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Abstract

Contralateral delay activity (CDA) is widely used to index the number of
representations stored in visual working memory (VWM). However, it was
alternatively proposed that CDA reflects the current focus of spatial attention, as
evidenced by the CDA observed in a multiple-object tracking (MOT) task. This study
examined whether the CDA observed in the MOT task was derived from
representational storage, which might have come from the feature (cue) masking of
the target items in the tracking stage. Therefore, masks were used to manipulate
whether participants needed to remember the tracking items during the tracking stage.
Experiment 1 used a VWM-MOT dual task to show that the demand for
representational storage existed only in the masked condition. Experiment 2 showed
that the CDA existed in both the masked and unmasked conditions, but the amplitude
of CDA was only sensitive to the tracking load in the masked condition. These results
suggest that the CDA could be related to both sustained attentional activation and
representational storage. Importantly, CDA showed the effect of the tracking load
only when the process of representational storage was recruited during tracking.
Collectively, this work provides strong evidence that CDA indexes only VWM

storage instead of the current focus of spatial attention.
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1. Introduction

Visual working memory (VWM) is generally regarded as a workspace that can
store a certain amount of information online in the service of advanced cognitive
functions (Luck & Vogel, 2013). As a subsystem of working memory (WM), VWM
underlies significant cognitive operations, such as the visual comparison of objects

over space and time (Pilling & Barrett, 2016), reading comprehension, reasoning,



intelligence, and learning abilities, which affect educational outcomes (e.g., Bull et al.,
2008; Conway et al., 2003; Daneman. & Carpenter., 1980; SU3 et al., 2012; Fukuda

et al., 2010). In recent years, researchers have devoted much effort into exploring the
neural mechanisms of VWM by adopting electrophysiological and neuroimaging
techniques.

In electroencephalography (EEG) studies of WM, contralateral delay activity
(CDA), a negative contralateral wave over posterior electrode sites during the delay
period, has been widely used to index memory storage. CDA amplitude has been
widely reported to increase with increases in the number of items stored in VWM and
reaches an asymptote at about 3—4 items (Cowan, 2001; Luck & Vogel, 2013). A
recent meta-analysis summarized 11 studies (Luria et al., 2016) and concluded that
CDA amplitude could track the changes in mnemonic load and was highly predictive
of individual VWM capacity (Kundu et al., 2013; Kang & Woodman, 2014; Balaban
& Luria, 2017). Previous studies have proposed that CDA indexes only VWM storage
instead of the current focus of spatial attention.

The storage account of CDA was mirrored by previous findings that the
mnemonic load affected the CDA signal only in the WM task rather than in the
attention task, which did not involve representational storage (Feldmann-Waustefeld et
al., 2018; Wang et al., 2019; Hakim et al., 2019). Overall, these findings seem to
support the conclusion that the CDA is derived from the storage of mnemonic
representations in VWM.

However, researchers have also found evidence to support that the CDA indexes
the current focus of spatial attention. For example, CDA amplitude increased
according to the actual number of tracked items in the multiple object tracking (MOT)
task. During the MOT task, participants are required to follow moving objects
constantly. The classic paradigm of the MOT task contains 6 to 8 items, including 1 to
3 target items that share the same feature (cue), and the rest are nontargets. At first, all
items are statically displayed for 500 ms, and then the feature (cue) of the target item
disappears, leading to no distinction between target items and nontargets, but the

position of all items continues to be visible. Next, in the tracking stage, all items move



erratically for a chosen time. After stopping, one of the items is cued. The participants
are then asked to determine whether the item was the target item. Prior research found
that the posterior electrode was able to detect the CDA , which was more negative on
the opposite side of the tracking item, and its amplitude increased with an increase in
the number of tracking items (Drew & Vogel, 2008). Moreover, the CDA amplitude
was an excellent predictor of tracking performance and was able to capture online
changes in the number of tracked objects (Drew et al., 2011, 2012). Thus, researchers
have proposed an attentional activation account to argue that CDA indexes the current
focus of spatial attention at the locations that were encoded into VWM.

