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Introduction 

Most of our information from the outer world is gained by vision. An intact visual system 

is crucial for life and for the optimal recognition. For correct explanation and 

interpretation of discrepancies caused by certain diseases, the thorough knowledge of the 

visual system is substantial. It also helps to understand the human development better and 

helps to identify improved biomarkers for diagnosis and treatment. For the facilitation of 

these opportunities, it is important to investigate the whole system from the neural level 

to the global, the network level. 

Architecture of the visual system 

The light after reflection from the objects passes through the lens and cornea to the retina 

where the fototransduction takes place. After the primary processing, the information of 

the ganglion cells is sent to the lateral geniculate body (LGB). Three functionally distinct 

subtypes of ganglion cells, such as the magnocellular (M), the parvocellular (P) (and 

koniocellular (K)
1
) neurons are located here. M-cells respond to moving stimuli, speed 

and location in space and show great sensitivity to low contrast. On the other hand, P-

cells prefer colours, shape and higher spatial frequencies (Skottun, 2015). The fibres 

project to the calcarine sulcus via the optic radiation. In the occipital pole, the information 

from the retina is mapped point by point. Fibres from the retina keep their relative 

positions to each other, serving retinotopic organization. The axon bundles from the 

parvocellular and magnocellular system remain separated at this level and reach different 

layers of the primary visual cortex. The occipital cortex has a large amount of internal 

granular cells with myelinated axons that cause a distinctive stripe in the cerebral cortex 

that are called lines of Gennari (Gennari, 1782). V1 is built by orientation columns, 

“blob”-s and ocular dominance columns. All together it is a virtual neuron-cube, called 

hypercolumn (Hubel and Wiesel, 1968), that dissociates the detected image on the retina 

into small building elements, or features (e.g. lines, colours, orientation). 

From the primary visual cortex the visual information is passing through two major 

pathways, to the parietal lobe and to the temporal lobe: the so-called dorsal and ventral 

pathways, respectively, traditionally regarded as the ‟where‟ and the ‟what‟ stream 

                                                 
1
 The koniocellular system is not the main target of our investigations; hence no further details are given. 
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(Haxby et al., 1991; Ungerleider and Haxby, 1994). Two relevant processing stages 

should be mentioned as presumably final unimodal stages of the segregated streams as 

the middle-temporal (MT) and the inferior-temporal cortex (IT). 

The region MT is sensitive to movement, depth and activated during visuo-spatial tasks. 

Higher levels of perception, such as global motion recognition seems to be located in the 

middle temporal area (MT), medial superior temporal cortex (MST), and the fundus of 

the superior temporal cortex (FST), that share similar features in monkeys and humans 

(Morrone et al., 2000), and was suggested to make up a complex: V5/MT+ (Boussaoud et 

al., 1990; Morrone et al., 2000). This area receives direct input from the primary visual 

cortex (V1) (Felleman and Van Essen, 1991; Maunsell and van Essen, 1983), LGN 

(Sincich et al., 2004), and also extrastriate regions, such as V2 (Lewis and Van Essen, 

2000). These neurons with a broadly binocular representation and a relatively large 

receptive field ((~15-20°,(Angelucci et al., 2002), have a principal role in motion and 

directional sensitivity (Chawla et al., 1998).  

The IT is the last unimodal area in the ventral visual stream (Ungerleider, 1982) which 

receives the visual input mostly from areas V4 and the posterior part of the IT 

(TEO,(Baleydier and Morel, 1992; Merigan, 1996; Morel and Bullier, 1990). Receptive 

field of these cells span about 50-60° and contains binocular representation of the sighted 

world. Cells in the IT respond best to complex, colourful stimuli (Desimone et al., 1984). 

They might be selective to shapes, i.e., they respond to, or rather respond more strongly 

to some shapes than to others (Desimone et al., 1984; Gross et al., 1972; Tanaka et al., 

1991) and show strong invariance against certain modifications (Sáry et al, 1993). The IT 

is closely associated to perception. Micro-stimulation of the area influences the face non-

face categorization (Afraz et al., 2006), and human perception models show similar cell 

firing patterns as IT neurons (Allred et al., 2005). Furthermore, the use of the binocular 

rivalry paradigm (Leopold and Logothetis, 1996; Sheinberg and Logothetis, 1997) proves 

that visual perception and IT activity are closely related.  
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Potential methods of measurement 

The brain is an integrating different functions, such as perception, attention, learning or 

execution, etc. Various regions show activity during different tasks, but these together 

make the basis of our perceptions, thinking or simply, existence. One of the first 

physiological evidence of brain machinery originates from more than a century ago, when 

an Italian researcher discovered that frontal brain pulsation is elevated during mental 

arithmetic task (Mosso, 1881). Currently, many different tools are available to study the 

central nervous system from the molecular scale to the whole brain networks. All of them 

have many advantages and also disadvantages. The main differences are spatial and 

temporal resolution, the origin of the signal and the sensitivity and specificity for the 

inspected signal. In order to find the best approach which fits the question, one needs 

substantial knowledge about them. In the next section, some of these procedures will be 

introduced. The presented figure shows the main guidelines.  

 

 

 

Neurophysiology 

Neurophysiology is one of the first options in neuroscience. Electrophysiological 

recordings, extracellular single-unit/multi-unit registration (also local field potential 

studies (LFP)) and more or less psychophysics are included. Centuries of observations led 

to deductions, e.g., Broca‟s studies on brain functions and language led him to to discover 

the lateralization of the brain (Broca, 1861a; Broca, 1861b) or as Berger‟s invention of 

the electroencephalograph (EEG)(Berger, 1929), which became a widely used instrument 

of brain research. 
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Psychophysics is the simplest way to study perception. Physical stimuli and the sensation 

are tested by behavioural performance (Fechner, 1860). In an imaginary experiment, 

subjects react with a button press if they see a circle on the display. If the experiment is 

repeated frequently enough, after data processing (for example, use of signal detection 

theory) personal variability is detectable. By this method, the individual sensitivity of 

threshold detection or discrimination is defined. Currently, one of the most often used 

techniques of exploring the brain function is the usage of evoked responses. In EEG, 

surface electrodes on the head measure the voltage fluctuations of the ionic currents at 

gyri near the scalp. Averaging several hundreds of time-locked EEG responses generate 

event-related potentials (ERP) that is a unique tool of neuroscience and also diverse 

practice in medicine (Luck and Kappenman, 2012). One of the earliest studies of ERP in 

cognitive neuroscience has presented a new component that was associated to recognition 

as Contingent Negative Variation (CNV) (Walter et al., 1964) and showed the relevance 

of EEG waveform (P3) variations about 300 ms (Sutton et al., 1965) that can be related to 

thinking.  

At the same way, the functional nature of evoked responses from the brain is exhibited by 

magnetoencephalography (MEG), which records the local current generated magnetic 

fields that means of superconducting devices. It is used in basic neuroscience (Cohen, 

1968) and in neurology (Montez et al., 2009). Both techniques have high temporal 

resolutions.  

Another widely used neurophysiological approach is single-cell/unit recordings. 

Microelectrodes lowered to the cortex or to the subcortical grey matter close enough to 

the individual cells or cell-clusters to measure action potentials or local field potentials . 

