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Abstract 49 
 50 
Visual working memory (VWM) helps to temporarily represent information from the 51 
visual environment, and is severely limited in capacity. Recent work has linked various 52 
forms of neural activity to the ongoing representations in VWM. One piece of evidence 53 
comes from human event-related potential studies which find a sustained contralateral 54 
negativity during the retention period of VWM tasks. This Contralateral Delay Activity 55 
(CDA) has previously been shown to increase in amplitude as the number of memory 56 
items increases, up to the individual’s working memory capacity limit. However, 57 
significant alternative hypotheses remain regarding the true nature of this activity. Here 58 
we test whether the CDA is modulated by the perceptual requirements of the memory 59 
items, as well as whether it is determined by the number of locations that are being 60 
attended within the display. Our results provide evidence against these two alternative 61 
accounts, and instead strongly support the interpretation that this activity reflects the 62 
current number of objects that are being represented in VWM.  63 
 64 
 65 
 66 
Introduction 67 
 68 
 Our ability to represent information in an active state is facilitated by the visual 69 
working memory (VWM) system. This system is capacity-limited, such that only a small 70 
amount of information can be represented simultaneously. Neural measures of VWM 71 
have provided critical evidence regarding fundamental attributes of this system. One form 72 
of evidence comes from single-unit recording studies with monkeys. Neurons across a 73 
wide range of cortical areas show a sustained increase in firing rate above baseline during 74 
the retention period of VWM tasks (Kubota and Niki, 1971, Fuster and Alexander, 1971, 75 
Funahashi, Bruce and Goldman-Rakic, 1989a); an effect often referred to as delay 76 
activity. The delay activity in many cells have been shown to be highly sensitive to 77 
properties of the remembered material such as its spatial position (Funahashi, Bruce and 78 
Goldman-Rakic, 1989a, Chafee and Goldman-Rakic, 1998, Umeno and Goldberg, 2001), 79 
and identity (Warden and Miller, 2007, Rainer and Miller, 2002), and is correlated with 80 
behavioral outcome (Funahashi, Bruce and Goldman-Rakic, 1989b). Similar activity has 81 
been reported in human neuroimaging studies showing sustained activations during the 82 
retention period of VWM tasks in regions such as the prefrontal cortex (PFC), 83 
intraparietal sulcus (IPS), lateral occipital cortex (LOC), and primary visual cortex (V1) 84 
(Srimal and Curtis, 2008, Courtney et al., 1998, Postle et al., 2000, Curtis and D'Esposito, 85 
2006, Ferber, Humphrey and Vilis, 2005, Harrison and Tong, 2009, Serences et al., 86 
2009). Of these regions, the IPS has recently gained much attention because it is strongly 87 
modulated by the number of items being remembered in VWM, but reaches an asymptote 88 
once memory capacity is exhausted (Todd and Marois, 2004). 89 
 90 
 Similar evidence can be observed using human event-related potential (ERP) 91 
recordings in which a large negative wave is observed over posterior electrode sites that 92 
are contralateral to the position of the remembered items that persists during the retention 93 
period. This Contralateral Delay Activity (CDA) is strongly modulated by the number of 94 
items in memory, but reaches an asymptote once capacity is reached and is highly 95 
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predictive of the individual’s specific memory capacity. (Vogel and Machizawa, 2004, 96 
Vogel et al, 2005, Drew and Vogel, 2008, Robitaille et al, 2009). This suggests that the 97 
CDA provides a measure of the number of objects that are in VWM. However, there are 98 
two important alternative accounts of this activity that preclude such a conclusion. First, 99 
CDA amplitude modulations may reflect the increasing perceptual demands of the 100 
display. That is, as the number of items in the display increases, the perceptual difficulty 101 
of the display also increases, and it may be these increased encoding demands which may 102 
be the factor that drives increasing CDA amplitude rather than reflecting increased 103 
memory representations. Second, the CDA may reflect a spatial indexing process that 104 
represents the number of locations that are currently being attended. All previous CDA 105 
studies have used displays that have confounded the number of objects with the number 106 
of positions. In the present study, we seek to evaluate these two alternative accounts of 107 
this activity in an attempt to determine what aspect of WM performance the CDA 108 
reflects.  109 

