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To  investigate  neural  mechanisms  that  support  semantic  functions  in aging,  we  recorded  scalp  EEG during
an  object  retrieval  task  in  22  younger  and  22  older  adults.  The  task  required  determining  if  a  particular
object  could  be  retrieved  when  two  visual  words  representing  object  features  were  presented.  Both  age
groups  had  comparable  accuracy  although  response  times  were  longer  in older  adults.  In both  groups
a  left fronto-temporal  negative  potential  occurred  at around  750 ms  during  object  retrieval,  consistent
emantic
bject memory
emory retrieval

eature
RP
ging

with  previous  findings  (Brier, Maguire,  Tillman,  Hart,  & Kraut,  2008). In only  older  adults,  a  later  positive
frontal  potential  was  found  peaking  between  800  and  1000  ms  during  no  retrieval.  These  findings  suggest
younger  and  older  adults  employ  comparable  neural  mechanisms  when  features  clearly  facilitate  retrieval
of an  object  memory,  but  when  features  yield  no  retrieval,  older  adults  use  additional  neural  resources
to engage  in  a more  effortful  and  exhaustive  search  prior  to making  a  decision.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Many aspects of semantic memory are separable from the
eural systems and mechanisms that underpin episodic and pro-
edural memory (Binder & Desai, 2011; Martin, 2007; Tulving,
972). Several current models of semantic memory are sup-
orted by evidence indicating that an object is represented

n multiple neural systems that are closely related to those
ystems activated originally upon experiencing the features of
hat object (Allport, 1985; Hart & Gordon, 1992; Martin, 2007;

artin & Chao, 2001). Features associated with objects, either
iving or non-living things, typically span multiple sensorimo-
or and cognitive domains and are an essential part of object
epresentation (Goldberg, Perfetti, & Schneider, 2006; Hart et al.,
007; Kellenbach, Brett, & Patterson, 2001; Noppeney & Price,

002). For example, a lion can be linked to more concrete features
uch as its roar and mane as well as to more abstract features such

∗ Corresponding author at: Center for BrainHealth, The University of Texas at
allas, 2200 West Mockingbird Lane, Dallas, TX 75235, USA. Tel.: +1 972 883 3403.

E-mail address: jhart@utdallas.edu (J. Hart Jr.).

ttp://dx.doi.org/10.1016/j.biopsycho.2014.05.010
301-0511/© 2014 Elsevier B.V. All rights reserved.
as being threatening (Kraut, Kremen, et al., 2002; Kraut, Moo, Segal,
& Hart, 2002; Kraut, Pitcock, et al., 2006).

Since features are represented in a distributed fashion in the
brain (Binder & Desai, 2011; Hart et al., 2007; Martin & Chao,
2001), one would expect age-related functional and/or structural
alterations, including changes in the white matter that medi-
ates synchronized connectivity between different brain regions
(Grady, 2012; Hedden & Gabrieli, 2004), to affect long-range com-
munication demanded by memory retrieval from this distributed
representation. However, semantic memory, unlike other cognitive
functions such as episodic memory, attention, and executive func-
tion, does not seem to undergo as much change with age (Levine,
Svoboda, Hay, Winocur, & Moscovitch, 2002; Li et al., 2004). How
then does the neural mechanism support semantic memory in nor-
mal  older adults such that only minimal age-related changes are
noticeable?

Our goal in this study is to examine how age affects semantic
memory retrieval by studying younger and older adults using EEG, a
non-invasive tool which provides a high temporal resolution mea-

sure of neural activity (Kiefer & Pulvermüller, 2012; Luck, 2005;
Luck & Kappenman, 2012). We  used the Semantic Object Retrieval
Task (SORT), which examines how objects are retrieved via explicit
evaluation of object-associated features (Kraut, Cherry, et al., 2006;

dx.doi.org/10.1016/j.biopsycho.2014.05.010
http://www.sciencedirect.com/science/journal/03010511
http://www.elsevier.com/locate/biopsycho
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biopsycho.2014.05.010&domain=pdf
mailto:jhart@utdallas.edu
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raut, Kremen, et al., 2002; Kraut et al., 2007). For example, in
he SORT paradigm, presenting the features “humps” and “desert”
ormally facilitates retrieval of “camel”. By eliciting the process of
ombining these features that are represented across the brain to
etrieve an object memory, we could untangle the dynamic neu-
al mechanisms that operate to integrate object features to form

