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Abstract

:

Between the cornea and the posterior pole of the eye, there is a transepithelial potential capable of being registered through an electrooculogram (EOG). It is questionable whether electrooculographic responses are similar in both eyes despite ocular dominance in human beings. We studied the effect of different electrooculographic stimulation parameters, in terms of directionality, linear and angular velocity, contrast, and state of adaptation to light/dark, that may induce possible interocular differences in visual function. The study was carried out with electroencephalography-type surface electrodes placed in the medial, lateral, superior, and inferior positions of both human eyes to record the eye movements. We found a greater amplitude of the EOG response in the left eye than to the right eye for light bars moving from right to left (p < 0.01; t-test). The EOG response amplitude was similar in both eyes for light bars moving in vertical directions, but greater than horizontal or rotational stimuli. We conclude that vertical stimuli should be used for EOG functional evaluation of eye movements, since horizontal stimuli generate significant interocular differences.
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1. Introduction


In human beings, the left and right hemispheres have a high percentage of anatomical and functional asymmetry [1]. Since the 19th century, different studies have discovered that there is an asymmetry in the processing of sensory information between both cerebral hemispheres, resulting in lateralization in specific cognitive tasks and asymmetry of behavioral characteristics, such as handedness, auditory preference, and physical exercise [2,3]. One of the first discoveries of brain anatomical asymmetry was in the left and right Sylvian fissures [4]. A significant asymmetry in Planum Temporale, probably related to language processing, has also been shown [5].



In the visual system, an asymmetry of visual processing has been observed. Most human beings have a dominant eye, with a greater preference in the processing of visual stimuli, which may be caused by gene expression, environmental factors, or the asymmetry of the visual cortex [5,6]. It has also been observed that in convergence eye movements, the responses are asymmetric between the dominant eye and the non-dominant eye, both in maximum speed and in mean maximum latency [7].



The study of eye movements has been the subject of multiple investigations over the years, since it allows us to analyze the qualitative and quantitative characteristics of eye motion. The quality of the eye movements gives us an idea of the state of the muscles, nerves and brain nuclei responsible for its functionality [8]. So, the analysis of eye movements may provide useful information for the diagnosis of disease or degeneration of those structures. More recently, monitoring eye movements has been used to control electronic devices through human–computer interfaces [9]. The analysis of eye movements has further allowed the study of psychophysiological and behavioral characteristics of some professionals, such as drivers or pilots [10,11].



Eye movements can be classified into three broad groups [12]. The first group includes movements for maintaining gaze. They include the Vestibulo–Ocular Reflex (VOR) and the Optokinetic Reflex (OKR). These are involuntary movements, known as nystagmus, as an alternate eye rotation, fast in one direction and slow in the opposite direction. During VOR, the eyes compensate for the rotational movement of the head. This is an involuntary movement that originates from the vestibular system. It consists of a slow-phase eye rotation in the opposite direction of the head rotation, followed by a fast-phase (400 °/s) eye rotation in the same direction of head rotation. The OKR allows the eyes to compensate for displacement of the visual field to maintain the gaze. It is also an involuntary and reflex movement. The eyeball moves slowly (60 °/s) in the same direction of visual field displacement and rapidly in the opposite direction [13]. A second group of eye movements allows the displacement of the gaze for searching purposes. These eye displacements may be saccadic movements, pursuing movements, and vergencies. The saccadic movement allows the abrupt change of fixation on an object that appears suddenly in the visual field. It is voluntary, with a maximum amplitude of 30°, reaching a speed of 700 °/s [14]. The pursuit movement is also voluntary in nature, and it allows the simultaneous fixation of the fovea of each eye on an object that moves through the visual field. It has an ideal speed of 15–30 °/s and a maximum of 100 °/s [15]. Saccadic movements correct the deviation from persecution movements, compensating each other [16]. The second group of eye movements also includes vergencies (convergence and divergence). These voluntary movements allow the change of the anteroposterior axis of the eyeball in the horizontal plane in order to align the fovea on near or far objects, decreasing (convergence) or increasing (divergence) the angle formed by the eyes’ axis. A third group of “micromovements” or physiological nystagmus could be described [17]. When we keep our gaze fixed on one point, both eyes suffer an involuntary movement of small amplitude (less than 1°), which allows the continuous stimulation of the photoreceptors and avoids fading phenomenon due to saturation of photoreceptors [18].



Over the years, different techniques have been developed for the analysis and quantification of eye movements [19]. Currently, the measurement of eye movements may be explored by electrooculography techniques, by infrared light refection devices, by means of a magnetic tracking coil, or by video-oculography [20]. Of all the methods used for monitoring eye movements, perhaps one of the most widely used is Electro-oculography (EOG) [14,20]. In the human eye, there is a difference in electrical potential between the anterior corneal pole (positive charge) and the posterior retinal pole (negative charge), resulting in an anteroposterior dipole of the eyeball [21]. The electric dipole is an indirect measure of the Transepithelial Potential (TEP) of the Retinal Pigment Epithelium (RPE), which is determined by the potential difference between the basolateral and apical membrane of the pigment epithelial cells [22]. The EOG is an electrophysiological test that allows the recording of the changes in electrical potential between the cornea and the retina, and the amplitude of the potential changes with the magnitude and speed of visual excursion [23]. Through EOG recording, it is possible to measure eye movement in more than two directions simultaneously. The EOG is an objective method that allows detection of eye movement of high amplitude of up to ±70 degrees with an accuracy of 1.5–2 degrees [24]. It also allows eye movement to be evaluated with eyes closed. The main drawback is that head movement and the surrounding electric fields may affect the quality of the recording, so when this technique is used, it is necessary to isolate the surrounding electric fields environment [25].