However, because the target items are kept visible throughout the MOT task, the
participants may only need to pay sustained attention to the targets during tracking
without necessarily involving the process of representational storage. Therefore, the
CDA observed in the MOT task possibly reflects the focus of spatial attention
(Cavanagh & Alvarez, 2005; Storm & Pylyshyn, 1988; Luria et al., 2010; Berggren &
Eimer, 2016), thereby supporting the attentional activation account.

Some researchers believe that CDA observed in the MOT task still supports the
storage account (Ikkai et al., 2010; Feldmann-Waustefeld et al., 2018). Although the
target items are constantly visible throughout the trial, the feature (cue) of the target
items is masked in the tracking stage, thereby creating difficulties in individuating the
targets from visually identical distractors. To precisely track the targets, participants
might attempt to store the target representations by linking the identity information
with spatial positions to update the current positions during the tracking period
(Tsubomi et al., 2013).

Therefore, the key to distinguishing these two accounts lies in whether the
classical MOT task involves VWM, and if so, whether CDA can still be observed and
index the number of tracking loads when there is no VWM load in the MOT task. At
present, there is no empirical evidence that can rule out one of the hypotheses.

Therefore, the current study sought to test these accounts by attempting to
exclude VWM load in the MOT task. Our hypothesis is that WM s exist in the

tracking stage of the MOT task and that the storage requirement for representation



comes from the masking of cues. The primary strategy was to manipulate the feature
(cue) masking of target items in the tracking stage. We designed an MOT task with
two conditions that may contain different cognitive progress: the masked condition
(invisible cue in the tracking stage) with VWM processing and the unmasked
condition (visible cue in the tracking stage) without VWM processing. In Experiment
1, by observing whether an added storage requirement affected the tracking accuracy,
we verified that the masked condition involved WM and that the unmasked condition
was merely an attention task. In Experiment 2, we found that the CDA amplitude was
sensitive to the number of tracked targets only in the masked condition.

Collectively, these results provide evidence that the MOT task involves WM.
Although the CDA is directly linked to sustained attention and representational
storage of tracked targets, the CDA signal showed an effect on the tracking load only

when the process of representational storage was recruited during the tracking period.

2. Experiment 1
2.1 Overview

In Experiment 1, our aim was to verify whether the WM was recruited under both
conditions; therefore, we added a color storage memory requirement in both the
masked and unmasked conditions. If the unmasked condition task is an attentional
task without a storage requirement, the added color storage requirement should have
no significant effect on tracking accuracy. Similarly, if the masking condition task has
a storage requirement, then the additional color storage requirements will increase the
total storage load and should have a significant impact on tracking accuracy.

The task was also adjusted to avoid some possible influencing factors. All
adjustments were equally settled in the unmasked condition and masked condition.
First, because the cue is constantly visible in the unmasked condition, our design
might have elicited a salience effect in the unmasked condition. To avoid this salience
effect and the accompanying automatic bottom-up processing, we selected a bar rather

than a color as the feature (cue) for the target items. Participants were instructed to



track targets with vertical bars among the distractors with horizontal bars, and vice
versa. Due to the low distinction between the horizontal and vertical bars, the
modified MOT task potentially required participants to allocate sustained attention to
the tracked targets, although the feature (cue) of the targets was not masked.

Second, The low distinction and short cue array also made the target items
difficult to identify at first, leading to a failure in tracking. We solved this problem by
lengthening the cue array and setting an earlier presence for nontargets than for

targets.

2.2 Method
2.2.1 Experimental design

Experiment 1 was designed as a 2 (masked and unmasked condition) =<2 (Tracks
1and 2) %2 (1 and 2 color squares) within-subjects study. Our goal was to observe
how color storage requirements affect tracking accuracy, so we set the color store to
one or two to serve as the variable. In addition, we reduced the maximum track load
to two to ensure that the memory load in the most difficult conditions was four, as this

would avoid exceeding the general memory capacity.

2.2.2 Participants

Twenty-four (4 males; 18.88 =& 0.20 years old) students from Sichuan Normal
University with self-reported normal or corrected vision and normal color vision
participated in the experiment. All participants provided informed consent and were
paid CNY30 for the one-and-a-half-hour experiment. Six subjects were replaced
because their accuracy in tracking during the judgment trials or their accuracy in

detecting color changes in trials was less than 50% (guess rate) for a given condition.