 coherent object representation. The SORT task has been applied
s an effective measure to detect impairment in lexico-semantic
emory retrieval in various clinical populations and thus serves a

seful task to examine age-related changes in retrieval (Mild Cog-
itive Impairment, MCI, and Alzheimer’s disease, AD: Kraut, Cherry,
t al., 2006; Kraut et al., 2007; schizophrenia: Assaf, Rivkin, et al.,
006; Gulf War  Illness: Calley et al., 2010; aging effects of con-
ussion in former professional football athletes: Hart, Kraut, et al.,
013).

Successful performance in the SORT requires successful retrieval
f semantic object memory. Data from previous activation, brain
timulation, and lesion studies suggest that the retrieval pro-
ess of semantic memory involves the left inferior frontal gyrus
IFG) with its sub-regions subserving semantic selection and con-
rolled retrieval (Badre & Wagner, 2002; Thompson-Schill et al.,
998; Whitney, Kirk, O’Sullivan, Lambon Ralph, & Jefferies, 2012).
ther areas that may  also assist in semantic memory retrieval

ocalize to the left angular gyrus (AG) and left poster middle tem-
oral gryus (MTG) (Noonan et al., 2013; Whitney et al., 2012).

n addition to these regions, activation studies on the SORT have
hown object memory retrieval elicited increased BOLD signal in
he pre-supplementary area (pre-SMA) of the medial frontal cor-
ex, caudate, and thalamus (Assaf, Calhoun, et al., 2006; Kraut,
alhoun, Pitcock, Cusick, & Hart, 2003; Kraut, Kremen, et al., 2002;
raut, Moo, et al., 2002). Lesion studies using the SORT have
hown relatively selective deficits in object memory retrieval com-
ared to other semantic memory tasks (e.g., category, association)

n patients with localized thalamic strokes (Pergola et al., 2013;
egal, Williams, Kraut, & Hart, 2003). Based on these findings,
art, Maguire, et al. (2013) proposed a central role of the pre-
upplementary Motor Area (pre-SMA)-thalamus-caudate circuit in
ediating the semantic memory retrieval process, especially in

asks such as the SORT that involves feature integration, as part
f the Neural Hybrid Model of semantic memory (Hart et al., 2007;
art, Maguire, et al., 2013).

An ERP study of young adults using the SORT showed a
eft fronto-temporal component starting at around 750 ms  post-
timulus that was more negative in retrieval than non-retrieval
timulus pairs (Brier, Maguire, Tillman, Hart, & Kraut, 2008). A
ower analysis of the EEG changes during the SORT showed earlier
lpha desynchronization (8–12 Hz)/delta synchronization (∼1 Hz)
s well as later frontal beta synchronization (20–35 Hz, after one
econd post-stimulus), which were posited to represent seman-
ic search and object retrieval, respectively (Ferree, Brier, Hart, &
raut, 2009; Hart, Maguire, et al., 2013). Moreover, Slotnick, Moo,
raut, Lesser, and Hart (2002) recorded intra-thalamic electrical
ctivity while a patient was performing the SORT task and found
eta synchronization at long latency in both thalamic hemispheres
ime-locked to stimulus. This 750 ms  ERP component appears later
han typical N400, a negative scalp evoked potential considered to
e a marker of semantic processing that peaks at about 400 ms  post-
timulus onset in response to semantic/contextual incongruity
Kutas & Federmeier, 2000; Kutas & Hillyard, 1980).

