision threshold for the go-naigaision (Gomez, Ratcliff, & Perea, 2007). Note
that go responses were much more frequent than resgonses (80% vs. 20%), which probably
resulted in a bias towards the go response. Instefithe diffusion model, this means that the
starting point for the go-nogo decision was cldsehe go threshold than to the nogo threshold. In
contrast, the decision which hand to respond wik unlikely to be biased towards one of the
decision thresholds, because left and right regmascurred equally often. The effect of a
lowering of the decision threshold on the prob#piinat the diffusion process reaches that
threshold by mistake is larger as the threshotdioser to the starting point. Therefore, it is ploles
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that accessory stimuli caused a lowering of thest®t thresholds that was too small to
significantly affect the number of errors in th&-keght decision, but large enough to increase the
number of incorrect go responses in the go-nogsiec

The above hypothesis predicts that accessory stonlyl induce a speed-accuracy trade-off
in situations in which the decision threshold @sél to the starting point of the decision process.
Aside from circumstances that induce a strong mespadias, this is likely to be the case in easy
choice RT tasks. Previously studies provide stsungport for this prediction: Significantly
increased error rates on AS trials have generanlfound in studies using relatively simple tasks
(e.g., requiring a spatially compatible stimuluspense mapping) with very short mean RTs (< 350
ms), suggesting that the response threshold was tiothe starting point (Low et al., 1996; Posner,
Klein, Summers, & Buggie, 1973; Schmidt et al.,4P8n contrast, the absence of a significant AS
effect on error rate has been found in more comialsis that produced intermediate to long mean
RTs (> 500 ms; e.g., Hackley & Valle-Inclan, 1989% Jong, 1991, Experiment 1; the present two
experiments). To prevent too many errors, the datitresholds in these more complex tasks were
probably at a relatively large distance from tletgtg point. Thus, previous findings of AS effects
on error rates are consistent with the hypothésisaccessory stimuli cause a small lowering of the
decision thresholds, which is only expressed imareased error rate when the threshold is close to
the starting point.

Our LRP findings showed that AS presence did netcathe response-locked LRP.
According to the continuous flow theory (ErikserS&hultz, 1979), stimulus evaluation and
response activation proceed largely in parallad, @sponse activation is continuously influenced
by the output of the stimulus-evaluation proces$ss Buggests that the LRP is an accurate
reflection of the accumulated evidence in the dexiprocess, and corresponds to the drift rate in
the diffusion model. Although systematic evidenaethis view is still missing, important support
has been provided by electrophysiological data€§dbratton, & Donchin, 1988; Gratton et al.,
1988) and computational considerations (Usher & Mb&nd, 2001). To the extent that the LRP
indexes an evidence-accumulation process, the ebsdran effect of AS presence on the response-
locked LRP suggests that neither the rate of ewe@tcumulation nor the decision threshold was
affected by accessory stimuli. This would be cdesiswith our diffusion-model analyses.

Summary of conclusions

Our findings suggest that accessory stimuli feti# encoding of the imperative stimulus. A
possible mechanism for this facilitation, consistsith anatomical and physiological findings, is
energy integration in visual-processing areas.urthér investigate this possibility, a closer link
with the multisensory-integration literature and@sated methods is warranted. In addition, we
found that accessory stimuli induce a bilateratease in motor activation that is independent ef th
RT benefit. This finding provides new and diregbgort for nonspecific arousal models, and offers
an explanation for previously reported AS effestg@sponse-amplitude measures. Finally, we
found no evidence that accessory stimuli affectréhie of evidence accumulation in the decision
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process. An AS-induced lowering of the decisiomshold, if present at all, is small, and is
translated in increased error rates only for denswith a starting point that is already closéht®
decision threshold. We believe that these findioggained by a combination of electrophysiology
and diffusion-model analyses, provide an importamitribution to our understanding of the effects
of accessory stimuli on information processing. @ngortant aim for future research will be to
combine these two methods in a single experimemt) that the various types of results can be
more easily integrated.
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