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The refresh rate is one of the important parameters of visual presentation devices, and
assessing the effect of the refresh rate of a device on motion perception has always been
an important direction in the field of visual research. This study examined the effect of
the refresh rate of a device on the motion perception response at different stimulation
frequencies and provided an objective visual electrophysiological assessment method
for the correct selection of display parameters in a visual perception experiment. In
this study, a flicker-free steady-state motion visual stimulation with continuous scanning
frequency and different forms (sinusoidal or triangular) was presented on a low-latency
LCD monitor at different refresh rates. Seventeen participants were asked to observe
the visual stimulation without head movement or eye movement, and the effect of the
refresh rate was assessed by analyzing the changes in the intensity of their visual evoked
potentials. The results demonstrated that an increased refresh rate significantly improved
the intensity of motion visual evoked potentials at stimulation frequency ranges of 7–
28 Hz, and there was a significant interaction between the refresh rate and motion
frequency. Furthermore, the increased refresh rate also had the potential to enhance
the ability to perceive similar motion. Therefore, we recommended using a refresh
rate of at least 120 Hz in motion visual perception experiments to ensure a better
stimulation effect. If the motion frequency or velocity is high, a refresh rate of≥240 Hz is
also recommended.

Keywords: motion perception, refresh rate, brain computer interface (BCI), steady-state motion visual evoked
potential (SSMVEP), electroencephalogram (EEG)

INTRODUCTION

An accurate presentation of stimuli is a prerequisite for accurate results of visual perception
experiments. However, most modern monitors present motion objects at discrete locations,
showing an approximate continuous motion process (Chapiro et al., 2019). Motion blur will occur
when the motion speed or motion frequency is too high; it violates the assumption of smooth
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motion and causes stimulus distortion and false experimental
results (Tourancheau et al., 2009; Watson and Ahumada, 2011).
Since motion blur is positively related to speed and inversely
related to the refresh rate of a device, increasing the refresh rate
of the monitor used in experiments has become a mainstream
choice in visual motion perception research. However, hardware
cost and software compatibility limit the maximum refresh rate
that can be employed. Therefore, it is an important part of visual
motion perception research to analyze the effect of the monitor
refresh rate and select the monitor with an appropriate refresh
rate according to the stimulus.

Many studies have been conducted on the effect of the refresh
rate of a device on visual motion perception with psychological
methods. For example, Mulholland et al. (2015) used the contrast
thresholds method to evaluate the effect of the refresh rate on
temporal summation, and a CRT (cathode-tube-ray) monitor
with refresh rates of 60 and 160 Hz was used as the visual
stimulation device. Kime et al. (2016) evaluated perceptual
performance with a digital micromirror device (DMD) with
a high refresh rate of 1,000 Hz and a normal refresh rate of
60 Hz. Denes et al. (2020) asked participants to observe motion
stimuli at different speeds (15, 30, and 45 deg/s) on liquid crystal
displays (LCDs) with different refresh rates (50–165 Hz) and
evaluated the display quality with participative just-noticeable
differences (JND) indicators. However, due to differences in
motion stimulus parameters or evaluation indicators, different
studies have reached different conclusions on the effect of
the refresh rate of a device on the improvement of visual
motion perception. In particular, most reports use participative
psychological methods or sampling theory to study the effect of
the refresh rate of a device on visual motion perception (Kuroki
et al., 2006, 2007; Noland, 2014); hence, it is time-consuming
to conduct a continuous quantitative analysis of the interaction
between the refresh rate of a device and motion frequency (or
motion velocity) due the vast number of values possible for many
parameters (Emoto et al., 2014). These problems limit refresh
rate research in visual motion perception, and it is difficult to
provide suitable suggestions for the selection of a refresh rate in
visual experiments.

Brain computer interface (BCI) is a technology that directly
converts brain activity into external instructions (Wolpaw et al.,
2002; Nicolasalonso and Gomezgil, 2012), and many researchers
have noticed the potential of BCI in visual perception and
medical diagnosis (Norcia et al., 2015; Nakanishi et al., 2017;
Overbeek et al., 2018; Guger et al., 2021). Among them, the
steady-state visual evoked potential (SSVEP) (Middendorf et al.,
2000) method uses visual stimuli of a specific frequency to
induce steady-state potentials. The SSVEP method is a relatively
mature electroencephalogram (EEG)-BCI technology (Guger
et al., 2001; Bashashati et al., 2007), it has the characteristics of
a high SNR (signal-noise ratio). Compared with the broadband
distribution of noise signals, the SSVEP response has a narrow-
band distribution. By defining a specific frequency, researchers
can record the subtle differences of different visual stimuli
responses in a short period of time. Moreover, researchers can
measure the SSVEP response without noting obvious behavior,
control the influence of decision criteria after the sensory or

perceptual coding stage (de Lissa et al., 2020), and provide a
quantitative method for visual perception research on refresh
rates (Gembler et al., 2017; Nagel et al., 2018; Başaklar et al., 2019).

In addition to the commonly used flicker or pattern-reversal
stimulation methods, motion stimulation can also elicit a steady-
state response, which can be called steady-state motion visual
evoked potentials (SSMVEPs) (Xie et al., 2011); In recent years,
some researchers have tried to use the SSMVEP method to
analyze the effect of the refresh rate of a device on visual motion
perception. For example, Khoei et al. (2018) found that coherent
trajectory SSMVEP stimuli (3 Hz) induced stronger responses
at high refresh rates, and they suggested that a display with
higher refresh rates (≥240 Hz) should be used to induce visual
perception cortical responses. Chai et al. (2020) used the SSMVEP
paradigm (8–15 Hz) to induce visual cortical responses with
monitors that had refresh rates of 60 and 144 Hz. However, they
reported that the refresh rate of the monitor had no significant
effect on the improvement of the evoked response. These studies
use flicker or size scaling as the stimulus targets, resulting in
changes in brightness that interfere with the ability to achieve an
accurate motion perception response. Moreover, the frequency
range of the above SSMVEP experiment was limited, and the
effect of the refresh rate of the monitor on high-frequency or
high-speed motion was not analyzed. The design flaws of pattern
and frequency in the SSMVEP paradigm made the research
results incomprehensive.

The goal of this study is to offer an analysis method of
the effect of the refresh rate of a device on visual motion
perception using broadband flicker-free SSMVEP (Han et al.,
2018). The flicker-free SSMVEP paradigm utilizes the contraction
and expansion of the checkerboard texture, which has the
characteristics of low flicker and concentrated spectral peaks;
also, it is convenient for the analysis of response changes
under different conditions. In this study, the frequency of
the stimulus is set to 7–28 Hz, the motion form of the
paradigm is modulated by sine waves and triangle waves,
and the monitor refresh rates are 60, 120, and 240 Hz. By
analyzing the difference in induced response intensity under
different refresh rates, stimulation frequencies and motion
forms, we comprehensively evaluate the effect of the refresh
rate. Considering that the multiparameter experiment is time-
consuming and easily induces visual fatigue, this study uses
the sweep method to linearly modulate the stimulus frequency,
quickly induce a continuous broadband visual response, and
avoid interference from the evoked potential response.

MATERIALS AND METHODS

Participants
Seventeen healthy participants (with normal or corrected-to-
normal vision) participated in the experiment in this study
(including 7 women; age 20–25 years, average age 22 years).
Before the test, all experiment participants received training
to familiarize themselves with the experimental process. All
participants were asked to sign informed written consent
following a protocol approved by the institutional review
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board of Xi’an Jiaotong University and that conformed to the
Declaration of Helsinki.

Environment and Data Acquisition
The visual stimulator was an ASUS PG258Q 24.5-inch LCD
monitor (1,920 × 1,080 pixels, 543.7 × 302.6 mm, the actual
width of each pixel was approximately 0.28 mm, and the
maximum supportable refresh rate was 240 Hz). The experiment
was carried out in a quiet room with general lighting. All
participants were asked to sit in comfortable armchairs 65 cm in
front of the LCD monitor.

The EEG signals were recorded with ZhenTec NT1 (ZhenTec
Intelligence Ltd., China). The electrodes were arranged according
to the international 10–20 electrode system. A total of 6 electrodes
were arranged. These electrodes were placed in the occipital
region (POz, PO3, PO4, Oz, O1, and O2), the reference channel
was set in the unilateral earlobe (A1), and the ground channel was
set in the middle of the forehead (Fpz). The acquisition device
sampled EEG signals at a frequency of 1,200 Hz, the bandpass
filter was set at 2–100 Hz, and the notch filter was set at 48–52 Hz.
The impedance of all electrodes was kept below 5 kOhms.

