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Abstract 11 

 12 

Steady-state evoked potential (SSVEP) is a periodic cortical response 13 
induced by repeated visual stimuli. This study aims to generate visual 14 
evoked potential (VEP) and to simulate SSVEP using existing mathematical 15 
models. Assessment of the results will include accuracy of the VEP and 16 
SSVEP as a temporal process as well as accuracy of the power spectrum for 17 
various input frequencies. The quantitative prediction of SSVEP is a 18 
pathway to understand the unexplained properties of SSVEP, and may 19 
provide useful information for future SSVEP-based practical applications. 20 

 21 

1 Introduct ion 22 
 23 
1 .1  Cerebra l  Cor tex  24 
 25 

The cerebral cortex is the outermost layered structure of neural tissue of the brain in humans 26 
and some other vertebrates. It plays a key role in memory, perceptual awareness, thought, 27 
language, and consciousness. 28 

The cerebral cortex can be divided into two major parts: Allocortex and neocortex. 29 
Neocortex is commonly believed to be the organ of thinking. It is the part of the mature 30 
cerebral cortex with six distinct layers, each layer contains a characteristic distribution of 31 
neuronal cell types and connections with other cortical and subcortical regions (figure1) [1], 32 
[2]. 33 

Layer 1, the molecular layer, consists mainly of extensions of apical dendritic tufts of 34 
pyramidal neurons and horizontally oriented axons, as well as glial cells [3]. It contains 35 
almost no neuron cell bodies. Layer 2 contains many small densely-packed pyramidal 36 
neurons which receive inputs from other cortical layers. Layer 3 contains medium-sized 37 
pyramidal neurons which send outputs to other cortical areas. Layer 4 receives inputs from 38 
outside the cortex [4]. Layer 5 contains the largest pyramidal neurons, which send outputs to 39 
the brainstem and spinal cord (the pyramidal tract). Layer 6 consists of pyramidal neurons 40 
and neurons with spindle-shaped cell bodies. Most cortical outputs leading to the thalamus 41 



originate in layer 6, whereas most outputs to other subcortical nuclei originate in layer 5. 42 

Sensory inputs first activate neurons in layer 4, which propagate the excitement up to layers 43 
2 and 3, and from there down to layers 5 and 6. The organization of these connections into 44 
vertical columns, have led to models of the cortex in which billions of cortical columns act as 45 
the functional units. Most of the axons in the neocortex connect pyramidal neurons with 46 
other pyramidal neurons. Non-pyramidal neurons in the neocortex are referred to collectively 47 
as interneurons. Most of these interneurons (smooth stellate, basket cells, chandelier cells 48 
and double bouquet cells) use the inhibitory neurotransmitter gamma-amino butyric acid 49 
(GABA) [5]. 50 

 51 

 

Figure 1: The layer structure of cerebral cortex and relationships between different cortical 52 
layers and columns 53 

 54 
1 .2  Visua l  evoked po ten t i a l  55 
 56 

A visual evoked potential (VEP) is an evoked electrophysiological potential following 57 
presentation of a visual stimulus. VEPs are used primarily to measure the functional integrity 58 
of the visual pathways from retina via the optic nerves to the visual cortex of the brain. Any 59 
abnormality that affects the visual pathways or visual cortex in the brain can affect the VEP. 60 
There are many ways to generate VEP, commonly used ways are strobe flash, flashing 61 
light-emitting diodes (LEDs), transient and steady state pattern reversal and pattern 62 
onset/offset. Since VEP can also be elicited by other stimuli, like walking, the commonly 63 
used way to extract VEP from background EEG activity is by signal averaging. The typical 64 
pattern after signal averaging is shown in figure 2. The nomenclature of the pattern is 65 
determined by using capital letters stating whether the peak is positive (P) or negative (N) 66 
followed by a number which indicates the average time for the event happens after specific 67 
pulse [6]. In typical VEP pattern there is a prominent negative component at peak latency of 68 
about 70 ms, a larger positive component at about 100 ms and a negative component at about 69 
140 ms [7]. 70 



 

