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Abstract: This study investigated the effects of attentional load on neural responses to attended and
irrelevant visual stimuli by recording high-density event-related potentials (ERPs) from the scalp in
normal adult subjects. Peripheral (upper and lower visual field) and central stimuli were presented in
random order at a rapid rate while subjects responded to targets among the central stimuli. Color
detection and color-orientation conjunction search tasks were used as the low- and high-load tasks,
respectively. Behavioral results showed significant load effects on both accuracy and reaction time for
target detections. ERP results revealed no significant load effect on the initial C1 component (60-100
ms) evoked by either central-relevant or peripheral-irrelevant stimuli. Source analysis with dipole
modeling confirmed previous reports that the C1 includes the initial evoked response in primary vis-
ual cortex. Source analyses indicated that high attentional load enhanced the early (70-140 ms) neural
response to central-relevant stimuli in ventral-lateral extrastriate cortex, whereas load effects on
peripheral-irrelevant stimulus processing started at 110 ms and were localized to more dorsal and
anterior extrastriate cortical areas. These results provide evidence that the earliest stages of visual
cortical processing are not modified by attentional load and show that attentional load affects the
processing of task relevant and irrelevant stimuli in different ways. Hum Brain Mapp 35:3008-3024,
2014. © 2013 Wiley Periodicals, Inc.
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INTRODUCTION

Studies in both animals and humans are giving an
increasingly detailed picture of the sites along the visual
pathways where afferent information is modulated by

selective attention [for reviews, see Desimone and Duncan,
1995; Hillyard and Anllo-Vento, 1998; Hopf et al., 2009]. It
is still debated, however, whether attention modulates vis-
ual inputs at the earliest levels of cortical processing. A
pair of recent studies using endogenous spatial attention
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paradigms have provided evidence that attention can
enhance the amplitude of the initial visual evoked
response in the primary visual cortex (V1) starting at
around 50-60 ms after stimulus onset [Kelly et al., 2008;
Poghosyan and Ioannides, 2008]. These findings run coun-
ter to a larger body of evidence, however, which supports
the view that the initial visual cortical processing in V1 is
not affected by spatial attention [Aine et al., 1995; Clark
and Hillyard, 1996; Di Russo et al., 2003, 2012; Fu et al,,
2005; Gratton, 1997; Heinze and Mangun, 1995; Hopfinger
and West, 2006; Johannes et al., 1995; Mangun et al., 2001;
Martinez et al., 1999, 2001; Noesselt et al., 2002; Wijers
et al., 1997; Woldorff et al., 1997, 2002; Yoshor et al., 2007].
These latter studies have found instead that the earliest
modulation of visual processing by spatial attention takes
place in extrastriate visual cortex starting at around 70-80
ms. There is evidence for a delayed activation of area V1
(i.e., after 100 ms) during endogenous visual attention,
however, which has been attributed to delayed feedback
from higher extrastriate areas [Aine et al., 1995; Di Russo
et al.,, 2003, 2012; Martinez et al., 1999, 2001; Noesselt
et al., 2002].

In recent years, mechanisms of selective attention have
also been studied in humans using perceptual/attentional
load paradigms. Numerous behavioral studies have found
that the processing of peripheral, task-irrelevant stimuli
decreases as the perceptual demands of a central task are
increased [e.g., Dark et al., 1985; Kahneman and Chajczyk,
1983; Lavie, 1995; Miller, 1991; Plainis et al., 2001, Wil-
liams, 1985; Yantis and Johnston, 1990]. According to the
perceptual load theory proposed by Lavie and colleagues
[Lavie and Tsal, 1994; Lavie, 1995, 2005], the more difficult
a perceptual task is, the more attention will be allocated to
the task-relevant stimuli, with fewer resources being avail-
able to process the task-irrelevant stimuli. Although
endogenous attention paradigms typically compare the
visual processing of task-relevant versus irrelevant stimuli
or cued versus uncued stimuli, the perceptual/attentional
load paradigm investigates the effects of selective attention
on the processing of task-irrelevant stimuli by comparing
conditions where the relevant stimuli require low-load
versus high-load perceptual processing. Several studies
using fMRI have demonstrated strong influences of per-
ceptual/attentional load on the processing of both relevant
and irrelevant stimuli in extrastriate visual cortical areas,
including V2, V3, V4, TEO, V3A, and MT+/V5 [O’Connor
et al.,, 2002; Pinsk et al., 2004; Rees et al., 1997; Schwartz
et al., 2005; Yi et al., 2004]. Hemodynamic responses to
peripheral irrelevant stimuli in primary visual cortex (area
V1) may also be modulated by attentional load [Bahrami
et al., 2007; O’Connor et al., 2002; Schwartz et al., 2005],
but it is not clear whether the reported V1 modulations
represented an effect on early feed-forward or delayed
feedback processing.

Using the event-related potential (ERP) technique with
its high temporal resolution, Handy and colleagues

[Handy et al., 2001] found that increasing the perceptual
load of a central task led to a significant decrease in the
amplitude of the visual evoked P1 component (latency
100-150 ms) to peripheral task-irrelevant stimuli. In a pair
of recent studies, Rauss and colleagues [Rauss et al., 2009,
2012] have further reported a modulation of the amplitude
of the earliest visual evoked component (C1, at 60-100 ms)
elicited by peripheral task-irrelevant stimuli as a function
of the attentional load of the central visual task. In one
study [Rauss et al, 2009] the C1 component itself was
localized over midline occipital cortex and inverted in
polarity for upper versus lower field stimuli, which is con-
sistent with previous findings that C1 represents the initial
evoked response in area V1 [e.g., Di Russo et al., 2003; Jef-
freys and Axford, 1972]. The topography of the load-
induced modulation of C1 was not reported, however, and
a statistical comparison of the C1 source activity between
high and low load conditions showed that the early load
effect (60-100 ms) was significant in prefrontal regions
rather than in occipital cortex [Fig. 5b in Rauss et al.,
2009]. In a further study [Rauss et al., 2012] where the
task-relevant and irrelevant stimuli were presented simul-
taneously rather than successively, the C1 amplitude to
the irrelevant peripheral stimuli was actually increased in
the high load condition, which contrasted with their previ-
ous results. This increased C1 amplitude was accompanied
by a substantial pre-stimulus baseline shift, however, and
source analysis found this early load effect to be only mar-
ginally significant in occipital cortex as well as in several
other cortical areas [Figs. 3 and 4b in Rauss et al., 2012].
These results suggest that the reported early load effects
on C1 amplitude may not actually represent a modulation
of the occipitally generated C1 itself, but rather an overlap
with other ERP components elicited in these tasks.

