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2. Introduction 

 
2.1. General introductory remarks 
 

Basic visual functions, such as flicker sensitivity, color and depth discrimination and 

visual acuity have traditionally been considered as reaching adult levels in the first few years 

of postnatal life, making the general impression that the postnatal development of human 

vision is finished early in life [1-4]. However, by today a vast body of evidence has emerged 

to suggest that certain aspects of human vision take definitely a long time to reach their 

functional maximum, as in, functioning as observed in healthy adults. Aspects developing 

beyond the second year of life include visual segmentation and form identification based on 

texture- [5;6], motion- [7;8], color- [9] and flicker contrast [10]. Visual spatial integration has 

been reported to show significant development until adolescence [11]. These tasks include 

processes that assemble local information across the visual field to a global representation of 

the spatially extended objects in the brain.  

Such protracted development, of course, raises questions regarding the underlying 

anatomy. It seems logical to make the conjecture that the anatomical structures serving the 

above mentioned functions take longer to reach adult-like maturity, at least in the functional 

sense. An exact temporal assessment of the developmental course of these long-developing 

functions might allow one to draw conclusions regarding the developmental state of the 

underlying structures at different time points. First, however, one has to define which brain 

structures or functional systems are dealt with. Certainly, the local-to-global assembly 

requires the horizontal connections of the primary visual areas [12], possibly driven by both 

bottom-up and top-down signals [13]. To take a stand on this is one of the aims of this thesis.  

More important, protracted development raises the possibility that chronic conditions 

might interfere with normal development, as it appears to be the case in schizophrenia [14], 

Williams syndrome [15] and autism [16]. However, if the observed alterations are caused by 

the actual condition or represent an endophenotype [17] is always difficult to tell- a factor 

always to be kept in mind when interpreting results of this nature.   

Based on these premises we conducted three experiments providing the bulk of this 

thesis. Little was known about the developmental course of visual contrast sensitivity and 

contour integration between infancy and adulthood, so first of all, we sought to plot that 

course for both functions in healthy school- aged children through psychophysical tasks.  

Second, having thus obtained a representative control data base, we administered the same 

tasks to migraineurs of the same age cohort. Migraine was the disorder of choice because it is 
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chronic, comes in attacks with definite changes in cerebral blood flow and metabolism (thus 

having the potential to interfere with normal cerebral development), and alterations of visual 

perception in adult migraineurs have been described indeed [18-20].  Furthermore, to our 

knowledge, nobody before has examined visual development in relation to childhood 

migraine, and therefore such a project seemed to offer new insight into certain aspects of 

visual development both with and without migraine.  

This thesis is a summary of our findings, and also an attempt to explain them in a way 

that anatomy and function fall into place.  

 

2.2. On the functional anatomy of the visual brain                        

 

The mammalian higher visual system1

As a rule of thumb, it might be said that the dorsal stream is principally concerned 

with location in space, while the ventral stream is responsible for the exact identification of 

what is seen. Such an assumption comes from the functional parameters of the two streams, as 

determined by physiological methods [23] . According to the classical view, the dorsal stream 

originates in the ’parasol’ ganglion cells of the retina, synaptizes in the magnocellular (M) 

layers of the lateral geniculate nucleus (LGN), to arrive at lamina 4Cα of the primary visual 

cortex (V1;Br. 17). From there on it runs on to laminae 4B and 6, and continues its way 

through the visual areas V2 and V3, to reach its destination in V5 and SMT in the parietal 

cortex.

, as we know it today, consists of two major 

information processing streams, namely the dorsal and ventral streams. These streams are 

traditionally considered as systems responsible for the representation of ’where’ and ’what’ in 

the visual world, respectively [21]. Goodale and Milner [22] offer a somewhat different 

nomenclature, talking about the dimensions of ’action’ and ’perception’, thus emphasizing 

that the dorsal stream is not merely a functional system for the representation of location per 

se, but its most important role is to transfer and process visual information so as to foster 

visually guided actions.  

2

                                                           
1 That is, from the primary visual cortex (Brodmann 17) on, towards the associative areas. 

 The starting point of the system, ’parasol’ cells, possess large receptive fields, they 

are highly contrast sensitive, characterized by fast axonal conduction, and preference for low 

spatial and high temporal frequencies. The cortical center associated with the system, MT, is 

specialized for the analysis of motion and depth [24].  

2 It was proposed by Rizzolatti and Matelli that this stream consists actually of two subcircuits which are 
relatively segregated. See: G. Rizzolatti, M. Matelli, Two different streams form the dorsal visual system: 
anatomy and functions, Exp Brain Res. 153 (2003) 146-157.  
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In contrast, the ventral stream has its origins in the ’midget’ cells of the retina, its 

fibers synaptize in the parvocellular (P) layers of LGN, to arrive at lamina 4Cβ of V1. From 

there it projects to the interblob regions of laminae 2 and 3 of V1, and passes through the 

visual areas V2 and V4 to arrive at the inferotemporal cortex (IT)  [25]. Functionally, the 

’midget’ cells are the opposites of the ’parasols’, as in, their receptive fields are small, their 

contrast sensitivity is low, they are characterized by slow axonal conduction, and they prefer 

high spatial and low temporal frequencies. Furthermore, the pathway arising from them 

carries color information, which is not characteristic of the pathway arising from the ’parasol’ 

cells [24]. Therefore, the dorsal and ventral (or magnocellular and parvocellular) streams are 

indeed well-suited for the representation of the features assigned to them –as described above. 

Furthermore, it is to be seen that the two streams are in a complementary relation, and 

therefore it is logical to assume that they co-operate in the process of building up a faithful 

visual representation of the perceived world. A third pathway deserving mention here is the 

koniocellular pathway. Starting out from the bistratified ganglion cells of the retina, the 

pathway synaptizes in the interlaminar layers of the LGN, and from V1 on it follows almost 

the same path as the parvocellular pathway, with the exception that this pathway projects into 

the blob regions in V1 laminae 2 and 3 before taking its way towards IT. However, the exact 

functions of this pathway remain unclear, while its anatomy suggests that it serves similar 

ends to those of the ventral stream [25]. For a schematic summary of these anatomical 

relations see Fig. 1.   

It is important to emphasize that these pathways are not strictly segregated [26]. For 

instance, it was shown in studies conducted with macaque monkeys that inputs from the three 

pathways are definitely intermixed [27;28]. Other studies raise our attention to feedback (or 

top-down) connections within the individual pathways [29], while still other ones provide 

evidence for direct inter-pathway connections, as is the case with the parvocellular LGN input 

to MT [30;31]. Finally, Dacey [32] points out that in the primate at least seventeen 

anatomically distinct retinal ganglion cell types exist, thirteen of which project in parallel to 

the LGN.  These data suggest that the student of vision faces considerable structural 

complexity- with relatively little knowledge of function. In the present work we make an 

attempt to explain our findings based on what is already established: the known functional 

characteristics of the dorsal and ventral streams.  
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Figure 1. Schematic representation of the anatomy of the human visual brain as generally 

considered. Beyond the geniculostriate projection and the main cortical streams, the major 

extrageniculate projections are also indicated (without their extraretinal connections).    