Figure 2: The typical VEP response 71 

 72 
1 .3  Visua l  evoked po ten t i a l  73 
 74 

Steady State Visually Evoked Potentials (SSVEP) are signals that are natural responses to 75 
visual stimulation at specific frequencies. When the retina is excited by a visual stimulus 76 
ranging from 3.5 Hz to 75 Hz, the brain generates electrical activity at the same frequency of 77 
the visual stimulus. The advantage to study SSVEP is it’s high signal-to-noise ratio that helps 78 
researcher to find meaningful signals from noise. It is believed that SSVEP can be explained 79 
by the superpositioning of transient VEP. 80 

 81 
1 .4  Neuro  mass mo de l  82 
 83 

Among the neuron modeling history, there are generally two kinds of neuron models, each 84 
has its distinct biological perspectives to develop neuro mass models. They are Morris and 85 
Lecar’s model and Jansen’s model. In Morris and Lecar’s model, it considers single neuron 86 
cell’s electrophysiological properties, for example diffusion of ions, properties of gap 87 
junctions...etc, while in Janson’s model it focus on whole cortical columns [8], with 88 
sigmoidal functions to transform the average density of presynaptic firing arriving at the 89 
population into the average postsynaptic membrane potential (PSP). In this study we use 90 
Jansen's Model as a base to simulate VEP and SSVEP [9]. 91 

 92 
2 Methods 93 
 94 
2 .1  Cor t i ca l  Co lumn M ode l  95 
 96 

In this work, we use the cortical column model from [9]. This model can be separated into 97 
two parts; single column, and two-column model. 98 

Single column model consists of a group of neurons, including pyramidal cells (PYs), 99 
excitatory and inhibitory interneurons (INs) in one cortical column (figure 3A). Each neuron 100 
population receives the PSPs that are converted into an average pulse density of spike by a 101 
sigmoidal function (Eq.1) where 2e0 is the maximum firing rate, and ν0 is the PSP for which 102 
50% firing rate is achieved, and r is the steepness of sigmoid function. The second 103 
transformation occurs when the average action potential entering a population is converted 104 
into the PSPs by means of linear transformation (Eq.2) with the impulse response he(t) and 105 
hi(t) for the excitatory and the inhibitory case, respectively. The constant A and B limit the 106 
maximum amplitude of the PSPs, as well as, a and b are lumped parameters. 107 
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The interaction between the different populations is described by connectivity constants, Ci, 110 
which represents the average number of synaptic constant. The input of the system p(t) is the 111 
square pulse wave with various frequencies; while, the output is the result of excitatory and 112 
inhibitory synapse acting on the PYs. Therefore, the difference between y1(t) – y2(t) 113 
represents a good approximation to the EEG signal [10]. Each PSP population introduces two 114 
non-linear, secondary differential equations of the form: 115 

)()(2)()( 2 tyatyatxAaty ⋅−⋅−⋅= &&&   (3) 116 

which can be rewritten as first-order differential equations. 117 

)()(2)()()()( 2 tyatzatxAatzandtzty ⋅−⋅−⋅== && 　　   (4) 118 

where x(t) and y(t) are the input and output signals, respectively. 119 

According to Jansen and Rit [9], VEP components are caused the interaction between two or 120 
more cortical columns. For the two column model (figure 3B), the interaction between two 121 
columns is described via the connectivity constant K1 and K2 which control the synaptic 122 
strength, and the delay time constant ad. 123 

 124 

 

Figure 3: The schematic diagram of single column model (A), and two-column model (B) 125 
[9]. 126 

 127 
2 .2  The  tha la mic -co r t i ca l  mode l  128 
 129 

The thalamic-cortical (TC) model consists of the thalamic module and the cortical module 130 
(see figure 4). This model describes the connection between thalamus and cortex. 131 

 132 

 

Figure 4: The general diagram of TC model [11]. 133 



 134 

The thalamic module consists of an excitatory group Thalamic Relay cells (TCR) and 135 
inhibitory group Interneurons (IN). The input signal (square pulse wave) from retina and 136 
backward connection from cortical PYs make excitatory synapses with TRC. However, the 137 
IN cells and the Thalamic Reticular Nucleus (TRN) cells send inhibitory feedback to the 138 
TCR cells [11]. 139 

