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Abstract
The locus of attentional selection is known to vary with perceptual load (Lavie et al., 2004). Under
voluntary attention, perceptual load modulates selective visual processing at an early cortical
stage, as reflected in the posterior P1 and N1 components of the event-related potentials (ERPs).
Adult aging also affects both behavioral and ERP signs of attentional selection. However, it is not
known whether perceptual load modulates this relationship. Accordingly, in the present study
ERPs were recorded in a voluntary attention task. Young and old participants were asked to
discriminate the direction of a target line embedded within a display of four lines that appeared in
the left or right visual field. Participants responded faster and more accurately to valid relative to
invalid trials and to low-load relative to high-load condition. Older participants responded more
slowly and with lower accuracy than young participants in all conditions. The amplitudes of the
posterior contralateral P1 and N1 components in valid trials were larger than that in invalid trials
in all conditions. N1 amplitude was larger under the high load condition than that in the low load
condition. Moreover, in the high perceptual load condition, the old group had a larger N1 than the
young group at contralateral sites. The findings suggest that under voluntary attention, perceptual
load and aging modulates attentional selection at an early but not the earliest stage, during the N1
(120–200ms) time range. Increased N1 amplitude in older adults may reflect increased demands
on target discrimination in high perceptual load.
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1. Introduction
Allocation of voluntary attention to a cued spatial location facilitates the processing of a
target presented at that location, typically leading to faster and more accurate responses
(Müller & Rabbitt, 1989; Posner, 1980). Such performance enhancement can occur even
when attention is shifted covertly to the location, without eye movements (Fu et al., 2008;
Mishra & Hillyard, 2009). Posner (1980) interpreted this effect as reflecting enhanced
sensory processing of the attended target.

Event-related potential (ERP) studies have supported this interpretation by showing that
stimulus-evoked neural activity is greater on validly cued trials compared to invalid or
neutral cues (Mangun, 1995). ERP amplitude modulation occurs for early-latency
components, typically for P1 (100–130ms) and N1 (120–200ms) and when attention is
shifted to the cued location either voluntarily (Fu et al., 2008; Mishra & Hillyard, 2009) or
involuntarily (Fu et al., 2001; Fu et al., 2005; for a review, see Eimer & Driver, 2001).
Consistent with Posner’s (1980) view, P1 and N1 enhancement with spatial attention has
been interpreted within a sensory gain control hypothesis (Hillyard et al., 1998). However,
Doallo et al. (2004) only found the cue validity effect on P1 component under a peripheral
cueing (involuntary attention) condition with short SOAs and not when informative-central
cueing (voluntary attention) was provided. They suggested that central cueing may not affect
sensory processing at the P1 level.

The P1 component, starting around 100 ms after stimulus onset, is generally thought to be
the first ERP component influenced by attention (Heinze et al., 1994; Mangun et al., 1997),
and it may reflect a mechanism that enhances perceptual processing of attended stimuli
(Doallo et al., 2004). Neuroimaging studies (Heinze et al., 1994; Mangun et al., 1997) have
provided evidence that the P1 component was generated in the ventral lateral occipital area
within extrastriate cortex (the fusiform gyrus and surrounding areas). An earlier-latency
component, C1, which is thought to be generated within primary visual or striate cortex, has
been found in most studies to be unaffected by attention (Clark & Hillyard, 1996; Mangun
& Buck, 1998; Mangun & Hillyard, 1991). In a spatially-cued task under high and low
levels of attentional load, Fu et al., (2010) found that P1 was enhanced by increasing
attentional load, whereas C1 was not. The term “attentional load” usually refers to the
processing of the same stimulus (Rauss et al., 2009) and differs from “perceptual load”
which refers to the processing of different (target and distracter) stimuli (Lavie, 1995).
However, monkey single-unit (Motter, 1993; Schroeder et al., 1994) and fMRI studies
(Gandhi et al., 1999; Hopf et al., 2004) have shown that neural activity in striate cortex can
be attention sensitive. Some recent ERP studies have also provided evidence that C1 is
attention sensitive, but only under certain conditions (Fu et al., 2009; Kelly et al., 2008;
Rauss et al., 2009), although it is unclear whether this effect reflects a true C1 enhancement,
given the temporal overlap between the C1 and P1 components (Fu et al., 2008). Thus, the
current general consensus from ERP studies is that extrastriate cortex as indexed by the P1
component represents the earliest cortical stage at which visuospatial attention reliably and
consistently influences brain activity. In visual spatial attentional tasks the posterior N1
component always appears around 160 ms after stimuli onset (Vogel & Luck, 2000).
Although P1 and N1 are both sensitive to cue validity effects, they may reflect different
mechanisms (Doallo et al., 2005; Luck et al., 1994). N1 could reflect enhanced processing of
stimuli at the attended location (Luck et al., 1994; Luck and Hillyard, 1995) and also could
reflect a limited-capacity process (Heinze et al., 1990). Most importantly, N1 may be related
to a visual discriminative process at attended locations (Mangun and Hillyard, 1991; Vogel
and Luck, 2000) associated with top-down modulation of discriminative processing.

