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1. Introduction 

 The first investigations of eye movement regulation have already 

been performed in the 18th century, but electrophysiology and brain 

imaging methods have opened the way for more sophisticated research from 

the mid 20th century.  

In primates complex eye movements serve environmental adaptation, and 

therefore developed parallel with vital attention functions. Basically there 

are two different types of eye movements. One is necessary to shift gaze to 

a new target, while the other helps to stabilize the image of the target. The 

previous type utilizes rapid eye movements called saccades. The latter 

consist of the foveal (smooth pursuit eye movement- SPEM) and the whole 

visual field pursuit (i.e. the vestibulo-oclar reflex (VOR) and oculocephalic 

reflex as well as the slow phase of the optokinetic nystagmus (OKN).  

 Saccades are fast eye movements, which allow changing the image 

on the fovea. Several types of saccades are identified according to the 

different regulatory mechanisms. Intentional saccades make it possible to 

look towards he source of a voice heared for a long time or to search for a 

target in the environment. Volitional saccades are influenced by motivation, 

memory processes and cognitive functions. Reflexive saccades are trigerred 

externally, e. g. by sudden acoustic or tactile stimuli. The reflexive, 

visually-guided saccades led by a target appearing suddenly on the 

peripheral retina are called prosaccades. The fast phase of nystagmus which 

turns the bulbus back to the primary position is also a saccade. 

 The smooth pursuit eye movement fixes the image of the target on 

the fovea. Foveal slow pursuit appears if a small target moves slowly. The 

slow phase of optokinetic nystagmus helps to follow moving environment 

in stable head position, while the slow phase of vestibulo-ocular reflex is 
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active when the head or the body moves. Naturally the cooperation of the 

two systems hold  the image on the fovea. 

 The peripheral part of the neuronal network regulating the eye 

movements consists of the brainstem oculomotor nuclei. The central 

supranuclear structures are located more rostral. The anterior cortical region 

contains the frontal eye field (FEF - Brodmann (Br) 8), the supplementary 

eye field (SEF - Br 6aβ) and the dorsolateral prefrontal cortex (DLPFC - Br 

46). FEF plays role in regulation of intentional saccades, while PEF controls 

the reflexive saccades. These processes are led by the cortex contralateral to 

the saccade direction. There is a reciprocal relation between the anterior 

cortical areas and they all project to the superior colliculus of the brainstem. 

The posterior cortical areas include the parietal eye field (PEF - Br 39, 40), 

the middle temporal (MT - Br 19, 37) and medial superior temporal gyrus 

(MST). The PEF plays a role in co-ordination of visual attention and 

regulation of saccades, while the temporal eye fields are activated mainly 

during motion perception. The thalamus, basal ganglia, brainstem and 

cerebellum also take place in eye movement regulation. Several 

observations confirmed that paramedial thalamic lesion cause vertical gaze 

palsy, and horizontal eye movements might also be impaired. Basal ganglia 

assist saccade organization, the cerebellum supports adaptational 

mechanisms. Saccade generator cellgroups of the brainstem are located in 

the pontomedullar and mesencephalic reticular formation. They are 

responsible for premotor commands to start eye movements. 

Several descending pathways are also take part in saccade 

regulation. These originate mainly from anterior cortical areas and project 

to the premotor cells in the brainstem and pontin eye center. In contrast the 

SPEM pathway from the primary visual field (Br 17) passes through the 

ipsilateral MT, the ipsi- and contralateral MST and FEF, and descends via  
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the pons to the contralateral vestibulo-cerebellum, and then via the 

vestibular nuclei to the oculomotor nuclei.  

OKN is an oculomotor reflex, which is provoked by moving 

stimulus appearing in the visual field. OKN stabilizes the image of the 

moving target on the retina. Several neural structures are responsible for 

evoking OKN, like the SPEM pathway and the saccade generator cells in 

the brainstem. Mechanisms of human OKN are not yet known in detail. 

