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bstract

Interference is known to negatively impact the ability to maintain information in working memory (WM), an effect that is exacerbated
ith aging. Here, we explore how distinct sources of interference, i.e., distraction (stimuli to-be-ignored) and interruption (stimuli requiring

ttention), differentially influence WM in younger and older adults. EEG was recorded while participants engaged in three versions of a delayed-
ecognition task: no interference, a distracting stimulus, and an interrupting stimulus presented during WM maintenance. Behaviorally, both
ypes of interference negatively impacted WM accuracy in older adults significantly more than younger adults (with a larger deficit for
nterruptions). N170 latency measures revealed that the degree of processing both distractors and interruptors predicted WM accuracy in both

opulations. However, while WM impairments could be explained by excessive attention to distractors by older adults (a suppression deficit),
mpairment induced by interruption were not clearly mediated by age-related increases in attention to interruptors. These results suggest that
istinct underlying mechanisms mediate the impact of different types of external interference on WM in normal aging.

2010 Elsevier Inc. All rights reserved.
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. Introduction

Working memory (WM) involves the ability to store and
anipulate information in mind over brief periods of time

Baddeley, 2003).1 WM involves multiple cognitive subsys-
ems responsible for functions such as storage, rehearsal and
xecutive functions (Miyake and Shah, 1999). While the
ehearsal of information is a fundamental aspect of WM,
Please cite this article in press as: Clapp, W.C., Gazzaley, A., Distinct mec
memory in aging. Neurobiol. Aging (2010), doi:10.1016/j.neurobiolagin

xecutive control processes are necessary for optimal per-
ormance. This includes the ability to inhibit interference
rom information that intervenes during the period of mem-

∗ Corresponding author at: University of California, San Francisco, 600
6th Street, Genentech Hall, Rm. N472J, San Francisco, CA 94158, United
tates. Tel.: +1 415 476 2162.

E-mail address: adam.gazzaley@ucsf.edu (A. Gazzaley).
1 While some cognitive psychologists use the term s̈hort-term mem-
ryẗo refer to tasks requiring only maintenance processes and reserve the
erm ẅorking memoryf̈or tasks requiring maintenance plus processing (e.g.,

anipulation, selection, updating), in the current manuscript the term work-
ng memory refers to the brief retention of information, with and without

anipulation, when it is used to guide subsequent behavior.
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ry maintenance (Sakai et al., 2002). Such interference has a
egative impact on WM performance, likely due to disruption
f active top-down control processes required to maintain rel-
vant information (Baddeley, 1986; Sakai, 2003; Sakai and
assingham, 2004; Sreenivasan and Jha, 2007; Yoon et al.,
006), as well as bottom-up disruption of stimulus represen-
ations in sensory cortices (Miller et al., 1996).

Here we present a framework in which interference of WM
aintenance may be caused by both internal (i.e., intrusions

nd diversions- internally generated thoughts/images (Forster
nd Lavie, 2009)) and external factors (i.e., distraction and
nterruption (Clapp et al., 2009)) (Fig. 1); the latter of which is
he focus of the current study. Distraction involves encoun-
ered stimuli that are irrelevant and intended to be ignored
e.g., radio playing while attempting to rehearse a phone
umber). This filtering of irrelevant sensory input is thought
o be dependent on top-down suppression signals from the
hanisms for the impact of distraction and interruption on working
g.2010.01.012

refrontal cortex (PFC) (Chao and Knight, 1995, 1998). Inter-
uption by external interference involves intervening stimuli
hat are purposefully attended to as an aspect of a secondary
ask (e.g., a phone call while holding something in mind). An

dx.doi.org/10.1016/j.neurobiolaging.2010.01.012
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Fig. 1. Interference conceptual framework.

nterruption requires a reallocation of cognitive resources, as
ell as processes involved in reactivating the disrupted repre-

entation afterwards, which is reliant on medial temporal lobe
tructures and the PFC (Sakai and Passingham, 2004; Sakai et
l., 2002). For conceptual purposes, WM maintenance in the
ace of interruptions can be placed under the broader category
f multitasking, which involves concurrently executed goal-
irected operations (Salvucci and Taatgen, 2008; Salvucci et
l., 2009). Recent network characterization with fMRI func-
ional connectivity analysis revealed distinct mechanisms of
nfluence by these two types of interference on WM mainte-
ance (Clapp et al., 2009). Encoded information is retained
hroughout a maintenance period even in the presence of dis-
raction via connectivity between the PFC and sensory cortex,
hile interruption results in a disruption of this connectivity,

nd reactivation in the post-interruption maintenance period.
iven such distinct mechanisms, the impact of distraction

nd interruption on WM in older adults, as well as the under-
ying etiology of a negative influence by these two types of
nterference, may be different.

It has been well demonstrated that WM performance
eclines with age (Dobbs and Rule, 1989; Foos and Wright,
992; Salthouse et al., 1991). However, it is believed that
ote maintenance abilities are relatively spared in healthy
ging (Craik and Jennings, 1992), and WM deficits are largely
bserved when executive processes are taxed (e.g., in the set-
ing of interference or high memory load) (Gazzaley et al.,
007). Previous research has demonstrated that older adults
ave significant impairment in WM performance when they
ncounter interference, beyond that experienced by younger
dults, (Gazzaley et al., 2008, 2005b; Reuter-Lorenz and
ylvester, 2005). Internal interference, or intrusions, have
een reported to disrupt an older adults’ ability to maintain
nformation, as in studies of proactive interference (Emery
t al., 2008; Lustig et al., 2001) and internally generated
houghts (Borella et al., 2007). External interference by
istraction disrupts WM performance in older individuals
Hasher et al., 1999) and is attributed to a deficit in top-down
uppression of irrelevant information early in the visual pro-
essing stream (Gazzaley et al., 2008, 2005b). To our knowl-
dge, no previous studies have directly addressed the impact
f interruptions on WM in an older population. However, it
as been shown that older adults are more disadvantaged than
Please cite this article in press as: Clapp, W.C., Gazzaley, A., Distinct mec
memory in aging. Neurobiol. Aging (2010), doi:10.1016/j.neurobiolagin

ounger individuals when they divide their attention (Craik
nd Salthouse, 2000; Crossley and Hiscock, 1992; Kramer
t al., 1995; Kramer and Larish, 1996; McDowd and Craik,
988; Park et al., 1989; Tsang and Shaner, 1998). These
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ifferences persist even when controlled for age-related per-
ormance decrements on a single task (Crossley and Hiscock,
992). Likewise, the ability to multitask diminishes in older
dults, as assessed by driving simulations (Chaparro et al.,
005; Ponds et al., 1988), task management tests (Craik and
ialystok, 2006) and gait/posture experiments (Doumas et
l., 2008; Faulkner et al., 2007).

