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a b s t r a c t

Declines in neural processing speed have been proposed to underlie a broad range of cognitive deficits in
older adults. However, the impact of delays in neural processing during stimulus encoding on working
memory (WM) performance is not well understood. In the current study, we assessed the influence of
aging on the relationship between neural measures of processing speed and WM performance during
a selective delayed-recognition task for color and motion stimuli, while electroencephalography (EEG)
eywords:
orking memory

elective attention
ging
EG
rocessing speed delay

was recorded in young and older adults. A latency delay was observed for the selection negativity (SN)
and alpha band activity (measures of attentional allocation) in older adults during WM encoding of both
motion and color stimuli, with the latency and magnitude of the SN predicting subsequent recogni-
tion performance. Furthermore, an age-related delay in the N1 latency occurred specifically during the
encoding of color stimuli. These results suggest that the presence of both generalized feature-based and
feature-specific deficits in the speed of selective encoding of information contributes to WM performance

deficits in older adults.

. Introduction

A large body of research has documented performance deficits
n the cognitive abilities of older adults. Typically affected are

orking memory (WM), episodic memory and attention (Craik &
althouse, 2000; Greenwood, 2000). Within the WM domain, age-
elated deficits in performance have been reported for numerous
timuli, including letters, words, digits, spatial position, pattern dis-
rimination and complex stimuli (for review, see Salthouse, 1994).
n an attempt to generate an underlying account of such diverse
eficits, the findings of many behavioral studies on older adults
ave given rise to the processing speed hypothesis of cognitive
ging (Salthouse, 1996). This hypothesis attributes age-related cog-
itive decline to a general slowing of information processes, and is
ased on the premise that if less computational processing is com-
leted in a set amount of time, then less information is available to
igher-level functions. For example, time-accuracy functions indi-
ate that older adults require a longer stimulus presentation time
uring encoding in order to achieve recognition accuracies com-
arable to younger adults (e.g. Kliegl, Mayr, & Krampe, 1994). The

ajority of evidence supporting this hypothesis is derived from
eta-analysis studies that have revealed the statistical control of

esponse time measurements reduces age-cognition correlations
Salthouse, 1996). Although such behavioral research and statistical
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analysis has provided many important insights to the field of cog-
nitive aging, they are intrinsically limited in their ability to directly
address the neural underpinnings of age-related decline. Thus, the
neural correlates of changes in processing speed during memory
encoding and its influence on recognition performance have yet to
be established.

Research on experimental animals has generated data to sup-
port a neural basis for the processing speed hypothesis. It has
revealed that age-related cognitive decline in non-human pri-
mates is not due to loss of significant numbers of neurons (Peters,
2002a,b), but rather is associated with axonal myelin integrity, thus
providing anatomical evidence suggestive of diminished informa-
tion transfer in the aging brain (Peters et al., 1996). Related to this,
in humans, processing speed was shown to be closely related to
the structural integrity of white matter tracts (Rabbitt et al., 2007a;
Turken et al., 2008). Additionally, carotid and basilar artery blood
flow and age-associated losses of brain volume have been corre-
lated with white matter lesions as well as information processing
speed (Rabbitt et al., 2007b).

Electrophysiological studies in humans are a direct manner in
which to address neural correlates of the processing speed deficit
hypothesis and its impact on cognition. Electroencephalography
(EEG) allows us to measure electrical correlates of neural activity
during a behavioral task with high temporal resolution (i.e., mil-

liseconds), and is thus an ideal tool to explore neural processing
speed delays with aging. Most neural data supporting the process-
ing speed hypothesis has focused on changes in the peak latency
of the P300 component of the event-related potential (ERP). The
P300 is a positive deflection that occurs 300–600 ms post-stimulus

http://www.sciencedirect.com/science/journal/00283932
http://www.elsevier.com/locate/neuropsychologia
mailto:adam.gazzaley@ucsf.edu
dx.doi.org/10.1016/j.neuropsychologia.2009.08.003
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Table 1
Neuropsychological scores averaged over all participants. Each participant scored
within 2 standard deviations of their age-matched normative value.

Neuropsychological test Mean s.e.m.

Mini-mental state examination 28.9 1.2
Geriatric depression scale 2.1 2.0
CVLT: Trial 5 recall 12.5 2.9
CVLT: short delay free recall 10.8 4.1
CVLT: short delay cued recall 12.3 3.3
CVLT: long delay free recall 11.4 3.6
CVLT: long delay cued recall 12.3 3.4
Memory for modified Rey 12.3 2.7
Calculation ability (out of 5) 4.9 0.3
WAIS-R: backward digit span 5.6 1.6
WAIR-R: digit symbol 48.9 10.1
Trail making test: A 34.6 s 8.5 s
Trail making test: B 88.2 s 37.4 s
4 T.P. Zanto et al. / Neuro

nset, and is thought to reflect processing involved in attention and
emory operations; it is typically evoked by infrequent, random

argets (i.e., oddballs; Sutton, Braren, Zubin, & John, 1965) and an
ncreased memory load results in an increased latency (for review,
ee Kok, 1997). There is extensive evidence that the P300 latency
s delayed in older adults, thereby providing evidence of neural
lowing during cognitive operations (for reviews, see Kok, 2000;
ugler, Taghavy, & Platt, 1993; Polich, 1996). EEG studies have
lso shown that earlier ERP markers of visual processing exhibit
lowing in older adults. In a cued, two-choice discrimination task,
urran, Hills, Patterson, and Strauss (2001) examined neural cor-
elates of selective attention in aging and reported slowing of the
1 and N1 components of the visual ERP in older adults. The P1
s a positive deflection in the ERP, peaking around 100 ms post-
timulus onset, whereas the N1 is a negative deflection peaking
pproximately 170 ms after stimulus onset. Comparably, Gazzaley
t al. (2008) reported that during a face/scene WM task, older
dults exhibited a delayed N1 suppression index and a delayed P300
eak latency while encoding face stimuli. However, to our knowl-
dge, the relationship between the latency of neural measures to
ower-level encoded stimuli and WM recognition has not yet been
ssessed in an aging study. The advantage of utilizing lower-level
timuli, such as simple feature detection, is that individual per-
eptual differences can be controlled for. This is important when
valuating the nature of changes in processing speed on WM,
ince it has been suggested that discriminability differences may
ccount for visual WM deficits in older adults (Sara & Faubert,
000).

The current study aimed to identify age-related changes in neu-
al measures of processing speed during the selective encoding
f lower-level visual features (i.e., color hue and motion direc-
ion) and assess its influence on WM performance. To achieve
his, younger (18–35 years old) and older (60–80 years old)
dults performed delayed-recognition WM tasks that required
elective attention while 64-channel EEG was recorded. Prior to
he main experiment all participants went through visual acu-
ty correction, as well as a thresholding procedure to adjust for
eature discriminability differences between individuals in color
nd motion perception. Furthermore, the perception of brightness
or all stimuli was equated for each participant. By minimiz-
ng these influences, we can interpret neural delays as being
he result of changes in endogenous influences such as WM
ncoding or selective attention. Based on the processing speed
ypothesis, we hypothesized that delays in neural processing
uring encoding would be associated with declines in WM per-
ormance.

