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Summary 

Human vision is not a passive process. Rather, our visual perception of the world emerges from a 

dynamic and adaptive interplay between sensory input and motor action, whereby perception 

continually guides movements, and these movements in turn reshape perceptual experience. Eye 

movements are essential for acquiring clear visual input in natural viewing. Despite substantial 

progress in understanding how eye movements are generated, controlled, and functionally organized, 

fundamental questions remain about how early visual processing is modulated by natural viewing 

behaviors, and how different types of eye movements influence neural mechanisms encoding color 

and luminance. This dissertation addresses these questions by combining precise neurophysiological 

measurement techniques with carefully controlled behavioral paradigms. 

Our eyes move frequently to keep objects of interest projected onto the fovea for a clear image. 

Among these movements, saccades are rapid, ballistic shifts of gaze that move the eyes from one 

location to another, while smooth pursuit keeps a moving target within the foveal region through 

continuous, slow eye rotations that closely match the target’s speed and direction. When the gaze is 

relatively stable and directed at a single point, the eye is in a state of fixation. These three types of 

eye movements are fundamental for acquiring visual information from the environment.  

Visual scenes are encoded by the L, M, and S cones in the retina and then relayed via three pathways: 

the magnocellular pathway (L+M, luminance), the parvocellular pathway (L–M, red-green 

opponency), and the koniocellular pathway (S–[L+M], blue-yellow opponency). These pathways 

transmit information in parallel up to the primary visual cortex (V1), where their signals are 

subsequently processed through partially distinct yet interacting cortical circuits (for reviews, see 

Gegenfurtner, 2003; S. H. C. Hendry & Reid, 2000; Nassi & Callaway, 2009). Given that V1 is the 

first cortical site where luminance and chromatic signals converge and begin to interact, a key 

unresolved question is how these signals are modulated by different types of eye movements during 

natural viewing. 

To explore the neural mechanisms underlying these processes, this thesis employed steady-state 

visual evoked potentials (SSVEPs) to track neural responses in the early visual cortex. SSVEPs are 

brain oscillations elicited by periodic visual stimulation (Adrian & Matthews, 1934; for review, see 

Norcia et al., 2015), originating primarily from V1 (Di Russo et al., 2007; Müller et al., 1997). 

SSVEPs possess high temporal resolution and exhibit narrowband spectral responses locked 
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precisely to the stimulation frequency, making them highly resistant to eye movement artifacts (e.g., 

J. Chen et al., 2017a, 2017b; J. Chen, Valsecchi, et al., 2019). Those properties make SSVEPs a 

reliable tool for studying visual processing in the human early visual cortex during eye movements.  

In Study 1, we investigated the effect of chromatic (L–M) adaptation during prolonged fixation. 

Results showed that SSVEP responses to chromatic stimuli progressively decrease as stimulation 

duration increased, following an exponential decay with a half-life of approximately 20 seconds. In 

contrast, responses to luminance stimuli did not show any systematic adaptation. After characterizing 

this sustained visual adaptation, Study 2 then investigated transient modulations of visual cortical 

responses induced by saccadic eye movements. Results demonstrated comparable saccadic 

suppression effects on SSVEP responses to both chromatic (L–M) and luminance stimuli. Further 

modeling of contrast response functions revealed that saccades selectively reduced response gain 

without altering contrast gain, suggesting that visual attenuation involves a multiplicative mechanism 

operating similarly within both the parvocellular and magnocellular pathways. To enhance the quality 

of SSVEP data, the third study evaluated various EEG referencing methods and introduced the 

Laplacian reference as an optimal strategy for signal derivation. Results showed that the Laplacian 

reference significantly improved the signal-to-noise ratio (SNR) and reliability of neural 

measurements, while also being straightforward to implement across different experimental settings. 

Taken together, these findings underscore the critical role of eye movements in modulating both 

luminance and chromatic signals within the early visual cortex. This work demonstrates that 

perception is dynamically shaped by the continuous interplay between sensory input and oculomotor 

behavior, offering new insights into how active vision operates under natural viewing conditions. 
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1. Introduction 

Imagine walking your dog in nature, and finally reaching the perfect spot to play fetch. You see green 

grass dotted with flowers, and watch your dog dash into the bushes and return with enthusiasm. While 

you enjoy this vibrant scene, it’s worth noting that your dog sees it quite differently: humans are 

trichromats, whereas dogs are dichromats with a red-green color deficiency, resulting in a more 

limited range of colors (Jacobs et al., 1993; Neitz et al., 1989). During this playful moment, your 

eyes are constantly active, engaging in various types of eye movements to get the image you’re 

interested in. You smoothly track your dog’s motion (smooth pursuit), hold your gaze steady while 

giving praise (fixation), and quickly shift your focus from the bush to the dog to cue the next round 

(saccades). 