The goal of this study was to explore the influence of
hese different types of external interference on WM in nor-
al aging. To accomplish this, as well as to investigate the

eural basis of any age-related behavioral effects, electroen-
ephalography (EEG) was used to record neural activity as
articipants engaged in a cognitive paradigm assessing WM
n the setting of distraction and interruption. Interference
as introduced during the maintenance period of a simple
elayed-recognition task. We performed this experiment in
group of healthy older participants and compared the data

o those obtained from a population of younger adults who
ecently participated in the same experiment (Clapp et al.,
009). The inclusion of both types of external interference
n the same experiment allows us to directly compare the
onsequences of age-related alterations in the suppression of
rrelevant information and multitasking on WM performance.
eural analysis focused on early ERP measures associated
ith visual stimulus representation and attentional control

. Methods

.1. Participants

EEG was recorded from 24 healthy older participants
ages 61–82, mean 69.4 years) as they performed the experi-
ental task. Participants had normal or corrected-to-normal

ision, volunteered, gave consent, and were monetarily
ompensated to participate in the study. Participants were
re-screened, and none used any medication known to affect
ognitive state. Three participant’s neural and behavioral data
ere removed due to unacceptable noise in the EEG data.
In the experiment involving younger adults, EEG was

ecorded from 21 healthy younger participants (ages 18–30,
ean 23.3, 14 males) as they performed the identical tasks

Clapp et al., 2009). One participant’s neural and behavioral
ata were removed from analysis due to a failure to perform
he task (no responses to probes), which was corroborated
oth behaviorally and neurally.

.2. Neuropsychological testing

Participants in the older age group were screened to
nsure intact executive and memory function. 11 neuropsy-
hological tests were used, including: MMSE (Folstein et al.,
hanisms for the impact of distraction and interruption on working
g.2010.01.012

975), geriatric depression (Yesavage et al., 1982), visual-
patial function (copy of a modified Rey-Osterrieth figure),
isual-episodic memory (memory for details of a modified
ey-Osterrieth figure), visual-motor sequencing (trail mak-

dx.doi.org/10.1016/j.neurobiolaging.2010.01.012
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ng test A and B (Reitan, 1958; Tombaugh, 2004), phonemic
uency (words beginning with the letter ‘D’), semantic flu-
ncy (animals), calculation ability (arithmetic), executive
unctioning (Stroop interference test; Stroop, 1935), work-
ng memory and incidental recall (backward digit span and
igit symbol, WAIS-R (Wechsler, 1987)). Intact function was
ssessed as within 1.75 standard deviations of the norm on
ach of the tests listed above. The neuropsychological test
attery was administered on the same day as the EEG session
n only 4 of the 21 participants. In all others it was admin-
stered during previous visit. Participants that performed the
attery and the EEG session in the same day did not show a
ehavioral difference in the main task when compared to the
ther 17 participants.

.3. Stimuli

The stimuli consisted of grayscale images of faces and
ere novel across all tasks, all runs, and all trials of the exper-

ment. There were a variety of neutral-expression male and
emale faces, representing a large age range. Hair and ears
ere removed digitally, and a blur was applied along the

ontours of the face so as to remove any potential non-face-
pecific cues. All images were 225 pixels wide and 300 pixels
all (14 cm × 18 cm) and were presented foveally, subtending
degrees of visual angle.
Please cite this article in press as: Clapp, W.C., Gazzaley, A., Distinct mec
memory in aging. Neurobiol. Aging (2010), doi:10.1016/j.neurobiolagin

.4. Paradigm

This study used the same delayed-recognition paradigm
tilized in Clapp et al. (2009). The paradigm consisted

o
a
m
a

Fig. 2. Experimental paradigm. All participants performed
 PRESS
y of Aging xxx (2010) xxx–xxx 3

f four distinct tasks presented in blocks; No Interference
NI—one-item delayed-recognition task), Distracting Stim-
lus (DS—participants were instructed that an interfering
timulus in the delay period was entirely irrelevant and should
e ignored), Interrupting Stimulus (IS—participants were
nstructed to make a judgment about an interfering stimu-
us in the delay period) and Passive View (PV—no memory
r attention requirements). An instruction slide was pre-
ented to participants before each block began, informing
hem of which of the four tasks they would be perform-
ng for the duration of the block (Fig. 2). Each trial began
ith the presentation of face picture displayed for 800 ms

Cue), followed by a delay period (6 s) and ended with the
resentation of a face picture displayed for 1 s (Probe). The
articipants were instructed to make a match/non-match but-
on press response to the probe as quickly as possible (right
or match, left for non-match), without sacrificing accuracy.
his was followed by a self-paced inter-trial interval (ITI)
nd instructions to remind the participants of which task
hey were performing. In the DS and IS tasks, the presen-
ation of a face stimulus, displayed for 800 ms (Interference),
ccurred in the middle of the delay period. The interfering
timulus was jittered between 2.8 and 3.2 s after the cue. This
efined a pre-interference delay period (D1—2.8–3.2 s) and
ost-interference delay period (D2—2.8–3.2 s),

In the DS task, participants were instructed to ignore the
nterfering face stimulus while maintaining the representation
hanisms for the impact of distraction and interruption on working
g.2010.01.012

f the cued face in mind. In the IS task, participants were
sked to judge whether the interfering face stimulus was of a
ale over the age of 40 years and indicate their response with
button press (both buttons pressed if it was a male over 40

4 tasks, which were blocked and counterbalanced.

dx.doi.org/10.1016/j.neurobiolaging.2010.01.012
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ears, otherwise no response, i.e. for a female, or a male under
0 years). Ten percent of the trials in IS were catch trials,
here the interfering face stimulus was a male over 40 years
ld. These trials were removed from further analysis because
hey were confounded by a motor response as compared to
ll other interfering face stimuli. An additional 4 trials (11%)
ere included in this task to account for these discarded trials.

n the PV control task, participants were instructed not to
emorize either face stimuli. At the probe, participants saw

n arrow and made a button press indicating the direction it
as facing (this balanced the demands for a decision-driven
otor response at probe in the other tasks). Each task block
as counterbalanced and repeated twice, with 40 trials in

ach block. These parameters were chosen in order to collect
0 trials of data for each task and keep the recording time
nder 1(1/2) h.

Incidental long-term memory (LTM) was assessed by a
urprise post-experiment recognition test. Following the main
xperiment, participants participated in a post-experiment
ecognition test in which they viewed 350 face stimuli, which
ncluded 30 Cue faces from each task and 30 interfering faces
rom DS, IS and PV tasks. In addition, 140 face stimuli were
sed that were novel and not included in the main experiment.
o cue stimuli were included that were also a match during

he main experiment (i.e., no stimulus in the post-experiment
est was viewed more than once in the main experiment). All
timuli (both novel stimuli and stimuli from the experiment)
ere randomly ordered, and the participants were asked to
ive a confidence judgment as to whether each image was old
r new (1 = definitely new, 2 = probably new, 3 = probably
ld 4 = definitely old). This section of the experiment was
elf-paced.

