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Abstract

Audio-visual integration has been shown to be present in a wide range of different conditions,
some of which are processed through the dorsal, and others through the ventral visual
pathway. Whereas neuroimaging studies have revealed integration-related activity in the
brain, there has been no imaging study of the possible role of segregated visual streams in
audio-visual integration.

We set out to determine how the different visual pathways participate in this communication.
We investigated how audio-visual integration can be supported through the dorsal and
ventral visual pathways during the double flash illusion. Low-contrast and chromatic
isoluminant stimuli were used to drive preferably the dorsal and ventral pathways,
respectively. In orderto identify the anatomical substrates of the audio-visual interaction in
the two conditions, the psychophysical results were correlated with the white matter integrity
as measured by diffusion tensor imaging.

The psychophysiological data revealed a robust double flash illusion in both conditions. A
correlation between the psychophysical results and local fractional anisotropy was found in
the occipito-parietal white matter in the low-contrast condition, while a similar correlation
was found in the infero-temporal white matter in the chromatic isoluminant condition. Our
results indicate that both of the parallel visual pathways may play a role in the audio-visual

interaction.



1. Introduction

One brief flash and two short tones presented simultaneously induce the illusion of a second
flash, called the double flash illusion. Since the first description of the phenomenon (Wilson,
1987), there have been several studies looking for the possible background mechanisms.
Event-related potential studies demonstrated that auditory stimuli could influence the
activity of the visual cortex (Shams et al.,, 2001; Teder-Salejarvi et al,, 2002) and an illusory
flash-related gamma burst was found in primary visual areas (Bhattacharya et al, 2002;
Mishra et al., 2007). Functional MRI investigations revealed illusory flash-related brain
activity in the superior colliculus, the primary visual cortex and the right superior temporal
sulcus (STS) (Watkins et al, 2006). These findings suggest that such interaction of the
bimodal information could be based on the communication between the primary visual
cortex, the STS and the primary auditory cortex (Mishra et al, 2007; Watkins et al., 2006;
Watkins et al., 2007).

The higher visual cortical areas from the primary visual cortex towards the associative areas
in primates are arranged to form two major information-processing streams, the dorsal and
ventral pathways. These streams are traditionally regarded as the systems responsible for the
representation of the 'where’ and the 'what’, respectively, in the visual world (Haxby et al,,
1991; Ungerleider and Haxby, 1994; Wilson, 1987). The dorsal stream originates from the
magnocellular pathway and is principally concerned with movement, speed of motion and
location in space. The ventral stream originates from the parvocellular pathway and is
responsible for the exact identification of what is seen, such as fine structure and colour.
These pathways can easily be distinguished by modulating the contrast of the stimuli: stimuli

with high contrast and colour are processed predominantly in the ventral stream, while



stimuli with low contrast are processed in the dorsal stream (Brannan and Bodis-Wollner,
1991; Legge, 1978).

Earlier studies suggested that the double flash illusion is primarily mediated by the dorsal
pathway. However, it has not yet been investigated whether the phenomenon can be evoked
over both visual streams, and no systematic investigation of the involved neural structures of
the dorsal and ventral streams in the illusion has yet been performed.

Electrophysiological and functional imaging studies offer a unique opportunity to investigate
the contributions of various brain regions to certain functions. It is also known that function is
deeply rooted in the anatomical structure, and behavioural performance is strongly
influenced by the properties of the underlying brain structures. It was shown that correlation
between the individual structural variability and behavioural performance can identify the
neuroanatomical structures involved (Maguire et al., 2000). Furthermore, the microstructural
integrity of the white matter as defined by diffusion tensor imaging is capable of revealing the
coupling of structure and function (Csete et al., 2014; Johansen-Berg, 2010).