This leads to the first key question: How do we perceive such a rich and colorful scene? The vividness 

of our visual experience relies on two remarkable biological mechanisms. The first originates in the 

retina, where humans have evolved specialized photoreceptors and neural circuitry capable of 

preserving wavelength-specific information. These photoreceptors are cones, characterized by peak 

sensitivities (λmax) in the yellow-green (around 560 nm, longwave-sensitive, L), green (around 530 

nm, middlewave-sensitive, M), and blue (around 430 nm, shortwave-sensitive, S) regions of the 

spectrum (Baylor et al., 1987; Hunt & Peichl, 2014; Stockman & Sharpe, 2000). The second 

mechanism lies in the visual cortex, where cone signals are processed via functional pathways 

specialized for extracting information such as color, luminance, edges, and motion (for review, see 

Gegenfurtner, 2003). Specifically, there are pathways categorized as magnocellular, parvocellular, 

and koniocellular pathway. The magnocellular pathway is sensitive to luminance contrast and high 

temporal frequencies. In contrast, the parvocellular and koniocellular pathways operate at finer 

spatial and lower temporal resolutions, and are primarily involved in red-green and blue-yellow color 

processing, respectively (Derrington & Lennie, 1984; S. H. Hendry & Yoshioka, 1994; Page et al., 

1994; Schiller et al., 1990). Chromatic and luminance signals are transmitted in parallel via these 

pathways from the retina through the lateral geniculate nucleus (LGN) to the primary visual cortex 

(V1), where their processing begins to integrate before becoming further distributed across higher 

cortical areas (for reviews, see Gegenfurtner, 2003; S. H. C. Hendry & Reid, 2000; Nassi & Callaway, 

2009). Together, these pathways support the construction of a detailed and stable perception of the 

visual world. Importantly, however, it should be noted that these pathways are not completely 
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independent; interactions between them occur at multiple cortical stages (for review, see 

Gegenfurtner & Hawken, 1996).  

The second key question that arises from the initial example is: Why and how do our eyes actively 

explore the visual scene? Cone photoreceptor density is highest in the fovea, the center of the visual 

field, and declines rapidly toward the periphery (Curcio & Allen, 1990; Østerberg, 1935). As a result, 

visual acuity (Anstis, 1974; Aubert & Foerster, 1857) and contrast sensitivity (Pointer & Hess, 1989; 

J. G. Robson & Graham, 1981) peak at the fovea and diminish with eccentricity. Despite the transient 

disruptions and energetic cost caused by eye movements, we rely on them constantly to place objects 

of interest onto this high-resolution region. Importantly, this advantage is not only due to retinal 

architecture but also because cortical processing prioritizes foveal input (Harvey & Dumoulin, 2011).  

Human vision is not like a camera that passively receives input; it is dynamic, adaptive, and tightly 

coupled with the motor systems that guide where and how we look. Understanding visual perception 

therefore requires considering how sensory inputs are continuously shaped by active behaviors, such 

as eye movements, and by internal neural processes like adaptation, both of which jointly determine 

what we perceive, when, and with what fidelity. Although the neural mechanisms of eye movement 

generation and control are well understood (for reviews, see Binda & Morrone, 2018; Gegenfurtner, 

2016; Lisberger, 2015; Rucci & Poletti, 2015; Schutz et al., 2011), it remains unclear how early stages 

of visual processing are influenced by natural eye movements, particularly in relation to their effects 

on chromatic and luminance signals. 

This thesis addresses these questions by specifically investigating the neural responses in the early 

visual cortex during eye movement behaviors. By employing steady-state visual evoked potentials 

(SSVEPs), we focus on how chromatic and luminance information are modulated during fixation and 

saccadic eye movements, aiming to clarify the dynamic interplay between visual perception and 

oculomotor actions. The following sections introduce the key questions and specific aims of each 

study included in this work. 

1.1 Chromatic and luminance signals processing during eye movements  

As described in our initial example, primates are unique among mammals in their ability to process 

trichromatic color vision. The evolutionary pressure behind the development of trichromacy is 

thought to stem from the advantage of enhanced color discrimination in the red-green range, which 

aids in detecting and evaluating ripe fruits and young, nutritious leaves against the predominantly 
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green background of the rainforest (Dominy & Lucas, 2001; Mollon, 1989; B. C. Regan et al., 2001; 

Sumner & Mollon, 2000). Chromatic and luminance signals originate from the recombination of cone 

excitations through addition and subtraction mechanisms. These signals are relayed via three major 

post-receptoral pathways that project to the LGN and subsequently to the cortex (Derrington et al., 

1984; Derrington & Lennie, 1984; Lee, 2011). The magnocellular pathway originates in the parasol 

ganglion cells that receive summed input from L- and M-cones. The parvocellular pathway begins in 

the midget ganglion cells that receive antagonistic, subtractive input from the L- and M-cones. The 

koniocellular pathway typically conveys signals originating from S-cone activity in opposition to 

combined M- and L-cone input. Notably, the parvocellular and koniocellular pathways are 

distinguished by very sustained responses, which may be advantageous for encoding stable surface 

properties such as color. In contrast, magnocellular cells are characterized by transient responses and 

are particularly sensitive to luminance-defined edges, functioning primarily as contrast detectors.  

During natural viewing, saccadic, smooth pursuit, and fixational eye movements are highly 

coordinated for keeping the interested image foveated. These eye movements are fundamental for 

actively sampling the visual scene (for recent reviews, see Binda & Morrone, 2018; Lisberger, 2015; 

Rucci & Poletti, 2015; Schutz et al., 2011). To efficiently explore a visual scene, the eyes frequently 

make saccades. However, such rapid shifts can disrupt the retinal image. Saccadic suppression is a 

potential mechanism serving for the visual stability against the distortions caused by eye sweeps over 

the visual field quickly and frequently. This suppression effect follows a very tight time course and 

exhibits pathway-specific: visual sensitivity for seeing low-spatial-frequency, luminance-modulated 

brief stimuli declines approximately 100 ms before saccadic onset, reaches a minimum at the onset 

of the saccade, then rapidly recovers to normal levels 100 ms afterward (Latour, 1962; for reviews, 

see Binda & Morrone, 2018; Ibbotson & Krekelberg, 2011; Sommer & Wurtz, 2008). Behavioral 

evidence suggests that saccades preferentially suppress signals in the magnocellular pathway (Anand 