Given the central role that area V1 plays in models of
visual processing [e.g., Lamme and Roelfsema, 2000; Li
et al., 2006; Olshausen and Field, 2005], it is important to
determine the critical conditions under which the initial
cortical evoked response in V1 may be modulated by
selective attention. The present study aimed to clarify
whether the earliest visual ERP component C1 can in fact
be modulated by perceptual/attentional load. As in the
attentional load studies of Rauss et al. [2009, 2012] and the
perceptual load studies of Lavie [2005], we manipulated
load by varying the attentional demand for processing for
the same central-relevant stimuli. We presented peripheral
irrelevant stimuli similar to those used by Rauss et al.
[2009, 2012] and a central grid of lines with colored targets
as the relevant stimuli, all in random order. Both types of
stimuli elicited large C1 components. ERPs were averaged
over a large number of trials to increase the signal/noise
ratios, and overlapping potentials from preceding stimuli
were removed using the Adjacent Response (ADJAR)
Technique [Woldorff, 1993]. Moreover, unlike the previous
studies, we examined the effects of high versus low atten-
tional load on the C1 components elicited by both the
task-relevant and irrelevant stimuli.
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(a) LVF stimuli

(b) UVF stimuli

(c) Central Stimuli

Figure 1.

Experimental stimuli. Peripheral irrelevant stimuli were arrays of
short lines that could occur at random in either the upper
(UVF) or lower (LVF) visual field. Central stimuli consisted of
twelve lines (six horizontal and six vertical), all of which were
white except one (horizontal or vertical) that was either red,

MATERIALS AND METHODS
Subjects

Nineteen right-handed healthy adults (11 women, ages
18-34 years, mean age = 22 years) participated in this
experiment. All participants had normal or corrected-to-
normal vision. Subjects were recruited as volunteers, and
informed consent was obtained before the beginning of each
experiment. All procedures were approved by the Univer-
sity of California San Diego Institutional Review Board.

Stimuli and Task

Both the central task-relevant and peripheral irrelevant
stimuli (Fig. 1) were presented as white or colored lines
(average luminance= 30 cd/ m?) on a uniform dark screen
(0.4 cd/m?). The central relevant stimulus array (5.3° X
5.3°) was centered at fixation and consisted of a grid of
twelve lines (six horizontal and six vertical), all but one of
which were white. The one colored line could be either
horizontal or vertical and was either red, green, yellow,
blue, cyan or purple (ie., R_H, G_H, Y_H, B_H, C_H,
P_H, RV, G_V, YV, B_V, C_V, P_V). Peripheral stimuli
(34.7° X 8.0°) consisted of arrays of white horizontal line
elements presented either in the upper visual field (UVF)
or lower visual field (LVF) . The vertical distance between
the fixation and the upper edge of the LVF stimuli ( or the
lower edge of the UVF stimuli) was 3.1°. Peripheral
(UVF/LVF) and central stimuli were presented in a pseu-
dorandom sequence at a rapid rate. All stimuli were
flashed for 100 ms durations, and SOAs were randomized
between 350 and 633 ms.

Each subject performed a color-orientation conjunction
search task for the high-load condition, and a color
detection task for the low-load condition. For both tasks,
subjects were required to press a key using their dominant

green, yellow, blue, cyan or purple (shown as the darker line in
the figure). A central fixation dot was present throughout the
experiment. In the low-load condition, subjects detected a red
line segment in the central stimuli. In the high-load condition,
they detected either a green-horizontal or yellow-vertical line.

hand only when the central target was presented. In the
high load condition the target was either a green vertical
(G_V) or yellow horizontal line (Y_H) in the central array.
In the low load condition, the target was a red vertical or
horizontal line (R_V or R_H) in the central array. There
were 12 blocks for each task, and the same physical stim-
uli were presented in both conditions. Each block con-
tained 240 trials, including 10% UVF, 10% LVF, and 80%
central stimuli. Among the central stimuli 10% were low-
load targets (i.e., R_V or R_H), 10% were high-load targets
(i.e., G_V or Y_H), 30% were confusable central nontargets
(i.e., Y_V or G_H, which shared the same color with the
high-load target), and 30% were nonconfusable central
nontargets (i.e., B_H, B_V, C_H, C_V, P_H, P_V). For each
task condition, there were a total of 288 trials each for the
UVE, LVF, and central target stimuli, and 864 trials each
for the confusable central nontarget (Con) and the noncon-
fusable central nontarget (Ncon) stimuli. To avoid possible
exogenous cueing effects between task-irrelevant periph-
eral stimuli, UVF and LVF stimuli were never presented
successively; half of the UVF/LVF stimuli were preceded
by Con trials, and the other half were preceded by Ncon
trials.

