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INTRODUCTION: MULTISENSORY 
INTERACTIONS  

Examples of multisensory interactions fill nearly 
every aspect of our lives. One common everyday 
example is the increase in speech intelligibility 
experienced when a speaker is visible3. 
Psychophysical research involving human subjects 
has provided numerous other examples of how 
multisensory interactions influence perception and 
behavior. The most basic of these include the 
speeding of responses4-6 and the improved detection 
of targets when information from two sensory 
modalities is presented7-9. The interactions behind 
these two examples clearly confer an adaptive benefit. 
Multisensory illusions, although unlikely to have such 
benefits, further illustrate the power of multisensory 
interactions to shape our perceptions and behaviors in 
the absence of our conscious knowledge. In the Flash-
Beep Illusion10-11, participants frequently perceive 
multiple flashes of light when two sounds are 
presented, even when only a single flash actually 
occurred. In the ventriloquist effect, perception of the 
location of a sound source can be shifted by the 
presence of a temporally coincident but spatially 
disparate visual cue12-14. In the realm of speech, the 
McGurk Effect uses simultaneous presentation of 
visual /ga/ and auditory /ba/ to produce a fused 
percept that reflects a synthesis of the visual and 
auditory channels (/da/ or /tha/)15-16. These 
multisensory interactions are not unique to the 
audiovisual realm. One of the more entertaining 
multisensory illusions, for example, is the somewhat 
alarming “parchment skin illusion” wherein changing 
the frequency of the sound of one’s fingers rubbing 
together alters the tactile perception of that action 
from “like rubbing against glass” to “like rubbing 

against sandpaper”17-18. Many other tasks of daily life 
are inherently multisensory in nature, from tasting 
food to reading. Purposeful manipulation of the 
processes underlying multisensory interactions, then, 
carries potential to alter our most basic experiences in 
very profound ways.  
 
PRINCIPLES OF MULTISENSORY 
INTEGRATION AND THE TEMPORAL 
BINDING WINDOW  

Conventional knowledge of multisensory 
integration in both humans and animal models 
indicates that multisensory interactions are guided by 
a set of principles that ultimately relate to the nature 
of the stimuli that are being that multisensory neurons 
(i.e., those neurons that respond to or are influenced 
by multiple sensory modalities) are likely to show the 
largest multimodal response gains when the stimuli 
presented are spatially proximate19-20. The second is 
the rule of inverse effectiveness, stating that the 
largest gains are seen when stimuli that are only 
weakly effective on their own are paired21. Most 
germane to the current work, the temporal principle 
posits that close temporal pairing of multisensory 
stimuli results in the most significantly enhanced 
behavioral or electrophysiological responses22. 
Instances of this rule’s application in perception and 
behavior abound23-25, and examples of its validity in 
non-invasive human electrophysiology are also 
plentiful26-28. Although these examples indicate that 
the greatest response gains are seen when there is a 
close temporal relationship between stimuli of 
different sensory modalities, there appears to be a 
window of time within which the pairing of 
multisensory stimuli results in a significantly 
enhanced behavioral or electrophysiological response. 
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Figure 1 | The temporal window of multisensory integration. The dashed lines 
and light blue shading delimit the temporal window of multisensory integration, in 
which visual (V) and auditory (A) stimuli are bound into a unified perceptual entity 
(a). When visual and auditory stimuli are sufficiently separated in time, they are 
processed as independent events (b). 

We refer to this interval in a general sense as the 
temporal window of multisensory integration (Figure 
1).  

Several studies have focused upon this concept of 
a multisensory temporal binding window and have 
begun to define its boundaries in human behavioral 
studies25,29-34. The boundaries of the temporal window 
of multisensory integration can be delineated 
psychophysically by identifying the range of 
audiovisual asynchronies over which a multisensory 
interaction (e.g., a change in performance or 
perception) is observed. Dixon and Spitz35 first 
defined the window in just this way, and their 
findings have been replicated on other psychophysical 
tasks36-37. However, though the window’s boundaries 
have been well established using several different 
psychophysical tasks, the literature have surprisingly 
little to say about the permanence of these boundaries 
and their ability to be manipulated in time.  
 