 

2.3. Developmental aspects 

 

In fact, the question of which of the two main visual streams develops more quickly in 

postnatal life has generated some debate, especially that in the majority of cases observations 

were made with psychophysical methods, often complicated by the uncertainty about what 

brain areas are required by a particular task. We ourselves find it more proper to talk about the 

development of magnocellular and parvocellular visual functions, as defined by the functional 

characteristics traditionally associated with the related dorsal and ventral streams (see above).  

The exact developmental pattern of these functions is far from being clear. In this section we 

offer a brief summary of the available data on/attributed to the development of the two 

streams, without proposing our own theory at this point.  

Proponents of the more protracted development of the parvocellular stream emphasize 

that preference for moving stimuli appears earlier in postnatal life than preference for visual 

details [33], that flicker sensitivity is near adult-like at the age of two months [34], that infants 

of four months of age are capable of processing complex motion information [2], while 
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grating acuity reaches an adult-like state only about two years of age [35], and Vernier acuity 

takes five years postnatally to reach full development. Visual evoked potential (VEP) studies 

are also available to support the slower maturation of the ventral stream [36;37]. Kovács [38] 

points out that studies performed on macaque monkeys corroborate the hypothesis by 

showing that in these primates the occipitotemporal (ventral) visual pathways exhibit slower 

development [39]. The thorough post mortem study of Burkhalter and colleagues [40] showed 

that the magnocellular - related local circuits of the primary visual cortex were mature 7 

weeks postnatal, while the parvocellular - related ones emerged but 16 weeks postnatal and 

did not reach their mature form before 15 months of age. Based on the work of Pandya and 

colleagues [41] Kovács adds that the dorsal stream is phylogenetically older, and the 

information it carries (including movement information) may be enough for survival, while 

the same cannot be said about the ventral stream. Therefore she elegantly proposes that it is 

logical in an evolutionary sense that magnocellular functions should appear very early during 

the ontogenesis, while parvocellular ones take much longer to develop, especially that a 

sustained neural plasticity is necessary for the fine representations the latter is responsible for.      

At the same time, some VEP studies seem to indicate that it is actually the dorsal 

stream that takes longer do reach maturity [42], and the up-to-adolescence maturation course 

of scotopic dynamic visual contrast sensitivity at low spatial frequencies [43] undoubtedly 

indicates the same. There seems to be slightly more direct (anatomical/imaging) evidence for 

this theory- a thorough study of the human lateral geniculate nucleus examining 31800 cells 

[44] showed that cells in the parvocellular layers reached their adult size quite rapidly, while 

for those in parvocellular layers it took two years. Furthermore, magnocellular-related parietal 

lobe gray matter seems to develop until about 6 years of age [45;46].     

It is to be seen that data regarding the development of the two visual streams are quite 

contradictory, which is possibly a result of methodological differences, but it also raises the 

possibility that there might be other, unconsidered factors at play, as it will be put forward in 

this thesis.  

For the purposes of this thesis we chose an intriguing observation of ours as a starting 

point: in two independent studies [11;43] our group found that visual contour integration 

(requiring integration of local details into a global shape - a task seemingly heavily dependent 

on parvocellular input) and contrast sensitivity at low spatial frequencies, and especially in 

scotopic and dynamic conditions (indicating predominantly magnocellular input) exhibited 

parallel development in healthy children between 5 and 14 years of age. Therefore, the first 

study we conducted was aimed at a direct comparison of performance on these two tasks in 
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the same population of healthy school-age children to enable us to apply the findings and 

conclusions to the other two studies with a migrainous population of the same age cohort.    

McKendrick and Sampson [47] have recently criticized traditional contrast sensitivity 

measurement methodology for not being able to properly dissociate the dorsal and ventral 

streams. That criticism we have taken into consideration when designing our experiments and 

explaining our findings.          

 

2.4. Migraine: definition and brief pathophysiology 

 

The International Headache Society classifies 19 altered health states as migraine 

(including complications and probable forms). Following the 2nd revised edition of the IHS 

International Headache Classification [48] and for the purposes of this thesis we define 

migraine as migraine without aura, that is, a primary headache coming in attacks of 1-72 

hours in duration, characterized by at least two of the following: unilateral or bilateral 

location, pulsating quality, moderate or severe pain intensity and aggravation by or causing 

avoidance of routine physical activity, and during headache at least two of the following: 

nausea and/or vomiting, photophobia or phonophobia. It is important to point out that 

migraine without aura reaches a peak of incidence during the school years [49]. The other 

common form, migraine with aura (focal neurological symptoms preceding the headache) - 

being less prevalent, especially in the examined age cohort - is outside the scope of this thesis.    

A universal trigger that leads to the actual migraine attack has not been identified so 

far [50], however, quite much is known about the pathophysiology of the aura and headache 

phases, and about the interictal period as well. The two main theories of migraine are the 

neuronal (concentrating on peripheral nerve sensitization) and the vascular (concentrating on 

the role of vessel tone) theories [51], most likely representing two sides of a single 

neurovascular theory.  

Although it is often mentioned in connection with the aura phase, it is not 

unequivocally proven that the characteristic cortical spreading depression (CSD) [52] is a trait 

of migraine with aura only. This disturbance of cerebral cortical function is associated with 

considerable metabolic and haemodynamic changes. Electrophysiologically speaking, the 

process begins with depolarization associated with an increase in extracellular potassium, 

followed by a short-lasting depression of electrical activity. At the biochemical level, 

glutamate seems to play a key role through NMDA (N-methyl-D-aspartate) receptors [53]. 

Glutamate increase is caused by a K+ -induced removal of the voltage-sensitive Mg2+  
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blockade of NMDA receptors. This, in turn, induces a Ca2+ -influx, accompanied by increased 

nitric oxide synthesis. This also shows that glia is indeed a factor in migraine, as proposed by 

Bartley [54], given that glial cells are the major scavengers of extracellular potassium, and 

therefore their dysfunction might lead to an increased susceptibility to CSD. Associated 

haemodynamic changes include an early and short-lasting vasoconstriction with consequent 

reduction in regional cerebral blood flow, followed by a transient increased cortical flow 

lasting 1-2 min, and in the later stages a persistent flow reduction and hypoperfusion of 

variable duration [55].  