EEG Recording

The EEG was recorded from 62 scalp sites using the 10-
10 system montage (Nuwer et al, 1999). Standard 10-20
sites were FP1, FPz, FP2, ¥7, F3, Fz, F4, F8, T7, C3, Cz, C4,
T8, P7, P3, Pz, P4, P8, O1, Oz, 02, and M1. Additional
intermediate sites were AF3, AFz, AF4, FC5, FC3, FCl,
FCz, FC2, FC4, FCeo, C5, C1, C2, C6, TP7, CP5, CP3, CP1,
CPz, CP2, CP4, CP5, TPS, P5, P1, P2, P6, PO7, PO3, POz,
PO4, POS, 15, 13, 1z, 14, 16, SI3, Slz, and SI4. All scalp chan-
nels were referenced to the right mastoid (M2) during
recording. Horizontal eye movements were monitored
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with a bipolar recording from electrodes at the left and
right outer canthi. Blinks and vertical eye movements
were recorded with an electrode below the left eye, which
was also referenced to M2. Electrode impedances were
kept below 5 kOhms. Scalp signals were amplified with a
gain of 10,000 and band-pass filtered from 0.1 to 80 Hz.
Signals were digitized to disk at 500 Hz. Each recording
session lasted 180240 min, including cap/electrode prepa-
ration. Short breaks were given after each block of trials to
help alleviate subject fatigue. Each block lasted approxi-
mately 2 min.

ERP Analyses

ERPs were time-locked to stimulus onset, baseline cor-
rected from —50 to 50 ms, and low-pass filtered at 33 Hz.
Trials contaminated by eye movements, eye blinks, or
amplifier blocking were rejected. On average, 11% of trials
were rejected due to these artifacts. ERPs from the scalp
channels were re-referenced off-line to the average of left
and right mastoids. The ADJAR algorithm [Woldorff,
1993] was used to remove overlapping ERPs from adjacent
stimuli. Two-tailed pair-wise t-tests were used to analyze
load effects on the behavioral and ERP measures. For the
central stimuli, early load effects are only reported for the
nontarget stimuli, which produced better signal/noise
ratios than did the less frequent targets.

RESULTS
Behavior

Pair-wise t-tests showed highly significant load effects
on both accuracy and reaction time (RT). Target detection
accuracy (hit rate) was higher in the low-load (mean:
99.4%, s.e.: 0.2%) than in the high-load condition (mean:
89.8%, s.e., 1.4%; t(18) = 7.5, P < 6><1077), and RTs were
faster in the low-load (mean: 440 ms, s.e.: 8 ms) than in
the high-load condition (mean: 624 ms, s.e:12 ms; #(18) =
17.7, P < 8 X 10~ 19),

ERPs to Peripheral Stimuli
Cl

As shown in Figures 2 and 3, both UVF and LVF stimuli
evoked large C1 components over midline parieto-occipital
areas, with a maximum amplitude at POz and a peak
latency of around 90 ms. However, there was no signifi-
cant load effect on the C1 amplitude for either UVF or
LVF, as revealed by paired t-tests on the mean amplitude
of C1 (80-100 ms) comparing low-load and high-load con-
ditions at the midline parieto-occipital sites (POz: t(18) =
0.05, P > 0.9 for UVF; t(18) = 0.89, P > 0.4 for LVF).

To examine the time course and scalp distribution of
load effects on the visual ERP, pair-wise t-tests were used
to compare the ERP mean amplitude between the low-

(a) Original ERP Waveforms of LVF stimuli

-1 w
P3 Pz POz
* 500ms

(b) Orignial ERP waveforms of UVF stimuli

1
P3 Pz POz
* 500ms

(c) Difference waveforms between Lowload and Highload Conditions
UVF__Low—Highload
LVF__Low—Highload

A2 L2
Ps%@aﬁ Pz%w@d POz
a4 L1 500ms

L3

LVF_Lowload
LVF__Highload

C1

UVF_Lowload
UVF__Highload

Figure 2.

Grand averaged ERPs elicited by peripheral stimuli under high
and low load conditions. For ERPs to both the UVF and LVF
stimuli, the CI component did not show a significant difference
between load conditions. The first load effect (LI) started at
about 110 ms and reversed in polarity for the UVF and LVF
stimuli. The second load effect (L2) appeared around 170-200
ms, with the same polarity for UVF and LVF stimuli. The third
load effect (L3, 220-270 ms) was present for LVF but not for
UVF stimuli. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

load and high-load conditions for both UVF and LVF was
tested. A sliding time window of 20 ms starting from 50
ms (e.g., 50-70, 60-80, and 70-90) was tested at each poste-
rior scalp site (Fig. 4a,b). A similar analysis was also used
to compare the load effects (measured in the low-load
minus high-load difference waves) between UVF and LVF
(Fig. 4c). These analyses revealed three major load effects
(L1, L2, and L3), which are labelled in the grand-average
ERP waveforms (Fig. 2) and voltage topographies (Fig. 3).

Li

The first load effect (L1) started at around 110 ms for
both UVF and LVF, although its scalp distribution differed
somewhat between UVF and LVF (Fig. 3c,d). For example,
in the time window 110-130 ms, the load effect reached
significance at sites P1, P3, CP1, and CP3 for UVF stimuli
(t(18)’s > 2.11, P’s < 0.05; Fig. 4a), and at P3, P5, P6, and
PO3 for LVF stimuli (t(18)’s > 2.14, P’s < 0.05; Fig. 4b).
Interestingly, this load effect showed a polarity reversal
between UVF and LVF stimuli; for UVF, the effect was
more positive in the low-load than high-load condition,
whereas for LVF the effect was more negative in the low-
load than high-load condition (Fig. 2c). Further analysis
confirmed that this early difference in the load effect
between UVF and LVF stimuli was highly significant over
posterior scalp sites (e.g., P3, P5, P1/2, Pz, CP3, CP5,
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Figure 3.
Voltage topographical maps of the grand averaged ERPs to the peripheral stimuli. (a) Maps of
components in original waveforms elicited by UVF stimuli in the low-load condition; (b) Same as
(a) for LVF stimuli in the low-load condition; (c) Maps of components in low-load minus high-
load difference waves for UVF stimuli; (d) Same as (c) for LVF stimuli. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

CP1/2, CPz, PO3, POz) in the interval 110-130 ms (t(18)’s
> 3.96, P’s < 0.001; Fig. 4c).

