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The response latency of steady-state visually evoked
potentials (SSVEPs) is a sensitive measurement for
investigating visual functioning of the human brain,
specifically in visual development and for clinical
evaluation. This latency can be measured from the slope
of phase versus frequency of responses by using multiple
frequencies of stimuli. In an attempt to provide an
alternative measurement of this latency, this study
utilized an envelope response of SSVEPs elicited by
amplitude-modulated visual stimulation and then
compared with the envelope of the generating signal,
which was recorded simultaneously with the
electroencephalography recordings. The advantage of
this measurement is that it successfully estimates the
response latency based on the physiological envelope in

the entire waveform. Results showed the response
latency at the occipital lobe (Oz channel) was
approximately 104.55 ms for binocular stimulation, 97.14
ms for the dominant eye, and 104.75 ms for the
nondominant eye with no significant difference between
these stimulations. Importantly, the response latency at
frontal channels (125.84 ms) was significantly longer
than that at occipital channels (104.11 ms) during
binocular stimulation. Together with strong activation of
the source envelope at occipital cortex, these findings
support the idea of a feedforward process, with the
visual stimuli propagating originally from occipital cortex
to anterior cortex. In sum, these findings offer a novel
method for future studies in measuring visual response
latencies and also potentially shed a new light on
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understanding of how long collective neural activities
take to travel in the human brain.

Introduction

It has been suggested that the visual system is
hierarchical in structure (Felleman & Van Essen, 1991;
Hilgetag, Van Essen, Neill, Young, & Felleman, 1996).
Visual input is thought to be processed along largely
parallel streams, starting from the retinal ganglion cells,
different layers of the dorso-lateral geniculate nucleus,
and proceeding to the visual cortex (Merigan &
Maunsell, 1993; Shapley & Perry, 1986). In considering
this, and to understand the fundamental principles of
the human visual system, it is crucial to know how long
it takes for the system to process the incoming visual
signal. In other words, accurate measurement of visual
response latencies is desirable.

In nonhuman primate studies, the visual response
latency for different areas has been estimated based on
the onset latencies of single-unit responses evoked by
visual stimuli. Results have shown that lower order
visual areas show shorter latencies than higher ones
(Azzopardi, Fallah, Gross, & Rodman, 2003; Cowey,
1964; Nowak, Munk, Girard, & Bullier, 1995; Schmo-
lesky et al., 1998). In human studies, onset latency has
been measured by means of visual evoked potentials
(VEPs) recorded using electroencephalography (EEG).
The most common stimuli used to elicit VEPs involve
pattern reversal, using either a checkerboard or a
grating pattern (Odom et al., 2016; Regan, 1989). The
resulting VEPs are characterized by positive and
negative peaks, which can be measured in terms of
direction, amplitude, and latency. For example, the
P100 event-related potential component is a transient
positive peak that occurs approximately 100 ms after
the onset of the pattern reversal stimulus. In normal
adults, early work showed facilitation/summation of
P100 amplitude when the pattern-reversal stimuli were
presented simultaneously to two eyes (binocular
viewing) compared to presentation to just one eye
(monocular viewing). The binocular P100 latency is
also seen to be slightly shorter than the monocular
P100 latency (Johansson & Jakobsson, 1993; McCul-
loch & Skarf, 1991; McKerral et al., 1995; Wanger &
Nilsson, 1979). However, the VEPs have been found to
be quite variable, affected by factors such as the color
and intensity of the stimulus (Bessler, Klee, Kellner, &
Haueisen, 2010; Klee, Link, Bessler, & Haueisen, 2011;
Porciatti, Burr, Morrone, & Fiorentini, 1992; Regan,
1966). This variability is an obstacle to establishing
relationships between VEPs and stimulus parameters.
Moreover, instead of measuring time-points across the
signal, researchers have typically used the peaks of VEP

activity for measurements, rather than using the
waveform as a whole (Lee, Birtles, Wattam-Bell,
Atkinson, & Braddick, 2012; Norcia, Appelbaum, Ales,
Cottereau, & Rossion, 2015). For example, the
latencies have been measured from transient VEPs
peaks regardless of whether the waveforms have a late
start and fast rise or an early start and slow rise (Norcia
et al., 2015).

Steady-state visually evoked potentials (SSVEPs),
which are seen when using a sinusoidally modulated
light stimulus (Regan, 1966), can be used to make an
alternative measurement of electrophysiological re-
sponses in which the amplitude response and phase
response of SSVEPs can be analyzed using fast Fourier
transform (FFT) of the entire waveform. This results in
phase measurement of SSVEPs, which was found to be
reliable between participants (Celesia, 1980; Regan,
1982). In addition, the SSVEPs obtained using this
approach are less susceptible to artifacts induced by
blinks and eye movements (Perlstein et al., 2003;
Vialatte, Maurice, Dauwels, & Cichocki, 2010). While
transient VEPs are typically used for studying the
visual system, SSVEPs have been more broadly used in
cognitive neuroscience, clinical neuroscience, and re-
search looking at brain computer interfaces (for a
review see Vialatte et al., 2010). Therefore, SSVEPs
provide a potential means for investigating collective
activity of large groups of neurons. However, the phase
shift between the visual stimulus presented and the
resulting SSVEP is difficult to quantify because of the
steady-state nature of the response, with, for example,
it being difficult to know how many preceding cycles
occur in the SSVEP (for a review see Norcia et al.,
2015). That is, there may be a phase shift between the
stimulus and the response, which can wrap around one,
two, or more times. This makes the phase measurement
ambiguous for measuring the absolute latency of the
response. For example, the phase shift between the
stimulus and SSVEP is measured at about 258 when
using FFT analysis. However, because of uncertain
regarding the preceding cycles, this phase shift could be
258 or 3858 (3608 plus 258).

One approach to overcome this ambiguity is to
measure the ‘‘apparent latency’’ introduced by Regan
(1966), in which multiple-frequency stimuli are used to
allow a plot of the slope of the phase versus frequency.
Apparent latency has been used in early work for the
evaluation of visual development or optic neuritis in
clinical populations (Falsini & Porciatti, 1996; Lee et
al., 2012; Morrone, Fiorentini, & Burr, 1996; Stras-
burger, Scheidler, & Rentschler, 1988). For example, in
infant visual development, the response latency was
found to be approximately 215 ms at 3.6 weeks of age
and progressively shortened until approaching 100 ms
(an adult-like latency) at 30 weeks of age (Lee et al.,
2012). However, in order to fit the slope or ‘‘produce
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maximum orderliness,’’ a multiple of 2p radians must
be added or subtracted from the phase response of
higher frequencies. For instance, in Lee et al.’s study
(2012), if the differential phase measurements between
two adjacent frequencies was positive, the multiple
integers of 2p radians were subtracted from the phase
response of the higher frequency until it became
negative in order to fit the slope (Lee et al., 2012). The
uncertainty of adjusting an appropriate number of 2p
radians may lead to an unclear relationship between
‘‘apparent latency’’ and the actual physiological delay
(i.e., absolute latency). In addition, the slope of phase
versus frequency is assumed to be a straight line that
may not be suitable for the physiological visual system,
which distinguishes three frequency ranges in SSVEPs
(i.e., below 15 Hz, 15–25 Hz, 25–60 Hz) as a curvature
of amplitude versus frequency (Bijl & Veringa, 1985;
Regan, 1982). Since the physiological latency is an
important indicator to investigate the temporal prop-
erties of the human visual system, an improved method
thus must be considered. The apparent latency is a
measure used in auditory physiology and is described
as ‘‘group delay’’ (Goldstein, Baer, & Kiang, 1971). In
engineering, group delay is the time delay between the
envelope of the generator and receiver of the ampli-
tude-modulated (AM) signal, in which the amplitude of
a fast oscillation (i.e., the carrier signal) is varied by a
slow oscillation (i.e., the envelope or amplitude
modulation). Therefore the envelope response of
SSVEPs could be used to estimate the group delay by
calculating the phase shift between the visual stimuli
and the response, which can consequently be consid-
ered as the physiological latency of the response in the
human brain, instead of using phase slope.