In this study we investigated the contributions of the parallel visual pathways to the double
flash illusion, and aimed to identify the structural background of this processing. Using
auditory stimuli to trigger the phenomenon, we set out to induce the illusion with (i) low-
contrast stimuli to drive the dorsal pathway, which is sensitive to contrast and insensitive to
colour information and, (ii) isoluminant stimuli to drive the ventral pathway, which is less
sensitive to contrast differences. Although the distinction is not complete, this approach might
be useful to investigate how additional auditory information can influence the different parts
of the visual system (Kaposvari et al., 2014). We hypothesised that a better performance of an
individual might relate to the higher structural integrity of the pathways involved in the
processing of the stimulus. Hence, the behavioural performance in the two conditions was
correlated with the diffusion MRI measured white matter microstructural integrity in order to

reveal the structural background of the double flash illusion.
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2. Results

2.1 Behavioural data

The subjects were tested in a double-flash paradigm, in which one or two visual stimuli
following each other were presented together with a single or two consecutive tones. The
measurements were repeated in two conditions: when the visual stimuli were isoluminant
compared to the background (IL) (putative ventral pathway processing) and a low-contrast
(LC) condition (presumably processed through the dorsal steam). According to the Signal
Detection Theory, a perceptual sensitivity (d’) was calculated from the correct identification
of the second flashes (‘hit’) and from the ‘false alarms’.

The paired t-test between d’ values in control (one flash and two flashes without tones) and
double-flash (one flash with two tones and two flashes and two tones) subconditions
indicated the existence of the double flash illusion in both the LC condition (p < 0.0003) and
the IL condition (p < 0.0027).The criterion revealed significant (p<0.01) negative bias for the
double flash as compared with the control criterion in both conditions (Table 1). This shows
that two tones biased the participants to report two flashes instead of one for double-flash

illusions, but not the general response bias.

2.2 Correlation of behavioural data with white matter microstructural integration

In order to reveal small inter-individual variations in the white matter microstructure, which
might explain the subject-to-subject differences in perceptual sensitivity we correlated the
behavioral data with the diffusion parameters of the white matter.

In the IL condition, a significant positive correlation of the behavioural data (the likelihood of
perceiving a double-flash illusion) and the fractional anisotropy (FA) was found in the
juxtacortical infero-temporal white matter on the right and in the bilateral insulae by the

Tract-Based Spatial Statistic (TBSS) analysis (Figure 1 and Table 2).



In the LC condition, a significant positive correlation was observed between FA and the
likelihood of perceiving a double-flash illusion in the juxtacortical white matter of the parieto-
occipital junction on the right side, the right frontal white matter under the superior frontal
gyrus and bilaterally in the deep cerebellar white matter (Figure 1 and Table 3).

TBSS analysis revealed no significant correlation with any other diffusion parameters (MD,

AD and RD).

2.3 Connectivity analysis

The probabilistic tractography from the infero-temporal white matter region, which revealed
a high correlation with the likelihood of perceiving a double-flash illusion in the IL condition,
showed tracks running along the inferior border of the temporal lobe through the inferior
fronto-occipital fascicle (an association pathway connecting the occipital lobe with the frontal
lobe) and the inferior longitudinal fascicle (an association pathway connecting the occipital
lobe to the temporal lobe) (Figure 2).

In the LC condition, the tractography initiated from the juxtacortical parieto-occipital cluster
of the TBSS analysis showed fibres along the putative arcuate fascicle, running towards the

frontal lobe (Figure 2).

3. Discussion

In this study, we evoked a double-flash illusion through the dorsal and ventral stream by
using low contrast and chromatic-isoluminant stimuli. Moreover, we identified correlations
between the microstructure of various white matter tracks and likelihood of perceiving
double-flash illusion. This correlation was found along the putative ventral and dorsal visual
streams in the two conditions in which stimuli were predominantly driving the ‘what’ and

‘where’ pathways.



The visual system is traditionally subdivided to two parallel information processing
pathways. The dorsal stream processes temporal information better, but its spatial resolution
is inferior to that of the ventral stream, runs toward the parietal lobe. Contrary, the ventral
stream, which is important for object and colour recognition, is running toward the infero-
temporal structures. Importantly, in experimental protocols the two pathways can be
separated by presenting low and high contrast stimuly, respectively. Finding correlation
between the likelihood of perceiving double-flash illusion and white matter integrity along
the ventral and dorsal streams in the two conditions driving preferentially one or the other
pathway, indicate that audio-visual integration may be processed in both systems depending
on the stimulus parameters.