& Bridgeman, 2002; Bridgeman & Macknik, 1995; Bruno et al., 2006; Burr et al., 1994; Diamond et 

al., 2000; Hass & Horwitz, 2011; Knöll et al., 2011; Ross et al., 2001; Uchikawa & Sato, 1995), or 

at least, the suppression is stronger in the magnocellular pathway compared to parvocellular pathway 

(Braun et al., 2017, 2021). However, the evidence is mixed in neurophysiological studies. Human 

fMRI studies revealed a comparable saccadic suppression effect on luminance and color in the 

relatively early stages of visual processing, such as the LGN, V1, and V2 (Kleiser et al., 2004; 

Sylvester et al., 2005); whereas studies on non-human primates showed that saccade suppresses 
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luminance more strongly than color in early areas such as LGN (Bartlett et al., 1976; Reppas et al., 

2002; Royal et al., 2006). 

A major limitation of the fMRI approach is its low temporal resolution. Given that saccadic 

suppression occurs within tens of milliseconds, fMRI is suboptimal for capturing its rapid dynamics. 

SSVEPs offer a promising alternative, providing high temporal resolution and robust SNR 

characteristics (for review, see Norcia et al., 2015). SSVEPs are narrowband responses locked to the 

frequency of periodic stimulation and are relatively immune to eye movement artifacts (e.g., J. Chen 

et al., 2017a, 2017b; J. Chen, Valsecchi, et al., 2019). A recent study successfully used SSVEPs to 

track the temporal dynamics of neural responses during saccades (J. Chen, Valsecchi, et al., 2019), 

opening a path for testing whether early visual cortical areas exhibit pathway-specific suppression, 

particularly in the parvocellular pathway. 

In contrast to saccades, smooth pursuit eye movements involve the continuous tracking of moving 

objects and have been associated with enhanced visual sensitivity, particularly in the chromatic 

domain. Behavioral studies have shown that pursuit improves sensitivity to red-green stimuli and to 

high spatial frequency luminance stimuli, relative to fixation (Schütz et al., 2008, 2009). Additionally, 

pursuit has been found to enhance temporal resolution for color signals (Terao et al., 2010). 

Physiological evidence from SSVEP studies further supports this enhancement: responses to 

chromatic stimuli are significantly amplified during pursuit, while responses to luminance stimuli 

remain largely unaffected (J. Chen et al., 2017b). Together, these findings suggest that smooth pursuit 

selectively boosts chromatic processing, likely via modulation of parvocellular activity in early visual 

cortex.  

Finally, fixation refers to periods of relatively stable gaze directed at an object of interest. However, 

even during these intervals, small involuntary eye movements such as drift, tremor, and 

microsaccades continue to occur (Ditchburn & Ginsborg, 1952; Ratliff & Riggs, 1950; for recent 

review, see Klein & Ettinger, 2019). These subtle movements modulate visual input and help prevent 

the fading of the retinal image (Rucci et al., 2007; Rucci & Poletti, 2015). Among the various 

processes observable during fixation, chromatic adaptation is a particularly important one, as it 

supports color constancy by adjusting sensitivity based on the prevailing chromatic environment (for 

review, see Smithson, 2005). Chromatic adaptation occurs at multiple levels of the visual pathway, 

from the retina (Yeh et al., 1996) to the LGN (Chang et al., 2016) and visual cortex (Engel, 2005; 

Engel & Furmanski, 2001; Mullen et al., 2015). Chromatic adaptation also unfolds across different 
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time scales: a fast component in the range of milliseconds to seconds, and a slower component with 

time constants from 10 to 30 seconds (Fairchild & Lennie, 1992; Fairchild & Reniff, 1995; Rinner & 

Gegenfurtner, 2000; Werner et al., 2000). The rapid phase is likely mediated by local retinal 

mechanisms (Fairchild & Lennie, 1992; Kries, 1905; Rinner & Gegenfurtner, 2000; Werner, 2014), 

while the slow phase is less well understood but may involve subcortical or early cortical sites (Rinner 

& Gegenfurtner, 2000). Evidence from dichoptic studies suggests a cortical contribution to the slow 

phase, as similar adaptation effects were observed whether the same or opposite eye was tested 

(Werner et al., 2000). Taken together, these findings implicate the early visual cortex is a likely 

candidate for the neural basis of slow-phase chromatic adaptation. 

1.2. Research aims and experimental overview 

The overarching aim of this thesis is to investigate how natural eye movement behaviors modulate 

early visual processing of chromatic and luminance signals in the human brain. To achieve this, we 

employed SSVEPs to measure neural responses in V1. Specifically, we examined two kinds of eye 

movements: fixation and saccade. Study 1 examined the temporal dynamics of chromatic adaptation 

during prolonged fixation. Study 2 investigated the effect of saccadic suppression on neural responses 

to chromatic and luminance stimuli. Finally, Study 3 introduced and evaluated methodological 

improvements for SSVEP analysis, aimed at significantly enhancing signal quality and reliability. 

Collectively, these studies provide new insights into the distinct temporal dynamics and integration 

of chromatic (L–M) and luminance signals in the context of natural eye movement behavior. 

In Study 1, we re-analyzed publicly available datasets in which participants passively fixated stimuli 

for 150 seconds. The prolonged SSVEP recordings allowed us to examine the time course of 

adaptation effect in the human early visual cortex. In Study 2, we used SSVEPs to track neural 

responses dynamically during saccadic eye movements. We created trials in which flickering stimuli 

were modulated either in luminance or isoluminant red-green signals, and participants made saccades 

back and forth between two spots positioned parallel to the flickers. By sliding the time window over 

EEG epochs that contains saccades, we were able to quantify the dynamic modulation of saccades 

on the parvocellular and magnocellular pathways in the human early visual cortex.  