 110 
 111 
 112 
 113 
 114 

Materials and Methods 115 
 116 
Overview 117 
 In the first experiment, we will test whether the CDA is modulated by the amount 118 
of perceptual effort required for the display rather than the number of items in memory. 119 
To do this, we will compare the CDA amplitude for arrays of items that are presented 120 
either in high contrast or very low contrast while also manipulating the number of items 121 
in the display. We expect that the low contrast displays will be much more effortful to 122 
perceive than the high contrast displays, thus if the CDA is primarily sensitive to this 123 
increasing perceptual effort then we would expect that low contrast items should produce 124 
an increase in amplitude as compared to high contrast displays with the same number of 125 
items. 126 
 In the second experiment, we will test whether the CDA is sensitive to the number 127 
of objects in VWM, or if it is instead sensitive only to the number of locations that are 128 
currently being attended. Here, we will attempt to decouple the number of memory items 129 
from the number of attended positions by presenting the memory items as a sequence of 130 
two arrays separated by 500 ms. We have previously shown that separating the memory 131 
items into two 2-item arrays results in a “step-like” function for CDA amplitude: initially 132 
amplitude is at the 2-item level, then quickly ramps up to the level of 4 items that were 133 
simultaneously presented (Vogel, McCollough and Machizawa, 2005). Experiment 2 will 134 
be similar, with the critical exception being that we will also present a condition in which 135 
the items in the second array will be presented in the same locations as those in the first 136 
array. If the CDA amplitude is determined solely by the number of locations, we would 137 
expect that remembering 4 objects presented at 2 locations would be equivalent to 138 
remembering 2 objects at 2 locations. Because subjects made a same/different response 139 
for each array in the sequential conditions, on a quarter of these trials a change was 140 
presented in each array. This resulted in four equally-probable trial types for the 141 
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sequential conditions: array 1 same/ array 2 same; array 1 same/ array 2 different; array 1 142 
different/ array 2 same; array 1 different/ array 2 different. Thus, detection of a change on 143 
array 1 provided the subject no information regarding whether or not array 2 would have 144 
a change.   145 
 146 
Subjects 147 
 All subjects were between 18 and 30 years old, have normal or corrected-to-148 
normal vision, and no history of neurological disorders or color blindness. Subjects were 149 
recruited from the University of Oregon community and were paid $10 per hour for their 150 
participation. A unique set of subjects participated in each experiment, with 17 in 151 
Experiment 1 and 18 in Experiment 2. Subjects with eye-blink or eye-movement artifacts 152 
in excess of 25% of trials were excluded from further analysis. Two subjects in 153 
Experiment 1 and three subjects in Experiment 2 exceeded this threshold. 154 
 155 

 156 
Stimuli and procedure for Experiment 1 157 
 In all experiments, the stimuli were presented with Presentation software 158 
(Neurobehavioral Systems, Inc., CA) on a CRT screen in a semi-dark room. Items were 159 
presented within 4°x7.3° rectangular regions bilaterally, centered 3° to the left and right 160 
of the middle of the screen.  A black fixation cross was presented in the center of the 161 
screen throughout the trial against the gray background. An arrow was presented above 162 
the fixation point. Colored squares (.65° x .65°) were randomly chosen without 163 
replacement from a set of seven colors (black, white, red, blue, yellow, green & purple). 164 
Luminance for each color is shown in Figure 1b. On average, high contrast objects had 4 165 
times as much contrast as low contrast objects (high = 42.81 cd/m2, low = 10.75 cd/m2).  166 
 167 
 The schematic of a trial is illustrated in Figure 1a. Subjects were instructed to 168 
fixate the black cross from 80 cm of viewing distance. Each trial consisted of an arrow 169 
cue (200 ms), memory array (100 ms), retention period (900 ms), a test array (1500 ms) 170 
and the intertrial interval (ITI: 1000 ms). Subjects attended to the cued visual field and 171 
remembered the colors of the memory array items. At the onset of the test array, subjects 172 
responded whether the memory and test arrays were identical by a button press (same vs. 173 
different). Subjects were instructed to make a button press as accurately as possible. Item 174 
positions were randomized between the trials, with a constraint that no square was 175 
present within 2o of one another. We used a 2 (set size: 2 vs 4) x 2 (contrast: high vs. low) 176 
design, and all conditions were intermixed within blocks. All subjects completed a total 177 
of 8 blocks of 100 trials each, resulting in 200 trials per condition.  178 