According to clinical and electrophysiological observations there are two 

different OKN-types. The"look"-OKN, cortical or attentive type appears as 

a voluntary pursuit mechanism during foveal stimulation. Another type of 

OKN is the "stare", inattentive or subcortical type, which is evoked by the 

stimulation of the peripheral retina. If the subject "stares" on the centre of 

stimulation field without voluntarily following the moving target, 

subcortical OKN develops. OKN often appears as a combination of 

alternating cortical and subcortical type. Stimuli which influence arousal 

or/and visual attention effect cortical and subcortical OKN. 

  

It has been recognized in the 1930s, that visual information 

processing influences the background activity of scalp EEG. Later it has 

been found that movement and other types of sensory stimuli also generate 

transient changes of cortical activity. These temporary alterations are called 

event-related EEG responses. Event related power increase or decrease in a 

given frequency range of the EEG are called event-related synchronisation 

(ERS) or event-related desynchronisation (ERD) respectively.  

Three types of voluntary movement-related EEG responses have been 

recently identified: (1) alpha and beta ERD over the contralateral 

hemisphere immediatelely before execution of movement; (2) bilateral, 

symmetric alpha and beta ERD during movement; and (3) event-related beta 
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ERS over the contralateral hemisphere which is called post-movement beta 

synchronisation (PMBS). PMBS appears 300-1500 ms after the termination 

of a voluntary movement. It can be detected bilaterally but with higher 

amplitude over the contralateral primary motor cortex. PMBS can be 

registered not only after voluntary movement, but also after passive 

movement, following sensory stimulation and after imagination of a 

movement as well. Mechanism of PMBS is not clearly known. It emerges 

first in the midline suggesting that it is originating from the supplementary 

motor area. It appears in both hemispheres independently, as it has been 

shown by coherence analysis. The excitability of the motor cortex decreases 

500-1000 ms after termination of voluntary movement, which corresponds 

to the period when PMBS appears. This suggests that PMBS might indicate 

either increased neuronal activity related to information processing or a so 

called “idling state” of the somatomotor cortex. PMBS develops only after 

the completion of the motor program even if it consist of simple acts or 

complex sequences.  

 Investigations of PMBS have been focused on hand, finger and 

foot movements in healthy subjects, and it has been described in Parkinson's 

disease as well. However there are no data about PMBS appearing after 

reflexive movements. Event-related EEG changes during eye movements 

and PMBS after saccades have not been described earlier. 

 According to classical observations attention and oculomotor 

processes result in abolition of alpha activity parallel with beta and gamma 

synchronization. Conversely the distraction of attention increases EEG 

alpha activity. Desynchronisation in the upper theta and lower alpha bands 

indicates increased attention ("expectancy") while higher alpha bands react 

to sensory semantic processes. Phenomenon of paradox alpha 

synchronization has been the subject of several investigations in the last 
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decades. It has been confirmed that in oculomotor tasks requiring high 

visual attention the posterior alpha activity. 

 

2. Objectives 

 The neuronal network, co-ordinating eye movements, includes 

brainstem, cerebellum, basal ganglia, thalamus and cortical areas which are 

influenced by sensory and cognitive systems. Regulation of reflexive 

(saccades) and voluntary eye movements (gaze) related to visual attention 

are subjects of extensive research. An important part of these networks is 

located in specific areas of the cortex and can be examined by noninvasive 

EEG methods. 

 One of our objectives was to define the EEG changes appearing 

during saccades and OKN in the alpha and beta frequency bands. In 

addition we aimed to identify cortical areas activated during various ocular 

actions by analyzing the relationship between EEG changes and eye 

movements. 

Two studies were performed in order to achive our aims: 

 Study „A” 

   The measurement of PMBS has been elaborated in the frame of 

limb movement regulation research and there is no data available with 

regards to ocular movements. In our study we investigated whether beta 

synchronisation also appears after simple and/or complex eye movements 

and if so, what its characteristics are. 

 Study „B” 

 OKN is a complex physiological eye movement which is a result of 

the activity of several cortical and subcortical pathways. Understanding the 

development of OKN may help to reveal mechanisms of other complex eye 
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movements. In our study we aimed to investigate the EEG changes 

associated to commencement and maintenance of OKN. 

