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a b s t r a c t

Although from multisensory research a great deal is known about how the different senses interact,
there is little knowledge as to the impact of aging on these multisensory processes. In this study, we
measured saccadic reaction time (SRT) of aged and young individuals to the onset of a visual target stimulus
with and without an accessory auditory stimulus occurring (focused attention task). The response time
pattern for both groups was similar: mean SRT to bimodal stimuli was generally shorter than to unimodal
stimuli, and mean bimodal SRT was shorter when the auditory accessory was presented ipsilaterally rather
than contralaterally to the target. The elderly participants were considerably slower than the younger
participants under all conditions but showed a greater multisensory enhancement, that is, they seem to
benefit more from bimodal stimulus presentation. In an attempt to weigh the contributions of peripheral
sensory processes relative to more central cognitive processes possibly responsible for the difference in
the younger and older adults, the time-window-of-integration (TWIN) model for crossmodal interaction
in saccadic eye movements developed by the authors was fitted to the data from both groups. The model
parameters suggest that (i) there is a slowing of the peripheral sensory processing in the elderly, (ii) as
a result of this slowing, the probability of integration is smaller in the elderly even with a wider time-
window-of-integration, and (iii) multisensory integration, if it occurs, manifests itself in larger neural
enhancement in the elderly; however, because of (ii), on average the integration effect is not large enough
to compensate for the peripheral slowing in the elderly.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Numerous studies, both neurophysiological and behavioral,
have shown that combining information from different senses can
have a profound influence on our perception (for a review see,
Calvert, Spence, & Stein, 2004; Stein & Meredith, 1993). The ven-
triloquist effect (Howard & Templeton, 1966; Woods & Recanzone,
2004) or the McGurk effect (McGurk & MacDonald, 1976) are promi-
nent examples for how visual and auditory information interact in
a highly complex manner. Crossmodal or intersensory interaction, as
it is called, can also be observed for simpler tasks such as detection
or discrimination, with relatively simple stimuli such as monochro-
matic lights and pure tones. Todd (1912) was the first to apply
a focused attention task in which a participant was instructed to
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respond to a visual stimulus upon detection and to ignore all other
stimuli, such as tone or tactile stimulation, that might accompany
the light. He found that the reaction time (RT) to bimodal or tri-
modal stimuli was on average faster than to the visual stimulus
when presented alone. This result has been replicated many times,
including all kinds of variations of the original setup (e.g., Diederich
& Colonius, 2004, for review). The effect has also been termed inter-
sensory facilitation(see Welch & Warren, 1986, for definitions and
examples of other facilitation effects on sensation thresholds or
judgments).

Participants in these experiments have predominately been
college-aged adults. Recently, Laurienti, Burdette, Maldjian, and
Wallace (2006) compared the performance of older and younger
adults in a speeded discrimination task with unimodal (red and
or blue filled circle) and bimodal stimuli (circle accompanied by
the spoken word red or blue). Older adults were significantly
slower in both unimodal conditions and the crossmodal condition
when compared with younger adults. However, the former group
showed greater intersensory facilitation than the younger adults,
reiterating a finding from more complex tasks that the elderly pop-
ulation seems to benefit more from multisensory input than do

0028-3932/$ – see front matter © 2008 Elsevier Ltd. All rights reserved.
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younger adults (e.g., Helfer, 1998). It remains controversial, how-
ever, whether this reflects age-related differences in multisensory
processing, or whether it is associated with a general cognitive
slowing observed in the older age groups (Cerella, 1985). In a study
from the same lab, Peiffer, Mozolica, Hugenschmidt, and Laurienti
(2007), trying to eliminate most high-order cognitive processing,
compared the performance of these groups in a simple detection RT
task with green light-emitting diodes (LEDs) as visual stimuli and
broadband white noise as auditory stimuli. No significant differ-
ences in unimodal response times were seen. However, older adults
continued to show significantly greater multisensory enhancement
than younger adults. These results support the hypothesis that a
general cognitive slowing cannot be the sole source for the multi-
sensory superiority of the older adults.