The headache phase is related to the large cerebral vessels, pial vessels, large venous 

sinuses and dura mater as pain sensitive structures and the trigemino-cervical complex (TCC) 

innervating them in the form of a plexus of largely unmyelinated fibers. This plexus originates 

in the ophthalmic division of the trigeminal ganglion and in the upper dorsal cervical roots of 

the spinal cord [50]. A central event in the headache phase is a neurogenic vasodilation of the 

intracranial vessels, initiated by Calcitonin Gene Related Peptide (CGRP) from the trigeminal 

ganglion. This brings about a kind of ‘sterile inflammation’, coming with plasma protein 

extravasation and sensitization of the sensory nerve endings. Simultaneously, mast cell 

degranulation (serotonine release) [56] and platelet aggregation [57] also occur. Serotonine 

release is a direct link between the neurogenic and vascular theories, the latter postulating that 

the starting point of migraine is in fact pathological serotonine release, followed by 

vasoconstriction and compensatory vasodilation causing the actual painful sensation. It has 

recently been pointed out that the neurotransmitter systems involved in this general process 

are largely modulated by sex hormones [58], giving rise to a sex-influenced trait model [59]. 

Migraine has also been proposed to be a channelopathy, most likely a disorder of the Ca2+  

P/Q channel, however, this has been proven only in the case of the relatively rare Familial 

Hemiplegic Migraine [51]. An alternative ocular theory of migraine has been proposed by 

Gupta [60], but that theory possibly fails to account for the general picture.  

Interictally the most obvious findings are lowered ionized magnesium levels in the 

serum [61] and lack of habituation at the cortical level [62], both pointing to a 

hyperexcitability of the cortex.  

It is to be seen that a migraine attack is a considerably serious insult to the cerebral 

circulation and ion homeostasis, and we propose that repeated attacks might interfere with the 

development of the visual brain. However, this question is largely undecided, and we do not 

fail to mention that any functional alteration observed in migraineurs’ vision might as well be 

a genetic trait, part of an endophenotype, having nothing to do with the actual attacks.       
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3. Aims of the study 

 

The aims of our study were:  

• to describe the development of visual contrast sensitivity as compared to the 

development of visual contour integration in healthy school-age children to see if 

any correlation is present beyond the two functions apparently developing parallel; 

• to  describe the development of the above functions in migraineous children from 

the same age cohort; 

• to compare the healthy and migraineous development courses to tell if any aspect of 

migraine might interfere with performance on the tested functions and if the 

interference - if it exists - causes significant developmental difference between the 

two tested groups; 

• should such a difference exist, to describe it; and finally 

• to give a reasonable explanation of our findings.   
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4. Materials and methods 

 
4.1. Subjects 

 
 

The 152 healthy volunteers, aged between 5 and 30 years, were divided into four 

groups: 5-8 years (n=50), 9-11 years (n=41), 12-14 years (n=43), 18-30 years (n=18). The 

physiological background of dividing the participants into these cohorts was that the 

maturation of the human visual system is not a fully linear process, as revealed by our 

previous studies [11;43]. The 48 migraineurs, aged between 6 and 18 years were all patients 

of our outpatient clinic, and their diagnosis was established on the basis of the latest edition of 

the International Headache Society (IHS) criteria [48]. Recruitment took place upon the first 

visit to the clinic, and measurements were carried out before the prescription of any anti-

migraine medication. Only migraineurs with no other known neurological condition were 

eligible for the study. The migraine group was divided into corresponding age cohorts to those 

described above, except for 18-30 years. Migraineurs participated in two studies, one for 

contour integration and one for contrast sensitivity. For the general characteristics of the 

studied migraineurs see Table 1.3

All subjects, either healthy or migraineur had normal or corrected-to-normal (20/20) 

Snellen visual acuity, tested for both eyes separately. Extreme myopes, anisometropes or 

amblyopes were not included in the study. Our studies were approved of by the Ethics 

Committee of the University of Szeged, and conformed to the tenets of the Declaration of 

Helsinki in all respects. Before each testing session, children and their parents were provided 

with information on the course and aims of the procedure in both oral and written form. To 

testify that they gave their informed consent to the participation of their children, parents were 

  It is to be seen that in the migraine studies we had to rely 

on a small number of participants, which was partly due to a strict following of the inclusion 

criteria, but because of the limited availability of clinical cases as well. Furthermore, we 

usually could not include participants of the first study (contour integration) in the second 

study (contrast sensitivity), because their interval therapy started in the meantime in most of 

the cases. However, this relatively small number of cases was a strict safeguard of validity at 

the same time, as in, any effect is to be robust enough to prove significant in small samples.     

asked to sign an informed consent sheet. 

                                                           
3 Please note that because of the limitations of the clinical sample, the cohorts do not exactly match, but care was 
taken that the migraine cohorts represent the same developmental stages. 
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      Cohort 
            (age) 

Number of 
participants 

Disease 
history    
(years, 

average) 

Days elapsed 
since last attack 

on the day of 
measurement        

(days, median) 

Average 
duration of  

attacks                
(hours, mean) 

Number of 
attacks/month        

(months,median ) 

 
~  5-8 years 
    

 
 CS: 6 

 
0.9 

 
2.5 

 
1.4 

 
1.5 

 CI: 12 

~  9-11 years 
   

 CS: 6 1.8 4 1.8 2 
 CI: 11 
 

~ 12-14 years CS: 6 2.3 2 1.6 2.2 
CI: 7 

 
Table 1.  General  characteristics of the 48 studied migraineurs. Tilde indicates that in the actual 

studies there might be deviations from the exact limits given, however, within the same developmental 

stage. CS and CI refer to the contrast sensitivity and contour integration studies, respectively.  

 
 

4.2. Methods I.: Contour Integration 

 
 

 Contour detection stimuli were presented on cards (size: 18 x 24.5 cm). On each card, 

a circular contour consisting of 12 Gabor patches was embedded in a background consisting 

of randomly placed patches (Fig. 2). The cards were presented at a 0.5 m distance. The task 

was to identify the location of the contour and its trace. The cards were presented in an 

increasing order of difficulty. Contour visibility (difficulty) was varied by the manipulation of 

relative noise density (D). The D-value was defined as the ratio of average noise spacing over 

contour spacing. We used a set of 10 cards in which D ranged between 1.1 and 0.65 and was 

varied with a step size of 0.05. When D>1, the contour elements are closer to each other than 

the noise elements. However, when D <1, this cue is not available, and it is impossible to 

detect the contour without orientation-specific long-range interactions. The dependent 

measure was the D min-value, which was the value of D in the last correctly identified card. 
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Fig. 2. Example of stimuli used in the contour integration test. (A) In the easy condition (D=1.1), 

the circle can be readily detected among noise patches. (B) In the difficult condition (near threshold in 

adults, D=0.6), the circle is difficult to detect. In the bottom part of figure B, green dots show the 

circle for illustrative purposes in order to ease its recognition in the upper part of the figure (during the 

experiment such cues were not presented). 