SENSORY PLASTICITY AND THE 
TEMPORAL WINDOW  

The brain’s ability to alter its structure and 
function based upon input from the environment 
ranks among its most evolutionarily valuable traits. 
Seminal early developmental studies showed that this 
plasticity can be driven in a bottom-up fashion by 
exposure to a constrained set of sensory stimuli38-40 
and that passive exposure to these stimuli becomes 
less likely to drive behavioral change and neural 
reorganization as an animal reaches the end of a 
critical period of development41. Later, 
electrophysiological studies revealed that both the 
behavioral and anatomical changes typically elicited 
in developing animals by passive exposure can indeed 
take place in adults via top-down perceptual training, 
wherein stimuli are paired with either reward or 
punishment42-44.  

In humans, perceptual training studies have 

highlighted the ability of the individual sensory 
systems to exhibit plastic change. For example, it has 
been demonstrated that adults with amblyopia exhibit 
improvement in Vernieracuity judgments following 
training45-46, and in the auditory realm, that adults 
demonstrate accuracy gains on synchronicity 
judgments and temporal order judgment tasks 
following practice47-48. In these studies, while subjects 
showed improvement in the task on which they were 
trained, training effects did not generalize to a 
separate, albeit related, task.  

Indeed, lack of transfer between tasks in 
perceptual training paradigms is common49-50, 
especially in perceptual training studies focusing upon 
a unimodal task. The extent to which perceptual 
training generalizes across stimuli51 and across tasks48 
has been hypothesized to vary according to the level 
of specialization exhibited by the neural circuitry 
involved in training; a training paradigm that 
produces alterations in performance on other, 
unrelated tasks are likely to have altered circuits 
common to both tasks. Thus, the amount of 
generalization a perceptual training paradigm elicits 
provides invaluable information to the researcher 
regarding the circuits that have been altered by said 
training, with circuits responsible for processing a 
range of stimuli exhibiting cross-stimulus 
generalization and circuits essential for processing a 
number of related tasks showing cross-task 
generalization.  

It is unclear from the literature whether 
temporally-based multisensory training paradigms 
should be expected to show generalization across 
tasks. Some task generalization has been seen in 
multisensory short-term passive exposure studies34,52-

55. Fujisaki and colleagues52 assessed participants’ 
likelihood of perceiving a range of asynchronous 
audiovisual pairs as simultaneous and then repeatedly 
exposed participants to an audiovisual stimulus pair 
separated by a fixed onset asynchrony for a period of 
minutes. Re-assessment revealed short-term shifts in 
participants’ perception of simultaneity, and these 
shifts extended to a pair of audiovisual illusions; 
notably, these two illusions—the Flash-Beep 
Illusion10-11 and the Stream-Bounce Illusion56—while 
unrelated to the exposure task, have a strong basis in 
multisensory temporal processing, showing a 
monotonic decline in effect size with deviation from 
simultaneity. Thus, the authors may be said to have 
temporarily altered some aspect of multisensory 
processing underlying all three of the tasks used. In a 
similar vein, Virsu and colleagues recently reported 
lasting improvements in accuracy of unisensory and 
multisensory simultaneity judgments and decreases in 
mean simultaneity thresholds following practice, but 
failed to see transfer of training effects across 
modalities57. None of these studies, however, have 
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attempted to specifically alter the temporal window of 
multisensory integration by perceptual training.  

As described above, the degree to which 
perceptual training effects generalize across stimuli 
and across tasks provides important information about 
the circuits involved in these tasks. In conjunction 
with these behavioral measures, neuroimaging 
measures such as fMRI are capable of identifying 
those brain regions most likely to underlie perceptual 
phenomena like those described above. As of yet, no 
neuroimaging data have been produced identifying 
brain regions altered by perceptual training in a 
temporally-based multisensory task. It may be 
hypothesized, however, that the brain regions altered 
by said training may be the same regions underlying 
multisensory processing in general and multisensory 
temporal processing in particular. The literature 
regarding these brain areas is outlined below.  
 