.5. Electrophysiological recordings

Electrophysiological signals were recorded at 1024 Hz
hrough a 24-bit BioSemi ActiveTwo 64-channel Ag–AgCl
ctive electrode EEG acquisition system (Cortech Solu-
ions, LLC). Electrode offsets were maintained between

20 mV. Raw EEG data were referenced to the average
ff-line. All preprocessing and further analyses were com-
leted using BrainVision Analyzer (Brain Vision, LLC).
ye movement artifacts were removed through an indepen-
ent component analysis by excluding components consistent
ith topographies for blinks and eye movements and the elec-

rooculogram time-series. One-second epochs were extracted
rom the data beginning 200 ms pre-stimulus onset and
nding 800 ms post-stimulus onset. The 200 ms before stim-
lus onset was used to baseline-correct the epochs. Epochs
ere then removed if they displayed excessive peak-to-peak
eflections (±50 �V), amplifier clipping or other artifacts.
pochs from all trials were then categorized by task, fil-
Please cite this article in press as: Clapp, W.C., Gazzaley, A., Distinct mec
memory in aging. Neurobiol. Aging (2010), doi:10.1016/j.neurobiolagin

ered (1–30 Hz), and averaged (note: .1–30 Hz filter was
lso used, and the data were unaffected). Only epochs
rom the cue and interfering stimuli were analyzed in this
tudy.
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Neural dependent measures were peak amplitudes and
atencies of stimulus-locked event-related potentials (ERPs).
RP peak amplitudes and latencies were obtained from lat-
ral occipito-temporal scalp sites over pre-selected latency
anges. Peak amplitudes/latencies were selected from elec-
rodes of interest (EOI: see localizer section) for each
ndividual as the largest positive/negative deflection within
he following time windows for each ERP (P100—positive
eflection between 80 and 140 ms, N170—negative deflec-
ion between 140 and 240 ms). Peak amplitude was calculated
s the average amplitude within an 8 ms area centered
round the peak amplitude deflection (±4 ms) for each indi-
idual. Across-participant statistics were calculated using
eak amplitudes and latencies obtained from each par-
icipant. Analyses involving paired t-tests and utilized a
alse-discovery rate correction for multiple comparisons
Benjamini and Hochberg, 1995).

.6. Statistical analyses

Analyses were performed on ERPs stimulus-locked to
ue and interfering faces. For ERP analyses, peak ampli-
ude and latency of the P100 and N170 components were
nalyzed at the electrode of interest, as described below.
n Analysis of Variance (ANOVA) for task × age was per-

ormed on each of the neural markers of interest with
reenhouse–Geisser correction for sphericity when appro-
riate. Post hoc analysis consisted of both within-group,
aired-sample t-tests (two-sided) and across-group, unpaired
-tests of task data, of both stimulus-based measures and

odulation indices (enhancement and suppression) (p < .05).
ost hoc analyses were corrected for multiple comparisons
ith a false-discovery rate (FDR) correction (Benjamini and
ochberg, 1995).

.7. Electrode of interest

A within-experiment localization procedure to detect an
lectrode of interest (EOI) for each participant was per-
ormed by averaging responses to all face stimuli in the
xperiment (i.e., collapsing across all tasks: cue, inter-
erence and probe stimuli) (Berry et al., 2009; Clapp et
l., 2009; Heinrich et al., 2005; Hoffmann et al., 1999,
001; Rutman et al., in press). P100 and N170 EOIs
ere selected for each participant from a selection group
f the lateral occipito-temporal electrodes (electrodes P10,
O8, P8, O2, P9, PO7, P7, and O1) as the maximal
voked response. P100 and N170 peaks were defined as the
argest positive/negative (respectively) peak at the occipito-
emporal electrodes within the following time windows: P100
hanisms for the impact of distraction and interruption on working
g.2010.01.012

he search for the EOI within the lateral occipito-temporal
lectrodes were guided by past studies investigating evoked
esponses to face stimuli (Goffaux et al., 2003; Herrmann et
l., 2005)

dx.doi.org/10.1016/j.neurobiolaging.2010.01.012
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Fig. 3. Working memory accuracy and impact of interference. (A) Par-
ticipants performed best in the no interference task (NI), followed by the
distractor task (DS), and then the interruptor task (IS) (all comparisons
are significantly different, p < .05). The older participants performed with
a lower WM accuracy on all tasks. (B) Older participants have a greater
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.8. Indices of attentional modulation

The following attentional modulation indices were
sed in the analyses: Enhancement—defined as the
ifference between activity measures associated with inter-
uptors and passively viewed intervening stimuli and
uppression—defined as the difference between activity
easures associated with passively viewed intervening

timuli and distractors. These measures were calcu-
ated such that a positive value always indicated greater
nhancement above baseline or greater suppression below
aseline. Thus, for P100 amplitude: enhancement = IS–PV,
uppression = PV–DS, and for N170 latency indices:
nhancement = PV–IS, suppression = DS–PV. The calcula-
ions were reversed to maintain the convention, since an
arlier peak latency (lower number) is associated with
nhancement and a later peak latency is associated with sup-
ression (Gazzaley et al., 2005a).

.9. Behavioral performance

Accuracy was calculated as the number of hits + correct
ejections divided by the number of total trials within a con-
ition. Reaction time data only includes correct responses;
esponses that were greater than 2.5 standard deviations from
ach individual’s mean were removed from the analysis.

.10. Practice effects

We analyzed the data for practice effects in the different
asks over the course of the experiment. Behavioral analy-
es involved comparisons of RT and accuracy between the
wo blocks of each task type, and neural analysis focused on
omparisons of ERPs for the cue and interfering stimuli from
he 40 trials in each of the two blocks. ANOVA and post hoc
-tests were utilized to establish the significance of practice
ffects.

. Results

Results from the younger participants have been previ-
usly published (Clapp et al., 2009) and will be reported
ere for comparison purposes with data from the older par-
icipants.

.1. Behavioral data

ANOVA of WM accuracy was performed with the three
M tasks (NI, DS, IS) as the within-participant factor and

ge (young, older) as the across-participant factor. This analy-
is revealed a main effect of task (F(2,78) = 51.74, p < .001),
uch that participants performed with high accuracy when
Please cite this article in press as: Clapp, W.C., Gazzaley, A., Distinct mec
memory in aging. Neurobiol. Aging (2010), doi:10.1016/j.neurobiolagin

o interference was present, exhibited a significant reduc-
ion in accuracy with the presence of a distractor (NI vs. DS;
< .05) and a further decline in performance in the setting of
n interruptor (NI vs. IS, p < .05, IS vs. DS, p < .05) (Fig. 3A).

e
i
i
r

mpact on WM performance by both the distractor (DS) and the interrup-
or (IS), when corrected by their performance without interference (p < .05).
ote: Asterisks represent significant differences between age groups.

nalysis also revealed a main effect of age (F(1,39) = 25.40,
< .001), such that older participants performed the WM

asks with lower accuracy. In addition, there was a significant
ask by age interaction (F(2,78) = 4.48, p < .05). Within-age
roup comparisons revealed that for both younger and older
dults there was a WM accuracy decrement with the presence
f a distractor and an interruptor (all comparisons; p < .05,
ee Table 1 for means and standard errors). Between-group
omparisons showed that older participants performed worse
han younger participants on all three WM tasks (all p < 0.05).
mportantly, there was a disproportionately greater impact
f both the distractor and interruptor on WM accuracy in
he older group (NI–DS: younger vs. older, p < .05. NI–IS:
ounger vs. older, p < .05) (Fig. 3B). Furthermore, there was
disproportionately greater impact of the interruptor relative

o the distractor in older, compared to younger participants
IS–DS: younger vs. older, p < .05) (Fig. 3B). All participants
erformed at or above 93% in the gender/age discrimination
uring the interruptor task.

