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Summary

Evidence of multisensory interactions within low-level
cortices and at early post-stimulus latencies [1–6] has

prompted a paradigm shift in conceptualizations of sensory
organization [7–10]. However, the mechanisms of these inter-

actions and their link to behavior remain largely unknown.
One behaviorally salient stimulus is a rapidly approaching

(looming) object, which can indicate potential threats
[11–13]. Based on findings from humans [14] and nonhuman

primates [15, 16] suggesting there to be selective multisen-
sory (auditory-visual) integration of looming signals, we

tested whether looming sounds would selectively modulate

the excitability of visual cortex. We combined transcranial
magnetic stimulation (TMS) over the occipital pole and

psychophysics for ‘‘neurometric’’ and psychometric assays
of changes in low-level visual cortex excitability (i.e., phos-

phene induction) and perception, respectively [17, 18].
Across three experiments we show that structured looming

sounds considerably enhance visual cortex excitability rela-
tive to other sound categories and white-noise controls. The

time course of this effect showed that modulation of visual
cortex excitability started to differ between looming and

stationary sounds for sound portions of very short duration
(80 ms) that were significantly below (by 35 ms) perceptual

discrimination threshold. Visual perceptions are thus rapidly
and efficiently boosted by sounds through early, prepercep-

tual and stimulus-selective modulation of neuronal excit-
ability within low-level visual cortex.

Results

Studies of early auditory-visual multisensory interactions in
humans have either focused on their timing (e.g., [1, 2]) or local-
ization [3]. Similarly, intracranial studies in macaques have
nearly exclusively focused on effects within auditory cortices
or superior temporal regions (e.g., [4–6]). One recent exception
[19] recorded from primary visual cortex and showed that
response latencies could be reduced on multisensory versus
visual trials during an active, but not passive, behavioral task.
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Two aspects of these results are of particular relevance for
theories of multisensory interactions in humans. First, they
show how the behavioral relevance of the stimuli/task might
dramatically impact the observed pattern of multisensory inter-
actions (see also [20]). Second, reduced response latency to
multisensory stimuli is indicative of alterations in the excit-
ability of primary visual cortex by nonvisual (i.e., auditory)
inputs. In humans, the excitability of low-level visual cortex
can be probed through its direct stimulation via TMS over the
occipital pole to induce illusory light sensations (phosphenes)
(e.g., [21–26]). Both auditory [18] and tactile [17] stimuli have
been shown to modulate phosphene induction by TMS. The
present study capitalized on these observations to determine
the stimulus selectivity, perceptual gain, and dynamics of
sound-induced changes in this index of visual cortex excit-
ability. We focused on sounds that gradually increased in their
amplitude because such looming or approach cues have been
previously shown to be both behaviorally salient across
species and developmental stages [11–13, 27–29] as well as
subject to selective multisensory interactions [14–16].

Looming Sounds Selectively Enhance Visual Cortex

Excitability
Experiment 1 tested in 15 healthy adults whether looming
sounds differentially increase visual cortex excitability relative
to receding or stationary sounds. Sounds varied in a 3 3 4
within-subject design (Figure 1A) in their duration (250, 500,
and 1000 ms) and temporal profile (i.e., looming [L], receding
[R], stationary of constant low volume [SL] that was equal to
the initial and end volume, respectively, of looming and
receding sounds, and stationary of constant high volume [SH]
that was equal to the initial and end volume, respectively, of
receding and looming sounds). Excitability of visual cortex,
probed by TMS at sound offset, differed across the sounds’
temporal profiles (F3,42 = 29.57; p < 0.00001) independently of
their duration (F6,84 = 1.64; p = 0.21) (Figure 2). Relative to base-
line (TMS alone: phosphenes perceived in 35.8% 6 5.9% of
trials; mean 6 standard error of the mean [SEM]), phosphene
induction was enhanced by all sound profiles (L: 70.8% 6
3.2%, t14 = 5.40, p < 0.0001; SH: 54.9% 6 2.9%, t14 = 3.10, p <
0.01; SL: 50% 6 3.6%, t14 = 2.95, p = 0.01) with the exception
of receding sounds (R: 44.5% 6 3.2%, t14 = 1.45; p = 0.17).
Notably, looming sounds doubled baseline phosphene
perception (from 35.8% to 70.8%), significantly exceeding the
excitability increases of all the other sounds (t14 R 5.58, p <
0.0001). This difference cannot be explained by differences in
sound duration or end amplitude at TMS delivery, as each
dynamic looming sound was equated in these parameters
with a stationary control sound. Nor do the results follow the
total stimulus energy; both the SH and SL conditions yielded
similar effects. Instead, this enhanced excitability is probably
due to the dynamic structure of the looming signal.