For the cortical model, the concept is similar as Jansen’s model; however, inhibitory 140 
interneurons are separated into two groups with slow synaptic kinetics and faster synaptic 141 
kinetics. The input p(t) is from the basal stochastic activity within the column. The cortical 142 
column also receives excitatory afferences from TCR relay neurons [10]. 143 

 144 
2 .3  S imula ted  Visua l  St imu la t ion  145 
 146 

A 100ms-long square pulse was applied as the input for VEP simulation using both Jansen 147 
and TC model. For SSVEP simulation, a 4s-long input signal was generated by a frame-based 148 
method proposed by Wang et al [12]. The flickering light source is simulated by periodic 149 
square pulses with various frequencies ranging from 1 through 40 Hz. 150 

 151 
3 Resul ts 152 

 153 
3 .1  Jansen 's  M ode l  154 
 155 

The VEP reproduced by Jansen’s model is not altogether accurate it consists of only a 156 
positive spike. When the frequency control parameter is set to two, it does have the P100 but 157 
lacks both the N75 and N135. When the frequency control parameter is varied, the rise and 158 
fall become faster as it increases. 159 

While the SSVEP response of the two column Jansen’s model is largely determined by the 160 
input frequency of the square wave and the frequency parameter, the output can still be 161 
generalized as pertaining to two distinct regimes, as well as a third transitory regime. The 162 
first occurs when the input frequency is slow enough that the model can respond to the rises 163 
and falls of the square wave in time allowing them to be phase locked. In the transitory 164 
regime, the rises and falls of the output fall very far behind that of the input. Rather than 165 
simply rising and falling at a slower rate, the output rises and falls once or twice (depending 166 
on the settings) and then fails to rise all together for a duration. In the third regime, there is 167 
no rise or fall as in the first. Instead the third resembles the noisy baseline that occurred 168 
when the output failed to rise in the transitory regime. Notably, that signal is still phase 169 
locked to the input. 170 

 171 

 

Figure 5: The time course of inputs and outputs with various input frequencies in Jansen's 172 
model. 173 

 174 

The three regimes can be seen much more distinctly when viewing an image of the 175 
logarithmic power spectrum over all input frequencies. In the first regime there is a clearly 176 
defined fundamental harmonic. In the transitory regime the fundamental harmonic 177 



diminishes in power a great deal (more so for higher values of the frequency control 178 
parameter). In the third regime the power spectrum is much more white though the 179 
fundamental harmonic is still visible. 180 

 181 

 

Figure 6: The power spectra of the SSVEP reproduced by Jansen's model with various 182 
parameters. 183 

 184 
3 .2  TC M ode l  185 
 186 

The time course of VEP reproduced by TC model partly satisfies the characteristic of 187 
template VEP in experimental data. In the transient output response shown in figure 7, the 188 
negative and positive components (N80, P190, and N288) compose a waveform similar to the 189 
template except of the incorrect timing. The output time course presents an oscillation 190 
spindle with frequency around 5Hz during 2-3 seconds after the stimulation. The SSVEP 191 
simulation result reveals that TC model is able to reproduce the periodic oscillation 192 
waveform given periodic stimulation input. 193 

 194 

A                               B 

 

Figure 7: (A) The VEP induced by a single square pulse with 100ms in length. (B) The 195 
SSVEP induced by 10Hz stimulation. 196 

 197 

The power spectra response of SSVEP generated by TC model shows obvious power peaks 198 
across all the fundamental frequencies corresponding to the stimulation. In addition, 5Hz 199 
oscillation can be observed given any stimulus frequency. There are first and second 200 
harmonics in the spectra, while subharmonics are not visible in this case. Unlike the case of 201 
Jansen’s model, the spectral power at fundamental frequencies changes smoothly from low 202 
through high frequency. 203 



 204 

 