 179 

Stimuli and procedure for Experiment 2 180 
 Experiment 2 used highly similar stimuli and procedures as those described in the 181 
high contrast condition of Experiment 1. There were four primary conditions: 2 items 182 
simultaneous; 4 items simultaneous; sequential same locations; sequential different 183 
locations (Figure 4a). In the sequential conditions, 2 items were presented in the memory 184 
array for 100 ms, and after a blank interval of 400 ms, a second memory array was 185 
presented. The items in this second array could be presented either in the same positions 186 
as those in the first array or at different locations within the same hemifield. 900 ms 187 
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following the second array, a test array for the first memory set was presented for 100 ms 188 
that was then followed by a test array for the second memory set. Subjects in these 189 
conditions were instructed to make a same/different response for each test array 190 
presented. 191 
 192 

Electrophysiology (EEG) recording and analyses 193 
Twenty tin recording electrodes were mounted on an elastic cap to record EEG during the 194 
task. Electrode placements followed the International 10/20 system; F3/4, C3/4, P3/4, 195 
O1/2, T3/4, T5/6, Fz, Cz, and Pz. In addition, OL/R (half way in between O1 & T5, and 196 
O2 & T6, respectively), PO3/4 (halfway between P3 & O1, and P4 & O2, respectively), 197 
and POZ (half way between PO3 and PO4). These sites and a right mastoid site were 198 
referenced against the left mastoid reference, and data were re-referenced to the average 199 
of the left- and right mastoids.   200 

Horizontal electrooculogram (EOG) was recorded from electrodes placed next to each 201 
eye, and vertical EOG was recorded from an electrode placed below the left eye. EEG 202 
and EOG were amplified by SA Instrumentation amplifier with a bandpass of 0.01 – 80 203 
Hz, and data were collected at a sampling rate of 250 Hz. EOG was scanned for artifacts 204 
related to blinks and eye movements using an algorithm that detected large (>100 205 
microvolt) peak to peak deflections or eye movements of greater than 0.5 degrees. All 206 
trials containing these artifacts were excluded from further analysis. Participants with 207 
trial rejection rates that exceeded 25% were excluded from the analyses. Two subjects in 208 
Experiment 1 were excluded on this basis.    209 

ERPs were time-locked at the onset of the memory array (in experiment 4, onset of the 210 
first memory array) and recorded throughout the retention period. CDA mean amplitude 211 
was analyzed using mean amplitude of difference wave (contralateral - ipsilateral) using 212 
time window of between 300 and 900 ms from the onset of the memory array. In addition 213 
to CDA, we examined amplitudes of N2pc between 200 and 280 ms. The N2pc is a 214 
transient contralateral wave observed over the posterior sites during the target selection 215 
period (Drew and Vogel, 2008, Eimer, 1996, Luck and Hillyard, 1994).  216 