This kind of intracerebral electrophysiology provides rich knowledge about cell 

interactions and the cortical organization (Hubel and Wiesel, 1959; Hubel and Wiesel, 

1962; Kuffler, 1953; Wiesel and Hubel, 1963), but has disadvantage as well: negliging the 

whole brain as a network. In single unit recordings, the activation of a single firing 

neuron is observed and the spikes are recorded with thin glass or metal (platinum, 

tungsten), high-impedance microelectrodes (Boulton et al., 1990). Action potential 

through the neurones causes electric currents at the excitable membrane regions which 

change the electric charge distribution in and outside of the cells that can be detected with 

intra- or extracellular electrodes. After proper data processing the separation of units and 

deeper analysis of the signal is feasible (Thompson and Patterson, 2013). 
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Functional neuroimaging 

Similar noninvasive opportunities for gaining information of the working brain are the 

positron emission tomography (PET) and the functional magnetic resonance imaging 

(fMRI). During fMRI measurement an indirect signal of neuronal activation is measured. 

Cell activity is detectable by the changes in the proportion of oxi- and deoxihemoglobin, 

which cause alteration in the local magnetic property (Ogawa et al., 1990). The 

relationship between the neuronal activation and blood-oxygen-level dependent (BOLD) 

signal depends on the neurovascular coupling. Intracerebral electrophysiology in 

monkeys confirmed that population spikes and local field potentials correlate with the 

BOLD signal (Logothetis et al., 2001). The evoked fMRI setup is based on different kind 

of stimulation protocols (visual, auditory, tactile). During the analysis, the voxel-by-voxel 

measured time-varying BOLD signal and the model predicted response are compared. A 

significant activation is assumed in those voxels where the signal matches the predicted 

model (Jenkinson et al., 2012).  

Another resource for event related activation is PET which uses radioactive tracers that 

emit positrons, which interact with an electron annihilating and emitting gamma 

radiation, which in turn is detected by scintillators (Turkington, 2011). The detection of 

the gamma photons leaving in opposite direction offers a precise spatial localisation of 

the tracer. It is widely used in clinical oncology (Beadsmoore et al., 2015) and 

neuroimaging (Lu and Yuan, 2015).  

Summarizing the potentials and weaknesses of the above described methods it is clear 

that EEG and MEG have an excellent temporal resolution but less effective spatial 

localization ability. Intracerebral electrophysiology (ICE) owns the best temporal 

resolution, but the spatial localization is limited by the position of the electrodes. fMRI 

have much better spatial resolution (in millimetre range), but in most applications the 

temporal resolution is poor as compared to electrophysiology.  

Macrostructure 

In the early era, lesions (Bucy and Kluver, 1955) and brain deformities (Harlow, 1848) 

provided evidence of functions related to brain areas. Then, direct cortical stimulation 

studies (Penfield, 1950a; Penfield, 1950b; Penfield, 1957; Penfield, 1958; Rasmussen and 

Penfield, 1947; Rasmussen and Penfield, 1948) provided evidence of cortical 

representations. This information is eminent but rough to make subtle deduction of the 

interactions. Recently, non-invasive neurostimulation protocols are widely used, such as 



9 

 

transcranial magnetic stimulation (TMS,(Barker et al., 1985), to locally and reversibly 

interfere with brain functions.  

Neuroimaging approaches provide a possibility to deduct the effect of lesions in certain 

localization in a large population of patients. Voxel-based lesion-symptom mapping 

(Bates et al., 2003; Kincses et al., 2011) correlates with the clinical features in patients 

with certain lesion locations. Voxel based comparison of tissue type probabilities can 

reveal regionally specific atrophy in certain patient populations (Kincses et al., 2014; 

Stepan-Buksakowska et al., 2014) and is able to link cognitive function to normal 

variation of brain structure (Draganski et al., 2004a).  

Microstructure 

Although, functional imaging experiments offer a unique opportunity for the examination 

of functional activation in various behavioural conditions, it was recently suggested that 

behavioural performance is also strongly related to the underlying brain structure. It was 

shown that the correlation between the individual structural variability and the 

behavioural performance can identify the involved neuroanatomical structures (Maguire 

et al., 2000). Moreover, if white matter structure-related parameters are investigated, this 

approach provides a unique opportunity for the identification of the white matter tracts 

associated with the certain functions (Floel et al., 2009). Diffusion is the three 

dimensional Brownian motion of the molecules such as water (Johansen-Berg and 

Behrens, 2009). In diffusion MRI experiments the diffusion is measured in a short period 

of time that allows microscopic movements of the water. In spaces bordered by 

membranes or cell-compartments the diffusion of the water is hindered. Hence, in the 

white matter the preferred orientation of the diffusion is parallel to the axis of the 

pathways (Staempfli et al., 2008). Measurement of diffusion in multiple directions allows 

the characterisation of diffusion in space that can be modelled by a diffusion tensor. 

Various parameters of this diffusion tensor model can be estimated such as the diffusion 

along or perpendicular to the main fibre direction, the mean diffusivity or the fractional 

anisotropy. Such parameters can address the integrity of the white matter microstructure. 

The relationship between the locally measured diffusion parameters and the behavioural 

data is capable of revealing the coupling of structure and function (Johansen-Berg, 2010). 

Human studies have implied that short-term visuo-motor learning enhances the fractional 

anisotropy (FA) in the cortico-spinal tract (Landi et al., 2011). Steeper learning curves in 

a sequence-learning task were found to correlate with the local FA (Tomassini et al., 
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2011). Recent combined imaging and histological studies demonstrated that plasticity 

related diffusion parameter changes are related to locally enhanced myelination 

(Blumenfeld-Katzir et al., 2011; Sampaio-Baptista et al., 2013). 

Objectives 

The aim of our studies was to examine the visual system on different levels with 

alternative methodologies. The following specific questions were addressed: 

 How does the neural coding of visual stimuli changes with ageing?  

 What is the white matter structural background of the motion detection? 

 Could the segregated visual pathways be identified in a double flash illusion 

experiment? 
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Aging alters visual processing of objects and shapes in 

inferotemporal cortex in monkeys 

Cognitive functions, including visual perception, decline with age. This deterioration of 

the perceptual processes can be attributed not only to optical defects such as cataract, 

glaucoma or presbyopia, but also to neurological aging and dysfunction in visual areas. 

This may have a major impact on the occurrence of home accidents, automobile driving 

and the quality of life in general (Carter et al., 1997; Desapriya et al., 2014; Kallstrand-

Eriksson et al., 2013). Data from psychophysical studies indicate that older people tend to 

have decreased visual acuity, contrast sensitivity and contour integration (Hutman and 

Sekuler, 1980; Roudaia et al., 2008; Sekuler et al., 1980). They often demonstrate 

impairments in visual motion sensitivity, including the perception of apparent motion, and 

have poorer orientation-judging capabilities (Bennett et al., 2007; Betts et al., 2007; 

Roudaia et al., 2010)(for a review, see (Andersen, 2012). It has been reported that aging 

also has an impact on form perception and shape discrimination (Habak et al., 2009; 

McKendrick et al., 2010; Weymouth and McKendrick, 2012) and figure-background 

separation (Chee et al., 2006), but it is not clear what changes accompany these 

impairments. 