Figure 8: The logarithmic power spectra of SSVEP with stimulation frequency at 1 - 40 Hz. 205 

 206 
4 Discussions 207 

 208 
4 .1  Jansen 's  M ode l  209 
 210 

As a whole, the two column Jansen’s model appears to be a much better at recreating the 211 
SSVEP power spectrum rather than recreating the actual time courses. The power spectrum 212 
produced by the model displays a strong fundamental harmonic as well as fairly strong 213 
superharmonics as well. What is truly impressive is that for lower input frequencies, the 214 
model even produces the subharmonic when there is none in the input signal. 215 

The signal to noise ratio (SNR) of the fundamental harmonic also displays some properties 216 
found in experimental data. Wang el al. [13] found that the SNR had a lobe-like structure 217 
across stimulation frequencies. Jansen’s model recreates a similar phenomenon above 10 Hz 218 
due to the diminished power in the fundamental harmonic during the transitory regime as 219 
well as far into the third regime. Below 10 Hz the real data showed lower SNR while our 220 
model had the highest SNR for low frequencies. One possible explanation for the variation at 221 
higher frequencies is that the lobed structure in the experimental data varies from subject to 222 
subject. 223 

Another notable, though in this case negative, characteristic of this model is the lack of any 224 
frequency that maintains power throughout all input frequencies. The experimental data 225 
shows that power at 10 Hz is omnipresent and so having a similar phenomenon would have 226 
been beneficial to the model’s credibility. There is some activity present at higher input 227 
frequencies when in the first regime that ranges from 5 Hz to 15 Hz depending on the 228 
frequency control parameter but it is not strong enough nor concentrated enough to be 229 
considered an accurate recreation. 230 

The final notable problem with this model is the fact that the input noise on the second 231 
column has little to no nonlinear effect on the final output. That is to say, with the noise input 232 
removed, we are left with a very similar, denoised output. While this may simply be a 233 
characteristic of the model as we have built it, another possible explanation is that the 234 
feedback connection strengths between the columns may be too weak. As was previously 235 
described in the model section, the input to column two is noticeably weaker and therefore 236 
cannot endure the attenuation and still have enough power to affect the output beyond the 237 
first pass. 238 

 239 
4 .2  TC M ode l  240 
 241 

The timing of the components in VEP varies across different species of animals. Previous 242 
study has shown the corresponding VEP components of primates, N40, P65, and N95 [14], 243 



differs from the human VEP components. As the timing of VEP components varies from a 244 
species of animal to another, we regard TC model as a fair choice to simulate the cortical 245 
responses. 246 

 247 

A                                    B 

 

Figure 9: (A) The power spectra of SSVEP generated by Jansen’s model with parameter 2. (B) 248 
The logarithmic SNR of along fundamental frequencies. The diminished power at 15 and 35 249 

Hz are indicated by arrows. 250 

 251 

A significance in TC model is that it successfully demonstrates the spontaneous oscillation 252 
that is independent to the stimulation frequency. This characteristic suggests that TC model 253 
is more powerful in mimicking the background rhythm which is often observed in EEG 254 
experiments. However, the 5Hz oscillation shown in power spectra is not coherent to the 255 
alpha oscillation that has stronger power around 10Hz. As the frequency of spontaneous 256 
oscillation may be regulated by the connection between the subunits in the model, it is worth 257 
optimizing the parameter set which may correctly generate alpha rhythm. 258 

 259 
5 Conclusion 260 
 261 

Both models have their strengths and weaknesses. Jansen’s model recreates the harmonics 262 
and lobed SNR fairly well, whereas the TC model lacks these features. On the other hand, the 263 
TC model is much closer to reproducing the omnipresent alpha band power. In the future, we 264 
would like to combine these two models in hopes of maintaining the positive results of both 265 
while eliminating as many unrealistic characteristic of the models possible. This is feasible 266 
because the TC model is an advancement of Jansen’s model such that they are both based on 267 
the same fundamental assumptions. One possible way to do this would be to add more 268 
cortical columns to the TC model connected in the way they were in Jansen’s model. 269 

 270 
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