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Age-related differences in enhancement and suppression of
neural activity underlying selective attention in matched young
and old adults

A. E. Haringa, T. Y. Zhuravlevaa, B. R. Alperina, D. M. Rentza, P. J. Holcombb, and K. R.
Daffnera

aCenter for Brain/Mind Medicine, Division of Cognitive and Behavioral Neurology, Department of
Neurology, Brigham and Women’s Hospital, Harvard Medical School, 221 Longwood Avenue,
Boston, MA 02115, USA
bDepartment of Psychology, Tufts University, 490 Boston Avenue, Medford, MA 02155, USA

Abstract
Selective attention reflects the top-down control of sensory processing that is mediated by
enhancement or inhibition of neural activity. ERPs were used to investigate age-related differences
in neural activity in an experiment examining selective attention to color under Attend and Ignore
conditions, as well as under a Neutral condition in which color was task-irrelevant. We sought to
determine whether differences in neural activity between old and young adult subjects were due to
differences in age rather than executive capacity. Old subjects were matched to two groups of
young subjects on the basis of neuropsychological test performance: one using age-appropriate
norms and the other using test scores not adjusted for age. We found that old and young subject
groups did not differ in the overall modulation of selective attention between Attend and Ignore
conditions, as indexed by the size of the anterior Selection Positivity. However, in contrast to
either young adult group, old subjects did not exhibit reduced neural activity under the Ignore
relative to Neutral condition, but showed enhanced activity under the Attend condition. The onset
and peak of the Selection Positivity occurred later for old than young subjects. In summary, older
adults execute selective attention less efficiently than matched younger subjects, with slowed
processing and failed suppression under Ignore. Increased enhancement under Attend may serve
as a compensatory mechanism.
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1. Introduction
Visual selective attention reflects top-down control of information processing based on task
demands and is hypothesized to be primarily mediated by the executive control component
of working memory (Desimone and Duncan, 1995; Lavie et al., 2004; Rutman et al., 2010).
Although many studies suggest an age-related reduction in selective attention, especially the
capacity to ignore task-irrelevant distracters (de Fockert et al., 2009; Gazzaley et al., 2008;
Lustig et al., 2007; West, 1999), there is ongoing debate about the nature and extent of the
decline. Uncertainty remains about whether older adults carry out early selection using the
same mechanisms as young adults. Specifically, do the age groups differ in the degree to
which they rely on enhancement of neural activity when attending to stimuli, or suppression
of neural activity when ignoring stimuli, or both? Moreover, it is unclear whether
differences in neural activity that have been found between old and young subject groups are
due to the aging process itself, or differences in executive capacity or task performance in
the particular groups investigated. The current study addressed these issues by carefully
matching subjects based on executive capacity, as measured by neuropsychological tests,
and by employing a paradigm that could distinguish between enhancement and inhibition of
neural activity.

Most studies in the literature have not explicitly addressed the challenge of minimizing
group differences in cognitive abilities and task performance in order to interpret changes in
neural activity that are specifically due to age. Without accounting for these issues, observed
differences between groups in neural activity may not be the result of age, but other factors
(Daffner et al., 2011; Daselaar and Cabeza, 2005; Riis et al., 2008). One strategy has been to
match groups for task performance (often by reducing the demands on older subjects).
However there are disadvantages to this approach (Braver et al., 2010; Daselaar and Cabeza,
2005), as the behavioral performance of subjects in an experiment is often dependent on the
particular requirements of a task and cannot be readily generalized to different experimental
conditions. Daselaar and Cabeza (2005) argue in favor of grouping subjects on the basis of a
battery of neuropsychological tasks that are standardized and therefore generalizable. Due to
strong support for the idea that selective attention reflects top-down control mechanisms (de
Fockert et al., 2001; Gazzaley et al., 2008; Rissman et al., 2009; Zanto et al., 2011), we
made an effort to match age groups in terms of executive capacity using two strategies.
Under one method, young and old subjects performed at a similar level (top third) relative to
age-appropriate norms on neuropsychological tests. One concern with this approach is that
although old and young subjects may have comparable performance relative to age-matched
norms, the non-adjusted scores of older subjects on tests of executive function would be
much lower than that of young subjects. To address this issue, a second group of young
adults was selected whose performance on neuropsychological tests matched the non-age
adjusted scores of old subjects.