Paradigm Design and Experiment
Process
Our paradigm design utilized motion checkerboard patterns
to construct flicker-free SSMVEP visual stimuli paradigm
(Han et al., 2018), motion checkerboard paradigm have the
characteristics of low contrast and low visual fatigue (Xie et al.,
2016; Zheng et al., 2019, 2020b), it can avoid the effects of fatigue
on the response of evoked potential. The motion checkerboard
pattern consisted of eight concentric rings, and each ring was
divided into 24 equal sectors of black and white squares. In
the experiment, participants were asked to gaze at motion
stimuli without head movement or eye movement. In order to
avoid interference from surrounding stimuli, the single-target
stimulation paradigm was used. Since the evoked visual potential
is most affected by the parameters in the visual field center
stimulus, the experiment results of the paradigm can ensure the
accuracy of the analysis conclusions.

The motion displacement curve of the stimulus was
modulated by a sinusoidal sweep signal (chirp) or
triangular sweep signal, and the frequency increased linearly to
induce a continuous wide-band steady-state visual potential.
Taking a sinusoidal motion stimulus as an example, the
expression of the displacement curve was constructed as

y(t) = A cos(2π(
a
2

t+
f0

2
)t+ϕ0) (1)

where A is the motion amplitude, a is the frequency change
rate, ϕ0 is the initial phase, and f 0 is the start motion reversal
frequency. The motion reversal frequency, which indicates the
frequency of motion direction conversion, is twice the frequency
of a whole period of motion. The stimulation parameter setting of
the SSMVEP paradigm is shown in Figure 1, the viewing angle of
the motion stimulus was set at 5◦, the motion amplitude was set at
0.6◦, the initial phase was set at 0◦, the duration of the stimulation

FIGURE 1 | Stimulation parameter settings of the paradigm. The motion
stimulus was modulated by sinusoidal or triangular sweep signals. The
duration of stimulation was set at 8.5 s, the start frequency was set at 7 Hz,
the end frequency was set at 28 Hz, the viewing angle of the stimulus was set
at 5◦, and the motion amplitude was set at 0.6◦.

trial was set at 8.5 s, the frequency change rate was set at about
2.47 Hz/s, the start motion reversal frequency was set at 7 Hz and
the end frequency was set at 28 Hz corresponding to an average
motion velocity of 8.4 deg/s (2∗0.6◦∗7) to 33.6 deg/s (2∗0.6◦∗28).

The motion reversal process is an important inducing factor
for SSMVEPs, and the frequency of the SSMVEP generally takes
the motion reversal frequency as the fundamental frequency.
Therefore, the stimulus frequency mentioned in this study is
equal to the motion reversal frequency.

To stabilize the visual evoked potential in advance, all
participants watched the motion stimulus with the start
frequency for 1 s before the formal experiment began. The
experiment process is shown in Figure 2. In order to ensure
the stability of the stimulation frequency, a photoelectric trigger
device was used to test the visual paradigm before the formal
experiment. The test results showed that only a few display
frames have time deviations, and the error does not exceed 10-ms.
When the formal experiment began, the stimulation frequency
began to change. The duration of stimulation was 8.5 s, and
the rest interval was 5 s. The experiment block with the same
parameters was repeated 5 times. The motion paradigm was
developed using MATLAB (MathWorks, Natick, United States)
and Psychophysics Toolbox Version 3.

Signal Analysis
Preprocessing of Electroencephalogram Data
A bandpass filter of 2–100 Hz and a 48–52 Hz notch filter were
utilized to eliminate high-frequency interference, low-frequency
drifts and power frequency interference of EEG signals. The five
blocks were averaged to an 8.5-s data epoch for the next step in
signal processing.
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FIGURE 2 | Experiment process. The duration of stimulation was 8.5 s, the
rest interval was 5 s, and the experiment block with the same parameters was
repeated 5 times.

Canonical Correlation Analysis
Although Fourier transform is widely used for frequency
detection with single-channel EEGs, it might still be sensitive
to noise if the signal to be analyzed is from a single
channel. Canonical correlation analysis (CCA) is an array signal
processing method that can be used to calculate the underlying
correlation between two sets of variables, it finds a pair of linear
transforms for two sets and then maximizes their correlation.

CCA has been widely applied for frequency detection in
multichannel visual-based BCIs (Lin et al., 2007; Zhang et al.,
2020) due to its high efficiency, high robustness, high signal-
to-noise ratio, and simple implementation (Bin et al., 2009;
Kalunga et al., 2013; Nakanishi et al., 2015). Therefore, CCA was
implemented to detect frequency components in our research.

Suppose that there are N frequencies f1,f2,. . .,fN that we need
to analyze. To detect the stimulation frequency, two sets of
signals are introduced into CCA. One set comprises the EEG
signals X from several different recording channels. The other
set comprises frequency signals Yi (i = 1, . . ., N), denotes the
reference signal and is constructed as

Yi =

(
sin (2πfin)

cos (2πfin)

)
, t =

1
Fs

,
2
Fs

, · · · ,
K
Fs

(2)

where Fs is the sampling rate and K is the number of sampling
points. In this study, only the corresponding responses under
different visual stimulations needed to be analyzed; therefore,
the reference signals Yi were only composed of sinusoid and
cosinusoid pairs at the same frequency of the stimulus.

CCA can be used to find a pair of weight vectors Wx and Wyi
to maximize the canonical correlation coefficient between linear
transformations X = XTWx and Yi = Yi

TWyi by the following
optimization problem:

Max
wx,wyi

ρ(x, yi) =
E[wT

x XYT
i wyi]√

E[wT
x XXTwx]E[wT

yiYiYT
i wyi]

(3)

where E represents the calculation of the expected value, ρ is
the canonical correlation coefficient, and x and yi are the first
pair of canonical variables. ρ(x,yi) corresponds to the maximum
canonical correlation coefficient between x and yi. When each
canonical correlation coefficient of fi (i = 1, . . ., N) is calculated

separately, the CCA response coefficient spectrum can be drawn
by the maximum ρ of N canonical correlations.

This study used sliding window CCA spectrum analysis for
time-frequency analysis. First, the 8.5-s EEG data in each block
were superimposed in the time domain. Then, the EEG data
were segmented according to a 0.75-s time window and a 0.25-s
overlap length. A total of 32 segments were generated in this case,
the frequency change range of each segment is about 0.66 Hz.
Finally, CCA calculation was performed on the segmented data to
obtain the correlation coefficient value. The response frequency
corresponding to each segmented data was the average scanning
stimulation frequency of the time window. The frequency range
of the CCA coefficient spectrum analysis was set from 5 to 40 Hz,
and the frequency interval was 0.2.

Statistical Analysis
Two-way repeated measures analysis of variance (ANOVA) and
one-way repeated measures ANOVA were used in this study to
analyze the difference and agreement between different refresh
rates and stimulation frequencies. Post hoc comparisons with the
Bonferroni correction method for multiple comparisons were
also used when necessary.

Before two-way or one-way repeated measures ANOVA
was performed, outliers were removed by the studentized
residual analysis, and the Shapiro-Wilk test was used to test
whether each group of data obeyed a normal distribution.
Mauchly’s test of sphericity was performed before repeated
measures ANOVA was conducted. If Mauchly’s test of sphericity
was violated, the data were corrected by the Greenhouse-
Geisser estimates of sphericity. Two-way and one-way repeated
measures ANOVA were carried out by SPSS (Version 22.0 IBM,
Armonk, United States).

RESULTS

Visual Evoked Potential Average
Response Analysis
This subsection qualitatively analyzed the effect of refresh rate
on the intensity of evoked response. First, the CCA coefficient
spectrum analysis was preformed, which could present the
response distribution of each subject under different stimulus
conditions. Then the appropriate response frequency was selected
to perform frequency response analysis, and the average evoked
response intensity trend of all subjects was obtained. Finally,
by dividing common EEG rhythms, the effect of refresh rate
on the evoked response intensity under different frequency
stimuli was presented.

Canonical Correlation Analysis Coefficient Spectrum
Analysis of the Average Stimulus Response
The CCA coefficient spectrum analysis of the average stimulus
response of all participants is presented in Figure 3. Figures 3A,B
shows the sinusoidal motion and the triangular motion
stimulation response, respectively.

The results of spectrum analysis demonstrate that the Sweep-
SSMVEP paradigm evoked “single fundamental peak” responses.
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FIGURE 3 | The CCA coefficient spectrum of the Sweep-SSMVEP paradigm. (A) The sinusoidal motion stimulation response. (B) The triangular motion stimulation
response. Each row represents the stimulus response at the same refresh rate, each column (column 1–17) represents the stimulus response of the same
participant, and the last column represents the average response of all participants under different refresh rates. In the CCA coefficient spectrum, the vertical axis
indicates the response frequency, the horizontal axis indicates the stimulation duration, and the color indicates the value of the CCA coefficients.