Despite the large number of scientific works on ocular motility, to date there has been no systematic study that allows us to know whether electrooculographic responses are similar in both eyes despite ocular dominance in many humans.



For these reasons, the present work aims to study the electrooculographic stimulation parameters in terms of directionality, linear and angular velocity, and state of adaptation to light/dark that allows us to determine the possible interocular differences in visual function.




2. Materials and Methods


2.1. Participants


The study has been carried out in 10 healthy subjects (5 women and 5 men) without ophthalmological diseases (mean of 24.2 ± 4.5 years of age). If necessary, participants used appropriate refractive correction for the test distance. Each participant signed an informed consent of the type of study to be carried out.




2.2. Light Stimulation Procedure


To carry out the electrooculogram, protocols were adapted from the International Society for Clinical Electrophysiology of Vision (ISCEV) guidelines [22]. The volunteer was sitting in front of a flat stimulating screen. For horizontal and vertical stimulation experiments, the visual angle with respect to the screen was 30° in the horizontal axis (15° on each side, right or left) and 30° in the vertical axis (15° up and down). For the rotational experiments, the visual angle with respect to the screen is 10° (5° on each side, right, left, top and bottom) by adjusting the distance from the subject to the display.



Light stimulation was applied from a computer screen (Dell, Vostro 3550, 1366 × 768 pixels) programmed by a self-made software based on Python software (Python 2.5.4. Python Software Foundation). The stimulating parameter set included white bars on a black background for light adaptation, and gray bars on a black background for dark adaptation. The width of the bars was set as 2 degrees and the length was adjusted to 30 degrees in horizontal and vertical movements, while in rotary movements, the width of the bars was set as 0.6 degrees and the length was 10 degrees. The movement of the white/gray bars was adjusted to a vertical (from top to bottom and vice versa), horizontal (from left to right and vice versa), or rotational (clockwise or counterclockwise) displacement.



In the horizontal movement, the bar consists of a smooth sweep in one direction, from left to right or right to left. Then, an immediate jump back to repeat the same left to right sweep (or right to left). Additionally, in the vertical movement, the bar consists of a smooth sweep from top to bottom (or bottom to top), then an immediate jump back to repeat the same top to bottom (or bottom to top). The temporal frequency of 0.2, 0.3, 1, 2, 3, or 10 Hz refers to the angular velocity of a smooth sweep at 6, 10, 30, 60, 100, or 300 degrees per second, respectively. Participants do not have a special fixation point, since they need to fix at the edge of the bar in horizontal and vertical movement.



In the rotary movement, the stimulus consists of a clockwise smooth bar rotation (or counterclockwise smooth bar rotation); the temporal frequency of 0.2, 0.3, 1, or 2 Hz refers to the angular velocity of 72, 120, 360, or 720 degrees per second, respectively. The participant can choose one end of the bar as a fixation point to follow. Additionally, the eye uses a combination of vertical and horizontal movement when exposed to the rotational stimulus.



For the experiments carried out under light adaptation, white bars with a luminosity of 500 cd/m2 on a dark background of 3 cd/m2 were used. For the experiments carried out under dark adaptation, the luminosity of the gray bar was 90 cd/m2 on a dark background of 3 cd/m2 (Figure 1a). All light intensities were measured by a commercial photometer (GO 4068 Gossen Mavo-monitor USB, Gossen Corporation, Milwaukee, WI, USA).




2.3. Electro-Oculography Signal Recording


After cleaning the skin surface with alcohol, disposable contact surface electrodes of 0.5 cm diameters (conductive adhesive hydrogel, Covidien Ireland limited, IDA Business & Technology Park, Tullamore, Ireland) were placed in the lateral and medial positions to the optical edge of each eye for horizontal electrooculogram (Figure 1b). For the recording of vertical and rotational electrooculograms, the electrodes were placed above and below the orbit of each eye (Figure 1b). The ground electrodes were arranged, respectively, in the frontal region and the left mastoid apophysis.



Experimental protocol in each volunteer consists of two phases. Initially, after 15 min pre-adaptation to ambient light (70 cd/m2), electrooculogram recordings were performed for the different stimulation protocols (white bars, different directions/rotation, various temporal frequencies, light adaptation). Then, the room light was switched off, and after 15 min of complete darkness, the electrooculogram recording experiments were carried out again to different stimulation protocols (gray bars, different directions/rotation, various temporal frequencies, dark adaptation). Each protocol was repeated 10 times in each adaptation condition for each participant. During the whole protocol, the participants were asked to blink as little as possible and try to follow the bar on the screen without moving their head.



Every two repetitions, a time of 30 s of rest was left for relaxing. After finishing the experiment, the electrodes were removed, and the skin was cleaned.