 

3. Methods 

3.1 Study „A” 

3.1.1 Subjects and saccade task 

Six healthy, right-handed subjects were investigated. The saccade task was 

stimulated by a white dot projected onto the screen using a standard 

unpredictable task protocol. At the beginning of a task the dot appeared at 

the centre of the screen then sprang to the right or left side randomly. After 

3.1±0.1 s the white dot sprang back to the centre of the screen and stayed 

there for 12 s (rest period). After rest a new complex saccade was initiated. 

One test block contained 60 complex saccade tasks, 30 directed to the right 

and 30 to the left in a randomly selected order. Subjects were provided rest 

in dark for 10 minutes between each test block. 

3.1.2 EEG and electro-oculography (EOG) recordings 

Horizontal and vertical movements of the right eye were recorded using 

EOG. The EEG was recorded simultaneously with the EOG. Three different 

markers signed online the appearance of the white dot on the right or the left 

edge or in the centre of the screen.  

3.1.3 Data analysis 

Digitalized EEG was analyzed offline after ocular correction. Saccade 

latency was determined as the time delay from the appearance of the dot in 

a new position to the start of the eye movement measured by EOG. In each 

task termination of the second saccade was also marked. EEG spectral 

analysis from 6 s before to 3 s after the termination of the second saccade 

was carried out using Fast Fourier Transformation (FFT) with Hahn 

window. We determined the most reactive beta frequency (MRBF) in the 
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15-30 Hz range using average time-frequency-power distribution maps. 

Relative power changes were calculated using the following equation: 

Power% = (A - R) / R x 100, where A is the absolute power at a given time, 

and R is the mean power of the reference interval. The reference interval 

was the first 1 s of the 6 s long period prior to the offset of the second 

saccade. The mean power% of the reference period, by definition, was 

“0%”. The intersaccadic beta peak power% value was identified as the 

highest power% value between the end of the first saccade and the 

beginning of the second saccade. PMBS was defined as the highest power% 

value after the termination of the ocular movement. Latency of PMBS i.e. 

the elapsed time between the termination of ocular movement and the beta 

power peak following the saccades showed substantial intra- and 

interindividual differences. Therefore we averaged the maximum power% 

values of the intersaccade and post-saccade period according to the method 

published previously. The average PMBS values at FC1 and FC2 positions 

of 15 epochs of each subject were used for further analysis. 

3.1.4 Statistical analysis 

Statistical analysis was performed using repeated measures ANOVA test 

considering three factors (DIRECTION: right or left, ELECTRODE: FC1 or 

FC2 and PERIOD: reference, intersaccadic or postsaccadic (i. e. PMBS)) 

followed by Newman-Keuls post hoc test. For PERIOD the statistics were 

given for the mean and the maximum power% values of the reference 

period, and the maximum power% data of the intersaccadic and 

postsaccadic interval. If statistically significant results were found 

correction of „p-value” was performed according to Bonferroni. 



 9 

3.2 Study „B” 

3.2.1 Subjects and stimulation of OKN 

Ten healthy, right-handed volunteers were examined. OKN was elicited by 

a computerized rotating drum moving horizontally with a velocity of 30°/s. 

Subjects were instructed to „„stare at the middle of the screen without 

following the stripes‟‟, in order to evoke dominantly subcortical OKN. 

Subjects were allowed 10 min of rest before changing the direction of 

stimulation. Stimulation epochs in one direction lasted for 120 s, and were 

repeated twice. 

3.2.2 EEG and OKN recordings 

Eye movements were recorded using standard EOG and the EEG was 

recorded simultaneously. Analogue EEG signals were digitized. Records 

were analysed using ocular correction software. Spectral EEG analysis was 

carried out using FFT with Hahn window. 

3.2.3 Data analysis 

3.2.3.1 Frequency distribution of OKN-beats 

Frequency distribution analysis of OKN was performed within 60 s 

stimulation periods. We measured the duration of every single OKN-wave 

and calculated their frequency (1/duration). Using these data the frequency 

distribution diagram of OKN was generated. 