The same ANOVA of WM reaction time, revealed a main
hanisms for the impact of distraction and interruption on working
g.2010.01.012

ffect of task (F(2,78) = 23.061, p < .001), such that partic-
pants performed with the fastest reaction times when no
nterference was present, exhibited a significant slowing in
eaction time with the presence of a distractor, and further

dx.doi.org/10.1016/j.neurobiolaging.2010.01.012
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Table 1
Comparisons of younger and older participants’ behavioral and neural data.
Standard errors are presented in parentheses.

Younger Older

Behavioral data
Accuracy

Interrupting stimulus 89% (.007) 81% (.02)
Distracting stimulus 93% (.01) 86% (.01)
No interference 96% (.006) 92% (.009)

Reaction time
Interrupting stimulus 768 (28) 1200 (56)
No interference 675 (23) 1110 (62)

Neural data
Encode

P100 amplitude
Interrupting stimulus 6.8 (0.6) 7.1 (0.6)
Distracting stimulus 6.5 (0.6) 6.7 (0.52)
No interference 6.3 (0.54) 7.2 (0.59)
Passive view 6.7 (0.58) 6.6 (0.6)

P100 latency
Interrupting stimulus 107 (2.1) 117 (4)
Distracting stimulus 108 (2.1) 116 (3.8)
No interference 109 (2.2) 119 (3.9)
Passive view 109 (2.2) 118 (3.7)

N170 amplitude
Interrupting stimulus −8.7 (0.7) −7.6 (0.83)
Distracting stimulus −9.4 (0.96) −8.3 (0.76)
No interference −9.6 (1.0) −7.6 (0.77)
Passive view −9.9 (1.0) −7.6 (0.94)

N170 latency
Interrupting stimulus 173 (4.2) 189 (4.3)
Distracting stimulus 173 (4.7) 189 (3.9)
No interference 176 (4.4) 192 (4.2)
Passive view 182 (4.1) 196 (4.1)

Interference
P100 amplitude

Interrupting stimulus 6.9 (0.56) 6.7 (0.55)
Distracting stimulus 6.2 (0.52) 6.3 (0.49)
Passive view 6.8 (0.58) 6.3 (0.55)

P100 latency
Interrupting stimulus 106 (2.5) 120 (3.4)
Distracting stimulus 109 (2.8) 122 (3.5)
Passive view 108 (2.6) 122 (3.3)
Passive view −8.9 (0.73) −8.60 (0.83)

N170 amplitude
Interrupting stimulus −7.7 (0.72) −8.2 (0.67)
Distracting stimulus −7.8 (0.71) −7.73 (0.7)
Passive view −8.9 (0.73) −8.60 (0.83)

N170 latency
Interrupting stimulus 173 (4.3) 189 (4.1)
Distracting stimulus 178 (4.5) 190 (3.7)

s
a
s
s
i

Fig. 4. Incidental long-term memory recognition. Older participants rec-
ognized interfering stimuli presented in the experiment more than younger
adults and remembered them as well as the cues stimuli. Note: Single aster-
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Passive view 176 (4.4) 193 (4.3)

lowing in the setting of an interruptor (see Table 1). Analysis
lso revealed a main effect of age (F(1,39) = 62.10, p < .001),
Please cite this article in press as: Clapp, W.C., Gazzaley, A., Distinct mec
memory in aging. Neurobiol. Aging (2010), doi:10.1016/j.neurobiolagin

uch that older participants performed the WM tasks with
lower reaction times. There was no significant task by age
nteraction (F(2,78) < 1, p < .05).

c
r
f

sks represent significant differences from 0, and double asterisks represent
ignificant differences between ages/conditions.

Analysis of the post-experiment long-term memory recog-
ition measures involved first correcting each participant’s
TM rating for each stimulus type with their LTM rating for
ovel stimuli, thus equating for response bias differences.
NOVA was then performed on these LTM indices with

timulus (IS-Cue, IS-Interruptor, DS-Cue, DS-Distractor, NI-
ue, PV-Cue, PV-intervening stimulus) and age (young,
lder) as factors. Analysis showed a main effect of stimulus
F(6,234) = 2.97, p < .05), no main effect of age (F(1,39) < 1),
ut a significant stimulus by age interaction (F(6,234) = 2.54,
< .05). The absence of a main effect of age revealed that both
ge groups remembered the same amount of information over
he long-term from the experiment. To explore the age by
timulus interaction further, apriori t-tests revealed that older
articipants remembered the interfering stimuli from the IS
nd DS tasks as well as the cue stimuli; whereas the younger
articipants remembered the cue stimuli significantly better
han the interfering stimuli (see Table 1 and Fig. 4). Both age
roups remembered the cue stimuli better than novel stimuli
p < .05), but only the older group remembered the interfering
timuli (from IS and DS) better than the novel stimuli (p < .05)
Fig. 4). Comparisons between age groups reveal that older
articipants remembered the interfering stimuli better over
he long-term than the younger participants (p < .01). When
he data was divided by interfering stimulus type, it revealed
hat older participants significantly remembered both dis-
ractors and interruptors better than the younger participants
IS-Interruptor: younger (M: −0.04, SE: 0.04) vs. older (M:
0.09, SE: 0.04), p < .05, DS-Distractor: younger (M: −0.03,
E: 0.045) vs. older (M: 0.088, SE: 0.03), p = .05) (Fig. 4).
here was no significant difference between age groups for
emory of the cue stimuli.
Importantly, in regards to the Passive View task, the
hanisms for the impact of distraction and interruption on working
g.2010.01.012

ue and intervening stimuli presented in PV were less well
emembered in the long-term compared to the cue stimuli
rom the WM tasks in both age groups. Furthermore, in both

dx.doi.org/10.1016/j.neurobiolaging.2010.01.012
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ge groups, PV stimuli were not remembered differently than
he novel stimuli. This result suggested that minimal attention
as directed to these stimuli, as instructed.
There were no significant correlations between neuropsy-

hological measures and either neural or task performance
easures.

.2. Neural data

Two posterior ERP measures have previously been shown
o be modulated by attention and associated with visual
rocessing: The P100 (50–150 ms) (Gomez Gonzalez et
l., 1994) and N170 (120–220 ms) (Gazzaley et al., 2005a;
omez Gonzalez et al., 1994). All data presented here are

or ERPs time-locked to the onset of either cue or interfering
timuli. Analyses, when appropriate, focused on the modu-
ation indices of enhancement and suppression (described in
he methods).