Multisensory RT enhancement is commonly measured by
comparing the observed response time distribution with the dis-
tribution predicted by a race model (Colonius, 1990; Colonius &
Diederich, 2006; Miller, 1982; Molholm et al., 2002; Raab, 1962).
This comparison takes into account possible probability summa-
tion effects, i.e., the fact that in a bimodal setting stimuli from
either modality have a chance of being processed first. From their
race model analysis, Laurienti et al. (2006) concluded that older
adults have a broader temporal window of integration than younger
adults (Laurienti et al., 2006, p. 1161). The processing mechanism
responsible for the different levels of multisensory enhancement in
both age groups remains unclear, however. The purpose of the cur-
rent study was to probe whether the time-window-of-integration
(TWIN) model recently suggested by us (Colonius & Diederich,
2004; Diederich & Colonius, 2007a,b, 2008) may shed some light on
the issue of the stage at which multisensory processing differs in the
old and young adults. Specifically, the TWIN model distinguishes a
first, peripheral stage where a parallel independent race among the
stimuli from different modalities takes place, from a subsequent
stage of multisensory integration. When a parametric version of
the model is fitted to data from both age groups separately, the esti-
mated parameter values are expected to reveal whether the groups
differ with respect to their peripheral sensory processing speed or
their ability to integrate information from different modalities, or
possibly both.

Next we report the results from a focused attention study where
saccadic eye movements to a visual target stimulus were measured
with and without an auditory non-target being presented at an
ipsi- or contralateral position to the target. A summary of the TWIN
model and an analysis of the data fits follow.

2. Methods

2.1. Participants

Fifteen elderly people (aged 65–75, mean 69.6, six male) from the community
served as voluntary participants. They had corrected-to-normal vision. Their hear-
ing ability was according to their age cohort and they were tested prior to being
admitted to the experiment. Moreover, six undergraduate students (aged 20–22,
three female) served as paid voluntary participants as well. All had normal vision
and normal hearing. Participants were screened for their ability to follow the experi-
mental instructions (proper fixation, few eye blinks during a trial, saccades directed
towards the visual target). They gave their informed consent to their inclusion in
the study. The experiment was conducted in accordance with the ethical standards
described in the 1964 Declaration of Helsinki.

2.2. Stimuli and apparatus

Auditory stimuli were bursts of (Gaussian) white noise (59 dBA) generated by
two speakers (Canton Plus XS). They were placed at 20◦ to the left and right of the
fixation LED at the same height as the participants’ ear level and 120 cm in front of
the participants. The visual stimuli were red LEDs (3.3 mcd) positioned on top of the
loud speakers. The fixation point (red LED, 5.95 mcd) was placed between the target
stimuli at the same height.

2.3. Experimental procedure

Participants were seated in a completely darkened and sound attenuated room
with the head positioned on a chin rest and the elbows and lower arms resting com-
fortably on a table. Every experimental session began with 10 min of dark adaptation
during which the measurement system was adjusted and calibrated.

Each trial began with the appearance of the fixation point. After a variable fix-
ation time (700–1200 ms), the fixation LED disappeared and, simultaneously, the
visual target stimulus was turned on (i.e., there was no gap). Participants were
instructed to gaze at the visual target as quickly and as accurately as possible ignoring
any auditory non-targets (focused attention paradigm). The visual target appeared
alone or in combination with an auditory non-target in ipsi- or contralateral position.
160 trials were presented in one block of trials, lasting for about 10–15 min.

The onset of the noise burst was shifted by a stimulus onset asynchrony (SOA)
of −100, −50, 0, or 50 ms. Negative values mean that the non-target was presented
before the target. The visual stimuli were presented for 500 ms; the auditory non-
targets were turned off simultaneously with the visual stimulus. Thus their duration
varied between 600 and 450 ms, depending on SOA. Stimulus presentation was fol-
lowed by a break of 2000 ms in complete darkness, before the next trial began,
indicated by the onset of the fixation LED.

Including one block of training the younger participants performed three blocks
of trials each within one experimental session lasting for about 1 h. Each partici-
pant was engaged for about 2.5 h. The elderly participants performed two blocks of
trials within one experimental session of about an hour. The calibration procedure
took considerably longer than for the younger participants. Moreover, they needed
longer rests between two experimental blocks. One block of training and the hearing
screening included, each one was engaged for 4 h. One block consisted of 160 trials,
32 unimodal (20%) and 128 bimodal stimuli. Each participant completed a total of
960 experimental trials (96 trials per bimodal stimuli and 192 trials for unimodal
stimuli).