In this study, we attempted to estimate the group
delay using the envelope of SSVEPs elicited by an AM
flicker, a signal with a 2-Hz envelope and a 14-Hz
carrier. Our hypothesis was that, using this approach,
the 2-Hz envelope response of the elicited SSVEPs
could be extracted and compared directly with the 2-Hz
envelope of the generating photodiode signal that was
simultaneously recorded with the EEG for estimation
of the group delay. Similar to VEP studies, it is critical
to understand the primary visual processing time from
the pathways from the two eyes. Therefore, the current
study estimated the group delay at the occipital channel
(i.e., Oz channel) for both binocular and monocular
viewing conditions. In addition, the wide distribution
across EEG channels of the SSVEP allows investiga-
tion of neural populations on a whole-brain scale
(Silberstein, 1995; Srinivasan, Bibi, & Nunez, 2006).
We thus also estimated the group delay at frontal
channels (i.e., a cluster of F3, Fz, F4 channels) to
compare with the delay seen for the Oz channel.

Materials and methods

Participants

Thirteen students with normal or corrected-to-
normal vision and no history of psychiatric disorders
participated in the study (six males, seven females; M¼
24.23 years, SD¼ 3.05 years). Participants with a first-
degree relative with migraine or epilepsy were excluded
from this study. The participants were required to be in
good condition (e.g., did not have flu or any sleeping
condition) before attending the experiment and to
avoid fatigue. The study was carried out in accordance
with the Social and Behavioral Research Ethical
Principles and Regulations of National Taiwan Uni-
versity and was approved by the Research Ethics
Committee of National Taiwan University. Written
informed consent was acquired from every participant
before the experiment.

Stimuli and procedures

The stimuli were viewed through two black tubes 13
cm in length, with one tube for each eye. Each tube
contained a white light-emitting diode (LED) covered
with a 43 4 cm diffuser plate at one end of the tube to
allow presentation of a stimulus with a visual angle of
;18.28 and a luminance of up to 39.2 cd/m2, measured
with a luminance meter (Konica Minolta LS-100;
Konica Minolta Sensing Americas, Inc., Ramsey, NJ).
The centers of the two tubes were 4.5 cm apart from
each other and the device as a whole enabled
presentation of different light flicker waveforms for the
experiment in this study. The LEDs were connected to
a 16-bit digital-to-analog converter (NI USB-6229
BNC, National Instruments, Austin, TX), allowing the
LED signal to be modulated at a rate of up to 40 kHz.
An integrated photodiode (BPW34, OSRAM Opto
Semiconductors) was used to collect the output LED
signal and this was recorded with a BioPac MP35
(Biopac Systems, Inc., Goleta, CA) to verify that the
emitting signal had the desired shape. We empirically
estimated the transmission time between the stimulus
event (i.e., trigger onset) and the recorded photodiode
signal, which showed a short and consistent delay
across all the conditions (see the condition list in Table
1). Thus, the visual response latency estimated from
these conditions would not be expected to be signif-
icantly influenced by the transmission time of the
photodiode.

Both sinusoidal (S) and AM flicker were generated
using MATLAB (MathWorks, Natick, MA) in-house
scripts with the following equations:
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S waveform:

S tð Þ ¼ L0 þ L0 sin 2pfcTð Þ ð1Þ

AM waveform:

AM tð Þ ¼ L0 þ L0 sin 2pfmTð Þ sin 2pfcTð Þ ð2Þ
Where T was the duration of S and AM flicker, L0 was
the mean luminance, fc was the carrier frequency, and
fm was the modulation frequency.

For baseline comparisons, we created three control
conditions (binocular condition and monocular condi-
tions with dominant eye and nondominant eye) using a
14-Hz single frequency S flicker, with a block of 30
trials for each condition (see Equation 1 and Table 1).
We also generated three testing conditions (binocular
and monocular conditions) with the AM flicker using
two sinusoidal signals, with one being a fast-changing
oscillation (i.e., the carrier frequency, fc¼ 14 Hz) and
the other a slow-changing oscillation (i.e., the modu-
lation frequency, fm ¼ 1 Hz; see Equation 2 and Table
1). Since AM flicker is a complex signal, we followed
the recommendations of the International Society for
Clinical Electrophysiology of Vision for the number of
trials in SSVEP investigations (Odom et al., 2016).
Accordingly, 50 trials were used for each testing
condition to obtain SSVEP signals for measuring the
visual response latency. Note that the envelope of this
AM flicker was twice the modulation frequency (i.e.,
fenv¼ 2 Hz). Mathematically, however, this AM flicker
could also be treated as the superposition of two
sinusoidal waveforms (i.e., f1¼ 13 and f2¼ 15 Hz) with
equal amplitudes. Overall, there was a total 240 trials
from six conditions (as shown in Table 1). Trials of
each of the six conditions were randomly presented.
Participants were asked to press any key to initiate the
first trial. After the keypress, participants were required
to open their eyes when they heard a beep sound and
then fixate their sight on the black point of the diffuser
plate LED for 2.5 s. Presentation in 2.5-s trials was
adopted to avoid signal variations due to fatigue or
discomfort resulting from prolonged inspection of
flicker. Afterward, participants could take a rest for 2 s
(Figure 1). Another beep occurred to indicate the start
of the next trial.

EEG data acquisition and preprocessing

An elastic cap (Electrocap International) containing
36 Ag/AgCl electrodes arranged according to the
International 10-20 system was used to obtain the EEG
activity that was recorded using a Neuroscan amplifier
(NuAmps Digital Amplifier, Model 7181) and Neuro-
scan 4.2 software with a sample rate of 1000 Hz. All the
data was referenced to the right and left mastoids. The
impedance for every electrode was kept below five kX
during the recordings. All data were first filtered with a
bandpass filter of 0.5–50 Hz (using default settings,
Butterworth 5th, zero-phase filter, in the SPM8
toolbox). The data were then epoched from 0 to 3000
ms relative to stimulus onset for each trial and then
detrended (i.e., the mean and linear trend were
removed) before excluding trials with blinks or
horizontal eye movements (exceeding 100 uV, deter-
mined by visual inspection and also followed the
suggestions from Luck, 2014). Afterward, the prepro-
cessed data were averaged across trials to obtain the
SSVEPs. Finally, the SSVEP responses from the Oz
channel were used as the main source of the evoked
response for further data analysis (Bianciardi et al.,
2009; Di Russo et al., 2007; Vialatte et al., 2010).
Specifically, we used the SSVEP windows from 500 to
2500 ms after the onset of each stimulus to exclude the
VEP and to increase the signal to noise ratio of the
SSVEP (Andersen, Hillyard, & Muller, 2013; Andersen
& Müller, 2015). SPM8 (Wellcome Trust Centre for
Neuroimaging; https://www.fil.ion.ucl.ac.uk/spm/),
FieldTrip (Oostenveld, Fries, Maris, & Schoffelen,
2011; http://www.ru.nl/donders/fieldtrip/), and cus-
tomized MATLAB codes (MathWorks) were utilized
for further data analysis at a sensor level. Standardized
low resolution electromagnetic tomography was used
for source level analysis.

Latency estimation based on the envelope
response

The essence of this method was to extract the
envelope of the photodiode and SSVEP response using
complex demodulation (Draganova & Popivanov,
1999; Kashiwase, Matsumiya, Kuriki, & Shioiri, 2012)

Eye stimulation

Conditions

1 2 3 4 5 6

Dominant eye 14 Sine Blank 14 Sine Blank (2:14) AM (2:14) AM

Nondominant eye Blank 14 Sine 14 Sine (2:14) AM Blank (2:14) AM

Table 1. Experiment conditions.
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and then calculate the phase lag between the envelope
of SSVEP and photodiode signal.

Four steps were implemented to calculate the time
delay (as illustrated in Figure 2):

1. Complex demodulation was used to extract the
envelope of SSVEPs in AM and S flicker
conditions. The SSVEP data were multiplied (i.e.,
pointwise multiplication) by the complex expo-
nential function e–i2pft to move the frequency of
interest (f¼ 14 Hz) to zero in the frequency
spectrum. This step is different from the Fourier
transform in which a dot product is used. The
result of a dot product is a scalar. In contrast, here
the result of multiplication (i.e., pointwise multi-
plication) is a vector. Next, a low-pass filter was
used to extract the envelope of SSVEP responses.
To get a smooth amplitude demodulation (i.e.,
envelope) for phase calculations, we used a low-
pass filter (cutoff frequency at 3 Hz, Butterworth
3rd zero-phase filter) to keep the fundamental
amplitude modulation (i.e., fm ¼ 1 Hz) and
removed high oscillation frequencies.