Another limitation of the method typically employed to investigate selective attention is that
it cannot distinguish between mechanisms of neural enhancement and suppression that may
differentially change with age. Traditionally, selective attention is studied by comparing
neural activity under attend vs. ignore conditions in response to the same physical stimuli.
This method is able to establish whether there is a difference between attending and
ignoring, but cannot determine whether the difference reflects increased activity under the
attend condition, reduced activity under the ignore condition, or both (Daffner et al., 2012a).
One infrequently used strategy to address this issue has been to include a condition that is
attentionally neutral with respect to the feature under consideration. For example, in a study
by Gazzaley et al. (2008), young and old adult subjects were shown a series of faces and
scenes under four experimental conditions and were instructed to attend to faces, scenes,
both faces and scenes, or just passively view the stimuli. Young adults exhibited both
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significant enhancement (attend > passive view) and suppression (passive view > ignore) of
the ERP measures used to index early selective attention. In contrast, old adults exhibited
only enhancement, but not suppression, which led the authors to conclude that older adults
demonstrate a selective deficit in inhibiting task-irrelevant information during early stages of
visual processing. Of particular importance to the goals of the current study, when the
analysis was limited to the older subjects who were top performers on the task, there were
no age-related differences in measures of suppression, suggesting that task performance and
not age per se had a major influence. Additional research was needed to determine the extent
to which old and young adults differ in neural processing when subject groups are carefully
matched for important variables, such as executive capacity or task performance, and that
uses methods for distinguishing between enhancement and inhibition of neural activity.

The current investigation employed a condition that was attentionally neutral with respect to
color. Subjects were shown a series of red and blue letters, with specific letters designated as
targets. Under the color-selective attention (SA) task, subjects were told to respond to target
letters in a designated color and to ignore stimuli in the other color. Under the color-neutral
attention (NA) task, subjects were shown physically identical stimuli and told to respond to
target letters that appeared in either color. (Figure 1 illustrates an experimental run.) On the
basis of prior work with young adults who participated in this experimental paradigm
(Daffner et al., 2012a; Daffner et al., 2012b), the anterior Selection Positivity (SP) was
chosen as an index of selective attention because it was the earliest ERP component to
exhibit a differential response to stimuli based on task relevance. The anterior SP is an
endogenous potential with a frontocentral distribution and a time course between ~150–300
ms post stimulus presentation, which is measured as the difference in the size of the
response between conditions (Daffner et al., 2012a; Kopp et al., 2007; Martin-Loeches et al.,
1999; Van Der Stelt et al., 1998). The anterior SP has been interpreted either as a marker of
a detection process sensitive to stimulus features, such as color, orientation, or size that have
been specified by task instructions as being significant (Luck and Hillyard, 1994) or as a
frontally mediated index of the motivational salience of a stimulus based on task relevance
(Potts and Tucker, 2001; Riis et al., 2009).

We hypothesized that under the SA task, selective attention to specific features of a stimulus
(e.g., color) would modulate operations elicited under the NA task. For example, if the size
of the SP component were larger under the Attend (A) condition than under the Neutral (N)
and Ignore (I) conditions, with no difference between the latter two (represented as A > N =
I), it would indicate that the difference between the Attend and Ignore conditions is
explained by the enhanced activity involved with selection of specific features (color), not
required under the Neutral condition (A > N). There would be no suggestion of reduced
activity under the Ignore relative to Neutral conditions, as both conditions elicit a similar
level of activity (N = I). By contrast, if the size of the SP were larger under the Attend and
Neutral conditions than the Ignore condition, with no difference between the former two
(represented as A = N > I), it would indicate that there was no increase of neural activity
associated with the selective attention operations beyond those involved with the more
general process of directing attention to stimuli (A = N). This pattern would also suggest
that there was less neural activity under the Ignore condition than under the Neutral
condition. In keeping with other studies (Gazzaley et al., 2005a; Gazzaley et al., 2005b), we
interpret the N > I pattern as representing suppression of activity under the Ignore condition
(Daffner et al., 2012a).

If old and young subjects matched for executive capacity based on both age-appropriate
norms and non-age adjusted scores differ in the pattern of SP response, it would suggest that
age and not executive capacity is the most pertinent variable. A failure of old subjects to
exhibit reduced activity under the Ignore relative to the Neutral condition, as observed
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among young subjects (Daffner et al., 2012a), would suggest diminished suppression of
neural activity in response to stimuli that were supposed to be ignored. Such a result would
be supportive of the inhibitory-deficit hypothesis of cognitive aging (Dempster, 1992;
Gazzaley et al., 2008; Hasher and Zacks, 1988).