Wang et al. Page 2

Int J Psychophysiol. Author manuscript; available in PMC 2013 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The influence of visuospatial attention on behavior and neural activity is known to be
affected by adult aging (Bennett et al., 2004; Greenwood & Parasuraman, 2003; 2004).
However, whether the locus of attentional selection differs between young and older adults
is not well understood. Lorist et al. (1995) used a selective search task to examine the effects
of aging on ERPs to relevant and irrelevant stimuli. They found that the latency of a late
negative ERP component (N1) was longer in an older group than in young adults, with an
average delay of 25 ms. Kok (2000) provided an overview of age-related changes in ERPs in
both voluntary and involuntary attention tasks. He concluded that old participants exhibited
slower selection negativity than young participants, especially in tasks with complex
stimulus features, and also were more strongly distracted by irrelevant peripheral stimuli
than the young. These results indicate a decline of attentional orienting for older adults in
complex attention tasks. The P1 and N1 components for both auditory and visual tasks were
larger in the old group than in the young (Kok, 2000; Kok and Zeef, 1991; Pfefferbaum et
al. 1980; Smith et al. 1980a,b) especially when the stimuli were more intense (Dustman and
Snyder, 1981; Kramer et al., 1996), suggesting that there was an increase in mental effort in
older adults when they have to perform complex tasks. Other ERP studies (Bashore, 1990;
Strayer et al., 1987) have shown that the effects of aging mainly occurred at the stimulus
encoding and response-related stages of information processing. In a visual search task,
Lorenzo-López et al. (2008) found that the latency of N2pc component was smaller and
approximately 68 ms later in old than in young group. As the N2pc amplitude was
considered as index of attention focusing, they suggested a reduction in attentional
processing resources for old adults. Moreover, the N2pc sources were located in occipito-
temporal regions in a study using magnetoencephalography (MEG) (Lorenzo-López et al.,
2011), in which greater activity was found in the young than in the old group, especially in
the right hemisphere.

Age related slowing is also found in both visual search and Stroop tasks (Bélanger et al.,
2010; Lorist, 1995), and is often interpreted as reflecting generalized slowing (Cerella,
1985). This hypothesis states that older adults have proportionately longer reaction times
than the young, with the degree of slowing being linearly related to task complexity.
However, other studies have not always supported this point of view (e.g., as in a study
using a response competition paradigm, Hahn & Kramer, 1995).

These variable findings concerning ERP correlates of attention in young and older adults
could reflect task differences that affect the locus of attentional selection. Lavie and
colleagues (1994, 2004) have proposed that the temporal stage at which selection operates
can vary, depending on perceptual load. They suggested that a low perceptual load favors
late selection whereas early selection occurs only when the perceptual load is sufficiently
high. The perceptual load in their studies not only indicated the difficulty of the tasks but
also described conditions in which qualitatively different or additional processing of the
stimuli was required. According to this view, when late selection occurs, perception is an
unlimited process, so the limit will not be exceeded and perceptual analyses of relevant and
irrelevant stimuli occur in parallel, so that distractor processing is achieved by sufficient
attentional resources. When early selection is required, however, perception is a limited-
capacity process, and distractor processing is reduced. Maylor & Lavie (1998) tested the
effects of perceptual load on selective attention with different ages, and suggested that
processing capacity decreased with age under low perceptual load conditions. In contrast,
Madden & Langley (2003) provided a different view to the perceptual load theory. They
conducted three experiments to test age differences in a selective attention task under
different levels of perceptual load. In experiment 1 and 2, they found that there was no age
difference under low perceptual load in a resource limited condition. Only under a data-
limited condition (they changed the stimulus features, shortened the display during time, and
added one singleton stimuli), there was age-related decline in selective attention. They
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suggested that this age difference may depend on the feature of the stimulus and could not
be linked per se to attentional capacity limitations.