Evidence was reported earlier of audio-visual integration occurring through the ventral
stream. In a metacontrast masking paradigm, Jaekl and Harris who were able to eliminate the
inhibitory effect of M-pathway-related transient activity on the P-pathway by applying a
concurrent auditory stimulus, expected to increase the activity within the P-pathway (Jaekl
and Harris, 2009). In the same paper, they provided further evidence by applying an
orientation discrimination paradigm with an additional auditory stimulus. Here, the
orientation threshold was also modulated by the concurrent auditory stimulus, which they
considered to be an indication that audio-visual interactions can occur through the ventral
pathway (Jaekl and Harris, 2009). Furthermore, by using chromatic stimuli, Leo et al. were
able to show that, in the case of short-wavelength stimuli, processed by the parvocellular
system, a significant reaction time advance can be produced by a concurrent auditory
stimulus (Leo et al., 2008).

In contrast, there is also evidence that audio-visual integration may occur through the dorsal
pathway. Jaekl and Soto-Faraco showed that auditory stimuli had significant effects on the
contrast sensitivity in a steady, but not in a pulsed-pedestal condition, the former

predominantly testing the dorsal, and the latter the ventral pathway (Jaekl and Soto-Faraco,
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2010). Furthermore, an audio-visual interaction was represented at lower, but not at higher
spatial frequencies, which favours the role of the M-pathway (Jaekl and Soto-Faraco, 2010).
On the use of stimuli, which probably preferentially drives the M-pathway, fMRI activation
differences were also detected along the M-pathway (Watkins et al., 2006; Watkins et al,
2007).

The results listed above are seemingly contradictory, though our results relating to a double-
flash illusion with low contrast and with chromatic-isoluminant stimuli suggest that audio-
visual integration can be evoked through both the dorsal and the ventral stream.

It is important to note that no stimulus is processed exclusively through the ventral or the
dorsal pathway; the stimuli in our investigation were designed to drive preferentially the
magno- or the parvocellular pathways (Kaposvari et al., 2014).

Further support of audio-visual integration taking place through both the ventral and dorsal
pathways comes from the results of the DTI analysis. The likelihood of the perception of
illusion in the low-contrast condition correlated with the white matter integrity of the
parieto-occipital junction and the frontal white matter. Not only is the parieto-occipital region
in the close vicinity of the dorsal pathway cortical regions, but its connectivity pattern
resembles the dorsal pathway (Haxby et al., 1991; Ungerleider and Haxby, 1994).

Similarly, the correlation of behavioural measures with tissue integrity in the infero-temporal
white matter in the case of the chromatic-isoluminant condition strongly supports the
possible involvement of the ventral pathway in the audio-visual integration.

Interestingly, the correlations between the probability of double-flash illusion and the white
matter integrity were lateralised;, however it has to be noted that there were correlations
found on the other side also, but they were just below the threshold. Nevertheless, having
lateralised results are not surprising: several studies showed asymmetric function and

structure in the visual system (Antal et al., 2004; Dreessen de Gervai et al., 2014).



We also found in the literature significant correlations between structure and function in non-
visual pathways. Electrophysiology and fMRI investigation showed that the insula is
participating in multimodal integration (Calvert et al, 2001) and recently it was
demonstrated that isochronous timing in an audiovisual task has a positive influence on
insular activity (Marchant and Driver, 2013). Also several researches pointed out the
importance of cerebellum in audio-visual integration (Pfordresher et al.,, 2014; Proverbio et
al,, 2014).