A number of papers have addressed the connection between aging and the decline of 

visual functions (Liang et al., 2010; Schmolesky et al., 2000; Spear, 1993; Wang et al., 

2006; Wang, 2001; Yang et al., 2008; Yang et al., 2009a; Yu et al., 2006), but we are not 

aware of any electrophysiological report concerning the effects of aging on the neuronal 

activity underlying object and shape vision in a high-level visual area such as the monkey 

inferotemporal cortex (IT).  

The macaque monkey has been a useful animal model to study human visual perception. 

Several papers have compared the visual systems of monkeys and humans (Denys et al., 

2004; Orban et al., 2004; Tanaka, 1997; Tompa and Sary, 2010). If we accept that a 

possible criterion for homologies in different species is the similarity in function and in 

retinotopy in the particular visual areas, then it is clear that the ventral cortical pathway 

that serves object vision is conserved across primates into humans (DeYoe et al., 1996; 

Fize et al., 2003; Kourtzi et al., 2003). A homology for IT in humans is probably the 

posterior part of the inferotemporal cortex or the lateral occipital complex (for reviews, 

see: (Orban et al., 2004). 
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The aging of monkeys is similar in many respects to human aging. A 30-35-year-old 

monkey is similar to a human aged 90-95 years (Tigges et al., 1988). On this basis, three 

human years may be assumed to correspond to one monkey year. Nonhuman primates are 

ideal for examining central nervous system aging since they share the same 

neuromorphological pattern as in humans during normal ageing (Gallagher and Rapp, 

1997; Lowenstine, 2003). Interestingly, the refractory power of the eye tends to decrease, 

which is appropriately compensated in monkeys (Fernandes et al., 2003; Ooj and 

Grosvenor, 1995). This supports the assumption that ocular pathology is not critically 

relevant in the changes in visual function. We hypothesized that changes in the neuronal 

coding of objects in IT may partially explain the perceptual deficit of aging monkeys and 

humans.  

Methods 

We compared data obtained from single-cell recordings from monkeys in two age groups: 

7 years and 27-33 years (corresponding to 21 and 81-99 years, respectively, in humans). 

All the participating animals (Macaca mulatta) were engaged in earlier studies in the 

visual laboratory. The animals performed a simple fixation task and were exposed to the 

same set of images at a certain stage during their training (for an example of the stimulus 

set, see (Sary et al., 2006). To compensate for implicit learning, we took our sample from 

a later phase of the experiments, when the animals could be regarded as experienced or 

even overtrained. Our behavioural threshold was set to 87%, but at the time of the 

recording all the animals performed at > 90% correct level. 

Monkeys were examined when they were anaesthetised during the headpost implantation 

procedure by an ophthalmologist and the same investigation was performed as reported in 

other papers (e.g., (Yang et al., 2009a)). No major ophthalmoscopic deviations or 

refractive errors were detected in the lens, vitreous body, vasculature or macula. In 

addition, monkeys performed at > 90% correctness in the fixation task that used a few 

pixel sized fixation point and fixation window of < 1°, which is hardly possible with 

blurred vision, thus the presence of refractory errors and their corrections were not 

considered (Fernandes et al., 2003; Ooi and Grosvenor, 1995). It is important to note at 

this point, that the old animals were purchased and operated on at an old age, thus, it is 

unlikely that their vision deteriorated rapidly between the surgery and the start of the 

recordings (~ 2 months).  
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The four monkeys that participated in the study weighted between 6 and 9 kg at the time 

of the experiments. In the young group, the two monkeys were males and the old animals 

were 2 females. Prior to their training, the animals underwent two session of aseptic 

surgery. All surgical procedures were carried out under full anesthesia, induced with an 

i.m. injection of ketamine (Calypsol; 15 mg/kg) and atropine (0.05 mg/kg). An 

endotracheal tube was inserted into the trachea and anesthesia was maintained with 

Halothane (1-1.2 %), given in a mixture of N2O and O2 in a ratio of 2:1, or 0.5 mg/kg i.v. 

midazolam (Dormicum). An i.v. line was inserted for continuous access and physiological 

saline was given to compensate for fluid loss. Before the surgical procedure, a preventive 

dose (250 mg) of the antibiotic ceftriaxone (Rocephin) was given. The incision was 

infiltrated with local anaesthetic (Procaine). Nalbuphin and nonsteroid anti-inflammatory 

drugs were administered to the animals postoperatively. The arterial oxygen saturation, 

expired CO2 level, heart rate and alveolar concentration of the inhalation narcotic were 

monitored continuously throughout the surgery. A stainless steel headpost was fixed to the 

head to keep the animal‟s head stable, and a search coil was implanted under the 

conjunctiva (Judge et al., 1980) to enable recording of the eye position.  

Before the implantation of the registration chamber, all animals underwent T1 and T2 

weighted MR acquisitions. Stereotaxic coordinates and individual MR images were used 

during the surgical procedure to optimise the position of the registration chamber (ant.: 

23; lat.: 17). After the surgery, X-ray images were made with the lowered electrode to test 

the proper location of the electrodes.  

During recording, the alternation of white and gray matter during advancing of the 

electrode, the selectivity for complex colour stimuli, the typical response latency values 

(Sary et al., 2006; Schmolesky et al., 1998) are a hint for being in the right location. 

Finally, after the examination, the brains were removed and frozen sections were made to 

locate the electrode tracts, which pointed to area TE, the lower bank of STS and the 

lateral part of TE. 

The animals performed a fixation task. First, a red fixation point was presented on the 

monitor (distance: 57 cm) for 500 ms, followed by a gray background (500 ms) and then 

by the stimulus (500 ms). For each cell, 20 stimuli were used, showing colour 

reproductions of real world 3D objects or geometric shapes (Sáry et al., 2004). For each 

of the stimuli at least 10 successful trials (and recordings) were collected in a semi-

random fashion. Trials were considered successful if the animal did not break fixation 

during the trial (fixation window ~ 0.5˚). Trials were machine paced; the inter-trial 
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interval was set to 1 s. This way, collecting all the required responses lasted for about 7-8 

minutes per cell, depending on the number of unfinished trials. Only correct trials were 

included in the off-line analysis. Once a responsive cell had been isolated, a set of 

effective and non-effective stimuli were chosen and the neuronal responses were recorded 

using these stimuli. This allowed us to construct stimulus-preference tuning curves; 

stimulus preference is a typical characteristic of IT cells. The neuronal activity from the 

IT was recorded by using standard electrophysiological methods.  

Cellular activity was analyzed off-line. All procedures used during surgery and training of 

the animals conformed fully to the NIH standards and had been approved in advance by 

the Ethical Council of the University of Szeged. 

To characterize the recorded neuronal responses, the following parameters were used: 

 Baseline: the mean activity in a time window of 400 ms preceding stimulus onset.  

 The response latency time: the time from stimulus onset to the start of the 

neuronal activity. We used the Poisson spike train analysis method, which was 

previously proved to be reliable in different experimental paradigms (Hanes et al., 

1995; Sary et al., 2006; Thompson et al., 1996).  

 The net firing rate: the mean baseline activity subtracted from the mean overall 

activity in a 400-ms time window starting 100 ms after stimulus onset. Baseline 

activity does not change immediately after stimulus presentation, thus, if net 

responses are considered, like in this study, a certain time after stimulus onset 

might be omitted. The mean response latency time in IT being 100 ms, it is a 

general convention to leave out the first 100 ms or so starting at stimulus onset 

(e.g., (Missal et al., 1999; Op de Beeck et al., 2001; Sary et al., 1993; Tamura and 

Tanaka, 2001). This procedure does not have influence on the results, in contrary, 

removes some noise from the data. 