The majority of the previous ERP studies involving the N400
ffect have used tasks based on semantic priming, contextual con-
traints, etc. (Kutas & Federmeier, 2000; Wlotko, Lee, & Federmeier,

010). Most of these tasks do not mandate retrieval of a specific
oncept (e.g., objects) but are related to processing of mean-
ng, inquiring about category or semantic relatedness between
timuli (probed as individual words/pictures or in the context of
hology 100 (2014) 106–114 107

a sentence; Kiefer, 2001; Kutas & Hillyard, 1980). Tasks based on
priming do not even require direct (explicit) evaluation of semantic
information. For example, subjects are asked to judge if the sec-
ond stimulus is a real word or not, while the relations between
the first (prime) and second stimuli (target) are manipulated to
examine priming effects due to semantic association, category, etc.
(Holcomb and Anderson, 1993; Kiefer, 2005). The SORT task is char-
acteristically different from these noted above in that participants
are required to directly evaluate whether the features result in
retrieval of an object memory or not and to indicate so by making an
explicit response. In terms of the neural basis of semantically-based
ERPs, N400 is most consistently associated with access to seman-
tic memory storage represented in the temporal regions such as
the left MTG, inferior temporal gyrus, and anterior medial tempo-
ral lobe (Lau, Phillips, & Poeppel, 2008; McCarthy, Nobre, Bentin,
& Spencer, 1995; Nobre & McCarthy, 1995). On the other hand,
the semantic retrieval process is more strongly associated with
longer latency waveform characteristics (“post-N400 positivity”,
Van Petten & Luka, 2006), especially in the case of semantic selec-
tion and effortful retrieval, which may  involve frontal areas such as
the left IFG (Lau et al., 2008; Van Petten & Luka, 2006). FMRI find-
ings on the SORT (Assaf, Calhoun, et al., 2006; Kraut, Kremen, et al.,
2002) also support this contention, finding that only object memory
retrieval (during the SORT) elicited increased signal in the bilateral
inferior frontal gyri, pre-SMA, caudate, and thalamus, whereas both
SORT and object association (i.e., semantic association judgment)
elicited increased BOLD in left MTG, angular gyrus, and inferior tem-
poral gyrus. These findings suggest that the ERP marker related to
the SORT task involves frontal (pre-SMA, left IFG) and/or temporal
(left MTG, inferior temporal) semantic systems that are engaged in
semantic selection and integrative retrieval processes.

Other late ERP effects that occur after the N400 time window,
such as P600, a positive deflection occurring at around 600 ms
post-stimulus onset, have been suggested to be associated with
other semantic related processes such as processing sentences
with conflicting semantic structure (Bornkessel-Schlesewsky
& Schlesewsky, 2008), with conflicting thematic structures
(Kuperberg, 2007; Kuperberg, Sitnikova, Caplan, & Holcomb, 2003),
and with incongruous syntactic structures (Van Petten & Luka,
2012). These late components have been dissociated from N400
in some experiments, thus suggesting their functional roles dif-
ferent from N400 (Kuperberg, 2007). Also, these late effects are
not exclusive to sentence-level processing or verbal content, and
have also been observed when stimuli are single words (Hill,
Strube, Roesch-Ely, & Weisbrod, 2002; Meyer & Federmeier, 2007;
Swaab, Brown, & Hagoort, 1998) or pictures (Ganis & Kutas, 2003;
McPherson & Holcomb, 1999; Mudrik, Lamy, & Deouell, 2010;
Sitnikova, Holcomb, Kiyonaga, & Kuperberg, 2008).

ERP studies that have examined the effects of age on lexico-
semantic tasks have shown varying age-related effects on several
components. General findings include delayed N400 latency and/or
decreased N400 amplitude as well as difference in lateralization
due to age (Federmeier & Kutas, 2005; Giaquinto, Ranghi, & Butler,
2007; Kutas & Iragui, 1998) with some exceptions (Grieder et al.,
2012). In terms of later components, prior studies have observed
attenuated amplitude (Meyer & Federmeier, 2010) and qualita-
tive changes in scalp distribution (Galdo-Alvarez, Lindín, & Díaz,
2009; Harbin, Marsh, & Harvey, 1984) in older adults. The reason
for these variable findings in age-related effects might reflect vari-
ations in task designs. It has been posited that older adults may
recruit a decreased amount of neural resources when message-
level or executive processing is required, but they can still show