2. Results
2.1. Participants

Forty subjects completed this study: 12 young subjects with high executive capacity (mean
age = 22.6 (1.7)), 13 young subjects with average executive capacity (mean age = 22.7
(2.7)), and 15 old subjects with high executive capacity (mean age = 73.9 (3.7)). High and
average executive capacity were defined on the basis of performance relative to published
age-matched norms. There were an additional two young-high capacity, one young-average
capacity and three old-high capacity subjects who were excluded due to excessively noisy
data. See Table 1 for subject characteristics, including demographic information,
neuropsychological test performance, and estimated intelligence quotient (IQ) for each age
group, as well as pertinent statistical analyses. When using age-appropriate norms for the
tests of executive function, the groups differed in their overall percentile performance (F2,37
= 37.34, p < .0001). As expected, young-average subjects had a lower percentile score (54.0
(11.5)) than young-high subjects (80.3 (8.4)) and old-high subjects (81.5 (7.5)), with no
difference between the latter two groups (young-average < young-high, p < .0001; young-
average < old-high, p < .0001; young-high = old-high, p > 0.7). When applying young-adult
norms to all three groups, there also was an effect of group (F2,37 = 36.41, p < .0001), but
the pattern was very different. Young-high subjects had a higher percentile score than
young-average (54.0 (11.5)) and old-high groups (52.7 (7.3)), with no difference between
the latter two groups (young-high > young-average, p < .0001; young-high > old-high, p < .
0001; young-average = old-high, p > 0.7). The three groups did not differ in number of years
of education or estimated IQ according to the American National Adult Reading Test
(AMNART) (Ryan and Paolo, 1992).

2.2. Behavior
Table 2 presents the pertinent behavioral data. Note that task demands were made easier for
old subjects (4 target letters) than young subjects (5 target letters) (see section 4.1). In terms
of accuracy, there was an effect of group (F2,37 = 4.16, p < .05), with young-average
subjects having lower scores than either young-high or old-high subjects, with no difference
between the latter two groups (young-average < young-high, p < .05; young-average < old-
high, p < .05; young-high = old-high, p > 0.9). There was no effect of task on accuracy and
no interaction between group and task. For mean reaction time (RT), there was an effect of
group (F2,37 = 3.86, p < .05) and an effect of task (F1,37 = 16.82, p < .0005), with no
interaction between group and task. The effect of group was present because young-high had
faster responses than either young-average or old-high, with no difference between the latter
two groups (young-high < young-average, p < .05; young-high < old-high, p < .05; young-
average = old-high, p > 0.5). The task effect was due to RTs being slower under the SA than
NA task.

2.3. Anterior Selection Positivity (SP)
This paper focused on the impact of aging on the anterior SP. Main effects or interactions
that did not include the factor of age, as well as non-significant results, are not presented,
unless of particular theoretical interest. Grand average ERPs for young-high, young-average
and old-high subjects to standard stimuli under the Attend, Ignore, and Neutral conditions
were computed for 10 Regions of Interest (ROIs) (Fig. 2) and are presented in Figure 3.
Representative ROIs are featured in subsequent figures, as described below. Figure 4a
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illustrates the grand average ERPs for anterior ROIs (LAL, RAL, CF, LAM, RAM) and
Figure 4b shows the surface potential maps of the Attend-Ignore, Attend-Neutral, and
Neutral-Ignore difference waves within the temporal window of the SP in response to
standard stimuli. Figure 5 is a bar graph illustrating the mean amplitude (± SEM) of the
difference waves (Attend - Ignore, Attend - Neutral, Neutral - Ignore) for each subject
group.

2.3.1. SP Latency—An analysis of variance (ANOVA) for the SP latency (A-I) revealed
an effect of group (F2,37 = 5.20, p < .02), which was present because the mean latency of
old-high subjects (213 (35) ms) was later than that of young-high (190 (10) ms) and young-
average (183 (25) ms) subjects, with no difference between the latter two groups (old-high >
young-high, p < .03; old-high > young-average, p < .01; young-high = young-average, p >
0.4). Time course analysis using repeated measures ANOVA (A vs. I) performed on 25 ms
epochs between 150–300 ms in response to standard stimuli, demonstrated that the onset of
the SP was ~50 ms earlier for young subjects than old subjects (Table 3).

