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PURPOSE. The purpose of this study was to investigate the cortical electrical activity and
electroencephalography (EEG) features of the frontal lobe evoked by dynamic random
dot stereogram (DRDS) and to probe the functional connectivity (FC) between the frontal
lobe and occipital lobe when processing 3D perception based on the binocular disparity.

METHODS. The EEG experiment involved 14 healthy adults with normal stereopsis (<60′′)
and normal corrected visual acuity (20/20). The Neuroscan system and 32-channel EEG
cap were used to record EEG signals based on the DRDS stimuli. The maximum energies
of 3 frequency bands (theta-/alpha- /beta-wave) from 13 interesting channels (FP1, FP2,
F7, F3, FZ, F4, F8, FC3, FCZ, FC4, O1, OZ, and O2) located in the frontal and occipital
lobes were calculated and analyzed. The FC between any two electrodes from the frontal
and occipital lobes was calculated based on the Phase lag index (PLI).

RESULTS. The maximum powers of theta- and alpha-waves in most channels of the frontal
and occipital lobes were significantly increased (P < 0.05) when the depth perception
was evoked by DRDS above the threshold, compared with that without stereo vision.
The changes in the maximum powers of both theta- and alpha-waves were significantly
different among the 13 electrodes (P = 0.0004 and 0.0015, respectively). Tukey’s multi-
ple comparisons showed that the changes in the maximum powers of theta-wave were
significantly different in F8 vs. O1, F8 vs. OZ, and F4 vs. O1 (P = 0.0186, 0.0444, and
0.0412, respectively).Moreover, the changes in the maximum powers of alpha-waves were
significantly different in FP1 vs. O1 (P = 0.0182). The FCs of theta-waves between the
frontal channels and the occipital channels were significantly enhanced when processing
the depth perception, compared with those without stereopsis. There was no significant
change in the FCs of the alpha-waves when having 3D perception except for FC between
F8 and O1 and FC between F8 and OZ.

CONCLUSIONS. The cortical electrical activity in the frontal lobe and the functional connec-
tivity between the frontal lobe and the occipital lobe increase when participating in the
processing binocular disparity and obtaining 3D perception. Theta-waves in the frontal
lobe may be crucial in the stereo vision.

Keywords: dynamic random dot stereogram (DRDS), electroencephalograph (EEG), stere-
opsis, frontal lobe, functional connectivity (FC)

S tereopsis, known as the 3D perception, is an advanced
binocular vision function based on binocular simulta-

neous perception and fusion. Binocular relative parallax is
the basis of producing fine stereopsis. Fine parallax may
also be involved in accomplishing the ocular vergence and
the maintaining the binocular fixation.1 The neurons of
primary visual cortex (V1) participate in the early process-
ing of binocular disparity and then send axons to extrastriate
areas (V2 and V3).1–3 Then, the visual pathway separates the
ventral and the dorsal streams. The classic theory indicates
that the dorsal visual pathway runs from the occipital lobe
to the parietal lobe and processes motor and spatial infor-
mation and rough depth perception.4,5 The ventral pathway,
called the occipital-temporal pathway, is crucial for the visual
recognition of objects.6 The neuronal electrophysiological
studies and functional magnetic resonance imaging (fMRI)

studies have confirmed the presence of parallax-sensitive
neurons in the occipital, temporal, and parietal lobes.

Frontal lobes have at least five subcortical regions:
supplementary motor area (SEF), frontal eye fields (FEFs),
dorsolateral prefrontal cortex (DLPFC), orbitofrontal cortex,
and anterior cingulate cortex.7 Frontal lobes are reciprocally
connected with temporal, parietal, and occipital lobes.8–10

FEFs participate in the initiation and maintenance of vari-
ous eye movements, including gaze,8 saccades,11 pursuit,12,13

and vergence eye movement.14 Most of the neurons in
FEFs are sensitive to retinal disparity and have a broad
depth tuning for near or far disparity.14 FEFs are also sensi-
tive to the velocity of motion-in-depth.15 Therefore, the
frontal lobe is deemed to participate in the initiation of
disconjugate eye movements, including convergence and
divergence.
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The random dots stereogram (RDS) invented by Julesz
only provides binocular parallax cues to generate figures
that are visible after binocular fusion and eliminate the
monocular clues.16 RDS is widely used in clinical examina-
tion and the stereoscopic cognition field. Electroencephalo-
gram (EEG), as a noninvasive acquisition, is commonly used
in stereo vision cognition to collect the activities of the cere-
bral cortex. An EEG can record brain activity and reflect the
physiological phenomenon stimulated by RDS.17,18