MULTISENSORY BRAIN NETWORKS  

Traditional views of sensory cortical organization 
posit that sensory information is routed from the 
thalamus to the primary sensory cortices and then to 
association cortices where it may be combined with 
information from other modalities. The focus of much 
multisensory research has been on these cortical 
association areas; indeed, the earliest of these have 
been described as possible loci for the initial binding 
of multisensory information58-60. This early 
multisensory cortical network appears to be located at 
the borders between temporal, occipital, and parietal 
lobes, and includes Brodmann’s areas (BA) 39/40 and 
the posterior superior temporal sulcus (PSTS) as 
major nodes. These areas have been shown to respond 
to multisensory stimulation in a variety of different 
tasks and contexts26,61-64, which, in conjunction with 
preliminary data from our lab30,65 and others33,66, 
make them the focus of the current proposal.  

The network defined above has been further 
refined by studies examining the temporal aspects of 
multisensory processing, which are most germane to 
the current review. A number of other studies67-68 
have described an expanded network, identifying the 
multisensory areas above in addition to insula/frontal 
operculum, dorsolateral medial prefrontal cortex, 
posteriorparietal cortex, posterior thalamus, superior 
colliculus, and posterior cerebellar vermisas being 
involved with multisensory processing in the temporal 
realm. Because the experiments proposed here will 
specifically involve measures of multisensory 
temporal processing, our own analysis will focus on 
both general multisensory areas and those areas 
described above that are known to be involved 
specifically in multisensory temporal function.  

Increasing evidence is pointing to early sensory 
cortices (i.e., unisensory regions) as possible sites for 
multisensory interactions in addition to these 

canonically defined multisensory areas69-77. While it is 
unclear whether these interactions are the result of 
feed-forward, feed-back or lateral connectivity, it 
seems wise at this juncture to include these areas in 
any analysis of multisensory processing via 
neuroimaging.  

A thorough description of the plasticity of brain 
networks involved in multisensory temporal 
processing is of obvious importance in understanding 
the characteristics and flexibility of these networks 
from a basic science perspective. However, as 
outlined below in the final section of this review, 
emerging evidence suggests that these questions may 
also be of utmost importance in establishing the 
pathophysiology of clinical disorders that have 
multisensory temporal processing as their basis. Thus, 
outlining the effects of perceptual training upon these 
networks brings the hope that training-induced 
alteration may represent a step toward remediation of 
these disorders.  
 
CLINICAL IMPLICATIONS  

While the study at hand proposes to fill gaps in 
our knowledge of how multisensory systems react 
dynamically to changes in the external environment, 
the conclusions drawn from this research may 
ultimately extend to the diagnosis and treatment of 
several disorders. Our lab and others30,57,78-82 have 
identified altered multisensory temporal processing in 
dyslexic readers. Specifically, our lab has described 
an extended temporal window of multisensory 
integration in these readers when compared with 
typical readers. Correspondingly, imaging studies 
have shown that areas that lie at the borders between 
occipital, temporal and parietal cortices exhibit 
significant activation differences in dyslexic readers 
when compared with typical readers83-88. The areas 
that have been identified in these studies share many 
similarities with those that make up the early 
multisensory regions outlined above. Thus, the 
successful completion of the study proposed here may 
provide the basis for the investigation of multisensory 
perceptual training as a viable strategy in the 
remediation of developmental dyslexia.  
 
REFERENCES  
1. King AJ and Calvert GA (2001). Multisensory 

integration: perceptual grouping by eye and ear. Curr 
Biol,. 11 (8): R322-5. 

2. Stein BE and Meredith MA (1993) The merging of the 
senses. Cognitive neuroscience series. 
Cambridge,Mass. MIT Press. XV: 211. 

3. Sumby WH and Pollack I (1954). Visual Contribution 
to Speech Intelligibility in Noise. The Journal of the 
Acoustical Society of America. 26: 212. 

4. Hershenson, M (1962). Reaction time as a measure 
of intersensory facilitation. J Exp Psychol. 63: 289-93. 

5. Schroger E and Widmann A (1998). Speeded 
responses to audiovisual signal changes result from 



 

 
VANDERBILT REVIEWS | NEUROSCIENCE VOLUME 1 | MAY 2009 | 93

©2009 Vanderbilt Brain Institute.  All rights reserved. 

CANDIDATE REVIEWS

bimodal integration. Psychophysiology. 35 (6): 755-9. 
6. Molholm S, et al (2002). Multisensory auditory-visual 

interactions during early sensory processing in 
humans: a high-density electrical mapping study. 
Brain Res Cogn Brain Res. 14 (1): 115-28. 