.2.1. Cue stimuli
Analysis of the P100 amplitude in response to cue

timuli showed no effect of task (F(3,117) = 1.42, p > .05),
ge (F(1,39) < 1, p > .05) or interaction (F(3,117) = 2.007,
> .05). Analysis of the P100 latency showed no effect of

ask (F(3,117) = 1.34, p > .05), but a significant effect of age
F(1,39) = 4.04, p = .05), such that older participants had later
100 latencies than younger participants. No age by task

nteraction was observed (F(3,117) < 1, p > .05).
Analysis of the N170 amplitude revealed no effect of task

F(3,117) = 2.172, p > .05), age (F(1,39) = 2.022, p > .05) or
nteraction (F(3,117) = 2.215, p > .05). Analysis of the N170
atency showed a significant effect of task (F(3,117) = 25.257,
< .05), such that all WM tasks (NI, DS, IS) had earlier
170 latencies compared to the PV task, and thus signifi-

ant enhancement for the encoded stimuli (all p < .05), and a
ain effect of age (F(1,39) = 6.317, p < .05), which revealed

hat older participants had later N170 latencies than younger
articipants (see Table 1). There was no interaction between
ask and age (F(3,117) = 1.46, p > .05).

To summarize, analyses of the cue period revealed a clear
arker of attentional allocation (i.e., N170 latency), and an

ge-related slowing of neural processing (i.e., later P1 and N1
eaks in older adults), but none of the comparisons showed
significant age by task interaction.

.2.2. Interfering stimuli
This analysis focused on the same ERP markers as

escribed above, but for the intervening face stimuli pre-
ented within the delay period of the IS, DS and PV tasks.

ANOVA of the P100 amplitude showed a main effect
f task (F(2,78) = 4.61, p < .05), such that the largest P100
as observed for the IS-Interruptor, but there was no effect
Please cite this article in press as: Clapp, W.C., Gazzaley, A., Distinct mec
memory in aging. Neurobiol. Aging (2010), doi:10.1016/j.neurobiolagin

f age (F(1,39) > .05) or interaction between age and task
F(2,78) = 2.60, p > .05). P100 latency showed a main effect
f task (F(2,78) = 5.129, p < .05), such that responses to IS
ere faster than PV and responses to DS. A main effect
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f age (F(1,39 = 11.59, p < .05) was also shown, once again
evealing slowing of P100 latencies with age. There was no
ignificant interaction between age and task (F(2,78) > .05).

N170 amplitude analysis revealed only a significant effect
f task (F(2,78) = (11.391, p < .05), such that responses to IS
ere highest, followed by PV and DS. Neither the effect of

ge (F(1,39 < 1) nor the interaction between age and task were
ignificant (F(2,78) = 2.19, p > .05). Analysis of N170 latency
evealed a main effect of task (F(2,78) = (19.67, p < .05), a
ain effect of age (F(1,39) = 6.41, p < .05), and a significant

ask × age interaction (F(2,78) = 4.84, p < .05). This measure
as been revealed to reflect attention, as well as age-related
hanges in visual processing in previous studies (Gazzaley
t al., 2008, 2005a). Post hoc t-tests revealed that the N170
atency for IS was earlier than for PV and DS (main effect
f task), and a significantly later N170 latency was observed
n older adults (main effect of age), consistent with reports
n the literature of generalized slowing of processing speed
ith aging (Pfefferbaum et al., 1984) (see Fig. 5 and Table 1).
Analysis directed at interpreting the interaction included

oth within-group and between-group comparisons. For
ithin-group comparisons, both younger and older partici-
ants displayed earlier latencies for the interruptor in the IS
ask than the intervening stimuli in the PV task, thus both
isplaying significant enhancement (young: IS-Interruptor
s. PV-intervening stimulus, p < .05. older: Interruptor vs.
V-intervening stimulus, p < .05.) (Fig. 5A–C). Earlier N170

atencies for relevant stimuli compared to passively viewed
timuli has been previously revealed in younger adults (Clapp
t al., 2009; Gazzaley et al., 2005a) and is interpreted to
eflect greater attention to the stimulus as mediated by more
apid synchronization of cortical areas involved in stimulus
epresentation. Neither age group displayed significant sup-
ression of the N170 latency for the distractors (i.e., later
atency for DS than PV). Conversely, the older participants
ctually exhibited significant enhancement of the distractor
n the DS task (p < .05) (i.e., earlier latency for the distractor
han the passively viewed stimulus), while younger partici-
ants did not show this pattern. Between-group comparisons
evealed a significant deficit in the N170 latency suppression
ndex for distractors by older participants (p < .01), but no
ignificant age-related difference in the enhancement index
or the interruptors (p = 0.658) (Fig. 5D).

.3. Comparisons between cue and interfering stimuli

N170 latency enhancement was compared between cue
nd interruptor stimuli from the IS task to determine if par-
icipants directed different degrees of attention to these two
elevant stimuli. The N170 latency was utilized as the mea-
ure of comparison because it was the only early measure
o reveal significant modulation for both cue and interfer-
hanisms for the impact of distraction and interruption on working
g.2010.01.012

ng stimuli. This analysis revealed that younger participants
xhibited significantly greater enhancement for cues than
nterruptors (p < .05), while the older participants did not
iffer in their enhancement for these stimuli (p > 0.05). A

dx.doi.org/10.1016/j.neurobiolaging.2010.01.012
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Fig. 5. Grand-averaged event-related potentials to intervening stimuli. (A) GAV ERPs from younger participants for Distractor stimuli (DS), Interruptor
Stimuli (IS) and passively viewed intervening stimuli (PV). (B) ERPs from older participants. (C) N170 latency measures to intervening stimuli. Both younger
and older participants significantly enhanced the interruptors (earlier peaks compared to passively viewed intervening stimuli). Unlike younger adults, older
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articipants also showed enhancement for the distracting stimuli. (D) Co
lder participants allocated more attention towards distractors than younge

nterruptors (enhancement index).

etween-group analysis reveals that younger and older par-
icipants did not differ in the amount that they enhance cue
r interruptor stimuli (p > 0.05).

.4. Neural–behavioral correlations

To evaluate if the magnitude of activity modulation to the
ue or interfering stimuli predict WM performance, across-
articipant regression analyses were performed for N170
atency modulation indices (i.e., enhancement and suppres-
ion) and WM accuracy. Modulation indices were utilized
ecause responses relative to passively viewed stimuli equate
or each individual’s overall ERP differences. Analyses of the
nterfering stimuli in older participants paralleled the results
btained from the same analysis in the younger participants
Clapp et al., 2009): (1) There was a positive correlation for
oth age groups between the suppression of distractors in the
Please cite this article in press as: Clapp, W.C., Gazzaley, A., Distinct mec
memory in aging. Neurobiol. Aging (2010), doi:10.1016/j.neurobiolagin

S task and WM accuracy (young: R = 0.49, p < 0.05; older:
= 0.50, p < 0.05), such that those individuals who neurally

uppressed distracting information the most, showed superior
M performance (Fig. 6A). (2) There was a negative corre-

f
i
n
b

ns of N170 latency attentional modulation indices between age groups.
ipants (suppression index), but did not differ in attention allocated towards

ation between the amount of enhancement to interruptors in
he IS task and WM accuracy (young: R = −0.77, p < 0.05;
lder: R = −0.45, p < 0.05), which revealed that those partic-
pants, both younger and older who enhanced the interruptor

ost exhibited the worst WM performance (Fig. 6B). (3) In
ddition, a negative correlation existed between indices of
nhancement of interruptors and suppression of distractors
sing the N170 latency indices in both younger and older
opulations (young: R = −0.7, p < 0.05; older: R = −0.55,
< 0.05), revealing that those individuals who enhance the

nterruptor the most, also suppress distractors the least.