3.2.3.2 EEG power 

To assess the alterations of alpha (8–13 Hz) and beta (14–20 Hz) activity 

occurring during OKN stimulation we analysed the EEG recorded during 

consecutive 60 s long control and 60 s long OKN periods. Offline visual 

analysis of the EEG records suggested that within a time window of 0.5 s 

around the first wave of a regular OKN-cluster (minimum of 4 beats) there 

was an increase of alpha activity. For more detailed examination of this 

phenomenon two 0.5 s long EEG epochs ("before" and "start" sub-periods) 
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were analysed. Ten regular OKN epochs with the corresponding EEG were 

selected. Since in the "before" period there was no single alpha peak the 

mean alpha power of this 0.5 s long epoch was calculated and averaged. In 

the "start" period the alpha peak power was measured. The individual mean 

values were averaged across subjects. 

3.2.4 Statistical analysis 

Our experimental hypotheses were the following: (1) the total alpha and 

beta power of the EEG was different in the control and in the stimulation 

epochs; (2) the alpha power changed around the onset of a regular OKN-

cluster. In order to test these assumptions we performed three-way ANOVA 

(first level was the PERIOD factor: control vs. stimulation to the right or 

left; second level was the HEMISPHERE factor: right or left; third level 

was the ELECTRODE factor: O1, O2 or P3, P4), followed by Newman–

Keuls post hoc test. Data of "before" and "start" periods were compared by 

t-test for dependent samples according to electrode positions.  

 

4. Results 

4.1 Study „A” 

4.1.1 Latency of saccades 

The latency of the right directed first saccade was 319±49 ms and the 

second saccade was 275±21 ms (t=2.37; p=0.06). The latency of the first 

left saccade was 331±59 ms and the second left saccade was 293±37 ms 

(t=1.13; p=0.3). Differences between the first right and first left directed 

saccades (t=-1.08; p=0.33) as well as between the second right and second 

left directed saccades (t=-1.45; p=0.2) were not significant. 

4.1.2 MRBF 

MRBF was different in each subject and it also showed intraindividual 

variability at different electrode positions ranging between 16 and 26 Hz. 
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Average MRBF was 20±1.8 Hz at FC1 position and 19.83±3.4 Hz was at 

FC2 during saccades directed to right. It was 20.5±1.4 Hz at FC1 electrode 

position and 20.83±2.1 Hz at FC2 during left saccades. In a given subject 

the direction of the task did not have an effect on MRBF measured at a 

given electrode (F=0.48; p=0.77). 

4.1.3 PMBS 

The most pronounced post-saccadic beta power increase was observed in all 

subjects at FC1 and FC2 electrode positions. Group average PMBS latency 

of 15 epochs in right saccade tasks at FC1 was 1159±178 ms and at FC2 it 

was 1050±187 ms. In the left task the mean PMBS latency was 1040±186 

ms at FC1 and 1176±148 ms at FC2 electrode position. There was no 

significant difference between PMBS latencies according to direction of the 

task (F=0.107; p=0.955) or to electrode position (F=0.447; p=0.722) or to 

either of them (F=1.029; p=0.403). The maximum beta power% value in the 

intersaccadic interval was not significantly higher when compared to either 

the mean power% or the maximum power% of the reference period (p=0.38 

and 0.99 at FC1; p=0.34 and 0.98 at FC2 in right task as well as p=0.13 and 

0.78 at FC1 and p=0.28 and 0.85 at FC2 in left task). However we found 

significant beta increase after the offset of the second saccade compared to 

both the mean and maximum power% of the reference period and also to 

the maximum power% of the intersaccadic interval (PERIOD: 

F(3,15)=208.14; p=0.000001). There was no significant difference between 

PMBS amplitudes according to the DIRECTION of the task (F(1,5)=0.176; 

p=0.9), to the ELECTRODE position (F(1,5)=0.651; p=0.46), or to both of 

them (DIRECTIONxELECTRODE: F(1,5)=1.056; p=0.35). 
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4.2 Study „B” 