In other words, the fundamental frequency components of
the Sweep-SSMVEP response (7–28 Hz) were prominent,
whereas the higher-order harmonics were barely invisible.
In addition, different motion forms and different refresh
rates had little effect on high-order harmonic harmonics;
therefore, in the subsequent analysis, the fundamental
frequency response components were mainly considered
evaluation indices.

Frequency Response Analysis of Fundamental
Frequency
The average fundamental frequency responses of all participants
are presented in Figure 4. Figures 4A,B show the frequency
response of sinusoidal motion stimulation and triangular motion
stimulation, respectively. To compare the effect of the refresh rate
of the monitor on the evoked potential response under different

frequencies, the stimulation frequencies were divided into three
ranges according to the EEG rhythm: alpha wave (7–14 Hz), low
beta wave (14–21 Hz) and middle beta wave (21–28 Hz).

The changing trend of the fundamental frequency response of
the Sweep-SSMVEP paradigm was similar to that of the flicker
SSVEP paradigm. The response amplitude reached the highest
value when the stimulation frequency was approximately 10
Hz and then dropped as the stimulation frequency increased.
Furthermore, the results of frequency responses demonstrated
that refresh rates of visual motion stimulation significantly
influence the intensity of the evoked potential and that the law
of effect is also related to the frequency or form of stimulation.
The results show that the sinusoidal motion stimulation response
intensities under refresh rates of 120 Hz (Average CCA: 0. 0.4623)
and 240 Hz (Average CCA: 0. 0.4771) were both higher than that
under a refresh rate of 60 Hz (Average CCA: 0.4226) with an
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FIGURE 4 | Fundamental average frequency responses of all participants. (A) The frequency response of sinusoidal motion stimulation. (B) The frequency response
of triangular motion stimulation. The horizontal axis indicates the stimulation frequency at the corresponding time, and the vertical axis indicates the CCA coefficient
under the corresponding stimulation frequency. The blue solid lines depict the average visual response of all participants to stimulation with a refresh rate of 60 Hz,
the red solid line depicts the average visual response to stimulation with a refresh rate of 120 Hz and the yellow solid line depicts the average visual response to
stimulation with a refresh rate of 240 Hz. The black dotted line depicts the frequency divisions.

average increase of 8.8 and 12.4%, respectively. Moreover, the
triangular motion stimulation response intensity under refresh
rates of 120 Hz (Average CCA: 0.4162) and 240 Hz (Average CCA:
0.4236) were also both higher than that under a refresh rate of
60 Hz (Average CCA: 0.3915), with an average increase of 6.5 and
8.8%, respectively.

Average Response Intensity in Different Stimulation
Frequency Bands
As shown in the average stimulation response boxplot (Figure 5),
the alpha wave (7–14 Hz), low beta wave (14–21 Hz), and
middle beta wave (21–28 Hz) responses of all participants
were averaged. To distinguish parameters, a different color was
used to indicate different refresh rates. The box plot results
suggest that, in general, a high refresh rate can induce a higher
visual potential response than a low refresh rate, and sinusoidal
motion stimulation can induce a higher visual potential response
than triangular motion stimulation. These data were used in
subsequent statistical analyses.

The Effect of the Refresh Rate of the
Monitor on the Sinusoidal Visual Motion
Stimulation Response
The two-way repeated measures ANOVA was applied in this
subsection to analyze the effect of the refresh rate on the
sinusoidal visual motion stimulation response. First, it was
necessary to determine the interaction effect of the refresh rate
and stimulation frequency, that is, to find out whether the
refresh rate have a differentiated effect under different frequency
stimulations. When the interaction effect between refresh rate
and stimulation frequency was determined, one-way repeated
measures ANOVA was used to perform simple effect analysis in
each frequency band, respectively, which could determine the
response intensity significant difference under different refresh

rates. If the one-way repeated measures ANOVA show that the
refresh rate will have significant different effects on the evoked
response in a certain stimulation frequency range, then the
post hoc comparisons analysis could be further carried out to
determine the refresh rate response intensity difference between
each other, finally obtained specific statistical analysis results.

Analysis of the Interaction Effect of the Refresh Rate
and Stimulation Frequency
The CCA coefficient data of the sinusoidal stimulation response
satisfied the conditions of two-way repeated measures ANOVA,
and the distribution of response data obeyed a normal
distribution and satisfied the sphericity property [Mauchly’s test
of sphericity, χ2(9) = 4.17, P = 0.043 > 0.05].

The outcomes of the analysis suggest that the interaction effect
of the refresh rate and stimulation frequency had a statistically
significant effect on the evoked response to sinusoidal motion
stimulation [F(4, 56) = 3.30, P = 0.017 < 0.05, ηp

2= 0.19].
Therefore, it was possible to analyze evoked response changes
with different refresh rates under three frequency band sinusoidal
motion stimulations separately.

The Simple Effect Analysis of Refresh Rate in Each
Frequency Band
One-way repeated measures ANOVA was used to analyze the
simple effect of refresh rate in each frequency band. Mauchly’s
test of sphericity was also used to evaluate whether the sphericity
assumption was violated. The results showed that the CCA
coefficient data of 7–14 Hz sinusoidal stimulation responses
[χ2(2) = 6.83, P = 0.033 < 0.05] and 21–28 Hz stimulation
responses [χ2(2) = 6.16, P = 0.046 < 0.05] violated Mauchly’s
test of sphericity, and the CCA coefficient data of 14–21 Hz
stimulation responses [χ2(2) = 2.41, P = 0.300 > 0.05] were not
violated. Then, the Greenhouse-Geisser estimates of sphericity
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FIGURE 5 | Average stimulation response boxplot of different frequencies. The horizontal axis indicates the refresh rate, and the vertical axis indicates the average
CCA coefficient. The black dotted line is used to separate different motion forms, and the blue dotted line is used to separate different stimulation frequencies.

were used to correct the CCA coefficient data (ε7−14 Hz = 0.87,
ε21−28 Hz = 0.73).

The outcomes of one-way repeated measures ANOVA
suggested that the refresh rate had a statistically significant simple
effect on the evoked response under sinusoidal stimulation in
the 7–14 Hz frequency band [F(1.46, 23.43) = 17.24, P < 0.001,
ηp

2= 0.52], 14–21 Hz frequency band [F(2, 32) = 15.16,
P < 0.001, ηp

2= 0.49] and 21–28 Hz frequency band [F(1.452,
20.33) = 12.188, P = 0.01, ηp

2 = 0.47].

Post hoc Comparisons of the Refresh Rate in Each
Frequency Band
The differences in evoked responses under different refresh rates
in each stimulation frequency band were compared by post hoc
comparisons. The results are shown in Table 1. The column of
differences of evoked responses indicates the difference between
different refresh rates. The asterisk in the column of significance
indicates that the difference is statistically significant at the level
of α = 0.05.

Figure 6 is a graphical display of the data in Table 1. Figure 6A
shows the histogram of sinusoidal motion stimulation-evoked
responses, including the mean and standard deviation. Different
colors are used to indicate different refresh rates. Figure 6B
shows the relative proportion of evoked responses under different
refresh rates in each stimulation frequency. The relative average
CCA coefficient of evoked responses under a refresh rate of 60 Hz
was set at 1, which allowed the calculation and application of the
relative average CCA coefficient under 120 and 240 Hz.

The results of post hoc comparisons demonstrate that the
sinusoidal motion stimulation response intensities under refresh
rates of 120 and 240 Hz were both higher than that under a
refresh rate of 60 Hz with an average increase of 8.8 and 12.4%,
respectively, and the differences were statistically significant. The
response intensity was also higher under a refresh rate of 240 Hz
than that under 120 Hz refresh rate, with an average increase of
3.3%, but the difference was not statistically significant.

Furthermore, the stimulation frequency and refresh rate had
a significant interactive effect on the visual evoked potential
response. As shown in Figure 6B, the response intensity
differences between the 60 Hz refresh rate and 120 Hz refresh rate
under all frequencies of stimulation were remarkable. However,
the response intensity difference between the 120 Hz refresh rate
and the 240 Hz refresh rate varied drastically with stimulation
frequency. That is, the response intensity difference was minor at
lower frequency stimulation; as stimulation frequency increased,
the difference became larger, and the overall effect trend of the
refresh rate on response intensity became linear.

The Effect of the Refresh Rate on the
Triangular Visual Motion Stimulation
Response
The analysis of the effect of the refresh rate on the triangular
visual motion stimulation response was similar to the analysis
process of sinusoidal motion stimulation, the methods are as
follows: interaction effect analysis, simple effect analysis and
post hoc comparisons.
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TABLE 1 | The post hoc comparison results of sinusoidal motion stimulation with different refresh rates.