In our previous study, we developed the dynamic
random-dot stereograms (DRDS) to probe characteristics
of the EEG evoked by DRDS video. That study showed
that two visual streams had certain neural connection
and were usually simultaneously activated during recog-
nition.19,20 This study aimed to assess the EEG features
of frontal lobes and functional connectivity (FC) between
frontal lobes and occipital lobes evoked by DRDS.

MATERIALS AND METHODS

Participants

A total of 14 healthy young adults (7 male and 7 female
participants, aged 20–25 years) took part in the study. The
study was approved by the institutional review board of
Tianjin Eye Hospital and followed the tenets of the Declara-
tion of Helsinki. Informed consents were obtained from all
the participants.

Exclusion criteria were: participants with strabismus,
nystagmus, anisometropia or other ocular diseases causing
deficiency of binocular vision. All the subjects had normal
corrected visual acuity (20/20) and 40" to 60 stereopsis based
on the Titmus test.

Apparatus

The skin of the participants was cleaned before the place-
ment of electrodes according to the international registration
system 10-20.21 A brain-computer interface (BCI) experimen-
tal platform was used to collect and process EEG data, as
shown in Figure 1. EEG signals were collected by an embed-
ded 32-channel EEG cap and Neuroscan system. The frontal
lobe and occipital lobe were the regions of interest (ROI).
Thirteen EEG electrodes in ROI as the interested electrodes,
including FP1, FP2, F7, F3, FZ, F4, F8, FC3, FCZ, FC4, O1,
OZ, and O2, were placed as shown in Figure 1.

EEG Experiment

Stimulation and Procedure. The DRDS video gener-
ated by MATLAB was used as the experimental stimulus. A
3D object with a graphic (square, rectangle, circle, or oval) in
the DRDS periodically moved back and forth at the center
of the screen. There were 22 types of stereoscopic videos
with parallax ranging from 5′′ to 100′′ with a step size of
5′′, together with parallax 200′′, 300′′, and the duration time
is 4 seconds. The whole experiment presented by E-prime
was divided into three subsessions with each type of video
randomly presented four times in each subsession.

Participants were seated 102 cm from the screen and gave
feedback the shapes of the graphics using the keyboard for
each trial while watching the DRDS videos. During the trials,
the participants were required to sit up straight and keep
their heads stable. At the end of each subsession, the partic-
ipant took a rest for 2 minutes.

The stereoscopic parallax curve was fitted according to
the correct detection rate for the stereoscopic acuity deter-
mination. The stereoscopic acuity values of the DRDS ranged
from 40′′ to 50′′ in all the subjects. Two disparities of DRDS
were selected as EEG stimulus, including 20′′ (unperceived
totally, as condition 1) and 100′′ (perceived clearly, as condi-
tion 2).

The participants were asked to avoid consumption of
alcohol, coffee, drugs, or other substances which could affect
their mental state 24 hours before the EEG experiment. After
understanding the purpose of the experiment and relevant
contents, the participants sat 102 cm from the screen in a
dimly lit room and watched a moving 3D graphic wearing
the EEG cap. The participants focused on a cross image
displayed on the center of the screen for 0.5 seconds at
the beginning of each trail. A DRDS video then appeared
and lasted for 4 seconds. The participants were required
to recognize the shape in mind. The participants remained
sitting up straight and stable and silent without any moving
during the experiment. The completed experiment consisted
of 6 subsessions and each subsession contained 48 trials.
In total, eight conditions, including four graphics with two
different cross parallaxes, were randomly shown six times
in each subsession. There was a 1 second rest between the
two trials and at least a 2 minute rest after each subsection.

Signal Analysis and Data Collection Process. For
electro-oculogram (EOG) signal monitoring, a bipolar chan-
nel was placed on the left and right temples for horizontal
EOG and another one was placed above and below the left

FIGURE 1. The experimental device and electrode positions.
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eye for vertical EOG. The left mastoid process was used as
the reference electrode and impedance of each channel was
kept below 5 k�. EEG signals were collected at the sampling
frequency of 1000 Hz and analyzed using MATLAB.