2. The envelopes were band-pass filtered at 1–3 Hz
centered at 2 Hz using a 3rd order Butterworth
zero-phase filter to acquire a zero-crossing filtered
envelope. Next, a Hilbert transform was applied
to get the instantaneous phases from the filtered
envelope of the photodiode signal (uenv_photo) and

SSVEP response (uenv_ssvep). The instantaneous
amplitudes were only calculated for the filtered
envelope of SSVEP response and summed to plot
the amplitude spectrum in the frequency domain.

3. The instantaneous time delays over 2,000 time
points were calculated in milliseconds according
to the formula:

Tdelay ¼
10003ðuenv photo � uenv ssvepÞ

23 p 3 fenv
ð3Þ

Where uenv_ssvep , uenv_photo represent the unwrapped
instantaneous phase of envelope SSVEP responses and
envelope photodiode recordings respectively. fenv is the
frequency of the filtered envelope corresponding to 2
Hz.

4. The instantaneous time delays were averaged to
quantify the average time delay (group delay).

Envelope-based phase lag calculated from simulated
signals

To ensure that our envelop-based phase lag method
can evaluate the effectiveness in calculating a latency
value, we evaluated the various time delays using
constructed simulated signals (Figure 3). The stimulus
simulation (S, black line) was generated by a product of

Figure 1. Schematic diagram and procedure of the SSVEP experiment. (A) Schematic diagram of the SSVEP recording system. The

computer, using MATLAB, was used for generating the light flicker stimuli and collecting the SSVEP and photodiode signals. To

generate the visual stimuli, the computer sent the waveform output to a digital-to-analogue converter (NI USB 6229), which was

connected to the two LEDs. The SSVEP and photodiode signals were recorded using a NuAmp amplifier and a BioPAC amplifier,

respectively. To synchronize the time onset from these two systems, the computer simultaneously sent digital triggers (i.e., TTL

(Transitor Transitor logic) triggers) to each system. (B) The experimental procedure for monocular and binocular stimulation in the

experiment. After hearing a beep sound, subjects were required to open their eyes. The visual stimuli were presented to participants

at random with a time duration of 2500 ms. After stimulation, participants could close their eyes until the beginning of the next trial,

the start of which was again indicated by a beep sound. The visual stimuli were presented to both eyes (binocular), only to the left

eye, or only to the right eye (monocular) across conditions.

Journal of Vision (2019) 19(14):14, 1–17 Nguyen et al. 5

Downloaded from jov.arvojournals.org on 12/20/2019



two sinusoidal signals, in which the fast-changing
oscillation was the carrier frequency (i.e., f2¼ 14 Hz)
and the slow-changing oscillation was the modulation
frequency (i.e., f1 ¼ 1 Hz). Note that the envelope of
this AM flicker is twice the modulation frequency (i.e.,
fenv¼2*f1¼2 Hz). The response simulation (R, red line)
was constructed from a 100-ms delay of signal S. The
envelopes of these signals were extracted using the
complex demodulation method. Then, the 3rd Butter-
worth (1–3 Hz, BPF) was used to demean and centered
the signals at 2 Hz before applying the Hilbert
transform to get instantaneous amplitude and phase.
The distribution of phase lags was calculated by
subtracting the unwrapped instantaneous phase be-
tween S-R. The phase lag was then used to convert to
time delay, in which the mean time delay between S-R
were 99.6 ms. This estimated time delay was close to the
ideal time delay (100 ms). We further tested how the
latency estimation was affected under different noise
levels, which were controlled by signal-to-noise ratio
(SNR). The same simulation, as shown in Figure 3, was
repeated, with adding different SNR values into the
response simulation signal. The SNR values were
decreased from 8 dB to �2 dB, in which the negative
value means that the noise power is larger than the
signal power. Our results demonstrate that although
the mean estimated latency in different SNR values was
slightly decreased, these latencies retained values close

to the ideal latency seen in the results from a noiseless
signal (Table 2).

The envelope-based phase lag from a single participant

An example of calculating the group delay from a
single participant’s SSVEPs elicited by AM flicker
during binocular stimulation at Oz channel is shown in
Figure 4. The envelope response of the SSVEP showed
clear original peaks and troughs corresponding to the
envelope stimulus. From the topographic distribution,
the 2-Hz envelope amplitude was strongly distributed
in occipital channels (O1, O2, Oz channels) while the
visual response latency was 86.07 ms.

Statistical analysis

In general, experimental manipulations were within-
subject factors. The results were expressed as mean 6

standard error of the mean. The Shapiro-Wilk test was
used to test the normality of the distributions and
indicated that the data did not significantly differ from
a normal distribution. Differences between experimen-
tal conditions were thus assessed using paired-samples t
tests, or via repeated-measures analyses of variance
(rmANOVA). A Bonferroni correction was performed

Figure 2. The algorithm flow used to calculate the visual response latency from the envelope response. The envelopes of the signals

are extracted using complex demodulation, which is illustrated in the inset. In this, the signal S was a product of two sinusoidal

signals, with one being a fast oscillation at 14 Hz and one signal a slow oscillation at 1 Hz. Mathematically, this signal S was treated as

a summation of two sinusoidal signals at 13 and 15 Hz with equal amplitudes. The signal S was then multiplied by the complex

exponential function e–i2pft. The real part and imaginary part of the resulting signal were filtered with a low-pass filter (cutoff

frequency at 3 Hz, Butterworth 3rd zero-phase filter). The filtered real part and imaginary part were then integrated to establish the

envelope. The detailed procedure of the complex demodulation is described in more detail in Kashiwase et al. (2012). A 1–3-Hz band-

pass filter was then applied to these envelopes before calculating the instantaneous phase using Hilbert transform. The phase lag

between the envelope SSVEP and envelope photodiode was then converted to group delay.
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for the adjustment of multiple comparisons. Cluster-
based nonparametric permutation (CBnPP; Maris &
Oostenveld, 2007) analysis was used for evaluation of
the multichannel amplitude differences from two
conditions (AM flicker and S flicker). Two EEG
sensors were defined as neighbors if their distance was
no more than 60 mm from each other. We then
proceeded with 2,000 permutations for each test.

Source localization analysis

Prior to source reconstruction, the SSVEPs for each
condition were re-referenced to a common average

reference. Then the current source density of the
SSVEPs at the sensor level was computed using the
LORETA-Key software (KEY Institute for Brain–Mind
Research, Switzerland). In this software, standardized
low-resolution electromagnetic tomography (sLoreta)
was applied to obtain the current source density in 6239
voxels, with a 5 mm3 resolution (Pascual-Marqui, 2002).
The sLoreta used a 3-D head model, registered to the
anatomical Talairach atlas (Talairach & Tournoux,
1988) and available as the digitized probability atlas
from the Brain Imaging Center at the Montreal
Neurological Institute (Collins, Neelin, Peters, & Evans,
1994). To extract the source envelope from the current
source density, we applied the same procedure at the

Figure 3. Illustration of measuring group delay in the simulated signals. The signal S (black line) was an AM signal generated by a

product of two sinusoidal signals in which one sinusoidal signal was a fast oscillation (f2 ¼ 14 Hz) and one sinusoidal was a slow

oscillation (f1¼ 1 Hz). The signal R (red line) was the same as the signal S with a 100-ms delay. The envelopes of simulated signals

were extracted by the complex demodulation. The instantaneous phase of these filtered envelopes (1–3 Hz, 3rd Butterworth zero-

phase filter) were obtained by applying the Hilbert transform. The phase lag distributions between envelopes of S-R were computed

in 30 bins from the 2,000 time points of instantaneous phase lag.