Stimulation frequency Refresh rate Average CCA coefficient mean (SD) Differences of evoked responses Significance

Mean (S.E.) 95% CI

7–14 Hz 60 Hz 0.546 (0.092) 120–60 Hz: 0.047 (0.009) [0.023 0.072] P < 0.001*

120 Hz 0.594 (0.094) 240–60 Hz: 0.052 (0.012) [0.019 0.085] P = 0.002*

240 Hz 0.599 (0.100) 240–120 Hz: 0.005 (0.007) [−0.014 0.024] P = 1

14–21 Hz 60 Hz 0.418 (0.053) 120–60 Hz: 0.047 (0.009) [0.022 0.072] P < 0.001*

120 Hz 0.465 (0.059) 240–60 Hz: 0.062 (0.013) [0.026 0.097] P = 0.001*

240 Hz 0.480 (0.079) 240–120 Hz: 0.015 (0.012) [−0.018 0.047] P = 0.73

21–28 Hz 60 Hz 0.295 (0.032) 120–60 Hz: 0.019 (0.005) [0.005 0.033] P = 0.006*

120 Hz 0.314 (0.035) 240–60 Hz: 0.038 (0.009) [0.012 0.063] P = 0.004*

240 Hz 0.332 (0.054) 240–120 Hz: 0.018 (0.008) [−0.03 0.039] P = 0.10

*p < 0.05.

FIGURE 6 | The post hoc comparison results and relative proportion comparison of sinusoidal motion stimulation. (A) The histogram of sinusoidal motion
stimulation-evoked responses, including the mean and standard deviation. The asterisks indicate that the difference is statistically significant at the level of α = 0.05.
(B) The relative proportion of sinusoidal stimulation-evoked responses under different refresh rates in each stimulation frequency range. The vertical axis indicates the
relative proportion, the horizontal axis indicates the refresh rate, and the black dotted thin line is used to separate different stimulation frequencies.

Analysis of the Interaction Effect of the Refresh Rate
and Stimulation Frequency
For triangular motion stimulation, the data satisfied the
sphericity property [Mauchly’s test of sphericity, χ2(9) = 8.21,
P = 0.52 > 0.05], which mean the data of triangular wave
stimulation responses met the conditions of two-way repeated
measurement ANOVA.

The outcomes of two-way repeated measures ANOVA also
demonstrated that the interaction effect of the refresh rate
and stimulation frequency was statistically significant [F(4,
56) = 2.532, P = 0.05, ηp

2 = 0.15].

Simple Effect Analysis of the Refresh Rate in Each
Frequency Band
The results showed that the CCA coefficient of triangular
stimulation response data at frequencies of 7–14 Hz [χ2(2) = 0.55,
P = 0.76 > 0.05], 14–21 Hz [χ2(2) = 0.19, P = 0.91 > 0.05]
and 14–21 Hz [χ2(2) = 4.88, P = 0.087 > 0.05] did not violate
Mauchly’s test of sphericity.

The outcomes of one-way repeated measures ANOVA
demonstrated that the refresh rate had a statistically significant
simple effect on the evoked response at the 14–21 Hz frequency
band [F(2, 30) = 10.63,P < 0.001, ηp

2= 0.415] and 21–28 Hz
frequency band [F(2, 28) = 13.07, P < 0.001, ηp

2= 0.483], and the
simple effect of the refresh rate on the 7–14 Hz evoked response
was not statistically significant [F(2, 32) = 2.456, P = 0.1 > 0.05,
ηp

2 = 0.13].

Post hoc Comparisons of the Refresh Rate in Each
Frequency Band
Consequently, only post hoc comparisons of responses to 14–
21 Hz and 21–28 Hz stimulations were performed. The analysis
results of triangular motion stimulation with different refresh
rates are shown in Table 2. The asterisk in the column of
significance indicates that the difference is statistically significant
at the level of α = 0.05.

Figure 7 is a graphical display of the data in Table 2. Figure 7A
shows the histogram of triangular motion stimulation-evoked
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TABLE 2 | The post hoc comparison results of sinusoidal motion stimulation with different refresh rates.

Stimulation frequency Refresh rate Average CCA coefficient mean (SD) Differences of evoked responses Significance

Mean (S.E.) 95% CI

7–14 Hz 60 Hz 0.374 (0.060) 120–60 Hz: 0.034 − −

120 Hz 0.407 (0.065) 240–60 Hz: 0.038 − −

240 Hz 0.412 (0.071) 240–120 Hz: 0.004 − −

14–21 Hz 60 Hz 0.374 (0.060) 120–60 Hz: 0.034 [0.009 0.058] P = 0.006*

120 Hz 0.407 (0.065) 240–60 Hz: 0.038 [0.015 0.064] P = 0.001*

240 Hz 0.412 (0.071) 240–120 Hz: 0.004 [−0.021 0.03] P = 1

21–28 Hz 60 Hz 0.295 (0.038) 120–60 Hz: 0.022 [0.008 0.035] P = 0.002*

120 Hz 0.316 (0.038) 240–60 Hz: 0.037 [0.014 0.061] P = 0.002*

240 Hz 0.332 (0.050) 240–120 Hz: 0.016 [−0.005 0.037] P = 0.18

*p < 0.05.

responses, including the mean and standard deviation. Figure 7B
shows the relative proportion of evoked responses under different
refresh rates in each stimulation frequency range.

Similar to the effect of refresh rate under sinusoidal motion
stimulation, the results demonstrate that the triangular motion
stimulation response intensity under refresh rates of 120 and
240 Hz were also both higher than that under a refresh
rate of 60 Hz, with an average increase of 6.5 and 8.8%,
respectively. However, this statistical significance only occurred
in the triangular motion stimulation with middle (14–21 Hz) and
high (21–28 Hz) frequencies. The response intensity under the
240 Hz refresh rate response intensity was also higher than that
under the refresh rate of 120 Hz, with an average increase of 2.1%,
and the difference was not statistically significant.

The interactive effect of stimulation frequency and refresh
rate under triangular motion stimulation was also similar
to the interactive effect under sinusoidal motion stimulation.
The response intensity differences between the 60 Hz refresh
rate and the 120 Hz refresh rate were notable, whereas
the response intensity difference between the 120 Hz refresh
rate and the 240 Hz refresh rate was minor under lower
frequency stimulation. As the stimulation frequency increased,
the difference became larger. This conclusion means that the
increase in refresh rate can improve the response intensity of
motion stimulation and enhance the perceptual ability of visual
motion. This conclusion further confirms that the refresh rate
enhances motion perception.

These conclusions from the analysis of sinusoidal and
triangular motion stimulation responses mean that an increased
refresh rate can improve the response intensity of motion
stimulation and enhance the perceptual ability of visual motion.

The Effect of the Motion Form in Each
Refresh Rate Group
The analysis of the effect of the motion form was similar to the
analysis process of the effect of the refresh rate, the methods are
as follows: interaction effect analysis and simple effect analysis.
Besides, it is worth pointing out that the post hoc comparison was

not applicable, because there were only two motion parameters in
simple effect analysis.

Analysis of the Interaction Effect of the Motion Form
and Stimulation Frequency
Similar to the above analysis, the data or corrected data of
different motion forms in each refresh rate group were tested
to meet the conditions of two-way and one-way repeated
measurement ANOVA.

The result of Mauchly’s test of sphericity showed that the
CCA coefficient data of the refresh rate of 60 Hz [χ2(2) = 7.84,
P = 0.02 < 0.05] did not violate Mauchly’s test of sphericity,
and the data of the refresh rates of 14–21 Hz [χ2(2) = 2.59,
P = 0.27 > 0.05] and 14–21 Hz [χ2(2) = 2.02, P = 0.364 > 0.05]
violated Mauchly’s test of sphericity. After data correction
(ε60Hz = 0.87), two-way repeated measures ANOVA was
performed on the data.

The outcomes of two-way repeated measures ANOVA suggest
that the interaction effect of motion form and stimulation
frequency under each refresh rate was statistically significant
[F60 Hz (1.42, 17.11) = 3.994, P60 Hz = 0.048 < 0.05,
ηp

2 = 0.25; F120 Hz (2, 24) = 6.69, P120 Hz = 0.005 < 0.05,
ηp

2 = 0.358; F240 Hz (2, 24) = 5.78, P240 Hz = 0.009 < 0.05,
ηp

2 = 0.325].
The outcomes of the simple effect analysis of motion forms

in each stimulation frequency band are shown in Table 3.
The column of differences of evoked responses indicates
the difference between sinusoidal stimulation and triangular
stimulation. The asterisk in the column of significance in Table 3
indicates that the difference is statistically significant at the level
of α = 0.05.

Figure 8 is a graphical display of the data in Table 3. Figure 8
shows the mean and standard deviation of stimulation-evoked
responses in each refresh rate group.