2.4. Data collection and saccade screening

Saccadic eye movements were recorded by an infrared video camera system
(EyeLink II, SR Research) with a temporal resolution of 500 Hz and a horizontal and
vertical spatial resolution of 0.01◦ . Two interlinked PCs controlled the EyeLink pro-
gram and a third PC controlled stimulus presentation. Criteria for saccade detection
on a trial-by-trial basis were velocity (<35◦/s) and acceleration (<9500◦/ s2). The
recorded eye movements from each trial were checked for proper fixation at the
beginning of the trial, eye blinks and correct detection of start and end point of the
saccade.

3. Results

Saccades were screened for anticipation errors (SRT < 80 ms),
misses (SRT > 500 ms), and accuracy: trials with saccade amplitude
deviating more than 1STD from the mean amplitude were excluded
from the analysis. This removed about 11% of the saccades for the
elderly and 16% for the younger group. Table 1 lists the percentages
of different error types for both age groups. The error rates are quite
low throughout. In particular, combining the saccades made before
any signal appeared and the anticipatory errors (SRT < 80 ms) the
rate is less than 1%. The rate of directional errors, i.e., gazing at the
direction opposite to the signal, is larger for the elderly (1.66%),
possibly due to differences in attention level between both groups.
There was no evidence for multiple saccades in the remaining data
set.

Elderly participants were considerably slower than younger par-
ticipants under all conditions. Their mean SRTs ranged from 203 ms
to 293 ms compared to 137 ms to 173 ms for the younger par-
ticipants. Moreover, the standard deviation of SRT across elderly

Table 1
Percentage of errors by type for both age groups

Type of error Age group 65–75 Age group 20–22

Saccades before any signal 2.23 0.38
Amplitude not within 1STD 11.04 15.39
SRT < 80 0.49 0.91
SRT > 500 0.43 0.01
Directional 1.66 0.05

Total 15.82 16.74
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Fig. 1. Histograms of saccadic reaction times for the elderly group (left column) and the younger group (right column) for all SOA values.

participants was about twice as large as for the younger group
(64 ms vs. 33 ms). This is also reflected in the histograms in Fig. 1
(left column: elderly group; right column, younger group) where
the data were combined across both spatial configurations. The
histograms become more and more skewed with increasing SOA
values.

The response time pattern for both groups is very similar, how-
ever: mean SRT to bimodal stimuli was generally shorter than to

unimodal stimuli. Furthermore, mean bimodal SRT was shorter
when stimuli were presented ipsilaterally than contralaterally (for
details see Table 2 containing the means, standard deviations, and
standard errors of both groups for the different SOAs and ipsi-and
contralateral stimulus configurations). For both groups, the short-
ening of mean SRT under both spatial conditions is considerable,
but even more so for the elderly (up to 90 ms). That is, this group
seems to benefit more from bimodal stimulus presentation than
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Fig. 2. (A) The fit of TWIN to mean SRT. The upper three curves represent fits and data of age group 65–75, the lower three curves those for age group 20–22. The triangles
indicate mean SRT to the unimodal stimulus, i.e., to LED, the circles indicate the mean SRT to bimodal stimuli, i.e., light and sound, presented ipsilaterally, and the squares
indicate the mean SRT to bimodal stimuli, when presented contralaterally. Standard errors are smaller than the symbols. The curves represent the predictions of the model.
(B) Predicted, but not observable, probabilities of interaction. The solid line represents the predictions for age group 65–75, and the dashed line those for age group 20–22.

Table 2
Mean SRT, standard deviation (STD) and standard error (SE), and multisensory
response enhancement MRE ≡ [(SRTV − SRTVA)/SRTV] × 100 for both age groups

Laterality SOA Age 65–75 Age 20–22

SRT STD SE MRE SRT STD SE MRE

−100 202 66.9 1.68 31 137 33.7 1.41 20
−50 216 64.6 1.61 27 139 30.1 1.21 19

Ipsi 0 238 63.7 1.55 19 149 29.4 1.19 13
50 258 59.1 1.47 12 168 31.0 1.26 2

−100 257 63.6 1.71 13 155 36.1 1.54 10

−50 258 63.4 1.62 13 156 29.6 1.14 9
Contra 0 266 63.6 1.60 10 162 33.1 1.28 6

50 275 57.9 1.45 7 173 33.1 1.33 −1

LED only – 295 67.5 1.19 – 171 41.7 1.19 –

the younger group. This is demonstrated by computing the multi-
sensory response enhancement (MRE) values, i.e., the percentage of
response speed-up in the bimodal condition relative to the visual-
only condition (see columns 5 and 8 in Table 2).