 
 

4.3. Methods II.: Contrast Sensitivity 

 

Dynamic CS was measured in photopic condition at nine spatial frequencies (0.5, 1.2, 

1.9, 2.9, 3.6, 4.8, 5.7, 7.2 and 14.3 cycles/degree (c/d)) in migraineurs and at six spatial 

frequencies (0.5, 1.2, 1.9, 5.7, 7.2 and 14.3 c/d) in controls with a computerized test (Venus, 

NeuroScientific Corporation, USA). Stimuli were luminance-contrast gratings with a 

sinusoidal luminance profile (Fig. 3). Contrast was defined according to the Michelson 

formula (C= (Lmax-Lmin)/(Lmax+Lmin)). The pattern was reversed at an 8 Hz rate. The display 

subtended a visual angle of 13x13̊ and was viewed from a distance of 1m. The maximum 

contrast was 70.7%.  For the measurement of the contrast threshold at each spatial frequency, 

we used a method of adjustment. First, the contrast was set at 15 dB above the mean normal 
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value. If the participant was unable to detect the grating at this contrast level, the contrast was 

further increased until they were able to detect the stimulus. The contrast level was then 

decreased stepwise by 3 dB every 5 s until the subject reported that the stimulus disappeared 

(descending method). Next, contrast was set at 15 dB below the threshold, and the contrast 

was increased stepwise by 3 dB every 5 s until the subject was able to detect the stimulus 

(ascending method). Left and right eyes were tested separately. The whole procedure was 

repeated three times for both eyes to obtain a mean contrast threshold at a particular spatial 

frequency. CS was defined as the reciprocal of the contrast threshold. 

 

 
 

Fig. 3. Luminance contrast grating with a sinusoidal luminance profile 

 

 
 

4.4. Statistical analysis 

 
 

In the case of healthy volunteers visual contrast sensitivity and contour integration 

data were entered into analyses of variance (ANOVAs). Tukey HSD tests were used for post-

hoc comparisons. Pearson’s correlation coefficients were calculated between contrast 

sensitivity and contour integration data. The level of significance was set at alpha<0.05.             

In the case of migraineurs, given the small number of cases, we applied the 

nonparametric Mann-Whitney U test for the pairwise comparison of the individual groups. 

The level of significance was set at alpha<0.05.  

Data analysis was performed with Statistica for Windows (StatSoft, Tulsa, OK, USA). 

In the migraineur vs. healthy comparisons we always applied age- and sex-matched controls. 
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5. Results 

 
5.1. Development of contour integration and contrast sensitivity in healthy children 

 
 

The ANOVA conducted on the contrast sensitivity data revealed a significant main 

effect of age (F(3,148)=19.16, p<0.001) and spatial frequency (F(5,740)=425.34, p<0.001).  

Most importantly, there was significant interaction between age and spatial frequency 

(F(15,740)=8.32, p<0.001) indicating that development was not equal for the six spatial 

frequencies tested. As shown in Fig. 4, the development of contrast sensitivity was the most 

pronounced at the three lowest spatial frequencies (0.5, 1.2, and 1.9 c/d), whereas this effect 

was less marked at the three highest spatial frequencies (5.7, 7.2, and 14.4 c/d). The 

significant interaction between age and spatial frequency was due to this differential effect of 

age on lower vs. higher spatial frequencies. The largest developmental step was seen when the 

5-8-year-old children were compared with the 9-11-year-old children (Tukey HSD, p<0.01). 

The one-way ANOVA conducted on the contour integration data revealed a significant 

main effect of age (F(3,148)=16.52, p<0.001) (Fig. 5). Similarly to the contrast sensitivity 

data, the most pronounced developmental step was observed when the 5-8-year-olds were 

compared with the 9-11-year-olds (Tukey HSD, p<0.01). There was a spatial frequency-

specific correlation between contrast sensitivity and contour integration: D threshold values 

correlated with contrast sensitivity at 0.5 c/d (r=-0.56), 1.2 c/d (r=-0.51), and 1.9 c/d (r=-0.49) 

when all age groups were combined. At higher spatial frequencies, we found no evidence for 

correlation between contrast sensitivity and contour integration (r<0.1). Similarly, there were 

significant correlations between age and contrast sensitivity at lower spatial frequencies (0.5 

c/d: r=0.68, 1.2 c/d: r=0.71, 1.9 c/d: r=0.67, 5.7 c/d: r=0.48), but not at the two highest spatial 

frequencies (r<0.2). 
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Fig.4. Visual contrast sensitivity results from the different age groups of healthy subjects. Note 

the difference between the junior (5-8 years) and the (pre)adolescent (12-14 years) cohorts, indicating 

considerable development during the elementary school years. CS results at the different spatial 

frequencies are represented as mean ± S.E.M. 

 
Fig. 5. Contour integration results from the different age groups of healthy subjects. Results are 

represented as mean D ± S.E.M. (Note: higher D values signify poorer performance.) 
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5.2. Development of contour integration in migraineous children and matched controls 

 

 

The exact age grouping for this study was as follows: 7-9 years, 10-12 years, and 13-

16 years. Within-group and between-group comparisons were performed.  

Development-wise the largest step in the migraine group was observed when 

comparing the youngest and the eldest cohorts (MWU= 7, n1=12, n2=7, p<0.001, two-tailed). 

Somewhat less pronounced, but still significant development was seen when comparing 10-

12-year-olds with the eldest cohort (MWU= 16, n1=11, n2=7, p<0.05, two-tailed). However, 

the remarkable development one would expect based on the study conducted with healthy 

subjects between ~5-7 and ~9-11 years did not appear (MWU= 55.5, n1=12, n2=11, p=0.53, 

two-tailed). Spearman’s R for the total development between 7 and 16 years: 0.51 (p<0.05).  

The same comparisons were performed for the cohorts of age- and sex-matched 

controls as well, yielding the following results: 7-9 years vs. 10-12 years (MWU= 8, n1=12, 

n2=11, p<0.05, two-tailed); 10-12 years vs. 13-16 years (MWU= 4.5, n1=11, n2=7, p<0.001, 

two-tailed); 7-9 years vs. 13-16 years (MWU= 6, n1=12, n2=7, p<0.001, two-tailed).  

Between - group comparisons by cohort turned up the following results: 7-9 years 

(MWU= 56, n1= n2=12, p=0.4, two-tailed); 10-12 years (MWU= 38.5, n1= n2=11, p=0.2, two-

tailed); 13-16 years (MWU= 9, n1= n2=7, p<0.05, two-tailed). Spearman’s R for the total 

development between 7 and 16 years: 0.65 (p<0.05).  