Signal Preprocessing. An EEGLAB tool kit in
MATLAB was used to reduce the artifacts and preprocess
EEG data. EEG signals were categorized based on frequency
ranges, which were theta-wave (4–8 Hz), alpha-wave (8–
12 Hz), and beta-wave (12–30 Hz). Signal preprocessing
was conducted as follows: (1) loading of the raw data; (2)
filtering: the EEG signals passed through the finite impulse
response (FIR) high-pass filter at 1 Hz and the FIR low-pass
fifilter at 30 Hz to eliminate low-frequency DC components
and other artifact noise at high frequencies; (3) splitting
of the entire data into segments every 4 seconds; and (4)
removing EOG and EMG through independent component
analysis (ICA).

Calculation and Analysis of Maximum Energy of
the Channels From the ROI. We calculated the maxi-
mum energy/power of three waves (theta-, alpha- and beta-
waves) in 4 seconds (DRDS video presenting) of each inter-
esting electrode (FP1, FP2, F7, F3, FZ, F4, F8, FC3, FCZ, FC4,
O1, OZ, and O2 ) in condition 1 and in condition 2. The
baseline correction was performed for each subject using
the corresponding energy at 100 ms before stimulation. The
formula is as follows:

Ek j = max(|Xkj (i)|2)

(j=1, 2, and 3 represents the θ , α, and β frequency band,
respectively; k represents the channel label (Fig. 1); Ekj,
represents the maximum energy of j frequency band from
the k channel; Xkj(i), represents the signal amplitude at i
sampling point from the j frequency band on the k chan-
nel).

Calculation and Analysis of the Functional
Connectivity of the Channels Among ROI. FC is a
temporally associated activity in the brain regions. As a
novel measure to quantify phase synchronization, phase lag
index (PLI) reflects the consistency of a signal relative to the
phase advance or lag of the other signal. PLI is calculated as
follows:

PLI = |〈sign(�φrel (t ))〉| =
∣∣∣∣∣
1

N

N∑

n=1

sign(�φrel (tn))

∣∣∣∣∣

PLI values range between 0 and 1. PLI performs well
in detecting the real change of synchronization in brain
networks because it is invariant to volume conduction.22,23

Herein, PLI was used to calculate the FC between two chan-
nels in our study.

Statistical Analysis

Statistical analyses were carried out using SPSS Statistics
22.0 (IBM, Armonk, NY, USA). The t-paired test was used to
analyze and compare the maximum powers of theta-, alpha-,
and beta-waves in each channel between the two conditions.
The FCs between any two channels in condition 1 and condi-
tion 2 were also compared using the t-paired test. ANOVA
was used to detect the changes of the maximum powers of
the three waves among all the electrodes and then Tukey’s
multiple comparisons test was used if there was significant
difference. ANOVA was also used to analyze the changes of
maximal powers in each electrode among the three waves.
The confidence interval (CI) used in this study was 95% with
an alpha of 0.05 (a = 0.05).

RESULTS

The Maximal Powers of Theta-\Alpha-\Beta-Waves
of the Interesting Channels in Condition 1 and
Condition 2

The maximal powers of theta-, alpha-, and beta-waves of the
interesting channels in condition 1 and condition 2 were
shown in the Table 1 and Figure 2. When subjects had
stereo vision, the maximal powers of theta-wave significantly
increased in 13 electrodes (FP1, FP2, F7, F3, FZ, F4, F8, FC3,
FCZ, FC4, O1, Oz, and O2), compared with those when no
stereo vision. Comparing the maximal powers of the alpha-
waves between two conditions, there were significant differ-
ences in 11 electrodes (FP1, FP2, F7, F3, FZ, F4, F8, FC3,
FCZ, FC4 and O2). The maximal powers of beta-wave signif-
icantly increased in 8 channels (FP1, FP2 F7, FZ, F4, F8, O1,
Oz) in condition 2.