The neural measures analyzed for age-related differences
nclude the P1 and N1 of the ERP, the selection negativity and
ime-frequency (spectral) measures to cue stimuli. The P1 and
he N1, which reflect early stages of visual processing for stim-
lus representation generated in extrastriate cortex (for review,
ee Herrmann & Knight, 2001) and are modulated by attention
Gazzaley et al., 2008; Hillyard, Vogel, & Luck, 1998; Rugg, Milner,
ines, & Phalp, 1987; Valdes-Sosa, Bobes, Rodriguez, & Pinilla,
998). The selection negativity (SN), which is calculated from the
RP difference wave between attended and ignored stimuli, begins
etween 140 and 180 ms post-stimulus onset and may persist for
ore than 200 ms (Harter & Aine, 1984). The SN has been shown

o reflect the timing of feature selections and is influenced by
ttention (AnlloVento & Hillyard, 1996; Kenemans, Smulders, &
ok, 1995). Further exploration of age-related neural changes dur-
ng stimulus encoding focused on spectral activity between 4 and
0 Hz, as attentional allocation has been linked to modulation in
he theta (Jensen & Tesche, 2002; Schacter, 1977), alpha (Muller

Keil, 2004) and gamma bands (Gruber, Muller, Keil, & Elbert,
999).
Stroop: color naming 82.9 15.3
Stroop: color-word naming 48.6 16.8
Semantic fluency 20.3 5.5
Phonemic fluency 15.8 5.2

2. Methods

2.1. Participants

Twenty-two healthy young adults (mean age 24.0 years; range 18–29 years; 8
males) and twenty-one older adults (mean age 70.1 years; range 60–83 years; 10
males) gave informed consent to participate in the study approved by the Committee
on Human Research at the University of California in San Francisco. All partici-
pants had normal or corrected to normal vision and were screened to ensure they
were healthy, had no history of neurological, psychiatric, or vascular disease, were
not depressed, and were not taking any psychotropic or hypertensive medications.
Visual acuity was checked for each participant using a Snellen chart and corrective
lenses were utilized as necessary to achieve 20/40 vision or better. Additionally, all
participants were required to have 12 years minimum education.

2.2. Neuropsychological testing

To ensure older adults were “normal” relative to their age-matched peers, partic-
ipants in the older age group were required to score within two standard deviations
of control values on 13 neuropsychological tests. The neuropsychological evaluation
consisted of tests designed to assess general intellectual function (MMSE; Folstein,
Folstein, & McHugh, 1975), verbal learning (CVLT-II; Delis, Kramer, Kaplan, & Ober,
2000), geriatric depression (GDS; Yesavage et al., 1982), visual-spatial function (copy
of a modified Rey-Osterrieth figure), visual-episodic memory (memory for details
of a modified Rey-Osterrieth figure), visual-motor sequencing (trail making test A
and B; Reitan, 1958; Tombaugh, 2004), phonemic fluency (words beginning with
the letter ‘D’), semantic fluency (animals), calculation ability (arithmetic), exec-
utive functioning (Stroop interference test; Stroop, 1935), working memory and
incidental recall (backward digit span and digit symbol, WAIS-R; Wechsler, 1981).
All neuropsychological test scores are summarized in Table 1.

2.3. Stimuli

The stimuli consisted of a circular aperture of 290 dots (0.08◦ × 0.08◦ each) that
subtended 8◦ of visual angle at a 75 cm viewing distance and were centered at the
fovea. Two types of dots were used during the experiment: (1) gray and moving
coherently at 10◦ per second or (2) stationary and colored along the tritan axis. All
colored and gray dots were equated for brightness by minimizing heterochromatic
flicker in tests carried out prior to the experiment for each participant (for details on
color generation and flicker photometry, see Hardy, Delahunt, Okajima, & Werner,
2005). Stimuli were presented with a gray fixation cross in the center of the circular
aperture and a black background with a luminance level of 0.32 cm/m2. Stimuli were
presented through E-Prime software (Psychology Software Tools, Inc.) run on a Dell
Optiplex GX620 and a ViewSonic G220fb CRT monitor.

2.4. Thresholding

After all stimuli were equated for brightness, participants went through two
thresholding tests (one for motion, one for color) in order to minimize discriminabil-
ity differences. A stair-step procedure required participants to determine whether

two stimuli (directions of motion or colors) were different from each other. The two
stimuli were presented for 800 ms each and separated by 2000 ms. The procedure
continued until a “just 100%” level of performance was reached, meaning that if the
stimuli were any more similar, performance would drop below 100% as determined
by 10 out of 10 correct responses. An angle of discrimination was identified as the
difference between the two directions of motion at the just 100% level of perfor-
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position was also applied to the epochs from the encoding period, except the data
ig. 1. Thresholding procedure. (A) An angle of discrimination is determined to be t
just 100% level of performance. (B) Two sets of three colors are determined for the

ubject) and one color on either side of it (along the axis) determined as the closest

ance (Fig. 1A). All four quadrants except the cardinal directions (up, down, left,
ight) were used during the thresholding procedure, as well as the experimental
ask conditions.

The tritan color axis was divided into 40 linearly separated hues. Two sets of
hree colors (hues) were identified by using two reference colors (one for each set)
ear the middle of the tritan axis (Fig. 1B). The stair-step procedure determined
ow close the test colors could be to the reference (one on either side) at the just
00% level of performance (same as motion thresholding). The two reference colors
ere the same for each participant. It did not matter whether participants could
iscriminate between the two reference colors because only one set was used per
rial during the experiment.

.5. Experimental procedure

All conditions required viewing four sequentially presented images: two dif-
erently colored stimuli and two different directions of motion. Every image was
resented for 800 ms with an 800 ms inter-stimulus-interval. After the four images
ere presented, there was a four-second delay followed by a probe stimulus (800 ms
uration) when participants must determine whether the probe matched any of
he items held in memory. Participants were presented with four different con-
itions, 3 WM and one passive view condition (Fig. 2). The three WM conditions
equired participants to either (1) remember the two directions of motion (ignore
he two colors), (2) remember the two colors (ignore motion) or (3) remember
oth colors and both directions of motion. The fourth condition instructed partici-
ants to passively view all stimuli. The features of the four sequentially presented

mages cue participants whether it is to be remembered or ignored by placing it
n context of the task instructions. Each condition was presented in two blocks,
nd the eight blocks were randomized across the experiment. Prior to beginning
ach block, participants were given task instructions for the subsequent condi-
ion. Additionally, a brief (1 s) task reminder was provided at the start of each
rial.