SNR (dB) 8 6 4 2 0 �2

Latency (ms) 99.52 99.48 99.44 99.39 99.35 99.34

Table 2. The latency estimation with different noise levels.
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sensor level. Current source density of a 2-Hz envelope
amplitude in each voxel between the AM flicker (test
condition) and S flicker (control condition) were
compared by permutation tests on paired data. For this
comparison, sLoreta used a nonparametric permutation
test with 5,000 randomizations (Nichols & Holmes,
2002). The threshold was set to p , 0.05.

Results

The propagating time (group delay) from the
stimulus presentation to the Oz channel during
binocular and monocular stimulation

The topographic distribution of 2-Hz envelope
amplitude elicited by AM flicker and S flicker are

shown in Figure 5. In the AM condition, the 2-Hz
envelope amplitude was strongly distributed in the
occipital area in both monocular and binocular
conditions. In contrast, the topographic distribution of
the 2-Hz envelope amplitude in the S flicker condition
(i.e., baseline condition) was not seen. The topographic
contrast showed a significant difference in envelope
amplitude between the AM and S flicker conditions at
the occipital lobe in the monocular and binocular
conditions (p , 0.05, two-tailed cluster-based non-
parametric permutation).

The Oz channel was thus chosen to calculate the
visual response latency for both binocular and mon-
ocular stimulations using the envelope-based latency
method (Figure 6). From visual inspection, the grand
average SSVEPs induced by AM flicker showed the
same amplitude modulation pattern in both monocular
and binocular stimulation. These patterns in both
monocular and binocular stimulation showed the time

Figure 4. Example of latency and spectrum data from a single participant. (A) The photodiode signal (black line) and its envelope

(green line) are shown from the onset and last for 3000 ms. In addition, the SSVEP response (blue line) and its envelope (red line)

were also plotted. The 1–3-Hz envelope response of photodiode and SSVEP showed the time lag over time (bottom figure). The 1–3-

Hz envelope amplitude also showed the 2-Hz peak in the frequency spectrum (marginal Hilbert transform). (B) The instantaneous

phase of these envelopes and the phase lag distribution showed the different phase lag between stimulus and response. This phase

lag was then converted to a time delay with 86.07 ms.
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delay compared to the recording photodiode (Figure
6A). However, the larger amplitude can be seen in the
SSVEPs resulting from binocular stimulation. The
envelope of SSVEPs were then extracted by the
complex demodulation method and also showed a time
lag compared to the envelope of the photodiode signal
(Figure 6B). Figure 6C shows the 2-Hz peaks of the
marginal amplitude spectrum of the SSVEP envelopes.
The calculated amplitudes were 5.3 6 0.67 uV (M 6
SEM) for the dominant eye, 4.99 6 0.64 uV for the
nondominant eye, and 10.58 6 0.82 uV for binocular
stimulation. One-way rmANOVA was used for the 2-
Hz envelope amplitude in three conditions, showing
that the difference was significant, F(2,24)¼ 69.98, p ,
0.001, g2 ¼ 0.854). Furthermore, post hoc pairwise
comparisons showed that the 2-Hz envelope amplitude
during binocular stimulation was significantly larger
than for dominant eye, t(12) ¼ 7.77, p , 0.001, and
nondominant eye, t(12) ¼ 11.67, p , 0.001. However,
there was no significant difference in 2-Hz envelope
amplitudes between dominant and nondominant eye
stimulation, t(12) ¼ 0.043, p¼ 0.967. The calculated
time lags were 97.14 6 4.25 ms (M 6 SEM) for the
dominant eye, 104.75 6 2.64 ms for the nondominant
eye, and 104.55 6 3.12 ms for binocular stimulation.
One-way rmANOVA showed no significant difference
between these, F(2,24) ¼ 2.61, p¼ 0.094, g2¼ 0.179
(Figure 6D).

The propagating time (group delay) for the
frontal lobe channels was longer than for the
occipital channels during binocular stimulation

To calculate the response latency at the frontal
electrode cluster (F3, Fz, F3 channels), the envelope
amplitudes at this area elicited by AM flicker was
assumed to be significantly larger than those elicited by
S flicker (control condition). However, these envelope
amplitudes at frontal channels are only significantly
larger than those of S flicker in binocular stimulation
and not in the monocular condition (Figure 5).
Therefore, the response latency at frontal channels was
only calculated for the binocular condition.

In the binocular condition, the visual response
latencies of SSVEP responses were calculated from
three regions (Occipital electrode cluster—O1, Oz, O2;
central electrode cluster—C3, Cz, C4; frontal electrode
cluster—F3, Fz, F4), with the SSVEPs of the three
channels from each region being averaged (Figure 7).
The grand average SSVEP responses induced by
binocular AM flicker for the three regions are shown in
Figure 7A. In addition, visual inspection of these
SSVEPs showed a time delay compared to the
recording photodiode. The envelope of SSVEP re-
sponses in the three region channels (blue line: occipital
channels, green line: central channels, red line: frontal

Figure 5. The scalp topographies (32 channels) of the amplitude of the 2-Hz envelope during binocular (left panel) and monocular

stimulation (dominant eye: middle and nondominant eye: right panel), averaged across participants (N ¼ 13). The topographical

contrast with white circles illustrates where there were significant differences of envelope amplitude between the AM flicker

condition and the S flicker condition (pcluster , 0.05, two tails).
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channels) are shown in Figure 7B. The envelope
responses at frontal channels shows a lower amplitude
and a longer delay than in occipital channels. The 2-Hz
envelope amplitudes were calculated as 9.27 6 0.78 lV
(M 6 SEM) for the occipital channels, 2.02 6 0.3 lV
for the central channels and 2.62 6 0.31 lV for the
frontal channels. One-way rmANOVA showed that the
difference in 2-Hz envelope amplitude in the three
region channels was significant, F(1.069, 12.833)¼
88.528, p , 0.001, g2 ¼ 0.881 (Figure 7C). Post hoc
pairwise comparisons with Bonferroni correction
showed that the 2-Hz envelope response at occipital
channels was significantly larger than those of central,
t(12) ¼ 9.349, p , 0.001, and frontal channels, t(12) ¼
9.787, p , 0.001. Post hoc tests also showed
significantly lower amplitude for central channels
compared with frontal channels, t(12)¼�3.229, p ¼

0.022. The time lags were calculated as 104.11 6 4.25
ms (M 6 SEM) for the occipital channels, 124.29 6

8.15 ms for the central channels and 125.84 6 6.89 ms
for the frontal channels. One-way rmANOVA revealed
a significant main effect of channel on latency
responses, F(1.3, 15.7)¼ 6.417, p ¼ 0.016, g2 ¼ 0.348
(Figure 7D). Post hoc pairwise comparisons with
Bonferroni correction showed that the latency at
occipital channels was significantly shorter than that of
frontal channels, t(12) ¼�3.72, p ¼ 0.009.

Using sLORETA, we estimated the current source
density for the 2-Hz source envelope in the AM
condition and the S flicker condition (control condi-
tion). In the AM condition, the source localization
demonstrated that there was a significant increase in
the current source spectral density in the occipital
cortex (p , 0.05 at critical t value . 20.6; Figure 8).

Figure 6. The envelope amplitude and visual response latencies calculated using the phase-based method for monocular and

binocular stimulation. (A) The photodiode signal (black line) and grand average of SSVEP responses elicited by stimulation of the

dominant eye (green line), nondominant eye (blue line), and binocular stimulation (red line) are shown from 500 ms after onset and

last for 2000 ms. (B) The envelope response of the photodiode and SSVEPs. (C) The spectrum shows the 2-Hz peak envelope

amplitude (marginal amplitude from Hilbert transform) from monocular and binocular stimulation. The binocular response (red line)

shows a significantly larger amplitude compared to dominant (green line) and nondominant eye (blue line) monocular stimulation.

(D) The visual response latency for the dominant eye (97.14 6 4.25 ms), nondominant eye (104.75 6 2.64 ms), and binocular

stimulation (104.55 6 3.12 ms). Error bars represent standard error of the mean.
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Discussion

In the current study, we quantified the latency from
the envelope of SSVEPs induced by AM flicker. The
results indicated that the latency at the occipital
channel was not significantly different between binoc-
ular and monocular conditions. In contrast, the
envelope amplitude of SSVEPs in the binocular
condition was larger than that in the monocular
condition. These results suggest that the enhanced
amplitude in binocular viewing did not shorten the
latency in the binocular condition. We then estimated
the latency from frontal channels in both binocular and
monocular conditions. However, the envelope ampli-
tude observed at frontal channels was large enough for
the binocular condition but was not for the monocular
condition compared to the baseline (i.e., envelope
amplitude of S flicker). Therefore, only the binocular

condition was considered for calculating the latency at
frontal channels. The results showed that the latency at
the frontal channels was significantly longer than that
at occipital channels. These findings mean the envelope
of SSVEPs may be effective for estimating the
propagation time of visual stimuli to many cortical
areas at a sensory level.