7. Stein BE, et al (1989). Behavioral Indices of 
Multisensory Integration: Orientation to Visual Cues 
is Affected by Auditory Stimuli. Journal of Cognitive 
Neuroscience. 1 (1): 12-24. 

8. Lovelace CT, Stein BE and Wallace MT (2003). An 
irrelevant light enhances auditory detection in 
humans: a psychophysical analysis of multisensory 
integration in stimulus detection. Brain Res Cogn 
Brain Res. 17 (2): 447-53. 

9. Bolognini N, et al (2005). "Acoustical vision" of below 
threshold stimuli: interaction among spatially 
converging audiovisual inputs. Exp Brain Res. 160 
(3): 273-82. 

10.  Shams L, Kamitani Y and Shimojo S (2000). Illusions. 
What you see is what you hear. Nature. 408 (6814): 
788. 
Describes a novel temporally-based multisensory 
illusion in which the pairing of an auditory 
stimulus(a pair of beeps) with a visual stimulus (a 
flash of light) results in an illusory percept that is 
sensitive to the temporal relationship between 
these stimuli. This paper, though brief, illustrates 
the power of temporally-based multisensory 
phenomena and is central to the design of the 
study proposed in the aims, which propose to 
use this task to test the generalizability of 
perceptual training effects. 

11.  Shams L, Kamitani Y and Shimojo S (2002). Visual 
illusion induced by sound. Brain Res Cogn Brain Res. 
14 (1): 147-52. 

12.  Thomas GJ (1940). Experimental study of the 
influence of vision on sound localization. Exper. 
Psych. 28: 163-177.  

13.  Pick HL, Warren DH and Hay JC (1969). Sensory 
conflict in judgments of spatial direction. Perception & 
Psychophysics. 6 (4): 203-205.  

14.  Jack CE and Thurlow WR (1973). Effects of degree 
of visual association and angle of displacement on 
the" ventriloquism" effect. Percept Mot Skills. 37 (3): 
967-79. 

15.  McGurk H and MacDonald J (1976). Hearing lips and 
seeing voices. Nature. 264 (5588): 746-48.  

16.  MacDonald J and McGurk H (1978). Visual 
influences on speech perception processes. Percept 
Psychophys. 24 (3): 253-7. 

17.  Guest S, et al (2002). Audiotactile interactions in 
roughness perception. Exp Brain Res. 146 (2): 161-
71.  

18.  Jousmaki V and Hari R (1998). Parchment-skin 
illusion: sound-biased touch. Curr Biol. 8 (6): R190. 

19.  Meredith MA and Stein BE (1986). Spatial factors 
determine the activity of multisensory neurons in cat 
superior colliculus. Brain Res. 365 (2): 350-4. 

20.  Meredith MA and Stein BE (1996). Spatial 
determinants of multisensory integration in cat 
superior colliculus neurons. J Neurophysiol. 75 (5): 
1843-57.  

21.  Meredith MA and Stein BE (1986). Visual, auditory, 
and somatosensory convergence on cells in superior 
colliculus results in multisensory integration. J 
Neurophysiol. 56 (3): 640-62.  

22.  Meredith MA, Nemitz JW and Stein BE (1987). 
Determinants of multisensory integration in superior 

colliculus neurons. I. Temporal factors. J Neurosci. 7 
(10): 3215-29.  

23.  Diederich A and Colonius H (2004). Bimodal and 
trimodal multisensory enhancement: effects of 
stimulus onset and intensity on reaction time. Percept 
Psychophys. 66 (8): 1388-404.  

24.  Frens MA, Van Opstal AJ and Van der Willigen RF 
(1995). Spatial and temporal factors determine 
auditory-visual interactions in human saccadic eye 
movements. Percept Psychophys. 57 (6): 802-16.  

25.  Colonius H and Diederich A (2004). Multisensory 
interaction in saccadic reaction time: a time-window-
of-integration model. J Cogn Neurosci. 16 (6): 1000-
9.  

26.  Calvert GA, et al (2001). Detection of audio-visual 
integration sites in humans by application of 
electrophysiological criteria to the BOLD effect. 
Neuroimage. 14 (2): 427-38.  

27.  Macaluso E, et al (2004). Spatial and temporal 
factors during processing of audiovisual speech: a 
PET study. Neuroimage. 21 (2): 725-32.  

