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COGNITIVE TRAINING

Abstract
Objective: Age-related deficits in selective attention are hypothesized to result from decrements
in inhibition of task-irrelevant information. Speed of processing (SOP) training is an adaptive
cognitive intervention designed to enhance processing speed for attention tasks. The
effectiveness of SOP training to improve cognitive and everyday functional performance is well
documented. However, underlying mechanisms of these training benefits are unknown.
Methods: Participants completed a visual search task evaluated using event-related potentials
(ERPs) before and after 10 weeks of SOP training or no contact. N2pc and P3b components were
evaluated to determine SOP training effects on attentional resource allocation and capacity.
Results: Selective attention to a target was enhanced after SOP training compared to no training.
N2pc and P3b amplitudes increased after training, reflecting attentional allocation and capacity
enhancement, consistent with previous studies demonstrating behavioral improvements in
selective attention following SOP training.
Conclusions: Changes in ERPs related to attention allocation and capacity following SOP
training support the idea that training leads to cognitive enhancement. Specifically, we provide
electrophysiological evidence that SOP training may be successful in counteracting age-related
declines in selective attention.
Significance: This study provides important evidence of the underlying mechanisms by which
SOP training improves cognitive function in older adults.

Abstract words: 200
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Highlights
•

The amplitudes of the P3b and N2pc components increased for older adults after
behavioral speed of processing (SOP) training.

•

This may be associated with enhancement of allocation and capacity of selective attention
due to cognitive training.

•

The results can be further useful in determining the underlying mechanisms of cognitive
training gains and transfer.
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1. Introduction

A number of cognitive declines across multiple domains occur with advancing age that
negatively affect everyday functioning (e.g., Craik et al., 2000). Selective attention has been
shown to be particularly susceptible to age-related declines. Hasher and Zacks (1988) proposed
that age-related decreases in selective attention efficiency are due to difficulties in inhibition. As
an example, older adults have difficulty suppressing and filtering out task-irrelevant information
during the encoding of relevant information into working memory (WM), which can then
overload limited WM capacity and decrease ability to retain and manipulate what is relevant.
Thus, age-related attentional changes are particularly evident in tasks requiring the suppression
of task-irrelevant information (Gazzaley et al., 2005).
Encouragingly, the adult brain appears to have great plasticity, i.e. physical and functional
change that results in increased ability to acquire cognitive skills (Jones et al., 2006). There is
much evidence that age-related declines in cognitive processes can be reduced or reversed
through various forms of cognitive training (for reviews, see Kramer et al., 2002; Lövdén et al.,
2010; Lustig et al., 2009). Training-induced plasticity in cognitive function has been
demonstrated by using a variety of training methods, including strategy-based training of specific
cognitive abilities (i.e., mnemonics for memory or pattern-recognition for reasoning, Ball et al.,
2002), and multimodal training of various executive functions (e.g., video game training, Basak
et al., 2008). However, transfer of such techniques to untrained tasks or everyday functional
abilities has been limited (Lustig et al., 2009).
The focus of the present study is the process-specific approach, a training method for
cognitive plasticity that aims to train a processing system at large (usually through perceptual
practice) instead of narrowly focusing on implementing strategies to improve performance on a
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specific task (e.g., mnemonics for memory). Process specific training techniques have resulted
in improved selective attention among older adults. For example, Wilkinson and Yang (2011)
trained older adults in a Stroop task wherein they had to suppress task-irrelevant stimuli features
that were either congruent, incongruent, or unrelated to the task. Interference reaction times
(RTs; difference in RT between incongruent and unrelated trials) were shown to significantly
decrease across six training sessions, reflecting improved inhibition to distracting information.
Because of evidence for transfer of training, the process approach to plasticity training is
particularly promising for reversing age-related cognitive and everyday functional decline
(Karbach et al., 2010; Lustig et al., 2009).
It is hypothesized (Jonides, 2004) that process-based training targets a certain neural circuit
which leads to transfer to other tasks that engage the same or overlapping neural circuit(s),
regardless of whether the other tasks were specifically trained. Accordingly, training studies
using the process-specific approach have found transfer to untrained tasks (e.g., Berry et al.,
2010; Buschkuehl et al., 2008; Dahlin et al., 2008; Edwards et al., 2002; Karbach et al., 2009);
whereas other cognitive training approaches do not demonstrate such transfer (Lustig et al.,
2009). For further details on how process-based training differs from other approaches, please
see Wolinisky et al. (2010) and Lustig et al. (2009).