.5. Practice effects

Behaviorally, performance improvement in the DS task
cross blocks was observed for both age groups, reflected as a
ecreased RT in the younger participants (p < .05, see Table 2
hanisms for the impact of distraction and interruption on working
g.2010.01.012

or means and standard errors), and increased WM accuracy
n the older participants (p < .05). In the NI and IS tasks, a
on-significant increase in WM accuracy was observed in
oth younger and older adults.

dx.doi.org/10.1016/j.neurobiolaging.2010.01.012
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Fig. 6. Neurobehavioral correlations of the N170 latency attentional modulation indices. In both (A) younger and (B) older age groups, participants that enhance
the interruptor more (upper panels) perform worse on the WM task. Likewise, participants that suppress the distractor more (upper panels) perform better on
the WM task. Note: More positive value on the x-axis indicate greater enhancement above baseline or greater suppression below baseline.

Table 2
Practice effects in younger and older participants. Standard errors are presented in parentheses.

Practice effects

Younger Older

Block 1 Block 2 Block 1 Block 2

Behavioral findings
Accuracy

IS 88% (2.0) 91% (1.5) IS 79% (2.1) 81% (1.8)
DS 92% (1.5) 94% (1.6) DS 84% (1.6) 88% (1.5)
NI 95% (1.4) 96% (1.4) NI 90% (1.6) 91% (1.1)

Reaction time
IS 824 (34) 798 (28) IS 1255 (54) 1189 (48)
DS 717 (22) 651 (22) DS 1133 (55) 1151 (54)
NI 678 (24) 650 (27) NI 1159 (57) 1089 (50)

Neural
Encode

IS 173 (4.3) 172 (4.1) IS 187 (3.2) 188 (4.1)
DS 178 (4.5) 180 (3.7) DS 189 (3.5) 191 (4.0)
NI 176 (4.4) 173 (3.3) NI 191 (3.0) 192 (5.1)

Interference
IS 824 (34) 798 (28) IS 1255 (54) 1189 (48)
DS 717 (22) 651 (22) DS 1133 (55) 1151 (54)
NI 678 (24) 650 (27) NI 1159 (57) 1089 (50)

dx.doi.org/10.1016/j.neurobiolaging.2010.01.012
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An ANOVA was used to evaluate practice effects for the
eural response to cue and interfering stimuli, using task
DS, IS, NI, PV), block (first, second) and age (young,
lder) as factors. We again focused on the N170 latency,
s it showed significant attentional modulation in both pop-
lations. For the cue stimuli there was a main effect of
ask (F(3,117) = 15.15, p < .05) and age (F(1,39) = 11.62,
< .05), but no effect of block (F(1,117) < 1), no task by
ge interaction (F(3,117) < 1), no block by task interaction
F(3,117) = 1.03, p > .05), and no block by task by age inter-
ction (F(3,117) = 1.19, p > .05). For the interfering stimuli
here was a main effect of task (F(2,78) = 7.07, p < .05), block
F(1,78) = 8.17, p < .05) and age (F(1,39) = 5.29, p < .05), a
lock by task interaction (F(2,117) = 7.22, p > .05), but no
ask by age interaction (F(2,117) < 1) or block by task by age
nteraction (F(2,117) = 1.31, p > .05). t-tests revealed that the
atency of the N170 to distractors (DS task) were significantly
ater in the second block (younger and older, p < .05), but there
as no across block change for the interruptors (IS task)—see
able 2 for values. Comparisons of modulation indices,
howed that suppression of distractors increased in the second
lock (younger and older, both p < .05), while enhance-
ent of interruptors remained the same across blocks. Taken

ogether with the behavioral results, this suggests the pos-
ibility that performance improvements in the DS task may
ave been driven by changes in the response to distractors
y both younger and older adults, as has been determined in
recent study of younger adults using the same design, but
ith lower level stimuli (moving flow fields of dots) (Berry

t al., 2009).

. Discussion

In the current study, behavioral and neural measures were
sed to compare the influence that two types of external inter-
erence, i.e., distraction and interruption, have on WM in
lder adults. The behavioral data revealed that both types of
nterference impact WM performance to a greater degree in
lder adults compared to younger participants studied in a
revious study (Clapp et al., 2009). Furthermore, ERP data
uggested that excessive attention to the interfering stimu-
us explains the age-related decline in WM performance, but
nly when the interference should be ignored (distraction).
hen the interference demanded attention as a secondary

ask (interruption), older adults do not seem to devote more
ttentional allocation to the interfering stimulus than younger
dults, but do suffer greater impairment in WM performance.
ogether these findings suggest distinct mechanisms underlie

he impact of different types of external interference on WM
n normal aging. Additionally, both younger and older par-
icipants improved their WM performance on the Distractor
Please cite this article in press as: Clapp, W.C., Gazzaley, A., Distinct mec
memory in aging. Neurobiol. Aging (2010), doi:10.1016/j.neurobiolagin

ask, as well as their ability to filter the distracting stimulus
ith practice over the experimental session, whereas prac-

ice does not influence WM performance or processing of
nterruptors in the Interruptor task.

o
m
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.1. Behavioral measures

Behavioral analysis revealed that healthy older adults
emonstrated poorer WM accuracy than younger individuals
n the single-item delayed-recognition task without inter-
erence. This finding suggests that WM processes, even for
single complex stimulus, such as a face, declines some-
hat with aging. Other studies have found no difference

n WM accuracy for faces over a short uninterrupted delay
Grady et al., 1998), consistent with reports that rote main-
enance is spared in older adults (Craik and Jennings, 1992;
azzaley et al., 2007). These seemingly conflicting results
ay be the consequence of increased task difficulty in the

urrent study due to the use of ghosted faces (i.e. stimuli had
ll non-facial features removed). Additionally, this impair-
ent in WM accuracy could be due to the fact that even in

lder individuals with “corrected to normal” acuity, visual
eficits might be present that exacerbate memory deficits
ue to the decreased fidelity of stimulus representation, espe-
ially when degraded stimuli are used (Cronin-Golomb et al.,
007).

The WM deficit in older adults was exacerbated by both
distractor (irrelevant stimulus) and interruptor (stimulus

equiring a judgment decision) presented during the interval
f memory maintenance. This impact on WM performance
as greater than that for younger adults, who also experi-

nced negative consequences of interference (Clapp et al.,
009). These findings reveal an age-related increase in the
mpact external interference has on WM. Of note, the inter-
uptor disproportionately impaired WM performance in older
dults. This is consistent with previous reports that older
ndividuals experience both a deficit in inhibiting irrelevant
nformation (Hasher et al., 1999) and difficulty with divided
ttention and multitasking (Kramer and Larish, 1996). How-
ver, this is the first direct comparison of the impact that these
wo types of interference have on WM performance in older
dults.