The outcomes of simple effect analysis of motion forms
suggest that the simple effects of motion forms at 14–21 Hz
were statistically significant under a 60 Hz refresh rate, the
simple effects of motion forma at 7–4 Hz and 14–21 Hz were
statistically significant under a 120 Hz refresh rate, the simple
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FIGURE 7 | The post hoc comparison results and relative proportion comparison of triangular motion stimulation. (A) The histogram of triangular motion
stimulation-evoked responses, including the mean and standard deviation. The asterisks indicate that the difference is statistically significant at the level of α = 0.05.
(B) The relative proportion of triangular stimulation-evoked responses under different refresh rates in each stimulation frequency range. The vertical axis indicates the
relative proportion, the horizontal axis indicates the refresh rate, and the black dotted thin line is used to separate different stimulation frequencies.

TABLE 3 | The simple effect analysis results of motion forms.

Refresh rate Stimulation
frequency

Motion form Average CCA
coefficient mean (SD)

Differences of evoked responses
(sinusoidal-triangular)

Significance

Mean 95% CI

60 Hz 7–14 Hz Sinusoidal 0.54 (0.091) 0.067 [−0.009 0.14] P = 0.079

Triangular 0.46 (0.1)

14–21 Hz Sinusoidal 0.42 (0.05) 0.049 [0.008 0.089] P = 0.022*

Triangular 0.36 (0.06)

21–28 Hz Sinusoidal 0.3 (0.028) 0.007 [−0.027 0.041] P = 0.65

Triangular 0.29 (0.039)

120 Hz 7–14 Hz Sinusoidal 0.58 (0.094) 0.099 [0.03 0.17] P = 0.008*

Triangular 0.47 (0.095)

14–21 Hz Sinusoidal 0.46 (0.061) 0.059 [0.008 0.11] P = 0.026*

Triangular 0.4 (0.065)

21–28 Hz Sinusoidal 0.32 (0.031) 0.003 [−0.032 0.037] P = 0.87

Triangular 0.31 (0.037)

240 Hz 7–14 Hz Sinusoidal 0.58 (0.099) 0.102 [0.027 0.18] P = 0.01*

Triangular 0.47 (0.098)

14–21 Hz Sinusoidal 0.47 (0.08) 0.072 [0.008 0.14] P = 0.029*

Triangular 0.4 (0.071)

21–28 Hz Sinusoidal 0.34 (0.055) 0.013 [−0.037 0.063] P = 0.58

Triangular 0.32 (0.036)

*p < 0.05.

effects of motion forms at 7–14 Hz and 14–21 Hz were statistically
significant in the 240 Hz refresh rate group.

However, it is worth pointing out that although the simple
effect of motion forms at the frequency of 7–14 Hz and the refresh
rate of 60 Hz was not statistically significant (P = 0.079 > 0.05),
the difference between the sinusoidal stimulation response and

triangular stimulation response was noteworthy. The reason
for this outcome may be the volatility of variance due to
the sample size.

These results demonstrate that the visual evoked response
intensity of sinusoidal motion stimulation is significantly
different from that of triangular motion stimulation. However,

Frontiers in Neuroscience | www.frontiersin.org 10 January 2022 | Volume 15 | Article 757679

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-757679 January 6, 2022 Time: 10:50 # 11

Han et al. Assessing Refresh Rate With SSMVEP

FIGURE 8 | The simple effect analysis results of motion forms in each refresh
rate group. Different colors are used to indicate different motion forms, and
the asterisks indicate that the difference is statistically significant at the level of
α = 0.05. The vertical axis indicates the coefficients of CCA, and the horizontal
axis indicates the stimulation frequency.

the difference is also related to the stimulation frequency; that
is, the response difference is significant at a frequency in low
and middle ranges (7–14 Hz and 14–21 Hz) whereas it is not
significant at a high-range frequency (21–28 Hz).

Difference of Various Motion Forms
The relative proportion of the response intensity difference
between different motion forms is shown in Figure 9. The
response intensity difference was calculated by subtracting the
average response of the triangular stimulation from the average
response of sinusoidal motion stimulation, then setting the
relative difference of the 60 Hz rate refresh to 1, and calculated
and achieved relative proportion of other relative difference
under 120 and 240 Hz.

FIGURE 9 | The relative proportion of the response intensity difference
between different motion forms. (A) The difference at the frequency of
7–14 Hz. (B) The difference at the frequency of 14–21 Hz. The horizontal axis
and different colors indicate stimulation frequencies, and the vertical axis
indicates the relative proportion of the response intensity difference between
different motion forms.

Figure 9A shows the difference at frequencies of 7–14 Hz, and
Figure 9B shows the difference at frequencies of 14–21 Hz. Since
the difference in the response intensity of different motion form
stimulations at a high frequency was not significant, the relative
difference at frequencies of 21–28 Hz is not presented in Figure 9.

At frequencies of 7–14 Hz, the response difference under
refresh rates of 240 and 120 Hz between sinusoidal motion
and triangular motion rises by 48 and 53% on average,
respectively, compared with that under a refresh rate of
60 Hz. At frequencies of 14–21 Hz, the response difference
rises by 30 and 54% on average, respectively. The results
demonstrate that increasing the refresh rate can increase
the difference in motion visual evoked potential between
sinusoidal stimulation and triangular stimulation; in particular,
this effect is prominent when the motion stimulation frequency
is not high. This conclusion further confirms that the
refresh rate enhances motion perception. However, since
data were limited by the maximum refresh rate in this
study, the difference in high-frequency stimulation between
different motion forms was insignificant, and it cannot be
indicated that increasing the refresh rate can effectively
improve the perception and ability to distinguish of high-
frequency motion.

DISCUSSION

Selection of Monitor Parameters
CRT monitors have the characteristics of low latency and high
stability, and they have long been the standard equipment
used in visual perception research (Wiens and Öhman, 2007).
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However, LCD monitors have gradually become mainstream
equipment with the improvement of production technology;
they are more energy-efficient and compact and show little
or no visual flicker. Many studies have proven that the
performance of LCD monitors is also close to that of CRT
displays (Kihara et al., 2010; Lagroix et al., 2012; Bognár
et al., 2016; Zhang et al., 2018; Rohr and Wagner, 2020).
Therefore, the LCD monitor was chosen as the experimental
equipment in this study.

A low delay response time and high refresh rate are both
effective measures to improve the performance of motion
stimulation (Claypool and Claypool, 2007, 2009; Spjut et al.,
2019; Denes et al., 2020). The effect of the refresh rate on
visual perception was a major concern in this study. To avoid
interference from latency factors, a low-latency LCD monitor
(ASUS ROG PG258Q) with multiple optional refresh rates was
chosen as the experimental equipment. When the overdrive
setting parameter of the monitor was set to “normal,” the
average gray-to-gray (GtG) delay response time of this monitor
was approximately 4.9, 3.3, and 2.9 ms when the refresh rate
reached 60, 120, and 240 Hz, respectively.1 The GtG delay
response times were all less than the refresh time, and the
ghosting artifacts caused by the latency of response time were
slight, so the negative impact of the delay response time
was not considered.

The ultralow motion blur (ULMB) function of the monitor
was not enabled in the experiment. Although this function
helps reduce motion blur to a degree (Zhang et al., 2018),
it is a technology only available in high-end monitoring and
causes flicker sensation and visual fatigue. In the experimental
SSMVEP paradigm, the stimulus was internal texture motion
in a circle with fixed size and position, the participants
were required to gaze at the target stimulus without eye
movement, and the positive impact of the ULMB technique was
further limited.

The Effect of the Refresh Rate on the
Intensity of Steady-State Response,
Which Can Be Called Steady-State
Motion Visual Evoked Potentials
SSMVEPs are induced by the perception of stable frequency
visual motion stimulation. In previous studies, it was found
that the SSMVEP has the characteristic of a single peak, the
evoked response energy is concentrated (Han et al., 2018).
This characteristic makes the steady-state motion paradigm
very suitable as a “probe” for non-invasive visual perception
research. At present, a vision assessment method using steady-
state motion visual evoked potential has been proposed (Zheng
et al., 2019) to achieve an objective and quantitative assessment
of visual acuity. The experimental results show that the
correlation and agreement between objective SSMVEP and
subjective FrACT (Freiburg Visual Acuity and Contrast Test)
acuity were all good (Zheng et al., 2020a), demonstrating good

1https://www.tftcentral.co.uk/reviews/asus_rog_swift_pg258q.htm

performance in visual perception detection for the motion visual
stimulation paradigm.