Speed of processing (SOP) training is one process-based cognitive training method that has
shown improved cognitive function (Ball et al., 2007; Vance et al., 2007) as well as far transfer
to untrained everyday functional abilities (Ball et al., 2010; Edwards et al., 2009a; Edwards et
al., 2009b; Edwards et al., 2002; Edwards et al., 2005b; Wolinsky et al., 2009a; Wolinsky et al.,
2009d). SOP training is a computerized, adaptive, cognitive training program aimed at enhancing
perceptual processing of visual stimuli in visual attention tasks. SOP training primarily involves
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practice of perceptual processing with exercise difficulty adapted to the individual user. Several
clinical trials have shown that SOP training results in improved speed of processing for visual
attention tasks, as measured by performance on the Useful Field of View (UFOV) test (d=0.632.50) and enhanced allocation of attention as indicated by the Starry Night test (d=0.26) (Ball et
al., 2007; Vance et al., 2007). UFOV, the primary outcome measure of SOP training, assesses
processing speed across four increasingly difficult visual attention tasks (1-visual target
identification alone, 2- visual target identification with peripheral target localization, 3- visual
target identification with peripheral target localization among distractors, and 4-central target
discrimination with peripheral target localization among distractors). Details regarding this wellvalidated and reliable test can be found elsewhere (Edwards et al., 2006; Edwards et al., 2005a).
SOP training has also transferred to untrained tasks relevant to older adults’ everyday lives.
For example, SOP training results in more accurate and efficient everyday functional
performance as measured by the Timed Instrumental Activities of Daily Living Test (d=0.32,
Edwards et al., 2002; Edwards et al., 2005b). SOP training has also resulted in enhanced on-road
driving safety (d=0.67), reduced at–fault crash risk (RR=0.49), and prolonged driving mobility
(d=0.17-0.23; OR=0.59) across three to five years (Ball et al., 2010; Edwards et al., 2009a;
Edwards et al., 2009b; Roenker et al., 2003). Other longitudinal benefits of SOP training for
older adults include maintained health-related quality of life (OR=0.63), and psychological
benefits with regard to depression (OR=0.62-0.70) and self-efficacy (OR=1.39) (Wolinsky et al.,
2009a; Wolinsky et al., 2010; Wolinsky et al., 2009b; Wolinsky et al., 2009c; Wolinsky et al.,
2006a; Wolinsky et al., 2006b; Wolinsky et al., 2009d; Wolinsky et al., 2009e). However, the
underlying neural mechanisms of these training benefits have not been explored.
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In the current study, we examined the effects of a new version of SOP training, Insight®
(Delahunt et al., 2008). This new version was adapted for self-administration by older adults in
several ways (for details see, Delahunt et al., 2008) including adding an appropriate userinterface and expanding the exercises to five tasks (see Method for details) with colorful stimuli
in a game-like environment. With the goal of exploring the underlying neural manifestations of
this efficacious cognitive intervention, we monitored older adults’ performance during a visual
search task before and after 20 hours of adaptive SOP training. We were specifically interested
in the effect of training on the N2pc and P3b components as measures of allocation and capacity
of selective attention.
The N2pc is thought to reflect the allocation of attention through visual space during visual
search (Hickey et al., 2009; Luck et al., 1997; Luck et al., 1994b; Mazza et al., 2009), wherein
attention must be oriented to a salient target among distractors and attentional processing of
target stimuli enhanced. The N2pc is a negative-going deflection in the ERP waveform elicited
when an attended stimulus is detected in the presence of an array of distractors. It is defined by a
more pronounced negative-going activation at posterior electrodes contralateral to the visual
hemifield to which the target is presented relative to negative-going activity seen at ipsilateral
sites; an effect that peaks in amplitude at approximately 180-300 ms. The N2pc has also been
shown to decrease in amplitude with age, reflecting age-related impairment of attentional
allocation (Lorenzo-López et al., 2008).