This pattern of results is consistent with the studies of Laurienti
et al. (2006) and Peiffer et al. (2007) in finding larger multisensory
interaction effects in the elderly group. Interestingly, the Peiffer et
al. study, where (manual) reaction times were in approximately the
same range as our saccadic reaction times, did not find any signifi-
cant age differences for the unimodal stimulus conditions, whereas
we found saccadic eye movements to the visual-only signal much
slower for the elderly group compared to the young adults (293 ms
vs. 171 ms on average). What remains unclear is whether this slow-
ing is due to an age-related decrement in visual processing or in a
more centrally located processing stage where integration of visual
and auditory input is taking place. In an attempt to gain further evi-
dence on this issue, a parametric version of the TWIN model was
fitted to our data. We present a sketch of the model first.

4. Time-window-of-integration (TWIN) model

4.1. Assumptions and predictions

The anatomical separation of the afferent pathways for the
visual and auditory modality suggests at least two serial stages of
saccadic reaction time: an early, afferent stage of peripheral pro-
cessing (first stage) followed by a compound stage of converging
subprocesses (second stage). In the first stage, a race among the
peripheral neural excitations in the visual and auditory pathways
triggered by a crossmodal stimulus complex takes place. The second

stage comprises neural integration of the input and preparation of
an oculomotor response. It is hypothesized that crossmodal inter-
action manifests itself in an increase or decrease of second stage
processing time. Moreover, in the redundant target paradigm, the
first stage duration is determined by the time of the winner of the
race, whereas in the focused attention task – the only case consid-
ered here – the first stage duration is determined by the time it
takes to process the target stimulus.

Thus, the model retains the classic notion of a race mecha-
nism as an explanation for crossmodal interaction (cf. Colonius &
Arndt, 2001; Miller, 1982; Mordkoff & Yantis, 1991; Raab, 1962)
but restricts it to the very first stage of stimulus processing. The
assumption of only two stages is certainly an oversimplification.
Note, however, that the second stage is defined by default: it
includes all subsequent, possibly overlapping, processes that are
not part of the peripheral processes in the first stage (for a similar
approach, see Van Opstal & Munoz, 2004).

The TWIN model makes further specific assumptions about
the temporal configuration needed for multisensory integration to
occur (see also Colonius & Diederich 2004; Diederich & Colonius
2007a):

(1) Time-window-of-integration assumptions. In the focused atten-
tion paradigm, crossmodal interaction occurs only if (i) a
non-target stimulus wins the race in the first stage, opening
a “time window” such that (ii) the termination of the target
peripheral process falls in the window. The duration of the “time
window” is a constant.

This means that the winning non-target will keep the sac-
cadic system in a state of crossmodal reactivity such that the
upcoming target stimulus, if it falls into the time window, will
trigger crossmodal interaction. In the case of the target being
the winner, no discernible effect on saccadic reaction time is
predicted, analogous to the unimodal situation. In both cases,
however, the first stage is terminated by the peripheral visual
process.

The window of integration acts as a filter determining
whether the afferent information delivered from different sen-
sory organs is registered close enough in time for crossmodal
interaction to take place. Passing this filter is necessary for
crossmodal interaction to occur. It is not a sufficient condition
because interaction also depends on the spatial configuration
of the stimuli. Rather than assuming the existence of a joint
spatiotemporal window of integration permitting interaction to
occur only for both spatially and temporally neighboring stim-
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uli, the TWIN model allows for interaction to occur even for
rather distant stimuli of different modalities, as long as they
fall exactly within the time window.

(2) Assumption of spatiotemporal separability. The amount of inter-
action in second-stage processing time is a function of the
spatial configuration of the stimuli, but it does not depend on
their (physical) presentation asynchrony (SOA).

Interaction, if it occurs at all, will either be inhibition or
facilitation depending on both target and non-target positions.
Typically, any facilitation decreases with the distance between
the stimuli. More specific hypotheses about the effect of the
spatial configuration on the amount of interaction have been
studied in Diederich and Colonius (2007b).