2.3.2. Traditional measurement of SP amplitude (A vs. I)—The amplitude of the
anterior SP was measured for both young subject groups as the mean value between 130–
230 ms, and for the old subject group between 165–265 ms at the 5 anterior ROIs (Fig. 3).
These intervals reflect the approximate peak latency of the anterior SP ± 50 ms for the
different groups. An initial 3-group x 2-condition (Attend vs. Ignore) ANOVA demonstrated
an effect of group (F2,37 = 9.49, p < .001) and condition (F1,37 = 31.10, p < .0001). The
group effect was present because the overall size of the electrophysiological response within
the SP temporal window, collapsed across conditions, was larger for old subjects than for
young subjects. The effect of condition was due to the mean amplitude being larger under
the Attend condition than Ignore condition. Of particular importance to the study’s
objectives, the magnitude of the difference between Attend and Ignore was similar for all
three groups (no condition x group interaction, p > 0.7), regardless of ROI (no condition x
group x ROI interaction, p > 0.5).

2.3.3. Measurement of enhancement and suppression of neural activity (A vs.
N vs. I)—Electrophysiological responses under the Attend and Ignore conditions were then
compared to those under the Neutral condition to help determine if the differences observed
between the Attend and Ignore conditions represented increased activity under Attend,
reduced activity under Ignore, or both. For young-high subjects, a 3-condition x 5-ROI
ANOVA revealed an effect of condition (F2,22 = 4.63, p < .05), which was due to the mean
amplitude being larger under both the Attend condition and the Neutral condition than under
the Ignore condition, with no difference between the Attend and Neutral conditions (A = N
> I; A > I (p < .01), N > I (p < .05), A = N (p > 0.3)). (See Fig. 5.) The magnitude of the
difference between conditions was similar across the 5 anterior ROIs (no condition x ROI
interaction, p > 0.5).

Young-average subjects exhibited a similar pattern: the ANOVA indicated an effect of
condition (F2,24 = 4.32, p < .05) which was present because the mean amplitude was larger
under both the Attend and the Neutral conditions than under the Ignore condition, with no
difference between the Attend and Neutral conditions (A = N > I; A > I (p < .01), N > I (p
< .07), A = N (p > 0.4)) (Fig. 5). This pattern of results was similar across the 5 anterior
ROIs (no condition by ROI interaction, p > 0.6).

For old-high subjects, an ANOVA also revealed an effect of condition (F2,28 = 3.68, p < .
05). However, in contrast to the young subjects, the condition effect for old subjects was due
to the mean amplitude being larger under the Attend condition than under both the Ignore
condition and Neutral condition, with no difference between the Ignore and Neutral
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conditions (A > I = N; A > I (p < .05), A > N (p < .05), I = N (p > 0.6)) (Fig. 5). The
magnitude of the difference between conditions also was similar across the 5 anterior ROIs
(no condition x ROI interaction, p > 0.6).

3. Discussion
The purpose of this study was to investigate the nature and extent of age-related changes in
selective attention to non-spatial features, as measured by the anterior SP. Many
investigations of age-associated differences in neural activity underlying selective attention
have not carefully controlled for pertinent variables other than age that might influence the
pattern and speed of carrying out these operations. We focused on executive function
because of strong evidence for its role in mediating selective attention (Desimone and
Duncan, 1995; Lavie et al., 2004; Rutman et al., 2010). We achieved our goal of having old
subjects matched to one group of young subjects based on age-appropriate norms for
neuropsychological tests of executive functions and to another group of young subjects
based on nonage adjusted norms. We were partially successful in matching groups for
performance on the experimental paradigm. Making the task easier for high capacity old
subjects may have allowed them to be as accurate as high capacity young subjects, but
probably contributed to their being more accurate than average-capacity young subjects. On
the other hand, the reduced task difficulty did not prevent old-high subjects from having
slower RTs than young-high subjects, but may have facilitated their being as fast as young-
average subjects. The impact on the generation of the SP of requiring old adults to respond
to as many target letters (i.e., 5) as young adults needs to be addressed in future studies.
Based on other work (Zhuravleva et al., 2012), it appears that a strong SP is elicited in old
adults across tasks that vary the number of target letters. However, the SP response to 5
target letters has not yet been investigated.