The electrooculogram signals were digitized (1 KHz) and stored using the PowerLab recording system (PowerLab, AD Instruments Ltd: Dunedin, New Zealand, Model 4/30), using the Labchart® software (Labchart 7, AD Instruments) and analyzed offline.




2.4. Quantitative and Statistical Analysis


The amplitude of electrooculogram signals of 3 successive waves was averaged from the 10 repetitions of each stimulating protocol. Figure 2 shows examples of the electrooculogram recordings obtained from a healthy volunteer, in response to horizontal, vertical, and rotational stimulation protocols.



The quantitative analysis was carried out using Excel software. All the amplitude values are shown as mean ± Standard Error of the Mean (  X ¯   ± SEM) and were compared using a paired Student t-test. The Gaussian distribution of the data was tested by the Kolmogorov–Smirnov test, and we confirmed that the data fit a normal distribution. To study changes in EOG amplitudes under different intensities and frequencies, two-way ANOVA (two-tail) with a post hoc test was used. Statistical analyses were performed with GraphPad Prism version 5.00 for Windows (Graph Pad Software, San Diego, CA, USA, www.graphpad.com (accessed on 7 December 2020)).





3. Results


Electrooculogram recording experiments were carried out at temporal frequencies of 0.2, 0.3, 1, 2, 3, and 10 Hz. To carry out these experiments, a white bar on a black background moved on the screen under light adaptation and a gray bar on a black background moved on the screen under dark adaptation for linear (horizontal and vertical) and rotational displacements.



In a first experimental series, a comparative analysis of the EOG responses was carried out between the left and right eyes (Figure 3). The figure shows the averaged values of EOG recording amplitudes to a stimulus consisting of a white bar on a black background that moved in horizontal directions (right to left, left to right) under light adaptation conditions at different temporal frequencies. It is also shown in Figure 3 the EOG response amplitudes to a stimulus consisting of a gray bar on a black background that moved in horizontal directions (right to left, left to right) under dark adaptation at different temporal frequencies. The records of both eyes were carried out simultaneously. The amplitude of the electrooculogram is averaged (  X ¯   ± SEM) from the 10 healthy volunteer participants. Statistically significant differences (* p < 0.05; Student t-test) were observed between the EOG amplitudes of the left eye and right eye for horizontal displacement from right to left, but no significant differences were observed between the EOG amplitudes of the left eye and the right eye (p > 0.05; Student t-test) in horizontal displacement from left to right either in light or dark adaptation.



Table 1 shows the averaged values (  X ¯   ± SEM) of the 10 healthy volunteers from all the performed experiments. The table includes data for a white bar on a black background moving on the screen under light adaptation, and also for a gray bar on a black background moving on the screen under dark adaptation, for linear (horizontal and vertical) and rotational displacements at different temporal frequencies.



Statistically significant differences (* p < 0.05; Student t-test) were observed between the EOG amplitudes of the left eye and right eye for horizontal movements (right to left), but no statistically significant differences were observed between the EOG amplitudes of the left eye and the right eye (p > 0.05; Student t-test) in horizontal (left to right), vertical, or rotational eye movements either under light or dark adaptation.



Statistical analyses were performed with GraphPad Prism version 5.00. The importance of differences between the left and right eyes at the same time frequency was determined using the paired Student t-test.



From these results, we summarize that when horizontal stimuli are used, and the displacement of the bar is from left to right, the amplitude of the EOG response is equal between the left and right eyes. Additionally, when the stimuli move from right to left, the left eye has a greater amplitude than the right eye (p < 0.05; Student t-test) at almost all different temporal frequencies tested. However, for vertical and rotational movements, the amplitude of the EOG response is similar between the left and right eyes.



We further analyze if there were significant differences or asymmetry between vertical, horizontal, and rotational responses. For such purposes, amplitude responses were averaged from the left and right eyes. Statistically significant differences were observed between results obtained for vertical displacement (0.281 ± 0.015 mV at 0.3 Hz, up to down), when compared with horizontal (0.211 ± 0.012 mV at 0.3 Hz, right to left) or rotational (0.132 ± 0.007 mV at 0.3 Hz, clockwise) stimuli (p < 0.05; Student t-test). Statistically significant differences were also observed between results obtained for horizontal displacement and rotational stimuli (see Table 2) (p < 0.05; student t-test). Table 2 shows the averaged values from both eyes (  X ¯   ± SEM) for each experiment.



Our analyses of the dark vs. light adaptation of EOG recordings using linear (vertical and horizontal) or rotational bar stimuli are shown in Figure 4. The figure shows the mean electrooculogram amplitudes (  X ¯   ± SEM) averaged from the right eye and left eye of the 10 voluntary participants in response to bars moving at a temporal frequency of 0.3 Hz under the different light adaptation conditions. Statistically significant differences were observed between the results obtained in response to linear vertical (0.263 ± 0.021) displacement under light adaptation and those obtained under dark adaptation (0.242 ± 0.018) (p < 0.05; student t-test). The same statistically significant differences were observed between results obtained in response to linear horizontal (0.211 ± 0.012 mV) displacements under light adaptation and those obtained under dark adaptation (0.188 ± 0.013 mV) (p < 0.05; student t-test). The results obtained under different adaptation conditions in response to rotational stimuli showed no significant differences (p > 0.05; student t-test).