comparable activity at word-level processing compared to younger
adults (Federmeier, van Petten, Schwartz, & Kutas, 2003; Wlotko
et al., 2010). Therefore, in view of the word stimuli used in the
SORT, we hypothesized that older adults would present differences
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etween retrieval and non-retrieval stimulus pairs around 750 ms,
imilar to young adults in Brier et al.’s study (2008). In order to test
his hypothesis, we undertook conventional windowed analyses
etween 750 and 1000 ms  post-stimulus as in Brier et al. (2008)
o replicate the results seen in younger adults and to examine
he similarities between younger and older adults in the current
tudy. To further examine qualitative differences in ERPs between
ounger and older adults that might not be easily detected by
isual inspection and thus windowed ERP measures, we  performed
ata-driven exploratory analyses that have been proven to be a
seful tool for high-density ERPs (Dien & Frishkoff, 2005; Dien,
ichelson, & Franklin, 2010; Spence, Brier, Hart, & Ferree, 2013).
e expected the data-driven analysis to yield findings not only con-

rming results from our conventional windowed analyses, but also
o provide further insights into age associated differences between
roups for the SORT. Understanding typical age-related changes
n semantic object memory retrieval will help develop a better
unctional marker of the breakdown in word/semantic memory
etrieval abilities observed in individuals with MCI  and AD; this
lso could be potentially useful in evaluating and monitoring ther-
peutic effects at the neural level.

. Methods

.1. Participants

We studied 22 younger adults (15 women; Mage = 21.7 years, SD = 3.2) and 22
lder adults (17 women; Mage = 63.9 years, SD = 6.4). All participants were native
nglish speakers and right handed. Younger adults were undergraduate students
rom  the University of Texas at Dallas who  completed this study for research cred-
ts.  Community dwelling older adults were recruited from an exercise training
tudy of normal aging population, who did not have subjective memory complaints
r  cognitive impairments, as confirmed by a standard neuropsychological battery
Chapman et al., 2013). Only the pre-training data were used for the current study.

e  excluded participants with a history of neurological or psychiatric disorders,
raumatic brain injury, learning disabilities and communication disorders, uncor-
ected visual and hearing impairments. Informed consent was  obtained from all
articipants in accordance with the protocols approved by the Institutional Review
oards of the University of Texas at Dallas and of the University of Texas Southwest-
rn Medical Center.

.2. Experimental paradigm and procedures

We administered the ERP version of the Semantic Object Retrieval Test (SORT)
Brier et al., 2008) to the participants. The stimuli in this paradigm comprise 112
airs of words. The two  words represent features or attributes of objects (living or
on-living). In retrieval word pairs (56 pairs), the two words represent features of

 particular object. Non-retrieval word pairs (56 pairs) were created by randomly
airing the words. For example, the word pair ‘humps’ and ‘desert’ would facilitate
emory retrieval of ‘camel’ (retrieval pair). In contrast, ‘humps’ and ‘monitor’ should

ot  facilitate memory retrieval of any object (non-retrieval pair). The retrieval and
on-retrieval word pairs have been validated in previous studies with independent
roups of subjects from different age groups (Brier et al., 2008; Kraut, Kremen, et al.,
002; Kraut et al., 2007).

Words were presented simultaneously, one pair at a time, with one word above
he  other, for 3 s. In between trials, a + sign was presented at the center for 3 s as a
isual fixation target. Participants were instructed to respond ‘yes’ or ‘no’ depending
n  whether they could think of any particular object upon seeing each word pair.
esponses were made by pressing a button under the right index finger for ‘yes’ and a
utton under the right middle finger for ‘no’. Responses had to be made within the 3 s
uring which the word pairs remained on the screen. Any responses made after 3 s
ould be recorded as incorrect. Reaction time (RT) and accuracy were recorded for

ach trial. Retrieval and non-retrieval trials were presented in a pseudo-randomized
rder. The entire task lasted about 11 min.

Word stimuli were presented on an LCD screen placed about 46 in. from the
articipant using Stim software (Compumedics Neuroscan, USA). The two  words in
ach pair spanned about 5◦ of both vertical and horizontal visual angle, with the
orizontal measure varying slightly by word length. All the words were presented

n  black color, in lower case Times New Roman font, against a white background.
.3. Behavioral analysis

We analyzed RT and accuracy separately using repeated-measures 2-way
NOVAs (between-subject factor: group [younger adults vs. older adults];
ithin-subject factor: condition [retrieval vs. non-retrieval]). All statistical analyses
hology 100 (2014) 106–114

of behavioral data were performed using IBM SPSS Statistics 21 (IBM Corp. Released
2012. IBM SPSS Statistics for Windows, Version 21.0. Armonk, NY: IBM Corp.).