The P3b is thought to reflect the attentional capacity needed for categorization of a target
(Donchin, 1981; Kok, 2001; Pfefferbaum et al., 1984). It is a positive-going component that
peaks at approximately 300-600 ms following presentation of visual targets, maximally at central
and parietal electrode sites. The P3b component is sensitive to target probability, with
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unexpected or deviant stimuli eliciting a larger P3b than stimuli occurring with a high probability
(Donchin, 1981; Kok, 2001). A plethora of studies (e.g., Goodin et al., 1978; Pfefferbaum et al.,
1980; Pfefferbaum et al., 1984; Picton et al., 2000; Polich, 1996) have shown that P3b amplitude
decreases with age. This well-replicated finding is thought to be indicative of changes in frontal
lobe function with age, potentially reflecting a decline in attentional resources (Fabiani et al.,
1998; Lorenzo-López et al., 2007).
Recent studies using various types of plasticity-based cognitive training have begun to
elucidate the underlying mechanisms by which training can reverse age-related decline in
attention (Berry et al., 2010; Buschkuehl et al., 2012; Colcombe et al., 2004; Gazzaley et al.,
2005), but electrophysiological evidence for process-based cognitive training methods remains
limited. Specifically, it remains unclear how SOP training will impact the amplitudes of the P3b
and N2pc components of older adults. As the N2pc reflects the allocation of attentional resources
(Luck et al., 1994b) and P3b reflects processing capacity (Donchin, 1981; Kok, 2001), we
predicted that if SOP training is successful in counteracting age-related declines in selective
attention, we should see an increase in amplitude for both the P3b and N2pc following training.

2. Methods
2.1 Participants
Twenty-two experimentally naïve healthy older adult subjects (11 female, mean age = 71.9,
mean years of education = 15.8) participated in exchange for cognitive training. Participants
were recruited from a list compiled of older adults who contacted the lab in response to a
newspaper article or ad placed in local media. Research received prior approval from the
University of South Florida institutional review board. Informed consent was obtained.
2.2 Inclusion and Exclusion Criteria
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Participants were required to: be 65 years of age or over, have a Mini-Mental State
Examination (Folstein et al., 1975) score of 24 or greater (no severe cognitive impairment or
dementia), have no self-reported neurological disorders, have adequate vision (near visual acuity
of 20/50 or better, with correction), be a native English speaker, be available and willing to
commit to the time requirements of the study, not be concurrently enrolled in another cognitive
or training-related study, and not have previously completed a cognitive training program before
participating.
2.3 Group Assignment
Training-eligible participants were randomly assigned to a computer-based SOP training
group (n=11) or a no-contact control group (n=11). During recruitment, participants were
informed that they would be receiving cognitive training either immediately after baseline testing
or after a second testing session 10 weeks after their baseline session. Multivariate analysis of
variance revealed no significant differences between the groups in age, gender, or education,
Wilks’ Λ=.867, F(3,18)=.92, p=.451 (see Table 1).
2.4 Procedure
Participants completed a screening visit to determine eligibility for the study and a baseline
assessment EEG was recorded during performance of a visual search task (detailed below). Prior
clinical trials of SOP training (e.g., Ball et al., 2007; Edwards et al., 2002; Edwards et al., 2005b)
involved 10 hours of practice, with 60-75 minute training sessions conducted twice a week over
a 5-week period. Prior study (Delahunt et al., 2009) and our pilot testing indicated that the new
program required more time to allow users to navigate through the menus. Thus participants
were asked to complete 20 hours of training. After baseline assessment, participants in the
cognitive training group worked on computerized training exercises (detailed below) with the
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goal of completing a minimum of 16 training hours. Training sessions were 70 minutes in
duration, 2 days per week, for up to 10 weeks, based on prior study protocols for SOP training
(e.g., Ball et al., 2007; Edwards et al., 2002; Edwards et al., 2005b). Individuals were required to
take at least one 5-minute break, and were allowed to take additional breaks during the training
as necessary. Based on prior findings that the interval between sessions could vary without
affecting efficacy (Vance et al., 2007), participants could skip training days if necessary,
although frequent or extended missing of sessions was discouraged. Participants were supervised
by a trainer in a group computer lab setting. The trainer was present to ensure on-task
participation for the full session, as well as to clarify task instructions and handle any technical
difficulties if necessary. On average, participants completed 16.6 hours of training (Min=15.3,
Max=18.3, SD=0.9). Immediately following training, participants repeated the same visual
search task during EEG recording as was completed at baseline.