A study by Fu and colleagues (2008) specifically examined the interactive effects of
perceptual load on ERP correlates of visuospatial attention in young adults. Perceptual load
was manipulated by varying the demand for figure-ground segregation. They used a central
cued-attention task with two different perceptual load conditions. In the high perceptual load
condition, the target (left or right sloping diagonal line) was presented with a complex
background of horizontal and vertical lines, making figure-ground segregation difficult; in
the low perceptual load condition the non-diagonal lines were cut into small segments,
which made the target more distinct from the background. They found that the interaction
between perceptual load and attention was significant for the N1 (190 ms), compared with
low perceptual load condition the attentional effect was more pronounced under high
perceptual load condition. However, the interaction was not significant for the earlier P1
(110 ms) and C1 (84 ms) components, suggesting that perceptual load influenced the
attentional effect at an early stage, but not before the discrimination stage as indexed by the
N1 component (Vogel & Luck, 2000).

In the present study we used a perceptual load manipulation similar to the Fu et al. (2009)
study to examine the effects of adult aging on ERP correlates of visuospatial attention.
Based on previous research, we expected that attentional effects would be observed for the
P1 and N1 components (Fu et al., 2008; Mangun, 1995; Mishra & Hillyard, 2009). We also
hypothesized that the interaction of perceptual load and attention would be greater in older
than in younger adults and would be primarily reflected in the N1 component, based on the
results of Fu et al. (2008) and given that older adults show greater difficulty in target
discrimination under high perceptual load. Given that the N1 component reflects the effort
that individuals have to exert to discriminate targets from distractors (Vogel & Luck, 2000),
we also predicted that N1 would be larger in older than in younger adults.

2. Methods
2.1. Participants

Two groups of healthy participants were tested, young and old. The young group consisted
of 17 graduate and undergraduate students (aged 19–28 years) at George Mason University.
The old group included 17 healthy older adults aged 65–73. They were recruited through
advertisements in newspapers. The data from three young participants and three old
participants were discarded because of low accuracy rate, eye movements, or excessive
artifacts in the EEG, leaving 14 participants in each group. The fourteen young participants
included 10 females and 4 males, aged between 19–28 years old (22.1±2.9 years). All were
right handed, had normal or corrected to normal vision (SNELLEN eye chart: 20/19.5,
ROSENBAUM eye chart: 20/20.4), with a mean Wide Range Achievement Test - 3rd Ed.
(WRAT3) (Wilkinson, 1993) of 52±2.8, mean Wechsler Memory Scale (WMS) (Wechsler,
1987) scores 11.5±3.7 (immediate) and 11±3.7 (delayed). The fourteen older participants
included 6 females and 8 males, aged between 65–73 years old (68.6 ± 4.7 years), all were
right handed, with corrected vision (SNELLEN eye chart: 20/24.4, ROSENBAUM eye
chart: 20/23.3). The old group had a mean Mini Mental score (Folstein et al., 1975)
(available for 10 out of 14 participants) of 29.2±1 and a WRAT3 score of 52.8±4.09. The
mean WMS scores were 11.3±2.4 for immediate recall and 9.4±2.8 for delayed recall.

2.2. Stimuli
The stimuli for the visual voluntary attention task were presented using a Pentium 4
computer. The background of the display consisted of a central fixation cross (0.66°×0.66°)
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and two grey square boxes (3.44°×3.44°) on a white screen, with their center 6.06° lateral to
and 2.62° above the fixation cross. There were two kinds of conditions: high perceptual load
condition and low perceptual load condition. In the high perceptual load condition the visual
search array (2.78°×2.78°) had four lines: two horizontal (“—”), one vertical (“|”), and one
diagonal (it was the target line and it can be backward “\” or forward “/”). In the low load
search condition, the non-target lines (horizontal and vertical lines) in the visual search array
were cut into ten pieces, and these small pieces were scrambled in their respective quadrant.
This made it easier for participants to find the target-diagonal line. The high-load and low-
load search arrays were presented equally frequently in the experiment, and all search arrays
appeared randomly in the left and right grey square boxes. The diagonal line (backward “\”
and forward “/”with equal probability) could appear randomly at any one of the four
quadrants of the grey square box. Each trial contained a predictive endogenous cue (75%
validity). The cue was an arrow (1.1°×1.1°) which was presented 0.98° above the fixation
cross (Fig.1). The luminance values of the screen background (24.2 cd/m2) and the stimuli
(0.05 cd/m2) were the same between the low-load and high-load conditions.