Due to the refresh interval between display frames, the lower
the rendering refresh rate is, the greater the possibility of causing
motion blur and dispersion, which will have a negative impact
on the elicitation of visual potentials. Therefore, the change in
the response intensity of visual evoked potentials can be used
to measure whether the display system can correctly present
the motion stimulus. However, it is important to note that the
amplitude of EEG-based SSVEPs or SSMVEP is very unreliable
at very high frequencies (>40 Hz) or very low frequencies
(<2 Hz), and the assessment method in this study cannot be
used in this case.

The results of the study demonstrate that the refresh rate
has a significant positive effect on the perception response
of visual motion stimulation at different frequencies. The
intensity of the visual evoked potential under high refresh
rate stimulation is always higher than the intensity of that
under low refresh rate stimulation. Similar to the results
of previous research literature (DoVale, 2017), there is a
range in which a plateau of slow growth is observed, the
effect of refresh rate has obvious diminishing returns. The
positive effect of refresh rate is most significant when the
refresh rate is increased from 60 to 120 Hz, and then the
positive effect gradually gets into the realms of diminishing
returns as the refresh rate range continues to increase above
120 Hz. This trend has no concern with the form of
motion stimulation.

In addition, the diminishing return is also related to the
stimulation frequency, and the attenuation effect of improving
the evoked response at low-frequency stimulation is more
obvious than that at high-frequency stimulation. In other
words, under high frequency (21–28 Hz) stimulation, the
increment of response between 120 and 60 Hz refresh rates
is similar to that between 240 and 120 Hz refresh rates.
However, the increment of the response between the 120
and 60 Hz refresh rates was much larger than that between
the 240 and 120 Hz refresh rates under low-frequency (7–
14 Hz) stimulation.

The reason for this phenomenon may be related to the
adequacy of the spatiotemporal sampling of the stimulus
motion. Adelson and Bergen (1985) developed a model of
motion detection in which spatiotemporal filtering is used to
detect motion energy of luminance-defined motion. Fujii et al.
(2018) reported smoother motion in high frame rate content
should activate the central nerve of vision more effectively
because it produces more motion energy than low frame rate
stimulus based on these models. This mechanism explains
why there is a significant interaction between the refresh rate
and the stimulation frequency in our experiment. In other
words, high-frequency motion under low refresh rate has
poor smoothness, increasing the refresh rate in this case can
obviously improve the motion energy of visual stimulation,
but increasing the refresh rate is of little significance for
smoother motion.

It has been long known that the mammalian visual system
is highly sensitive to motion, even when presented briefly. The
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FIGURE 10 | The similarity of sinusoidal and triangular motion at different refresh rates. The vertical axis indicates displacement of stimulation, and the horizontal axis
indicates stimulation time.

middle temporal visual area is a region of the extrastriate visual
cortex in primates that has been demonstrated to be critical
for motion vision. Area MT has among the shortest response
latencies in the extrastriate cortex (Schmolesky et al., 1998;
Born and Bradley, 2005). In 2011, researchers used three refresh
rates to investigate how changes in the CRT (cathode ray tube)
temporal stimulus affect cortical responses in tree shrew V1
(the primary visual cortex), they find that refresh rate had a
large impact on firing rate and the amplitude of LFP (120
Hz > 90 Hz > 60 Hz). Since mean firing rate is positively
correlated with refresh rate, V1 acts like a high-pass filter for
sparse noise stimuli as a function of refresh rate (Potter et al.,
2014). Furthermore, researchers found the minimum timescale
for motion encoding by ganglion cells of cat retinal was 4.6 ms
and depended non-linearly on temporal frequency in 2011
(Borghuis et al., 2019). These anatomical evidences from retinal
nerves to higher visual cortex nerves demonstrated that the
perception frequency of human vision for continuous motion
may be much higher than previously speculated. Therefore,
consider of the display hardware burden, we choose 120 Hz
refresh rate as a conservative estimate of the optimal motion
presentation parameters.

The Effect of the Refresh Rate on the
Ability to Distinguish Motion Forms
The visual evoked responses caused by various motion forms are
different (Teng et al., 2011; Grgič et al., 2016; Labecki et al., 2016).

In this study, the experiments verified that there were
significant differences in the intensity of visual evoked potentials
between sinusoidal and triangular motion stimulation, and the
response of sinusoidal motion stimulation was higher than
that of triangular motion stimulation in general. The reason
may be the difference in continuity in the motion reversal
process. The motion reversal process is an important way
to induce SSMVEPs, and a continuous and clear motion
reversal process can improve the evoked response. In the
triangular motion stimulation, the absolute value of speed
always remains constant, and the rendering points are evenly
distributed in the motion trajectory. In the sinusoidal motion
stimulation, the rendering points are more concentrated around
the reversal position, and the motion reversal process is
more continuous, so the inducing effect of sine motion
stimulation is superior.

The results of this analysis show that the difference
in evoked potential response intensity between different
motion forms increases with the refresh rate. In other
words, the increase in refresh rate can improve the ability
to distinguish between similar visual motions. This conclusion
further demonstrates the positive effect of the rate refresh
on the perception response to visual motion stimulation.
Moreover, the difference in response intensity between different
motion stimulations is also affected by the stimulation
frequency. The difference is significant under low-frequency
stimulation, but as the frequency increases, the difference
decreases until it is not significant. Therefore, the changes
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in response difference under medium- and low-frequency
stimuli were mainly analyzed to evaluate the effect of
the refresh rate.

The reason for this phenomenon is also obvious, as shown
in Figure 10. In this figure, the results of a 14 Hz (motion
reversal frequency) motion stimulation process of sinusoidal and
triangular structures at different refresh rates are depicted. It is
difficult to distinguish the displacement details of different forms
under a low refresh rate. With the increase in the refresh rate,
the details of displacement are gradually improved, and different
motion forms can be distinguished.

Refresh Rate Selection With Different
Stimulation Frequencies
The above analysis determined the effect of the refresh rate on the
response intensity of evoked potentials with different stimulation
frequency bands. Within the frequency range (7–28 Hz) set by the
experiment, the response intensity and motion discrimination
ability at a refresh rate of 60 Hz are significantly lower than those
at refresh rates of 120 and 240 Hz. This result suggests that a
monitor with a refresh rate of 60 Hz has a limited ability to
present fast motion stimulation. Therefore, unless special displays
such as VR devices must be used or the frequency of motion
stimulation is very low, the findings study signify that a monitor
with a high refresh rate (120 Hz or above) should be chosen
to ensure accurate motion presentation in visual perception or
BCI experiments.

Furthermore, although the positive effect gradually enters
the realm of diminishing returns as the refresh rate range
continues to increase above 120 Hz, the decay trend is not
significant when the stimulation frequency is high, and choosing
a monitor with an ultrahigh refresh rate (240 Hz or above)
is also of considerable significance. It is recommended, if
conditions permit, to choose a monitor with an ultrahigh refresh
rate according to the motion frequency or speed.

This study proposes a visual motion perception assessment
method based on visual electrophysiological signals. A flicker-
free Sweep-SSMVEP paradigm was designed and utilized to
assess the effect of the refresh rate on motion stimulation of
different frequencies. The results demonstrate that the refresh
rate had a positive effect and improved visual motion perception,
and the refresh rate also had a significant interaction between the
refresh rate and stimulation frequency. In future studies, we will
examine the impact of motion perception with eye movement
on visual evoked potentials and improve the assessment method
to make it suitable for visual motion perception at extreme
frequencies or extreme velocities.

Visual Fatigue and Limitation
In the research of visual perception, long-term viewing of strong
stimuli may cause adaptation effect (Heinrich and Bach, 2001;
Priebe et al., 2002) and visual fatigue (Cao et al., 2014), resulting
in changes of the evoked potential amplitude that interfere with
the ability to achieve an accurate motion perception response.

Therefore, we improved the stimulation pattern to minimize
the limitation of visual fatigue. The steady-state motion reversal

stimulation was used as stimulation pattern in the visual
motion perception experiment, the steady-state motion reversal
stimulation can overcome the high susceptibility to adaptation
(Heinrich and Bach, 2003) and also has a good long-term fatigue
resistance (Xie et al., 2016; Zheng et al., 2020b). Furthermore,
the sweep signal was used to modulated the motion stimulation,
which greatly reduced the experiment time. Therefore, the
total visual stimulation time of each subject is less than
5 min, there would be no obvious fatigue problems during
this period of time.

However, visual fatigue still limits the development of this
research. The experiment only uses the common refresh rate
of 60, 120, and 240 Hz. Although the results show that the
refresh rate of 60–120 Hz has a significant effect on the motion
visual response, in order to control the duration of experiment,
accurate segmentation of the refresh rate is not performed which
leads to an inability to determine the influence trend detail
of refresh rate.