Participants in the no-contact control group completed a second testing session 10 weeks
following their baseline assessment, and were then invited to complete 10 weeks of training. We
chose a no-contact control because previous research of SOP training has revealed no differences
between no-contact and social- and computer-activity control conditions (Wadley et al., 2006) on
behavioral outcome measures.
2.4.1 Visual Search
The visual search paradigm is a very useful method of examining selective attention
processes (Luck et al., 1995). In this paradigm, a target stimulus is predefined and occasionally
embedded within an array of distractor stimuli and participants search for whether the target is
present (oddball stimuli) or absent (frequent stimulus) in each array. During the visual search
task, we recorded 64-channel electroencephalogram (EEG) from each participant to obtain event-
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related potential (ERP) measures of the time course and efficiency of selective attention
processing during search. It is important to examine ERP components when studying this type of
age-related cognitive decline, as they are sensitive to attentional task demands and provide the
excellent temporal resolution necessary to study processes that unfold on a scale of hundreds of
milliseconds.
In the visual search task, participants fixated in the center of the screen while detecting the
presence of a singleton target stimulus within a multi-element search array. Each array consisted
of 14 white car silhouettes on a black background, located within an imaginary rectangle 9.2° x
6.9°of visual angle around a fixation cross. Six cars always appeared in each visual hemifield,
and one car appeared above and below fixation (see Figure 1). Three types of arrays were
presented: 1) frequent, homogenous, target-absent arrays (all 14 cars identical in size, color,
orientation); 2) oddball, target-present arrays containing a singleton “pop-out” target defined by
a deviant orientation; and 3) distractor arrays, identical to the frequent array, but with the fixation
cross replaced by a multi-pointed star to act as a task-irrelevant distractor. Oddball targets were
equally likely to occur in the left versus right hemifield. The visual search task was designed to
be parallel in nature with an easily located, “pop-out” target so that participants were able to
perform the task quickly and accurately and the ERP components of interest would be elicited on
each trial. Distractor arrays were originally included to examine involuntary shifts of attention,
which can be elicited by an attention-grabbing task-irrelevant stimulus and measured by the
exogenous P3a ERP component. However, the distractor stimulus (multi-pointed star) used in the
current task proved to not elicit an automatic, attention switch during search and therefore did
not elicit the expected P3a. Thus, responses to this stimulus are excluded from the current
analyses.
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Each trial began with a fixation cross for a variable duration between 600-900 ms (creating a
variable intertrial interval to discourage anticipatory response preparation), followed by a search
array for 750 ms during which participants pressed one button for target-present (oddball) trials
and one for target-absent (frequent) trials. Participants were instructed to respond as quickly and
as accurately as possible. Before beginning EEG recording, participants completed 10-15 trials
as practice with the experimenter observing and giving feedback. During recording, RT and
accuracy data were collected across 20 blocks of 100 trials each, with 70 homogenous, 15
deviant, and 15 distractor arrays in each block.
2.4.2 Training
The SOP training program consisted of five exercises designed to improve perception,
processing speed, attention, and memory. Exercises were embedded in a videogame environment
to encourage attention, provide feedback and reward, and improve interest and compliance. Each
exercise was adaptive to the participant’s performance, with the difficulty of stimulus and task
characteristics increasing or decreasing to maintain 85% accuracy as estimated by the ZEST
(Zippy Estimation by Sequential Testing) algorithm, a popular maximum likelihood method of
adaptive threshold measurement (King-Smith et al., 1994).
The exercises present visual stimuli with a variable interstimulus interval (ISI), and require
the user to identify stimulus characteristics or locations. Task difficulty, based on user
performance, adapts by adjusting stimulus presentation duration, ISI, stimulus features, and
background distinctiveness. Sweep Seeker presents two pairs of moving Gabor patterns in
succession, and has participants identify the directions of the movements (see Berry et al., 2010
for more detail). Difficulty increases with increasing spatial frequency of the stimuli. Bird Safari
presents participants with a single bird target, which must be located with an array of birds after
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a delay. Difficulty increases with decreasing target distinctiveness and display times. In Road
Tour, participants must identify one of two possible vehicles presented at fixation simultaneously
with the location of a road sign presented in the periphery. Difficulty increases with decreasing
target distinctiveness and increasing number of peripheral distractors.