2.2.3 Stimuli and procedures
Experiment 1 used PsychoPy 3 software to present the stimuli and collect the
data. As a MOT-VWM dual task, there were tracking and memory stimuli; all stimuli

were presented on a 24-inch LCD monitor (60 Hz refresh rate, 1920 <1080 pixels).



Participants were seated at a viewing distance of 63 cm in a chamber. Before the start
of the experiments, they were asked to stare at the fixation cross (0.6 and
concentrate on the task throughout the trial.

Six squares (0.6 °x0.6) served as tracking stimuli. They were presented in each
hemifield and moved within two invisible rectangular regions (3.25°x5.99, with the
inner edge of the rectangle laterally offset from the fixation cross by 0.8 “on a gray
screen. These stimuli moved linearly and erratically at a speed of 0.5=1s during the
tracking period, with possible overlaps with each other. A horizontal or vertical bar
placed inside the hollow square was selected as the cue to indicate the target. The cue
type was randomly varied with a 50% probability for each type.

One or two color squares served as memory stimuli. The memory square (0.6 °x
0.6 was randomly designed to be one of 10 colors (pink, red, fuchsia, purple, blue,
cyan, green, lime, yellow, and orange). When the number of memory color squares
was one, it randomly appeared 1<above or below the fixation cross. When the
number of memory color squares was two, the squares were fixed to display at 1<
above and below the fixation cross, respectively.

As shown in Figure 2, each trial started with an arrow and a hollow square with a
horizontal or vertical bar for 300 ms. The arrow instructed participants to pay
attention to the left or right side, and the square indicating the horizontal or vertical
bar would be targets. If the cue was a square with horizontal bar, the targets in the cue
array were squares with horizontal bars, and vice versa. Then, a set of six stationary
squares that served as targets and nontargets were presented on each side for 1000 ms.
There were five nontargets and one target in the Track 1 condition and four nontargets
and two targets in the Track 2 condition. During that time, the nontargets were
constantly kept visible, whereas the targets appeared only in the later 500 ms. As for
the color squares, they appeared only in the first 500 ms with the nontargets, and the
participants were guided to memorize the colors of those squares but not the
nontargets.

Subsequently, the target and nontarget squares moved independently for 1500 ms.

We manipulated whether participants could see the target feature during the tracking



period. In the unmasked condition, the bars in the targets and nontargets were kept
visible, whereas the bars (target feature) disappeared in the masked condition.
Following the tracking stage, the squares stopped moving. One square in each
hemifield then depicted a slash inside it, while the others were presented as hollow
squares in the stationary test array. In 80% of trials in Experiment 1, the participants
were instructed to press “F” if they identified the item with a slash on the attended
side as the tracked target; otherwise, they were instructed to press “J.” The item on the
attended side was identified as a tracked target or an untracked distractor with equal
probability. In these arrays, similar stimuli were presented on both sides to equalize
the perceptual inputs in each hemifield.

In addition, in the tracking stage, the probability that the color squares would be
shown at the same place as they had in the cue array was 20%. Once the color squares
were shown, the subjects were required to judge whether the color had changed but
not to determine whether the slashed item was the tracked target. If the color squares
were not shown, then the participants were required to judge the tracking items, as
described above. The color squares appeared at random in the tracking array at
minimum intervals of 500 ms. If the color was consistent with the color shown in the
cue array, the participants were instructed to press “F;” otherwise, they were told to
press “J.”

Each participant was required to perform all eight conditions (masked condition:
Track 1 and memory 1 color, Track 1 and memory 2 color, Track 2 and memory 1
color, and Track 2 and memory 2 color; unmasked condition: Track 1 and memory 1
color, Track 1 and memory 2 color, Track 2 and memory 1 color, and Track 2 and
memory 2 color). Each condition had 60 trials, 80% of which required a judgment of
the moving targets, and 20% of which required a judgment of the color squares. The
order of presentation of all variables was counterbalanced across all
participants. Ultimately, after ensuring that the accuracy was higher than the guess
rate in all conditions, only the judgment of the tracking items was used for the

analysis.