 The evoked-to-spontaneous ratio: a value calculated by dividing the net firing rate 

by the baseline activity. This shows how much the stimulus-related activity differs 

from the background activity.  

 Fano factor: the standard deviation of probability distribution of the spike counts. 

This is one of the most widely used statistical parameters to describe the 

variability of the spike trains (Churchland et al., 2010).  
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The following factors are considered special to neurons which play roles in the sensory 

processing and discrimination of, for example, the speed and direction of movement or 

shapes. 

 The selectivity index (SI): this is used to describe the stimulus preference of cells.  

SI = (Rmax - Rmin )/( Rmax + Rmin ) 

where Rmax is the maximal and Rmin is the minimum response, respectively, to a 

particular stimulus set. The closer the value is to 1, the better the cell 

discriminates between a preferred and a non-preferred stimulus. 

 The depth of selectivity index (DSI). Long-term recordings have indicated that the 

cellular responses can best be characterized by a variable derived from the median 

of the firing rate (Bondar et al., 2009). In the optimal case, i.e. if the cell shows a 

stimulus preference, the value is 1 or close to it. It is a normalized variable with 

the greatest response taken as 1 and the median of the responses being subtracted 

from it:  

DSI = [n– (Σi = 1,nRi /Rmax)]/[n–1],  

where Ri is the ith response to the n stimuli, while Rmax is the maximum response. 

The value ranges from 0 to 1, where the highest value indicates that the examined 

cell reacts to only one stimulus. 

 The sparseness index (SP): the ratio between the used and effective stimuli, i.e. 

the “tail” of the distribution of the cellular responses to the stimulus set (Rolls and 

Tovee, 1995). 

SP = [i = 1,n(Ri/n)]
2
/[ i = 1,n(Ri

2
/n)],  

where Ri is the ith response from the responses to a stimulus set containing n 

stimuli. The value can range between 0 and 1. A small SP value means that there 

are only a few stimuli in the set which can evoke large responses (i.e. there is a 

stimulus preference), while a large SP values means that most of the stimuli can 

trigger cellular responses which do not differ too much.  

Statistics 

Nonparametric tests were used throughout the analysis. To verify the differences between 

groups, we performed a Mann-Whitney U test. Results (U) were compared with the 

corresponding value of the χ
2
-table at the same degree of freedom (df). Results were 

taken as significant if the type I error was less than 5% (p<0.05). All values are presented 

with the median and the interquartile range in the text. Correction for multiple 
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comparisons was applied according to the Bonferroni method. In some cases, however, 

we present both corrected (pcorr) and uncorrected values, as we consider that the 

Bonferroni correction is too conservative and could mask relevant results. For this reason 

a nonparametric permutation test was implemented (number of permutations=5000, 

(Winkler et al., 2014). Cluster analysis (Ward method) was used to reveal the relationship 

between possible groups among the variables. 

Results 

We recorded a total of 288 neurons from 4 Macaca mulatta monkeys to investigate the 

functional consequences of neuronal aging. Two groups of data were formed for 

comparison: a young group (“Young”, 2 monkeys, aged 7 years, number of cells: 221) 

and an old group (“Old”, 2 monkeys aged 27 and 33 years, respectively, number of cells: 

67).  

First to have an initial analysis of our dataset we ran a cluster analysis to determine 

whether our data form groups according to the age or not. Baseline activity, as the raw 

data with no modulation was chosen to explore the internal pattern of the groups. Second, 

latency data were also used, as our hypothesis was that this is a primary measure of cell 

aging (Kuba et al., 2012; Wang et al., 2005). The cluster analysis revealed two main 

clusters, one comprising the data on the 2 Old animals and the other the data on the 

Young ones.  

In the next step, we compared the data on all the registered cells by means of the Mann-

Whitney U test. The baseline of firing rate did not significantly differ in the 2 groups: 

6.00 (2.81 - 9.69) spikes/s in the Young, and 5.23 (2.50 - 10.27) spikes/s in the Old 

animals, respectively. 

The evoked-to-spontaneous ratio was 3.63 (2.19 - 6.10) in the Young and 3.26 (2.34 - 

6.75) in the Old group. Once again, there was no significant difference between the 

groups. 

The Fano-factor did not indicate differences between the groups either: 1.26 (0.76 - 1.85) 

and 1.31 (0.84 - 2.00) for the Young and Old groups, respectively. 

The net firing rates were likewise not different: 15.67 (8.33 - 25.33) spikes/s vs. 14.33 

(8.33 - 24.66) spikes/s, respectively, in the Young-Old comparison. 

On the other hand, the latency revealed a difference between the Young and Old groups 

(Table 1): 128.73 (96.88 - 161.86) ms and 147.20 (124.54 - 179.83) ms, respectively; U= 

4101.00; pcorr< 0.05. 
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SI too demonstrated a difference (U = 4810.50; pcorr< 0.001) in the Young vs. Old 

comparison : 0.89 (0.69 - 0.97) and 0.76 (0.47 - 0.90), respectively. 

The SP values for the Young-Old groups (Table 1) were (0.47 (0.28 - 0.73) and 0.75 (0.56 

- 0.90), respectively), this difference was significant, according to the Mann-Whitney test 

(U = 4245.50; pcorr< 0.001).  

DSI similarly pointed to a group difference in the Young-Old comparison: (0.60 (0.44 - 

0.79) vs. 0.46 (0.31 - 0.68), respectively; U= 5197.00; pcorr< 0.01). 

 

1. Fig. Graphs showing the distribution of latency data (panel A) and the DSI values (panel B). Dotted lines 

on both graphs show data and median values of the Young, continuous line the data and median values of 

the Old group, respectively. 

 

To reduce the biasing effects of unequal samples, we repeated the analysis on 22 

randomly chosen cells from each animal, i.e., 44 cells from each age group. Cells were 

selected from that stage of the experiments when the animals were considered 

overtrained. During this phase, the animals worked on a daily basis, achieving a > 90 % 

performance rate in the task, and the effect of attentional fluctuation could therefore be 

minimized. 

As in the analysis involving all the cells, the response latency values of the Young and 

Old data were statistically different: 124.85 (97.00 - 161.74) ms and 154.51 (129.33 - 
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178.64) ms, respectively (U = 567.00; pcorr< 0.01). Also, the SI values pointed to a 

significant difference between the groups (U = 713.50; p< 0.034) before the Bonferroni 

correction, which disappeared after it (pcorr< 0.27). Since in our opinion, this difference is 

essential for understanding neuronal aging and the decrease in perceptual performance, 

we rerun this comparison with the Monte - Carlo method in addition to the Bonferroni 

correction (ppermutation< 0.027). The neuronal selectivity values in the two groups were: 

0.90 (0.69 - 0.97) vs. 0.81 (0.51 - 0.92). As for the DSI values, the same procedure 

masked the result (U = 670.00; p < 0.013, pcorr < 0.10). However, after randomization, the 

differences were significant (<0.02). 