2.3. Procedure
After signing consent form participants were tested for their vision using the Rosenbaum
Pocket Vision Screener and the Snellen eye chart. The minimum visual acuity was at least
20/40. The WRAT3 and WMS tests were administered to all participants, while the Mini
Mental test was given only to the old participants. Sufficient practice was provided to make
sure that all participants’ accuracy rate could reach more than 80%.

The EEG test lasted approximately 1.5 hours. A total of 52 blocks were included in the task,
each consisting of 32 trials. Participants could have a rest after each block, and the length of
rest time was under their control. Each trial consisted of the following sequence (Fig.1).
During the test, a fixation cross and two grey boxes were presented continuously on the
computer screen. Each trial began with an arrow (representing an endogenous spatial cue)
flashed above the fixation cross, randomly pointing to the left or right side. The arrow cue
was displayed for 500ms, with 75% of the cues being valid and 25% invalid. After the cue,
the visual search array (including the diagonal target line) was presented for 150 ms, with
the stimulus onset asynchrony (SOA) between cue and target varied randomly in the range
of 400–600ms. The inter-trial interval (ITI) was varied randomly between 1500–2000 ms.

After the EEG cap was fitted and prepared, participants were seated in a dimly lit,
electrically isolated room, at about 70 cm in front of the monitor. During the test, they were
required to sit in a relaxed position, fix their eyes on the cross in the center of the screen and
limit eye blinks and body movements. When the search array appeared on the screen, they
were required to respond to all the targets as quickly and accurately as possible. When the
backward line “\” appeared, they need to use their right index finger to press the key “J” on
the keyboard, and when the forward line “/” appeared, they need to use their left index
finger to press the key “F”. Response time, accuracy, and EEG data were recorded.

2.4. ERP recording
The electroencephalogram (EEG) was recorded from 26 sites (M1, M2, F3, F4, F7, F8, C3,
C4, Cz, CPz, Fz, P7, P8, P3, P4, Pz, PO7, PO8, PO5, PO6, POz, CB1, CB2, O1, O2, Oz)
from 64 Ag/AgCl electrodes mounted in an elastic cap (Neuroscan Inc.). The physical
reference electrode was approximately 2 cm posterior to CZ, and the EEG data were re-
referenced to the average of left and right mastoid (M1 and M2). The vertical
electrooculogram (VEOG) was recorded with electrodes placed above and below the left
eye. The horizontal electro-oculogram (HEOG) was monitored by placing two electrodes 10
mm from the outer canthi of both eyes. All inter-electrode impedances were maintained
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below 5 kΩ. Signals were online digitized at 500 Hz, and band-pass filtered between 0.1 and
40 Hz. Reaction times were on-line recorded during the task.

2.5. Data analysis
Behavioral data were analyzed by means of repeated measures analysis of variance
(ANOVA). Reaction times (RTs) were online recorded for all the participants. The hit rates
and the RTs with correct responses were used for data analysis. The independent variables
were cue validity (valid and invalid), perceptual load (low and high) and age group (young
and old). Reaction times longer than 1500 ms were excluded from the data analysis.

The EEG data were online recorded and were digitally filtered with a 30 Hz low pass and
ocular artifacts were removed from the EEG signal using a regression procedure
implemented in the Neuroscan software (Semlitsch et al., 1986). The averaging epoch
started 200ms before the target and ended 600ms after the stimulus. Only correct response
trials were included in the ERP averages. Trials with response errors, body movements, or
muscle activity were excluded from the analysis. The EEGs were averaged separately for all
combinations of task conditions. The target ERPs were averaged separately from the time
point of their onset. Peak amplitudes and peak latencies were used for statistical analyses.
The time windows for C1, P1 and N1 components were 60–88 ms, 90–162 ms, and 150–204
ms, respectively. We selected the specific time windows for each ERP component by visual
inspection of ERP grand averages. Repeated measures ANOVAs were applied to different
components in the ERP data analysis. The factors were cue validity (valid and invalid),
perceptual load (low and high), age group (young and old), visual field (left and right),
hemisphere (left and right), and electrode site (8 sites for C1, P1 and N1: P3, P4, P7, P8,
PO5, PO6, PO7, PO8). The Greenhouse–Geisser correction was used to compensate for
sphericity violations. Post hoc analyses were conducted to explore interaction effects.