Some previous studies used primarily the complex
demodulation method as an important tool to extract
the envelope of SSVEPs (Kashiwase et al., 2012;
Müller, Andersen, & Keil, 2008; Müller et al., 2006).
The envelope was then used to estimate the temporal
dynamics of attention modulation. The consistent
results across these studies show that this method was a
reliable tool to extract the envelope of a physiological
signal, specifically SSVEPs. Consistent with these
studies, the current study successfully obtained the
envelope of SSVEPs along with the envelope of the
physical stimulus employed. Unlike the previous

Figure 7. The envelope amplitude and visual response latency obtained using the envelope-based delay method for three region

channels (occipital, central, and frontal channels). (A) The photodiode signal (black line) and grand average of the SSVEP response

elicited in occipital channels (blue line), central channels (green line), and frontal channels (red line) are shown from 500 ms after

onset and last for 2000 ms. (B) The envelope response of the photodiode and SSVEPs. (C) The frequency spectrum showing the 2-Hz

peak envelope amplitude (marginal Hilbert transform) in the three region channels. The occipital channels (blue line) shows a

significantly larger amplitude compared to central (green line) and frontal channels (blue line). (D) The visual response latency in

occipital channels (104.11 6 4.25 ms), central channels (124.29 6 8.15 ms), and frontal channels (125.84 6 6.89 ms). Error bars

represent standard error of the mean.
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studies, which obtained the envelope with unknown
frequency from a single frequency stimulus, the current
study extended the use of envelope SSVEPs by applying
an AM flicker in which the frequency of the envelope
was well defined. This envelope frequency is an
important parameter that allowed us to convert the
phase lag obtained using Hilbert transform into the
time delay. The Hilbert transform is useful for
analyzing nonstationary signals (i.e., EEG data) by
calculating a rate of change in phase, which is the

instantaneous phase. Although the Fourier transform
might offer a simpler way to calculate this phase lag, it
has constraints in obtaining the instantaneous phase to
precisely measure the visual response latency. The
instantaneous values allow a meaningful representation
of the phase and amplitude in the temporal domain,
hence providing an accurate representation of nonsta-
tionary signals not observed in the integral transforms
of Fourier transform. The efficiency of instantaneous
phase in measuring the phase lag index has been

Figure 8. Source analysis of envelope amplitude in response to binocular stimulation using sLORETA. sLORETA images for the 2-Hz

envelope elicited by AM flicker (top panel), showing the strong activity in the occipital lobe, and S flicker (middle panel). sLORETA

statistical nonparametric maps (bottom panel) comparing the current source spectral density (J2) for the 2-Hz envelope elicited by

AM flicker and S flicker. A significant increase was seen in the occipital lobe (critical t value . 20.6, p , 0.05). Calibration bars indicate

t values.
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demonstrated by Stam, Nolte, and Daffertshofer
(2007). The combination of complex demodulation and
Hilbert transform was validated in different noise
conditions using simulations for measuring the phase
lag. The results from simulations showed that the
estimated latencies at different noise levels were close to
the ideal latency, suggesting the validity and high
performance of this method. Therefore, the combina-
tion of complex demodulation and Hilbert transform in
the present study can be reliably applied to quantify the
propagating time of envelopes from the physical
stimulus generator to the various cortical areas at the
sensory level of the human brain.

In the literature, the successful use of the VEP for the
measurement of the latency of cortical responses is
possible due to the feasibility of the transient peak
latency of the P100 component, which is typically
approximately 100 ms (for a review see Odom et al.,
2016). This P100 component peak latency is correlated
with the phase change of SSVEPs (Tobimatsu, Kurita-
Tashima, Nakayama-Hiromatsu, & Kato, 1993, Tobi-
matsu, Tashima-Kurita, Nakayama-Hiromatsu, &
Kato, 1991). This relationship was supported by one
study measuring apparent latency (Lee et al., 2012). In
this study, 12 different frequency stimuli were used to
estimate the apparent latency using linear regression of
phase versus frequencies. They found that, in normal
adults, the apparent latency was about 103.6 6 3.0 ms
and was not significantly different from the transient
peak latency (104.6 6 1.7 ms). In general, this finding
suggested that the apparent latency was approximately
100 to 115 ms and similar to the P100 peak time in VEP
studies (Lee et al., 2012). In agreement with the time
range of these studies, our results found that the
propagating time (group delay) from the visual stimuli
generator to the occipital channel was 104.55 6 3.12
ms (M 6 SEM) for binocular stimulation, 97.14 6
4.25 ms for the dominant eye, and 104.75 6 2.64 ms for
the nondominant eye in monocular stimulation. Al-
though the above group delays were in consistent with
the apparent latency, the envelope-based delay method
has some advantages. Firstly, this method successfully
estimated the latency based on the physiological
envelope in the entire waveform which might be close
to the physiological latency. The apparent latency
method uses the slope of phase versus frequencies, in
which the prior phase cycles of higher frequency have
to be arbitrarily added in order to fit this slope. This
arbitrary selection of phase response may lead to blurr
the estimation of the physiological latency. Addition-
ally, the apparent latency method requires runs of
multiple-frequency stimuli in many blocks to allow
plotting of this regression line (Falsini & Porciatti,
1996; Lee et al., 2012; Morrone et al., 1996; Porciatti &
Sartucci, 1996; Regan, 1966). This can be quite time
consuming. In the current study, the latency based on

the envelope phase needs only one block of EEG
recording elicited by AM flicker and so is experimen-
tally significantly less time-consuming. AM stimuli
have also been used in brain-computer interfaces, in
which the phase and amplitude from this stimulus can
be used to improve the performance of classification
(Chang, Baek, Lee, & Park, 2014; Lopez-Gordo,
Prieto, Pelayo, & Morillas, 2010). Therefore, the
envelope-based delay method using the AM flicker is
very suitable for empirical application in, for example,
clinical studies and brain-computer interfaces. More-
over, homogenous flicker stimulation, rather than
pattern, was adopted in this study to avoid problems
that might arise from the nonsinusoidal nature of usual
pattern-onset or -reversal stimuli. However, pattern
stimuli give more insight into visual processing beyond
the early stages of the visual pathway, and we are
currently planning the application of our technique to
SSVEPs elicited by such stimuli.