Chronometry of Sound Effects on Visual Cortex

Excitability: Presence of Looming-Sensitive Changes
at Short Latencies

We next investigated the time course of the looming-sensitive
changes in visual cortical excitability as compared to
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stationary sounds. Because Experiment 1 produced selective
effects with looming sounds of 250 ms duration (without
evidence for a differential effect with longer sounds) and based
on the results of an initial exploratory experiment (see Fig-
ure 3A and Supplemental Experimental Procedures, available

Figure 1. Stimuli and Experimental Design

(A) For comparisons across different sound cate-

gories (Experiment 1), looming and receding sounds

of three durations (250, 500, and 1000 ms)

were presented together with stationary sounds

equated for start and end intensities (3 3 4 stimulus

design).

(B) For evaluation of the timing of looming-sensitive

changes (Experiment 2), initial portions of the 250

ms sound were presented (clipped from 70 to 230

ms) together with stationary sounds equated for start

and end intensities and duration (17 3 3 stimulus

design).

(C) For testing for the effects of sound structure, the

250 ms structured sounds (used in A and B) were

contrasted with 250 ms of white noise of identical

temporal sound profiles.

(A–C) The visual cortex was stimulated by TMS at

sound offset to sample its excitability at the end of

the sounds through quantification of TMS-induced

illusory visual perceptions (phosphenes), in analogy

to previous studies [17, 18, 21–26] (see also Supple-

mental Experimental Procedures). Participants were

thus involved in a visual task (phosphene perception)

for which the auditory stimulation was irrelevant.

TMS was applied below phosphene threshold (85%

PT), which was defined at baseline (i.e., in the

absence of any sound).

Figure 2. Modulation of Visual Cortex Excitability

across Sound Categories in Experiment 1

Percentage of perceived phosphenes (SEM indi-

cated) following occipital TMS as a function of sound

duration and temporal sound profile (looming [L],

receding [R], stationary of high [SH], and low intensity

[SL]).

online), we focused our chronometry study
on the 250 ms sounds and a 70–230 ms
interval. Also, because receding sounds
failed to produce phosphene perceptions
different from baseline levels, this sound
profile was not investigated further so that
we could maximize the number of trials
and minimize individual TMS dosage. In
Experiment 2A, participants (n = 11) were

presented with initial portions of the looming and stationary
stimuli (70–230 ms duration at 10 ms steps, randomly inter-
mixed; Figure 1B). Looming and stationary sounds differently
modulated visual cortex excitability (Figure 3B; effect of sound
profile: F1,10 = 35.09; p < 0.001). This modulation varied with
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Figure 3. Timing of Sound-Induced Changes in Visual Cortex Excitability and the Comparison of Neurometric and Psychometric L versus S Sound Discrim-

inability

Percentage of perceived phosphenes (SEM indicated) following occipital TMS in the exploratory study as a function of TMS pulse delay (25, 100, 175, 250,

and 325 ms) into evolution of the 250 ms sounds (L, R, SH, and SL) (A) and in Experiment 2A as a function of sound duration (250 ms sounds clipped from 70 to

230 ms, in steps of 10 ms) (L, SH, and SL sounds only) (B). The asterisks point to significant differences between phosphene perception between L and S

(mean of SH and SL) sounds (i.e., L > S; *p < 0.05; **p < 0.01; ***p < 0.001).