 217 
Results  218 

Experiment 1 219 
 220 
Behavioral Performance     221 
As Figure 1c shows, change detection accuracy was better for 2 item arrays than for 4 222 
item arrays (F(1,14) = 126,71, p < .001), and also better for the high contrast than the low 223 
contrast arrays (F(1,14) = 107.35, p < .001). In general, the contrast effect amounted to a 224 
roughly 10% decline in accuracy. Furthermore, 2 item low contrast performance was not 225 
significantly different from 4 item high contrast performance (planned contrast, t(56) = -226 
.539, p > .05). Finally, there was no significant interaction between set size and contrast 227 
(F(1,14) = .434, p > .05).  228 
 229 
 230 
Electrophysiological Results  231 
 232 
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Figure 2 illustrates the ipsilateral and contralateral waveforms for each condition.  233 
Beginning around 250 ms, strong negative contralateral waves arose over posterior 234 
electrode sites and continued throughout the retention period. Figure 3a shows mean 235 
difference waves (Contralateral minus Ipsilateral) averaged over 3 posterior sites with 236 
particularly strong contralateral negativity; OL/R, T5/6 and PO3/4. Two ERP 237 
components are evident: the N2pc, which is a component related to the selection of 238 
targets (Drew and Vogel, 2008, Eimer, 1996, Luck and Hillyard, 1994; Jolicouer et al 239 
2008); and the CDA, which is related to the number of items in VWM.  240 
 241 
 N2pc amplitude was significantly larger in the high contrast condition than in the 242 
low contrast condition (F(1,14) = 33.71, p < .001), but there was no significant main 243 
effect of set Size (F(1,14) = 0.07, p > .05). The larger N2pc for high contrast arrays 244 
suggests that the memory items were initially selected from the display more consistently 245 
when the contrast was sufficiently high. The lack of a set size effect on the N2pc is 246 
consistent with prior results (McCollough et al, 2007, but see Drew& Vogel, 2008). Of 247 
course, a reduced N2pc for low contrast objects does not necessarily indicate that the 248 
attentional selection process was eliminated for these items. Similar results would be 249 
expected if that process was simply more variable in its latency from trial to trial (Luck, 250 
2005). 251 
 252 
 Consistent with prior work (Vogel and Machizawa, 2004, Vogel, McCollough 253 
and Machizawa, 2005, Drew and Vogel, 2008, McCollough, Machizawa and Vogel, 254 
2007), the CDA emerged at about 300 ms and persisted throughout the retention period. 255 
CDA amplitude was significantly larger for 4 item arrays than for 2 item arrays  (F(1,14) 256 
= 8.18, p < .02). However, there was no significant main effect of contrast, (F(1,14) < 257 
1.0), nor was there a significant interaction between set size and contrast (F(1,14) < 1.0). 258 
These results demonstrate that significantly increasing the perceptual demands of the 259 
memory items did not modulate CDA amplitude. However, increasing the number of 260 
items irrespective of stimulus contrast did indeed result in significant increases in CDA 261 
amplitude. This dissociation between perceptual difficulty and CDA amplitude is clearest 262 
when comparing between the low contrast 2-item arrays with the high contrast 4-item 263 
arrays. These two conditions yielded equivalent performance levels, likely engendering 264 
similar levels of perceptual difficulty, yet the CDA amplitude was considerably greater 265 
for 4-item arrays. In addition, the large behavioral performance decrement (~10%), along 266 
with a reduced N2pc suggest that the contrast manipulation used here was sufficiently 267 
large to significantly affect both behavior as well as attentional selection.  268 
 These results also provide a decoupling of behavioral performance levels and 269 
CDA amplitude. That is, poorer performance for the low contrast arrays does not appear 270 
to be the consequence of a reduction of the number of representations that are held in 271 
memory. Instead, these results are more consistent with the proposal that low contrast 272 
objects yield poorer memory performance because the resolution of the representations 273 
may not have been sufficient to accurately discriminate the remembered color from the 274 
color of the changed item. Moreover, the low contrast of the items in the test array also 275 
likely contributed to reduced memory performance during the comparison process at the 276 
end of the trial. This is consistent with recent evidence that memory items that are highly 277 