The major finding of the study is the demonstration of salient age-related differences in the
mechanism and speed by which subjects carried out selective attention to color, as indexed
by the SP component. In both the young-high and young-average groups, the pattern of
neural response indicated no enhancement under Attend relative to Neutral, but suppression
of activity under Ignore relative to Neutral (summarized as A = N > I). This pattern of
results differs from the one described by Gazzaley et al. (2005a; 2008), who reported that
young adult subjects exhibit both enhanced neural activity under the attend relative to the
neutral condition and suppressed neural activity under the ignore relative to the neutral
condition, as measured by early ERPs to faces. Important differences in the kind of neutral
condition employed may have affected the pattern of results. Like studies by Luck et al.
(1994) and Mangun and Hillyard (1990), in our Neutral condition a subject was required to
actively attend to the task, but not exercise selective attention operations. By contrast,
Gazzaley et al. employed a neutral condition that involved passive viewing of visual stimuli
that may have differed from the attend condition not only in terms of directed attention to a
specified feature, but also the general level of attentional focus, effort, and motivation
(Daffner et al., 2012a). Gazzaley et al.’s finding of enhanced neural activity in young adults
under the attend relative to the passive condition may be a reflection of these other
processes.

In contrast to both groups of young adult subjects, the old subjects in our study did not
generate differences in neural response between the Ignore and Neutral conditions, which
suggest the absence of suppressed activity under Ignore. This result is consistent with the
reports of Gazzaley et al. (2005b; 2008) and Zanto et al. (2010a), who also found evidence
of age-related breakdown of neural suppression. It supports the basic tenants of the
inhibitory-deficit hypothesis, which propose that a core factor underlying cognitive aging is
a decline in the ability of older adults to inhibit the processing of task-irrelevant stimuli
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(Dempster, 1992; Hasher and Zacks, 1988; West, 1996). Our work adds to the literature by
demonstrating that the contrast between old and young subjects cannot be attributed to
differences between age groups in executive capacity, which in the current study was
controlled for in two ways. Rather, the difference seems to be intrinsic to the aging process
itself.

The failure of old subjects to suppress neural activity under Ignore did not result in the
absence of selective attention to color. In fact, the magnitude of the difference between the
Attend and Ignore condition, as indexed by the amplitude of the SP, was similar for old and
young subjects, consistent with other reports in the literature (Kenemans et al., 1995; Looren
de Jong et al., 1988). Old subjects managed the selection demands of the task by
enhancement of their neural response under the Attend relative to Neutral conditions, which
as noted, was not observed in either group of young adult subjects. An appealing
explanation for this age-related change is that it represents an adaptive response to counter
the age-associated decline in neural function that led to the deficits in inhibition (Park and
Reuter-Lorenz, 2009). It is consistent with other reports suggesting that one way in which
older adults successfully carry out task requirements is by recruiting more neural activity
than their younger counterparts (Cabeza et al., 2002; Reuter-Lorenz et al., 2000; Riis et al.,
2008). The extent to which this apparent compensatory mechanism is limited to older
individuals with high executive capacity remains to be established.

Our results also indicate that there was substantial age-related slowing in the execution of
cognitive operations involving selective attention, as indexed by delays in the onset and
peak latency of the SP. These findings are in agreement with several other reports in the
literature (Czigler, 1996; Kenemans et al., 1995; Zanto et al., 2010b). Because our study
controlled for group differences in executive capacity and to some extent performance on
the experimental task, it allows us to make a strong case that the slowed processing speed
observed among older subjects was the result of the aging process and not confounding
factors.

Future studies are needed to determine the applicability of our findings to non-spatial
features besides color, and to individuals of different age groups, matched for average,
rather than high executive capacity. It is also important to determine if a similar pattern of
age-related change is observed for old-old subjects as was seen in young-old subjects, and to
discover whether these changes begin as early as middle-age. In addition, future research
will need to examine the costs to subsequent processing of the observed age-related delays
in selective attention and the reliance on neural enhancement rather than neural suppression
to carry out these operations.

4. Experimental Procedure
4.1. Participants

Subjects were recruited through community announcements in the Boston metropolitan area,
including the Harvard Cooperative Study on Aging. All subjects underwent informed
consent approved by the Partners Human Research committee and a detailed screening
evaluation that included a structured interview to obtain a medical, neurological, and
psychiatric history, a formal neurological examination, the completion of a
neuropsychological test battery, and questionnaires surveying mood and socioeconomic
status. Participants were between 18 and 32 years or 65 and 80 years of age. To be included
in this study, participants had to be English-speaking, have ≥ 12 years of education, a Mini
Mental State Exam (MMSE) score (Folstein et al., 1975) ≥ 26, and an estimated IQ on the
AMNART ≥ 100. Subjects were excluded if they had a history of CNS diseases or major
psychiatric disorders based on DSM-IV criteria (American Psychiatric Association, 1994), a
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history of clinically significant medical diseases, corrected visual acuity worse than 20/40
(as tested using a Snellen wall chart), a history of clinically significant audiological disease,
a Beck Depression Inventory (Beck and Steer, 1987) (for young subjects) or a Geriatric
Depression Scale (Yesavage et al., 1982) (for old subjects) score of ≥ 10, were unable to
distinguish between the color red and blue, or focal abnormalities on neurological
examination consistent with a CNS lesion. Subjects were paid for their time.