Study 3 introduced and validated Laplacian reference as an optimized method for analyzing SSVEP 

signals. We systematically compared Laplacian reference to three other commonly used EEG 

reference methods (i.e., monopolar reference, common average reference, and averaged-mastoids 
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reference) using seven publicly available datasets. Our results consistently demonstrated that 

Laplacian referencing significantly improves SSVEP data quality, as measured by enhanced SNRs 

and reliability. 

Taken together, these studies deepen our understanding of how natural eye movements temporally 

modulate the processing of chromatic (L–M) and luminance signals in the human early visual cortex. 

The following chapters will describe the designs and results of each study in more detail. 

2. Study 1: The time course of chromatic adaptation in human early visual cortex 

revealed by SSVEPs 

(Zhang, Valsecchi, Gegenfurtner & Chen, 2023, Journal of Vision) 

Study 1 investigated the red-green chromatic adaptation effect during fixation using SSVEPs. The 

time course of cortical responses to chromatic stimuli followed a clear exponential decay function, 

with a half-life of approximately 20 seconds, whereas the responses from luminance stimuli do not 

show any systematic adaptation. 

We re-analyzed data from two publicly available datasets, comprising a total of 49 participants who 

passively viewed flickering stimuli modulated either in red-green chromaticity or luminance. Each 

trial lasted 150 seconds, with two repetitions per condition. Dataset #1 employed full-screen 

horizontal gratings (spatial frequency = 0.34 cycles/°) undergoing pattern-reversal flickering at 7.5 

Hz, modulated either in isoluminant red-green chromaticity or luminance. Both stimulus types were 

tested at low and high contrast levels. Dataset #2 used black-and-white checkerboard patterns 

extended 8.15° horizontally and 8.15° vertically. The checkboards were presented at various pattern-

reversal flicker frequencies: 5.2 Hz, 6.3 Hz, 7.5 Hz, 8.6 Hz, 10 Hz, 10.9 Hz, 12 Hz, and 13.3 Hz. 

SSVEP analyses focused on channels O1, Oz, and O2, which typically show maximal responses (e.g., 

J. Chen et al., 2017a, 2017b; J. Chen, McManus, et al., 2019; J. Chen & Gegenfurtner, 2021; 

Martinovic et al., 2018; Nunez et al., 2017). For each trial, the first second of data was excluded to 

remove onset transients (e.g., Liu-Shuang et al., 2016). Then the remaining signals were decomposed 

into thirty-seven successive 4-second epochs. The amplitude spectrum of the epoch was obtained by 

fast-Fourier transformation (fft.m in Matlab), and the response amplitude at a certain frequency was 

calculated by subtracting the average amplitude of adjacent frequency bins from the peak amplitude 

at the target frequency.  
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Figure 1A shows the time course of SSVEP amplitudes throughout the whole 150s duration for both 

chromatic and luminance stimuli in Dataset #1. For chromatic stimuli (left panel), the SSVEP 

amplitudes exhibited an exponential decay, with half-lives of 17.1 seconds (low contrast) and 21.5 

seconds (high contrast), closely matching prior behavioral results (Rinner & Gegenfurtner’s, 2000, 

18.2s for color discrimination, and 19.6s for color appearance). In contrast, luminance-elicited 

responses showed no systematic adaptation at either contrast level (right panel). This lack of 

adaptation was further confirmed by the broader range of frequencies tested in Dataset #2 (Figure 

1B). 

These results suggest that slow-phase chromatic adaptation occurs already in the early visual cortex, 

which confirms previous speculations (Rinner & Gegenfurtner, 2000; Werner et al., 2000). The 

estimated ~20-second half-life of chromatic adaptation provides important temporal constraints for 

future SSVEP research in color vision. The absence of measurable adaptation in luminance responses, 

however, remains an open question. 

 

Figure 1. The time courses of the mean SSVEP amplitudes. (A) SSVEP amplitudes elicited by color (left) and 

luminance (right) stimuli at low and high contrast in Dataset #1. The black lines in the left penal are the fits by exponential 

decay functions to the data. (B) SSVEPs responses elicited by luminance-defined checkerboard patterns in experiments 

from Dataset #2. No clear sign of adaptation effect. 

3. Study 2: The execution of saccadic eye movements suppresses visual processing 

of both color and luminance in the early visual cortex of humans 

(Zhang, Valsecchi, Gegenfurtner & Chen, 2024, Journal of Neurophysiology) 

The goal of Study 2 was to investigate whether saccadic suppression occurs exclusively in the 

magnocellular visual pathway or extends to the parvocellular pathway as well in the human early 

visual cortex. Additionally, we measured the suppression effect across various contrast levels, which 

enabled us to model SSVEP responses with contrast response functions. 
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We adopted the experimental design from Chen et al., (2019) (J. Chen, Valsecchi, et al., 2019). Two 

types of stimuli were used: isoluminant red-green and luminance-defined gratings, both with a spatial 

frequency of 1.03 cycles/°. Each stimulus was presented full-screen and flickered in a pattern-reversal 

mode at 7.5 Hz to elicit SSVEPs. Each trial lasted for 90 seconds. Participants were required to make 

horizontal saccades back and forth between two spots, at a rate of once every 1 to 2 seconds. They 

made saccades voluntarily without any instruction during the experiment. In Experiment 1, we tested 

two contrast levels for each stimulus type. In Experiment 2, each stimulus type was presented across 

ten contrast levels.  