4.2.1 Frequency distribution of OKN 

OKN was present in 81.4±15% duration of the twice repeated 120 s 

stimulation period of all subjects. There was no significant difference 

between right or left stimulation. The frequency of subcortical OKN in 9 

out of 10 subjects showed a single-peak distribution, the across-subject 

average plot showed a 3±0.28 Hz peak frequency (78±12.85 OKN-beats). In 

one case we found two definite frequency peaks which may represent the 

combination of cortical and subcortical OKN. Data of this subject were 

excluded from further analysis. 

4.2.2 EEG alpha and beta activity in the control and OKN periods 

According to the selection criteria, all probands had a prominent open-eye 

background alpha activity. Since there was no significant difference 

between the alpha power of O2 and P4 electrodes or between the O1 and P3 

electrodes (ELECTRODE F1,8 = 1.972, p = 0.197) we averaged the power 

values of the electrode pairs of the right and left hemisphere. During the 60 

s long OKN stimulation the absolute alpha power significantly decreased 

over both hemispheres, irrespective of the direction of the stimulus, 

compared to the control period. The average alpha power decreased by 

37.3±12.3% over the right and 46.95±10.7% over the left hemisphere 

during stimulation to the right and by 40.98±11.6% over the right and 

46.36±10.4% over the left hemisphere during stimulation to the left. During 

OKN stimulation beta power showed some increase irrespective of the 

direction of stimulation, but the change was statistically not significant 

probably because of the large variability of the individual values. 
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4.2.3 Change of EEG alpha activity around the onset of OKN 

The alpha power in the parieto-occipital region was significantly higher in 

the "start" sub-period compared to the "before" sub-period on both sides at 

each electrode position, irrespective of the direction of stimulation. 

 

5. Conclusions 

 Our aim was to define event-related responses during simple 

(saccade) and complex (OKN) eye movements and to determine those 

cortical areas which play role in ocular movement control. 

 In Study "A" we investigated the EEG during visually-guided 

saccades. We found significant power increase within the beta frequency 

band at FC1/FC2 electrode positions after the termination of the complex 

prosaccade task. This phenomenon we call ocular PMBS since it has similar 

characteristics to PMBS previously described in relation to voluntary finger, 

hand, wrist and foot movements. 

 The average latency of ocular PMBS was about 1100 ms, which is 

similar to the delay of beta ERS following limb movement. 

 It has been reported that PMBS occurs only after completion of the 

movement task. Consonantly with this observation ocular PMBS could not 

be detected after the first saccade, although the delay before the second 

saccade was sufficiently long, but it developed after the termination of the 

complex eye movement program. This suggests that its development is 

related to the consolidation of planned eye movement performance rather 

than to a single motor action. 

 Prosaccades can be externally triggered by visual targets appearing 

suddenly in the peripheral field of the retina. Electrophysiological, fMRI 

and PET studies have demonstrated that the Br 8, FEF regulates intentional 

saccades. PEF has a role in the generation of prosaccades during processes 
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requiring high level of attention. In good correlation with these functional 

anatomical data, in our study ocular PMBS was identified with the largest 

amplitude at FC1/FC2 electrodes which are recording the electrical activity 

from the vicinity of the FEF. In contrast with the above mentioned fMRI 

and PET studies in which PEF played most important role in regulatory of 

prosaccades we measured ocular PMBS over FEF (FC1/FC2). This 

observation suggests that Br 8 is the primary motor cortex of eye movement 

while PEF rather takes part in attentional processes. 

 After limb movement PMBS appears with the highest amplitude 

over the contralateral motor cortex. We found no significant difference 

between the amplitude of ocular PMBS measured over the two hemispheres. 

This finding is in agreement with fMRI studies which reported symmetrical 

activation of the FEF during prosaccade tests. Bilateral activation of cortical 

eye fields is related to the conjugated movements of the two eyes during 

saccadic tasks. The amplitude of ocular PMBS was independent of the 

direction of the saccades. 