Subjects were selected on the basis of their performance on neuropsychological tests of
executive function. Although there is no universally accepted operational definition of
executive functions, we followed the suggestion of many investigators who emphasize
processes that include working memory, initiation, monitoring, and inhibition, and advocate
the use of at least several neuropsychological tests to assess this complex group of functions
(Chan et al., 2008; Delis et al., 2001; Spreen and Strauss, 1998). We selected tests that had
well established norms across a wide range of ages. Tests of executive capacity included: 1)
Digit Span Backward subtest of the Wechsler Adult Intelligence Scale-IV (WAIS-IV)
(Wechsler, 2008), which measures the maintenance and manipulation operations of working
memory; 2) Controlled Oral Word Association Test (COWAT) (Ivnik et al., 1996), which
indexes initiation, self-generation, and monitoring; 3) WAIS-IV Letter-Number Sequencing,
which assesses maintenance, monitoring, and manipulation; 4) WAIS-IV Digit-Symbol
Coding, which assesses sustained attention/persistence, cognitive speed, and efficiency; 5)
Trail-Making Test Parts A and B (Reitan and Wolfson, 1985), which measures planning/
sequencing, set shifting, and inhibition. A composite (average) score on all tests of executive
capacity was computed for each subject as described below.

Old and young subjects were matched on the basis of executive capacity using two methods.
Consistent with suggestions in the aging literature, the first method matched groups
according to performance relative to age-appropriate norms (i.e., percentile scores) (Daffner
et al., 2006; Daffner et al., 2007; Daselaar and Cabeza, 2005; Riis et al., 2008). Old and
young subjects were included if they exhibited high executive capacity, as defined by a
composite score in the top third (≥ 67th percentile). A second method was employed in
which the percentile scores for the old subject group were not based on norms for age-
matched peers, but rather norms for young adults. Another group of young subjects was
recruited whose percentile performance relative to young adult norms matched the
performance of the old subjects relative to young adult norms. A review of performance
using age-appropriate norms suggested that the raw scores of young subjects with average
capacity (33rd–66th percentile) would be comparable to the raw scores of old adults with
high capacity. Thus, three groups were studied: old-high executive capacity, young-high
executive capacity, and young-average executive capacity subjects, labeled according to
how they performed relative to age-appropriate norms. Also, pilot data suggested that
despite matching for executive capacity, old subjects still performed worse on the
experimental task. To help minimize group differences in performance, task demands were
made easier for old subjects. The number of target letters chosen for each age group was
based on pilot data: young subjects responded to 5 target letters and old subjects responded
to 4 target letters. This strategy was employed to allow us to draw inferences about age-
related differences in neural activity and not performance-related differences.

4.2. Experimental Procedures
The experiment consisted of two related tasks: a color-selective attention (SA) task from
which the Attend (A) and Ignore (I) conditions were extracted, and a color-neutral attention
(NA) task from which the Neutral (N) condition was derived. In both tasks, subjects were
shown physically identical sets of stimuli, which consisted of a series of letters presented in
either the color red or the color blue, and were asked to respond to specific target letters.
Young subjects responded to 5 target letters and old subjects responded to 4 target letters. In
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the SA task, subjects were instructed to pay attention to letters appearing in the designated
color while ignoring letters appearing in the other color, and to respond by button press to
target letters appearing in the designated color only. In the NA task, subjects were instructed
to pay attention to all letters regardless of color. Under both tasks, subjects were asked to
respond as quickly and as accurately as possible. Practice trials preceded each set of
experimental trials. All subjects participated in both tasks, the order of which was
counterbalanced. To reduce potential order effects, each task was presented during a
different experimental session, separated by at least two weeks. The hand used for the target
response was counterbalanced across subjects, as was the attended color in the SA condition.
Additionally, the specific letters selected as targets differed between the NA and the SA
tasks.