Cue Array Tracking Array Test Array

500 ms 1500 ms Until Response
Figure 1. Multiple-object tracking paradigm (a) adopted by Drew and VVogel (2008).

3 Cue Array Tracking Array  Test Array

20% randomly detection

Cue Array Tracking Array ~ Test Array

20% Randomly detection

Figure 2. Stimulus and behavioral procedure in Experiment 1 in the (a) unmasked condition
and (b) masked condition. Trial events are depicted from left to right. The procedure for the

two conditions was the same, except for masking in tracking array.

2.3 Results
We used a 2 (masked and unmasked condition) X 2 (Tracks 1and 2) X 2(1

and 2 color squares) repeated measures analyses of variance (ANOVAS) to analyze



the accuracy among all conditions. Then, paired t-tests and simple effect analyses
were conducted for the follow-up pairwise comparison. The significance level was set
as p < 0.05. Cohen’s d was used as an estimator of the effect size for the t-tests.

As shown in Figure 3, the ANOVA results revealed a significant main effect of
condition (F [1, 23] = 11.474, p = 0.003, 5%, = 0.333), tracking load (F [1, 23] =
14.875, p = 0.001, nzp =0.393), and color storage load (F [1, 23] = 5.428, p = 0.029,
nzp =0.191). No significant interactions were detected between condition and tracking
load (F [1, 23] =3.770, p = 0.065, nzp = 0.141), condition and color storage load (F [1,
23] =2.272, p = 0.145, nzp =0.090), or color storage load and tracking load (F [1, 23]
=2.188, p=0.153, nzp = 0.087); however, a significant interaction was observed
among condition, tracking load, and color storage load (F [1, 23] = 4.473, p = 0.045,
nzp = 0.163). The paired t-test showed that the accuracy was better in the unmasked
than masked condition (t [95] = 4.836; p < 0.001, Cohen’s d = 0.992), and the
accuracy decreased as the number of tracked targets (t [95] = 3.702; p < 0.001,
Cohen’s d = 0.76) and the number of color squares (t [95] = 2.562; p < 0.001, Cohen’s
d = 0.526) increased, merging the unmasked and masked conditions.

Subsequently, in the unmasked condition, the results of simple effect analysis
showed a significant main effect of tracking load (F [1, 23] = 4.874, p = 0.038, nzp =
0.175) but no significant main effect of color storage load (F [1, 23] = 0.820, p =
0.374, nzp = 0.034) and no significant interaction between tracking load and color
storage load (F [1, 23] = 0.014, p = 0.907, nzp =0.001). However, in the masked
condition, a significant main effect was observed for tracking load (F [1, 23] = 1.0430,
p =0.001, ;72p =0.369) and for color storage load (F [1, 23] =5.424, p = 0.029, nzp =
0.191), but no significant interaction was detected between tracking load and color
storage load (F [1, 23] = 3.983, p = 0.058, nzp = 0.148). These results showed that
tracking accuracy was affected both by the number of tracking items and by color
storage in the masked condition but not in the unmasked condition.

Collectively, the change in the number of color squares affected only the masked
condition. Considering that the change in the number of color items meant a change in

the storage load and that the storage load did not affect the accuracy of the attention



task and only affected the accuracy of the WM task with a storage load, this indicates
that the WM existed in the original MOT task and that our manipulation of the feature
(cue) masking of the target items successfully decoupled the storage of the

representations.
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Figure 3. Accuracy for the four combinations of tracking load and number of color squares
under the unmasked and masked conditions (t1cl: tracking 1 target and memory 1 color, t1c2:
tracking 1 target and memory 2 colors, t2cl: tracking 2 targets and memory 1 color, and t2c2:
tracking 2 targets and memory 2 colors). The black line represents the average performance,

and the dotted line represents the quartile.

2.4. Discussion

In Experiment 1, we attempted to use a dual task to investigate whether the
storage representation had different effects on the two conditions. We found that the
color memory representation in the unmasked condition did not affect the tracking
accuracy. In contrast, the same representation affected tracking accuracy in the
masked condition. This result confirms our hypothesis: The original MOT task (with
masks) recruits WM representations to maintain continuously refreshing targets. That

is, the masked condition recruits WM, whereas the unmasked condition does not.