To improve signal quality and accurately characterize saccade-related modulations in SSVEPs, we 

developed a novel analysis pipeline termed Eye movement-associated phase-aligned analysis. A brief 

demonstration is shown in Figure 2A. This approach reduces non-phase-locked EEG activities by 

coherently averaging EEG segments aligned to saccade onset, separately for each observer and 

condition. Following phase alignment, the EEG signals were segmented using a 400 ms moving 

window advanced in 1 ms steps. A short-term FFT was then applied to each segment to extract the 

time course of saccade-related SSVEP responses. Compared to the traditional method used in 

previous study (J. Chen, Valsecchi, et al., 2019), this pipeline yielded significantly higher SNRs in 

the SSVEP responses. 

Surprisingly, we found that saccades suppressed SSVEP responses to both chromatic and luminance 

stimuli. Figure 2B displays the time course of SSVEP responses from Experiment 1, collapsed across 

contrast levels. The suppression index reveals comparable transient suppression in both stimulus 

types (Figure 2C). This result suggests that saccadic suppression affects not only the magnocellular 

pathway but also the parvocellular pathway, indicating a more generalized mechanism of visual 

attenuation during saccades. 

We then modeled the contrast response functions of SSVEP amplitudes under saccadic suppression 

for both chromatic and luminance stimuli. A Bayesian approach was employed for parameter 

estimation, with uniform priors assigned to all model parameters. Figure 2D illustrates the normalized 

SSVEP amplitudes and corresponding model fits across all conditions. By computing the differences 

of parameters’ posterior distributions, we found that saccades primarily reduce the response gain 

without altering the contrast gain. Notably, this suppressive effect on response gain was comparable 

for both chromatic and luminance stimuli. 
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These findings provide new insight into the long-debated question of whether saccades selectively 

suppress the magnocellular pathway. Our results suggest that such disparity might arise in higher 

visual areas, as early visual cortex responses show similar suppression across both pathways. This 

pathway-general modulation at early cortical stages may contribute to the mechanisms that ultimately 

support stable and adaptive visual perception. 

 

Figure 2. Comparable saccadic suppression on both color and luminance stimuli. (A) The demonstration of 

coherently average the EEG epochs in Eye movement-associated phase-aligned analysis. (B) Average SSVEP amplitude 

elicited by chromatic and luminance stimuli at different time points relative to the midpoint of the stimulus cycle that 

contains saccade among all observers. (C) Comparable saccadic suppression effect for chromatic and luminance stimuli. 

(D) Contrast response function of normalized SSVEP amplitudes at the time of fixation and saccade. Saccades reduced 

response gain for both types of stimuli.  

4. Study 3: Laplacian reference is optimal for steady-state visual-evoked 

potentials 

(Zhang, Valsecchi, Gegenfurtner & Chen, 2023, Journal of Neurophysiology) 

The goal of Study 3 was to systematically evaluate different EEG referencing methods for SSVEP 

analysis and to introduce Laplacian reference, which subtracts the average of neighboring electrodes 

from the maximally responsive electrode, as an optimal approach for reducing common noise and 

enhancing SSVEP signal quality.  
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We re-analyzed SSVEP data from seven publicly available datasets, each recorded with either 32 or 

64 EEG channels covering the whole scalp. As SSVEP responses in all datasets were activated most 

of the electrode Oz, our analyses focus on Oz only. We evaluated four (re-)reference methods: 

monopolar reference, common average reference, averaged-mastoids reference, and Laplacian 

reference. For the monopolar reference, signals at Oz were re-referenced to a single electrode (Fz or 

Cz). For the common average reference, the signals at Oz were re-referenced to the average of all 

channels, excluding EOG electrodes. For averaged-mastoids reference, we re-referenced the signals 

at Oz to the average of two electrodes near the mastoids (i.e., TP9/TP10 or M1/M2). For the Laplacian 

reference, signals from the central electrode were re-referenced to the average of 5–9 nearest 

neighboring electrodes. After preprocessing, EEG data for each condition were segmented into 5-

second epochs and analyzed using the Fast Fourier Transform (FFT). We primarily assessed data 

quality using two metrics: SNR and reliability. SNRs were computed as the amplitude at the target 

frequency divided by the average amplitude of ten adjacent frequency bins. The reliability was 

computed as the average Pearson correlation coefficient between SSVEP responses derived from 

two separate halves of the data, split by either epochs or trials within the same condition. 

Our results showed that the Laplacian reference consistently outperformed the other three referencing 

methods in both SNR and reliability. Notably, it produced the highest SNRs not only at the 

fundamental stimulation frequency but also at its harmonics (Figure 3A). Furthermore, contrast 

response functions of the SNRs demonstrated that the enhancement provided by Laplacian reference 

was robust across a wide range of stimulus contrasts (Figure 3B). Given the substantial improvement 

in data quality, we hypothesized that the Laplacian reference would also reduce the required 

stimulation duration to achieve reliable SSVEP signals. This was confirmed by our analysis: to 

achieve a certain level of SNR (e.g., 5), Laplacian reference requires an epoch length of 18 seconds, 

whereas other reference methods need 1.5 to 3 times longer. 

Taken together, these findings suggest that Laplacian reference is a highly effective and practical 

method for SSVEP analysis. It significantly enhances data quality in terms of both SNRs and 

reliability. Moreover, it is easy to implement in experimental settings and facilitates for more time-

efficient data acquisition when a given SNR threshold is desired. 
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Figure 3. Laplacian reference outperforms the other three reference methods. (A) SNRs at stimulation frequency 

and harmonics below 45 Hz. (B) SNRs as a function of contrast. Laplacian reference can provide advantages in terms of 

SNRs across a wide range of contrast levels. (C). SNRs as a function of epoch lengths. To achieve a certain SNR (e.g., 

5), Laplacian reference requires the shortest epoch. 