There were significant differences in the changes of the
maximal powers among theta-, alpha-, and beta-waves in
nine electrodes (FP1, FP2, F3, FZ, F4, FC3, FCZ, FC4, and
O2; Table 2. and Fig. 3a). The maximal powers of the theta-
waves significantly increased in the above channels. More-
over, there were significant differences in the changes of
maximal powers of theta-wave (ANOVA analysis, F = 2.973,

TABLE 1. The Maximal Powers (μV2) of Theta-\Alpha-\Beta-Waves of the Interesting Channels in Condition 1 and Condition 2

Theta-Wave Alpha-Wave Beta-Wave

Condition 1 Condition 2 t P Condition 1 Condition 2 t P Condition 1 Condition 2 t P

FP1 4.80 ± 4.03 9.50 ± 5.01 8.953 0.001 1.61 ± 1.24 3.62 ± 1.84 4.990 0.001 0.25 ± 0.17 0.48 ± 0.34 2.690 0.018
FP2 5.58 ± 5.19 9.94 ± 5.82 7.577 0.001 1.84 ± 1.55 3.65 ± 1.94 5.180 0.001 0.27 ± 0.17 0.60 ± 0.33 4.033 0.001
F7 2.64 ± 2.08 7.72 ± 5.88 3.123 0.008 0.94 ± 0.73 2.54 ± 1.67 3.471 0.004 0.17 ± 0.09 0.25 ± 0.10 2.353 0.035
F3 2.80 ± 1.98 7.85 ± 3.49 5.262 0.001 1.00 ± 0.61 2.52 ± 1.00 5.891 0.001 0.23 ± 0.13 0.37 ± 0.25 2.146 0.051
FZ 2.96 ± 2.77 8.52 ± 3.93 5.996 0.001 1.08 ± 0.84 2.68 ± 1.09 6.965 0.001 0.26 ± 0.13 0.31 ± 0.17 2.285 0.040
F4 2.87 ± 2.37 8.60 ± 4.02 5.259 0.001 1.05 ± 0.71 2.67 ± 1.06 5.895 0.001 0.22 ± 0.10 0.30 ± 0.13 3.500 0.004
F8 2.35 ± 1.73 8.41 ± 8.11 2.766 0.016 0.80 ± 0.56 2.63 ± 2.32 2.907 0.012 0.15 ± 0.07 0.28 ± 0.14 4.140 0.001
FC3 2.23 ± 1.64 5.98 ± 2.66 6.849 0.001 0.81 ± 0.49 1.95 ± 0.83 7.545 0.001 0.25 ± 0.15 0.37 ± 0.31 1.784 0.098
FCZ 2.58 ± 2.87 6.75 ± 3.72 8.637 0.001 0.92 ± 0.85 2.19 ± 1.25 7.563 0.001 0.26 ± 0.19 0.42 ± 0.36 2.023 0.064
FC4 2.59 ± 2.17 7.08 ± 3.15 5.713 0.001 1.00 ± 0.87 2.21 ± 0.89 5.512 0.001 0.22 ± 0.12 0.40 ± 0.36 2.118 0.054
O1 2.80 ± 2.98 3.82 ± 2.83 2.460 0.029 1.25 ± 1.67 1.56 ± 1.47 0.802 0.437 0.29 ± 0.38 0.58 ± 0.65 3.420 0.005
OZ 2.22 ± 1.89 3.60 ± 2.88 3.759 0.002 0.94 ± 0.95 1.52 ± 1.59 2.052 0.061 0.31 ± 0.45 0.47 ± 0.49 2.271 0.041
O2 1.98 ± 1.75 3.88 ± 3.35 4.121 0.001 0.85 ± 0.92 1.50 ± 1.40 3.552 0.004 0.34 ± 0.49 0.48 ± 0.46 1.947 0.073
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FIGURE 2. The maximal power of theta-, alpha- and beta-waves of 13 electrodes of ROI in condition 1 (20′′, unperceived totally) and condition
2 (100′′, perceived clearly). (a) Heat map; (b) summary data and ANOVA analysis.