CONCLUSION

The implications of this study are that it proposes an objective,
reliable, visual electrophysiological method and assesses the
effect of the refresh rate on motion stimulation at different
frequencies with the method. The results demonstrated that an
increase in the refresh rate significantly improved the intensity
of sinusoidal motion visual evoked potentials at the three
stimulation frequency ranges of 7–14 Hz [F(1.46, 23.43) = 17.24,
P < 0.001, η2 = 0.52], 14–21 Hz [F(2, 32) = 15.16, P < 0.001,
η2 = 0.49], and 21–28 Hz [F(1.452, 20.33) = 12.188, P = 0.01,
η2 = 0.47]. The intensity of the response at refresh rates of 240
and 120 Hz increased by 8.8 and 12.4% on average, respectively,
compared with that at a refresh rate of 60 Hz. There was a
significant interaction between the refresh rate and sinusoidal
motion frequency [F(4, 56) = 3.30, P = 0.017 < 0.05, η2 = 0.19],
and the effect of the refresh rate more easily reached diminishing
returns at lower frequencies. Furthermore, the increased refresh
rate also had the potential to enhance the ability to perceive
similar motion. Therefore, a refresh rate of at least 120 Hz
is recommended for motion visual perception experiments to
ensure a better stimulation effect, if the motion frequency
or velocity is high, a refresh rate of 240 Hz or higher is
also recommended.
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Grgič, R. G., Calore, E., and de’Sperati, C. (2016). Covert enaction at work:
recording the continuous movements of visuospatial attention to visible or
imagined targets by means of Steady-State Visual Evoked Potentials (SSVEPs).
Cortex 74, 31–52. doi: 10.1016/j.cortex.2015.10.008

Guger, C., Schlogl, A., Neuper, C., Walterspacher, D., Strein, T., and Pfurtscheller,
G. (2001). Rapid prototyping of an EEG-based brain-computer interface (BCI).
IEEE Trans. Neural Syst. Rehabil. Eng. 9, 49–58. doi: 10.1109/7333.918276

Guger, C., Spataro, R., Hebb, A. O., Krusienski, D., and Prabhakaran, V. (2021).
Breakthrough BCI Applications in Medicine. Lausanne: Frontiers Media SA.

Han, C., Xu, G., Xie, J., Chen, C., and Zhang, S. (2018). Highly interactive brain–
computer interface based on flicker-free steady-state motion visual evoked
potential. Sci. Rep. 8:5835. doi: 10.1038/s41598-018-24008-8

Heinrich, S. P., and Bach, M. (2001). Adaptation dynamics in pattern-reversal
visual evoked potentials. Doc. Ophthalmol. 102, 141–156.

Heinrich, S. P., and Bach, M. (2003). Adaptation characteristics of steady-state
motion visual evoked potentials. Clin. Neurophysiol. 114, 1359–1366. doi: 10.
1016/s1388-2457(03)00088-9

Kalunga, E., Djouani, K., Hamam, Y., Chevallier, S., and Monacelli, E. (2013).
“SSVEP enhancement based on canonical correlation analysis to improve
BCI performances,” in Proceedings of the IEEE AFRICON Conference, 2013
(Piscataway, NJ: IEEE).

Khoei, M. A., Galluppi, F., Sabatier, Q., Pouget, P., Cottereau, B. R., and Benosman,
R. (2018). Faster is better: visual responses to motion are stronger for higher
refresh rates. bioRxiv [Preprint]. doi: 10.1101/505354

Kihara, K., Kawahara, J.-I., and Takeda, Y. (2010). Usability of liquid crystal displays
for research in the temporal characteristics of perception and attention. Behav.
Res. Methods 42, 1105–1113. doi: 10.3758/brm.42.4.1105

Kime, S., Galluppi, F., Lagorce, X., Benosman, R. B., and Lorenceau, J. (2016).
Psychophysical assessment of perceptual performance with varying display
frame rates. J. Disp. Technol. 12, 1372–1382. doi: 10.1109/jdt.2016.2603222

Kuroki, Y., Nishi, T., Kobayashi, S., Oyaizu, H., and Yoshimura, S. (2006). “3.4:
Improvement of motion image quality by high frame rate,” in Proceedings of
the SID Symposium Digest of Technical Papers (Hoboken, NJ: Wiley Online
Library).

Kuroki, Y., Nishi, T., Kobayashi, S., Oyaizu, H., and Yoshimura, S. (2007). A
psychophysical study of improvements in motion−image quality by using high
frame rates. J. Soc. Inf. Disp. 15, 61–68.

Labecki, M., Kus, R., Brzozowska, A., Stacewicz, T., Bhattacharya, B. S., and
Suffczynski, P. (2016). Nonlinear origin of SSVEP spectra—a combined
experimental and modeling study. Front. Comput. Neurosci. 10:129. doi: 10.
3389/fncom.2016.00129

Lagroix, H. E., Yanko, M. R., and Spalek, T. M. (2012). LCDs are better:
psychophysical and photometric estimates of the temporal characteristics of
CRT and LCD monitors. Atten. Percept. Psychophys. 74, 1033–1041. doi: 10.
3758/s13414-012-0281-4

Lin, Z., Zhang, C., Wu, W., and Gao, X. (2007). Frequency recognition based on
canonical correlation analysis for SSVEP-based BCIs. IEEE Trans. Biomed. Eng.
54(6 Pt 2), 1172–1176.

Middendorf, M., Mcmillan, G., Calhoun, G., and Jones, K. S. (2000). Brain-
computer interfaces based on the steady-state visual-evoked response. IEEE
Trans. Rehabil. Eng. 8, 211–214. doi: 10.1109/86.847819

Mulholland, P. J., Zlatkova, M. B., Redmond, T., Garway-Heath, D. F., and
Anderson, R. S. (2015). Effect of varying CRT refresh rate on the measurement

Frontiers in Neuroscience | www.frontiersin.org 15 January 2022 | Volume 15 | Article 757679

https://doi.org/10.1364/josaa.2.000284
https://doi.org/10.1088/2057-1976/ab0cee
https://doi.org/10.1088/1741-2560/4/2/R03
https://doi.org/10.1088/1741-2560/6/4/046002
https://doi.org/10.1177/0301006616651954
https://doi.org/10.3390/vision3010005
https://doi.org/10.1146/annurev.neuro.26.041002.131052
https://doi.org/10.1146/annurev.neuro.26.041002.131052
https://doi.org/10.1186/1475-925X-13-28
https://doi.org/10.1186/1475-925X-13-28
https://doi.org/10.1016/j.cmpb.2020.105650
https://doi.org/10.1145/3338696
https://doi.org/10.1145/3338696
https://doi.org/10.1371/journal.pone.0236967
https://doi.org/10.5594/jmi.2017.2749919
https://doi.org/10.5594/jmi.2017.2749919
https://doi.org/10.1007/s00221-017-5122-1
https://doi.org/10.1007/s00221-017-5122-1
https://doi.org/10.1016/j.cortex.2015.10.008
https://doi.org/10.1109/7333.918276
https://doi.org/10.1038/s41598-018-24008-8
https://doi.org/10.1016/s1388-2457(03)00088-9
https://doi.org/10.1016/s1388-2457(03)00088-9
https://doi.org/10.1101/505354
https://doi.org/10.3758/brm.42.4.1105
https://doi.org/10.1109/jdt.2016.2603222
https://doi.org/10.3389/fncom.2016.00129
https://doi.org/10.3389/fncom.2016.00129
https://doi.org/10.3758/s13414-012-0281-4
https://doi.org/10.3758/s13414-012-0281-4
https://doi.org/10.1109/86.847819
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-757679 January 6, 2022 Time: 10:50 # 16

Han et al. Assessing Refresh Rate With SSMVEP

of temporal summation. Ophthalmic Physiol. Opt. 35, 582–590. doi: 10.1111/
opo.12227

Nagel, S., Dreher, W., Rosenstiel, W., and Spüler, M. (2018). The effect of monitor
raster latency on VEPs, ERPs and brain–computer interface performance.
J. Neurosci. Methods 295, 45–50. doi: 10.1016/j.jneumeth.2017.11.018

Nakanishi, M., Wang, Y., Wang, Y.-T., and Jung, T.-P. (2015). A comparison study
of canonical correlation analysis based methods for detecting steady-state visual
evoked potentials. PLoS One 10:e0140703. doi: 10.1371/journal.pone.0140703

Nakanishi, M., Wang, Y.-T., Jung, T.-P., Zao, J. K., Chien, Y.-Y., Diniz-Filho, A.,
et al. (2017). Detecting glaucoma with a portable brain-computer interface for
objective assessment of visual function loss. JAMA Ophthalmol. 135, 550–557.
doi: 10.1001/jamaophthalmol.2017.0738

Nicolasalonso, L. F., and Gomezgil, J. (2012). Brain computer interfaces, a review.
Sensors 12, 1211–1279.