5. Discussion 

This thesis set out to investigate how eye movements modulate the early cortical processing of 

chromatic and luminance signals in the human visual system. The findings emphasize that visual 

perception is not a passive decoding of sensory input but a dynamic process shaped by continuous 

oculomotor behavior. In the following sections, we discuss two central themes: (1) how eye 

movements influence luminance and chromatic signal processing within the early visual cortex, and 

(2) how SSVEP analysis methods can be further optimized to more effectively capture these neural 

dynamics in vision research. 

5.1. Modulation of chromatic and luminance processing across eye movements 

Luminance and chromatic (L–M) signals originate at the photoreceptor level and are subsequently 

transmitted via the magnocellular and parvocellular pathways. With respect to adaptation and 

saccadic suppression, two long-standing assumptions have dominated the field: first, that chromatic 

and luminance signals are equally subject to adaptation, and second, that saccadic suppression 

selectively affects luminance processing. In Studies 1 and 2, we tested these assumptions using 

SSVEPs to measure visual responses during prolonged fixation and saccadic eye movements. 

Contrary to expectations, we observed a double dissociation: chromatic (L–M) responses showed 

robust adaptation during fixation, whereas luminance responses did not; meanwhile, saccades 

suppressed both chromatic and luminance signals to a comparable extent.  

First, our findings challenge the view that adaptation affects chromatic and luminance signals 

similarly. Study 1 showed that pattern-reversal SSVEPs elicited by chromatic stimuli exhibited a 
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clear, time-dependent decay with a half-life of approximately 20 seconds. In contrast, luminance-

driven SSVEPs showed no systematic adaptation across the same time course. To our knowledge, 

few studies have examined slow adaptation effects in SSVEPs elicited by grating stimuli similar to 

those tested in Study 1. One early study reported some preliminary observations (Blakemore & 

Campbell, 1969). They showed that after viewing a high contrast grating for 30s or 60s, the VEPs to 

a low contrast grating were reduced. This result, however, was based on a single observer. Also, they 

used high spatial frequency stimuli (12 c/deg), whereas the stimuli in Study 1 have low spatial 

frequency (0.34 c/deg). It will therefore be interesting to test whether spatial frequency is a 

determining factor for the presence of an adaptation effect in SSVEPs to luminance gratings. A later 

study found that neural responses to achromatic gratings are attenuated after adapting to a mask at 

certain contrast (Robson & Kulikowski, 2012). However, they did not examine the slow adaptation 

effect and the time course.  

In motion SSVEP studies using luminance-based stimuli, adaptation effects appear to depend on 

stimulus direction. Heinrich & Bach (2003) found an absence of adaptation after exposure to motion 

reversals (flickering between motion expansion and contraction). When the adaptation stimuli were 

moving only in a single direction, instead of moving back and forth, adaptation did occur (Ales & 

Norcia, 2009; Heinrich & Bach, 2003). For example, Ales & Norcia (2009) presented an adaptor 

moving in a single direction for 25 seconds, and then tested SSVEPs to moving stimuli oscillating 

left and right. They found that responses in the adapted direction were reduced but not in the un-

adapted direction, and this induced an asymmetry in the population responses. Therefore, in the 

domain of motion SSVEPs, direction-specific motion adaptation has been observed, whereas non-

direction-specific adaptation may not occur in the early visual cortex as indicated by SSVEPs. At this 

stage, we don’t know exactly why luminance-gratings did not induce an adaptation effect in the 

current result. Based on findings from motion SSVEP studies, we speculate that adaptation might be 

revealed using “unidirectional” stimulation, i.e., adapting to either a black or white field alone. 

The chromatic adaptation effect observed in Study 1 aligns with prior psychophysical findings (Gupta 

et al., 2020; Rinner & Gegenfurtner, 2000; Werner et al., 2000) and provides clear 

electrophysiological evidence of slow-phase color adaptation in human early visual cortex. A few 

previous studies recorded single-neuron activity in response to prolonged stimulation in animals and 

reported slow-phase adaptation effects. The time constant of adaptation to luminance gratings in the 

visual cortex of cat is around 6 seconds (Albrecht et al., 1984; Ohzawa et al., 1985; Vautin & Berkley, 



- 14 - 
 

1977). Sclar et al. (1989) also reported that activities of simple cells in monkey visual cortex declined 

for the initial 10-20 seconds during adaptation. Although these studies did not use color stimuli, their 

reported time courses align with our findings from Study 1. A few previous studies investigated the 

effect of chromatic adaptation in SSVEPs (D. Regan, 1968) and VEPs (Duncan et al., 2012; Rabin et 

al., 1994). Regan (1968a) and Rabin et al. (1994) found that there is an instant adaptation effect of a 

color field on cortical responses to another color. The instant adaptation effect also varied with 

flickering frequency (D. Regan, 1968) and color similarity between the adapting and testing color 

(Rabin et al., 1994). They, however, did not test the slow phase of adaptation. Duncan et al. (2012) 

examined the effect of adapting one color for 2 minutes on the VEP responses to other colors, 

however, they did not investigate the time course of adaptation (Duncan et al., 2012).  