4. Discussion


Our experiments were intended to study the electrooculographic stimulation parameters in terms of directionality, linear and angular velocity, contrast, and state of light/dark adaptation that allow us to determine possible interocular differences in eye movement.



Our results showed that in the horizontal movement of the eyeballs, when eyes move from right to left, the amplitude of the EOG recordings was greater in the left eye than in the right eye. However, EOG recording amplitude was similar between both eyes when eye displacement occurs from left to right. However, in vertical and rotational eye displacement, the amplitude of the EOG response is similar between the left and right eyes. Although our results are in concordance with other authors [23], the possible explanation is not so clear. In our experiment design, all volunteers have a right dominant eye. Based on data analysis, we observed that when the left eye turns to the left or right, the amplitudes are symmetrically equal. However, the right eye shows an asymmetric amplitude; when it turns to the left the amplitude is smaller than when it turns to the right.



In the literature, the asymmetry of the eye movements between both eyes has also been observed in convergence, it was found that the responses between the dominant eye and the non-dominant eye are asymmetric, both in maximum speed and in mean maximum latency [7]. The study highlighted that the left and right eyes rotate with a non-identical angle of vision. In addition, the movements of both eyes start and finish asynchronously [26,27]. Asymmetry of pro-saccadic latencies between both eyes has also been found [28]. All these examples of eye movement asymmetries are manifestations of the functional asymmetry of the brain between both hemispheres. Previous studies also revealed that there are differences between dominant and non-dominant eyes such as visual acuity asymmetry, contrast asymmetry, and sensitivity asymmetry.



Studies on the dominant eye were started long before when ocular dominance was related to sports performance [29,30,31] or motor skills in right handers [6]. The dominant eye is an example of functional brain asymmetry due to causes such as genes, environmental factors, childhood training, asymmetry of the visual cortex, and handedness [5,6,28].



Our study includes light stimuli of different temporal frequencies in an attempt to explore saccadic and pursuit eye movements. Further protocols of adaptation level and directionality are also included.



From another point of view, we observed that the amplitudes of the EOG responses in vertical movements are significantly greater than in horizontal ones. It is possible that this difference is due to the influence of the extraocular muscles. The rectus extraocular muscles (superior and inferior) and the oblique extraocular muscles (superior and inferior) participate in the vertical movements. However, only the lateral and medial rectus extraocular muscles participate in horizontal movements. Thus, there may be more influences from the extraocular muscles in vertical than horizontal movements, resulting in greater amplitudes of EOG responses in vertical than horizontal movements.



The differences we have found between the vertical and horizontal recordings, although statistically significant, do not invalidate the use of the stimuli usually applied for ophthalmic examination of eye movements [32]. However, we point out that vertical scrolling could be more efficient.



The eye movement in response to the rotating bar is a combination of vertical and horizontal displacements. Usually, the participant needs to fix on one end of the bar as a fixation point to follow; we configured a vision angle of 10 degrees to be able to analyze the rotary movement in the EOG response. It is striking that rotational movements produce EOG responses of significantly less amplitude than linear movements. This could be due to the fact that although the six extraocular muscles participate in rotational movements, the degree of angular displacement of the gaze to follow circular movements is only 10° in our experimental conditions, while the displacement in response to linear stimulation has an amplitude of 30°. This difference would be justified by the fact that the amplitude of the electrooculogram varies with the degree of eye displacement [33].



Our results showed higher values of EOG amplitude from recordings carried out under light adaptation conditions. This could be because under light adaptation there is an increase in intracellular free calcium of the RPE and the exit of chloride, leading to depolarization in the basolateral RPE membrane, thus registering an increase in transepithelial potential. In contrast, under dark adaptation, ion homeostasis produces a decrease in transepithelial potential [22,34].



When EOG is used as a measure of the integrity of the oculomotor pathways, we propose to use vertical stimulus displacement, since it seems to be the optimal stimulus without differences between both eyes. Therefore, the variation of saccadic movements in Duane’s disease [35], the alteration of slow eye-tracking movements as biomarkers of patients diagnosed with schizophrenia [36], and the changes in micro-movements of patients diagnosed with Parkinson’s disorders [37], Alzheimer’s disease [38], or just attention and fatigue [39] could benefit in their early diagnosis or follow-up through the use of the EOG responses to vertical stimuli.



Finally, we cannot avoid some limitations of our study. (i) The variability in EOG recording amplitudes among different subjects is sometimes more than desired. (ii) Measures of the response amplitude have been carried out manually, and the subjectivity of the observer may not be discarded. (iii) participants are not trained before collecting the data, so experiments needed to be repeated several times to avoid blinking. (iv) The duration of the whole protocol is sometimes too long; therefore, the participants display some signs of fatigue. Any case, from our experiments, we conclude that when using EOG as a measure of the integrity of the oculomotor pathways, we propose that the optimization of functional evaluation of eye movements by means of EOG responses must include vertical displacements, since horizontal displacement stimuli generate significant differences between both eyes. The use of a vertical displacement test could benefit the early diagnosis or follow-up of neurological disorders avoiding interocular differences.