L2

The second load effect (L2) appeared at around 170-200
ms for both UVF and LVF. In contrast with L1, L2 showed
a similar scalp distribution and polarity for UVF and LVF
stimuli, both with a maximum negativity over centro-
parietal areas (Figs. 2c and 3c,d). The L2 load effect was
significant at sites CPz and Pz for both UVF (t(18)’'s >
2.40, P's < 0.03; Fig. 4a) and LVF (t(18)’s > 2.39, P’s <
0.03; Fig. 4b) over the time intervals of 170-190 ms and
180-200 ms. The L2 load effect did not differ significantly
between UVF and LVF stimuli (170-190 ms and 180-200
ms, CPz and Pz, t(18)’s < 0.76, P’s > 0.4, Fig. 4c).

L3

For the LVF stimuli, there was a third load effect (L3) dur-
ing the interval 220-270 ms, with a maximum positivity
over medial occipital sites, peaking at ~250 ms. However,

no such effect was seen for the UVF stimuli (Figs. 2 and
3c,d). The L3 effect was significant at POz, Oz and 1z for the
LVF during the time intervals of 230-250, 240-260, and 250-
270 ms (t(18)’s > 2.38, P’s < 0.03; Fig. 4b), but not for UVF
(t(18)’s < 1.54, P’s > 0.1; Fig. 4a). Further analysis confirmed
that this late L3 effect differed highly significantly between
UVF and LVF (at POz, Oz and Iz sites; 230-250 and 240-260
ms: t(18)’s > 3.46, P’s < 0.001, Fig. 4c).

ERPs to Central Nontarget Stimuli
Early load effect

As shown in Figures 5a,b and 6a, central stimuli eli-
cited typical C1 and P1 components over posterior scalp
areas (Ncon and Con stimuli elicited similar early ERPs
in the low-load condition, and only the topographical
maps for the Ncon stimuli are shown in Fig. 6a). C1
started at about 60 ms and peaked at about 100 ms, with
a maximum negative amplitude at IZ. P1 started at about
70 ms and peaked at about 120 ms, with a maximum
amplitude at bilateral occipital sites (e.g., PO7/PO8). Both
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(a) UVF: Lowload vs Highload
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Figure 4.
Statistical significance of ERP comparisons for peripheral stimuli. Pair-wise t-tests were carried
out with a sliding time window of 20 ms and steps of 10 ms at each posterior scalp site.
(a) Comparison between ERPs elicited under low-load versus high-load conditions for the UVF
stimuli; (b) Same as (a) for LVF stimuli; (c) Comparison of the load effects between the UVF and
LVF stimuli.
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(c) Load effect: UVF vs LVF
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Figure 4.
(Continued)

the C1 and P1 waveforms showed amplitude differences
between the low-load and high-load conditions. Consist-
ent with the load theory of selective attention (Lavie,
1995), the P1 to these task-relevant stimuli was larger in
the high-load than low-load condition. However, the C1
(at site Iz) was actually larger (more negative) in the low-
load than the high-load condition, which is contrary to
load theory. These results suggested that the early differ-
ence seen in the C1 waveform at the midline occipital site
(Iz) was not actually a load effect on the C1 component.
To confirm this supposition, we examined the spatio-
temporal properties of the difference wave between the
high-load and low-load ERPs. As shown in Figures 5c
and 6b, the high-load minus low-load difference wave
started at about 70 ms and peaked at about 120 ms, with
amplitude maxima over bilateral parietal-occipital sites
(because no reliable differences between Ncon and Con
stimuli were found before 130 ms, only the topographical
maps of the Ncon stimuli are shown in Fig. 6b). The sig-
nificance of this load effect was confirmed by pair-wise
t-tests on the ERP mean amplitude between the low-load
and high-load conditions of the Ncon stimuli (60-80 ms,
n.s. for all the posterior sites; 70-90 ms: t(18) = 2.94, P <
0.01 for POS, t(18) = 1.85, P > 0.05 for Iz; 90-110 ms:
t(18)’s > 3.65, P’s < 0.002 for PO7 and POS, t(18) = 2.39,
P = 0.03 for Iz; Fig. 7a). Both the time course and the
bilateral occipital scalp topography of this load effect

(a) Original ERP waveforms of Ncon Stimuli

Ncon__ Lowlead

C1 Ncon__Highload
-1 By
07 1z PO8
#1 500ms
P1
P1
(b) Original ERP waveforms of Con Stimuli
c1 Con__Lowload
v Con_Highload
= ) L2
07 1z PO8
+ 500ms
P1 P1

(c) Difference waveforms between Highload and Lowload conditions

Con—Ncon__High—Lowload ~ Ncan__High—Lowload
Con__High—Lowload

500ms | :
{ P1 C { P1 t

effect effect

Figure 5.

Grand averaged ERP waveforms elicited by the central stimuli. For
both the Con and Ncon stimuli, the Pl amplitude (starting at 70 ms)
was significantly larger in the high-load than the low-load condition.
The difference in load effect between Con and Ncon stimuli did not
reach significance until 140 ms, at which time a feature-based Selec-
tive Negativity (SN) effect was elicited. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]
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indicated that it actually represented an amplitude modu-
lation of the P1 component, which overlapped partially
with the medially distributed C1.

Comparison between confusable (Con) and noncon-
fusable (Ncon) nontargets

As shown in Figure 5c, ERPs to Con and Ncon stimuli
showed a similar load effect for the early P1 component.
The earliest difference in load effect between Con and Ncon
started at 140-160 ms, with a maximum negative amplitude
at bilateral occipital electrodes that peaked at around 200 ms
(e.g., at I3 and SI3/4 sites, 140-160 ms, t(18)'s > 2.43, P’s <
0.03; 190-210 ms, #(18)’s > 5.01, P’s < 0.0001; Fig. 7b). This
effect was considered to be a selection negativity (SN) com-
ponent, because it showed a similar time course and scalp
distribution to that of the typical SN induced by feature-
selective attention [Hillyard and Anllo-Vento, 1998].

Source Analyses of the Original ERPs and Load
Effects

The neural sources of early visual components and load
effects were estimated by dipole modeling using the Brain
Electrical Source Analysis (BESA) algorithm based on the

(a) NCon_Lowload

| 100-119

140-159 160-179 I 180-199

grand average voltage topographical data and the 4-shell
ellipsoidal head model. A single pair of dipoles having both
symmetrical position and symmetrical orientation was fit to
each individual component or load effect (Figs. 8 and 9).