In summary, both groups exhibited significant age-related development, the 

migraineur group lagging somewhat behind both in general and in the cohort-wise 

comparison. It is also to be mentioned that the gap in the performance of the two groups is 

obviously widening with age. Results are summarized in Fig.6.   
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Fig.6. Contour integration performance of migraineurs and controls compared. Note the 

difference between the two groups in the two elder cohorts, indicating the poorer performance of 

migraineous subjects.  
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Migraineurs exhibited no significant inter-cohort development at any of the tested 

spatial frequencies, but in an overall-comparison (the youngest vs. the eldest). However, even 

there only at 7.2 c/d (MWU= 5, n1= n2=6, p<0.05, two-tailed).  

The results of between-groups comparisons are illustrated in Fig.8. As can be seen, we 

found no significant differences between migraineurs and controls for either of the tested 

spatial frequencies in the first age cohort (6-10 years). It was first in the second age group 

(10-12 years) that significant differences were found by diagnosis, for two frequencies: 1.2 

c/d (MWU= 3.5, n1=n2=8, p< 0.05, two-tailed) and 1.9 c/d  (MWU= 1.5, n1=n2=8, p< 0.01, 

two-tailed). Analysis of the third age group (12-14 years) yielded similar results. Statistically 

significant difference was found at: 1.2 c/d (MWU= 2.5, n1=n2=8, p< 0.05, two-tailed) and 1.9 

c/d  (MWU= 2.5, n1=n2=8, p< 0.05, two-tailed). Age of healthy participants proved to be 

significantly correlated with the above mentioned spatial frequencies of interest in controls 

(1.2 c/d R= 0.6; 1.9 c/d R=0.54), while this relationship did not reach statistical significance 

in migraineurs (1.2 c/d R= 0.46; 1.9 c/d R =0.4) (Spearman’s R).       

 

 
 

Fig.7. Overall development of contrast sensitivity. Comparison of controls and migraineurs at the 

spatial frequencies having exhibited significant overall development in controls. Note that no 

statistically significant development does not mean no development at all, and also that it is 

characteristically a low frequency (1.2 c/d) that shows the biggest differences.  
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Fig. 8. Photopic-dynamic spatial contrast sensitivity functions of migraine patients and control 

subjects by age groups: (a) 6-10 years; (b) 10-12 years; (c) 12-14 years. Asterisks (*) mark 

significant differences at the probability level of 0.05. Temporal frequency of pattern reversal was 8Hz 

at all nine tested spatial frequencies. Values are shown as mean ± S.E.M.   
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5.4. A synopsis of results 
 

 In summary, the findings we were to provide a satisfactory explanation for are as 

follows: 

 

• The development of  performance on contour integration and contrast sensitivity 

tasks appear to be related in healthy subjects, especially when considering contrast 

sensitivity at lower spatial frequencies (0.5, 1.2 and 1.9 c/d). 

• Healthy subjects also exhibit a period of massive development between 5 and 14 

years of age in both contour integration and contrast sensitivity tasks.  

• Such a period of remarkable development appears to be lacking in migraineurs of 

the same age range in both contour integration and contrast sensitivity tasks, and 

specifically: 

 

• Migraineurs between 10 and 14 years of age perform significantly poorer than 

controls in the contrast sensitivity task, especially at lower spatial frequencies (1.2 and 

1.9 c/d).  

• In terms of contour integration, migraineurs of all cohorts are lagging behind 

controls, the difference being the  most  pronounced  in  the  two  elder cohorts 

(covering the range of 10 to 16 years of age).    
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6. Discussion 

 
6.1. Structure and function 

 
 

To see what our findings may tell us about how the visual brain develops in healthy 

children and in migraine, we have to link the studied functions to brain structures first. Of the 

two functions, contour integration is the more complex one, while contrast sensitivity is rather 

an elementary visual capability, characteristic of both of the major visual pathways 

(magnocellular and parvocellular, that is) in a spatial frequency and condition4

6.1.1. Contour integration – a traditional view and questions left unanswered 

-dependent 

manner.  What follows is an attempt to show how the development of the related brain 

structures might shed light on the meaning of our findings. The analysis concentrates on 

contour integration as the basis of form perception, while contrast sensitivity results are used 

in a somewhat ancillary manner, to support our assumptions on the underlying functional 

systems.  

 
 

Gestalt psychology, flourishing in the thirties of the twentieth century, suggested that 

contour perception is basically carried out via the integration of local contour elements [63]. 

Evidently, our task requiring the subject to identify a circular shape made up of Gabor patches 

placed at a distance from one another necessitates a shape perception system capable of just 

such an integration, with the extra requirements that it has to be able to solve the task of 

bridging the gaps between the individual elements and that it has to be able to overcome 

contextual noise.  

The first reasonable physiological cues concerning the nature of contour/shape 

perception came in the 1960s, from the pioneering experiments of Hubel and Wiesel [64;65], 

supporting the gestaltist insight by the demonstration of cellular level orientation preference 

in the primary visual cortex of both cats and monkeys. For our explanation the group of cells 

later named ‘simple cells’ in the 4Cβ layer of the primary visual cortex5

                                                           
4 i.e. photopic or scotopic 

 is of importance. 

These cells, acting as local filters, fire the most vigorously when their receptive field is 

matched by a line of their preferred orientation. It is easy to see that such simple cells are fit 

to process fine detail, and indeed, V1 4Cβ is the primary cortical receptive layer of 

parvocellular geniculostriatal input [24]. Linking local filters and bridging gaps (even in 

5 henceforth: V14Cβ 
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noise) is possibly carried out via an intrinsic plexus of horizontal connections in V1 4Cβ 

[12;40;66;67]. That is, perception of a shape, a contour might be interpreted as cells with 

receptive fields of the proper orientations responding simultaneously, linked by their 

horizontal connections. Indeed, a whole ‘ventral stream theory’ has been built up around this 

interpretation, implicitly defining shape perception as the product of a serial, bottom-up 

functional system starting at the retina and ending in the inferior temporal cortex, with the 

orientation-sensitive cells of the primary visual cortex and their lateral connections as its core. 

(The very method of testing contour integration with Gabors emerged as a result of looking 

for the most ideal stimuli for the simple cells of the primary visual cortex [68].) In short, the 

theory suggests that while structures and functions considered as linked to the dorsal stream 

develop rapidly during the ontogenesis, those related to the ventral stream take much longer to 

reach maturity [38]. This seems to be supported by anatomical studies on the monkey brain 

[39;69]. As far as human observations are concerned, Káldy and Kovács [70] compared 

children’s and adults’ performance on a size contrast illusion (the Ebbinghaus illusion, see 

Fig.9.), and found that the magnitude of the illusory effect was significantly smaller in 

preschool children, which the authors put down to immature ‘context integration’ as related to 

immature local cortical circuits. Kovács and colleagues [11] discuss their findings on the late 

(up to 14 years of age) maturation of human integration of Gabors  in similar terms. 