Author Contributions


Conceptualization, P.d.l.V. and H.L.; methodology, H.L. and F.L.; writing—original draft preparation, P.d.l.V. and H.L.; writing—review and editing, P.d.l.V. and H.L.; supervision, P.d.l.V.; project administration, P.d.l.V.; funding acquisition, P.d.l.V. All authors have read and agreed to the published version of the manuscript.




Funding


This study was funded by the Instituto de Salud Carlos III and cofunded with the European Regional Development Fund “A way to make Europe”, within the “Plan Estatal de Investigación Científica y Técnica y de Innovación 2017–2020” (RD16/0008/0020; FIS/PI18-00754).




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki and had the approval of the Institutional Ethics Committee of the University of Alcalá for non-interventional studies (approved on 2 January 2020).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Duboc, V.; Dufourcq, P.; Blader, P.; Roussigné, M. Asymmetry of the Brain: Development and Implications. Annu. Rev. Genet. 2015, 49, 647–672. [Google Scholar] [CrossRef]

	



Goldberg, E.; Roediger, D.; Kucukboyaci, N.E.; Carlson, C.; Devinsky, O.; Kuzniecky, R.; Halgren, E.; Thesen, T. Hemispheric asymmetries of cortical volume in the human brain. Cortex 2013, 49, 200–210. [Google Scholar] [CrossRef]

	



Frässle, S.; Paulus, F.M.; Krach, S.; Schweinberger, S.R.; Stephan, K.E.; Jansen, A. Mechanisms of hemispheric lateralization: Asymmetric interhemispheric recruitment in the face perception network. Neuroimage 2016, 124, 977–988. [Google Scholar] [CrossRef]

	



Geschwind, N.; Levitsky, W. Human brain: Left-right asymmetries in temporal speech region. Science 1968, 161, 186–187. [Google Scholar] [CrossRef]

	



Toga, A.W.; Thompson, P.M. Mapping brain asymmetry. Nat. Rev. Neurosci. 2003, 4, 37–48. [Google Scholar] [CrossRef] [PubMed]

	



Dane, S.; Gümüştekin, K. Correlation between hand preference and distance of focusing points of two eyes in the horizontal plane. Int. J. Neurosci. 2002, 112, 1141–1147. [Google Scholar] [CrossRef] [PubMed]

	



Kawata, H.; Ohtsuka, K. Dynamic asymmetries in convergence eye movements under natural viewing conditions. Jpn. J. Ophthalmol. 2001, 45, 437–444. [Google Scholar] [CrossRef]

	



Karatas, M. Internuclear and supranuclear disorders of eye movements: Clinical features and causes. Eur. J. Neurol. 2009, 16, 1265–1277. [Google Scholar] [CrossRef] [PubMed]

	



Bozomitu, R.G.; Păsărică, A.; Tărniceriu, D.; Rotariu, C. Development of an Eye Tracking-Based Human-Computer Interface for Real-Time Applications. Sensors 2019, 19, 3630. [Google Scholar] [CrossRef] [PubMed]

	



Di Stasi, L.L.; McCamy, M.B.; Martinez-Conde, S.; Gayles, E.; Hoare, C.; Foster, M.; Catena, A.; Macknik, S.L. Effects of long and short simulated flights on the saccadic eye movement velocity of aviators. Physiol. Behav. 2016, 153, 91–96. [Google Scholar] [CrossRef]

	



Kapitaniak, B.; Walczak, M.; Kosobudzki, M.; Jóźwiak, Z.; Bortkiewicz, A. Application of eye-tracking in the testing of drivers: A review of research. Int. J. Occup. Med. Environ. Health 2015, 28, 941–954. [Google Scholar] [CrossRef]

	



Carpenter, R.H.S. Movements of the Eyes, 2nd ed.; Pion Limited: London, UK, 1988. [Google Scholar]

	



Becker, W. Saccades. In Vision and Visual Dysfunction; Carpenter, R.H.S., Ed.; CRC Press: Boca Raton, FL, USA, 1991; Volume 8, pp. 95–137. [Google Scholar]

	



Gila, L.; Villanueva, A.; Cabeza, R. Fisiopatología y técnicas de registro de los movimientos oculares. An. Sist. Sanit. Navar. 2009, 32, 9–26. [Google Scholar] [CrossRef]

	



Meyer, C.H.; Lasker, A.G.; Robinson, D.A. The upper limit of human smooth pursuit velocity. Vis. Res. 1985, 25, 561–563. [Google Scholar] [CrossRef]

	



Lencer, R.; Trillenberg, P. Neurophysiology and neuroanatomy of smooth pursuit in humans. Brain Cogn. 2008, 68, 219–228. [Google Scholar] [CrossRef]

	



Martinez-Conde, S.; Macknik, S.L.; Troncoso, X.G.; Dyar, T.A. Microsaccades counteract visual fading during fixation. Neuron 2006, 49, 297–305. [Google Scholar] [CrossRef]

	



Costela, F.M.; McCamy, M.B.; Macknik, S.L.; Otero-Millan, J.; Martinez-Conde, S. Microsaccades restore the visibility of minute foveal targets. PeerJ 2013, 1, e119. [Google Scholar] [CrossRef] [PubMed]

	