  To our knowledge this is the first report on movement related beta 

synchronisation evoked by complex saccadic eye movements. Investigation 

of ocular PMBS might provide important details regarding the functional 

assessment of the neuronal network responsible for conjugated eye 

movements. 

 

 The aim of Study "B" was to analyse the EEG correlates of 

subcortical OKN to reveal the contribution of the parieto-occipital cortex in 

its generation. Since it was found in previous studies that faster cortical and 

slower subcortical OKN might alternate, we performed frequency 

distribution analysis to disclose the coexistence of the two nystagmus types. 

In 9 out of 10 subjects we demonstrated one-peak frequency histogram with 
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a peak nystagmus frequency of 3±0.28 Hz, which was similar to previously 

reported frequency values of subcortical OKN. Therefore, we assumed that 

we could reliably evoke high frequency stare-nystagmus, and that the 

recorded EEG changes were attributable to the generation of subcortical 

OKN. 

 In our study we described two different OKN-related EEG 

alterations. First, we found a significant transient increase of alpha power 

within a ±250 ms time window around the initiation of regular OKN-

periods. This enhancement was present bilaterally, irrespective of the 

direction of stimulation. Second, we detected significant symmetric alpha 

power decrease and a tendency of beta power increase during ongoing 3 Hz 

subcortical OKN-clusters. 

 Time locked alterations of EEG activity, which are related to 

attentive behaviour and cognitive effort, are well known. Alpha 

desynchronisation above parieto-occipital areas is an accepted indicator of 

ongoing cognitive activity. A paradox alpha reaction, i.e. synchronisation, 

has also been described in different experimental settings requiring some 

forms of increased attention, or in conditions where attention is replaced by 

intention. In "intention mode", like during optical tracking, motor task or 

mental activity, in the preparation phase enhanced alpha might be observed, 

similar to situations requiring "high-arousal state". 

 Our data suggest that an intention-attention cycle can also be 

recognised when stare-OKN is being evoked. The "intention-alpha increase" 

in our experiment developed at the onset of each subcortical OKN epoch 

containing at least 4 beats, while during sustained stare-OKN alpha 

desynchronisation occurred bilaterally. These suggest that high attention 

level is typical during the onset of OKN-clusters despite of subcortical 

OKN developes in inattentive subjects. 
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 The parallel involvement of both hemispheres in the generation of 

OKN is supported by functional MRI data, which suggest that the neural 

substrate of OKN is a bilateral re-entrant circuit in which the most 

important receptive fields are the visual cortices, receiving subcortical pre-

genicular and sensomotor input. Apart from the visual cortex, activation of 

FEF, the precuneal region and the pulvinar suggests the contribution of 

attentive components in the generation of OKN. PETstudies have also 

confirmed symmetrical activation during OKN in the following areas: V5, 

striate cortex, parieto-occipital fissure and gyrus lingualis. On the basis of 

the behaviour of EEG signals during OKN one cannot formulate a statement 

regarding the causal relationship between the two phenomena. It cannot be 

determined that the bilateral activation of EEG, which is consonant with the 

findings of functional imaging studies, is the signal of the regulatory 

activity leading to OKN, or it can simply be considered as activity of OKN 

related sensory information processes. The parieto-occipital topography 

suggests that alpha synchronisation measured in our study is rather related 

to attentional processes than to sensomotor functioning. 

 We found that during continuous stare-OKN stimulation there is a 

steady alpha desynchronisation and a tendency of bilateral beta power 

increase in the parieto-occipital region. We suppose that this might be the 

result of continuous activation of the primary visual cortex caused by the 

running stripes, or of sensory feedback from activated ocular muscles. 

Decreased alpha activity may also suggest a crosstalk between the alpha 

generator and the subcortical gaze centres. 

 Our study is the first report in the literature analysing EEG activity 

in specific sub-periods of stare-OKN. Investigation of concomitant EEG 

alterations during ocular movements may reveal new insight into cortico-

genicular connections in physiological and pathological circumstances. 
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