Motion stimuli consisted of 12 different directions of motion (3 per quadrant).
ithin each quadrant, the 3 directions of motion are separated by the participant’s

ngle of discrimination. For example, if the angle of discrimination were 20◦ , the 3
irections of motion for quadrant one would be 30◦ , 50◦ and 70◦ . Only one quad-
ant was used per trial during the experiment and was randomly selected. The
wo moving cue stimuli were randomly chosen from the three possibilities within
he previously determined quadrant. Color stimuli consisted of two sets of three
ifferent hues (six different hues total). Within each set, the three hues were sep-
rated by the participant’s color threshold. During each trial, one of the two sets
f colors was randomly selected, and the two colored cue stimuli were randomly
hosen from the three possible hues within the previously determined set of colors.
robe stimuli matched an attended cue stimulus on half the trials. In the event a
robe did not match a cue stimulus, the probe was selected as the third possibility
elonging to the quadrant or color set for that trial. During the conditions when
articipants were instructed to remember motion (ignore color) or remember color
ignore motion), probe stimuli never matched to-be-ignored stimuli (i.e., motion

robes never appeared when participants were instructed to remember the color
nd ignore motion). Participants responded by pressing one of two buttons. One
alf of the probe stimuli matched a previously attended object. During the passive
iew condition, the probe was either a left or right arrow and participants had to
espond whether it was left or right. Participants were instructed to respond as
uickly as possible and yet retain accuracy during all conditions. Prior to beginning
sest angle two directions of motion may be when separated by 2000 ms and retain
imental stimulus set. A set of three colors consists of a reference (the same for each
s to the reference that retains a just 100% level of performance.

the experiment, participants were given 12 practice trials for each of the four con-
ditions, split into two blocks (6 trials each). Following each trial during practice and
the experiment, participants received accuracy and response time feedback.

2.6. Data acquisition

Participants sat in an armchair in a dark, sound-attenuated room and were
monitored by camera during all tasks. Data was recorded during 8 blocks lasting
approximately 6 min each and a total of 60 trials per condition, yielding 120 epochs
of data during the encoding period. Electrophysiological signals were recorded
with a BioSemi ActiveTwo 64-channel EEG acquisition system in conjunction with
BioSemi ActiView software (CortechSolutions, LLC). Signals were amplified and dig-
itized at 1024 Hz with a 24-bit resolution. All electrode offsets were maintained
between ±20 mV.

2.7. Data analysis

Raw EEG data were referenced to the average off-line. Eye artifacts were
removed through an independent component analysis by excluding components
consistent with topographies for blinks and eye movements and the electrooculo-
gram time-series. Data was segmented into epochs beginning 200 ms pre-stimulus
onset and ending 1000 ms post-stimulus onset. Each trial contained four epochs, two
attended and two ignored, whereas all four epochs were attended in the ‘remem-
ber both’ condition. Thus, over the 60 trials, 120 epochs were acquired for each
event-related potential (ERP) of interest. This preprocessing was conducted in Brain
Vision Analyzer (Cortech Solutions, LLC) and exported to Matlab (The Mathworks,
Inc.) for all subsequent analyses. To minimize spurious peak ERP measures, epochs
were band-pass filtered from 1 to 30 Hz. Epochs that exceeded a voltage thresh-
old of ±50 �V were rejected. A 200 ms pre-stimulus baseline was subtracted from
each epoch prior to calculating the ERP. Peak P1 values were chosen as the largest
local peak amplitude between 50 and 150 ms post-stimulus onset, and the N1 was
identified as the most negative local peak amplitude between 120 and 220 ms. The
selection negativity was calculated by subtracting the ignored stimuli ERP from
attended stimuli and identified as the largest local minimum following the N1
between 200 and 400 ms. Mean amplitudes for the P1, N1 and SN were measured
by averaging ±5 ms around the peak prior to statistical analysis. Eight lateralized,
posterior-occipital electrodes (four from each hemisphere; left: P5, P7, P9, PO7;
right: P6, P8, P10, PO8) were chosen for ERP analysis, consistent with the topo-
graphical distribution of the visual ERP. The P1 and N1 amplitudes and latencies
were subjected to a repeated measures analysis of variance (ANOVA) with age
(younger, older), task (attend, ignore, passive view, remember both) and electrode
(eight from lateral posterior/occipital areas) as factors, whereas the SN amplitude
and latency utilized only age and electrode as factors. A Geisser-Greenhouse correc-
tion was applied when appropriate. Post hoc analysis consisted of the Scheffe test
with a Bonferroni correction for multiple comparisons. A time-frequency decom-
was not band-pass filtered prior to its calculation in order to resolve frequencies
4-50 Hz. Time-frequency data was acquired via complex Morlet wavelets and con-
verted to decibels relative to pre-stimulus activity as implemented through EEGLAB
(Delorme & Makeig, 2004). Contrasts between conditions utilized t-tests at each
time-frequency point with a false-discovery rate (FDR; Benjamini & Hochberg, 1995)
correction for multiple comparisons.
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ig. 2. Experimental procedure. Four cue stimuli are presented for 800 ms each with
hree working memory conditions require participants to hold relevant informatio
tored in memory. The fourth condition instructed participants to passively view th

. Results

.1. Behavior

Each participant performed a perceptual thresholding task to
dentify individual differences in motion direction and color dis-
rimination prior to the main delayed-recognition WM experiment.
his information was then used to guide the selection of stimuli for
he WM task, so that each participant performed the main exper-
ment with stimulus parameters based on their own perceptual
bilities. Older participants yielded larger angles of discrimina-
ion for the motion stimuli (younger = 26◦, s.e.m. = 2◦; older = 34◦,

◦
.e.m. = 1 ; p < 0.005) and a wider span of color (younger mean dis-
ance from reference 1 = 11/−6 hues, s.e.m. = 1/1 hue, and reference
= 7/−9 hues, s.e.m. = 1/1 hue; older mean distance from refer-
nce 1 = 14/−10 hues, s.e.m. = 1/1 hue, and reference 2 = 11/−13
ues, s.e.m. = 1/1 hue; p < 0.05 for all comparisons), indicating an

Fig. 3. Behavioral results compared between age groups for (A) resp
0 ms inter-stimulus-interval followed by a four-second delay and an 800 ms probe.
emory, ignore irrelevant information and determine if the probe matches any item
uli and respond to an arrow as the probe.

impairment in perceptual discrimination of these features with
age.

A control condition utilized in the main experiment was a pas-
sive viewing task, used to generate baseline neural measures, as
well as an index of general motoric slowing with aging (i.e., par-
ticipants were required to press a button as rapidly as possible
to indicate the direction of an arrow). Unpaired t-tests revealed
that older participants responded significantly slower during
the passive view condition (young response time (RT) = 444 ms,
s.e.m. = 24 ms; older RT = 722 ms, s.e.m. = 86 ms; p < 0.01), indicating
a decline in response speed even for simple detection. To evalu-
ate changes in WM performance, the passive view condition RT

was subtracted from the WM condition RT for each participant, as
general slowing is thought to have a linear trend (Lima, Hale, &
Myerson, 1991; Salthouse, 1993). Therefore, for the WM RT results,
correction was made for both age-related changes in motor and
basic perceptual processing, permitting the interpretation of the

onse time (corrected by passive view) and (B) accuracy data.
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Fig. 4. ERPs averaged over subjects and electrodes of interest for attended and ignored (A) color and (B) motion stimuli. Waveforms from the passive view task are displayed
for (C) color and (D) motion stimuli. Horizontal arrows indicate larger N1 amplitudes in younger adults while vertical arrows indicate the N1 latency is delayed in older
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dults.

esults to be more specific for age-related changes in WM and
ttention processes.

For WM RT (corrected by passive RT), a 2 × 3 repeated mea-
ures ANOVA was conducted with age (younger, older) and task
remember motion, remember color, remember both) as factors.

main effect for task (F(2,82) = 6.81; p < 0.005) revealed longer
Ts occurred with a greater WM load, such that recognition of
timuli from the ‘remember both’ task took longer than either the
remember motion’ or ‘remember color’ tasks (each comparison
< 0.005). Moreover, a main effect for age indicated that older par-

icipants responded slower during all of the WM tasks (Fig. 3A;
(1,41) = 14.06, p < 0.001). No interaction between age and task was
bserved.