Wade, N.J.; Tatler, B.W.; Heller, D. Dodge-ing the issue: Dodge, Javal, Hering, and the measurement of saccades in eye-movement research. Perception 2003, 32, 793–804. [Google Scholar] [CrossRef] [PubMed]

	



Eggert, T. Eye movement recordings: Methods. In Neuroophthalmology; Straube, A., Buttner, U., Eds.; Karger Publishers: Munich, Germany, 2007; Volume 40, pp. 15–34. [Google Scholar]

	



Mowrer, O.; Ruch, T.C.; Miller, N. The corneo-retinal potential difference as the basis of the galvanometric method of recording eye movements. Am. J. Physiol.-Leg. Content 1935, 114, 423–428. [Google Scholar] [CrossRef]

	



Constable, P.A.; Bach, M.; Frishman, L.J.; Jeffrey, B.G.; Robson, A.G. ISCEV Standard for clinical electro-oculography (2017 update). Doc. Ophthalmol. 2017, 134, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Belov, D.P.; Eram, S.Y.; Kolodyazhnyi, S.F.; Kanunikov, I.E.; Getmanenko, O.V. Electrooculogram detection of eye movements on gaze displacement. Neurosci. Behav. Physiol. 2010, 40, 583–591. [Google Scholar] [CrossRef] [PubMed]

	



Smyrnis, N. Metric issues in the study of eye movements in psychiatry. Brain Cogn. 2008, 68, 341–358. [Google Scholar] [CrossRef] [PubMed]

	



Calkins, M.E.; Katsanis, J.; Hammer, M.A.; Iacono, W.G. The misclassification of blinks as saccades: Implications for investigations of eye movement dysfunction in schizophrenia. Psychophysiology 2001, 38, 761–767. [Google Scholar] [CrossRef] [PubMed]

	



Leigh, R.J.; Kennard, C. Using saccades as a research tool in the clinical neurosciences. Brain 2004, 127, 460–477. [Google Scholar] [CrossRef]

	



Missal, M.; Keller, E.L. Common inhibitory mechanism for saccades and smooth-pursuit eye movements. J. Neurophysiol. 2002, 88, 1880–1892. [Google Scholar] [CrossRef]

	



Bargary, G.; Bosten, J.M.; Goodbourn, P.T.; Lawrance-Owen, A.J.; Hogg, R.E.; Mollon, J.D. Individual differences in human eye movements: An oculomotor signature? Vis. Res. 2017, 141, 157–169. [Google Scholar] [CrossRef]

	



Laby, D.M.; Kirschen, D.G. Thoughts on ocular dominance-is it actually a preference? Eye Contact Lens 2011, 37, 140–144. [Google Scholar] [CrossRef]

	



Beckerman, S.; Hitzeman, S.A. Sports vision testing of selected athletic participants in the 1997 and 1998 AAU Junior Olympic Games. Optometry 2003, 74, 502–516. [Google Scholar]

	



Portal, J.M.; Romano, P.E. Major review: Ocular sighting dominance: A review and a study of athletic proficiency and eye-hand dominance in a collegiate baseball team. Binocul. Vis. Strabismus Q. 1998, 13, 125–132. [Google Scholar]

	



Osborne, D.; Theodorou, M.; Lee, H.; Ranger, M.; Hedley-Lewis, M.; Shawkat, F.; Harris, C.M.; Self, J.E. Supranuclear eye movements and nystagmus in children: A review of the literature and guide to clinical examination, interpretation of findings and age-appropriate norms. Eye 2019, 33, 261–273. [Google Scholar] [CrossRef] [PubMed]

	



López, A.; Ferrero, F.; Villar, J.R.; Postolache, O. High-Performance Analog Front-End (AFE) for EOG Systems. Electronics 2020, 9, 970. [Google Scholar] [CrossRef]

	



Constable, P.A. A perspective on the mechanism of the light-rise of the electrooculogram. Invest. Ophthalmol. Vis. Sci. 2014, 55, 2669–2673. [Google Scholar] [CrossRef]

	



Yüksel, D.; Orban de Xivry, J.J.; Lefèvre, P. Review of the major findings about Duane retraction syndrome (DRS) leading to an updated form of classification. Vis. Res. 2010, 50, 2334–2347. [Google Scholar] [CrossRef] [PubMed]

	



Franco, J.G.; De Pablo, J.; Gaviria, A.M.; Sepúlveda, E.; Vilella, E. Movimientos de seguimiento ocular lento y esquizofrenia: Revisión de la literatura. Arch. Soc. Esp. Oftalmol. 2014, 89, 361–367. [Google Scholar] [CrossRef] [PubMed]

	



Otero-Millan, J.; Schneider, R.; Leigh, R.J.; Macknik, S.L.; Martinez-Conde, S. Saccades during attempted fixation in parkinsonian disorders and recessive ataxia: From microsaccades to square-wave jerks. PLoS ONE 2013, 8, e58535. [Google Scholar] [CrossRef] [PubMed]

	



Kapoula, Z.; Yang, Q.; Otero-Millan, J.; Xiao, S.; Macknik, S.L.; Lang, A.; Verny, M.; Martinez-Conde, S. Distinctive features of microsaccades in Alzheimer’s disease and in mild cognitive impairment. Age 2014, 36, 535–543. [Google Scholar] [CrossRef]