ERPs to peripheral stimuli

As in previous reports, a symmetrical pair of dipoles
located in or near primary visual cortex, V1 (BA17; Talair-
ach coordinates: +14, —90, —7 for UVF stimuli and *17,
—94, =3 for LVF stimuli) could account for the C1 scalp
voltage distribution in the original waveforms with low
residual variance (RV) over the time interval of 60-100 ms
for both the UVF and LVF stimuli (RV’'s < 8%; Fig. 8a).
The dipole source waveforms further confirmed that these
early C1 components were not modulated by attentional
load (Fig. 8b).

As shown in Figure 8c, a pair of dipoles located in the
inferior parietal-occipital region near posterior cingulate
cortex (PCC, Talairach coordinates: *+20, —48, 11) could
account for more than 85% of the variance in the L2 scalp
voltage distribution over the time interval of 170-190 ms
for both the UVF and LVF stimuli (RV’s < 15%; Fig. 8b).
A pair of dipoles located in posterior lingual gyrus (LG) in
or near area V1 (BA17; Talairach coordinates: £9, —88, —3)
gave a good fit to the L3 load effect (224-254 ms) for LVF
stimuli (RV = 7%).

|120—139 | 140-159

| 200-219 | 220-239

Figure 6.
Voltage topographical maps of the grand averaged ERPs to the central stimuli. (a) Maps of ERPs
elicited by Ncon stimuli in the low-load condition; (b) Maps of difference wave components
between the low-load and high-load conditions (high-load minus low-load ERPs) for Ncon stim-
uli; () Maps of difference in load effects between Con and Ncon stimuli. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Statistical significance of ERP comparisons for central stimuli. Pair-wise t-tests were carried out
with a sliding time window of 20 ms and steps of 10 ms at each posterior scalp site. (a) Com-
parison between the high-load and low-load conditions of the Ncon stimuli; (b) comparison of

the load effect between the Con and Ncon stimuli.
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Figure 8.

Dipole models of cortical sources of ERPs to peripheral stimuli.
(a,b) Dipole model of intracranial sources of the Cl component. The
ClI dipoles were located in or near area V| for both the UVF and LVF
stimuli. Dipoles were projected on to the standard head model as
shown in (a). Source waveforms in (b) show time course of modeled
activity for UVF and LVF dipoles (L: left hemisphere, R: right hemi-
sphere). Note that the source waveforms did not differ between low-

A satisfactory dipole model of the L1 load effect could
not be achieved, however, due to its low amplitude and dif-
fuse scalp distribution. As shown in Figure 8c, the best fit-
ting symmetrical pair of dipoles for the L1 effect (110-140
ms) for UVF stimuli was situated in the anterior lingual
gyrus (LG, Talairach coordinates: *+12, —68, —1), but this
model had a high RV = 35%. Another pair of dipoles
located in the anterior LG (Talairach coordinates: =17, —64,
2) was fit to the L1 effect (120-150 ms) for LVF stimuli, but
also with a high RV = 19%. Note that these dipoles fit to

load and high-load conditions. (c) Dipole models of intracranial sour-
ces of the load effects (LI, L2 and L3). The LI dipoles were located in
anterior lingual gyrus but with high residual variance. The L2 dipoles
were located in parieto-occipital cortex. The L3 dipoles were situ-
ated in the posterior lingual gyrus in or near area V1. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

L1 for UVF and LVF stimuli showed opposing orientations,
consistent with the observed scalp polarity reversal of the
L1 effect between UVF and LVF. Given the high RV of
these models for the L1 load effect, however, we regard
their localizations as only crude approximations.

ERPs to central stimuli

Two symmetrical pairs of dipoles, fitting the C1 (58-78
ms) and P1 (72-122 ms) components respectively, could
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Dipole models of cortical sources of ERPs to central task-
relevant stimuli. (a,b) Dipole modeling of intracranial sources of
the Cl and Pl components elicited by Ncon stimuli. (a) The ClI
dipoles were located in or near area VI and the Pl dipoles were
localized to the fusiform gyrus (FG), as shown in the projections
of dipoles onto the standard head model. (b) Source waveforms
show time courses of modeled activity for Cl and Pl dipoles
(L: left hemisphere, R: right hemisphere). Note that the source
waveforms show an obvious difference between low-load and
high-load conditions for the PI but not for the CI dipoles. (c,d)

account for more than 95% of the variance of the voltage
topography in the original waveforms over the time inter-
val of 50-130 ms. The C1 dipoles were located in or near
area V1 (BA17; Talairach coordinates: =13, —93, —4),
whereas the P1 dipoles were situated in the fusiform gyrus
(FG, Talairach coordinates: +27, —83, —12) (RV’s < 5% for
both high-load and low-load conditions; Fig. 9a). The
source waveforms of these dipoles further confirmed that

Dipole modeling of intracranial sources of the load effects. (c)
The dipole pairs for the Pl effect and for the SN effect were
both located in the fusiform gyrus (FG). (d) Source waveforms
show time course of modeled activity for the dipoles of Pl and
SN load effects. Note that both the location and the time course
of activity of the dipoles of the Pl load effect (derived from differ-
ence waveforms, as shown in (c,d)) were similar to those of the
Pl component (from original waveforms, as shown in (ab)).
[Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

attentional load modulated the P1 rather than the C1 com-
ponent elicited by the central task-relevant stimuli
(Fig. 9b). A symmetrical pair of dipoles located in FG (Fig.
9¢, Talairach coordinates: =24, —80, —13) provided a good
fit to the scalp distribution of the P1 load effect seen in the
high-load minus low-load difference wave over the inter-
val 70-130 ms (RV = 5.7%). Another symmetrical pair of
dipoles located in FG (Talairach coordinates: *+30, —67,
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—8) could account for the difference in load effect between
Con and Ncon stimuli over the interval of 140-240 ms (SN
effect; RV = 2.8%). Source waveforms showed that the P1
effect occurred about 70 ms earlier than the SN effect
(Fig. 9d).