Due to its two-stage processing assumption, it is easy to derive
(see Appendix A for details) that the expected amount of cross-
modal interaction (ECI) in the TWIN model, defined as expected SRT
in unimodal (target) trials minus expected SRT in crossmodal trials,
is the product of two components: the probability of interaction to
occur (P(I), say) and the amount of interaction [in ms] (�, say):

ECI ≡ E[RTunimodal] − E[RTcrossmodal] = P(I) · �. (1)

Since, by the spatiotemporal separability assumption, the
amount of interaction, �, does not depend on SOA, the depen-
dence of the expected amount of crossmodal interaction, ECI, on
SOA is solely determined by how the probability of interaction, P(I),
depends on SOA. Consider two extreme SOA conditions: when the
non-target is presented very late relative to the target (large pos-
itive SOA), its chances of winning the race against the target and
thus opening the window of integration are small. On the other
hand, if it is presented very early (large negative SOA), it is likely to
win the race and to open the window, but the window may close
before the arrival of the target. Again, the probability of interaction,
P(I), is small. Therefore, the largest effects are expected for some
mid-range SOA values.

The effect of increasing the window size is also easy to appreci-
ate intuitively: whenever the window has been opened, the chances
that the target will arrive and interaction does occur will be the
higher the longer the window stays open. That is, the expected
amount of crossmodal interaction will be a monotonically increas-
ing function of window size.

4.2. Fitting the model to the data

In order to provide a quantitative fit we need to specify fur-
ther the probability distributions for the processing times in the
first stage. For simplicity, we assume an exponential distribution
for the peripheral processing times V for a visual target and A for
an auditory non-target, respectively, with parameters �V and �A.
With exponential distributions, the expected response time for the
crossmodal and unimodal conditions becomes

E[RTcrossmodal] = 1
�V

+ � − P(I) · � (2)

E[RTunimodal] = 1
�V

+ � (3)

respectively. Here, the mean of second stage processing time (with-
out interaction occurring) is taken to be �, where we need not
specify the distribution as long as predictions are restricted to the
expected values of SRT.1 Since the amount of interactions is allowed

1 If the entire distribution of SRT is considered, a possible choice for the second
stage is the normal distribution resulting in a mixture of ex-Gaussian distributions
for the bimodal conditions (see Colonius & Arndt, 2001).

Table 3
Estimated parameters and best-fit �2 for both groups under the following parameter
restrictions: �V, �A, � > 0

Age group 1/�V 1/�A � �i �c ω �2
est �2

pred

65–75 84 98 200 104 38 450 2.10 4.96
20–22 48 18 131 44 25 275 0.001 3.29

to depend on the spatial configuration, we introduce two parame-
ters, �ipsi and �contra. The final parameter to be estimated is size
of the time window, ω.

Thus, for each age group six parameters (�V, �A, �,
�ipsi, �contra, ω) were estimated from their eight observed
mean SRT values for visual–auditory stimulus pairs presented ipsi-
and contralaterally in 4 SOA steps. To check for the robustness
of these estimates, only half of the data (the odd trial numbers)
were used for the estimation procedure and the fit was assessed
in predicting the means computed on the other half (the even trial
numbers). Importantly, mean SRT to the unimodal stimulus (LED)
was not used in the estimation procedure but, instead, predicted
from the estimated model providing an additional check of the
model.2

The model fit to the mean SRT is presented in Fig. 2, panel (A).
The predicted probabilities of interaction (P(I)) are found in panel
(B). Note that the probabilities cannot be observed directly: mul-
tiplying these estimates by the estimated � values results in the
(observable) difference between uni- and bimodal average saccadic
reaction time, according to Eq. (1).

From visual inspection, TWIN gives an excellent account of the
data for both groups. Standard errors are too small to show up in
the graphs. The estimated parameters for both groups are found
in Table 3. Notably, the two age groups differ systematically in
all parameters. Mean peripheral processing time for visual and
auditory stimuli, 1/�V and 1/�A, respectively, and mean central
processing time, �, are longer for the older participants than for the
younger ones. The amount of interaction for ipsi- and contralater-
ally presented bimodal stimuli (�ipsi and �contra) is larger for the
elderly. Finally, the window-of-integration width, ω, is also larger
for the elderly.

Despite these differences in the parameters, the predictions
reflect the overall similarity of the response time patterns between
the age groups: the increase of mean SRT as a function of SOA,
the faster mean SRT for ipsi- than for contralaterally presented
bimodal stimulus combinations, and the overall bimodal enhance-
ment. Note, however, that the younger participants are not only
faster than the elderly under all conditions, but the increase of SRT
over SOAs is also less steep. As suggested by a reviewer, this may in
part be a “floor” effect in that their reaction times cannot drop much
below the 140 ms found for the fastest conditions. Within the TWIN
model explanation, the probability of interaction decreases much
faster for the younger participants while the amount of interaction
(�) remains constant over SOA: the probability is very high (close
to 1) for large negative SOAs (−100 and −50) and then decreases
sharply falling to almost zero for positive SOA of 50. For the elderly
participants, the probability of interaction is lower for the negative
SOA (around 0.7 for SOA = −100) and decreases linearly with SOA.
For SOA = 50 the probability of an interaction is still at around 0.3.