2.4. EEG data acquisition and processing

Continuous EEG was recorded from a 64-electrode elastic cap (Neuroscan Quick-
cap) while the participants were doing the task, through a Neuroscan SynAmps2
amplifier and using Scan 4.5 software (Compumedics Neuroscan, USA; sampling
rate: 1 kHz, DC-200 Hz). Electrode impedances were typically below 10 k�. The
reference electrode was located at midline between Cz and CPz and vertical elec-
trooculogram (VEOG) was recorded at sites above and below left eye.

Data were processed off-line using Neuroscan Edit software (Compumedics
Neuroscan). Poorly functioning electrodes were identified by visual inspection of
the data and were excluded. Electrodes that had impedance over 20 k� were also
excluded from analysis. No more than 5% of the total number of electrodes was
rejected in any individual subject (following guidelines by Picton et al., 2000; aver-
age percentage of bad electrodes: 1.6% and 1.9% in younger and older adult groups,
respectively). The continuous EEG data were high-pass filtered at 0.15 Hz and cor-
rected for eye blinks using the spatial filtering function in the Scan 4.5 software
(Semlitsch, Anderer, Schuster, & Presslich, 1986; Compumedics Neuroscan, USA).

EEG data were then processed using an in-house processing schema based on
EEGLAB functions (Delorme & Makeig, 2004) in MATLAB (the MathWorks Inc.). EEG
data were first segmented into multiple trial-by-trial EEG epochs (−200 to 1800 ms).
Only  correct trials were included for analysis. Additionally, we  applied a digital low-
pass filtering with a cutoff value of 30 Hz (linear finite impulse response function)
to  minimize high frequency noise, such as muscle activity. Epochs with peak signal
amplitude of more than 75 �V were rejected. Finally, outlier epochs were identified
by  rejection algorithms in EEGLAB (rejecting improbable and abnormally distributed
data  lying over 5 standard deviations from the mean, using pop jointprob.m and
pop rejkurt.m EEGLAB algorithms, respectively) and excluded from analysis. The
average retaining rates were 78.3% (38 trials) and 77% (39 trials) in the younger
adult group, and 81.6% (40 trials) and 83.1% (42 trials) in the older adult group, for
retrieval and non-retrieval trials, respectively. All subjects except for one in the older
group retained more than 30 trials in both retrieval and non-retrieval trials to be
included for ERP analysis.

An algorithm computing the average based on spherical splines fitted to the data
was then applied to interpolate EEG data to the sites of the bad electrodes (Ferree
et  al., 2009). This was  based on the assumption that the number of bad electrodes
typically consisted of less than 5% of all 62 electrodes, and that the bad electrodes
were not all contiguous (as previously applied in Maguire et al., 2010; Spence et al.,
2013). After artifact/epoch rejection was done and the missing electrodes were
replaced, the EEG epochs were then re-referenced (global average potential from
all  electrodes) and baseline corrected (average potential of the pre-stimulus period
between −200 and 0 ms).

2.5. ERP analysis

2.5.1. Hypothesis-driven windowed measures
In order to examine if the current study replicated previous findings (Brier et al.,

2008), we  focused on the left fronto-temporal area (F7) during the time window
between 750 and 1000 ms  post-stimulus as observed previously. We  measured
the  mean amplitude within the time window. We first examined the difference
between retrieval and non-retrieval trials using paired-t tests in the younger adult
group. Subsequently, we tested for group difference and interaction by running
repeated-measures 2-way ANOVAs (between-subject factor: group [younger adults
vs. older adults]; within-subject factor: condition [retrieval vs. non-retrieval]) on
mean amplitude in IBM SPSS Statistics 21.