White matter integrity and structural connectivity were recently of interest as concerns the
determination of the connection between structure and function. The variation of the connectivity
profile of certain regions can predict a variation in function (Behrens et al., 2006; Johansen-Berg et
al., 2004; Klein et al., 2007; Saygin et al., 2012). Local diffusion features of the white matter
supported to be related to the behavioural performance (Csete et al,, 2014; Johansen-Berg, 2010).
A higher FA in the corpus callosum was related to a better bimanual coordination (Johansen-Berg et
al., 2007). A training-induced FA increase has been detected in the intraparietal sulcus (Scholz et
al., 2009). It has also been shown that a greater BOLD response in the visual cortex correlates with
a higher FA in the optic radiation (Toosy et al., 2004). Neuroimaging and histological studies have
been combined recently that demonstrated that spatial learning and motor learning result in locally
enhanced myelination (Blumenfeld-Katzir et al., 2011; Sampaio-Baptista et al., 2013), which is
reflected in enhanced FA in the diffusion MRI.

The relationships between these white matter diffusion properties and histological properties are not
yet clear, but nerve diameter and myelination that relate to the microstructure measurable with DTI
can also relate to the conduction velocity and dispersion of the neuronal signal (Hodgkin and
Huxley, 1952). As regarding the functional significance of the diffusion-measured microstructure,
recently it was shown that the FA of the white matter pathway neurophysiology measured
functional connectivity of the connected regions is correlated (Boorman et al., 2007; Neubert et al.,

2010).



4. Experimental Procedure

4. Subjects

Sixteen healthy subjects (10 females; mean age of 27.4 years) were enrolled in the study.
None of them suffered from any neurological or psychiatric diseases. All of them had normal
or corrected-to-normal (20/20) visual acuity and good colour vision. The study was approved
by the ethical committee of the University of Szeged (Ref. no.: 87/2009) and all study
participants gave their written informed consent in accordance with the Declaration of

Helsinki.

4.2 Behavioural test

The subjects sat in a sound-attenuated dark room with their heads resting on a chin and
forehead support. Their eyes were 57 cm away from the screen (ViewSonic monitor, 21”
diameter, 800 x 600, 60.0 Hz) and the speakers. The two computer speakers were positioned
symmetrically, on each side of the monitor, at 25° from the fixation point. The subjects had to
fix their gaze on a black fixation dot at the middle of the monitor. A disc subtending a visual
angle of 1.5 was displayed in a peripheral position at 9.25 eccentricity below the fixation
point, as a visual stimulus (Watkins et al., 2007).

Two conditions were investigated: an isoluminant (IL) condition, where a red disc was
presented on a green background (8.9 cd/m?2), and a low-contrast (LC) condition, where we
used a light-grey disc (9.7 cd/m?, contrast 9%) on a darker grey background (8.9 cd/m?). The
conditions were presented in a semi-random sequence.

The conditions contained 6 subconditions: 6 variations of flashes (one flash, one flash with
one tone, one flash with two tones, two flashes, two flashes with one tone, and two flashes
with two tones). One subcondition consisted of 40 repetitions of the trial, and thus one block

contained 240 semi-random-presented trials.
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The presentation of the trial started with the condition-specific green background in the IL
condition and with the grey background in the LC condition. After 200 ms one or two discs
were presented for 17 ms on this background, without or with one or two tones, according to
the given condition. The stimulus onset asynchrony (SOA) between two flashes was 85 ms.
The duration of the tones (3.5 kHz, 70 dBSPL) was 10 ms and was presented at the same time
as the first flash. The SOA between the two tones was 85 ms. The previously mentioned
experiments used auditory and visual stimuli slightly shifted in time, but as reported, the two
designs with simultaneously presented or shifted stimuli resulted in only slight differences
(Watkins et al., 2006). After the presentations of the flashes and tones, the subject had to
decide whether one or two discs were displayed, independently of the tones, and press the
left (one flash) or right arrow (two flashes) button on the keyboard with the dominant hand.
After the subject had pressed a key, the grey background (8.9 cd/m?) appeared for the inter-
trial interval of 1000 ms. Feedback concerning the correctness or not of the responses was

not provided.