The SP parameters, were significantly different (U = 587.00; pcorr< 0.05): 0.46 (0.29 - 

0.73) vs. 0.75 (0.51 - 0.88), in the Young and Old groups, respectively. 
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An investigation of the white matter microstructure in motion 

detection using diffusion MRI 

The neural substrates of motion sensitivity are located at different levels of the visual 

system. Electrophysiological investigations have revealed that in the retina subgroups of 

ganglion cells react differently to moving lights, some responding with activation and 

others with decreased firing (Sivyer et al., 2010). Similarly, the lateral geniculate nucleus 

(LGN) (Stanley et al., 2012), the striate cortex (Beckett et al., 2012) and some peri- and 

parastriate areas (Larsson et al., 2010; Sary et al., 1995) respond to a dot moving across 

the receptive fields of the neurons. Higher stages are presented in the area of V5/hMT+ 

(Boussaoud et al., 1990; Morrone et al., 2000), which participates in motion and depth 

perception, eye-movements, detection of speed, computing pattern motion, integrating 

direction of motion (Born and Bradley, 2005) in spatial properties processing (Lui and 

Rosa, 2015) and extracting structure from motion (Siegel and Andersen, 1988). 

Motion transparency (e.g. two motions superimposed on each other) applied in the form 

of a random-dot kinematogram is frequently used to identify motion-sensitive cortical 

regions in functional imaging (Friston et al., 1997) and electrophysiological experiments 

(Antal et al., 2005; Braunitzer et al., 2012). It offers an opportunity for the analysis of 

integrated action vision in close-to-real situations. Moreover, through modulation of the 

attention to the various components of the task the mechanism, by which attentional 

networks interacts with motion detection areas can be revealed (Buchel et al., 1998; 

Kellermann et al., 2012).  

Most of the available information on theV5/MT+ originates from monkey experiments, 

human fMRI and positron emission tomography (PET) studies. Such knowledge is mostly 

functional in nature, but the structural background of motion detection is not sufficiently 

well known, especially that regarding the white matter pathways.  

Methods 

Subjects 

Sixteen healthy volunteer subjects (average age was 26.5 (range: 21-40 years); 9 female, 

11 right-handed, mean body mass index = 22.05 ± 4.22) participated in the study. None of 
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them suffered from any neurological or psychiatric diseases. All subjects had normal or 

corrected-to-normal (5/5) visual acuity.  

Ethics 

All study participants provided their written informed consent in accordance with the 

Declaration of Helsinki; the study was approved by the ethics committee at the University 

of Szeged (Ref. no.: 87/2009). 

Psychophysical test 

The motion detection threshold was measured with a random-dot kinematogram. Stimuli 

were generated with Psychophysics Toolbox Version 3 (http://psychtoolbox.org/), under 

Matlab (The MathWorks, Inc.) on a PC, and presented on a 24-inch LCD monitor at a 

resolution of 1920 by 1200 pixels and at a 60 Hz refresh rate. The stimuli were 100 

moving black dots in random positions with variable coherence rates. Stimuli were 

presented on a neutral grey background in a rectangular stimulation field occupying 60% 

of the whole screen. Subjects were seated at 0.5 m from the screen and the stimulation 

field subtended an area of 35.74 by 22.34 visual angles. The diameter of each dot was 

10 pixels (~ 3 mm). In each trial, a given percentage of the dots moved coherently to the 

right or to the left, while the remainder moved in random directions. After each trial, 

movement-starting points were generated de novo. One trial lasted approximately for 

0.8 s (50 consecutive frames), during which each dot travelled a distance of 38.4 mm. 

(For more details see: (Braunitzer et al., 2012)). The task of the subjects was to indicate 

whether the coherently moving dots moved to the left or to the right by pressing the 

appropriate cursor button on the keyboard. The absolute coherence threshold was 

determined by the QUEST adaptive threshold-seeking algorithm (Watson and Pelli, 

1983).  

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]: 25 cm * 25 cm; flip angle: 15 degrees; in-plane 

resolution: 1 mm * 1 mm; slice thickness: 1 mm) and 60-direction diffusion-weighted 

images with 6 non-diffusion-weighted reference volumes (TE: 93.8 ms; TR: 16.000 ms; 

matrix: 96 * 96; FOV: 23 cm * 23 cm; flip angle: 90 degrees; in-plane resolution: 2.4 mm 
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* 2.4 mm; slice thickness: 2.4 mm; b: 1000 s/mm
2
; number of excitations [NEX]: 2; array 

spatial sensitivity encoding technique [ASSET]) were acquired for all subjects. 

Data analysis: 

Correlation of diffusion parameters with behavioural measures 

Diffusion data were corrected for eddy currents and movement artefacts by 12 degree of 

freedom affine linear registration to the first non-diffusion-weighted reference image. An 

algorithm included in the FMRIB Diffusion Toolbox (FDT) of FSL (v.4.0) fitted diffusion 

tensors at each voxel (Smith et al., 2004). The FA 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 Statistics (TBSS) method (Smith et al., 2007). The FA images for all 

subjects were aligned into a common space with the non-linear registration tool FNIRT, 

which uses a b-spline representation of the registration warp field. A mean FA image was 

created and the threshold was set at FA=0.2, yielding a mean FA skeleton at the centres of 

all tracts common to the group. The aligned FA data for each subject were then projected 

onto this skeleton and the resulting data were fed into voxel-wise cross-subject statistics. 

Modelling and inference by using the standard general linear model (GLM) 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 was encoded for 

the motion detection threshold value. Statistical thresholding was carried out with a novel 

method of Threshold Free Cluster Enhancing (Smith and Nichols, 2009). Since a 

correlation was expected only in well-circumscribed regions of the visual and attention 

networks, it would have been over-conservative to correct for multiple correlations based 

on the total number of voxels in the skeleton. Hence, we used the non-corrected statistics 

thresholded at the 1% significance level. Only clusters larger than 4 voxels were 

considered for further analysis and discussion.  

Structural connectivity 

Connectivity of the regions showing a significant correlation with the motion detection 

threshold was defined by probabilistic tractography (FDT, part of FSL: 

www.fmrib.ox.ac.uk/fsl/fdt). A multifibre diffusion model was fitted that estimated the 

probability distribution in the direction of 1 or more fibre populations at each voxel 

(Behrens et al., 2007). Probabilistic tractography was then performed from any brain 

voxel by tracing streamline samples through these probabilistic distributions in the fibre 

http://www.fmrib.ox.ac.uk/fsl/fdt
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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 was interpreted as proportional to the probability of connection to the seed 

voxel. By fitting a 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 the binary 

masks of the suprathreshold clusters of the TBSS analysis. The result of the tractography 

was registered to standard space, binarised and summed over subjects for visualisation.  

Results 

Correlation of the white matter integrity and the motion detection threshold 

The mean motion detection threshold was 18.87 ± 5.79 % coherent motions. A significant 

positive correlation was found between the motion detection threshold and the local FA in 

the right frontal cortex in the posterior part of the right superior frontal gyrus (p<0.0032, 

non-corrected), the right juxta-cortical superior parietal lobule (p<0.0032, non-corrected), 

the left parietal white matter (p<0.001, non-corrected), the left superior temporal gyrus 

(p<0.0026, non-corrected) and the left optic radiation (p<0.0036, non-corrected).  