28.  Senkowski D, et al (2007). Good times for 
multisensory integration: Effects of the precision of 
temporal synchrony as revealed by gamma-band 
oscillations. Neuropsychologia. 45 (3): 561-71.  

29.  Diederich A and Colonius H (2007). Modeling spatial 
effects in visual-tactile saccadic reaction time. 
Percept Psychophys. 69 (1): 56-67.  

30.  Hairston WD, et al (2005). Altered temporal profile of 
visual-auditory multisensory interactions in dyslexia. 
Exp Brain Res. 166 (3-4): 474-80.  

31.  Koppen C and Spence C (2007). Audiovisual 
asynchrony modulates the Colavita visual dominance 
effect. Brain Res. 1186: 224-32.  

32.  Macaluso E and Driver J (2005). Multisensory spatial 
interactions: a window onto functional integration in 
the human brain. Trends Neurosci. 28 (5): 264-71.  

33.  Morein-Zamir S, Soto-Faraco S and Kingstone A 
(2003). Auditory capture of vision: examining 
temporal ventriloquism. Brain Res Cogn Brain Res. 
17 (1): 154-63.  

34.  Navarra J, Soto-Faraco S and Spence C (2007). 
Adaptation to audiotactile asynchrony. Neurosci Lett. 
413 (1): 72-6.  

35.  Dixon NF and Spitz L (1980). The detection of 
auditory visual desynchrony. Perception. 9 (6): 719-
21.  

36.  McGrath M and Summerfield Q (1985). Intermodal 
timing relations and audio-visual speech recognition 
by normal-hearing adults. J Acoust Soc Am. 77 (2): 
678-85.  

37.  Lewkowicz DJ (1996). Perception of auditory-visual 
temporal synchrony in human infants. J Exp Psychol 
Hum Percept Perform. 22 (5): 1094-106.  

38.  Hubel DH, Wiesel TN and LeVay S (1977). Plasticity 
of ocular dominance columns in monkey striate 
cortex. Philos Trans R Soc Lond B Biol Sci. 278 
(961): 377-409.  

39.  Simons DJ and Land PW (1987). Early experience of 
tactile stimulation influences organization of somatic 
sensory cortex. Nature. 326 (6114): 694-7.  

40.  Zhang LI, Bao S and Merzenich MM (2001). 
Persistent and specific influences of early acoustic 
environments on primary auditory cortex. Nat 
Neurosci. 4 (11): 1123-30.  

41.  Hubel DH and Wiesel TN (1963). Receptive Fields of 
Cells in Striate Cortex of Very Young, Visually 
Inexperienced Kittens. J Neurophysiol. 26: 994-1002.  



  

 

CANDIDATE REVIEWS 

94 | MAY 2009 | VOLUME 1 VANDERBILT REVIEWS | NEUROSCIENCE
©2009 Vanderbilt Brain Institute.  All rights reserved. 

42.  Blake DT, et al (2006). Experience-dependent adult 
cortical plasticity requires cognitive association 
between sensation and reward. Neuron. 52 (2): 371-
81.  

43.  Salazar RF, Kayser C and Konig P (2004). Effects of 
training on neuronal activity and interactions in 
primary and higher visual cortices in the alert cat. J 
Neurosci. 24 (7): 1627-36.  

44.  Polley DB, Steinberg EE and Merzenich MM (2006). 
Perceptual learning directs auditory cortical map 
reorganization through top-down influences. J 
Neurosci. 26 (18): 4970-82.  

45.  Levi DM and Polat U (1996). Neural plasticity in 
adults with amblyopia. Proc Natl Acad Sci U S A. 93 
(13): 6830-4.  

46.  Levi DM, U Polat and YS Hu (1997). Improvement in 
Vernier acuity in adults with amblyopia. Practice 
makes better. Invest Ophthalmol Vis Sci. 38 (8): 
1493-510. 

47.  Mossbridge JA, et al (2006). Perceptual-learning 
evidence for separate processing of asynchrony and 
order tasks. J Neurosci. 26 (49): 12708-16. 
One of many excellent perceptual learning papers 
written by Dr. Wright’s group. It describes 
methods important to any perceptual learning 
study and is illustrative in its approach to the 
analysis of these data. What’s more, its 
discussion draws intriguing conclusions as what 
cross-task generalization might mean for the 
neural circuitry being manipulated during 
perceptual learning. 