DISCUSSION

The present study used high-density ERP recordings to
investigate the effects of attentional load on the cortical
processing of central task-relevant and peripheral irrele-
vant stimuli. Two important findings emerged from the
ERP data: first, the initial visual evoked component C1
was not affected by attentional load for either central-
relevant or peripheral irrelevant stimuli, and second, atten-
tional load modulated the subsequent cortical processing
of central relevant and peripheral irrelevant stimuli in dif-
ferent spatial-temporal configurations. Although the effects
of load on the processing of irrelevant stimuli (L1, L2, and
L3) started at around 110 ms and involved multiple corti-
cal regions, load effects on ERPs to central relevant stimuli
(including the P1 and SN effect) began at around 70 ms
and were localized to ventral-lateral extrastriate cortex in
or near the fusiform gyrus.

Cl Component Did Not Differ Between High-
Load and Low-Load Conditions

In the present study, color-orientation conjunction
search and color detection tasks served as the high-load
and low-load conditions, respectively. Similar tasks have
been used in many previous studies of perceptual/atten-
tional load [e.g.,, Handy et al., 2001; Lavie, 1995; Rauss
et al., 2009, 2012]. Consistent with previous findings, the
present study showed that the behavioral performance of
the central task was much better in the low-load than the
high-load condition. Because we manipulated attentional
load by varying the task requirements while keeping the
stimulus set unchanged, the present load effects cannot be
ascribed to the “distractor dilution” mechanism proposed
by Tsal and Benoni [Benoni and Tsal, 2010; Tsal and
Benoni, 2010]. In the present study, the earliest visual-
evoked Cl1 component did not show a significant load
modulation for either the peripheral task-irrelevant stimuli
or the central task-relevant stimuli (although for the cen-
tral stimuli the measured C1 amplitude was modulated by
overlap with the concurrent P1 component arising from
extrastriate cortex). This negative result vis a vis the C1
component differed from those of two recent studies by
Rauss et al. [2009, 2012], which used peripheral irrelevant
stimuli and central tasks similar to those of the present
study and reported that the C1 elicited by the peripheral
stimuli was modulated in amplitude as a function of the
load of the central task. As mentioned in the Introduction,
however, the early load effects on measured C1 amplitude
reported in these two studies might not actually represent

modulations of the C1 component generators in area V1,
but rather overlapping ERPs elicited by the preceding
stimuli. In the present study, the ADJAR Technique [Wol-
dorff, 1993] was used to remove overlapping ERP activity,
and ERPs were averaged over a larger number of stimuli
(at least 250 for each ERP condition) than in the studies of
Rauss et al (at most 60 or 100 trials for each condition).
Source analyses confirmed that the present C1 components
originated in or near visual area V1, and that the source
waveforms of the initial C1 dipole activity (60-100 ms)
were unchanged by attentional load. Taken together, the
present results provide strong ERP evidence in support of
the proposition that the initial visual cortical processing of
both task-relevant and task-irrelevant stimuli in area V1 is
not substantially modulated by attentional load, at least in
the typical attentional load paradigm that was employed
in the present study. The present results also concur with
the studies of Fu and colleagues, who used a different
experimental manipulation and also concluded that atten-
tional load is not a critical factor that modulates early vis-
ual processing at the level of primary visual cortex [Fu
et al.,, 2010b, 2012]. Nonetheless, we cannot rule out the
possibility that a more extreme or more competitive load
manipulation might modulate early visual processing
more extensively.

Prior Studies of Attention Effects on the CI
Component

As noted in the Introduction, the majority of ERP/MEG
studies that used endogenous cueing or sustained atten-
tion paradigms found no effect of spatial-selective atten-
tion on the amplitude or latency of the C1 component.
Two recent studies, however, reported that Cl1 was
increased in amplitude when attention was directed endo-
genously to the location of visual stimuli [Kelly et al.,
2008; Poghosyan and Ioannides, 2008]. It may be ques-
tioned, however, whether these findings actually represent
modulation of the initial feed-forward response in area V1.
In the experiment of Kelly et al. [2008], where a central
cue indicated the location of the to-be-attended stimulus,
the upper and lower field stimuli were always aligned
along a diagonal, so that the well-known upper versus
lower field polarity reversal of the C1 could not be demon-
strated unambiguously. Thus, the observed amplitude
modulations could have originated from a neural source
outside of area V1 having a laterally oriented dipole; this
hypothesis is consistent with Kelly et al.’s source analysis
(using the LAURA algorithm), which showed that the
attention-related modulations of C1 were localized to a
source 23-24 mm lateral to the midline, at the margin of
the calcarine cortex. In an MEG study, Poghosyan and
Ioannides [2008] also reported that spatial attention
enhanced an early visual-evoked response at 55-90 ms
that was localized to area V1, but this source localization
was based on waveforms averaged over only 18
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presentations of each visual stimulus type in each visual
field per subject and thus had low signal/noise ratios.
Finally, as mentioned previously, the C1 modulations pro-
duced by endogenous manipulations of attentional load
described by Rauss et al. [2009, 2012] were not convinc-
ingly localized to the region of primary visual cortex.
When taken together with results of the present study,
there is scant evidence that endogenous manipulations of
attention or attentional load modulates the initial evoked
response in visual area V1.