 

2. Fig. The upper row shows regions of significant positive correlation between voxel-wise fractional 

anisotropy and the motion detection threshold (p<0.01, uncorrected; clusters are thickened for better 

visualisation). Statistical images are overlaid on the FMRIB58 standard brain. The lower row indicates the 

connectivity of the regions in the upper row. Labels (rSFG: right superior frontal gyrus; rSPL: right superior 

parietal lobe; lPOTj: left parieto-occipito-temporal junction; lSTG: left superior temporal gyrus) indicate 

the seed regions of the tractographies depicted in the lower row. Individual probabilistic tractography is 

thresholded at 500 particles, binarised and summed across subjects in MNI space. Various thresholds are 

chosen for each tractography results for better visualisation.  
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Connectivity of the white matter region having correlated microstructure with 

behavioural data  

The right frontal cluster showed strong connections to the identical region in the left 

hemisphere and to the right cortico-spinal tract, and a smaller pathway leading to the right 

parietal lobe. The right superior parietal cluster exhibited the strongest connectivity to the 

right superior temporal gyrus. The cluster in the left parietal white matter had strong 

connections to the angular gyrus, the frontal white matter (through the putative superior 

longitudinal fascicle) and the occipito-temporal junction. The cluster in the superior 

temporal gyrus had connections to the angular gyrus, which led further to the frontal 

cortex through the arcuate fascicle, and a smaller fibre tract connected the cluster to the 

parietal white matter under the precuneus.  

 
3. Fig. The lower image indicates the pathways; the upper two images (right and left views) show the 

cortical projections. The inferior and medial branches of the superior longitudinal fascicle on the left are 

indicated in blue and green. The superior branch of the right superior longitudinal fascicle and part of the 

cortico-spinal tract originating from the putative frontal-eye field are indicated in red. The connection on 

the right, between the superior parietal lobule and the superior temporal gyrus, is indicated in brown.  
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Audio-visual integration through the parallel visual pathways 

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 of 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). 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. The segregated 

visual 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).  

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). 
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Methods 

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 (5/5) 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. 

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
2
, contrast 9%) on a darker grey background (8.9 

cd/m
2
). 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. 

The presentation of the trial started with the condition-specific green background in the 

IL condition and 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, 
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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
2
) appeared for the inter-trial interval of 1000 ms. Feedback concerning the 

correctness or not of the responses was not provided. 

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); when 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 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.  

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: 
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1*1 mm
2
; 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
2
; flip angle: 90 degree; in-plane resolution: 2.4*2.4 mm

2
; 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. 

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) 

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 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 each subjects 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 connectivity of the regions was significantly correlated with the behavioural data, 

defined by the probabilistic tractography (FDT, part of FSL: www.fmrib.ox.ac.uk/fsl/fdt). 

A multifibre diffusion model was fitted that estimated 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 
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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 

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. 

Results 

Behavioural data 

The paired t-test between d‟ values, given by using Signal Detection Theory, in control 

and double-flash conditions indicated significant results in both the low contrast (LC) 

condition (p < 0.0003) and the isoluminant (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. 

Correlation of behavioural data with white matter microstructural integration 

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.  

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.  
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4. Fig. 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 a re indicated in red for the isoluminant and in blue for the low-contrast condition. 

Connectivity analysis 

The probabilistic tractography from the infero-temporal white matter region 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 and the inferior longitudinal fascicle.  

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.  
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5. Fig. Connectivity of clusters showing the correlation between FA and behavioural data in the isoluminant 

(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. 
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Discussion 

In our three consecutive investigations the visual system was examined starting from 

neuronal level using single-unit recording up to the whole brain network interaction by 

diffusion tractography. In the animal experiment, we have reported an aging related 

increase in response latency and a worsening of the stimulus selectivity in awake, 

behaving monkeys. The investigation of motion detection revealed local correlations 

between the white matter microstructure parameters measured by diffusion MRI and the 

coherent motion detection performance in several regions that can be linked to motion 

detection and attention functions. In the experiment of audio-visual integration, we 

evoked a robust double-flash illusion through the dorsal and ventral visual streams and 

the behavioural data correlated well with the microstructure of the two relevant visual 

white matter pathways.  

Aging effects on object vision in monkeys 

Macaque monkeys have been a widely used animal model to study human visual 

perception. Several papers have compared the homology to humans; the investigation of 

changes in the shape representation of the monkey IT may therefore facilitate an 

understanding of age-related changes in the human visual system. 

Increased latency by ageing 

In the IT, on the average latency values are about 100 ms (Schmolesky et al., 1998), 

however, values around 150 ms are not extreme (Tamura and Tanaka, 2001). Poisson 

spike train analysis (Hanes et al., 1995) was used, because that algorithm can detect little 

variance in the neuronal response latency time (Sary et al., 2006). Nevertheless we 

measured increased latencies in the IT in older monkeys. It is not possible to explain the 

origin of the delayed latencies from the data we report here. One possible reason is a 

general slowing in the speed of processing year after year (Salthouse, 1996). Such aging 

related delay was reported in rats (Wang et al., 2006). Similarly, it was shown in humans 

that the latency of the P300 component is delayed with aging (Morgan and Murphy, 

2010). Likewise, cognitively high and average performers produced higher latency values 

with ages (Riis et al., 2008), which indicates the age-dependent factors in visual 

processing during normal aging. Face matching task in a PET study showed increased 
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reaction times (Grady et al., 1994). The underlying mechanism is still debated, since the 

number of retinal ganglion cells (Kim et al., 1996) or the number of the dorsal lateral 

geniculate body cells (dLGB) (Ahmad and Spear, 1993) are not decreasing during aging. 

Although degradation was detected in layer 3 of V1, that did not affect the 

electrophysiological properties (Luebke et al., 2013), and no relevant deviation was 

accessed in the total numbers of V1 neurons and glial cells (Giannaris and Rosene, 2012). 

It was recently suggested, that myelin breakdown could have an influence on the speed of 

processing (Lu et al., 2011; Lu et al., 2013), and we hypothesize that this might be the 

case behind the increased response latencies observed. It was confirmed that a strong 

correlation exists between age-related myelin breakdown and cognitive impairment in 

monkeys (Peters and Sethares, 2002). Furthermore, in aged cats, the axonal conduction 

velocity is slowed down (Xi et al., 1999). Recently, it is suggested that in the cortex, the 

age-associated deterioration of the myelin and electrophysiological parameters change 

together (Luebke et al., 2010). This slowing could be a general phenomenon in the 

nervous system, but it certainly affects the corresponding visual cortical areas as well 

(Peters et al., 2000).  

Decreased stimulus selectivity 

The cells in IT respond well to complex objects, but with different firing rates. Stimulus 

preference is the basic property of these neurons, i.e., a distinction between preferred and 

non-preferred stimuli by firing rate. The recent hypothesis of object coding includes a 

limited number of cortical modules and cells with different preference (Desimone et al., 

1984; Gross et al., 1972; Tanaka et al., 1991). In this way, the coding of the viewed 

stimuli depends on the firing pattern of a group of cells. Local neurones produce a 

population code, which consist of the combination of active/inactive cortical columns and 

a combination of active/inactive cells within the column. The key to the perception of 

different aspects of the visual stimulus thus is probably a set of neurons with stimulus 

selectivity (or more precisely, stimulus preference) for a particular parameter (speed, 

direction, orientation, shape, colour, etc.), and thus an altered preference or age induced 

influence on the firing pattern of these neurons will have an impact on the perception of 

the particular item (Salzman and Newsome, 1994).  