For WM accuracy, a 2 × 3 repeated measures ANOVA was con-
ucted with age (younger, older) and task (remember motion,
emember color, remember both) as factors. No significant
ain effects were observed (age: F(1,41) = 0.34, p > 0.05; task:

(2,82) = 1.94, p > 0.05), however, an age by task interaction
F(2,82) = 8.54, p < 0.001) revealed enhanced accuracy in younger
articipants during the ‘color’ task compared to their performance
n the ‘motion’ and ‘both’ tasks (each comparison p < 0.01). Older
articipants displayed higher WM accuracy during the ‘motion’
ask compared to their performance on the ‘color’ and ‘both’
asks (each comparison p < 0.01). Moreover, across-group analysis
evealed that younger participants were more accurate than older

articipants on the ‘color’ task (Fig. 3B; p < 0.05), with no signifi-
ant age-related difference on either the ‘motion’ or ‘both’ tasks.
n summary, older adults displayed a lower WM accuracy to color
timuli and a slowed RT during all tasks even when motoric and
erceptual differences were taken into account.
3.2. Neural measures to cue stimuli

To address if changes in WM performance are associated
with neural processing delays and/or neural response magnitude
changes, analyses focused on the following ERP amplitude and
latency measures, as well as spectral measures, for the cue stim-
uli. Analysis of the P300 component was not included in this study,
as it was not consistently identified, presumably because the P300
is typically evoked by infrequent target stimuli embedded within
many non-targets.

3.2.1. P1 modulation
P1 latency measures to cue stimuli were subjected to sepa-

rate analysis of variance (ANOVA) for motion and color stimuli
with factors of age (younger, older), task (attend, ignore, pas-
sive view, remember both) and electrode (eight from lateral
posterior/occipital areas). The P1 latency to motion stimuli dis-
played a main effect of electrode (F(7,287) = 4.99, p < 0.005),
such that P6, P8, PO7 and PO8 peaked earlier than the other
electrodes (p < 0.05 for each post hoc comparison). No task or
age, main effects or interactions were observed for the motion
P1 latency. The P1 latency to color stimuli showed a sub-
tle but significant main effect of task (F(3,123) = 3.18, p < 0.05),
such that attended and passively viewed stimuli peaked ear-

lier than ignored stimuli or color stimuli in the remember both
task (attend = 97 ms, s.e.m. = 5 ms; ignore = 99 ms, s.e.m. = 5 ms;
both = 99 ms, s.e.m. = 5 ms; passive = 97 ms, s.e.m. = 5 ms; p < 0.05
for each significant difference described). No other color P1 latency
main effects or interactions were observed.
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ig. 5. Significant attentional and aging effects for the P1 and N1. (A) Amplitude of
he color N1 latency is delayed in older adults when collapsed across tasks. (C) Am

The P1 amplitudes were submitted to the same ANOVAs
erformed for the latency analysis. The P1 amplitude to motion
timuli displayed a main effect for electrode (F(7,287) = 17.83,
< 0.001) and post hoc analysis indicated a larger response in the
ight hemisphere. A main effect of task was also observed for the
otion P1 amplitude (F(3,123) = 17.42, p < 0.001; attend = 3.70 mV,

.e.m. = 0.20 mV, ignore = 3.35 mV, s.e.m. = 0.18 mV, pas-
ive = 3.13 mV, s.e.m. = 0.17 mV, both = 3.76 mV, s.e.m. = 0.20 mV).
ost hoc analysis showed amplitude attentional enhancement

ig. 6. Main effects for the SN delay. (A) Topographies depicting difference waves (attend
ignificant attentional modulation from paired t-tests at each time-point and was conduc
ime during the ‘color’ and (C) ‘motion’ tasks.
to motion stimuli elicits attentional enhancement when collapsed across age. (B)
e at the color N1 is enhanced by attending and (D) is smaller in older participants.

for the ‘attend’ and ‘both’ tasks relative to passively viewed and
ignored stimuli (p < 0.001, all four comparisons). Moreover, ignored
stimuli displayed greater amplitude relative to passively viewed
stimuli (p < 0.05). No age effect or interactions were observed

for the motion P1 amplitude. The P1 amplitude to color stimuli
displayed main effects for electrode (F(7,287) = 16.83, p < 0.001)
and task (F(3,123) = 9.76, p < 0.001; attend = 2.8 mV, s.e.m. = 0.1 mV;
ignore = 2.9 mV, s.e.m. = 0.1 mV; both = 2.9 mV, s.e.m. = 0.1 mV;
passive = 2.4 mV, s.e.m. = 0.1 mV) and an age by task interaction

-ignore) show a delay in the N1 as well as the SN in older adults. Color represents
ted for display purposes only. (B) Correlation between the SN latency and response



sycho

(
v
t
i
P

o
P
N
t
m

3

s
u
t
(
h
p
l
(
w

e
(
i
s
z
t
d
(
i
s
(
s
N
a
t

t
d
a
i
(
b
a
i
t
t
i

3

o
b
t
n
w

t
p
c
l
F
t

T.P. Zanto et al. / Neurop

F(3,123) = 3.26, p < 0.05). Post hoc analysis identified the passive
iew P1 to color was smaller than all other tasks (p < 0.005 for all
hree comparisons), largest at PO8 (p < 0.01 for all seven compar-
sons) and the age by task interaction was driven by a diminished
1 in older participants during the passive view task (p < 0.01).

In summary, the P1 data revealed overall attentional modulation
f the P1 latency for color (earlier for attend than ignore) and the
1 amplitude for motion (Fig. 4B; greater for attend than ignore).
o main effects of age were observed for motion or color stimuli at

he P1, indicating that in this study the earliest stage of attentional
odulation of stimulus features are not affected by age.

.2.2. N1 modulation
N1 latency and amplitude measures were subjected to the

ame ANOVAs as the P1 analysis. For N1 latency to motion stim-
li, no significant effects or interactions were observed. However,
he N1 latency to color stimuli yielded main effects for electrode
F(7,287) = 8.25, p < 0.001) and age (F(1,41) = 12.49, p < 0.005). Post
oc analysis revealed the N1 to peak first at PO8 (p < 0.05 com-
ared to P7, P8, P9, P10) and that older participants displayed a

onger N1 latency when collapsed across conditions and electrodes
Fig. 4A (vertical arrows) and 5A). No task main effect or interactions
ere observed for the color N1 latency.