To our knowledge, the binocular latency and
monocular latency from SSVEP studies have previously
rarely been discussed. In contrast, the P100 peak time
of binocular and monocular VEPs have been inten-
sively discussed, and the results typically show shorter
binocular latencies than monocular latencies (Johans-
son & Jakobsson, 1993; McCulloch & Skarf, 1991;
McKerral et al., 1995; Wanger & Nilsson, 1978). In
contrast with these studies, the current observations
showed no significant difference in binocular and
monocular latency. One plausible reason for this
discrepancy was the different measurement of latency.
That is, the VEPs only measured the latency onset at
the peaks, while the current study measured the latency
by use of an entire waveform. In addition, the stimulus
conditions might account for this discrepancy. For
example, Bagolini, Porciatti, and Falsini’s study from
1988 used a range of spatial frequencies of checker-
board stimuli and found that the shorter latency for
binocular viewing compared to monocular viewing
only occurred at 0.6–2 cycles per degree but no phase
was shorter at spatial frequencies higher than 2 c/d
(Bagolini et al., 1988). In addition to latency informa-
tion, we found that the binocular envelope amplitude
was larger than the envelope amplitude from stimula-
tion of the dominant eye or the nondominant eye (see
Figure 6C). This finding was generally in line with most
previous studies, in which the performance of both eyes
is enhanced compared to one eye in both psychophys-
ical and electrophysiological studies (Apkarian, Na-
kayama, & Tyler, 1981; Baker, Lygo, Meese, &
Georgeson, 2018; Baker, Wallis, Georgeson, & Meese,
2012; Campbell & Green, 1965; Di Summa et al., 1997;
Ding & Levi, 2017; Ding & Sperling, 2006; Meese,
Georgeson, & Baker, 2006; Plainis, Petratou, Gianna-
kopoulou, Atchison, & Tsilimbaris, 2011; Richard,
Chadnova, & Baker, 2018; Tobimatsu & Kato, 1996).
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The binocular summation ratio is widely used in most
previous studies when measuring the binocular advan-
tage over monocular sensitivities. In early psycho-
physical work, Campbell and Green (1965) reported
that the binocular contrast sensitivity was about 1.4
times enhancement that of monocular sensitivity,
indicating a binocular summation ratio of 1.4 (Camp-
bell & Green, 1965). However, this ratio has been
reported to be significantly greater than the canonical
value of 1.4, with an approximate range from 1.4 to 2
(Baker et al., 2018; Baker et al., 2012; Meese et al.,
2006; Richard et al., 2018). From the pattern of our
results, the amplitudes under binocular condition were
approximately 2.2 6 0.16 (M 6 SEM) times (i.e., a
ratio of binocular amplitude to the averaged monocular
amplitudes, averaged across participants) larger than
those obtained in the monocular condition. This result
supports the range from recent theories instead of the
canonical ratio (i.e., a binocular summation ratio of
1.4). This was also consistent with the range from 1.3 to
2.5 reported in most previous electrophysiological
studies (Apkarian et al., 1981; Di Summa et al., 1997;
Plainis et al., 2011; Tobimatsu & Kato, 1996). The
current finding implies an approximately linear sum-
mation process occurs during binocular viewing.

Another important observation in the present study
was that the envelope response at frontal channels in
the binocular condition became smaller and was
significantly delayed compared to the responses in
occipital channels (Figure 7). It is noted that the latency
at frontal channels during monocular stimulation was
not calculated because the envelope amplitudes were
not different compared to the baseline (S flicker
condition). The envelope amplitude being enhanced or
converging from two monocular pathways could be
one plausible reason for the stronger envelope ampli-
tude at frontal channels in binocular viewing. At the
occipital channels, the envelope amplitude was 9.27 6
0.78 lV and the latency was 104.11 6 4.25 ms. In
contrast, at the frontal channels, the envelope ampli-
tude was 2.62 6 0.31 lV and the latency was 125.84 6
6.89 ms. These findings were combined with the source
envelope being activated more strongly in occipital
cortex and lends support to bottom-up theories that
SSVEP signals in visual cortex propagate forward to
frontal areas at successively later times. Although this
occipital source, which was the result of the amplitude
spectrum, is difficult to use to make a conclusion about
the relationship between the latency difference and the
source findings, we speculate that if the source is
strongly activated at occipital lobe, it might imply that
the envelope responses probably originated from the
occipital area and then propagated to the frontal lobe
at a delayed time, with this delay being the latency
difference we observed between occipital and frontal
channels. However, our source analysis showed no

direct evidence of a frontal source for the response to
the envelope. Indeed, these observations were in line
with previous studies showing that the occipital lobe
was the main source of visual responses (Bianciardi et
al., 2009; Di Russo et al., 2007; Vialatte et al., 2010). In
addition, the previous studies suggested that SSVEPs
also were a means of observing traveling waves from
the occipital channels to anterior channels (Burkitt,
Silberstein, Cadusch, & Wood, 2000; Srinivasan et al.,
2006). For example, Burkitt et al. (2000) found that a
negative phase gradient of SSVEPs in most subjects
was consistent with propagation in the posterior to the
anterior direction (Burkitt et al., 2000). The current
study also supports early evidence of traveling waves in
single-unit studies. The earliest such work showed that
the largest potentials were measured at the V1 surface
locations that were retinotopically appropriate while
smaller potentials were measured at more distal
locations (Cowey, 1964). In addition, stimuli placed
further away caused potentials that were progressively
delayed. This early finding was confirmed by studies
that measured local field potentials (Kitano, Niiyama,
Kasamatsu, Sutter, & Norcia, 1994) and used voltage-
sensitive dye imaging (Grinvald, Lieke, Frostig, &
Hildesheim, 1994; Muller, Reynaud, Chavane, &
Destexhe, 2014; Sharon, Jancke, Chavane, Na’aman, &
Grinvald, 2007).

In conclusion, the envelope-based phase delay
method described here extracts the envelope response
and envelope stimuli to estimate the latency in the
entire waveform resulting from presentation of a
fluctuating stimulus. Therefore, this method could
overcome the phase ambiguity of the fast oscillation of
SSVEPs and be innovatively applied to quantify visual
response latencies in the human visual system. In
addition, this method also provides a reliable means to
observe the progressive delay from the occipital
channels to frontal channels. Our current study
suggests that SSVEPs and their envelope waveforms
could be used to enhance current theories relating to
visual response latencies and might also offer physio-
logical evidence for traveling waves in the human brain.

Keywords: steady-state visually evoked potentials,
visual response latency, group delay, amplitude-
modulated flicker, envelope, complex demodulation

Acknowledgments

This work was sponsored by the Ministry of Science
and Technology, Taiwan (grant numbers: 108-2639-H-
008-001-ASP; 108-2321-B-075 -004 -MY2, 107-2410-H-
008 -040 -MY3; 106-2628-H-008-002-MY4; 106-2410-
H-008-038-MY3; MOST 107-2628-H-008-002-MY3;
MOST 107-2420-H-008-009), Academia Sinica, Taiwan

Journal of Vision (2019) 19(14):14, 1–17 Nguyen et al. 14

Downloaded from jov.arvojournals.org on 12/20/2019



(AS-108-TP-C02-2) and sponsored by Taiwan Ministry
of Education’s ‘‘Academic Strategic Alliance: Taiwan
and Oxford University’’ project grant (MOE Oxford-
NCU-BRC collaborative project). We are grateful to
Kia Nobre, Mark Woolrich, and Andrew Quinn for the
insightful discussion. KTN, CHJ, NGM, and WKL
designed the experiments. KTN collected the data.
KTN, CHJ, WKL, and NEH analyzed data. All
authors wrote the manuscript. The data that support
the findings of this study will be available from the
corresponding author upon request.

Commercial relationships: none.
Corresponding author: Chi-Hung Juan.
Email: chijuan@cc.ncu.edu.tw.
Address: Institute of Cognitive Neuroscience, National
Central University, Jhongli City, Taiwan.

References

Andersen, S. K., Hillyard, S. A., & Muller, M. M.
(2013). Global facilitation of attended features is
obligatory and restricts divided attention. Journal
of Neuroscience, 33, 18200–18207.

Andersen, S. K., & Müller, M. M. (2015). Driving
steady-state visual evoked potentials at arbitrary
frequencies using temporal interpolation of stimu-
lus presentation. BMC Neuroscience, 16, 95.

Apkarian, P. A., Nakayama, K., & Tyler, C. W.
(1981). Binocularity in the human visual evoked
potential: Facilitation, summation and suppression.
Electroencephalography and Clinical Neurophysiol-
ogy, 51, 32–48.

Azzopardi, P., Fallah, M., Gross, C. G., & Rodman,
H. R. (2003). Response latencies of neurons in
visual areas MT and MST of monkeys with striate
cortex lesions. Neuropsychologia, 41, 1738–1756.

Bagolini, B., Porciatti, V., & Falsini, B. (1988).
Binocular interaction and steady-state visual
evoked potentials. Graefe’s Archive for Clinical and
Experimental Ophthalmology, 226(5), 401–406.

Baker, D. H., Lygo, F. A., Meese, T. S., & Georgeson,
M. A. (2018). Binocular summation revisited:
Beyond =2. Psychological Bulletin, 144(11), 1186–
1199.

Baker, D. H., Wallis, S. A., Georgeson, M. A., &
Meese, T. S. (2012). Nonlinearities in the binocular
combination of luminance and contrast. Vision
Research, 56, 1–9.

Bessler, P., Klee, S., Kellner, U., & Haueisen, J. (2010).
Silent substitution stimulation of S-cone pathway

and L- and M-cone pathway in glaucoma. Investi-
gative Ophthalmology & Visual Science, 51, 319–326.