3. Experiment 2
3.1 Overview

In Experiment 1, we found different patterns of recruitment of representational
storage under two conditions. Because our manipulation of the masking cue was set in
the tracking stage and the defining feature of CDA is to show the sensitivity of the
changes of load in the delayed stage, which is consistent with the tracking stage in the
MOT task, we present the following hypothesis: if the CDA indexes representational
storage, then tracking load would affect the CDA when the feature of the targets is
masked but not unmasked. Conversely, the attention activation account of CDA
predicts that the tracking load effect would be observed, regardless of the masking of
the target feature. Therefore, in Experiment 2, we determined whether the CDA is
sensitive to the number of changes in tracking items under the masked and unmasked

conditions.

3.2 Method
3.2.1 Experimental design

Experiment 2 was designed as a 2 (masked and unmasked condition) =<3 (Tracks
1, 2, and 3) within-subjects study. If masking of the target feature recruits memory
representations, tracking load would have an effect on the CDA in the masked but not
unmasked condition. In contrast, CDA predicts that the tracking load effect would be

observed regardless of whether the feature of targets was masked.

3.2.2 Participants

Thirty-seven participants (12 males; 21.08 =+ 0.32 years old) were recruited
from Sichuan Normal University. They self-reported normal color vision and normal
or corrected-to-normal visual acuity and provided informed consent before

participation. Each participant was compensated CNY 100 for their participation.



Some data were excluded due to technical errors and excessive EEG artifacts, so
24 participants (9 males; 20.88 & 0.39 years old) were ultimately included in the
final statistical analysis. This number was sufficient to detect reliable variations in
CDA amplitude according to previous MOT tasks on the CDA (Drew & Vogel, 2008;
Drew et al., 2011).

3.2.3 Stimuli and procedures

Experiment 2 also used PsychoPy 3 software to present stimuli and collect data,
and it was modified based on the program used in Experiment 1. The changes were as
follows: 1) The variable of the color squares was eliminated to reduce the impact of
unnecessary variables on CDA; therefore, participants were asked to determine the
tracking items in all trials; 2) Since the participants now did not need to remember
color blocks, the time at which the cue array was presented was reduced to 700 ms.
During that time, the nontargets were constantly kept visible, but the targets appeared
only in the later 500 ms, which was sufficient to mark the targets; and 3) Because the
tracking load served as a variable to observe the sensitivity of the CDA to the number
of memory representations, we set the tracking load at 1, 2, or 3 to better observe the
effects of tracking load on CDA.

Each participant was required to perform trials in both the masked and unmasked
conditions in two separate sessions in the same periods of time on different days to
provide enough trials for CDA analysis. They needed to complete 30 blocks of 24
trials each per condition for a total of 1440 trials. Each condition had three tracking
loads (Tracks 1, 2, and 3), which were separated by self-paced breaks. Prior to the
initiation of the trials, the participants were informed of the tracking load and then
completed 10 blocks for each tracking load. The order of the condition and tracking

loads was counterbalanced across participants.

3.2.4 EEG recording and analysis
Event-related potentials (ERPs) were recorded in the experiment using our

standard recording and analysis procedures. Data were recorded using 64 tin



electrodes mounted in an elastic cap (Electrocap International) using the International
10/20 System. All sites were recorded with an FCz reference, and the data were
re-referenced offline to the algebraic average of the left and right mastoids. Data from
a horizontal electrooculogram (EOG) was recorded from electrodes placed
approximately 1 cm from the external canthi of the right eye to measure horizontal
eye movements. The EEG and EOG were amplified with a bandpass of 0.01-80 Hz
and recorded with a 500 Hz sampling rate. Impedance values were kept below 5 kQ.
We performed independent component analysis (ICA) to decompose the data, and we
removed any trials containing either blinks (larger than 50 pV in the drift magnitude
of FPz) or eye movement (larger than 30 pV in the drift magnitude of horizontal EOG
activity).