The N1 amplitude to motion stimuli displayed main
ffects for electrode (F(7,287) = 6.50, p < 0.001) and age
Figs. 4B and 5B; F(1,41) = 7.17, p < 0.05), such that the amplitude
s greater (more negative) in younger adults (young = −3.3 mV,
.e.m. = −0.1 mV; older = −1.8 mV, s.e.m. = −0.1 mV: Fig. 4B (hori-
ontal arrows) and 5B) and is largest at PO7 (p < 0.05 compared
o P5, P6, P7, P8). The N1 amplitude to color stimuli pro-
uced main effects for electrode (F(7,287) = 6.81, p < 0.001), task
F(3,123) = 6.34, p < 0.001; attend = −2.62 mV, s.e.m. = 0.14 mV,
gnore = −2.21 mV, s.e.m. = 0.12 mV, passive = −2.12 mV,
.e.m. = 0.11 mV, both = −2.31 mV, s.e.m. = 0.12 mV) and age
Figs. 4A (horizontal arrows) and 5A; F(1,41) = 5.18, p < 0.05)
uch that younger participants yield larger (i.e., more negative)
1 amplitudes. Post hoc analysis showed enhancement of the
ttended stimuli to be larger than all other tasks (p < 0.05 for all
hree comparisons).

In summary, main effects of age were observed for the N1 ampli-
ude to both color and motion stimuli, such that the amplitude
ecreases with age (Figs. 4 (horizontal arrows); 5A and B). Addition-
lly, color-selective changes at the N1 by attention were observed
n both age groups and the N1 latency was delayed in older adults
Figs. 4A (vertical arrows); 5A; 6A). Due to the absence of an age
y task interaction at the N1, an age-related decline in the N1
mplitude is observed regardless whether the color is attended,
gnored or passively viewed. This indicates that the N1 may par-
ially reflect a lower-level, feature selective processing stage and
hat this feature selection process is slowed in older adults specif-
cally for colored stimuli.

.2.3. Attentional modulation: difference waves
To explore other age-related changes in attentional influences

n stimulus representation during WM encoding, the difference
etween attended and ignored stimuli were compared by submit-
ing amplitude and latency measures obtained from the selection
egativity (SN), to separate ANOVAs for color and motion stimuli,
ith electrode and age as factors.

The SN latency to color stimuli elicited main effects for elec-
rode (F(7,287) = 3.89, p < 0.005) and age (Fig. 5C; F(1,41) = 69.32,

< 0.001), such that the color SN peaked earliest at PO7 (p < 0.05
ompared to P5–P10) and was delayed in older adults. The SN
atency to motion also displayed a main effect for age (Fig. 5C;
(1,41) = 56.64, p < 0.001), replicating longer latencies in older par-
icipants.
logia 48 (2010) 13–25 19

The SN amplitude to color stimuli displayed main effects for
electrode (F(7,287) = 6.83, p < 0.001) and age (Fig. 5D; F(1,41) = 5.02,
p < 0.05), such that the amplitude was largest at P9 (p < 0.01 com-
pared to P5, P6, P8, P10) and smaller in older adults. Similarly, the
SN amplitude elicited by motion produced a main effect for age
(Fig. 5D; F(1,41) = 8.53, p < 0.01) and was smaller in older adults. The
SN amplitude and latency were replicated using another analysis
approach, 50% fractional area latency.

Given that both the N1 and the SN for color stimuli are smaller
and delayed in older adults, a regression analysis was conducted
between these two component amplitudes and latencies to deter-
mine whether early neural differences correlate with changes at
later stages of processing. Results indicated that there was no rela-
tionship between the N1 and the SN amplitude or latency (p > 0.05,
both comparisons), suggesting that the N1 and the SN reflect dis-
tinct neural processing stages that can be differentially affected by
age.

To assess whether the SN reflects attentional selection or WM
encoding/maintenance, the amplitude of the SN was compared
between the first and second encoded stimulus. Paired t-tests
were conducted separately for each age group and for each task
(motion and color). Uncorrected for multiple comparisons, no
WM load effects were observed (p > 0.05, all comparisons). Thus,
the SN most likely principally represents the selection of tar-
gets, as opposed to WM encoding-related activity, which has
been shown to be influenced by the number of items in WM
(Vogel & Machizawa, 2004). However, this finding does not defini-
tively exclude the possibility that early WM encoding processes
are involved, as attention and memory encoding are intimately
related.

These results show that attentional modulation to motion and
color stimuli as evaluated by the SN was reduced in magnitude
and occurred later in older adults (for example, see Fig. 6A). The
similarities at the SN for motion and color processing suggest gen-
eralized age-related differences at this later stage of selective WM
encoding.

3.2.4. Spectral analysis
Paired t-tests were conducted within each age group between

the attended and ignored stimuli at every posterior electrode to
identify space-time-frequency measures of attentional modula-
tion. Within-group contrasts displayed attentional modulation
focused in the alpha band (8–12 Hz) for both motion and color
stimuli (p < 0.05, FDR corrected) in posterior-occipital electrodes,
including the electrodes of interest from the ERP analyses, although
the effect was more pronounced centrally. Other frequency bands
did not display significant modulation and were excluded from
further analysis. To identify the time-course of attentional modu-
lation in the alpha band, data were averaged over frequencies from
8 to 12 Hz and eight medial posterior-occipital electrodes (POZ,
PO3/4, PO7/8, OZ, O1/2) for each task and stimulus type. t-Tests
were conducted at each time-point with an FDR correction. Both
age groups displayed an early positive alpha burst at stimulus
onset followed by a decrease in alpha activity below the pre-
stimulus baseline (Fig. 7). Additionally, the relationship between
the ‘attend’ and ‘ignore’ stimuli shifted, such that for motion and
color stimuli in both age groups, the attended stimuli were more
positive in the first half of the time-course and more negative in
the second half (p < 0.05 FDR corrected, at each shaded time-point
from Fig. 7). Observation of the modulation time-course shows the
latency at which alpha power flips between ‘attend’ and ‘ignore’

is delayed in older participants. To confirm this observation,
unpaired t-tests were conducted on the latency by picking the first
time-point where attended alpha equals ignored alpha in a window
300–700 ms post-stimulus onset. Results confirm an age-related
delay in the alpha-band attentional modulation for both motion
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ig. 7. Average alpha (8–12 Hz) activity. Gray shaded areas indicate a significant
ttention-related drop in alpha activity from the young participants (C and D) that

nd color stimuli (motion: younger = 388 ms, s.e.m. = 13 ms;
lder = 466 ms, s.e.m. = 20 ms; color: younger = 387 ms,
.e.m. = 15 ms; older = 461 ms, s.e.m. = 27 ms; both comparisons
< 0.05).

In summary, alpha activity between 8 and 12 Hz was shown to
e modulated by attention in younger and older adults such that
ttention to relevant stimuli synchronizes alpha activity at early
tages of processing followed by alpha desynchronization at later
tages. However, the point where attended stimuli became more
esynchronized than ignored stimuli was delayed in older adults.
he delay in attentional evolution of the alpha band time-course
rovides more evidence for slowed attentional modulation in aging
or motion and color feature processing.

.3. Neural measures to probe stimuli

The N1 to cue stimuli was the earliest ERP component to exhibit
n aging effect, such that the amplitude was attenuated in older
dults. Additionally, the N1 latency was delayed in older adults
electively for color stimuli. To identify whether these age-related
hanges were due to encoding-specific changes or were the result
f a more generalized delay in feature processing, the N1 to motion
nd color stimuli were compared between the encoding and probe
tages, using a repeated measures ANOVA with electrode, age and
tage (cue or probe) as factors.