3. Results
3.1. Behavior

Young participants reacted more quickly and accurately than the old [F(1,13)=8.6, P<0.05;
F(1,13)=10.58, P<0.01] (Table 1). The cue validity effect was significant, with all
participants reacting more quickly and accurately with valid than with invalid cues
[F(1,13)=72.9, P<0.001; F(1,13)=9.6, P<0.01]. Participants also had faster reaction times
and were more accurate in the low perceptual load condition than in the high perceptual load
condition [F(1,13)=216.94, P<0.001; F(1,13)=21.79, P<0.001].

The interaction between perceptual load and validity was significant for both accuracy
[F(1,13)=6.27, P<0.05] and reaction time [F(1,13)=6.23, P<0.05]. The highest accuracy rate
and the shortest reaction time were found in the low perceptual load and valid cue trials
condition [F(1,13)=6.42, P<0.05; F(1,13)=31.99, P<0.0001]. The interaction between age
and perceptual load was also significant for reaction time [F(1,13)=8.05, P<0.05]; young
participants reacted more quickly than old participants in both high and low perceptual load
conditions [F(1,13)=9.4, P<0.01; F(1,13)=7.01, P<0.05]. The most accurate and quickest
response was in the young group in the low perceptual load condition [F(1,13)=11.44,
P<0.005; F(1,13)=7.01, P<0.05]. Perceptual load had a greater influence on accuracy rate in
the old group than in young group [F(1,13)=19.42, P<0.001] (Fig.2).

3.2. ERPs elicited by the target
3.2.1. C1—For C1 amplitude, the main effect of validity was significant [F(1,13)=6.19,
P<0.05]. Invalid cues elicited a larger C1 component than valid cues. The validity × visual
field × hemisphere interaction was significant [F(1,13)=11.44, P<0.005], indicating that the

Wang et al. Page 6

Int J Psychophysiol. Author manuscript; available in PMC 2013 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



cue validity effect differed between contralateral and ipsilateral electrode sites. To analyze
the interaction, a simple effect test was carried out on the combined visual field/hemisphere
data (ipsilateral vs. contralateral). This analysis showed that for the ipsilateral condition,
targets on invalid trials elicited more negative C1 than valid trials [F(1,13)=11.6, P<0.005]
(−0.77±0.047µV, −1.19±0.043µV) (Table.2). No other effects were significant.

For the latency of C1, the main effects of validity and age were significant [F(1,13)=4.79,
P<0.05; F(1,13)=9.61, P<0.01], with invalid trials and the old group eliciting longer C1
latency relative to valid trials and the young group. No other effects were significant.

3.2.2. P1—The main effect of age was significant [F(1,13)=9.38, P<0.01], indicating that
P1 amplitude was greater in the young group than in old group (Fig.3). The main effect of
validity was also significant [F(1,13)=9.96, P<0.01]; P1 was larger on valid than on invalid
trials. No other main effects were significant. The validity × visual field × hemisphere
interaction was significant [F(1,13)=16.27, P<0.001]. To analyze the interaction, a simple
effect test was carried out on the combined visual field/ hemisphere data (ipsilateral vs.
contralateral), valid trials elicited a larger P1 at contralateral temporal sites [F(1,13)=25.08,
P<0.001]. The interaction between age × validity × visual field × hemisphere was significant
[F(1,13)=17.81, P<0.001], for further analysis, in the young group the amplitude of P1 in
valid cue trials were larger in the contralateral sites than the one elicited by invalid cue trials
[F(1,13)=5.13, P<0.05] (Table.3) (Fig.4).

For the latency of the P1 component, the main effects of validity [F(1,13)=9.69, P<0.01]
visual field [F(1,13)=4.89, P<0.05], and age were significant [F(1,13)=15.19, P<0.01]
(Table.3). No other main effects were significant. The interaction between validity × visual
field × hemisphere was significant [F(1,13)=34.47, P<0.001], for further analysis, the
validity effect on P1 latency was larger at the ipsilateral sites, and invalid trials elicited a
longer P1 latency at ipsilateral temporal sites [F(1,13)=56.17, P<0.001]. The interaction
between age × validity was significant [F(1,13)=16.41, P<0.001]. The interaction of age ×
validity × visual field × hemisphere was significant [F(1,13)=32.03, P<0.001]. For further
analysis, in the ipsilateral sites, P1 latency of young group were longer in invalid trials than
the one in valid trials [F(1,13)=82.52, P<0.001] (Table.3) (Fig.4).