In contrast with the paucity of reports that endogenous
attention modulates the C1 component, numerous studies
using fMRI have found increased neural activity in visual
area V1 contralateral to attended visual stimuli. Such a reti-
notopic increase has been observed in tasks where
attended and unattended stimuli were presented concur-
rently [Di Russo et al., 2003, 2012, Martinez et al., 1999,
2001; Noesselt et al., 2002] and in cueing paradigms during
the interval between an endogenous attention-directing cue
and the visual target [Kastner et al., 1999; O’Connor et al.,
2002; Sylvester et al., 2007]. Given the evidence that a sub-
stantial portion of the C1 component is generated in area
V1, this contrast between the ERP and fMRI findings in
attention paradigms requires further consideration. As
noted in the Introduction, several studies that combined
ERP recordings with fMRI [Di Russo et al., 2003, 2012; Mar-
tinez et al., 2001; Noesselt et al., 2002] found that attended
stimuli elicited enhanced neural activity localized to V1 but
after a delay beyond the latency of the C1; this suggested
that attended stimuli triggered a delayed feedback into
area V1 from higher extrastriate areas, an idea consistent
with findings in non-human primates [Lamme and Roelf-
sema, 2000; Super et al., 2001]. It is also conceivable that
attention might modulate neural activity in V1 without
affecting the C1 amplitude if the neural activity was not
well time-locked to the attended stimuli (and thus would
not be registered in the averaged ERP) or if the activity
took place in neurons with “closed field” dendritic arbors
that would not produce a far-field ERP [Martinez et al.,
2001]. As for the neural activity observed in area V1 in the
interval following an attention-directing cue, there is evi-
dence that such anticipatory activity may not necessarily
result in selectively enhanced processing of the attended
target stimulus [Kastner et al., 1999]. This suggests that
anticipatory activation in area V1 may reflect general proc-
esses of preparation and expectation that do not result in
the selective modulation of attended versus unattended
target stimuli at the level of V1.

Several studies have investigated the effects of nonpre-
dictive, exogenous cueing of attention on the C1 [Fu et al,,
2009, 2010a; Hopfinger and West, 2006; Khoe et al., 2005].
These studies have produced inconsistent results.
Although some studies did not find any attention effects
on C1 [e.g., Hopfinger and West, 2006], others reported
that the C1 amplitude was modified by exogenous cueing
[e.g., Fu et al, 2009, 2010a; Khoe et al., 2005]. In some
cases, however, the reported Cl amplitude modulation

might have resulted from an overlap with the P1 compo-
nent of extrastriate origin, as occurred for the central stim-
uli in the present study. Moreover, even if a reported C1
effect actually originated from area V1, it is not clear
whether such an early effect could be attributed to selec-
tive attention or to a sensory interaction between the exog-
enous cue and target. Note that even if a valid exogenous
cue and the target are not presented at exactly the same
location [e.g., Fu et al., 2009], the lateral interconnections
among V1 neurons could mediate an early sensory interac-
tion between the cue and the target. Accordingly, caution
should be exercised when interpreting early ERP modula-
tions in studies using exogenous, noninformative cue para-
digms. Such caution also applies to the studies reporting
C1 effects induced by physical stimulus differences [e.g.,
Zhang et al., 2012].

Effect of Load on Processing Peripheral, Task-
Irrelevant Stimuli

Spatiotemporal patterns of brain activities

The earliest load effect (L1) started at about 110 ms for
both the UVF and LVF stimuli, well after the initial visual-
evoked C1 component at 60-90 ms. Interestingly, this load
effect showed opposite scalp polarity between the UVF and
the LVF stimuli. Consistent with the study of Handy et al.
[2001], which presented task-irrelevant stimuli only in the
UVF and reported a larger P1 (100-150 ms) component at
midline parietal-occipital sites in the low-load than in the
high-load condition, the present L1 load effect included an
increased positivity to UVF stimuli at parietal sites over the
interval 110-140 ms when the load of the central task was
decreased. The polarity reversal of L1 between the UVF and
the LVF stimuli strongly suggests that this early load effect
arises from retinotopically organized visual cortex, such as
areas V1-V3, which reportedly give rise to polarity rever-
sals [Ales et al., 2010] and/or polarity shifts [Schroeder
et al., 1995; Simpson et al., 1995] in response to UVF versus
LVF stimuli. This is consistent with recent fMRI studies that
found attentional load modulated neural activity elicited by
peripheral task-irrelevant stimuli in the low-level visual
cortical areas, including V1-V4 [Bahrami et al., 2007; O’Con-
nor et al., 2002; Schwartz et al., 2005]. The relatively long
latency of this load effect (110 ms), however, indicates that
it does not represent modulation of the initial feed-forward
activity in the early retinotopic areas but rather a delayed
feedback into these areas. Source analysis of the L1 load
effect suggested neural generators in inferior occipito-
parietal regions near the anterior lingual gyrus, but the
dipole model for this effect had a high residual variance
and could only be considered an approximation.

In contrast with the earliest load effect, the second effect
(L2, at 170-200 ms) showed a consistent polarity and scalp
distribution for the UVF and LVF stimuli, which suggests
it did not originate from retinotopically organized visual
cortical areas but rather from higher brain regions along
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the visual pathway. As suggested by source analysis, the
L2 effect appears to originate from inferior occipital-
parietal regions near the posterior cingulate cortex (PCC).
The engagement of occipital-parietal regions around PCC
might reflect modulation of the “default mode” network by
attentional load. The PCC is considered to be a central
node in the default mode network of the brain, which is
important for task-independent evaluation of the environ-
ment [Raichle et al., 2001]. Previous studies have shown
that large, bright, textured stimuli can elicit neural
responses in PCC, even if they are totally irrelevant to the
task being performed [Vogt et al., 1992]. The present pro-
posal that the activity of the default mode network evoked
by irrelevant stimuli could be modulated by attentional
load of the task is consistent with the view that default
activity of the brain is curtailed when task performance
demands focused attention [Raichle et al., 2001].

The third load effect (L3, 220-270 ms), like the first,
showed significant differences between UVF and LVF stim-
uli. L3 was observed only for the LVF and not for the UVF
stimuli, suggesting that this later effect might arise from
lower-level retinotopically organized visual cortex, which
is consistent with its source localization in posterior lingual
gyrus in or near V1. The finding that attentional load might
modulate activity in the earliest retinotopic areas is consist-
ent with previous fMRI studies [Bahrami et al., 2007;
O’Connor et al., 2002; Schwartz et al., 2005]. The present
results reinforce the view that such modulation of activity
in low-level visual areas takes place at a late, re-entrant
rather than an early feed-forward processing stage.