                 

 

 
 

 
Fig.9. The Ebbinghaus illusion, demonstrating the effect of context on visual perception. The 

inner circles are of the same size, yet, because of their different context they seem to differ. This 

illusion is most likely to be the result of a simple local modulatory effect, restricted to the primary 

visual cortex.   
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Such a theory implies that our contours composed of Gabors and embedded in Gabor-

noise is processed in a serial manner in the visual brain, along the retino-geniculo-striatal 

pathway. In the primary visual cortex the local elements are identified by simple cells, bound 

together by the lateral connections of these cells, and then they possibly serve as convergent 

input for higher processing areas until reaching the inferior temporal cortex, where shape 

identification can occur. Furthermore, it is also suggested that the protracted development of 

this integrative function reflects the protracted development of horizontal connections within 

V1 4Cβ / V1 2/3 [38].  Simple and elegant as it may sound, this interpretation fails to explain 

a number of observations, both task-specific and general. 

First of all, Burkhalter and colleagues [40] established in their post mortem study that 

horizontal connections within V1 4Cβ / V1 2/3 are structurally adult-like by the age of 15 

months. This early development makes complete sense, given the hierarchical nature of 

neocortical development [71], progressing from the primary sensory areas toward the 

association areas, which Flechsig was among the first to point out, as early as in 1920 [72]. 

Accordingly, functionality in terms of contour detection appears quite early: at three months 

of age it is not yet to be seen [73], but six-month-old babies perform well over chance level, 

even if their noise tolerance is quite limited [74]. Taken together, this rather makes the 

impression of mature primary cortical circuits without fully effective filtering mechanisms 

than primary cortical circuits at the beginning of a decade-long developmental path. 

Second, such a serial, bottom-up model does not give a satisfactory explanation for 

noise suppression. The Ebbinghaus illusion, used by Kovács to support her argument on the 

immaturity of horizontal connections, shows that the primary visual cortex is indeed of key 

importance in terms of contour detection; however, it also shows how much noise can 

interfere with the process at this level, and, therefore, how much noise suppression is 

necessary for the system to work properly. Taken that example into consideration, it is to be 

seen that based purely on a V1-centered bottom-up interpretation it cannot be satisfactorily 

explained how the actual contour elements are segregated from noise, even at fairly high noise 

densities. Should that ability be served by the primary visual cortex alone, six-month-olds 

should not be limited by noise. Still, they are, which is another piece of evidence against the 

primacy of the primary visual cortex in terms of contour integration.     

Third, there is a number of everyday phenomena that in themselves make up an 

argument against a serial model, as pointed out by Hochstein and Ahissar [75]. Maybe the 
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most remarkable of these is our ability to capture the conceptual gist of an image extremely 

rapidly without encoding its details. A serial model presupposes that the whole is built up of 

its parts, and without the parts the whole cannot be put together. Real world experience does 

not support this. Instead, argue the authors, explicit visual perception begins when processing 

reaches high cortical areas, and proceeds in top-down fashion to encompass detailed 

information from more peripherical cortical areas as needed. Electrophysiological studies 

support such a ‘reverse hierarchy’- theory [76-78], implying pathways fast enough to convey 

information to those high cortical areas ahead of bottom-up processing, and possibly taking 

different routes as well.  

Finally, in terms of the different streams, it must be seen that proponents of the ‘dorsal 

theory’ (that is, that the dorsal visual stream develops slower) have their pieces of evidence 

too, post mortem [44], electrophysiological [42;79], psychophysical [80] and imaging [45;46] 

as well.         

Taken all this together, what is clear is that the exclusively serial and bottom-up 

interpretation of contour/shape perception cannot be defended for a few simple reasons. 

Furthermore, though both ventral and dorsal theorists have valid points to make, neither of 

these interpretations is able to give a satisfactory account of all observations in itself. We 

propose that an integrated model, observing the real complexity of anatomy and the 

possibilities that complexity provides is fit to give a satisfactory explanation for both the 

unanswered questions mentioned above and our findings regarding developmental issues.   

  

6.1.2. Contour integration updated – bidirectional parallel processing 

 
 

Perhaps the most trivial and – by until recently – most overlooked argument against an 

unidirectional processing of visual information in the brain is, as Kveraga et al. [13] put it, is 

that ‘the human brain is not a passive organ simply waiting to be activated by external 

stimuli.’ Indeed, we normally do not spend our lives in an everlasting re-sampling of the 

world around us, like patients suffering from anterograde amnesia do. Unless things go 

wrong, we are able to generate categories from a limited amount of samples, and then, having 

stored them in our memory, we use them to behave in an economical and highly efficient 

way. After an optimal amount of sampling, familiar objects, persons, or situations are 

processed almost unconsciously, in a way that all potentially significant connotations are at 
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our disposal in a fraction of a second, for any response we might intend to give. Such 

efficiency presupposes that 

 

a) there is a way in which memory stores (higher cortical areas) may obtain quickly 

accessible clues regarding what is actually perceived, to be able to select the most 

relevant stored information, and 

b) there is a way in which the higher areas can send this pre-selected information 

toward the primary areas to enhance recognition, either by excitation or inhibition.  

 

Based on such premises have Moshe Bar and Kestutis Kveraga developed a theory of 

visual object recognition, which they have elaborated in a series of articles from 2003 on 

[13;81-83]. The theory –supported by magnetoecephalographic experiments- states that a low 

spatial frequency representation of the input image is projected rapidly from early visual 

cortical areas to the orbitofrontal cortex, in parallel to the systematic and relatively slower 

propagation of information along the ventral visual pathway. The coarse, low spatial 

frequency representation serves the purpose of activating a minimal set of the most probable 

interpretations of the input, which are, then, compared with information coming from the 

bottom-up stream. In addition, Kveraga [83] explicitly argues that it is the dorsal stream 

through which the transmission of the coarse image happens, though he never goes into detail 

regarding the exact pathways. We find that our findings do support such an interpretation of 

object recognition. However, before putting that into more detail, we have to briefly address 

the anatomical framework for the Bar-Kveraga hypothesis.         