Second, our results from Study 2 also contradict the widespread assumption that saccadic suppression 

selectively targets the magnocellular (luminance) pathway. Whereas previous psychophysical studies 

have suggested that saccadic suppression is either absent or significantly weaker for color stimuli 

(Anand & Bridgeman, 2002; Braun et al., 2017, 2021; Bridgeman & Macknik, 1995; Bruno et al., 

2006; Burr et al., 1994; Diamond et al., 2000; Hass & Horwitz, 2011; Knöll et al., 2011; Ross et al., 

2001; Uchikawa & Sato, 1995), our findings reveal that chromatic and luminance SSVEPs are 

equally suppressed in early visual cortex.  

This observation contributes to the broader debate regarding the origin of saccadic suppression. The 

prominent theory attributes suppression to motor-related signals, specifically, corollary discharge 

from pre-motor areas such as the superior colliculus or frontal eye fields (Binda & Morrone, 2018). 

An alternative view attributes suppression to purely visual masking effects (Castet et al., 2001). 

Although Study 2 was not designed to resolve this debate, but it is interesting to point out the findings 

in a recent study by Idrees et al. (Idrees et al., 2020). They showed that selective suppression of low 

spatial frequency luminance stimuli can be observed even when no saccade was required and only 

the visual flow was presented to the observer. Furthermore, the selective suppression effect can be 

easily violated by using a fine texture background. Their result indicates that the selective suppression 

of low spatial frequency information reported in the literature (Burr et al., 1994; Volkmann et al., 

1978) is probably a visual phenomenon and does not provide enough evidence for the magnocellular 

suppression hypothesis. This is consistent with our main message in Study 2 that, at least in the early 

visual cortex, there is no evidence for selective suppression of the magnocellular pathway. 
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If both our results and prior fMRI findings (Kleiser et al., 2004; Sylvester et al., 2005) suggest that 

suppression effects are comparable for both color and luminance stimuli in early visual cortex, an 

important question arises: where do perceptual difference originate? Notably, previous fMRI studies 

have examined neural activities in higher visual areas such as V5 and MT, revealing a stronger 

saccadic suppression effect for luminance-defined stimuli compared to color-defined stimuli (Kleiser 

et al., 2004; Sylvester et al., 2005). This observation may indicate that saccades exert a more 

pronounced suppression of luminance processing in the higher-level visual cortex beyond V1/V2. 

However, due to the limited temporal resolution of fMRI, further investigations are warranted to 

delve deeper into this matter. Alternatively, some studies have shown that visual motor neurons in 

the superior colliculus exhibit spatial-frequency-specific saccadic suppression effects (C. Y. Chen & 

Hafed, 2017). A recent study showed selective suppression of low spatial frequencies can also occur 

in the complete absence of saccades, when rapid image shifts are introduced on the retina (Idrees et 

al., 2020). Further studies are needed to pinpoint the neural origins of this perceptual discrepancy. 

Moreover, our modeling results in Study 2 reveal that saccadic suppression operates via a 

multiplicative reduction in response gain, rather than a shift in contrast gain. This finding parallels 

recent psychophysical results (Li et al., 2021), which show that overt pre-saccadic attention 

modulates response gain, whereas covert attention modulates both response and contrast gain. Our 

results are also consistent with neurophysiological studies in non-human primates showing that 

microsaccades reduce firing rates in the superior colliculus through a gain control mechanism (C. Y. 

Chen et al., 2015). Together, these findings suggest that saccades suppress visual input through a 

dynamic gating process that is time-locked, gain-selective, and evident across both chromatic and 

luminance pathways in the early visual cortex. 

Above all, the use of SSVEPs enabled us to track cortical responses with high temporal resolution 

across time. However, a key question remains: why did our measurements reveal no adaptation for 

luminance signals and comparable saccadic suppression across both pathways—contrary to what 

might be expected from previous findings?  

Regarding the absence of luminance adaptation, one possibility relates to the transient and sustained 

response in visual processing. It is well known that neural processing of luminance is relatively 

transient, whereas the processing of color tends to be sustained (Kulikowski & Walsh, 1993; A. G. 

Robson & Kulikowski, 2012; Schiller & Malpeli, 1978; Schwartz & Loop, 1982; Shapley et al., 1981; 

Valberg & Lee, 1991). The lack of slow adaptation for luminance response might be a characteristic 



- 16 - 
 

for transient response. In addition, SSVEPs in the current study were produced by pattern-reversal 

stimuli, which have been shown to elicit transient responses more than on-off stimuli (Strasburger et 

al., 1993). It is thus possible that luminance SSVEPs with on-off stimulation may show a slow 

adaptation effect. 

With regard to saccadic suppression, our results showed robust modulation in both chromatic and 

luminance SSVEPs. Given that SSVEPs primarily originate from V1, the first cortical site to receive 

chromatic and luminance input, this finding suggests that saccadic suppression at this level operates 

through a non-selective, shared gating mechanism. Saccadic eye movements are controlled by a 

distributed network involving both subcortical structures (e.g., superior colliculus) and cortical areas 

such as V1, the lateral intraparietal area (LIP), inferotemporal cortex (IT), frontal eye fields (FEF), 

and the basal ganglia (Krauzlis, 2005). Given this hierarchical architecture, it is plausible that 

selective suppression effects reported in previous psychophysical studies may emerge at later stages 

of cortical processing. At the level of V1, however, where chromatic and luminance signals begin to 

converge for subsequent processing, our findings indicate that saccadic modulation operates in a 

pathway-general manner. 

5.2. Optimizing SSVEPs analysis for vision research 

Due to their high SNR and robustness to artifacts, SSVEPs have been widely employed in human 

sensory and cognitive neuroscience, clinical applications, and brain-computer interface (BCI) 

designs (Norcia et al., 2015; Vialatte et al., 2010). In Study 3, we found that the Laplacian reference 

enhances SSVEP signal quality compared to other referencing methods such as monopolar, averaged-

mastoid, and common average reference. Moreover, in Study 2, we proposed an innovative method 

termed Eye movement-associated phase-aligned analysis to reduce non-phase-locked noise when 

applying SSVEPs in conjunction with eye movements.  