Bianciardi, M., Bianchi, L., Garreffa, G., Abbafati, M.,
Di Russo, F., Marciani, M. G., & Macaluso, E.
(2009). Single-epoch analysis of interleaved evoked
potentials and fMRI responses during steady-state
visual stimulation. Clinical Neurophysiology, 120,
738–747.

Bijl, G. K., & Veringa, F. (1985). Neural conduction
time and steady-state evoked potentials. Electroen-
cephalography and Clinical Neurophysiology, 62,
465–467.

Burkitt, G. R., Silberstein, R. B., Cadusch, P. J., &
Wood, A. W. (2000). Steady-state visual evoked
potentials and travelling waves. Clinical Neuro-
physiology, 111, 246–258.

Campbell, F. W., & Green, D. G. (1965, October 9).
Monocular versus binocular visual acuity. Nature,
208, 191–192.

Celesia, G. G. (1980). Steady-state and transient visual
evoked potentials in clinical practice. Annals of the
New York Academy of Sciences, 338, 290–305.

Chang, M. H., Baek, H. J., Lee, S. M., & Park, K. S.
(2014). An amplitude-modulated visual stimulation
for reducing eye fatigue in SSVEP-based brain-
computer interfaces. Clinical Neurophysiology,
125(7), 1380–1391.

Collins, D. L., Neelin, P., Peters, T. M., & Evans, A.
C. (1994). Automatic 3D intersubject registration
of MR volumetric data in standardized Talairach
space. Journal of Computer Assisted Tomography,
18, 192–205.

Cowey, A. (1964). Projection of the retina on to striate
and prestriate cortex in the squirrel monkey, Saimiri
sciureus. Journal of Neurophysiology, 27, 366–393.

Di Russo, F., Pitzalis, S., Aprile, T., Spitoni, G., Patria,
F., Stella, A., . . . Hillyard, S. A. (2007). Spatio-
temporal analysis of the cortical sources of the
steady-state visual evoked potential. Human Brain
Mapping, 28, 323–334.

Di Summa, A., Polo, A., Tinazzi, M., Zanette, G.,
Bertolasi, L., Bongiovanni, L. G., & Fiaschi, A.
(1997). Binocular interaction in normal vision
studied by pattern-reversal visual evoked potential
(PR-VEPS). Italian Journal of Neurological Scienc-
es, 18, 81–86.

Ding, J., & Levi, D. M., 2017. Binocular combination of
luminance profiles. Journal of Vision, 17(13):4, 1–32,
https://doi.org/10.1167/17.13.4. [PubMed] [Article]

Ding, J., & Sperling, G. (2006). A gain-control theory of
binocular combination. Proceedings of the National
Academy of Sciences, USA, 103, 1141–1146.

Journal of Vision (2019) 19(14):14, 1–17 Nguyen et al. 15

Downloaded from jov.arvojournals.org on 12/20/2019

mailto:chijuan@cc.ncu.edu.tw
https://doi.org/10.1167/17.13.4
https://www.ncbi.nlm.nih.gov/pubmed/29098293
http://jov.arvojournals.org/article.aspx?articleid=2661710


Draganova, R., & Popivanov, D. (1999). Assessment
of EEG frequency dynamics using complex de-
modulation. Physiological Research/Academia Sci-
entiarum Bohemoslovaca, 48(2), 157–165.

Falsini, B., & Porciatti, V. (1996). The temporal
frequency response function of pattern ERG and
VEP: Changes in optic neuritis. Electroencephalog-
raphy and Clinical Neurophysiology, 100, 428–435.

Felleman, D. J., & Van Essen, D. C. (1991).
Distributed hierarchical processing in the primate
cerebral cortex. Cerebral Cortex, 1, 1–47.

Goldstein, J., Baer, T., & Kiang, N. (1971). A
theoretical treatment of latency, group delay, and
tuning characteristics for auditory-nerve responses
to clicks and tones. In M. B. Sachs (Ed.),
Physiology of the auditory system (pp. 133–141).
Baltimore, MD: National Educational Consultants.

Grinvald, A., Lieke, E. E., Frostig, R. D., &
Hildesheim, R. (1994). Cortical point-spread func-
tion and long-range lateral interactions revealed by
real-time optical imaging of macaque monkey
primary visual cortex. Journal of Neuroscience, 14,
2545–2568.

Hilgetag, C.-C., Van Essen, D. C., Neill, M. A., Young,
M. P., & Felleman, D. J. (1996, February 9).
Indeterminate organization of the visual system.
Science, 271(5250), 776–777.

Johansson, B., & Jakobsson, P. (1993). VEP latency: A
comparison between normal and defective binocu-
larity. Clinical Vision Sciences, 8, 245–251.

Kashiwase, Y., Matsumiya, K., Kuriki, I., & Shioiri, S.
(2012). Time courses of attentional modulation in
neural amplification and synchronization measured
with steady-state visual-evoked potentials. Journal
of Cognitive Neuroscience, 24, 1779–1793.

Kitano, M., Niiyama, K., Kasamatsu, T., Sutter, E. E.,
& Norcia, A. M. (1994). Retinotopic and non-
retinotopic field potentials in cat visual cortex.
Vision Neuroscience, 11, 953–977.

Klee, S., Link, D., Bessler, P., & Haueisen, J. (2011).
Optoelectrophysiological stimulation of the human
eye using fundus-controlled silent substitution
technique. Journal of Biomedical Optics, 16: 015002.

Lee, J., Birtles, D., Wattam-Bell, J., Atkinson, J., &
Braddick, O. (2012). Latency measures of pattern-
reversal VEP in adults and infants: Different
information from transient P1 response and steady-
state phase. Investigative Ophthalmology & Visual
Science, 53, 1306–1314.

Lopez-Gordo, M. A., Prieto, A., Pelayo, F., &
Morillas, C. (2010). Use of phase in brain-computer
interfaces based on steady-state visual evoked
potentials. Neural Processing Letters, 32(1), 1–9.

Luck, S. J. (2014). An introduction to the event-related
potential technique. Cambridge, MA: MIT Press.

Maris, E., & Oostenveld, R. (2007). Nonparametric
statistical testing of EEG- and MEG-data. Journal
of Neuroscience Methods, 164, 177–190.

McCulloch, D. L., & Skarf, B. (1991). Development of
the human visual system: Monocular and binocular
pattern VEP latency. Investigative Ophthalmology &
Visual Science, 32, 2372–2381.

McKerral, M., Lachapelle, P., Tremblay, F., Polome-
no, R. C., Roy, M. S., Beneish, R., & Lepore, F.
(1995). Monocular contribution to the peak time of
the binocular pattern visual evoked potential.
Documenta Ophthalmologica. Advances in Ophthal-
mology, 91(2), 181–193.

Meese, T. S., Georgeson, M. A., & Baker, D. H.
(2006). Binocular contrast vision at and above
threshold. Journal of Vision, 6(11):7, 1224–1243,
https://doi.org/10.1167/6.11.7. [PubMed] [Article]

Merigan, W. H., & Maunsell, J. H. R. (1993). How
parallel are the primate visual pathways? Annual
Review of Neuroscience, 16, 369–402.

Morrone, M. C., Fiorentini, A., & Burr, D. C. (1996).
Development of the temporal properties of visual
evoked potentials to luminance and colour contrast
in infants. Vision Research, 36, 3141–3155.

Muller, L., Reynaud, A., Chavane, F., & Destexhe, A.
(2014). The stimulus-evoked population response in
visual cortex of awake monkey is a propagating
wave. Nat. Commun., 5, 3675.

Müller, M. M., Andersen, S. K., & Keil, A. (2008).
Time course of competition for visual processing
resources between emotional pictures and fore-
ground task. Cerebral Cortex, 18, 1892–1899.

Müller, M. M., Andersen, S., Trujillo, N. J., Valdes-
Sosa, P., Malinowski, P., & Hillyard, S. A. (2006).
Feature-selective attention enhances color signals in
early visual areas of the human brain. Proc. Natl.
Acad. Sci., 103, 14250–14254.