TABLE 2. The Changes of Maximal Powers (μV 2) of Theta-, Alpha-,
and Beta-Waves in the Interesting Electrodes

Theta Alpha Beta F P Value

FP1 4.70 ± 2.04 2.01 ± 1.57 0.22 ± 0.32 35.05 0.0002
FP2 4.37 ± 2.24 1.81 ± 1.36 0.33 ± 0.32 22.39 0.0011
F7 5.08 ± 6.34 1.60 ± 1.79 0.08 ± 0.14 4.386 0.081
F3 5.05 ± 3.74 1.52 ± 1.01 0.16 ± 0.26 11.87 0.0131
FZ 5.56 ± 3.61 1.60 ± 0.90 0.05 ± 0.09 15.97 0.007
F4 5.73 ± 4.24 1.63 ± 1.07 0.08 ± 0.09 12.17 0.0128
F8 6.06 ± 8.53 1.83 ± 2.45 0.13 ± 0.12 3.424 0.1136
FC3 3.74 ± 2.13 1.14 ± 0.59 0.12 ± 0.27 18.84 0.0041
FCZ 4.17 ± 1.88 1.27 ± 0.65 0.16 ± 0.31 30.92 0.001
FC4 4.49 ± 3.06 1.22 ± 0.86 0.18 ± 0.33 13.51 0.009
O1 1.02 ± 1.61 0.32 ± 1.54 0.29 ± 0.33 1.124 0.3445
OZ 1.39 ± 1.43 0.59 ± 1.11 0.16 ± 0.27 4.447 0.0629
O2 1.90 ± 1.80 0.65 ± 0.72 0.13 ± 0.26 5.68 0.0482

P = 0.0004) and alpha band (F = 2.642, P = 0.0015)
among the 13 interesting electrodes (Fig. 3b). In contrast, the
changes of maximal powers of beta-wave were not signifi-
cantly different among 13 interesting electrodes (F = 1.503,
P = 0.1126). Further, by the Tukey’s multiple comparisons
tests it showed that the changes of maximal powers of
theta-wave were significantly different in F8 vs. O1, F8 vs.
OZ, and F4 vs. O1 (P = 0.0186, 0.0444, and 0.0412, respec-
tively; Fig. 3c). The changes of the maximal powers of the
alpha-waves were significantly different only in FP1 vs. O1
(P = 0.0182; Fig. 3d).

Functional Connectivity of Theta and
Alpha-Frequency Band

PLI was used to calculate the FC between any two electrodes
in the ROI. The PLI values of the theta-waves in condition 1

FIGURE 3. The changes (�) of maximal powers of theta-, alpha-, and beta-waves of the 13 electrodes in the ROI induced by depth perception.
(a, b) The � maximal powers of theta-, alpha-, and beta-waves in all the electrodes. (c) Grid of Tukey’s multiple comparisons of � maximal
powers of the theta-waves. (d) Grid of Tukey’s multiple comparisons of � maximal powers of the alpha-waves.
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FIGURE 4. Functional connectivity of theta and alpha-waves between any two channels among the interesting electrodes from the frontal
lobe and occipital lobe. (a) The PLI values of theta-wave under condition 1 (20′′, unperceived totally). (b) The PLI values of the theta-waves
under condition 2 (100′′, perceived clearly). (c) The FC changes of the theta-waves and the comparisons between FCs in condition 2 and
those in condition 1. (d) The PLI values of the alpha-waves under condition 1. (e) The PLI values of the alpha-waves under condition 2.
(f) The FC changes of the alpha-waves and the comparisons between FCs in condition 2 and those in condition 1 (* P < 0.05, # P < 0.01,
+ P < 0.001).

are shown in Figure 4a and those in condition 2 are shown
in Figure 4b, respectively. The FC changes of the theta-waves
between any two electrodes were presented in Figure 4c,
which were defined as the PLI value in condition 2 minus
that in condition 1. The FCs of the theta-waves between the
electrodes from the frontal lobe and those from the occipital
lobe were significantly enhanced in condition 2, compared
with those in condition 1 (see Fig. 4c, * P < 0.05, # P < 0.01,
+ P < 0.001).

The PLI values of the alpha-waves in condition 1 are
shown in Figure 4d and those in condition 2 are shown
in Figure 4e. The FC changes of the alpha-waves between
any two electrodes are presented in Figure 4f. Only FC of
the alpha-waves between F8 and O1 and FC between F8
and OZ were significantly enhanced in condition 2 (Fig. 4f,
* P < 0.05, # P < 0.01, + P < 0.001).