Experiments focused on the neuronal operation showed, that in the level of dorsal LGB, 

there is a slight, functional, age-related alteration (Spear et al., 1994), and through the 

visual hierarchy, in higher stages there is a larger degree of signal degradation 
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(Schmolesky et al., 2000). V1 is less affected than the V2 (Yu et al., 2006) likewise the 

higher levels of visual perception (Liang et al., 2010). Although, some age-related gap 

exists between the simple and complex cells in V1 as regarding age-related deteriorations 

(Liang et al., 2012). Human investigations showed evidence in changes in shape 

perception (McKendrick et al., 2010; Weymouth and McKendrick, 2012) and also in 

visuo-spatial memory (Carp et al., 2010). 

A number of studies proposed a structural deterioration of the neuronal mechanisms 

supporting visual perception. In the MT of monkeys, age-related alteration of speed 

representation and the increase in response variability were found. The possible 

underlying mechanism could be the lower number of glycinergic neurons (Yang et al., 

2009a; Yang et al., 2009b) and also the decrease in the number of interneurons in the 

cortex (Coleman and Flood, 1987). The receptive field of IT cells is shaped by 

GABAergic neurons (Wang et al., 2002). It is possible, that with years a degradation of 

these cells (in number or in function) could cause changes in shape processing. In 

addition, aging led to disintegration of myelin sheets (Inano et al., 2011) and alteration in 

fractional anisotropy in the occipital lobe (Van Impe et al., 2012), which was suggested to 

be a potential biomarker of sensory degeneration. Furthermore, in auditory and visual 

cortices an age related aggregation of microglias and oligodendrocytes was observed 

(Tremblay et al., 2012). Another possible solution could be the reduction of the occipital 

grey matter and a decrease also in the activity with the impairment of sensory-perceptual 

processing (Kalpouzos et al., 2012). Similarly, recently it was showed that decreased 

discrimination capability is related to decreased grey matter volume by aging (Carp et al., 

2010). Assumptions state that perceptual impairments in ageing are due to functional 

rather than morphological changes, which affect the communication between neurons 

(Hua et al., 2006; Leventhal et al., 2003; Mendelson and Wells, 2002; Schmolesky et al., 

2000; Wang et al., 2006; Yang et al., 2008). Unfortunately our findings do not allow an 

identification of the mechanisms mentioned above; we have merely demonstrated a 

phenomenon that has previously not been described.  

In summary, we have reported an increase in response latency and a worsening of the 

stimulus selectivity in the monkey homolog of the human LOC, which might explain, at 

least partially the uncertainties in visual perception observed in the elderly. 
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Attention modulation of motion perception 

Previous studies (Dubner and Zeki, 1971; Tootell et al., 1995; Zeki et al., 1991; Zihl et 

al., 1983) revealed the relevant motion-sensitive visual areas in the dorsal visual stream, 

around the occipital-temporal-parietal axis. One of the most relevant parts of this system 

is the V5/MT+ complex. In our study, the systematic analysis showed that the motion 

detection threshold is closely linked to the white matter microstructure in the pathway 

related to attentional activity functions. Presumably, during the observation of the 

coherent motion in random noise, the task requires such attention, therefore stronger 

attention leads to better performance. Attentional modulation of the extrastriate areas in 

motion detection task was shown formerly (Buchel et al., 1998; Kellermann et al., 2012). 

The main areas of this modulation are found in the frontal and parietal regions. In the 

seminal paper of Buchel, similar random-dot kinematogram was used and areas related to 

attention to visual motion were defined (Buchel et al., 1998). The identified areas in the 

frontal eye field, the premotor cortex and the posterior parietal cortex demonstrated a 

high level of correspondence with the cortical regions to where the white matter regions 

projected in our analysis. A recent hypothesis suggested the existence of two segregated 

attention systems (Corbetta and Shulman, 2002). The dorsal attention network, 

responsible for goal-directed (top-down) attentional modulation, which includes parts of 

the dorsal parietal cortex (the superior parietal lobule and the intraparietal sulcus) and the 

superior frontal cortex (near or at the frontal eye field - FEF); whereas the ventral 

network driven by salient stimuli (bottom-up modulation), taking place in the temporo-

parietal junction and the inferior frontal cortex. The bottom-up orienting function proved 

to be negatively correlated with the cortical thickness in the angular gyrus and the 

superior parietal lobule and the mean diffusivity under the inferior parietal lobe (Yin et 

al., 2012). In contrast, the alteration of top-down attention functions was correlated with 

the FA in the superior frontal region (the white matter under the frontal-eye field, 

similarly as found in our analysis)(Yin et al., 2012). Interestingly, our analysis found both 

the dorsal and ventral attention systems to be active during this task. This is not 

surprising, since continuous attention is directed to the moving dot pattern during the 

experiment and the ventral salience system might also be activated when the coherent 

motion pattern is finally detected. Recent finding showed that within the superior 

longitudinal fascicle separated fibres attend in the two attention networks (Thiebaut de 

Schotten et al., 2011). The dorsal fascicle takes part in the dorsal attention network, while 
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the ventral ones in the ventral attention network. The third take place in both, which can 

be the nexus of the two systems, with switching function of the segregated attention 

systems (Corbetta and Shulman, 2002; Thiebaut de Schotten et al., 2011). Newer 

evidence (Gruber et al., 2010) and an integrative theory of mind (Abu-Akel and Shamay-

Tsoory, 2011) support the relevance of this interference, which modulation centre could 

be the temporo-parietal junction as shifting of mental states and orientation. Another 

possible solution is V5/MT+ reaction relates to the dorsal/ventral interactions (Caclin et 

al., 2012). Recent studies discovered the importance of the temporo-parietal junction in 

both attention systems (Chica et al., 2011). Attentional modulation in V5/MT+ was 

presented in former studies (Buchel et al., 1998; O'Craven et al., 1997; Treue and 

Maunsell, 1996). Along the same lines in functional and effective connectivity 

investigations, it was proposed that attentional modulation originate from the parietal and 

frontal areas (Buchel and Friston, 1997; Marreiros et al., 2008). Functional connectivity 

studies have reflected the feasible areas of attentional modulation (Buchel and Friston, 

1997; Friston et al., 1997; Penny et al., 2004). Two-state dynamic causal modelling 

proposed that the alteration of the forward connections from V1 to V5 is essential in 

attention to visual motion (Marreiros et al., 2008). Our findings are somewhat 

controversial. The performance in the attention-demanding motion detection task 

correlated well with the integrity of the white matter tracts within the attention networks 

rather than with those pathways connecting the attention networks to the visual regions or 

connecting various visual areas. This could suggest that the bottom line of the 

performance in the motion detection task is the “structural integrity” of the attentional 

networks. 