(C) Comparison between neurometric (black) and psychometric (red) sigmoid functions. Averages of curve centers from fitting in individual data are dis-

played below (box: 6 SEM; whiskers: 6 SD).

(D) Scatterplot of the correlation of participants’ thresholds for visual cortex modulation (x axis) and perceptual looming experience (y axis).
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stimulus duration (interaction: F17,170 = 1.81; p = 0.03). Differ-
ences between looming and stationary sounds started at
80 ms latency (t10 = 2.72; p = 0.02) and remained significant
thereafter (t10 R 2.27; p % 0.047; Figure 3B), except at 220
ms (t10 = 2.04; p < 0.07).

Changes in Visual Cortex Excitability versus Auditory
Perceptual Discrimination: Evidence for Preperceptual

Effects
To contrast the looming-sensitive changes in visual cortex
excitability across sound durations (a ‘‘neurometric’’ function)
with the corresponding probability of detecting looming
sounds (a psychometric function), we also assessed discrimi-
nation performance in the same pool of participants (n = 11) by
using the same sound portions in the absence of TMS (Exper-
iment 2B). To allow for a comparison of the neurometric with
the psychometric discriminability of looming versus stationary
sounds, we expressed changes in visual cortex excitability as
a percentage change (looming versus stationary sounds)
across increasing sound portions. These results resembled
a sigmoid function (Figure 3C, left y axis, black dots) that fits
a logistic curve (Figure 3C, black line, Regression versus Cor-
rected Total: F = 45.75, p < 0.0000001; see Supplemental
Experimental Procedures). As would be expected, the psycho-
metric function of perceptual sound discrimination also fol-
lowed a sigmoid curve (Figure 3C, right y axis, red dots and
line; Regression versus Corrected Total: F = 34.43, p <
0.000001) but with a rightward-shifted curve center. For statis-
tical comparisons, nonlinear curve fitting was also conducted
for each participant. The data from two participants did not fit
a sigmoid function significantly. For the remaining nine partic-
ipants, the mean centers of neurometric and psychometric
functions were respectively estimated at 80 6 7 ms (mean 6
SEM) and 115 6 8 ms (box plots in Figure 3C). These values
not only differed significantly (t8 = 211.24; p < 0.00001), but
were also highly correlated across individuals (r7 = 0.93; p <
0.001; Figure 3D). Differential enhancement of visual cortex
excitability by looming versus stationary sounds thus occurred
with sound portions of short durations that could not yet
explicitly be discriminated by the participants.

Selective Enhancement of Visual Cortex Excitability

by Looming Sounds Depends on Sound Structure
Experiment 3 addressed the possibility that the selective
enhancement of visual cortex excitability induced by looming
sounds follows from a simple monotonic intensity-response
function, i.e., a simple rising sound intensity cue, rather than
from the looming signal (i.e., the perception of a sound source
or object approaching the participant). Prior auditory research
would suggest that the perception of looming/approach is
specific for structured versus broadband sounds [13]. Partici-
pants (n = 10) were presented either with structured sounds
or white noise bursts (250 ms duration) that rose in intensity
or remained stationary (following a 2 3 3 within-subjects design
otherwise identical to Experiment 1; see Figure 1C). Each main
effect and the interaction between factors were significant
(effect of sound structure: F1,9 = 8.35; p < 0.05; effect of sound
profile: F1,9 = 50,38; p < 0.0001; interaction: F1,9 = 5.25; p < 0.05).
Relative to baseline (TMS alone: phosphenes perceived in
29.6% 6 7.5% of trials), all sounds enhanced phosphene
perception (L: 70.4% 6 4.9%, t9 = 7.36, p < 0.0001; S: 48.1%
6 5.5%, t9 = 3.46, p < 0.01; LWN: 52.1% 6 3.6%, t9 = 3.09, p =
0.013; SWN: 46.0% 6 3.9%, t9 = 2.32, p < 0.05). Thus, as in Exper-
iments 1 and 2, the enhancement of visual cortex excitability
induced by structured looming sounds was double that of the
baseline and significantly greater than all other sounds (t9 R
4.08, p % 0.01). No significant difference across white noise
sounds was observed. Foremost and in contrast to structured
sounds, looming white noise bursts did not enhance visual
cortex excitability beyond levels observed with stationary
sounds (Figure 4), consistent with previous literature [13, 15,
29, 30]. These results thus exclude the alternative explanation
of a simple rising intensity mechanism.