Jewel Diver is a multiple-object tracking task, where a variable number of target jewels are
presented in a spatial array and then occluded by objects, which then move around the screen for
a variable amount of time among other distractor objects. Participants recall which objects
occluded targets. Difficulty increases with increase in background distractors, greater speed and
longer tracking duration, and decreased background contrast. Master Gardener has participants
remember the location and identity of serially presented identical targets (e.g., flowers, leaves) at
varying spatial locations and ignore unique distractors presented in the same series. After serial
presentation, they identify the location of target presentations. Presentation area, number of
potential stimulus locations, number of targets, and ISI all adapt based on performance. A
summary of training exercises is presented in Table 2.
2.5 Recording and Analysis
The experiment took place in a dimly lit, sound-attenuating booth. A PC running E-Prime 1.1
(Schneider et al., 2002) recorded behavioral data and presented visual search stimuli on a 43 cm
LCD monitor (60 Hz refresh, 1024 × 768 resolution) with a viewing distance of 90 cm.
Responses were registered using a push-button response box. Continuous EEG activity was
recorded from 64 Ag/AgCl electrodes at standard 10/20 locations in a nylon Quikcap
(Neuroscan), with a vertex midline electrode position halfway between Cz and CPz as reference.
Four additional electrodes were placed the outer canthus of each eye and on the supra and
infraorbital ridges of the left eye to monitor eye movement and blink activity. The EEG was
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recorded using Neuroscan™ (SCAN version 4.3.1) with a SynAmps2 amplifier and sampled at
500 Hz with a 100 Hz low pass filter (time constant: DC). Electrode impedances were kept
below 5 kΩ for most electrodes.
EEG for correct-response trials was separated into epochs of 1050 ms (-300 ms before
stimulus onset to 750 ms after). Eye movement artifacts were corrected for each participant by
subjecting the EEG data to independent components analysis (ICA), identifying components that
match a predefined template and removing these components from each trial if it reduced the
overall EEG variance for that trial (see Maxfield et al., 2010 for detailed description of ICA).
After ICA correction, channels with fast-average amplitude exceeding 200 µV (large drift) or
differential amplitude exceeding 100 µV (high-frequency noise) were marked as bad. For trials
with less than 3 bad channels, EEG activity at those channels was replaced using spherical spline
interpolation (Ferree, 2000). Any trial with more than three bad channels (5% of the total number
of channels) was rejected. No participant lost more than 28% of their trials for any condition, and
all but three participants lost well under 10% of their trials per condition due to bad channel
artifact. Data were then averaged separately for each stimulus type (frequent, oddball left visual
field, oddball right visual field), low-pass filtered at a corner frequency of 40 Hz with a 48
dB/octave roll-off, re-referenced to averaged mastoids, truncated to a critical interval of -200 –
750 ms, and baseline corrected (-200 to 0 ms).
As the goal of the current study was to investigate the potential benefits of SOP training in
attentional resource allocation of older adults, we focused our analyses on amplitude measures.
N2pc amplitude reflects attentional allocation to a target among distractors (Luck et al., 1994a;
1994b) and P3b amplitude indexes attentional resource capacity during WM updating (Donchin,
1981; Kok, 2001). Both N2pc and P3b latency have been shown to share a positive linear
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relationship with RT during pop-out visual search (McCarthy et al., 1981; Wolber et al., 2005).
In the current study, visual search RTs did not vary as a function of training; therefore we did not
include measures of latency for either component.