The N1 latency for motion probe stimuli displayed no
ain effects or interactions. However, the N1 latency to color
timuli elicited a main effect for age (F(1,41) = 8.16, p < 0.01;
ounger = 165 ms, s.e.m. = 9 ms; older = 174 ms, s.e.m. = 9 ms) and
n age by stage interaction (F(1,41) = 7.89, p < 0.01). Post hoc anal-
sis of the interaction reveals that the N1 latency was earlier for
oung adults to cue stimuli (161 ms, s.e.m. = 12 ms) compared to
nce between the two waveforms. (A and B) Motion and color stimuli display an
yed in older adults.

older adults response to cue stimuli (as reported above; 177 ms,
s.e.m. = 14 ms). However, no age-difference was observed at probe
(younger = 170 ms, s.e.m. = 13 ms; older = 171 ms, s.e.m. = 13 ms;
p > 0.05). Thus, age-related neural slowing is observed only during
cue stimuli, indicating that the N1 delay in aging to color stimuli is
likely due to an encoding difference and not solely due to a change
in feature selection.

The analysis of the N1 amplitude to motion stimuli yielded
main effects for electrode (F(7,287) = 8.12, p < 0.001), age group
(F(1,41) = 7.66, p < 0.01) and stage (F(1,41) = 7.79, p < 0.01) indicat-
ing that peak amplitude was left lateralized, larger in young adults
and more negative during cue stimuli compared to the probe. Addi-
tionally, a two-way interaction was observed for electrode by stage
(F(7,287) = 20.28, p < 0.001), as well as a three-way interaction for
electrode by stage by age (F(7,287) = 3.24, p < 0.05). Post hoc analy-
sis revealed that the N1 amplitude to cue stimuli was more negative
than the probe at PO7, whereas the probe was more negative than
the cue at P7. Additionally, activity at both P7 and PO7 were larger
in young adults (p < 0.05 for all comparisons). The N1 amplitude to
color stimuli also yields main effects for electrode (F(7,287) = 8.36,
p < 0.001), age (F(1,41) = 5.41, p < 0.05) and stage (F(1,41) = 11.31,
p < 0.005). Similar to motion stimuli, the N1 amplitude main effects
to color stimuli indicate that peak amplitude is left lateralized,
larger in young adults and more negative to cue than probe stimuli.
An electrode by type interaction (F(7,287) = 26.88, p < 0.001) reveals
that the N1 amplitude to cue stimuli was more negative than the
probe at PO7, whereas the probe was more negative than the cue

at P7 (p < 0.05 for all comparisons).

In summary, young adults elicit a larger N1 response to cue
and probe stimuli than older adults. Interestingly, different time-
courses between cue and probe stimuli were observed as well as a
differential locus of activity between the topographies, which indi-
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ate that distinct neural processes are occurring at the N1 during the
ue and probe. This supports the interpretation that the age-related
elay in the N1 latency for color cue stimuli may be attributed to
ncoding specific factors.

.4. Neural-behavioral correlations

To better elucidate the role attentional modulation may play in
ubsequent WM performance and age-related changes, amplitudes
nd latencies to the cue stimuli P1, N1 and SN that displayed main
ffects of task or age were subjected to linear regression analysis
ith WM accuracy and RT (corrected by passive view RT) across all
articipants. An FDR correction was applied for multiple compar-

sons.
The P1 and N1 measures did not correlate with either accuracy

r RT and the SN did not display a relationship to WM accuracy.
owever, the latency of the SN during encoding predicted subse-
uent WM RT for both color (Fig. 6B; amplitude: r = 0.33, p < 0.05,
pearman–Brown coefficient = 0.50; latency: r = 0.49, p < 0.001,
pearman–Brown coefficient = 0.66) and motion stimuli (Fig. 6C;
mplitude: r = 0.38, p < 0.05, Spearman–Brown coefficient = 0.55;
atency: r = 0.43, p < 0.005, Spearman–Brown coefficient = 0.61),
uch that a decrease in latency (earlier SN) predicted faster RTs
t the recognition stage.

Given the observed correlations between the SN and RT, the
ounger and older adult groups were split in half by their RT and
npaired t-tests were conducted to determine whether the fastest
esponding older adults elicit similar neural activity at the SN com-
ared to the slower responding younger adults. Indeed, the SN
mplitude and latency for both color and motion stimuli was simi-
ar between the high-performing older adults and low-performing
ounger adults (p > 0.05, all comparisons).

Thus, early ERP measures (P1/N1) did not correlate with WM
erformance, whereas later stages of attentional modulation (SN)
id predict WM response time for color and motion stimuli. While

t is recognized that some variance is unaccounted for by the
egression, this finding suggests that later stages of attentional
odulation declines with age and contributes to changes in WM

erformance.

. Discussion

Age-related differences in WM recognition performance and
eural measures of WM encoding for lower-level stimulus features
motion direction and color) exist even after correction for indi-
idual differences in visual acuity, perceptual discrimination, and
otor response speed. During the encoding of both motion and

olor information there was a diminished N1 and SN amplitude,
elayed SN latency and alpha band modulation in older partic-

pants. Importantly, the SN amplitude and latency predicted the
T during subsequent WM recognition. Color-specific differences
ere also present, such that older adults were less accurate in WM

ecognition and exhibited a delay in the N1 latency, a measure that
as an early ERP marker of attentional modulation.

.1. Perceptual discrimination

In this study, to rigorously evaluate the neural changes that
pecifically underlie WM performance impairments with aging,
e minimized alternative influences by equilibrating for individual
ifferences in visual acuity and perceptual discriminability. Adjust-

ents were made in the stimulus presentation parameters used

n the WM task to account for the older participant’s decreased
erceptual sensitivity to motion and color stimuli, as has been
bserved in previous reports (e.g. Ball & Sekuler, 1986; Knoblauch,
ital-Durand, & Barbur, 2001). It should also be noted that the
logia 48 (2010) 13–25 21

thresholding procedure included a minor WM component, since
the stimuli were separated by a two-second delay (necessary to
obtain stimulus parameters in which the main WM task is not too
difficult). Thus, any age-related differences in WM performance
observed during the main experimental tasks were sufficiently
large enough to overcome this equilibration procedure, strength-
ening our conclusions. Additionally, we corrected for differences
in overall motor response speed by indexing all WM RT measures
with the RT measures obtained in the passive view task (simple
detection task of the direction of an arrow). Therefore, any observed
age-related performance differences on the main WM task were
due to alterations in aspects of attention and WM processes, and
not secondary to differences in sensory abilities or motor speed.

Nonetheless, the adjustments made in the current experiment
to equate sensory abilities do not exclude the possibility that age-
related changes exist at basic visual processing stages. All visual
information is derived from color and luminance contrast (Faubert,
2002). Therefore, color and luminance defined motion are consid-
ered first-order visual processes and begin cortical analyses in layer
4C of V1, the striate cortex (Merigan & Maunsell, 1993). As monkeys
age, V1 synapses and myelinated fibers degrade (Peters, 2002a,b),
which is thought to increase the latency of information transfer in
V1 neurons (Wang, Zhou, Ma, & Leventhal, 2005). This may provide
a physiological basis for delays observed in early ERPs to color and
luminance contrast (Fiorentini, Porciatti, Morrone, & Burr, 1996),
faces (Gazzaley et al., 2008) and shapes (Curran et al., 2001), thereby
lending credence to the idea that processing speed deficits begin at
early stages of vision. The current data shows decreased N1 ampli-
tude in older adults for motion and colored stimuli and delayed
latency for colored stimuli, regardless of whether the stimuli were
attended, ignored or passively viewed. While this provides some
evidence that basic visual processing stages may change with age,
the P1 was modulated by attention and did not display any age-
related differences. Thus, the earliest stage of visual processing
explored here was not affected by age.