4.3 Analysis of behavioural data

Signal detection theory was used to analyse the behavioural results. With this method, the
sensitivity of the subjects towards the visual stimuli could be described. The aim was to verify
that the illusions were caused by changes in perceptual sensitivity, but not by the general
response bias. The sensitivity is expressed as

d’=z(H) - z(F),

where d' is the sensitivity, and z is the inverse of the normal cumulative distribution. In one
block, we calculated three d' values for two subconditions. The correct identification of the
second flash was accepted as a ‘hit’ (H); if the subject reported one flash instead of two, it was
recorded as a ‘miss’. When one flash was reported as two, we accepted it as a ‘false alarm’ (F)

and the correct identification of one flash was accepted as a ‘correct rejection’. To calculate
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the d’ value for the control, we used the two subconditions without tones (one flash and two
flashes). For double flashes, we used the two subconditions with two tones (one flash with
two tones and two flashes with two tones). To examine the power of the illusions, we
compared the control d’ value with that for fusion or the double flash by the paired t-test
(Watkins et al,, 2006). A criterion (C) was calculated to indicate the response bias via the
expression (MacMillan and Creelman, 2005):

C=-[z(pH)+z(pF)]/2,

A positive value of C indicates the bias when the subjects rather report one flash, while a

negative value indicates when they rather report two flashes.

4.4 Data acquisition

Neuroimaging data acquisitions were carried out on a 1.5 T GE Signa Excite HDxt MR Scanner
(GE Healthcare, Chalfont St. Giles, UK). Three-dimensional spoiled gradient echo images
(FSPGR: echo time [TE]: 4.1 ms; repetition time [TR]: 10.276 ms; matrix: 256 * 256; field of
view [FOV]: 25cm * 25cm; flip angel: 15 degree; in-plane resolution: 1*1 mm?; slice thickness:
1 mm) and 60 directions diffusion-weighted images with 6 non-diffusion-weighted reference
volume (TE: 93.8 ms; TR: 16,000 ms; matrix: 96%*96; FOV: 23*23 cm?; flip angle: 90 degree; in-
plane resolution: 2.4*2.4 mm?; slice thickness: 2.4 mm; b:1000 s/m2; number of excitations

[NEX]: 2; array spatial sensitivity encoding technique [ASSET]) were acquired for all subjects.

4.5 Data analysis

Diffusion data were corrected for eddy currents and movements artefacts by twelve degrees
of freedom affine linear registration to the first non-diffusion-weighted reference image.
Diffusion tensors at each voxel were fitted by an algorithm included in FMRIB's Diffusion
Toolbox (FDT) of FSL (v.4.0)(Smith et al., 2004). Fractional anisotropy (FA), mean (MD), axial
(AD) and radial diffusivity (RD) was computed for the whole brain. In order to reduce the

possible errors arising from misalignment of the images, we used the Tract Based Spatial
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Statistics (TBSS) method (Smith et al., 2007). For all subjects, the FA images were aligned into
a common space, using the non-linear registration tool, FNIRT, which uses a b-spline
representation of the registration warp field. The mean FA image was created and then
thresholded at FA=0.2, deriving a mean FA skeleton representing the centres of all tracts
common to the group. The aligned FA data for eachsubjects were then projected onto this
skeleton and the resulting data were fed into voxel-wise cross-subject statistics. Modelling
and inference with the standard general linear model design set-up was accomplished by
using permutation-based cluster analysis (n=5000) as implemented in the FSL software
package (Nichols and Holmes, 2002). The design encoded for the differences of the d' value of
the double-flash and the control d’ in two conditions (isoluminant and low-contrast) from
psychophysical measurements. Statistical images were thresholded by threshold free cluster
enhancement (Smith and Nichols, 2009). Since our task was a relatively low level perceptual
task, it would have been over-conservative to correct for multiple correlations based on the
total number of voxels. Hence, we used the non-corrected stats thresholded at a 1%
significance level. Only clusters larger than 5 voxels were considered for discussion. The same
analysis for MD, AD and RD was repeated by projecting the various diffusion parameters to
the FA skeleton.