Following a now-standard approach to isolating N2pc activity from overlapping, spatially
nonspecific (bilateral) ERP activity unrelated to shifts of attention, we constructed ‘difference
waves’ in which the mean amplitude averaged from arrays containing an ipsilateral target
(relative to the electrode location) were subtracted from the average from arrays containing a
contralateral target, for each hemisphere separately. Specifically, for the left-hemisphere
electrode site, left visual field (LVF) target waveforms were subtracted from waveforms elicited
by a target in the right visual field (RVF), and for right-hemisphere electrode site, RVF target
waveforms were subtracted from waveforms elicited by a target in the LVF. Since only the N2pc
component was lateralized with respect to target hemifield, the use of a difference wave
eliminates any bilateral activity that is equally present in both of these waveforms and retains
only the lateralized N2pc component (for detailed justifications of this approach, see Girelli et
al., 1997; Luck et al., 1994a).
P3b mean amplitude was measured at parietal electrode site Pz for frequent and oddball
stimuli (averaged across stimuli in both visual fields) in a 300 – 600 ms poststimulus time
window and N2pc mean amplitude was measured for oddball stimuli at posterior electrode sites
PO3/4 in a 200 – 400 ms poststimulus time window.
2.6 Analyses
For each component and behavioral effects, an Analysis of Variance (ANOVA) was first
used to compare the two conditions at baseline, and repeated-measures ANOVA was used to
examine training effects. All tests were two-sided and had an alpha level of .05. The N2pc
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analysis on oddball trials only included the within-participants factors of Hemisphere (left or
right hemisphere electrode site, see above for rationale) and Testing Session (baseline, post), and
the between-participants factor of Group (trained, control). A significant Testing Session x
Group interaction was expected to support the hypothesis that allocation of selective attention is
more efficient after SOP training. Within each subgroup, follow-up paired samples t-tests were
conducted to examine significant effects. Effects relevant to the proposed hypotheses are
summarized below and all main effects and interactions are reported in Table 3.
The P3b analysis included within-participant factors of Testing Session and Stimulus Type,
and the between-participants factor of Group. A significant Testing Session x Stimulus Type x
Group interaction was expected to support the hypothesis that attentional allocation is enhanced
post-training. Within each subgroup, follow-up ANOVAs were conducted to examine significant
effects. Effects relevant to the proposed hypotheses are summarized below and all main effects
and interactions are reported in Table 4.
Analysis of behavioral performance data accuracy were also conducted using repeatedmeasures ANOVA to examine training effects, with the within-participant factors of Testing
Session and Stimulus Type, and the between-participants factor of Group. We hypothesized there
would be no significant interaction between Testing Session and Group due to ease of the task.
To further examine this assertion, an ANOVA including Baseline Performance (above or below
ceiling) as an additional within-participant factor was conducted to examine moderating effects
of baseline performance on training gains. We expected a significant interaction between
Baseline Performance, Testing Session, and Group. Within each subgroup, follow-up ANOVAs
were conducted to examine significant effects. Effects relevant to the proposed hypotheses are
summarized below and all main effects and interactions are reported in Tables 5 and 6.
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3. Results
3.1 Electrophysiological results: N2pc
Figure 2 shows separate grand average ERP waveforms for contralateral-minus-ipsilateral
differences for the trained and the control groups at both testing points (collapsed across PO3/4
for display purposes only). For both groups, the N2pc component can be seen as a negativegoing voltage from approximately 200 – 400 ms post stimulus. ANOVA revealed that initial
N2pc amplitudes at baseline (before intervention) did not significantly differ between groups,
F(1,20)=0.11, p=.705, partial η2=.005 (see Table 7 for mean amplitudes). Repeated measures
ANOVA comparing the two groups across testing sessions indicated a significant Group x
Testing Session interaction, F(1,20)=5.89, p=.025, partial η2=.227, reflecting that the mean
difference amplitude significantly changed as a function of Group across Testing Sessions.
Follow-up paired samples t-test analysis within the SOP training condition indicated that
increased amplitude from pre to post training occurred for the trained group, t(10)=4.44, p=.001,.
Conversely, a follow-up paired samples t-test conducted within the control group did not show a
significant increase in amplitude across Testing Sessions after 10 weeks of no contact, t(10)=.75, p=.470. For a report of all of the main effects and interactions, please see Table 3 1.