In conclusion, examining the white matter background of motion detection, we revealed 

the main components of the attention networks that are related to the random-dot 

kinematogram paradigm. Similarly, this study highlights the importance of the structural 

determinants of perception. Hopefully, the presented results promote to apprehend the 

processing of motion detection, and, in general, the visual sensation, and in future all 

together assist to better representation and interpretation of attention-related alteration in 

several diseases. 
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Double-flash illusion on the segregated visual streams 

Previous finding indicated the involvement of the ventral pathway in audio-visual 

integration, as Jaekl and Harris during a metacontrast masking paradigm got around the 

inhibitory effect of M-pathway-related transient activity on the P-pathway with 

concurrent auditory stimulus which elevated the „What‟ stream activity (Jaekl and Harris, 

2009). Additionally, in an orientation discrimination task where appropriate timed 

auditory stimuli could modulated the threshold, similar conclusion was reached (Jaekl 

and Harris, 2009). Chromatic short-wavelength stimuli with concurrent auditory stimulus 

altered the reaction time (Leo et al., 2008). On the other hand, bimodal integration is 

shown also in the dorsal, in the „Where‟-stream. Auditory information in a contrast 

sensitivity task in a steady, but not in a pulsed-pedestal condition altered, meaning that 

dorsal, but not ventral pathway was involved (Jaekl and Soto-Faraco, 2010). Similarly, 

the same finding was revealed as interaction occurred in lower, but not in higher spatial 

frequencies (Jaekl and Soto-Faraco, 2010). Equally, in an audio-visual fMRI task, the 

„Where‟ pathway specific stimuli showed the relevance of the identical stream (Watkins 

et al., 2006; Watkins et al., 2007). Though our findings are somewhat controversial, we 

have to mention, that no stimuli exists, which would be processed absolutely segregated 

on the visual streams, but our stimuli in this study were created in order to drive 

preferentially the magno- or the parvocellular pathways, respetively (Kaposvari et al., 

2014). 

The underlying mechanisms of interaction of different sensory modalities are still under 

an intense research. One solution is the presence of long-range disinhibited feedback like 

in the case of illusions and hallucinations by psychedelic drugs. Second possibility is the 

cross-activation of brain regions. Other is the existence of re-entry processing while the 

information is circulating among the neuroanatomical regions involved. Another issue is 

the hyperbinding connectivity under parietal modulation based on binding theory. The 

last and maybe the best opportunity is the multiple neural model where all the previously 

mentioned forms are appearing together (Hubbard, 2007). 

Despite the missing pieces of the complete picture to understand the cross-modal 

interaction and the network-level based perception it is important to note its‟ biological 

relevance. From the first primitive animals to human beings, the information processing 

became more complex that increased the chances of survival of species making it more 

difficult to sort and integrate the information from the outside world at the same time. 
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During a multisensory task synchrony occurs among vision, touch and audition (etc.) 

(Vroomen and Keetels, 2010) where non-visual stimuli qualitatively and quantitatively 

modify the cross-modal integration (Shams and Kim, 2010) and make the perception 

sharper or smarter (Jaekl et al., 2014). Audio-visual enhancements caught out as decrease 

in response latencies (Corneil et al., 2002) and visual search times (Van der Burg et al., 

2008), speed up motion detection (Meyer et al., 2005) and lower the detection threshold 

(Gleiss and Kayser, 2013) nevertheless modulate the information content (McGurk and 

MacDonald, 1976). It is hypothesized that these effects originate from the magnocellular 

pathway or an intense interaction between the two visual streams can be found behind 

these effects (which is highly possible based on our findings). 

Summarily, in this study, correlation was observed between the white matter 

microstructure parameters and the likelihood of perceiving double-flash illusion using 

stimuli parameter preferred by the segregated visuals streams that suggest the fact that 

audio-visual integration involves systems. Up to our knowledge, this is the first study that 

showed the white matter microstructural background of the segregated, the so-called 

„What‟ and „Where‟ visual pathways.  

Structure- function relationship 

Finally, it is worth mentioning the relationship between structure and function. 

Neuroimaging studies basically detect cumulative activation or morphological alterations 

of larger cell clusters. At the same time, newly developed specific MRI sequences and 

tools are available, which directly focus on the gray matter (voxel-based morphology 

(VBM) style analysis) or white matter (DTI) specific variations in lower scale.  

The previously mentioned study of the taxi drivers‟ hippocampus was the first of the grey 

matter density changes related to performance (Maguire et al., 2000). Similarly, 

musicians‟ auditory and motor cortex volume and thickness is much larger than in the 

control group (Bermudez et al., 2009). Cortical expansion was observed as longitudinal 

effect of learning to juggle in the motion detection area of the visual system (Draganski et 

al., 2004b). Similarly, the white matter is under intense examinations, as how the white 

matter integrity and structural connectivity is related to brain functions. Variability in 

brain function was shown to be determined by the variation of the connectivity profile in 

certain regions (Behrens et al., 2006; Johansen-Berg et al., 2004; Klein et al., 2007; 

Saygin et al., 2012). Behavioural performance is related to the locally measured diffusion 
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profile of the white matter (Johansen-Berg, 2010). Better bimanual coordination is related 

to higher FA in the corpus callosum (Johansen-Berg et al., 2007). The elevation in FA in 

the intraparietal sulcus was found to correlate with training (Scholz et al., 2009). The 

mean diffusivity of the hippocampus enhanced during rapid, within hours spatial learning 

task (Sagi et al., 2012). Similarly, in the occipital cortex, higher BOLD response was 

related to greater FA in the optic radiation (Toosy et al., 2004). Recently, combined 

neuroimaging and histological approaches showed that learning (spatial, motor) is related 

to the locally enhanced myelination that is represented by enhanced FA (Blumenfeld-

Katzir et al., 2011; Sampaio-Baptista et al., 2013). Commonly, increase in FA is related to 

better function but sometimes, like our motion detection study, the effect is inversed. The 

background mechanism of the FA – performance relation is under an intense 

investigation. The hypotheses suggest that the element of cortical plasticity such as 

dendritic arborisation, glial changes or angiogenesis play an important role (Zatorre et al., 

2012). Enhance in fractional anisotropy is caused by fibres reorganisation, change in 

myelin-formation, oligodendrocites occurrence and increase in myelin-shield thickness 

(Lerch et al., 2011; Wedeen et al., 2005). 

The nexus between the functional and structural connectivity (Parks and Madden, 2013) 

is also highly investigated. It was suggested, that higher myelination is related to higher 

functional connectivity (Giedd et al., 1999). In the case of the cingulum, the functional 

connectivity was positively correlated with the locally measured FA (van den Heuvel et 

al., 2008), while these results should be interpreted with caution (Damoiseaux and 

Greicius, 2009). It is still questionable, what is the underlying mechanism of the coupling 

between the histological properties and the diffusion parameter of the white matter. It is a 

well known fact that the conduction velocity and dispersion of the neuronal signal is in 

closely related to the diameter of nerves and myelination (Hodgkin and Huxley, 1952), 

which related to the diffusion tensor imaging .  
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Summary 

This thesis report aims to investigate two main fields. First, the structural determinants of 

behaviour and second, the deterioration of the neuronal response by ageing. It was 

presented on awake, behaving monkeys that stimulus selectivity is decreased and the 

neuronal response latency is increased with aging. Diffusion MRI investigations showed 

correlation between the white matter microstructure parameter and the behavioural 

performance. In the task of motion detection, the attentional networks were highlighted. 

Furthermore, it was suggested that the double-flash illusion involves both members of the 

segregated visual streams.  
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