A closer look at the anatomy of the primate visual brain6

                                                           
6 Data presented here are based on studies on the Macaca mulatta, unless indicated otherwise.  

 corroborates the suspicion 

that interpreting vision as a one-way process is gross oversimplification (Fig.10.). In fact, the 

majority of the structures building up both the cortical and subcortical visual system are 

connected by massive parallel and feedback connections, beyond the feed-forward ones [84-

88]. The Bar-Kveraga hypothesis implies that for orbitofrontal cortical activity to precede 

inferotemporal activity by 50-80 ms within the usual 150-200 ms of object recognition [83] 

visual information has to take a shortcut from lower areas toward the orbitofrontal cortex, 

possibly bypassing the V1-route; furthermore, if it is in fact the orbitofrontal cortex that 

supports visual recognition, a feedback projection upon the ventral stream, most likely on the 

inferotemporal cortex, should exist.  
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Fig.10. A scheme of connections between anatomical structures of primate visual perception, 

including the main retinal ganglion cells, the lateral geniculate nucleus of the thalamus (LGN), 

the primary visual cortex and the extrastriate visual structures. P,B,M = parasol, bistratified and 

midget cells of the retina; B = blob area in V1 2/3; OFC = orbitofrontal cortex; DLPFC = dorsolateral 

prefrontal cortex. Green, red and blue arrows indicate the parvocellular, koniocellular and 

magnocellular pathways, respectively. Based on [24;30;31;89].   



 30 

As for the shortcut, two pathways are proven to exist in primates that are potential 

candidates. The first one is a direct input from the lateral geniculate nucleus of the thalamus to   

the extrastriate visual area V5 [31]. This is primarily a parvocellular/koniocellular input, in 

contradiction with the original assumption of the hypothesis, which, however, does not 

exclude its participation in an ‘early signaling network.’ A more likely candidate for a key 

role in the early signaling process is the pathway starting from the Meynert cells of the sixth 

layer of V1. The Meynert cells receive input from all the three main geniculostriate pathways, 

and project directly upon V5, bypassing other V1 layers and extrastriate visual areas [30]. It is 

to be seen (as indicated in Fig.10.) that input to V5, even though it is traditionally known as a 

movement-related area [90] , is not restricted to movement-related information. Rather, V5 

seems to be situated ideally to be a common relay station for various types of visual 

information. More importantly, V5 also projects upon the dorsolateral prefrontal areas, which, 

in turn, are in a reciprocal connection with the orbitofrontal cortex. Therefore, we hypothesize 

that it might be this pathway that carries quickly accessible, coarse information to the 

orbitofrontal cortex, which, in turn, helps inferotemporal object identification by reducing the 

number of potentially valid guesses. The lateral geniculate nucleus – V5 connection might 

serve some sort of amplification or modulation purpose.  

The existence of a direct connection between the orbitofrontal cortex and the 

inferotemporal cortex has also been established, and it was found to be bidirectional [89;91]. 

Bar et al. [82]  found that the activity of this connection, as detectable in human subjects by 

magnetoencephalograpy, is influenced by the spatial frequencies of the input image, 

especially by low spatial frequencies. We assume that it is this connection through which 

supporting information from the orbitofrontal cortex is transmitted to the inferotemporal 

cortex.    

Although the exact organization of these pathways in humans is not yet known, their 

existence is made obvious by phenomena like blindsight [92;93], the ability to learn even 

complex patterns of visual motion after V1 damage [94] or to detect motion direction while 

V1 processing is being functionally ‘minimized’ by a flash stimulus [95].       
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6.2. Explanation of results within the proposed framework 

 
6.2.1. Contour integration in migraineurs and controls 

 
 

The first and possibly most important result to be explained is that contour integration 

shows massive development between 5 and 14 years of age. It has previously been established 

that the development of the primary visual cortex per se cannot be the reason for this pattern. 

At the same time, we proposed a prefrontal, top-down system as the key element of successful 

shape recognition.  

The literature of cortical development unequivocally considers the frontal/prefrontal 

cortical areas as being among the last to maturate [71;96-99]. It is important to mention that 

this late maturation refers both to internal and external connections, and myelination as well. 

From an ontogenetic point of view, this makes complete sense, considering the complex 

functions these cortical areas are assumed to perform. For instance, the orbitofrontal cortex, 

also playing a central role in our explanation, is considered to be of a pivotal role in social 

adaptation, through the inhibition of maladaptive behavioral responses [100-102]. The 

functional repertoire of the orbitofrontal cortex includes such functions as self-evaluation 

[103] and risk-based decision-making [104] as well. It cannot be overlooked that these are all 

functions that include some sort of comparison, and indeed, the orbitofrontal cortex is turning 

out to be a modality-independent intergrative structure, possibly comparing (or supporting the 

comparison of) stored memories with the actual input [105].  

In terms of our findings, however, the exact developmental studies have the highest 

explanatory power. Kanemura et al. [106] examined the development of the prefrontal cortex 

in children in a three-dimensional volumetric MRI study, and found that this cortical area 

reaches its final, adult-like size by the age of 18, with a period of rapid growth between the 

ages of 8 and 14. Furthermore, Fornari [107] examined the relationship between the total 

amount of white matter and performance on a spatial integration task, and found that there is a 

linear relationship between age and white matter volume between the ages 7 and 13, also 

reflected by improving performance. Finally, Olesen et al. [108], in a combined DTI7

Therefore, we conclude that the developmental spurt we observed in our study 

between 5 and 14 years of age is likely to be associated with myelination and the activation of 

-fMRI 

study showed that the myelination of long-range cortical connections and the activation of 

their target areas are associated between the ages 8 and 18.   

                                                           
7 Diffusion Tensor Imaging tractography 
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prefrontal cortical inhibitory areas. This also explains the ‘noise-problem’ mentioned under 

5.1.1. That is, it is possibly the top-down inhibitory (filtering) mechanism that is gradually 

reaching full efficiency in the examined period, and this is what makes children capable of 

suppressing increasing amounts of noise with age.  

Aging studies with spatial integration tasks provide further support to our assumption. 

It is known that frontal cortical areas are the most sensitive to aging [109;110], and 

accordingly, performance on visual spatial integration tasks show deterioration with aging 

[111;112]. 

Second, the most pronounced development in both the contour integration and contrast 

sensitivity tasks was observed at low spatial frequencies. Furthermore, the biggest 

developmental difference between migraineurs and controls was seen at the same frequencies. 

What this finding tells us is that, as predicted by the Bar-Kveraga hypothesis, the 

magnocellular system may really play an important role in contour/form perception. Although 

there are authors who claim that the magnocellular system might be activated by spatial 

frequencies as high as 12 c/d [113], and that recent criticism has questioned the validity of the 

present methods of psychophysics in telling magnocellular from parvocellular [47], it is 

relatively well established that the dividing line in terms of psychophysical testing is 

approximately 1.5 c/d [114;115]. That is, test results below 1.5 c/d reflect the performance of 

the magnocellular system, while results above that value characterize the functioning of the 

parvocellular system. Naturally, considering the individual variability, deviations from the 1.5 

c/d line may occur; testing the two systems without overlap is still an unresolved problem, 

especially that these functional systems of vision do not work independently of each other. 