Each task included 800 stimulus trials divided into 8 blocks. Under both tasks, stimuli
appeared one at a time within a fixation box that remained on the screen at all times and
subtended a visual angle of ~3.5° × 3.5° at the center of a high-resolution computer monitor.
Half of the stimuli appeared in the color red and half in the color blue, in randomized order.
Target stimuli (SA: 7.5% in attend color; 7.5% in ignore color; NA: 7.5% probability
overall, 3.75% in each color) were 4 (for old) or 5 (for young) designated upper case letters
and standard stimuli (SA: 70% overall; 35% in each color; NA: 77.5% overall, 38.75% in
each color) were any non-target upper case letters. Fillers accounted for the remainder of the
stimuli presented. Visual stimuli subtended an angle of 2.5° along their longest dimension
and were presented for 250 ms. The inter-stimulus interval (ISI) varied randomly between
815–1015 ms (mean ~915 ms) (see Fig. 1). For analytic purposes, trials under the SA task
were further categorized in terms of whether the stimuli presented were in the attend or the
ignore color. The Attend condition consisted of all stimuli in the designated color; the Ignore
condition consisted of all stimuli in the non-designated color.

4.3. ERP Recordings
An ActiveTwo electrode cap (Behavioral Brain Sciences Center, Birmingham, UK) was
used to hold to the scalp a full array of 128 Ag-AgCl BioSemi (Amsterdam, The
Netherlands) “active” electrodes whose locations were based on a pre-configured montage.
Electrodes were arranged in equidistant concentric circles from the International 10–20
system position Cz. In addition to the 128 electrodes on the scalp, 6 mini bio-potential
electrodes were placed over the left and right mastoid, beneath each eye, and next to the
outer canthi of the eyes to check for eye blinks and vertical and horizontal eye movements.
EEG activity was digitized at a sampling rate of 512 Hz.

4.4. Data Analysis
Demographic variables and overall percentile performance on the neuropsychological tests
for the three groups were compared using one-way ANOVAs. Mean target accuracy and
mean RT were measured separately in the SA and NA conditions. A response was
considered a hit if it occurred between 200–1000 ms after stimulus presentation. Overall
target accuracy was determined by Percent Target Hits (target stimuli correctly responded
to) – Percent False Alarms (stimuli incorrectly identified as targets). One-way ANOVAs
were employed to evaluate accuracy and RT, with task (SA and NA) as within-subject
variables, and subject group as the between-subject variable.

EEG data were analyzed using ERPLAB (www.erpinfo.org/erplab) and EEGLAB (Delorme
and Makeig, 2004) toolboxes that operate within the MATLAB framework. Raw EEG data
were resampled to 256 Hz and referenced off-line to the algebraic average of the right and
left mastoids. EEG signals were filtered using an IIR filter with a bandwidth of 0.03–40 Hz
(12 dB/octave roll-off). Eye artifacts were removed through an independent component
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analysis. Individual bad channels were corrected with the EEGLAB interpolation function.
EEG epochs for the two stimulus types (standard stimuli, target hits/target-like stimuli)
across three attention conditions (Attend, Ignore, Neutral) were averaged separately. The
sampling epoch for each trial lasted for 1200 ms, including a 200 ms pre-stimulus period
that was used to baseline correct the ERP epochs. Trials were discarded from the analyses if
they contained baseline drift or movement artifacts greater than 90 μV. Only trials with
correct responses were included in the analyses.

ROIs across the scalp were designated and labeled Centro-Frontal (CF), Left Anterior
Lateral (LAL), Right Anterior Lateral (RAL), Left Anterior Medial (LAM), Right Anterior
Medial (RAM), Left Posterior Medial (LPM), Right Posterior Medial (RPM), Left Occipito-
Temporal (LOT), Right Occipito-Temporal (ROT), and Centro-Occipital (CO) (see Fig. 2).
Each region reflected a cluster of 7 electrode sites. Only ERPs to standard stimuli were
analyzed here to avoid the potential confounding influence of motor components associated
with responses to target stimuli under the Attend and Neutral conditions, but not the Ignore
condition.

The latency of the SP was measured as the local positive peak latency for the Attend –
Ignore (AI) difference wave between 100–275 ms at anterior ROIs (CF, LAL, RAL, LAM,
RAM). ERP latencies for the SP were analyzed using ANOVA, with ROI as within-subject
variables and age as the between-subject variable. Of note, only the A-I difference wave was
used to compute latency because both young and old subjects exhibited robust differences
between the Attend and Ignore conditions. In contrast, only the young subjects demonstrated
differences between the Neutral and Ignore conditions, and only the old subjects exhibited
differences between Attend and Neutral conditions. Because of concerns about the potential
impact of high frequency noise on peak latency values (Luck, 2005), the latency results were
confirmed by time-course analyses. Repeated measure ANOVAs were performed separately
on the three groups to determine the temporal epochs (25 ms duration) between 150 and 300
ms in which mean values showed a reliable difference the Attend and Ignore conditions.