Noland, K. (2014). The Application of Sampling Theory to Television Frame Rate
Requirements. BBC Research & Development White Paper, Vol. 282. London:
BBC.

Norcia, A. M., Appelbaum, L. G., Ales, J. M., Cottereau, B. R., and Rossion, B.
(2015). The steady-state visual evoked potential in vision research: a review.
J. Vis. 15:4. doi: 10.1167/15.6.4

Overbeek, B. U., Eilander, H. J., Lavrijsen, J. C., and Koopmans, R. T. (2018).
Are visual functions diagnostic signs of the minimally conscious state? An
integrative review. J. Neurol. 265, 1957–1975. doi: 10.1007/s00415-018-8788-9

Potter, M. C., Wyble, B., Hagmann, C. E., and McCourt, E. S. (2014). Detecting
meaning in RSVP at 13 ms per picture. Atten. Percept. Psychophys. 76, 270–279.
doi: 10.3758/s13414-013-0605-z

Priebe, N. J., Churchland, M. M., and Lisberger, S. G. (2002). Constraints on the
source of short-term motion adaptation in macaque area MT. I. The role of
input and intrinsic mechanisms. J. Neurophysiol. 88, 354–369. doi: 10.1152/jn.
00852.2001

Rohr, M., and Wagner, A. (2020). How monitor characteristics affect human
perception in visual computer experiments: CRT vs. LCD monitors in
millisecond precise timing research. Sci. Rep. 10:6962. doi: 10.1038/s41598-020-
63853-4

Schmolesky, M. T., Wang, Y., Hanes, D. P., Thompson, K. G., Leutgeb, S.,
Schall, J. D., et al. (1998). Signal timing across the macaque visual system.
J. Neurophysiol. 79, 3272–3278. doi: 10.1152/jn.1998.79.6.3272

Spjut, J., Boudaoud, B., Binaee, K., Kim, J., Majercik, A., McGuire, M., et al. (2019).
“Latency of 30 ms benefits first person targeting tasks more than refresh rate
above 60 Hz,” in Proceedings of the SIGGRAPH Asia 2019 Technical Briefs,
Brisbane, QLD, 110–113.

Teng, F., Chen, Y., Choong, A. M., Gustafson, S., Reichley, C., Lawhead, P., et al.
(2011). Square or sine: finding a waveform with high success rate of eliciting
SSVEP. Comput. Intell. Neurosci. 2011:364385. doi: 10.1155/2011/364385

Tourancheau, S., Le Callet, P., Brunnström, K., and Andrén, B. (2009).
“Psychophysical study of LCD motion-blur perception,” in Proceedings of the
Human Vision and Electronic Imaging XIV, eds S. Tourancheau, P. Le Callet, K.
Brunnström, and B. Andrén (Bellingham, WA: International Society for Optics
and Photonics).

Watson, A. B., and Ahumada, A. J. (2011). Blur clarified: a review and synthesis of
blur discrimination. J. Vis. 11:10. doi: 10.1167/11.5.10

Wiens, S., and Öhman, A. (2007). “Probing unconscious emotional processes:
on becoming a successful masketeer,” in Handbook of Emotion Elicitation and
Assessment, eds J. A. Coan and J. J. B. Allen (New York, NY: Oxford University
Press), 65–90.

Wolpaw, J. R., Birbaumer, N., Mcfarland, D. J., Pfurtscheller, G., and Vaughan,
T. M. (2002). Brain-computer interfaces for communication and control. Clin.
Neurophysiol. 113, 767–791.

Xie, J., Xu, G., Jing, W., Feng, Z., and Zhang, Y. (2011). Steady-state motion
visual evoked potentials produced by oscillating Newton’s rings: implications
for brain-computer interfaces. PLoS One 7:e39707. doi: 10.1371/journal.pone.
0039707

Xie, J., Xu, G., Wang, J., Li, M., Han, C., and Jia, Y. (2016). Effects of mental
load and fatigue on steady-state evoked potential based brain computer
interface tasks: a comparison of periodic flickering and motion-reversal
based visual attention. PLoS One 11:e0163426. doi: 10.1371/journal.pone.
0163426

Zhang, G.-L., Li, A.-S., Miao, C.-G., He, X., Zhang, M., and Zhang, Y. (2018).
A consumer-grade LCD monitor for precise visual stimulation. Behav. Res.
Methods 50, 1496–1502. doi: 10.3758/s13428-018-1018-7

Zhang, Y., Xie, S. Q., Wang, H., and Zhang, Z. (2020). Data analytics in steady-state
visual evoked potential-based brain–computer interface: a review. IEEE Sens. J.
21, 1124–1138.

Zheng, X., Xu, G., Wang, Y., Han, C., Du, C., Yan, W., et al. (2019). Objective
and quantitative assessment of visual acuity and contrast sensitivity based on
steady-state motion visual evoked potentials using concentric-ring paradigm.
Doc. Ophthalmol. 139, 123–136.

Zheng, X., Xu, G., Zhang, Y., Liang, R., Zhang, K., Du, Y., et al. (2020b). Anti-
fatigue performance in SSVEP-based visual acuity assessment: a comparison
of six stimulus paradigms. Front. Hum. Neurosci. 14:301. doi: 10.3389/fnhum.
2020.00301

Zheng, X., Xu, G., Wu, Y., Wang, Y., Du, C., Wu, Y., et al. (2020a). Comparison of
the performance of six stimulus paradigms in visual acuity assessment based on
steady-state visual evoked potentials. Doc. Ophthalmol. 141, 237–251.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Han, Xu, Zheng, Tian, Zhang, Yan, Jia and Chen. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Neuroscience | www.frontiersin.org 16 January 2022 | Volume 15 | Article 757679

https://doi.org/10.1111/opo.12227
https://doi.org/10.1111/opo.12227
https://doi.org/10.1016/j.jneumeth.2017.11.018
https://doi.org/10.1371/journal.pone.0140703
https://doi.org/10.1001/jamaophthalmol.2017.0738
https://doi.org/10.1167/15.6.4
https://doi.org/10.1007/s00415-018-8788-9
https://doi.org/10.3758/s13414-013-0605-z
https://doi.org/10.1152/jn.00852.2001
https://doi.org/10.1152/jn.00852.2001
https://doi.org/10.1038/s41598-020-63853-4
https://doi.org/10.1038/s41598-020-63853-4
https://doi.org/10.1152/jn.1998.79.6.3272
https://doi.org/10.1155/2011/364385
https://doi.org/10.1167/11.5.10
https://doi.org/10.1371/journal.pone.0039707
https://doi.org/10.1371/journal.pone.0039707
https://doi.org/10.1371/journal.pone.0163426
https://doi.org/10.1371/journal.pone.0163426
https://doi.org/10.3758/s13428-018-1018-7
https://doi.org/10.3389/fnhum.2020.00301
https://doi.org/10.3389/fnhum.2020.00301
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

	Assessing the Effect of the Refresh Rate of a Device on Various Motion Stimulation Frequencies Based on Steady-State Motion Visual Evoked Potentials
	Introduction
	Materials and Methods
	Participants
	Environment and Data Acquisition
	Paradigm Design and Experiment Process
	Signal Analysis
	Preprocessing of Electroencephalogram Data
	Canonical Correlation Analysis

	Statistical Analysis

	Results
	Visual Evoked Potential Average Response Analysis
	Canonical Correlation Analysis Coefficient Spectrum Analysis of the Average Stimulus Response
	Frequency Response Analysis of Fundamental Frequency
	Average Response Intensity in Different Stimulation Frequency Bands

	The Effect of the Refresh Rate of the Monitor on the Sinusoidal Visual Motion Stimulation Response
	Analysis of the Interaction Effect of the Refresh Rate and Stimulation Frequency
	The Simple Effect Analysis of Refresh Rate in Each Frequency Band
	Post hoc Comparisons of the Refresh Rate in Each Frequency Band

	The Effect of the Refresh Rate on the Triangular Visual Motion Stimulation Response
	Analysis of the Interaction Effect of the Refresh Rate and Stimulation Frequency
	Simple Effect Analysis of the Refresh Rate in Each Frequency Band
	Post hoc Comparisons of the Refresh Rate in Each Frequency Band

	The Effect of the Motion Form in Each Refresh Rate Group
	Analysis of the Interaction Effect of the Motion Form and Stimulation Frequency
	Difference of Various Motion Forms


	Discussion
	Selection of Monitor Parameters
	The Effect of the Refresh Rate on the Intensity of Steady-State Response, Which Can Be Called Steady-State Motion Visual Evoked Potentials
	The Effect of the Refresh Rate on the Ability to Distinguish Motion Forms
	Refresh Rate Selection With Different Stimulation Frequencies
	Visual Fatigue and Limitation

	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