However, the application of dynamic stimuli (moving gratings) might at least partially have 

made up for that uncertainty, given that (as mentioned in 2.2.) processing of high temporal 

frequencies is dominantly carried out by the magnocellular system. We found that the 

development was most pronounced at 0.5 c/d, 1.2 c/d and 1.9 c/d, which, therefore, seems to 

indicate the protracted development of the magnocellular system. At the same time, the 

finding that the same frequency range appears to be affected in development of migraine, 

points to the protracted vulnerability of the system, corroborating its late maturation from 

another point of view.  

In summary, these findings fit with the idea that what is reflected in the late maturation 

of the contour integration function is the protracted myelination of the (probably 

magnocellular) pathways that link early visual cortical areas with the prefrontal cortical areas 

in a way to bypass primary processing. However, the top-down inhibitory system serving to 
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enhance signal/noise differentiation cannot work at full efficiency until that process has 

finished, which is observable as gradually improving task performance. Thereby we also 

propose that in migraine it is the retarded development of those pathways (due to their 

developmental vulnerability) that prevent migraineurs from performing at the level of 

controls.  

     

6.2.2. Contrast sensitivity in migraineurs and controls 

 
To our knowledge, our study is the first to suggest that the contrast sensitivity deficit 

described in adult migraineurs [19] is to be observed in childhood, and especially at low 

spatial frequencies.  

The finding that significant differences between the two groups were first to be seen in 

the 10–12-year-old age group came as no surprise, given that this is consistent with the 

finding that in healthy children the first significant developmental step in terms of low spatial 

frequencies occurs between the ages of 5 and 10 [43]. Why in the age group of 6–10-year-olds 

we found no significant di fferences might be due to a number of possible reasons. First, 

although migraine does exist in such a young age [116-118], the diagnosis poses challenging 

dilemmas [119], even following the IHS criteria as closely as possible. Thus, it cannot be 

ruled out that ’false positives’ were included in the sample, and in turn, an existing but not 

robust difference was rendered insignificant, given the small number of observations. 

Another factor is disease duration, which was quite short in the first cohort (~0.9 

years). We do not find it likely that such a short exposure to migraine attacks should result in 

significant deterioration. However, this is not to say that repetitive migraine attacks 

themselves offer the ultimate explanation for the described contrast sensitivity deficits, as 

there is some evidence indicating that the length of migraine history is a factor [19]. 

The results for the two older age groups are less ambiguous. That migraineurs are 

lagging behind at low spatial frequencies is obvious. However, it must be noted that even if 

statistically significant di fference characterizes only two frequencies in both groups, robust 

differences are to be seen over a wide range of frequencies. Why 1.2 c/d and 1.9 c/d are 

affected the most we consider a theoretically unimpor- tant problem; possibly, this is an 

epiphenomenon of our measurement, reflecting a broader tendency of lower spatial 

frequencies in general being affected, as we found no reference in the literature indicating 

such specific differences. 
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What, then, might be the explanation for the deficit found in our study? K nown 

evidence suggests a genetically determined vulnerability model. Repeated migraine attacks 

seem to interfere with contrast sensitivity in a progressive manner [120]. This is corroborated 

by the finding that stimulation of the Gasserian ganglion results in morphological changes at 

the level of perivascular nerve terminals [121]. That is, migraine, perhaps via the chemical 

mediators that are released in the process, does have the capacity to bring about permanent 

changes, possibly in a progressive or cumulative manner.    

However, as migraine is known to be a familial disease, it is possible that the 

explanation for the early appearance of this contrast sensitivity difference is that it reflects an 

endophenotype. Di Clemente et al. [122] make a similar argument in connection with the 

interictal habituation deficit of the nociceptive blink reflex in migraineurs. However, even if 

we consider the deficit described  here as reflecting an endophenotype, it remains an open 

question whether increased vulnerability to insults or a relatively stable (fixed) degree of 

contrast sensitivity decrease constitutes that endophenotype. The former scenario, of course, 

predicts that the longer the migraine history is, the more pronounced the contrast sensitivity 

deficit, which, despite the relative paucity of research in this direction, seems to be the case 

indeed. Therefore, we propose that migraineurs might be extremely vulnerable to the 

neurovascular challenge posed by the attacks, and that this vulnerability might be genetically 

determined. Of course, if migraine attacks can bring about a progressive deterioration in adult 

contrast sensitivity performance (indicating at least some functional damage to the underlying 

neural structures), they must also interfere with the development of the immature visual 

system. Indeed, our results show a weaker age-performance correlation in migraineurs than in 

controls, suggesting greater variability and a less homogenous developmental pattern.  

As explicated under 5.2.1., based on the affected spatial frequencies, we assume that 

the the migrainous process interferes primarily with the development of the magnocellular 

visual system.   
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7. Summary 

 
 

In this study we have compared contour integration and contrast sensitivity in 

school-age healthy and migrainous children, based on data we have gathered through 

psychophysical methods. We have established that the development of  performance on 

contour integration and contrast sensitivity tasks are related in healthy subjects, especially 

when considering contrast sensitivity at lower spatial frequencies (0.5, 1.2 and 1.9 c/d). 

Healthy subjects also exhibit a period of massive development between 5 and 14 years of age 

in both contour integration and contrast sensitivity tasks.  

It has also been found that the period of remarkable development observed in 

healthy subjects appears to be lacking in migraineurs of the same age range in both contour 

integration and contrast sensitivity tasks. Migraineurs between 10 and 14 years of age perform 

significantly poorer than controls in the contrast sensitivity task, especially at lower spatial 

frequencies (1.2 and 1.9 c/d). Furthermore, migraineurs of all cohorts are lagging behind 

controls, the difference being the  most  pronounced  in  the  two  elder cohorts (covering the 

range of 10 to 16 years of age).    

To explain these findings we proposed a theoretical framework, the key element of 

which is a top-down inhibitory feedback from the orbitofrontal cortex toward the 

inferotemporal cortex. This feedback builds on shape-related memory information, and is 

activated by an early signaling pathway, which conveys coarse visual information of low 

spatial frequency bypassing detailed primary cortical processing, so that the coarse 

information can reach the orbitofrontal cortex well ahead of information arriving at the 

inferotemporal cortex along the ventral stream. This way, memories supporting efficient 

contour detection may be activated right in time. The protracted development of task 

performance on both tasks we explained with the long maturation of the pathways and 

structures necessary for the above explicated process, instead of with the long maturation of 

either the dorsal or ventral stream, in an isolated manner, like earlier theories did. At the same 

time we acknowledge that the magnocellular system may play a key role in contour 

processing, as indicated by the most markedly developing / most affected spatial frequencies 

in our contrast sensitivity task. Following from this, we assume that migraine, most likely 

through a genetically determined vulnerability, affects the development of the magnocellular 

visual system the most.    
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