The connectivity of the regions, which showed significant correlation with the behavioural
data, was defined by the probabilistic tractography (FDT, part of FSL:
www.fmrib.ox.ac.uk/fsl/fdt). A multifibre diffusion model was fitted that estimates the
probability distribution in the direction of 1 or more fibre populations at each voxel (Behrens
et al.,, 2007). Probabilistic tractography was then performed on any brain voxel by tracing
streamline samples through these probabilistic distributions in the fibre direction. For
tractography, we generated 5000 streamline samples from each seed voxel to build up a
connectivity distribution. The number of these samples passing through each brain voxel is

interpreted as proportional to the probability of the connection to the seed voxel. By fitting a
13



multifibre model to our diffusion data, we were able to trace pathways through regions of
fibre crossing (Behrens et al,, 2007). The seed masks were binary cluster-masks of the TBSS

analysis.
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Table legends

Table 1. The mean and standard error (SEM) of the d’ and criterion values in the behavioural
tests. Please note that since the values of “Hit” and “False alarm” were rounded, the d’ values

in the table above might deviate from the correct mathematical value.

Table 2. Anatomical localization of correlations of FA with the likelihood of perceiving a
double-flash illusion in the isoluminant condition. Coordinates represent standard space

coordinates in the FMRIB58_FA template.

Table 3. Anatomical localization of correlations of FA with the likelihood of perceiving a
double-flash illusion in thelow-contrast condition. Coordinates represent standard space

coordinates in the FMRIB58_FA template.
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Figure legends

Figure 1. Correlation of FA with a higher likelihood of perceiving a double-flash
illusion. White matter microstructure as measured by FA, showed correlation with the
perceptual sensitivity to double flash illusion in the isoluminant (upper row) and low-contrast
condition (lower row). The identified white matter regions overlap with the ventral and
dorsal visual pathways respectively. Images are overlaid on the FMRIB58_FA standard image.
The mean FA skeleton, thresholded at 0.2, is depicted in green shades. Significant clusters are
indicated in red for the isoluminant and in blue for the low-contrast condition. A thickened

version of the significant cluster is used to facilitate visualization.

Figure 2. Connectivity of clusters showing the correlation between FA and behavioural
data in theisoluminant (red) and low-contrast (blue) conditions. The white matter fibres
identified by the tractography correspond to the ventral and dorsal visual pathways in the
isoluminant and low-contrast conditions respectively. The binary cluster masks were used as
seed mask for each subject. Five thousand streamline samples from each seed voxel were
drawn to build up a connectivity distribution that was thresholded for 1000 particles for each
subject and binarized. Population connectivity maps were derived for controls by adding
these masks together and thresholding at four (Pathways passing through the given voxel in

at least four subjects).
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Hit False
Conditions d mean [+SEM | C mean| *SEM mean +SEM | alarm | +SEM
mean
. control 3.592 |1 0.211 | 0.087 0.140 | 0.9084 (0.0229| 0.0813 |0.0253
Isoluminant
double flash| 1.721 | 0.244 | -1.605 0.180 | 0.975010.0108| 0.6667 |0.0761
control 3.461 | 0.216 | -0.057 0.130 | 0.9229 10.0210( 0.0917 [0.0244
Low contrast
double flash| 1.917 | 0.270 | -1.604 0.166 [ 0.9729 |0.0115| 0.6521 |0.0811
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p< |No.ofvoxels| X (mm) | Y (mm) | Z (mm)
Right insular WM 0.001 56 36 12 -14
Right infero-temporal WM | 0.001 33 45 -60 -8
Left insular WM 0.001 10 -32 21 0
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p< [No.of voxels| X (mm) | Y (mm) | Z (mm)
Cerebellar WM 0.001 582 -17 -65 -33
Right parieto-occipital junction | 0.001 53 52 -51 9
Right fronto-polar WM 0.001 10 22 56 7
Right superior frontal WM | 0.005 4 17 21 51

22




A robust double flash illusion was found using both magno and parvo optimalized visual stimuli.
DTI data show correlation between psychophysical results and local fractional anisotropy.

The low contrast condition revealed a positive correlation between the local fractional anisotropy
and the occipito-parietal white matter.

In the isoluminant condition similar correlation was found in the infero-temporal white matter.

Tractography originating from these areas matches the dorsal and ventral visual pathways.
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Figure
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