2 It should be noted here that more elaborate ways of model testing are possible.
However, given the low number of data points relative to the number of parameters,
this study was not meant to be a stringent test of the TWIN model assumptions. Such
tests have been performed in previous investigations with large numbers of stimulus
onset asynchrony values and various spatial configurations (Diederich & Colonius,
2007a,b, 2008).
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Note that there exists also the possibility that the auditory
non-target, when presented early enough, may act as a spatially
unspecific cue for the upcoming visual target. In a recent extension
of TWIN (Diederich & Colonius, 2008), we have shown that this
effect can be separated quantitatively from the multisensory inte-
gration effect proper. Given the restricted SOA range in the current
study, we refrained from considering this extended model version.

5. Summary and discussion

Crossmodal visual–auditory interaction effects could be
observed in a focused attention paradigm for two different age
groups, young adults (aged 20–22 years) and older adults (aged
65–75 years). The latter were slower under all experimental
conditions but showed greater multisensory enhancement than
younger adults. These results are in line with results by Laurienti et
al. (2006) and Peiffer et al. (2007) using manual reaction times in a
redundant target paradigm, except that the latter did not find any
significant age differences for the unimodal stimulus conditions.

The aim of the current study was to quantify the contributions
of the sensory and cognitive processes possibly responsible for the
difference in the younger and older adults by fitting the observed
data to the TWIN model. TWIN assumes two serial interdependent
processing stages: a first stage encompassing all stimulus-triggered
parallel and independent peripheral processes, and a second stage
comprising central processes including neural integration and ocu-
lomotor response initiation. It assumes the existence of a time
window into which termination of the peripheral processes need
to fall for crossmodal integration to occur.

After specifying the probability distributions for the periph-
eral processes, the relevant parameters were estimated from the
observed SRT data separately for both age groups. These parame-
ter estimates point to the following interpretation. First, peripheral
processing takes substantially longer for the older participants than
for the younger ones (84 ms for visual and 98 ms for auditory
stimuli compared to 48 ms and 18 ms for the younger group, respec-
tively).

Second, estimating the width of the time-window-of-
integration yielded 450 ms for the older participants and 275 ms
for the younger group. This is in accordance with Laurienti et
al. (2006) who concluded from their race model analysis that
older adults have a broader temporal window of integration than
younger adults. Our analysis here reveals, in addition, that for
the elderly the probability of integration (P(I)) is smaller (for
negative SOAs) even with a broader window. However, note that
this probability is not only determined by the window width
but also by the processing times for the peripheral processes.
That is, as peripheral processing seems to slow down with age,
the probability of integrating information from different sources
declines because the time to process visual and auditory sensory
information is more variable and less likely to terminate within the
time window. Thus, interestingly, in TWIN this reduced integration
capability in the elderly is a direct consequence of the peripheral
slowing and not an indication of a general cognitive slowing. A
broader temporal window, it seems, can only partially compensate
for this. From a neurophysiological point of view, the effect of the
auditory non-target winning the peripheral race may correspond
to an early inhibition of the activity of the fixation neurons in supe-
rior colliculus and/or of the omnipause neurons in the brainstem
(e.g., Wurtz, Basso, Paré, & Sommer, 2000). In the elderly then the
likelihood for this early inhibition seems to decline mainly because
of a lengthening of the peripheral processes.

Finally, the predicted amount of neural enhancement for ipsi-
and contralaterally presented stimuli (�ipsi and �contra, respec-

tively) was found larger for the elderly (104 ms and 38 ms,
respectively) compared to the corresponding values for the younger
group (44 ms and 25 ms, respectively).

Note that treating the decline in peripheral processing as equiv-
alent to a reduction in stimulus intensity here raises an analogy
with the principle of “inverse effectiveness” (e.g., Stein & Meredith,
1993) according to which multisensory enhancement for weaker
stimuli tends to be larger than for more intense stimuli. On the other
hand, it is not obvious whether increasing stimulus intensity would
lead to a pattern of results in the elderly similar to what has been
observed in the younger group. This will be the case only if a reduc-
tion of mean SRT is accompanied by a corresponding reduction in
SRT variability. Since the TWIN model (with its exponential distri-
bution assumption) predicts just this, an experiment with varying
stimulus intensity levels for the age groups would constitute an
interesting goal for future investigations.