3.2.3. N1—The main effect of perceptual load was significant [F(1,13)=15.16, P<0.005],
with N1 in the high perceptual load condition being more negative than in the low
perceptual load condition. The main effect of validity was significant [F(1,13)=7.34,
P<0.05], N1 amplitude being greater on valid cue trials than on invalid trials. The main
effect of age was not significant [F(1,13)=0.22, P<1]. The interaction between hemisphere
and visual field was significant [F(1,13)=27.51, P<0.001], indicating that the effect was
different in contralateral and ipsilateral sites. The interaction between perceptual load ×
validity × hemisphere × visual field was significant [F(1,13)=5.58, P<0.05]. To analyze the
interaction, a simple effect test was carried out on the combined visual field/ hemisphere
data (ipsilateral vs. contralateral), in the high perceptual load condition, compared to invalid
trials, the amplitude of N1 elicited by the targets on valid cue trials was more negative at
contralateral sites [F(1,13)=5.03, P<0.05], whereas in the low perceptual load condition, N1
amplitude was more negative at both contralateral [F(1,13)=6.57, P<0.05] and ipsilateral
sites [F(1,13)=6.08, P<0.05] (Table.4). The age × perceptual load × hemisphere × visual
field interaction was significant [F(1,13)=8.01, P<0.05] (Fig.5). To analyze the interaction, a
simple effect test was carried out on the combined visual field/hemisphere data (ipsilateral
vs. contralateral), in the old group, N1 amplitude was higher in the high perceptual load
condition than in the low perceptual load condition at both contralateral [F(1,13)=23.95,
P<0.001] and ipsilateral [F(1,13)=7.11, P<0.05] sites. In contrast, in the young group, the
perceptual load effect was only significant at ipsilateral sites [F(1,13)=6.42, P<0.05]. In the
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high perceptual load condition, the old group had a larger N1 than the young group at
contralateral sites [F(1,13)=5.37, P<0.05]. No other effects were significant.

For the latency of N1, the main effect of age was significant [F(1,13)=5.35, P<0.05]. N1 was
later in the old group than in the young group (Fig.3). The main effect of validity was
significant [F(1,13)=16.28, P<0.001], indicating that N1 latency on invalid trials was longer
than on valid trials. The main effect of visual field and hemisphere were significant
[F(1,13)=5.52, P<0.05; F(1,13)=27.83, P<0.001]. No other main effects were significant.
The interaction between age × validity was significant [F(1,13)=8.51, P<0.05]; targets in
invalid trials elicited later N1 components in both the old [F(1,13)=4.06, P<0.05] and young
group [F(1,13)=46.92, P<0.001]. The age × validity × hemisphere × visual field interaction
was significant [F(1,13)=12.16, P<0.005]. To further analyze the interaction, a simple effect
test was carried out on the combined visual field/ hemisphere data (ipsilateral vs.
contralateral), in the young group, targets on invalid trials elicited longer latency than on
valid trials at both ipsilateral [F(1,13)=19.31, P<0.01] and contralateral sites [F(1,13)=10.04,
P<0.01] (Table.4). No other effects were significant.

4. Discussion
The present study investigated the relationship between aging, perceptual load and attention
by using a selective attention task with endogenous cueing. Two kinds of search arrays were
used to differentiate low and high perceptual load. The results confirmed several predictions
we made.

4.1. Aging effect
Effect of age on reaction time is consistent with the processing speed theory of cognitive
aging (Salthouse, 1996). The reaction time was longer in the old than in the young group,
especially under the high perceptual load condition, suggesting that the speed of early
perceptual processing is compromised with increasing age (Salthouse, 1996) and this effect
is greater in the complex task. The reduction in speed may reflect the generalized cognitive
slowing in the old group.