EEG activity was calculated using a baseline from 200 ms to 0 ms before the
onset of the stimulus array. ERPs were calculated by averaging baseline activity at
each electrode across all accurate trials within each condition (unmasked: set size 1, 2,
or 3; masked: set size 1, 2, or 3). We averaged the response from a set of five
electrode pairs in the posterior-occipital, posterior-parietal, and temporal sites: 01/2,
PO3/4, PO7/8, P3/4, and P7/8. The CDA was analyzed in the 1300-1700 ms time
windows (i.e., 300-700 ms after the motion onset; Drew and Vogel (2008)). The
contralateral and ipsilateral waveforms were defined in terms of the side attended to
in a given trial. The difference wave was calculated by subtracting the ipsilateral
activity from the contralateral activity. Clear illustrations in the figures are provided

by the low-pass filtering of the data (14 Hz).
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Cue Array Tracking Array Test Array

300ms 200ms 500ms 1500ms Until Response

Figure 4. Stimulus and behavioral procedure in Experiment 2 in the (a) unmasked
condition and (b) masked condition. Trial events are depicted from left to right. At the
start of each trial, an arrow and a square with a horizontal or vertical bar (50% each)
appeared for 300 ms, indicating that the participants should pay attention to one side
of the screen and track the target(s) with the same bar. In the cue array, the nontargets
appeared for 200 ms, and then the targets were presented for a later 500 ms with
nontargets. Six squares (including nontargets) in total were consistently present, while
the number of targets (1, 2, or 3) varied across blocks. All squares then moved
independently, lasting 1500 ms. The bars in these squares remained visible in the
unmasked condition, but they were removed in the masked condition. Following the
motion, six stationary hollow squares were presented on each hemifield, and the
participants were asked to identify whether the square with a slash on the attended

side was (one of) the tracked target(s).

3.3 Results

3.3.1 Statistical analysis

We first used repeated measures ANOVAs to analyze the accuracy and the CDA
amplitude, and paired t-tests and simple effect analyses were conducted for the
follow-up pairwise comparison. For accuracy, We also computed the number of
accurately tracked objects using a formula developed by Scholl et al. (2001), M =n
X (2 X P-1), where M is an estimate of the number of objects accurately tracked,

n is the total number of tracking objects, and P is the observed accuracy. The



significance level was set as p < 0.05 across all tests, but a marginally significant (p <

0.1) result was also reported.

3.3.2 Behavioral results

We conducted a 2 (masked and unmasked condition) <3 (Tracks 1, 2, and 3)
repeated measures ANOVA to analyze accuracy. As Figure 5a shows, the results
revealed a significant main effect of condition (F [1, 23] = 27.326, p < 0.001, nzp =
0.543) and tracking load (F [2, 22] = 13.737, p < 0.001, 5%, = 0.555), with a marginal
significant interaction between condition and tracking load (F [2, 22] =3.392, p =
0.052, %, = 0.236).

The paired t-test results showed significance for the accuracy between Tracks 1
and 2 (t [47] = 3.202, p = 0.002, Cohen’s d = 0.423), Tracks 1 and 3 (t [47] = 6.1238,
p <0.001, Cohen’s d =1.791), and Tracks 2 and 3 (t [47] = 4.116, p < 0.001, Cohen’s
d = 1.201), merging the unmasked and masked conditions. Basically, the accuracy
decreased as the number of tracked targets increased.

The paired t-test also showed that accuracy was better in the unmasked condition
(M =0.942, standard deviation (SD) = 0.050) than in the masked condition (M =
0.897, SD =0.072), (t [71] = 6.232, p < 0.001, Cohen’s d = 1.479). Critically, all
tracking loads showed better accuracy in the unmasked than masked condition (Track
1: unmasked condition > masked condition; t [23] = 2.684, p = 0.013, Cohen’s d =
1.119; Track 2: unmasked condition > masked condition; t [23] = 3.330, p = 0.003,
Cohen’s d = 1.3389; and Track 3: unmasked condition > masked condition; t [23] =
4.789, p < 0.0011, Cohen’s d = 1.4479).

we also calculated M score to estimate the number of objects that were
accurately tracked. The average M scores in Tracks 1, 2, and 3 are shown in Figure 5b
for the masked and unmasked conditions. The modulation of the tracking load could
effectively index individual tracking performance. M scores showed that there was no

contamination from the ceiling effect.
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Figure 5. (a) Accuracy and (b) the number of accurately tracked targets across the
three types of tracking loads under the unmasked and masked conditions. The black
line represents the average performance, and the dotted line represents the quartile.