Older adults also exhibited significantly stronger long-
erm memory recognition of the distractor and interruptor
timuli when tested after the experiment, as compared to the
ounger adults who did not remember these stimuli. More-
ver, the older adults actually remembered these distracting
nd interrupting stimuli in the long-term as well as they
emembered the WM cue stimuli. This suggests that WM
nterference in aging may be caused by excessive incorpo-
ation of intervening stimuli into memory stores. Of further
nterest, there was no main effect of age for incidental long-
erm memory, revealing that both age groups complete the
xperiment with a comparable amount of retained infor-
ation for the faces they viewed (at least within the time

rame tested). This is likely the result of an increase in mem-
ry for interfering stimuli, a finding consistent with those
hanisms for the impact of distraction and interruption on working
g.2010.01.012

f recent studies revealing that older participants remember
ore information over the long-term, even if it was irrele-

ant to the goals of the task (e.g., WM task) (Gazzaley et
l., 2005b; Kim et al., 2007; Rowe et al., 2006). It has been

dx.doi.org/10.1016/j.neurobiolaging.2010.01.012
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roposed that it might be an advantage for older adults to
emember information even if it is irrelevant to them at the
ime, since this may benefit them at some later time (Kim et
l., 2007). However, as seen from the context of the current
tudy, storing information that is not required for the task
t hand, may negatively impact WM performance. A recent
EG study confirms this is also true for younger adults (Zanto
nd Gazzaley, 2009).

.2. Neural measures

To explore the neural basis of external interference hav-
ng a more negative impact on WM performance in older
dults, as well as potential mechanistic differences between
ypes of interference, we utilized EEG and focused our anal-
sis on early neural activity measures in visual cortex, which
ave been previously found to be responsive to attentional
oals. The N170, an ERP component selective for face stim-
li (Bentin et al., 1996) that has been localized to cortical
reas in lateral visual association cortex (Gomez Gonzalez et
l., 1994) has been shown to not only be a marker of attention
Clapp et al., 2009; Gazzaley et al., 2008, 2005a; Sreenivasan
t al., 2009; Sreenivasan and Jha, 2007; Sreenivasan et al.,
007; Zanto et al., 2009), but also an effective measure to
ssess differences in attentional allocation to faces across
opulations (Campanella et al., 2006; Chaby et al., 2003;
azzaley et al., 2008; McPartland et al., 2004; Nakamura

t al., 2001; Tanaka and Curran, 2001; Taylor et al., 2001;
anto et al., 2009). For example, younger adults show earlier
170 latencies for faces that were attended (i.e. enhance-
ent relative to passive), and later latencies for faces that
ere ignored (i.e. suppression relative to passive) (Gazzaley

t al., 2005a). Modulation of the N170 latency by attention
ost likely reflects the time for cortical regions to reach maxi-
ally synchronized activity during the internal representation

f visual stimuli. Using these indices of enhancement and
uppression, it was further shown that there was a selective
eficit in the suppression of distractors in normal aging, and
hat this was associated with decreased WM performance
Gazzaley et al., 2008).

In the current study, measures of N170 peak latency as
ndicators of attentional allocation to face stimuli revealed
hat for both younger and older adults, the greater the magni-
ude of processing interfering stimuli, both distractors and
nterruptors, the worse the subsequent WM performance.
ata revealed that more attention was directed towards inter-

uptors than distractors, thus serving as an explanation for
hy WM performance was worse in the setting of interrup-

ion than distraction for both age groups. This same line of
easoning can explain why older adults exhibited poorer WM
erformance than younger adults in the Distraction task; i.e.,
hey displayed significantly greater activity modulation for
Please cite this article in press as: Clapp, W.C., Gazzaley, A., Distinct mec
memory in aging. Neurobiol. Aging (2010), doi:10.1016/j.neurobiolagin

he distractors than the younger participants (p = 0.01, see
ig. 5D). This result replicates previous findings and offers
urther support that age-related impairments in WM in the
etting of distraction is a consequence of a neural suppression

d
n
r
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eficit of irrelevant information early in the visual processing
ystem (Gazzaley et al., 2008, 2005b).

It should be noted that younger adults did not demonstrate
ignificant suppression of the distractor stimuli when evalu-
ted with this paradigm (Clapp et al., 2009), as they have
een shown to previously (Gazzaley et al., 2005a). This lack
f suppression may stem from the design of the paradigm,
pecifically that it was difficult to predict the time of distrac-
or onset and thus rapidly engage suppression mechanisms
i.e. 3 s after the cue stimuli). Furthermore, the onset of the
istractor was jittered in this paradigm. Despite this, the
ge difference in activity modulation of the distractor was
ignificant, such that older participants allocated more atten-
ion towards the distractor than younger adults. In fact, the
lder adults significantly enhanced the distractor relative to
assive view. This finding replicates previous reports of age-
elated increases in distractor processing (Gazzaley et al.,
008, 2005b).

Of interest, we generated no neural evidence that older
dults directed more attention to the interruptors than the
ounger adults (p = 0.658, see Fig. 5D). However, despite
eemingly equivalent attentional allocation to the interruptor,
he older participants were significantly more impaired on
his task compared to younger adults and were even more
mpacted more by interruptors than distractors. Older adults
lso remembered the interrupting stimuli after the experiment
etter than younger adults, suggesting they were processing
hese interfering stimuli different in some manner. Together,
hese findings reveal that the detrimental influence distraction
nd interruption have on WM performance in older adults is
ediated by qualitatively different mechanisms.
It should also be emphasized that no differences were

bserved in ERPs to the cue stimuli across groups. Thus, age-
elated differences in performance in the WM tasks do not
eem to be the result of alterations in how individuals encode
elevant information, but rather how they interact with inter-
ering stimuli. Furthermore, significant across-participant
orrelations between the degree of enhancement of the inter-
uptor and suppression of the distractor in both younger and
lder adults suggest that although the impact of these two
ypes of interference on WM rely on different mechanisms
Clapp et al., 2009), and they impact WM in older adults
ia distinct mechanisms (current study), there is consistency
ithin an individual in how they process interfering stimuli.

ndividual differences in interference effects have also been
hown to correlate with individual differences in WM capac-
ty (Conway et al., 2001; Kane and Engle, 2003; Vogel et al.,
005).

.3. Mechanism of WM impairment in the presence of
istraction
hanisms for the impact of distraction and interruption on working
g.2010.01.012

The etiology of the age-related suppression deficit
escribed in the current study and previous studies has still
ot been completely elucidated, although given the proposed
ole of the PFC in top-down suppression, this region has been

dx.doi.org/10.1016/j.neurobiolaging.2010.01.012
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mplicated (Chao and Knight, 1997). It is also possible that
he greater impact distraction has on WM in older adults

ay be due to impairments in the degree to which older
dults maintain cued memoranda during the delay period.
n an fMRI version of this experiment performed in younger
dults (Clapp et al., 2009), it was found that in the DS task, the
egree to which participants held the memoranda in mind, as
easured by prefrontal cortex-visual association cortex con-

ectivity, correlated with their suppression of the distractor,
nd in turn their WM accuracy on the task. One interpreta-
ion of this result is that the higher fidelity of the information
eing maintained in WM, the greater the resistance to dis-
raction (although the opposite could also be true). Thus,
oorer performance in the DS task by older participants may
ave been a consequence of diminished maintenance abili-
ies, making them more susceptible to processing irrelevant
istractions. Evidence of this emerges from the finding that
lder participants did not perform as well on the NI task,
hen no external interference was present during the delay
eriod.