Nichols, T. E., & Holmes, A. P. (2002). Nonparametric
permutation tests for functional neuroimaging: A
primer with examples. Human Brain Mapping, 15,
1–25.

Norcia, A. M., Appelbaum, L. G., Ales, J. M.,
Cottereau, B. R., & Rossion, B. (2015). The
steady-state visual evoked potential in vision
research: A review. Journal of Vision, 15(6):4, 1–46,
https://doi.org/10.1167/15.6.4. [PubMed] [Article]

Nowak, L. G., Munk, M. H., Girard, P., & Bullier, J.
(1995). Visual latencies in areas V1 and V2 of the
macaque monkey. Vision Neuroscience, 12, 371–384.

Odom, J. V., Bach, M., Brigell, M., Holder, G. E.,

Journal of Vision (2019) 19(14):14, 1–17 Nguyen et al. 16

Downloaded from jov.arvojournals.org on 12/20/2019

https://doi.org/10.1167/6.11.7
https://www.ncbi.nlm.nih.gov/pubmed/17209731
http://jov.arvojournals.org/article.aspx?articleid=2121996
https://doi.org/10.1167/15.6.4
https://www.ncbi.nlm.nih.gov/pubmed/26024451
http://jov.arvojournals.org/article.aspx?articleid=2291652


McCulloch, D. L., Mizota, A., & Tormene, A. P.
(2016). ISCEV standard for clinical visual evoked
potentials: (2016 update). Documenta Ophthalmo-
logica. Advances in Ophthalmology, 133, 1–9.

Oostenveld, R., Fries, P., Maris, E., & Schoffelen, J.
M. (2011). FieldTrip: Open source software for
advanced analysis of MEG, EEG, and invasive
electrophysiological data. Computational Intelli-
gence and Neuroscience, 2011:156869.

Pascual-Marqui, R. D. (2002). Standardized low
resolution brain electromagnetic tomography.
Methods and Findings in Experimental and Clinical
Pharmacology, 24(Suppl D), 5–12.

Perlstein, W. M., Cole, M. A., Larson, M., Kelly, K.,
Seignourel, P., & Keil, A. (2003). Steady-state
visual evoked potentials reveal frontally-mediated
working memory activity in humans. Neuroscience
Letters, 342, 191–195.

Plainis, S., Petratou, D., Giannakopoulou, T., Atch-
ison, D. A., & Tsilimbaris, M. K. (2011). Binocular
summation improves performance to defocus-in-
duced blur. Investigative Ophthalmology & Visual
Science, 52(5), 2784–2789.

Porciatti, V., Burr, D. C., Morrone, M. C., &
Fiorentini, A. (1992). The effects of ageing on the
pattern electroretinogram and visual evoked po-
tential in humans. Vision Research, 32, 1199–1209.

Porciatti, V., & Sartucci, F. (1996). Retinal and
cortical evoked responses to chromatic contrast
stimuli: Specific losses in both eyes of patients with
multiple sclerosis and unilateral optic neuritis.
Brain, 119, 723–740.

Regan, D. (1966). Some characteristics of average
steady-state and transient responses evoked by
modulated light. Electroencephalography and Clin-
ical Neurophysiology, 20, 238–248.

Regan, D. (1982). Comparison of transient and steady-
state methods. Annals of the New York Academy of
Sciences, 388, 45–71.

Regan, D. (1989). Human brain electrophysiology.
Evoked potentials and evoked magnetic fields in
science and medicine. Electroencephalography and
Clinical Neurophysiology, 73, 84.

Richard, B., Chadnova, E., & Baker, D. H. (2018).
NeuroImage binocular vision adaptively suppresses
delayed monocular signals. Neuroimage, 172, 753–
765.

Schmolesky, M. T., Wang, Y., Hanes, D., Thompson,
K. G., Leutgeb, S., Schall, J. D., & Leventhal, A.
G. (1998). Signal timing across the macaque visual
system. Journal of Neurophysiology, 79, 3272–3278.

Shapley, R., & Perry, H. V. (1986). Cat and monkey
retinal ganglion cells and their visual functional
roles. Trends in Neuroscience, 9, 229–235.

Sharon, D., Jancke, D., Chavane, F., Na’aman, S., &
Grinvald, A. (2007). Cortical response field dy-
namics in cat visual cortex. Cerebral Cortex, 17,
2866–2877.

Silberstein, R. B. (1995). Steady-state visually evoked
potentials, brain resonances, and cognitive pro-
cesses. In P. L. Nunez (Ed.), Neocortical dynamics
and human EEG rhythms (pp. 272–303). New York,
NY: Oxford University Press.

Srinivasan, R., Bibi, F. A., & Nunez, P. L. (2006).
Steady-state visual evoked potentials: Distributed
local sources and wave-like dynamics are sensitive to
flicker frequency. Brain Topography, 18, 167–187.

Stam, C. J., Nolte, G., & Daffertshofer, A. (2007).
Phase lag index: Assessment of functional connec-
tivity from multi channel EEG and MEG with
diminished bias from common sources. Human
Brain Mapping, 28, 1178–1193.

Strasburger, H., Scheidler, W., & Rentschler, I. (1988).
Amplitude and phase characteristics of the steady-
state visual evoked potential. Applied Optics, 27,
1069–1088.

Talairach, J., & Tournoux, P. (1988). Co-planar
stereotaxic atlas of the human brain. New York,
NY: Georg Thieme Verlag.

Tobimatsu, S., & Kato, M. (1996). The effect of
binocular stimulation on each component of tran-
sient and steady-state VEPs. Electroencephalography
and Clinical Neurophysiology, 100, 177–183.

Tobimatsu, S., Kurita-Tashima, S., Nakayama-Hiro-
matsu, M., & Kato, M. (1993). Effect of spatial
frequency on transient and steady-state VEPs:
Stimulation with checkerboard, square-wave grat-
ing and sinusoidal grating patterns. Journal of the
Neurological Sciences, 118, 17–24.

Tobimatsu, S., Tashima-Kurita, S., Nakayama-Hiro-
matsu, M., & Kato, M., 1991. Clinical relevance of
phase of steady-state VEPs to P100 latency of
transient VEPs. Electroencephalography and Clini-
cal Neurophysiology, 80, 89–93.

Vialatte, F.-B., Maurice, M., Dauwels, J., & Cichocki,
A. (2010). Steady-state visually evoked potentials:
Focus on essential paradigms and future perspec-
tives. Progress in Neurobiology, 90, 418–438.

Wanger, P., & Nilsson, B.Y. (1978). Visual evoked
responses to pattern-reversal stimulation in patients
with amblyopia and/or defective binocular func-
tions. Acta Ophthalmologica, 56, 617–627.

Journal of Vision (2019) 19(14):14, 1–17 Nguyen et al. 17

Downloaded from jov.arvojournals.org on 12/20/2019


	Introduction
	Materials and methods
	e01
	e02
	t01
	e03
	f01
	f02
	f03
	t02
	Results
	f04
	f05
	f06
	Discussion
	f07
	f08
	Andersen1
	Andersen2
	Apkarian1
	Azzopardi1
	Bagolini1
	Baker1
	Baker2
	Bessler1
	Bianciardi1
	Bijl1
	Burkitt1
	Campbell1
	Celesia1
	Chang1
	Collins1
	Cowey1
	DiRusso1
	DiSumma1
	Ding1
	Ding2
	Draganova1
	Falsini1
	Felleman1
	Goldstein1
	Grinvald1
	Hilgetag1
	Johansson1
	Kashiwase1
	Kitano1
	Klee1
	Lee1
	LopezGordo1
	Luck1
	Maris1
	McCulloch1
	McKerral1
	Meese1
	Merigan1
	Morrone1
	Muller1
	Muller3
	Muller2
	Nichols1
	Norcia1
	Nowak1
	Odom1
	Oostenveld1
	PascualMarqui1
	Perlstein1
	Plainis1
	Porciatti1
	Porciatti2
	Regan1
	Regan2
	Regan3
	Richard1
	Schmolesky1
	Shapley1
	Sharon1
	Silberstein1
	Srinivasan1
	Stam1
	Strasburger1
	Talairach1
	Tobimatsu1
	Tobimatsu2
	Tobimatsu3
	Vialatte1
	Wanger1