4.2. Working memory

In general, it has been documented that performance variability
increases with age, such that not all older adults display deficits in
WM accuracy or RT, and some perform as well, if not better, than
younger adults (Christensen et al., 1999; Morse, 1993). It has been
proposed that once perceptual differences and generalized slow-
ing in baseline measures (as was seen in the passive view RT) are
accounted for, no additional age-related differences in WM per-
formance or selective attention exist (Faubert, 2002; Verhaeghen
& Cerella, 2002). However, both aforementioned studies find age-
related WM differences do occur with increased stimulus or task
complexity. The current study equilibrated for visual, perceptual
and motor differences, and still observed that older participants
displayed slower recognition RTs than younger adults on both color
and motion WM tasks, as well as decreased recognition accuracy
on the color task. It should be considered if older adults performed
more slowly in order to boost their accuracy (speed-accuracy trade-
off), particularly on the remember motion task where accuracy was
not impaired. Although this might have been a factor, response
times of the older adults did not differ between the motion and
color tasks, while WM accuracy declined only for the color task. If
older adults were using a speed-accuracy tradeoff strategy in this
study, we would expect different response times between the tasks,
such that response time would be longer on the color task in an

attempt to maintain accuracy. Given that RT is a sensitive indicator
of WM performance, this finding provides evidence for age-related
WM performance impairment for low-level visual features.

The age-related differences in early visual ERPs were limited
to main effects and not changes in attentional modulation. The
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elayed N1 processing in older adults for color stimuli may help
xplain the selective deficit in the WM accuracy for color with age.
owever, this supposition remains tentative because no direct cor-

elation was observed between the N1 latency and WM accuracy.
onetheless, previous research may support the possibility. The
1 and N1 have been suggested to act as a sensory gain mechanism
hat enhances perceptual sensitivity to encode elementary features
f incoming stimuli (Hillyard, Mangun, Woldorff, & Luck, 1995).
oreover, the N1 has been dissociated from the P1s role in sensory

election as an orienting of attention to a task-relevant stimulus
Luck, Heinze, Mangun, & Hillyard, 1990). The current results show
hat the N1 amplitude to color stimuli is modulated by attention
qually in both age groups, whereas the latency is delayed in older
dults regardless of whether the color is attended, ignored or pas-
ively viewed. This would indicate that the N1 plays a role in feature
election. However, the N1 latency was not delayed at the probe in
lder adults, indicating that encoding color into WM contributed to
he delay observed at the N1. Taken together, these results suggest
hat the N1 to color stimuli most likely reflects the intersection
etween feature selection and WM encoding. Because attention
nd memory are so intertwined, early stages of WM encoding may
e inseparable from feature selection.

The N1 latency delay at this early stage of visual processing is
he only age-related neural change that we identified that might
ccount for the information loss that resulted in the color-specific
ecline in recognition accuracy with age. This interpretation that
he N1 latency delay is related to changes in WM accuracy is in
ontrast to the conclusions of a spatial selective attention study
n which physiological slowing was not linked to information loss
Curran et al., 2001). Curran et al. (2001) utilized Posner’s spatial
ueing paradigm to show that older adults display delayed P1 and
1 latencies to target stimuli, but no age-related reduction in stim-
lus detection accuracy was observed. The discrepant results may
e due to different selective attention mechanisms for allocating
ttention in space versus features (Treisman & Gormican, 1988) or
ven time (Griffin, Miniussi, & Nobre, 2002). Additionally, stimu-
us or task complexity/demands may not have been great enough
o observe age-related performance differences in the Curran et al.
tudy, as accuracy for both age groups were at ceiling.

ERPs time-locked to both motion and color probe stimuli
howed no age-related neural slowing of the N1 latency. This
nding, coupled with a comparison of the N1 between the encod-

ng and recognition stages that revealed differential time-courses
nd topographies, suggests that the color-specific neural delay
bserved at the N1 in older adults to cue stimuli was more likely
ue to changes in stimulus encoding than the result of age-related
hanges in feature processing. This interpretation is consistent with
ndings from a recent study that revealed encoding deficiencies in
ging were more critical than differences at the retrieval stage in
nderstanding the causes of episodic memory decline (Friedman,
essler, & Johnson, 2007).

Given the difference in age-related performance between the
olor and motion tasks (accuracy decline only for color), it may be
ypothesized that feature-specific deficits occur at lower-levels of
isual WM encoding. This idea may be strengthened by virtue of
he separate networks identified for color and motion processing
for reviews, see Born & Bradley, 2005; Merigan & Maunsell, 1993).
n his review on the neural basis of visual deficits during aging,
pear (1993) suggests some psychophysical deficits may be due to
pecific changes in the magnocellular or parvocellular pathways.
ndeed, for motion processing, recent research has begun to show

pecialized neuronal networks differ in their vulnerability to phys-
ological changes during aging (Billino, Bremmer, & Gegenfurtner,
008). Therefore, selective network deficits in WM encoding may
upplement general aging hypotheses to account for unaffected
ognitive domains.
logia 48 (2010) 13–25

4.3. Attentional modulation

Another explanation for the age-related WM performance
deficits may lie in a difference in allocation of attention to relevant
and irrelevant information (i.e., the presence of distractors in the
‘color’ and ‘motion’ tasks), as others have suggested (Gazzaley et
al., 2008; Gazzaley, Cooney, Rissman, & D’Esposito, 2005; Hasher &
Zacks, 1988). Based on previous findings using the same paradigm
utilized in the current study, but with face and scene stim-
uli (Gazzaley et al., 2008; Gazzaley, Cooney, McEvoy, Knight, &
D’Esposito, 2005), we hypothesized that while both age groups
would display enhanced neural activity for early EEG measures to
relevant stimuli (color and motion), only the younger participants
would significantly suppress irrelevant stimuli relative to the pas-
sive baseline. Such a finding would reveal the generalization of an
age-related selective suppression deficit across stimuli of varying
complexity. However, the current analysis did not reveal significant
suppression of irrelevant stimuli below passive view for either age
group, and so unlike more complex stimuli, there were no mark-
ers to evaluate the presence or absence of a suppression deficit
in older adults for lower-level stimuli. We speculate that the lack
of suppression relative to passive view may be due to low-level
visual stimuli, such as colored and moving dots, eliciting a strong
enough bottom-up response to override top-down suppression sig-
nals. Alternatively, the lack of suppression in both age groups may
be due to a large bottom-up response during passive view that
results in an elevated baseline level of activity. This explanation
seems unlikely, as the passively viewed P1 amplitude to color and
motion stimuli were smaller than the P1 to ignored stimuli. A third
alternative may be that top-down suppression does not exist at this
stage of neural processing.