To summarize, increases in attentional load first affects
the processing of peripheral task-irrelevant stimuli in reti-
notopically organized extrastriate cortical areas, followed
by a modulation in the inferior occipital-parietal regions
near the posterior cingulate cortex, and then a modulation
of re-entrant feedback into the low-level occipital cortex
(lingual gyrus in or near V1). This sequence of load effects
is most likely a consequence of the top-down modulation
(induced by task-load) of bottom-up attentional capture
driven by the peripheral irrelevant stimuli, or, in other
words, an interaction between exogenous and endogenous
attention. The exogenous attentional capture may trigger
activity in inferior occipital-parietal regions near PCC (the
“default mode network”), which interacts with re-entrant
processing in early retinotopic areas. The modulation of re-
entrant processing in low-level visual cortex may produce
perceptual effects such that the task-irrelevant stimuli
reach different levels of consciousness under different task
load conditions [Boehler et al., 2008; Lamme, 2006; Lavie,
2006].

Effect of Load on Processing Central Task-
Relevant Stimuli

The earliest load effect on the task-relevant ERP started
at 70 ms, with a bilateral occipital scalp distribution for

both confusable (Con) and nonconfusable (Ncon)
stimuli. Both its time course and scalp distribution indi-
cated that this effect was a modulation of the early P1
component, which was increased in amplitude when the
task became more difficult. This early modulation was
localized by dipole modeling to the ventral extrastriate
cortex (region of the fusiform gyrus), suggesting that
attentional load first modulates feed-forward processing at
extrastriate rather than striate levels of processing. This
result is consistent with our recent finding that task diffi-
culty modulated the amplitude of P1 component and its
training effect [Wang et al., 2010]. Because Con and Ncon
stimuli differed in color but shared the same location, the
finding of no significant difference between Con and Ncon
stimuli in the P1 modulation indicated that this effect was
not due to color-selective attention. Instead, the P1 effect
most likely reflects a modulation of spatial-selective atten-
tion induced by task load, with higher loads resulting in
an increased allocation of spatial attention to the location
of the central task-relevant stimuli and a corresponding
increase in P1 amplitude. This finding is consistent
with previous ERP studies showing that spatial-selective
attention first modulates early visual processing in
the extrastriate cortex as reflected in the P1 component
[e.g., Di Russo et al., 2003; Martinez et al., 1999; Noesselt
et al., 2002], even for central-foveal stimuli [Frey et al.,
2010].

The difference in load effect between ERPs to the Con
and Ncon stimuli started at around 140 ms, with greater
negativity for the Con stimuli. This difference was clearly
a modulation produced by feature-selective rather than
spatial-selective attention, because that the Con and Ncon
stimuli differed only in color. In the high-load condition,
the Con stimuli shared the same colors (yellow or green)
with the target stimuli, whereas the Ncon stimuli did not;
thus, more feature selective attention was allocated to the
Con stimuli to determine whether or not they were targets.
The proposal that this difference in load effect between
Con and Ncon stimuli might reflect feature-selective atten-
tion is consistent with the fact that this negative ERP dif-
ference has a similar bilateral occipital scalp distribution
and time course as the well-known SN (selective negativ-
ity) that has been observed in numerous feature-selective
attention paradigms [e.g., Harter and Aine, 1984; Hillyard
and Anllo-Vento, 1998].

In sum, the present results suggest that high-load tasks
require subjects to allocate more endogenous attention to
the relevant stimuli than do low-load tasks. In other
words, the load effects on the relevant stimuli reflect the
engagement of goal-directed endogenous attention by the
task demands. Consistent with previous studies [e.g., Hop-
finger et al., 2000; Hopf et al., 2009; Schoenfeld et al.,
2007], the present results add to the evidence that endoge-
nous selective attention results in enhanced processing of
attended stimuli in ventral extrastriate cortex in the region
of the fusiform gyrus, both for spatial-selective and
feature-selective attention.
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CONCLUSION

Endogenous vs. Exogenous Allocations of
Attention

By using high-density ERP recordings, the present study
investigated the brain mechanisms of attentional load
effects on both the central task-relevant and peripheral
task-irrelevant stimuli. The results showed that the C1
component was not modified by attention load for either
central relevant or peripheral irrelevant stimuli, further
supporting the view that the initial visual cortical process-
ing is not sensitive to selective attention. In addition, the
present load effects showed different spatio-temporal pat-
terns of brain activity between central-relevant and
peripheral-irrelevant stimuli, suggesting that selective
attention may modulate the cortical processing of task-
relevant and task-irrelevant stimuli through different brain
systems. Whereas the load-related modulations of ERPs to
central relevant stimuli began as early as 70 ms and were
localized to ventral extrastriate cortex (vicinity of fusiform
gyrus), the modulations of ERPs to peripheral irrelevant
stimuli did not reach significance until 110 ms and were
localized to more dorsal-medial cortical regions including
retinotopic areas in or near the lingual gyrus and inferior
occipital-parietal regions near posterior cingulate cortex.
These differential effects for relevant and irrelevant stimuli
suggest (not surprisingly) that dissociable neural systems
are involved in endogenous and exogenous attentional
mechanisms. Specifically, when increased endogenous
attention is allocated to the central-relevant stimuli (in the
high-load condition), those stimuli are processed more
intensively in the ventral lateral visual pathways that
include the fusiform gyrus. In contrast, when more atten-
tion is attracted exogenously by the peripheral-irrelevant
stimuli (in the low-load condition), those stimuli are proc-
essed more extensively by recurrent mechanisms in early
retinotopic areas and in more dorsal occipito-parietal cor-
tex. It must be acknowledged, however, that the physical
differences between the central-relevant and peripheral-
irrelevant stimuli in the present study might have contrib-
uted to the different patterns of ERP modulations that
were observed. Further studies are needed to test the gen-
erality of the exogenous/endogenous processing differen-
ces that were observed here.
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