Discussion

This is the first study to reveal stimulus-selective cross-modal
interactions in low-level visual cortex, complementing existing
neurophysiologic work in animals that has thus far been
restricted to auditory cortices [16, 30] as well as our recent
psychophysical work demonstrating selective integration of
multisensory looming signals [14]. Acoustically structured
looming sounds selectively enhanced visual cortex excitability
(i.e., phosphene induction). The use of TMS-induced phos-
phenes as our principal dependent measure allowed us to
specify the localization of our effects to low-level visual cortex
(V1/V2), and the use of several stimulus durations allowed us to
specify the onset of effects to looming sounds of very short
duration (80 ms), which were below psychophysical discrimi-
nation threshold. This is strongly suggestive of a mechanism
that allows for auditory-driven modulation of visual cortex at
preperceptual processing stages.

We have previously shown that a brief tone induces initial
changes in visual cortex excitability 60–75 ms after the sound
onset [18]. Because the present looming-selective changes
occur only 5–20 ms later (i.e., for TMS at 80 ms), it follows
that the signal inducing the excitability changes in visual
cortex probably originates from a (remote) structure that is
able to differentiate between the two sound profiles within
this time interval (albeit in a preperceptual manner). An alterna-
tive possibility that the auditory input is an undifferentiated
signal can be discounted by the fact that simple acoustic
parameters (such as intensity and temporal profile) were insuf-
ficient in selectively modulating visual cortex excitability.
Regarding the potential origins of the auditory inputs into
visual cortices (V1/V2), several aspects need to be considered,
including (1) currently identified auditory-visual multisensory
connectivity, (2) the time course of auditory signal propaga-
tion, and (3) the likely latency of brain activity discriminating
looming sounds. Even considering these aspects, however,
we would hasten to add that the present results (in and of
themselves) provide no objective criterion for pinpointing the
source(s) of auditory inputs mediating our effects.

Regarding multisensory interconnectivity, several accounts
have been advocated to explain multisensory interplay within
low-level cortices (e.g., [8–10, 31, 32]). These include (1)
subcortical influences, e.g., superior colliculus (e.g., [33]) or
thalamic (e.g., [34, 35]), (2) direct cortico-cortical connections
(e.g., [36–38]), and (3) indirect and/or feedback connections
(e.g., [8, 10]). As to direct cortico-cortical connectivity between
auditory cortices (primary and nonprimary) and posterior
visual areas (V1/V2), retrograde tracing showed there to be
monosynaptic projections from auditory cortices as well as
areas of the superior temporal sulcus to V1 [36]. More specif-
ically, caudal parabelt regions accounted for 70% of the
projections from auditory cortices to V1. Interestingly, projec-
tions from primary auditory cortices to V1 seem to preferen-
tially terminate in portions representing the peripheral visual
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Figure 4. Looming-Sensitive Changes Depend on Structured Sounds

The looming-sensitive changes observed in Experiments 1 and 2 (L sound > S sounds [mean of SH and SL]) were clearly replicated in a third experiment (SEM

indicated) when the same (structured) sounds were used (compare Experiments 1 and 2 with left panel of Experiment 3). No such effect was observed with

white noise (wn), as shown by the identical response profiles to rising and stationary intensity white noise (Experiment 3, right panel; L sound = S sounds

[mean of SH and SL]).
field [36], though less dense projections and projections from
other auditory regions onto foveal visual field representations
cannot be excluded at this stage. As such, it would be inter-
esting for future investigations to examine whether and how
sounds affect phosphene perception at specific visual field
locations, as this might provide insights (albeit indirect) as to
the potential auditory origins.