The plot represents the distribution of the M scores for all participants.

3.3.2 Electrophysiological results

We conducted a 2 (masked and unmasked condition) %3 (Tracks 1, 2, and 3)
repeated measures ANOVA of the average CDA . As shown in Figure 6, a significant
main effect was detected for condition (F [1, 23] = 8.692, p = 0.007, nzp =0.274) and
for tracking load (F [2, 22] = 11.082, p < 0.001, ;72p = 0.502). Importantly, a
significant interaction was apparent between the two factors (F [2, 22] = 4.246, p =
0.028, ;72p = 0.279), driven primarily by the larger effect of the tracking load in the
masked condition.

The first important finding is that the CDA amplitude was more negative in the
masked than unmasked condition (t [71] = 3.764, p < 0.001, Cohen’s d = 0.893).

Critically, this significant finding is mainly driven by tracking three targets
(masked condition > unmasked condition; t [23] = 2.684, p = 0.013, Cohen’s d =
1.119) but not in Track 1 (t [23] = 1.329, p = 0.197, Cohen’s d = 0.554) and Track 2 (t
[23] = 1.565, p = 0.131, Cohen’s d = 0.653).

Most importantly, there were different modes in the CDA amplitude between the

unmasked and masked conditions. In the unmasked condition, the Tracks 1, 2, and 3



conditions yielded an equivalent CDA amplitude (F [2,22] = 0.783, p = 0.469, qu =
0.066). The follow-up paired t-test did not show a difference between Tracks 1 and 2
(t[23] =0.766, p = 0.452, Cohen’s d = 0.319), Tracks 1 and 3 (t [23] =1.276,p =
0.215, Cohen’s d =0.532), and Tracks 2 and 3 (t [23] = 0.460, p = 0.650, Cohen’s d =
0.192).

However, CDA amplitude was significantly increased with the tracking load
increase in the masked condition (F [2, 22] = 17.712, p < 0.001, #°, = 0.617).
Specifically, even though the CDA amplitude did not show significance in Tracks 1
and 2 (t[23] = 1.480, p = 0.152, Cohen’s d = 0.617) or Tracks 2 and 3 (t [23] = 1.756,
p = 0.092, Cohen’s d = 0.732), the CDA amplitude in Tracks 1 and 3 (t [23] = 6.065,
p <0.001, Cohen’s d = 2.53) showed that there was a tendency toward an increasing
CDA amplitude when the tracking load was added in the masked condition.

These results indicate that the CDA failed to show its sensitivity to the number of
tracked targets if the targets were constantly visible during the tracking period.
However, masking the tracked targets may play an important role when examining the
potential covariance between CDA and the target load in the tracking stage.

Overall, the sensitivity of the CDA to the number of tracked targets was detected
in the masked condition, where cognitively representational storage was necessary but
not in the unmasked condition. These results support the interpretation that CDA
observed in the MOT task was indeed derived from the representational storage of

spatial information rather than the current focus of spatial attention.
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Figure 6. The amplitude of contralateral delay activity (CDA) over time in the (a)
unmasked condition and (b) masked condition. Time 0 marks the onset of the arrow
and the target cue, and Time 2500 ms marks the onset of the test array. (c) The
average CDA amplitude is depicted in each condition during the 1,300-1,700 ms time
window; the distributions of the CDA amplitudes for all participants are presented as
violin plots. The black line represents the average, and the dotted line represents the

quartile.