2.5.2. Data-driven STAT-PCA analysis
The pre-processed ERP data were analyzed by STAT-PCA (Ferree et al., 2009;

Spence et al., 2013), a procedure that utilizes statistical inference at each temporal
and spatial unit (STAT) followed by a principal component (factoring) analysis (PCA)
to  isolate the most salient temporal and spatial properties of the ERPs.

In  the current study, the spatial units were electrodes and the temporal units
were 50-ms time windows within an epoch (0–1800 ms  post-stimulus). We thus had
62 × 36 = 2232 combinations of space and time (62 electrodes and 36 time windows
in an epoch). For each one of the 2232 spatial/temporal units, we implemented a
linear mixed model

Yijkl = � + �i + bj(i) + �k + (�� )ik + εijkl,

to examine the effects of group (�i), condition (� k) and the interaction between
group and condition (�� )ik , on the scalp potential Yijkl , where each subscript indexes
group, subject, condition and trial, respectively. The statistical inference was per-
formed in the SAS software 9.4 using Proc Mixed, and the variances associated with

subject variability, bj(i) , and trial variability, εijkl , were estimated by restricted max-
imum likelihood. To account for multiple tests, we derived an inferential threshold
based on the false discovery rate (FDR, Benjamini & Hochberg, 1995) rather than
individual p-values, setting the FDR equal to 0.05 for each set of 2232 tests corre-
sponding to group, condition and their interaction. The average potential of each
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Fig. 2. Groups average ERPs of young (left) and older adults (right) showing the con-
dition effect (retrieval vs. non-retrieval) at the left fronto-temporal site (F7) between
750 and 1000 ms  post-stimulus (as represented within the shaded areas). Solid line:

Table 1
ERP mean amplitude at F7 (750–1000 ms).

Group Retrieval (�V) Non-retrieval (�V) Paired t tests (p values)

Young-F7 −1.3 (2.1) −.35 (2) .004**
ig. 1. Group average ERPs in retrieval and non-retrieval trials. Group avarege ERPs
emispheres. Black line: retrieval trials; red line: non-retrieval trials. (For interpre
ersion  of the article.)

f these three effects of interest was retained if the corresponding test was below
hreshold; otherwise, they were set to zero.

We  then applied the principal components analyses (PCA) to the 3 matrices
f  thresholded average potentials (Ferree et al., 2009; Spence et al., 2013), each
6 temporal units by 62 electrodes, and retained the main spatial components by
arallel analysis (Horn, 1965). For each retained spatial component, the temporal
omponents were simply the resulting PCA scores. The retained spatial/temporal
omponents can be visualized by plotting spatial PCA loadings in topographical
istribution across scalp and temporal PCA scores as a time-series.

. Results

.1. Behavioral data

Younger adults had mean accuracy of 85.7% (SD = 5.7) and
2.3% (SD = 5.1) and mean RT of 1207 ms  (SD = 195) and 1476 ms
SD = 303) for retrieval and non-retrieval trials, respectively. Older
dults had mean accuracy of 87% (SD = 5.6) and 92.6% (SD = 5.1)
nd mean RT of 1394 ms  (SD = 255) and 1703 ms  (SD = 396) for
etrieval and non-retrieval trials, respectively. While there was
o significant difference in accuracy due to age (p > .1), the RTs
ere significantly longer in older adults (1548.5 ms)  compared

o younger adults (1341.7 ms), F(1, 42) = 6.3, p = .016. Overall, both
roups took longer and were more accurate in responding to non-
etrieval trials (mean RT = 1589.6 ms;  mean accuracy = 92.4%) than
o retrieval trials (mean RT = 1300.6 ms;  mean accuracy = 86.3%);
or RT, F(1, 42) = 67.7, p < .001, and for accuracy, F(1, 42) = 31.9,

 = < .001. There was no group by condition interaction in either
T or accuracy (p > .1).