In terms of the time course of signal propagation within audi-
tory cortices, responses within human primary auditory cortex
have been documented at w15 ms (e.g., [39]). Responses in
monosynaptically connected regions have been recorded as
early as 2–5 ms later (e.g., [40]; see also [41] for anatomic
data concerning the connectivity of primate auditory regions).
It is therefore plausible and likely for there to be at least
a rudimentary analysis/processing of the looming (and other)
sounds in nonprimary auditory cortices before our signal
elicits its effects in visual cortices.

Regarding the latency at which the brain might discriminate
between looming and other categories of sounds, no neuroi-
maging or neurophysiologic data currently exist. Rather, prior
work on looming sound processing in humans has been con-
ducted only with fMRI [27, 28]. This work has shown that lateral
portions of the superior temporal cortex, the superior temporal
sulcus, and intraparietal sulcus as well as the amygdala are
sensitive to looming cues (see also [16, 30, 42] for comparable
results in monkeys). It is therefore likely that one or several of
these regions is mediating the present effects, making it
incumbent for future studies to investigate the spatiotemporal
brain dynamics of looming sound discrimination.

More generally, our results suggest that the mechanism for
visual cortex excitability modulation is sensitive to very weak
changes in the dynamic sound profile, which in turn can lead
to dramatic modulations of perception. Our findings that
thresholds for differential modulations in visual cortex excit-
ability are systematically shorter than the corresponding
thresholds for sound discrimination would seem to link the
processes mediating changes in visual cortex excitability
and explicit sound discrimination. One possibility is that both
are shaped by a common process that occurs during early
periods of sound analysis within low-level auditory cortices
(e.g., see [16, 27, 28] for evidence concerning auditory struc-
tures involved in processing looming sounds). These data
would then favor the looming sensitivity of sound-induced
changes in visual cortex excitability to be driven by low-level
features of the looming sound, rather than by highly processed
auditory information.

Alternatively, the effects on visual excitability reported here
might have been brought about by stimulus-driven (reflexive)
attention, akin to those previously demonstrated for volun-
tary visual spatial attention shifts instructed by symbolic
attention cues [22]. Although visual spatial attention was
not varied in the present study (invariant phosphene position)
and participants were instructed to ignore any sounds during
the TMS experiments while reporting phosphene presence/
absence, looming sounds might have nonetheless driven
cross-modal attentional mechanisms more than any other
sound category. To date, the predominant interpretation of
the preferential processing of looming sounds is that they
serve as a salient warning cue [11–13] that might in turn
bias overt auditory attention [29] and orienting [28] so as to
facilitate auditory object detection and identification. Current
models of auditory saliency maps [43] would indeed predict
that the structured looming sounds would have produced
the largest effect. Still, to the extent that looming structured
sounds are preferentially (and in our case preperceptually)
processed by the auditory system, our results would consti-
tute the first demonstration of a cross-modal attention effect
that is both stimulus selective and evident at preperceptual
latencies (for further discussion see Supplemental Results
and Discussion).
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In conclusion, TMS in combination with psychophysics
shows there to be auditory inputs that alter visual neuronal
excitability at short latencies, in a preperceptual manner, and
with dependence on the qualitative features of the sounds
(both in terms of looming versus receding and also of struc-
tured sounds versus white noise). The results provide novel
information on the nature of the auditory signal modulating
visual cortex excitability and on the dynamics of these effects
both with respect to stimulus delivery and to psychophysical
discrimination. The pattern of results supports a prominent
role of preperceptual auditory-driven signals in multisensory
interactions within low-level visual cortex.

Supplemental Data

Supplemental Data include Supplemental Results, Supplemental Discus-

sion, and Supplemental Experimental Procedures and can be found with

this article online at http://www.cell.com/current-biology/supplemental/
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