	



Sommer, M.A.; Wurtz, R.H. What the brain stem tells the frontal cortex. I. Oculomotor signals sent from superior colliculus to frontal eye field via mediodorsal thalamus. J. Neurophysiol. 2004, 91, 1381–1402. [Google Scholar] [CrossRef] [PubMed]








[image: Symmetry 13 01809 g001 550] 





Figure 1. Stimulation patterns and recording electrodes. (a) Horizontal, vertical, and rotational displacement of a stimulating bar (2° wide) was displayed on a monitor located 30 cm away from the eye plane. White bars on black background for light adaptation and gray bars on black background for dark adaptation moved orthogonally to the bar axis (red arrow) in horizontal or vertical directions, or just rotated (red semicircle) clockwise or counterclockwise. (b) Negative (red) and positive (blue) electrodes were placed at the internal or external epicanthus for horizontal displacement of the eyeballs (left figure). Electrodes for testing vertical or rotational eye displacements were located just over the eyebrow (red/negative) or below the inferior eyelid (blue/positive) (right figure). Ground electrodes (green) were located either on the frontal bone or over the mastoid apophysis. 
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Figure 2. Example of electrooculogram recordings. Electrooculogram sample traces recorded from the Right Eye (RE) and Left Eye (LE) of a healthy volunteer in response to different stimuli. (a) Horizontal displacement of a vertical white bar moving from left to right on black background at 0.3, 1, 3 and 10 Hz. (b) Vertical displacement of a horizontal white bar moving from down to up. (c) Rotational movement of a white bar in the clockwise direction, at 0.3, 1, and 3 Hz. 
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Figure 3. Comparisons between the EOG amplitudes of the Left Eye (LE) and the Right Eye (RE) to light bar stimuli moving in horizontal directions (left to right, right to left), under light (a) and dark (b) adaptation. Data correspond to electrooculographic amplitude values (mV) averaged from the 10 healthy volunteers (  X ¯   ± SEM). The results corresponding to both eyes are shown superimposed. Statistically significant differences (* p < 0.05; Student t-test) were observed between the EOG amplitudes of the left eye and right eye for horizontal movements from right to left in both light and dark adaptation conditions. 
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Figure 4. Effect of light adaptation on the amplitude of the electrographic response. Electrooculographic wave amplitudes (mV) averaged from both eyes of the 10 healthy volunteers (  X ¯   ± SEM) in response to vertical, horizontal, or rotational stimuli of 0.3 Hz, performed under light- and dark-adapted conditions. Statistically significant differences (* p < 0.05) were observed between light- and dark-adapted conditions for linear (vertical and horizontal) stimuli. Non-significant differences (n.s.) were observed for rotational stimuli. 
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Table 1. Electrooculographic responses recorded in the Right Eye (RE) and Left Eye (LE) to light stimuli moving in different directions (vertical, horizontal, and rotational) under light or dark adaptation at different frequencies (0.2, 0.3, 1, 2, 3 Hz). Averaged values of the 10 healthy volunteers (  X ¯   ± SEM) are shown for all experiments carried out simultaneously on both eyes.
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Bar Displacement

	
Frequency




	
0.2 Hz

	
0.3 Hz

	
1 Hz

	
2 Hz

	
3 Hz




	
RE

	
LE

	
RE

	
LE

	
RE

	
LE

	
RE

	
LE

	
RE

	
LE






	
Light Adaptation

	
Right to Left

	
0.195 ± 0.013

	
0.224 ± 0.018

	
0.194 ± 0.012

	
0.228 ± 0.019

	
0.162 ± 0.015

	
0.192 ± 0.016

	
0.132 ± 0.020

	
0.157 ± 0.019

	
0.100 ± 0.008

	
0.114 ± 0.018




	
Left to Right

	
0.232 ± 0.015

	
0.213 ± 0.015

	
0.249 ± 0.015

	
0.224 ± 0.013

	
0.220 ± 0.018

	
0.196 ± 0.015

	
0.171 ± 0.020

	
0.156 ± 0.023

	
0.123 ± 0.031

	
0.114 ± 0.032




	
Up to Down

	
0.287 ± 0.020

	
0.290 ± 0.024

	
0.281 ± 0.020

	
0.281 ± 0.024

	
0.232 ± 0.016

	
0.236 ± 0.018

	
0.186 ± 0.017

	
0.184 ± 0.016

	
0.149 ± 0.023

	
0.139 ± 0.016




	
Down to Up

	
0.256 ± 0.027

	
0.275 ± 0.030

	
0.257 ± 0.030

	
0.269 ± 0.030

	
0.244 ± 0.030

	
0.235 ± 0.028

	
0.201 ± 0.033

	
0.196 ± 0.031

	
0.159 ± 0.028

	
0.160 ± 0.032




	
Clockwise

	
0.112 ± 0.007

	
0.120 ± 0.008

	
0.133 ± 0.011

	
0.147 ± 0.017

	
0.100 ± 0.013

	
0.100 ± 0.016

	
0.059 ± 0.012

	
0.063 ± 0.011

	

	