similar to one another often are susceptible to comparison errors in change detection 278 
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tasks (Awh, Barton and Vogel, 2007, Scolari, Vogel and Awh, 2008). These results 279 
indicate that contrast manipulations such as this one yield the consequences of 280 
insufficient precision of the representation rather than a reduction of the number of items 281 
held in WM.  282 
 283 
 284 
 285 
Experiment 2: Does the CDA reflect number of items or number of locations in 286 
memory? 287 
 288 
 The results of Experiment 1 demonstrate that while CDA amplitude was sensitive 289 
to the number of objects in the memory array, it was not modulated by the contrast of the 290 
objects despite a fairly large performance decrement for the low contrast objects. 291 
However, one alternative account of these results is that the CDA may not actually be 292 
sensitive to the number of objects in VWM, but instead may be simply sensitive to the 293 
number of locations that are currently being attended or remembered (Xu and Chun, 294 
2006). That is, in all previous experiments examining this activity, the number of objects 295 
has always been confounded with the number of locations. If this was the case, the lack 296 
of a contrast effect on the CDA would be ambiguous because low contrast objects may 297 
still provide sufficient spatial information for representing location despite consuming a 298 
larger proportion of maintenance resources. 299 
 300 
 To address this alternative account of the CDA, in Experiment 2 we presented 301 
subjects with a sequence of two memory arrays separated by 500 ms (Figure 4a). Each 302 
memory array contained 2 high contrast colored squares, for a total memory load of 4 303 
items. In one sequential memory condition, the items in the second array were presented 304 
in the same locations as those in the first array. Thus, 4 objects in 2 locations needed to 305 
be maintained in memory. In the other sequential condition, the items in the second array 306 
were presented in different locations in the hemifield from those used in the first array. 307 
Thus, 4 objects in 4 locations needed to be maintained in memory. We contrasted these 308 
sequential conditions with two conditions in which either 2 or 4 items were presented 309 
simultaneously in a single memory array. 310 
 311 
 In a previous study using a procedure that is highly similar to the sequential-312 
different locations condition, we found that the CDA initially has an amplitude that is 313 
similar to 2 items, but rose up to the level of 4 simultaneous items shortly following the 314 
onset of the second array (Vogel, McCollough and Machizawa, 2005). If the CDA was 315 
sensitive only to the number of locations in memory, we would expect this same increase 316 
to the level of 4 items only in the different locations condition because 4 locations must 317 
be remembered. Alternatively, if the CDA is sensitive to the total object load in VWM, 318 
we would expect to see this amplitude increase equivalently in both the “same location” 319 
and “different location” conditions because 4 objects must be remembered in each. 320 
 321 
Behavioral Performance     322 
 Change detection accuracy was better for 2 item arrays (92%) than for 4 item 323 
simultaneous arrays (82%; p < .001), as well as the sequential-same locations (79%; p < 324 
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.001) and the sequential-different locations (77%; p < .001). However, performance for 325 
the 4-items simultaneous condition was not significantly different from either of the 326 
sequential conditions (both F’s > 1), nor were the two sequential conditions significantly 327 
different from one another (F < 1).  328 
 329 
 330 
Electrophysiological Results  331 
 As shown in Figure 4b & c, CDA amplitude in the sequential conditions was 332 
initially equivalent to a 2-item level , but then increased to the level of the 4-item 333 
simultaneous condition shortly following the onset of the second memory array. We 334 
tested this pattern by comparing mean amplitude for an early time window (300-500ms 335 
following memory array 1) in the sequential conditions to the same time window in the 336 
simultaneous 2-item and found that they were not significantly different (F < 1). 337 
Moreover, we compared mean amplitude for a late time window (300-500ms following 338 
memory array 2) in the sequential conditions to the same time window in the 339 
simultaneous 4-item condition and again found that they were not significantly different ( 340 
p > .35).    341 
 342 