Despite the absence of significant suppression below pas-
sive view, significant levels of overall attentional modulation
(attend > ignore) were observed as early as 100 ms post-stimulus
onset for both age groups. The P1 amplitude to motion stimuli, the
N1 amplitude to color stimuli, and the P1 latency to color stimuli
were all modulated by attention in both age groups. None of these
early markers of attentional modulation significantly changed with
aging. Given that the P1 is often attributed to early sensory selection
(e.g. Heinze, Luck, Mangun, & Hillyard, 1990), it may be surmised
that the thresholding procedure successfully equated age groups
for perceptual processing differences at the P1 to motion and color
stimuli.

Following the N1 in time is the SN, a negative deflection in the
ERP difference waveform (attended minus ignored stimuli) with a
posterior scalp distribution that can last over 200 ms (Hillyard &
Anllo-Vento, 1998). The SN has been shown to reflect selection of
stimulus features such as color and motion direction (AnlloVento
& Hillyard, 1996; Schoenfeld et al., 2007). In the current study,
the magnitude and timing of this attentional modulation index
was reduced and delayed in older participants for both color and
motion stimuli. These findings replicate previous results report-
ing diminished and delayed posterior SN with aging, where the SN
was interpreted to reflect late strategic processes, such as updating
memory traces (Kenemans et al., 1995). Although the SN is defined
by attentional modulation, the current results appear to support the
view that selectively attending to a stimulus is intimately related
to encoding that information into WM (Zanto & Gazzaley, 2009).
Contrary to the current results, a speeded forced-choice RT task
showed that the SN was not delayed in aging and the amplitude was
enhanced in older adults (Talsma, Kok, & Ridderinkhof, 2006). This

finding was interpreted as reflecting compensatory mechanisms
in aging because no RT differences were observed between the age
groups. Taken together, we conclude that the simple RT task did not
tax cognitive resources, unlike the task used in the current study.
The age-related delay in the SN is related to a slowing of selec-
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ive WM encoding in older adults, and serves as a neural correlate
or the processing speed hypothesis of cognitive aging (Salthouse,
996).

Alpha band (8–12 Hz) activity also displayed attentional modu-
ation in both age groups, but the latency of the transition point that
efines when in the time-course alpha becomes desynchronized for
ttended relative to ignored stimuli is delayed with aging. Increased
nd decreased alpha activity are thought to reflect inhibitory and
xcitatory brain processes, respectively (for review, see Klimesch,
auseng, & Hanslmayr, 2007). It has been suggested that alpha band
esynchronization may represent encoding stimuli into working
emory (Gomarus, Althaus, Wijers, & Minderaa, 2006; Stipacek,
rabner, Neuper, Fink, & Neubauer, 2003) and, less alpha desyn-
hronization has been related to impaired memory performance
n older adults with mild cognitive impairment (van der Hiele et
l., 2007). Moreover, greater alpha desynchronization has been
inked to enhanced memory performance (Doppelmayr, Klimesch,
odlmoser, Sauseng, & Gruber, 2005; Klimesch, Doppelmayr,
achinger, & Ripper, 1997). Therefore, the current results of an
ge-related delay in the relative timing of the onset of alpha desyn-
hronization is further evidence for delayed attentional modulation
uring WM encoding in normal aging.

Although the P300 has been attributed to attention and memory
rocesses and that it is delayed in older adults (for reviews, see Kok,
000; Kugler et al., 1993; Polich, 1996), the current experimental
aradigm did not elicit a reliable P300 component in younger or
lder adults. This may be due to the fact that the P300 is typically
licited by oddball or go/no-go paradigms, which require stimulus
etection and involves minimal WM processes. Given the current
esults, selective attention to visual features in the context of a
hallenging WM paradigm may not elicit a reliable P300 response.

.4. Attention changes and WM impairment

Neuroimaging studies have suggested that compensatory neu-
al mechanisms may be responsible for retaining high performance
evels in a subset of older adults (Cabeza, 2002; Reuter-Lorenz
t al., 2000), which may reflect maintained cognitive efficiency
Rypma, Berger, & D’Esposito, 2002). Recent functional magnetic
esonance imaging (fMRI) data has provided insight into why some
lder adults may not exhibit age-related differences (Gazzaley,
ooney, & Rissman et al., 2005). It was shown that the magnitude
f neural suppression to irrelevant stimuli in older adults predicted
ubsequent WM performance. Older adults who experienced a sup-
ression deficit also displayed decreased WM accuracy and longer
esponse times, whereas those who did not show a suppression
eficit performed as well as younger participants. Although the cur-
ent study did not yield neural markers to compare suppression,
he correlation of the SN (an attentional index) with subsequent

M performance shows that older participants whose process-
ng speed (i.e., latency of the SN) was comparable to that of young
dults, elicited comparable recognition RTs. This result underscores
he heterogeneity found within each age group and that cognitive
ecline affects some older adults more than others—if at all.

It is possible that the observed WM impairment and changes
n attentional modulation in older adults may reflect aspects of

general age-related decline in context processing (Braver et al.,
001). Here, the term context refers to an internal representation
f goals that biases processing in task-related neural pathways.
ontext representations are hypothesized to influence multiple
tages of processing, including early stages such as interpretive or

ttentional processes, including inhibition, as well as later stages
f WM maintenance and updating of contextual information. An
ge-related decline in context processing has been linked to dis-
urbance in prefrontal function (Braver & Barch, 2002; West &
chwarb, 2006). Moreover, attentional modulation during visual
logia 48 (2010) 13–25 23

feature selection as reflected by the selection negativity has been
shown to be influenced by prefrontal damage (Yago, Duarte, Wong,
Barcelo, & Knight, 2004). Given the prevalence of white matter
lesions in older adults and their relationship to slowed processing
speed (Rabbitt et al., 2007a,b), a decline in attentional modulation
and the delayed latency at the SN may be due to deficits in long-
range prefrontal modulation of visual processing, which in turn
contributes to decreased WM performance.

5. Conclusion

Using psychophysiological techniques in humans, we revealed
age-related neural differences that directly support the processing
speed hypothesis of cognitive aging and offers neural correlates
of reported behavioral changes. These new findings extend pre-
vious research by showing that neural delays early in the visual
processing system can be attributed to delayed WM encoding in
response to first-order visual features. The first neural delay in
aging was observed at the N1 only to color stimuli, suggesting
a feature-specific decline in WM encoding. As this was the only
stimulus-specific neural change observed in aging, the N1 latency
delay may reflect the loss of information that results in a WM accu-
racy decline for color stimuli in older adults. The N1 delay was
followed by a delay in attentional measures of selective encod-
ing, the SN, for both types of stimuli. This provides evidence for
a more generalized age-related change in attentional modulation
and further highlights the interaction of selective attention and WM
encoding. Furthermore, the SN was predictive of recognition RT,
which serves as a direct link between encoding processing speed,
attentional modulation and WM performance. Later in the time-
course, after the SN, alpha activity desynchronization (relationship
between attended and ignored stimuli) was delayed in older partic-
ipants for both motion and color stimuli, further suggesting a delay
in the selective encoding of features into working memory.

Cognitive decline was evident in older adults as indexed by
slower RT on WM tasks and a decreased accuracy during color WM
recognition. These results were found even after equating for per-
ceptual differences via thresholding and correcting RTs for motoric
slowing and basic visual processing. Neural data suggests older
adults may exhibit early stimulus-specific declines as well as later
more general deficits in the selective encoding of relevant features.
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