	
Counter-clockwise

	
0.108 ± 0.009

	
0.114 ± 0.011

	
0.129 ± 0.009

	
0.135 ± 0.011

	
0.090 ± 0.010

	
0.096 ± 0.012

	
0.050 ± 0.010

	
0.046 ± 0.006

	

	




	
Dark Adaptation

	
Right to Left

	
0.173 ± 0.015

	
0.196 ± 0.019

	
0.181 ± 0.017

	
0.194 ± 0.020

	
0.145 ± 0.018

	
0.161 ± 0.019

	
0.121 ± 0.015

	
0.132 ± 0.018

	
0.086 ± 0.014

	
0.094 ± 0.019




	
Left to Right

	
0.213 ± 0.019

	
0.192 ± 0.026

	
0.214 ± 0.023

	
0.207 ± 0.025

	
0.192 ± 0.024

	
0.187 ± 0.031

	
0.150 ± 0.021

	
0.146 ± 0.030

	
0.106 ± 0.019

	
0.105 ± 0.021




	
Up to Down

	
0.255 ± 0.027

	
0.251 ± 0.025

	
0.280 ± 0.026

	
0.274 ± 0.025

	
0.212 ± 0.022

	
0.203 ± 0.020

	
0.140 ± 0.020

	
0.137 ± 0.016

	
0.126 ± 0.026

	
0.113 ± 0.024




	
Down to Up

	
0.232 ± 0.024

	
0.231 ± 0.027

	
0.245 ± 0.025

	
0.239 ± 0.028

	
0.207 ± 0.024

	
0.203 ± 0.028

	
0.145 ± 0.019

	
0.145 ± 0.016

	
0.087 ± 0.014

	
0.082 ± 0.021




	
Clockwise

	
0.106 ± 0.009

	
0.116 ± 0.011

	
0.115 ± 0.009

	
0.128 ± 0.012

	
0.094 ± 0.010

	
0.086 ± 0.013

	
0.051 ± 0.005

	
0.052 ± 0.006

	

	




	
Counter-clockwise

	
0.120 ± 0.010

	
0.119 ± 0.011

	
0.123 ± 0.012

	
0.119 ± 0.013

	
0.087 ± 0.010

	
0.089 ± 0.010

	
0.044 ± 0.008

	
0.050 ± 0.007
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Table 2. Electrooculographic response to different stimuli averaged from both eyes of the 10 healthy volunteers to changes in direction (vertical, horizontal and rotational), adaptation (light and dark), frequencies (0.2, 0.3, 1, 2, 3 Hz) and contrast (White bar on black background, gray bar on black background).






Table 2. Electrooculographic response to different stimuli averaged from both eyes of the 10 healthy volunteers to changes in direction (vertical, horizontal and rotational), adaptation (light and dark), frequencies (0.2, 0.3, 1, 2, 3 Hz) and contrast (White bar on black background, gray bar on black background).





	

	
Bar Displacement

	
Frequency




	
0.2 Hz

	
0.3 Hz

	
1 Hz

	
2 Hz

	
3 Hz






	
Light Adaptation

	
White bar on black background 

	
Right to Left

	
0.210 ± 0.012

	
0.211 ± 0.012

	
0.177 ± 0.011

	
0.145 ± 0.014

	
0.106 ± 0.009




	
Left to Right

	
0.222 ± 0.010

	
0.237 ± 0.010

	
0.208 ± 0.012

	
0.163 ± 0.015

	
0.118 ± 0.012




	
Up to Down

	
0.289 ± 0.015

	
0.281 ± 0.015

	
0.234 ± 0.012

	
0.185 ± 0.011

	
0.144 ± 0.013




	
Down to Up

	
0.265 ± 0.020

	
0.263 ± 0.021

	
0.240 ± 0.020

	
0.199 ± 0.022

	
0.159 ± 0.020




	
Clockwise

	
0.111 ± 0.007

	
0.132 ± 0.007

	
0.093 ± 0.008

	
0.048 ± 0.005

	




	
Counterclockwise

	
0.116 ± 0.005

	
0.140 ± 0.010

	
0.100 ± 0.010

	
0.061 ± 0.008

	




	
Dark Adaptation

	
Gray bar on black background 

	
Right to Left

	
0.184 ± 0.012

	
0.188 ± 0.013

	
0.153 ± 0.013

	
0.126 ± 0.011

	
0.090 ± 0.012




	
Left to Right

	
0.202 ± 0.016

	
0.211 ± 0.017

	
0.189 ± 0.019

	
0.148 ± 0.018

	
0.105 ± 0.014




	
Up to Down

	
0.253 ± 0.018

	
0.277 ± 0.018

	
0.207 ± 0.014

	
0.139 ± 0.012

	
0.119 ± 0.017




	
Down to Up

	
0.232 ± 0.017

	
0.242 ± 0.018

	
0.205 ± 0.018

	
0.145 ± 0.012

	
0.085 ± 0.012




	
Clockwise

	
0.120 ± 0.007

	
0.121 ± 0.008

	
0.088 ± 0.007

	
0.047 ± 0.005

	




	
Counterclockwise

	
0.111 ± 0.007

	
0.122 ± 0.007

	
0.090 ± 0.008

	
0.051 ± 0.004
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