Aging effect was also reflected on the ERP result. There were significant effects of adult
aging on the latency of P1 and N1 and on P1 amplitude. These effects point to differences in
the magnitude of early visual processing between the young and old groups. The N1 latency
was later in the old than in the young group, indicating that the older participants need more
time to localized the target in the visual search array than young participants (Lorenzo-
López et al., 2008). But the P1 latency was earlier in the old than in the young group. In
Curran et al. (2001) study, they found that the old participants had slower latency of P1
components only at ipsilateral sites but not at contralateral sites, that maybe because of the
age differences in interhemispheric transfer times. In our study, we also didn’t find that
aging slowed latency of the contralateral P1. The ipsilateral P1 latency of young group was
later than old group in the invalid trials (Table 3), that’s maybe why the P1 latency was later
in the young group than in the old group. In a visual spatial attention task Greenwood &
Parasuraman (2004) found that the young participants experienced greater cost-benefit than
old participants in invalid trials. They suggested that old participants could not maintain
their attention on the cue as good as the young participants, and they may have a broader
attentional focus than the young participants. So when the cue was invalid the diffuse
attentional focus in old group may reduce the costs of invalid cues, and in contrast the young
group experienced greater costs of invalid cues. That may be why the later P1 latency in
invalid trial was found in young group.
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4.2. Spatial attention effect
The behavior data showed that the effects of endogenous cueing—the voluntary spatial
attention effect—were significant in both young and old groups, as in previous studies
(Curran et al., 2001; Lorist et al., 1995): participants responded more quickly and accurately
to valid relative to invalid trials, suggesting that both young and old participants attention
were attracted by the cue to the cued location.

For the ERP results, the amplitude of P1 was more positive and the amplitude of N1
component was more negative for targets on valid than on invalid trials, supporting the view
that visuospatial attention selection occurs at an early stage of information processing
(Hillyard et al., 1998; Mangun & Hillyard, 1991). These results are also consistent with
findings of previous studies (Fu et al., 2005; Luck and Hillyard, 1994) and can be
interpreted within a sensory gain control theory of visual attention (Hillyard et al., 1998), i.e,
attention enhances perceptual processing of stimuli.

4.3. Attention effect on C1 component
Attentional effects on C1 amplitude and latency were significant. Some researchers (Clark,
& Hillyard, 1996; Hopfinger, & West, 2006) have reported that C1 is immune to cue-driven
attentional validity effects, but others (Fu et al., 2008; Kelly et al., 2008; Rauss et al., 2009)
have found significant effects of attention on C1 amplitude. Rauss et al. (2009) suggested
that the more attention is required by a task, the earlier are irrelevant stimuli filtered during
perceptual processing. The task used in the present study may have similarly lead to
participants having to process the distractors at a very early stage, and that may account for
our observation of a cue validity effect on C1 amplitude. However, the cue validity effect on
C1 component was reversed (i.e., invalid > valid) in the present study, possibly reflecting
contamination of C1 by extrastriate neural activity indexed by P1 (Fu et al., 2008). The later
latency of C1 for invalid relative to valid condition is consistent with such a possibility.

4.4. The relationship between attention, aging and perceptual load
The main focus of our study was the relationship between aging, perceptual load and
attention. Although the interaction between these three factors was not significant, the
interactions between each of two factors were significant, and separate ANOVAs indicated
differences in the validity effect between the age groups under different perceptual load
conditions, suggesting that perceptual load modulated the relationship of age and attention.

4.4.1. The relationship between aging and perceptual load—The interaction
between age and perceptual load on reaction time was significant. The most accurate and
fastest responses to targets were displayed by the young group under low perceptual load,
while the old group was slowest under high perceptual load. Similar delays in reaction time
and reduced accuracy has been reported in other cognitive aging studies (Greenwood &
Parasuraman, 1997; Kok, 2000). The perceptual load effect in young group was not as larger
as in old group, possibly because the high perceptual load in our task was not hard enough
and resource demanding for the young group relative to the older group.

For the ERP results, the absolute magnitude of the perceptual load effect was larger for older
than for young participants, as reflected in the N1 component. Also, N1 amplitude was
larger in the old group than the young in the high perceptual load condition. Given that N1
amplitude reflects the difficulty of target discrimination (Vogel & Luck, 2000), the results
are consistent with the view that the old group experienced more difficulty in target
discrimination under high perceptual load, possibly due to a depletion of processing
capacity. A similar age effect was also found in a previous PET (Positron Emission
Computed Tomography) study (Grady et al., 1992) for both spatial and non-spatial visual
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tasks. Activation of occipito-temporal cortex and superior parietal cortex was stronger in the
old group than in the young. The lack of age differences under low perceptual load is
consistent with previous studies (Lavie et al., 2004; Maylor & Lavie, 1998). N1 latency was
later in old group than in young group in our study. Čeponienė et al. (2008) also found that
N1 latency increased with age, in a visual search task. The effect of age on N1 latency
suggests that older adults showed not only a delay in processing but also a possible capacity
limitation in target discrimination under high perceptual load.