The size of the SP was derived from the mean amplitude of the 100 ms interval centered at
the mean local peak latency for each age group. Because we were interested in the
traditional measurements of the SP, we began the analysis of this component by comparing
only the Attend and Ignore conditions to determine if there was an age-related difference in
the magnitude of the overall modulation of response by attention, using ANOVA with
attention condition (Attend and Ignore), and ROI as within-subject variables, and subject
group as the between-subject variable. Then, we examined whether the pattern of response
varied across groups by including the Neutral condition in the analysis. Specifically, we
sought to determine if the difference in electrophysiological response between Attend and
Ignore conditions was due to enhanced response under Attend (by examining Attend vs.
Neutral), suppressed response under Ignore (by examining Ignore vs. Neutral), or both.
Given the limited number of subjects in the current study, we believed that within-subject
comparison of responses across conditions was the most promising approach to reducing the
variance and effectively addressing this issue. Thus, for each group, ERPs were analyzed
using ANOVA, with attention condition (Attend, Ignore, Neutral), and ROI as within-
subject variables. In general, analyses that yielded significant interactions between age and
condition or ROI resulted in planned contrasts between levels of the variable. The Geisser-
Greenhouse correction was applied for all repeated measures with greater than 1 degree of
freedom.
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Highlights

• Age-related differences in selective attention are examined using ERPs

• Executive capacity of groups are matched using age and non-age adjusted scores

• Responses under color-attend, color-ignore, and color-neutral conditions are
compared

• Unlike young subjects, old subjects fail to suppress activity under color-ignore

• Old subjects may compensate by enhancing activity under color-attend
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Figure 1.
Illustration of an experimental run. Subjects were shown a series of red and blue letters.
Under the color-selective attention (SA) task, subjects were instructed to press a button in
response to designated target letters in a specified color (Attend condition) and ignore letters
in the other color (Ignore condition). Under the color-neutral attend (NA) task, subjects were
instructed to respond to designated target letters in either color (Neutral condition). Young
subjects responded to 5 target letters, whereas old subjects responded to 4 target letters.
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Figure 2.
Montage illustrating the location of 128 electrode sites and the 10 designated regions of
interest (ROIs).
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Figure 3.
Grand average ERP responses under Attend, Ignore, and Neutral conditions at all 10 ROIs in
response to standard stimuli for each of the 3 subject groups.
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Figure 4.
a) Grand average ERP responses under Attend, Ignore, and Neutral at anterior ROIs in
response to standard stimuli. The highlighted area represents the temporal interval in which
the Selection Positivity (SP) was measured. b) Surface potential maps of difference waves
under Attend – Ignore, Neutral – Ignore, and Attend – Neutral conditions for the SP interval
in response to standard stimuli illustrating a different pattern for young and old subjects. In
both groups of young subjects, an SP is generated for Attend – Ignore and Neutral – Ignore
conditions, but in old subjects an SP is generated for Attend – Ignore and Attend – Neutral
conditions.
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Figure 5.
Bar graph displaying the mean amplitude (± SEM) of the difference waves (Attend - Ignore,
Attend - Neutral, Neutral - Ignore) for each subject group. * = p < .05; † = p < .07 based on
one-sample t-tests used to determine if the mean value differed significantly from 0 μV.
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Table 1

Subject Characteristics (Mean(SD))

Variable Young-High Young-Average Old-High

Number of subjects 12 13 15

Gender (male:female) 5:7 7:6 6:9

Age * 22.6 (1.7) 22.6 (2.7) 73.9 (3.7)

EC %ile: age-matched norms * 80.3 (8.4) 54.0 (11.5) 81.5 (7.5)

EC %ile: young adult norms * 80.3 (8.4) 54.0 (11.5) 52.7 (7.3)

Years of Education 15.9 (1.7) 14.4 (1.1) 16.5 (3.7)

AMNART 119 (4.8) 114 (7.7) 121 (8.5)

*
Effect of group, p < .001

EC = Executive capacity

AMNART = American National Adult Reading Test
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