In conclusion, the following picture emerges: (i) there is an
undisputable slowing of the peripheral sensory processing in the
elderly, (ii) as a result of this slowing, the probability of integra-
tion is smaller in the elderly even with a wider time window of
integration, and (iii) multisensory integration, if it occurs, mani-
fests itself in larger neural enhancement in the elderly; however,
because of (ii), on average the integration effect is not large enough
to compensate for the peripheral slowing in the elderly.
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Appendix A

A.1. Formal specification of TWIN

The race in the first stage of the model is made explicit by
assigning independent nonnegative random variables V and A to
the peripheral processing times for the visual target and auditory
non-target stimulus, respectively. With � as SOA value and ωI as
integration window width parameter, the time window of inte-
gration assumption is equivalent to the (stochastic) event I, say

I = {A + � < V < A + � + ω}.
Thus, the probability of integration to occur, P(I), is a function of
both � and ω, and it can be determined numerically once the dis-
tribution functions of A and V have been specified (see below).

The next step is to compute expected reaction time for the uni-
modal and crossmodal conditions. From the two-stage assumption,
total reaction time in the crossmodal condition can be written as a
sum of two random variables:

RTcrossmodal = S1 + S2, (4)

where S1 and S2 refer to the first and second stage processing time,
respectively. For the expected saccadic reaction time in the cross-
modal condition then follows:

E[RTcrossmodal] = E[S1] + E[S2]

= E[S1] + P(I)E[S2|I] + (1 − P(I))E[S2|not-I]

= E[S1] + E[S2|not-I] − P(I)(E[S2|not-I] − E[S2|I]),
where E[S2|I] and E[S2|not-I] denote the expected second stage
processing time conditioned on interaction occurring (I) or not
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occurring (not-I), respectively. Setting

� ≡ E[S2|not-I] − E[S2|I]
this becomes

E[RTcrossmodal] = E[S1] + E[S2|not-I] − P(I) · �. (5)

In the unimodal condition, no integration is possible. Thus,

E[RTunimodal] = E[S1] + E[S2|not-I],

and we arrive at the simple product rule for crossmodal interaction
(CI)

ECI ≡ E[RTunimodal] − E[RTcrossmodal] = P(I) · �. (6)

� takes on positive or negative values (or zero) depending on
whether multisensory integration has a facilitative or inhibitory
effect.

Exponential distribution are postulated, for simplicity, for the
peripheral processing time V for a visual target and A for an auditory
non-target with parameters �V and �A, respectively. That is:

fV(t) = �V e−�V t ,
fA(t) = �A e−�A t ,

for t ≥ 0, and fV(t) = fA(t) ≡ 0 for t < 0. The corresponding distri-
bution functions are referred to by FV(t) and FA(t).

In order to compute

P(I) = P(A + � < V < A + � + ω)

=
∫ ∞

0

fA(a){FV(a + � + ω) − FV(a + �)} da,

it is necessary to distinguish three cases for the magnitude of � + ω
resulting in the following expressions:

(i) � < � + ω < 0

P(I) = �V

�V + �A
e�A�(−1 + e�A ω);

(ii) � < 0 < � + ω

P(I) = 1
�V + �A

{�A(1 − e−�V(ω+�)) + �V(1 − e�A�)};

(iii) 0 < � < � + ω

P(I) = �A

�V + �A
{e−�V� − e−�V (ω+�)}.

A.2. Model fit procedure

Parameters were estimated by minimizing the Pearson �2 statis-
tic

�2 =
4∑

n=1

2∑
j=1

(
SRT(j, n) − ŜRT(j, n)

�SRT(j,n)

)2

(7)

using the FMINSEARCH routine of MATLAB. Here SRT(j, n) and
ŜRT(j, n) are, respectively, the observed and the fitted values of the

mean SRT to visual–auditory stimuli presented in spatial positions
(ipsilateral, j = 1; contralateral, j = 2) with SOA (referred to by n to
4); �SRT(j,n)

are the respective standard errors.

For the estimation routine �V, �A, �, and ω were restricted to
positive real numbers.
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