.4. Mechanism of WM impairment in the presence of
nterruption (multitasking)

It has been well documented that healthy older adults
erform significantly worse than younger adults when they
ttempt to perform two tasks concurrently (i.e., divide atten-
ion) (Craik and Salthouse, 2000; Crossley and Hiscock,
992; Kramer et al., 1995; Park et al., 1989; Tsang and
haner, 1998). To our knowledge, this is the first aging study

o investigate the impact of an imbedded secondary task on
M performance, thus expanding our understanding of the

ognitive consequences of multitasking in older adults.
It is possible that attending to an interruptor is comparable

o failing to filter a distractor, as suggested by findings that the
mpact of distraction and interruption on WM in older adults
as behavioral aspects in common (i.e., they both impair WM
erformance and result in long-term retention of the interfer-
ng stimuli more so than for younger adults). However, it
hould be noted that there are differences in the degree of
mpact (i.e., the interruptor disproportionately impairs WM
erformance in older adults), as well as an important neural
ifference (i.e., only attentional indices to the distractor dif-
ers with age). This suggests that the detrimental influence
f interruption on WM in older adults may be mediated by
different mechanism than that of distraction. We speculate
n several possible mechanisms of the interruptor age effect:

First, we directed our neural analysis at well-established
odulation indices of visual attentional control, which have

lso revealed age by task interactions in previous studies,
ut it is possible that older adults may have allocated more
ttention towards interrupting stimuli than younger adults,
Please cite this article in press as: Clapp, W.C., Gazzaley, A., Distinct mec
memory in aging. Neurobiol. Aging (2010), doi:10.1016/j.neurobiolagin

nd we did not identify it. However, we are convinced that
he two age groups did not differ in how they represented
he interrupting stimulus as reflected by early measures of
timulus representation in the visual association cortex.
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Second, although the two age groups seem to attend
o interrupting stimuli to the same degree from a quan-
itative perspective, they may differ qualitatively in how
hey are processing of these stimuli. For example, older
dults may invoke a different network of brain regions
hen representing the interrupting stimuli than younger

dults. Specifically, the network utilized by older individ-
als may involve greater recruitment of medial temporal
obe structures, which are involved in long-term memory
onsolidation. This would be consistent with the finding
hat older adults remember the interrupting stimuli better
ver the long-term than the younger adults, who do not
emember them at all. This engagement of a different net-
ork may have a negative impact on WM performance. A

unctional MRI study will be conducted to address this pos-
ibility and assess if and how the involvement of a different
etwork by older adults might undermine WM related pro-
esses.

Third, there may be an age-related difference in the abil-
ty to eliminate the representation of processed interrupting
nformation from WM, which would then serve as an addi-
ional source of interference in making a memory decision at
he time of the probe. This mechanism is consistent with the
roposed concept that there is a negative impact from failed
deletion” of WM contents that are not relevant to memory
oals (Hasher et al., 1999).

Fourth, we hypothesize that older individuals may dif-
er from younger adults in their ability to reactivate the
emoranda after the representation was interrupted by an

nterfering stimulus. Reactivation after interruption has been
hown to be reliant on PFC and medial temporal lobe regions
Sakai and Passingham, 2004; Sakai et al., 2002). Related to
his, it has been shown that older adults have trouble refresh-
ng information in WM. This has been shown behaviorally
Johnson et al., 2002) and also in an fMRI study that shows
educed activation in the left prefrontal cortex area associated
ith refreshing (Johnson et al., 2004). Recent fMRI results

rom a younger population that performed the same task as
he current study may also shed light on this explanation. The
esults revealed that in the IS task, younger adults temporarily
released” the stored memoranda as reflected by reduced pre-
rontal cortex-visual association cortex connectivity when the
nterrupting stimulus was present (Clapp et al., 2009). During
he post-interference delay period, renewed PFC-visual asso-
iation cortex connectivity was identified and interpreted.
n fMRI study will investigate age-related changes in func-

ional connectivity associated with reactivation of interrupted
emoranda and its relationship to subsequent WM perfor-
ance.

.5. Practice effects
hanisms for the impact of distraction and interruption on working
g.2010.01.012

Practice effects across the two blocks were also inves-
igated and suggested that individuals of both age groups
mprove their ability to filter distractions to the benefit of
heir WM performance (i.e. increased neural suppression

dx.doi.org/10.1016/j.neurobiolaging.2010.01.012
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f distractor stimuli and increased WM performance). In a
ariety of cognitive tasks, practice has been shown to lead
o improved performance in younger adults, reflected as
ecreased RT and improved accuracy (Poldrack, 2000). Addi-
ionally, previous research has reported WM practice effects
cross a single experimental session (Berry et al., 2009; Koch
t al., 2006; Landau et al., 2007; Landau et al., 2004). In fact,
tudies have revealed increases in attentional suppression of
ask-irrelevant motion stimuli with practice in younger adults
Berry et al., 2009; Vidnyanszky and Sohn, 2005), as well as
nhibition of prepotent responses (Clare Kelly et al., 2006).

There were no clear practice effects on the IS task either
ehaviorally or neurally over the course of the experiment.
ast research has shown conflicting results about whether
lder adults can acquire the ability to perform two cognitive
perations in parallel. Some have shown that this does not
ccur (Gothe et al., 2007), whereas others have shown that
lder adults can improve their dual task skills (Bherer et al.,
008). However, these studies use extensive training, whereas
n the current study no training was administered.

Single-session practice effects were also investigated in a
revious study performed with younger adults using the same
aradigm, but low-level stimuli (moving flow fields of dots)
Berry et al., 2009). WM measures of recognition accuracy
nd RT improved significantly over the course the experimen-
al session for tasks that included interfering stimuli (IS and
S), but not for the same task without interference (NI). In the

urrent study, significant practice effects were only observed
n the distractor condition (DS). It must be noted, however,
hat a non-significant increase in WM accuracy was observed
n both younger and older adults in the IS task, thus poten-
ially with more practice this would have been significant.
hese results support previous findings of retained plasticity

n the older brain (Bherer et al., 2006), at least in the context
f their ability to filter irrelevant information.

. Conclusion

This study contributes to our growing appreciation of the
omplex interaction between interference and WM in nor-
al aging by exploring differential effects of distraction and

nterruption within the same experiment. Results revealed
hat in both cases, external interference leads to diminish-

ent in WM performance, with the decline being accounted
or by excessive attentional allocation to distracting stimuli,
nd a distinct mechanism for the impact of interruption on
M performance. Investigation with functional neuroimag-

ng will be pursued to further elucidate the mechanisms of
hese distinct influences on WM performance with aging.
Please cite this article in press as: Clapp, W.C., Gazzaley, A., Distinct mec
memory in aging. Neurobiol. Aging (2010), doi:10.1016/j.neurobiolagin
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