4.4.2. The relationship between attention and perceptual load—Attention effect
on behavior was modulated by perceptual load. Reaction time was shortest and accuracy
was highest for targets for validly-cued trials in the low perceptual load condition; in
contrast RT was high and accuracy was low under high perceptual load. This suggests that
rejection of the distractors depended on the level of perceptual load--under the low
perceptual load condition, resources were sufficient to process the distractors, but were
limited under the high perceptual load condition, resulting in a delay in reaction time.

There was an interaction between perceptual load and cue validity for N1 amplitude, which
is consistent with the view that perceptual load modulates attentional selection at an early
processing stage, but following perceptual discrimination (Luck et al., 2000). Similar to our
previous study using a sustained attention task (Fu et al., 2008), this interaction was only
significant for the N1 component, and not for the C1 and P1 components. These findings
suggest that modulation of voluntary attention effects (under either sustained attention or
central cueing tasks) by perceptual load take place only at the stimulus discrimination stage
but not at earlier cortical processing stages as indexed by the C1 and P1 components.

4.4.3. The relationship between attention and aging—The P1 latency in the invalid
trial was later than in the valid trial in young group but there was no interaction between
perceptual load and validity on P1 latency. In other words, the validity effect was
independent of perceptual load in the young group. The interaction between age and validity
effect was significant on N1 latency, invalid cue trials elicited later N1 components in both
young and old groups. Therefore, the results may suggest that the attentional selection occur
earlier in the young group (the process was reflected on P1 component) than in the old (the
process was reflected on N1 component) even if a higher order interaction with perceptual
load was not significant.

In summary, the present results indicate that perceptual load modulates the effects of
attention on neural activity associated with target processing, and that this modulation varies
with aging.

Highlights

The spatial attention effect was significant in both young and old groups.

The speed of early perceptual processing is compromised with increasing age.

Perceptual load and aging effects take place at the stimulus discrimination stage.

Perceptual load modulates attention and this modulation varies with aging.

Cue validity effect was found on C1 component.
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Fig.1.
The procedure of the experimental paradigm, valid cue trials in high perceptual load
condition (a), and low perceptual load condition (b).
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Fig.2.
Mean accuracy rate and standard errors for young group in the high (YH) and low (YL)
perceptual load conditions, and for old group in the high (OH) and low (OL) perceptual load
conditions.
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Fig.3.
Grand average of ERP elicited by old (dotted lines) and young (solid lines) groups at the
posterior sites when the cues appeared in the left (a) and right (b) visual fields. Data were
averaged across the low and high perceptual load conditions, and across valid and invalid
cue trials.
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Fig.4.
Grand average of ERP elicited by old group in valid (green lines) and invalid (black lines)
trials; and by young group in valid (blue lines) and invalid (red lines) trials at the posterior
sites when the cues appeared in the left (a) and the right (b) visual fields. Data were
averaged across the low and high perceptual load conditions.
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Fig.5.
Grand average of ERP elicited by old group in high (green lines) and low (blue lines)
perceptual load conditions; and by young group in high (black lines) and low (red lines)
perceptual load conditions at the posterior sites when the cues appeared in the left (a) and
right (b) visual fields. Data were averaged across the valid and invalid cue trials.
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Table.1

Average and standard deviation of RT and accuracy rate for young and old groups in high perceptual load
valid cue trial condition (HV), high perceptual load invalid cue trial condition (HI), low perceptual load valid
cue trial condition (LV), and low perceptual load invalid cue trial condition (LI)

HV HI LV LI

Reaction Time (ms)

Young 615.44±48.3 661.59±77.22 506.77±38.31 558.86±57.38

Old 759.67±147.46 780.29±154.58 592.39±98.67 638.99±122.94

Accuracy Rate (%)

Young 98.27±1.6 94.96±8.2 98.73±1 98.25±1.7

Old 92.22±4.8 89.38±7.9 96.13±3.4 95.68±3.4
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