3.3 Discussion

In Experiment 2, we compared the CDA elicited by tracked targets across the
masked and unmasked conditions that invoked cognitively distinct processes.
Sustained spatial attention was recruited in both conditions, but representational

storage was required only in the masked condition. These results suggest that the



CDA was highly sensitive to the number of tracked targets in the masked condition,
whereas CDA showed no effect on the tracking load in the unmasked condition.
Overall, a possible conclusion is that the CDA observed in the MOT tasks was
directly linked to both sustained attentional activation and representational storage.
Importantly, the effects of the tracking load on the CDA were specifically related to
the necessity of representational storage for the tracked targets during the tracking

period.

4. General Discussion

This study investigated whether the CDA observed in MOT tasks was derived
from sustained spatial attention or representational storage. In Experiment 1, we
performed a dual task to explore whether WM was recruited in an MOT task and to
clarify the role played by WM. We found that the storage representations affected
accuracy in the masked conditions but not in the unmasked conditions. In Experiment
2, we found that the unmasked and masked conditions elicited different CDA . These
results suggest that the CDA was highly sensitive to the number of tracked targets in
the masked condition, whereas CDA showed no effect on the tracking load in the
unmasked condition.

Overall, one possible conclusion is that the CDA observed in the MOT tasks was
directly linked to both sustained attentional activation and representational storage.
Importantly, the effects of the tracking load on the CDA were specifically related to
the necessity of representational storage for the tracked targets during the tracking
period. The current results are broadly consistent with the overall results from
previous MOT and VWM tasks (Drew & Vogel, 2008; Drew et al., 2011; Hakim et al.,
2019).

Although both conditions involved item tracking, the possibility of
distinguishing targets from nontargets merely by attention was the key factor in
recruiting WM. In the unmasked condition, the act of allocating sustained spatial
attention to the tracked targets was sufficient to update the current position of the

tracked targets. This conclusion was confirmed by Experiment 2 in the unmasked



condition. This result suggests that the CDA includes the reflection of sustained
attention activation, which could account for the absence of the effect of the tracking
load on the CDA . In contrast, given that the features of the targets were not visible
during the tracking period and the position of the target items was constantly
changing, the representations of the tracked targets should be plausibly maintained to
update their current positions. This conclusion was proven by Experiment 2 in the
masked condition. Thus, the CDA observed in the masked condition primarily
indexed representational storage and tracked the variation in the tracking load, and it
was also accompanied by the sustained attentional activation to the targets.

With respect to the effectiveness of the experimental design for the MOT tasks
used in this study, the bar, rather than the salient color, was selected as the cue for the
target items to avoid contamination from the salient effect and bottom-up process.
This selection potentially encouraged participants to track the target items attentively,
even in the unmasked condition. Consequently, the accuracy and electrophysiological
signals observed in the unmasked condition could genuinely index the cognitive
process of attentively tracking targets, and the two conditions involved cognitively
identical processes, except for the necessity of representational storage for the tracked
targets in the masked condition. In the meantime, we set all the conditions presented
in different blocks to avoid possible confounders so that the participants would
remember all targets and nontargets in case they lost any possible targets when they

were hard to distinguish in the masked condition.

4.1 CDA reflection in the MOT task

In the current tracking task, the CDA amplitude was substantially larger in the
masked than unmasked condition. The increased CDA amplitude in the masked
condition might have been caused by the process of representational storage, which
was not involved in the unmasked condition. Intriguingly, Drew et al. (2011) showed
that the CDA was larger in the MOT task than in the VWM task. This result was
interpreted as indicating that the increased CDA amplitude observed in the MOT task

was attributable to the shifts in spatial attention or the process of updating target



positions that were not involved in the VWM task. Drew et al. (2011) had also
previously proven that attending purely to the motion itself was insufficient to
generate the large tracking activity observed in the MOT task. In conjunction with the
current results, cognitively complex processes might be conjectured to generate a

larger CDA compared to relatively simple processes.

5. Conclusion

With the controversy regarding the index of the CDA, the current study
conclusively demonstrated that both sustained attention activation and
representational storage could similarly evoke the CDA . However, the defining
feature, namely that CDA was sensitive to the number of tracked items, is derived
from the process of representational storage. The current observations challenge the
hypothesis by showing that CDA could reflect the storage of a set of tracked items
and the attentional activation to them, but the CDA amplitude is only sensitive to

VWM storage.
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