1

Within the N2pc component data, a larger negativity was seen at the left parietal-occipital

site PO3, relative to PO4, for both groups at both testing sessions. This lateralized effect was not
significantly impacted by the training condition, and thus is not immediately relevant to the
current study’s findings. A larger N2pc or N2pc-like effect in the left hemisphere is typically
found in studies using words as stimuli (e.g., Dell'Acqua et al., 2007; Martin, 1996) but has also
been documented in a few studies using non-word visual stimuli (e.g., Hopf et al., 2002; Hopf et
al., 2000).
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3.2 Electrophysiological results: P3b
Figure 3 shows separate grand average ERP waveforms for frequent and oddball stimuli for
the trained and the control groups at both testing points. For both groups, the P3b component can
be seen as a positive-going voltage from approximately 300 – 600 ms post stimulus. ANOVA of
initial P3b amplitudes at baseline revealed that they did not significantly differ between groups,
F(1,20)=0.01, p=.950, partial η2<.001 (see Table 8 for mean amplitudes). Figure 3 illustrates the
grand average ERP waveforms of the oddball (target present) and frequent (target absent) stimuli
for the trained and control groups at both testing points. The hypothesized interaction between
Stimulus Type, Testing Session, and Group was not significant, F(1,20)=.81, p=.378, partial
η2=.039; however, there was a significant main effect of Stimulus Type, F(1,20)=60.23, p<.001,
partial η2=.751, and a significant interaction between Stimulus Type and Testing Session,
F(1,20)=10.46, p=.004, partial η2=.343. Visual analysis of P3b amplitudes for both stimuli types
before and after training (see Figure 3) indicated an increase in amplitude to the oddball stimulus
after training and a decrease in amplitude to the frequent stimulus for the control group in the
second testing session. To investigate whether these opposite changes in P3b amplitude were
meaningful, we conducted follow-up ANOVA of Stimulus Type and Testing Session within each
trained group separately. Analysis of the trained group showed a significant interaction of
Stimulus Type and Testing Session, F(1,10)=7.21, p=.023, partial η2=.419, reflecting a
significant increase in P3b amplitude following SOP training. There were no significant changes
in amplitude across testing sessions after 10 weeks of no contact for the control group,
F(1,10)=3.34, p=.100, partial η2=.250 (for a report of all of the main effects and interactions of
the reported analyses, see Table 4).
3.3 Behavioral results
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ANOVA of behavioral accuracy performance at baseline revealed that the groups did not
significantly differ, F(1,20)=1.30, p=.268, partial η2=.061 (see Table 6 for mean accuracy data).
As previously mentioned, the visual search task was designed to be very easy to ensure high
accuracy rates to preserve as many trials as possible for the electrophysiological analyses. SOP
training was not expected to have a significant impact on pop-out search and therefore we did not
expect to see overall differences in the behavioral data based on training Group or Testing
Session (see Table 9 for accuracy data). (For a report of all of the main effects and interactions of
the reported analyses, see Table 5).
Overall, participants performed the task very well with average accuracy above 85% for all
stimuli. However, it is possible that participants who did not perform at ceiling on this task could
show training gains. Therefore, we examined whether baseline performance moderated training
gains by comparing those who were at ceiling (90%+) and those who were not at ceiling (<90%).
By repeating the above analyses with this Baseline Performance variable, we found a significant
interaction between Stimulus Type, Testing Session, Baseline Performance, and Group,
F(1,18)=8.13, p=.011, partial η2=.311. A follow-up ANOVA of Stimulus Type, Testing Session,
and Baseline Performance within the trained group showed a significant three-way interaction,
F(1,9)=9.59, p=.013, partial η2=.516, indicating enhanced accuracy post-training for those who
did not perform at ceiling. A follow-up ANOVA of Stimulus Type, Testing Session, and
Baseline Performance within the control group showed no significant interaction, F(1, 9)=0.55,
p=.479, partial η2=.057. (For a report of all of the main effects and interactions of the reported
analyses, see Table 6).