One major advantage of SSVEPs is their ability to generate neural responses with high signal-to-

noise ratio (SNR) at predefined narrowband frequencies, typically originating from localized visual 

areas near occipital electrodes (e.g., Oz). However, this spatial specificity makes them less 

compatible with conventional referencing methods (e.g., monopolar, common average, or averaged 

mastoids), while favoring Laplacian referencing, which is more sensitive to shallow, local sources 

(Yao, 2002; Zhai & Yao, 2004). Results from Study 3 indicated that the Laplacian reference yields 

high-quality SSVEP data while requiring only a few recording electrodes. It can also be applied to 
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any electrode across the scalp. Furthermore, with prior knowledge of the maximally activated 

electrode, the Laplacian reference requires only a cluster of nearby electrodes, offering a practical 

solution in certain experimental contexts.  

Other more sophisticated SSVEP analysis methods have been used in specific contexts, for example 

the Reliable Components Analysis (Dmochowski et al., 2015) and the rhythmic entrainment source 

separation method (Cohen & Gulbinaite, 2017). These methods require data from all EEG electrodes 

over the head, and have also other requirements or assumptions. For example, the rhythmic 

entrainment source separation was developed based on the assumption that steady-state activity is 

spectrally and spatially stationary over time, and also requires high-quality data with many time 

points. The Reliable Components Analysis decomposes all-channel EEG data into a small number of 

reliable components by maximizing trial-to-trial consistency, which requires dozens of homogeneous 

and phase-locked trials. If these requirements are satisfied, Reliable Components Analysis may 

outperform the Laplacian reference when these conditions are met.  

As SSVEPs are widely used for BCI designs, many studies have sought to optimize reference method 

to improve signal recognition accuracy. A large number of optimization methods that combines data 

from multiple EEG channels with various algorithms have been proposed (Sözer & Fidan, 2018; Wu 

& Su, 2014). For detecting SSVEP signals at specific frequencies in BCI applications, these methods 

would in principle result in higher detecting accuracy compared to a reference method as simple as 

the Laplacian. For example, the Generated Reference Filter method has been shown to provide higher 

accuracy than Laplacian and common average reference (Sözer & Fidan, 2018). For the spatial filter 

like common average reference and Laplacian reference methods, the classification results from 

Laplacian reference outperforms common average reference (Syam et al., 2017). However, stimuli 

used in neuroscience research are very different from BCI research. Future studies are needed to 

examine whether these algorithms developed in the BCI field also benefit SSVEP studies in 

neuroscience research. 

Another advantage of SSVEPs is it relatively immune to eye movement artifacts, allowing studies 

for employing SSVEPs along with eye movements (e.g., J. Chen et al., 2017a, 2017b; J. Chen, 

Valsecchi, et al., 2019). Our novel pipeline from Study 2, Eye movement-associated phase-aligned 

analysis, significantly improvs data quality in SSVEP analysis. This method is based on the concept 

of coherently averaging SSVEP signals to minimize noise (Ales & Norcia, 2009; Candy et al., 2001; 

Gilmore et al., 2007; Hale et al., 2005; Liu-Shuang et al., 2016; Lygo et al., 2021). We used saccade 
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onset timing to identify the midpoint of the stimulus cycle for extracting phase-aligned EEG epochs. 

This alignment ensured that saccade onsets were evenly distributed within a single cycle, allowing 

coherent averaging to reduce non-phase-locked noise and enhance the SSVEP signal. However, this 

approach effectively treats each cycle as a single unit, which may limit the ability to resolve finer 

neural dynamics within that cycle. Future studies could address this limitation by increasing the 

stimulus temporal frequency to shorten the cycle duration if needed. 

6. Conclusions and future work 

This thesis investigated how eye movements modulate the processing of chromatic and luminance 

signals in the human early visual cortex using SSVEPs. We found that: (1) slow-phase chromatic 

adaptation occurs at early cortical stages, providing direct evidence that supports previous 

psychophysical speculations; and (2) saccades suppress both parvocellular and magnocellular 

pathways to a comparable extent, operating through a multiplicative modulation mechanism. 

Additionally, this thesis contributes methodologically by (1) introducing Laplacian reference as an 

optimized method for SSVEPs analysis, and (2) developing a novel analysis pipeline — Eye 

movement-associated phase-aligned analysis — that effectively integrates eye movement and 

SSVEPs data. Both methodological advances significantly improve the signal quality and reliability 

of SSVEP measurements across experiments. Collectively, these findings demonstrate that visual 

processing is dynamically shaped by the interplay between sensory inputs and eye movement 

behaviors across time and context. 

Several promising directions remain open for future research. First, the absence of luminance 

adaptation in early visual cortex warrants further investigation, particularly regarding its potential 

dependence on stimulus properties such as spatial frequency or temporal structure. Second, future 

studies could complement the current EEG-based findings with methods offering higher spatial 

resolution, such as MEG or high-field fMRI, to better localize the neural substrates of chromatic and 

luminance processing. Third, the newly developed Eye movement-associated phase-aligned analysis 

pipeline could be extended to more naturalistic paradigms, including dynamic scenes or active 

viewing conditions where eye movements and attention freely interact. Finally, bridging 

methodological advances from brain–computer interface research to cognitive neuroscience remains 

a promising avenue for improving SSVEP signal decoding and interpretation. 
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