48.  Mossbridge JA, Scissors BN and Wright BA (2008). 
Learning and generalization on asynchrony and order 
tasks at sound offset: implications for underlying 
neural circuitry. Learn Mem. 15 (1): 13-20.  

49.  Buonomano DV and Merzenich MM (1998). Cortical 
plasticity: from synapses to maps. Annu Rev 
Neurosci. 21: 149-86.  

50.  Seitz AR, et al (2005). Task-specific disruption of 
perceptual learning. Proc Natl Acad Sci U S A. 102 
(41): 14895-900.  

51.  Wright BA, et al (1997). Learning and generalization 
of auditory temporal-interval discrimination in 
humans. J Neurosci. 17 (10): 3956-63.  

52.  Fujisaki W, et al (2004). Recalibration of audiovisual 
simultaneity. Nat Neurosci. 7 (7): 773-8. 
Provides an important piece of evidence that the 
temporal window of multisensory integration may 
be shifted in time. This is essential to any 
investigation that proposes to investigate the 
plasticity of multisensory temporal function. 

53.  Vroomen J, et al (2004). Recalibration of temporal 
order perception by exposure to audio-visual 
asynchrony. Brain Res Cogn Brain Res. 22 (1): 32-5.  

54.  Harrar V and Harris LR (2008). The effect of 
exposure to asynchronous audio, visual, and tactile 
stimulus combinations on the perception of 
simultaneity. Exp Brain Res. 186 (4): 517-24 

55.  Hanson JV, Heron J and Whitaker D (2008). 
Recalibration of perceived time across sensory 
modalities. Exp Brain Res. 185 (2): 347-52.  

56.  Sekuler R, Sekuler AB and Lau R (1997). Sound 
alters visual motion perception. Nature. 385 (6614): 
308.  

57.  Virsu V, Lahti-Nuuttila P and Laasonen M (2003). 
Crossmodal temporal processing acuity impairment 
aggravates with age in developmental dyslexia. 
Neurosci Lett. 336 (3): 151-4.  

58.  Noesselt T, et al (2007). Audiovisual temporal 
correspondence modulates human multisensory 
superior temporal sulcus plus primary sensory 
cortices. J Neurosci. 27 (42): 11431-41.  

59.  Stone JV, et al (2001). When is now? Perception of 
simultaneity. Proc R Soc Lond B Biol Sci. 268 (1462): 
31-8.  

60.  Calvert GA (2001). Crossmodal processing in the 
human brain: insights from functional neuroimaging 
studies. Cereb Cortex. 11 (12): 1110-23.  

61.  Beauchamp MS, et al (2004). Unraveling 
multisensory integration: patchy organization within 
human STS multisensory cortex. Nat Neurosci. 7 
(11): 1190-2.  

62.  Calvert GA, Campbell R and Brammer MJ (2000). 
Evidence from functional magnetic resonance 
imaging of crossmodal binding in the human 
heteromodal cortex. Curr Biol. 10 (11): 649-57.  

63.  Bense S, et al (2001). Multisensory cortical signal 
increases and decreases during vestibular galvanic 
stimulation (fMRI). J Neurophysiol. 85 (2): p. 886-99.  

64.  Callan DE, et al (2004). Multisensory integration sites 
identified by perception of spatial wavelet filtered 
visual speech gesture information. J Cogn Neurosci. 
16 (5): 805-16.  

65.  Hairston WD, et al (2006). Auditory enhancement of 
visual temporal order judgment. Neuroreport. 17 (8): 
791-5.  

66.  Dhamala M, et al (2007). Multisensory integration for 
timing engages different brain networks. Neuroimage. 
34 (2): 764-73.  

67.  Bushara KO, et al (2003). Neural correlates of cross-
modal binding. Nat Neurosci. 6 (2): 190-5. 
Outlines an investigation into the brain areas 
involved in multisensory temporal processing. 
Specifically, the task described in the paper 
involves a temporally-sensitive multisensory 
percept. Thus, the brain areas it highlights are 
not only important to this review, but are very 
informative to any researcher proposing to 
investigate multisensory temporal function with 
neuroimaging techniques. 