4. Discussion
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The goal of the current study was to elucidate whether increases in amplitude of the N2pc
and P3b ERP components would be observed in older adults as a result of adaptive cognitive
SOP training to help determine the underlying mechanisms of gains and transfer. Numerous
studies have confirmed that the adult brain is capable of plasticity of cognitive functioning at an
advanced age (e.g., Berry et al., 2010; Edwards et al., 2002; Edwards et al., 2005b; Jones et al.,
2006). Consistent with this, we provide electrophysiological evidence showing that engaging in
adaptive SOP cognitive training can reverse age-related declines in selective attention. We
measured older adults’ efficiency of selective attention processing during a visual search task by
examining the amplitude of two ERP components that have been evidenced to reflect the
allocation and capacity of selective attention. After 10 weeks of training, older adults’ N2pc and
P3b amplitudes significantly increased, but the same increase was not found for an equivalent
group of untrained older adults.
The present finding of increased N2pc and P3b amplitudes following SOP training reinforces
the hypothesis that there is plasticity in the attentional control and inhibitory systems of older
adults. These processes that commonly exhibit age-related decline are shown here to be
ameliorated by SOP training. In light of previous findings demonstrating that portions of this
training program result in improved cognition and transfer of gains to functional tasks (e.g.,
Edwards et al., 2002; Edwards et al., 2005b), our results provide preliminary evidence that SOP
may particularly be enhancing the allocation and capacity of selective attention, which may
account for the positive impact of SOP training on the everyday functioning of older adults.
It is possible that while attentional control efficiency decreases with age, we develop
compensatory mechanisms that recruit frontal networks that rely more on top-down processing
and thus are less automated. This “compensation” hypothesis (Davis et al., 2008) suggests that,
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due to age-related decrease in perceptual efficiency, greater top-down cognitive control mediated
by the prefrontal cortex is required to compensate for weak attentional control. Continually
engaging frontal cortex to maintain representations on line is thought to be an inefficient way to
process information and can reflect impaired frontal lobe function (Fabiani et al., 1998). Within
this framework, SOP training may reduce dependency on frontally-oriented responses and
relocate processing to more posterior regions, thus increasing processing efficiency. It is also
possible that training helps older adults recruit more specialized neural mechanisms
(“dedifferentiation” hypothesis, (Cabeza, 2002)). Due to the difficulty of inferring the cortical
generators of ERP activity based only on the distribution of scalp surface amplitudes (Picton et
al., 1995), the current study cannot provide evidence to this end. However, we speculate that
enhanced attentional control following SOP training may result in less reliance on frontal
function, reducing the frontal consumption of resources and the need for greater top-down
cognitive control. Further research investigating the impact of SOP training on shifts of
processing from frontal to more posterior regions are necessary to fully elucidate this possibility.
Many clinical trials have evidenced transfer of SOP training to cognitive and everyday
function, but the underlying neural mechanisms have not been determined. Our findings are the
first step in elucidating potential underlying neural changes associated with SOP training gains
and transfer. In addition to yielding important electrophysiological information related to the
underlying neural mechanisms of training-based cognitive enhancement, this ERP study provides
further support for the previously reported behavioral improvements in selective attention (Ball
et al., 2002; Edwards et al., 2005b) and inhibitory mechanisms (Mozolic et al., 2011) after
cognitive training.
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It is important to note that larger training effects could possibly be found with more difficult
behavioral tasks. Although we did not find overall training effects in the behavioral visual search
task, results indicated that this could be attributed to ceiling performance at baseline. Those in
the training group who did not perform at ceiling did improve pre- to post- training in accuracy,
while equivalent controls did not. As previously mentioned, visual search RTs did not vary as a
function of training; and we therefore we did not include measures of latency for either
component. In addition to the behavioral task not being challenging, our sample size was also
small. Thus, further research should examine whether reaction time or latency are improved from
SOP training among a larger sample, with a more difficult behavioral task. In future studies, a
more challenging behavioral task can be used to help uncover other mechanisms of traininginduced cognitive change, such as speed of processing.
In the current experiment, participants were required to search through an array of distractors
to locate a pre-defined target, which was infrequently present throughout the experiment.
Successful completion of this task involved directing attention toward task-relevant stimuli and
inhibiting task-irrelevant information. Both of these processes are known to decline with age, but
the current study shows that electrophysiological markers of selective attention allocation and
capacity can be enhanced after cognitive training. The current results may help define the
underlying mechanisms by which training can reverse age-related decline in selective attention
control. This study gives evidence to help validate the use of non-invasive, non-pharmacological
behavioral strategy of cognitive training to reverse age-related cognitive decline.
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