We compared the rise between the “same location” and “different location” 343 
conditions by measuring amplitude during two time windows, early (300-500ms 344 
following memory array 1) and late (300-500ms following memory array 2). We found a 345 
highly significant main effect of time window (memory array 2 is greater than array 1; p 346 
< .001), but no significant main effect of condition (F < 1) and no interaction between 347 
these factors (F < 1).  That is, even though the “same location” required the subjects to 348 
remember 4 objects across only 2 positions, it yielded identical amplitudes to the 349 
“different location” condition which required 4 objects across 4 locations to be 350 
remembered. Thus, these results indicate that the CDA amplitude is modulated by the 351 
number of objects that are being held in memory, irrespective of the number of distinct 352 
locations that are being remembered or attended within the display.  353 
 354 
 355 
 356 

Discussion 357 
 358 
 The present study examined the aspects of WM performance that results in CDA 359 
amplitude modulations associated with increasing numbers of items to be remembered. 360 
We tested two viable alternative hypotheses of this activity. The first was that the CDA 361 
reflects perceptual demands for resources that increase as the number of items increases. 362 
However, in Experiment 1 we found that increasing the perceptual demands of the items 363 
(by greatly lowering contrast), did not modulate CDA amplitude. While an increase in set 364 
size is obviously not identical to a reduction in contrast, both manipulations engender an 365 
substantial increase in perceptual difficulty and resulted in equivalent decreases in 366 
behavioral performance. Nevertheless, CDA amplitude was only modulated by the 367 
number of items in the display, which is consistent with a memory load-based 368 
interpretation.  The second hypothesis we tested was whether the CDA charted the 369 
number of locations being attended rather than reflecting the total number of objects 370 
being remembered. Experiment 2 provided evidence against this interpretation by 371 
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showing that CDA amplitude could be decoupled from the number of locations that are 372 
relevant for the task. Together, these results lead us to conclude that modulations of CDA 373 
amplitude across memory set size reflect the current number of object representations that 374 
are being held in VWM. However, that is not to say that this activity is entirely 375 
insensitive to other attributes of the WM representation, such as the identity of the 376 
memoranda. Indeed, we and others have already reported preliminary evidence that this 377 
activity may indeed be sensitive to the information content of the items in memory 378 
(Woodman and Vogel, 2008, Luria et al., 2009). 379 
  380 
 At present, it is not entirely clear whether the CDA reflects the ongoing output of 381 
a WM maintenance process, or if it instead reflects a limited-capacity “pointer system” 382 
that helps to keep task-relevant representations individuated from one another by linking 383 
some coarse identity information with a spatial position. Some evidence for the latter 384 
view comes from recent work examining the multiple object tracking (MOT) task, in 385 
which a subject must attentively track several targets as they move amongst identical 386 
distractors (Drew and Vogel, 2008, Cavanagh and Alvarez, 2005, Pylyshyn and Storm, 387 
1988). Drew & Vogel (2008) found a sustained CDA that was modulated by the number 388 
of targets that were being tracked on a given trial and this activity showed similar 389 
capacity limitations that predicted an individual’s tracking ability. That is, despite 390 
negligible memory maintenance requirements, similar activity can still be obtained if 391 
attention is continuously being allocated to each target. In this regard, a limited capacity 392 
pointer system may be at play in both WM and MOT tasks as a means of keeping a small 393 
number of object representations individuated. For WM tasks, this pointer system may 394 
simply require sustaining the representations in an active state. For MOT tasks, these 395 
pointers may interface with updating mechanisms that reflect the changing position of the 396 
targets as they move through space.   397 
 398 
 399 
 400 
 401 

402 
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 403 
Figure Captions 404 
 405 
Figure 1: Experiment 1. A: trial schematics for high contrast (top row) and low contrast (bottom 406 
row) conditions, set size 4. Trials were intermixed. B: luminance of colored squares and 407 
background. C: accuracy for high contrast (open diamond) and low contrast (filled square) 408 
conditions. Average working memory capacities (K) across subjects were 2.5 and 1.71 for high 409 
and low contrast conditions, respectively, and difference was significant paired T-test, t(14) = 410 
6.763, p < .001 .  411 
 412 
Figure 2: ERP data from experiment 1, time-locked to the onset of the memory array. Posterior 413 
lateral recording sites (OL/R, T5/6, PO3/4) are shown. Purple and black lines are data from 414 
contralateral and ipsilateral sites, respectively. Negative is plotted up. 415 
 416 
Figure 3: Difference wave averaged across 3 channels shown in figure 2. A: averaged difference 417 
wave across time for high (left) and low (right) contrast conditions. Set size 2 and 4 are shown in 418 
black and blue, respectively. In both contrast conditions, N2pc followed by CDA are visible. B: 419 
N2pc amplitude in the time window between 200 and 280 ms after the memory array onset. Error 420 
bars = 95% confidence intervals. Notice there is a significant difference between contrasts (p < 421 
.001), but not between set sizes. C: CDA amplitude in the time window between 300 and 900 ms 422 
after the memory array onset. There is a significant difference between set sizes (p < .02), but not 423 
between contrasts.    424 
 425 
Figure 4: Experiment 2. A: trial schematics for “same location” trial. B: ERP data from trials in 426 
which 4 items were remembered sequentially, either at the same location (red) or different 427 
location (blue) as the first memory array. Time-locked to the onset of memory array 1. C: CDA 428 
amplitudes 300 to 500 ms following the first and second memory array. Mean CDA amplitudes 429 
from simultaneous 2- and 4-item conditions are shown in dashed lines. Error bars = 95% 430 
confidence intervals. Significant main effect of time window was found (first delay vs. second 431 
delay, p < .001), but no effect of locations was found. Regardless of the location, CDA amplitude 432 
after the second delay was statistically not different from simultaneous presentation of 4 items. 433 

 434 

 435 

 436 

 437 
438 
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