68.  Herdener M, et al (2009). Brain responses to auditory 
and visual stimulus offset: Shared representations of 
temporal edges. Hum Brain Mapp. 30 (3): 725-33. 

69.  Schroeder CE, et al (2001). Somatosensory input to 
auditory association cortex in the macaque monkey. 
J Neurophysiol. 85 (3): 1322-7.  

70.  Foxe JJ, et al (2002). Auditory-somatosensory 
multisensory processing in auditory association 
cortex: an fMRI study. J Neurophysiol. 88 (1): 540-3.  

71.  Fu KM, et al (2003). Auditory cortical neurons 
respond to somatosensory stimulation. J Neurosci. 
23 (20): 7510-5.  

72.  Ghazanfar AA, et al (2005). Multisensory integration 
of dynamic faces and voices in rhesus monkey 
auditory cortex. J Neurosci. 25 (20): 5004-12.  

73.  Kayser C, et al (2007). Functional imaging reveals 
visual modulation of specific fields in auditory cortex. 
J Neurosci. 27 (8): 1824-35.  

74.  Martuzzi R, et al (2007). Multisensory interactions 
within human primary cortices revealed by BOLD 
dynamics. Cereb Cortex. 17 (7): 1672-9.  

75.  Prather SC, Votaw JR and Sathian K (2004). Task-
specific recruitment of dorsal and ventral visual areas 
during tactile perception. Neuropsychologia. 42 (8): 
1079-87.  

76.  Clavagnier S, Falchier A and Kennedy H (2004). 



 

 
VANDERBILT REVIEWS | NEUROSCIENCE VOLUME 1 | MAY 2009 | 95

©2009 Vanderbilt Brain Institute.  All rights reserved. 

CANDIDATE REVIEWS

Long-distance feedback projections to area V1: 
implications for multisensory integration, spatial 
awareness, and visual consciousness. Cogn Affect 
Behav Neurosci. 4 (2): 117-26.  

77.  Watkins S, et al (2006). Sound alters activity in 
human V1 in association with illusory visual 
perception. Neuroimage. 31 (3): 1247-56.  

78.  Laasonen M, Service E and Virsu V (2001). Temporal 
order and processing acuity of visual, auditory, and 
tactile perception in developmentally dyslexic young 
adults. Cogn Affect Behav Neurosci. 1 (4): 394-410.  

79.  Laasonen M, Service E and Virsu V (2002). 
Crossmodal temporal order and processing acuity in 
developmentally dyslexic young adults. Brain Lang. 
80 (3): 340-54.  

80.  Laasonen M, et al (2000). Rate of information 
segregation in developmentally dyslexic children. 
Brain Lang. 75 (1): 66-81.  

81.  Hari R and Renvall H (2001). Impaired processing of 
rapid stimulus sequences in dyslexia. Trends Cogn 
Sci. 5 (12): 525-532.  

82.  Hari R, Valta M and Uutela K (1999). Prolonged 
attentional dwell time in dyslexic adults. Neurosci 
Lett. 271 (3): 202-4.  

83.  Brunswick N, et al (1999). Explicit and implicit 
processing of words and pseudowords by adult 
developmental dyslexics: A search for Wernicke's 
Wortschatz? Brain. 122 (Pt 10): 1901-17.  

84.  Rumsey JM, et al (1992). Failure to activate the left 
temporoparietal cortex in dyslexia. An oxygen 15 
positron emission tomographic study. Arch Neurol. 49 
(5): 527-34.  

85.  Horwitz B, Rumsey JM and Donohue BC (1998). 
Functional connectivity of the angular gyrus in normal 
reading and dyslexia. Proc Natl Acad Sci U S A. 95 
(15): 8939-44.  

86.  Helenius P, et al (1999). Dissociation of normal 
feature analysis and deficient processing of letter-
strings in dyslexic adults. Cereb Cortex. 9 (5): 476-
83.  

87.  Paulesu E, et al (2001). Dyslexia: cultural diversity 
and biological unity. Science. 291 (5511): 2165-7.  

88.  Shaywitz BA, et al (2002). Disruption of posterior 
brain systems for reading in children with 
developmental dyslexia. Biol Psychiatry. 52 (2): 101-
10. 

 
FURTHER INFORMATION: 
Mark Wallace’s Lab: http://kc.vanderbilt.edu/multisensory/ 
index.html 