DISCUSSION

The visual pathway separates the ventral stream and the
dorsal stream, also called as the occipital-parietal pathway
and occipital-temporal pathway. The neuronal electrophys-
iological studies and fMRI studies confirm the presence of
parallax-sensitive neurons in both visual pathways.24 Binoc-
ular vision and stereoscopic depth perception are essential
in daily life, such as eye–hand coordination.25,26 Patients
with abnormal binocular vision have impairments in reach-
ing and grasping hand movements.27,28

The frontal lobes are reciprocally connected with tempo-
ral, parietal, and occipital lobes.8–10,29 The frontal lobe
participates in initiation and maintenance of various eye
movements to maintain the binocular fusion.2 Most of the
neurons in the FEFs are sensitive to retinal disparity and
broadly tuned in depth for near or far disparity.15 The FEFs
were also sensitive to the velocity of motion-in-depth.30

Furthermore, visual information processing is associated
with ocular motility control and visual attention, which is
influenced by top-down regulation of the frontal-parietal
cortex. Abnormal visual development can change the top-
down regulation from the frontal lobe to the occipital lobe.31

EEG experiments have shown that the frontal lesions can
cause the deficits in top-down modulation of activity in
visual extrastriate cortex during attention.32,33 The reduced
FC among the frontal, parietal, and occipital regions cause
the deficits of visuomotor and visual-guided actions.34,35

However, the cortical electrical activity of the frontal lobe
and the FC between the frontal and occipital lobes evoked
by binocular disparity in normal humans is unknown. In
our previous study, DRDS was developed to investigate the
characteristics of EEG evoked by DRDS. We found both
dorsal and ventral streams were simultaneously activated
in the process of recognition of 3D shapes embedded in
DRDS and there was a certain neural connection between
them.19,20 Herein, two disparities of DRDS were used in this
study, which were below and above the threshold. Defi-
nitely, only the latter could generate stereo vision in the
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healthy subjects. Our findings showed that the activities of
theta-waves and alpha-waves in all the frontal lobe were
significantly increased when the subjects obtained stereop-
sis evoked by the binocular disparity above the threshold.
Although there were differences in the changes of the maxi-
mum powers among the interesting channels, there was
no difference between mostly frontal electrodes and the
occipital electrodes analyzed by multiple comparisons test.
The functional connectivity of the theta-waves significantly
increased between the frontal and occipital lobes when the
subject had 3D perception. The increasing activity of the
theta-waves in the frontal lobe was correlated with activ-
ity of the occipital lobe. These findings indicate that the
frontal lobe participates in the process of recognition of
3D shapes embedded in RDS. The specific changes in the
frontal lobe may also be related to the regulation of binocu-
lar movements when watching DRDS. Although the activity
of the theta-waves increased in the occipital lobe, the activity
of the alpha-waves was not significantly different between
processing binocular disparity below the threshold and that
above the threshold. The roles of the different waves should
be further studied. Cumming and Parker suggested that
disparity selective neurons in the primary visual cortex were
not associated with stereoscopic cognition, which involved
higher level areas of the cortical network from binocular
cues.36 We found there was no asymmetry of the theta-,
alpha-, and beta-waves’ activities in the ROI and FC between
the frontal and occipital regions in the cerebral hemispheres.

The alpha-wave is found in the posterior and occipi-
tal regions of healthy subjects in the waking-state.37 Lower
alpha-wave activity and abnormal distribution of theta-waves
in the frontal lobes are found in strabismus and ambly-
opia, which is related with neurodevelopmental disorders.38

However, a few studies have explored the function of the
advanced cortex in the task-state of 3D perception evoked
by DRDS. Our study showed the cortical activity of the theta-
waves significantly changed in the frontal lobe of healthy
adults when processing binocular disparity. The resting-
state fMRI studies showed the enhanced activation of bilat-
eral parietal,39 specific frequency domain amplitude of low
frequency fluctuation (ALFF) changes in the right outer
occipital complex in intermittent exotropia.40 Therefore, we
suggested that the frontal region function in the task-state
should be further investigated in the patients with abnormal
binocular vision.

In conclusion, this study demonstrated the specific
features of EEG in the frontal and occipital lobes and FC
between the frontal and occipital lobes, which were defi-
nitely associated with binocular disparity. Theta-wave activ-
ity in the frontal lobe might be predominant in the stereo-
scopic perception.
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