.2. ERP data

.2.1 . Results on hypothesis-driven windowed measures
The group average ERPs were plotted for visual inspection

Fig. 1). The analysis showed that for F7, mean amplitude between
50 and 1000 ms  post-stimulus was significantly more negative

n retrieval trials than non-retrieval in young adults, t(21) = 3.28,
 = .004 (Table 1 and Fig. 2). To examine whether this effect was

ifferent between the two age groups, the 2-way ANOVAs showed
hat regardless of group (age), the mean amplitude was more
egative in retrieval trials (−.93 �V) than non-retrieval (.05 �V),
(1, 42) = 21.4, p < .001 (Table 1). No effects of group or group by
retrieval trials; dashed line: non-retrieval trials.

condition interaction were significant (p > .1). Therefore, the results
replicated previous findings in Brier et al. (2008).

We performed further analyses to address the potential contri-
bution of RT difference between retrieval and non-retrieval trials to
the left fronto-temporal components, and found that RT difference
did not contribute prominently to the ERP component of interest
(see Supplementary Analysis 1).
Older-F7 −.59 (2) .46 (1.6) .01*

Values: mean (standard error).
* P < .05.

** P < .01.
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Fig. 3. PCA results of condition differences. The 1st spatial factor is depicted in (a)
and  the weighted ERP topography for each condition is shown in (b). In (a), the upper
part  of the figure illustrates a condition effect in the left fronto-temporal region
(F7, FT7) accompanied by a weaker effect at the middle centro-parietal region (Cz,
CPz); the lower part illustrates the spatial factor that peaked at around 750 ms  post-
stimulus and that lasted beyond 1400 ms.  In (b), the ERPs weighted by the temporal
PCA scores for each condition (averaged across groups) show that the left fronto-
temporal effect was found with retrieval trials having more negative potentials than
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Fig. 4. PCA results of the group differences. The 1st spatial factor is shown in (a) and
the  weighted ERP topography for each group is shown in (b). In (a), the upper part of
the figure illustrates a group effect in the frontal region (Fz, FCz); the lower part illus-
trates that the spatial factor peaked at around both 400 and 750 ms  post-stimulus. In

We observed differences in scalp potentials between retrieval and
on-retrieval trials; the co-existing middle centro-parietal effect was  found with
on-retrieval having more negative potentials than retrieval trials.

.2.2. Results on data-driven STAT-PCA analysis
For effects of condition, group, and their interaction we found

03, 208, 24 spatial/temporal units (out of total 2322 units), respec-
ively, that survived at FDR = 0.05.

For condition differences (retrieval vs. non-retrieval), two spa-
ial PCA factors were detected (48.6% and 20.9% of total variance,
espectively). The first factor was found near the left fronto-
emporal region (near F7, Fig. 3a) starting at around 750 ms
ost-stimulus, and of smaller magnitude, near the centro-parietal
egion (near Cz, CPz, Fig. 3a), which is consistent with the find-
ngs of Brier et al. (2008) study. In the left fronto-temporal region
he retrieval condition contributed larger negative potentials rela-
ive to the non-retrieval condition, whereas in the centro-parietal
egion, negative potentials were larger in the non-retrieval trials
elative to retrievals (Fig. 3b). ERP waveforms (Figs. 1 and 2) demon-
trated that this effect was found at the left side (F7) but not on the
ight side (F8). This effect was again replicated here using STAT-
CA, consistent with our hypothesis-driven analysis in the previous
ection. The second spatial PCA factor was centered over the frontal
egion (near FP2, not shown) but was much less consistent in time
nd across subjects compared to the first factor. Most importantly,
t had no clear peak and started after 1400 ms  post-stimulus onset,

hich is later than the average RT in the younger adults and the RT
f most of the older adults. Since we primarily focused on neural
rocesses that occurred before a motor response was made, we  did

ot pursue this finding further.

For group differences (young vs. old), one spatial PCA factor
as found (71.5% of total variance), centered over the mid  frontal
(b),  the ERPs weighted by the temporal PCA scores for each group (averaged across
retrieval and non-retrieval trials) show that the frontal effect was contributed by
negative potentials in the younger and positive potentials in the older adults.

regions (near Fz, FCz) and peaked both at 400 ms and at 750 ms
post-stimulus (Fig. 4a). While a more positive scalp potential was
observed in the older group, in the same time frames, a negative
scalp potential was observed in the younger group (Fig. 4b). ERP
waveforms (Fig. 1) demonstrated that this effect was found at the
frontal midline electrodes (Fz, FCz).

For the group by condition interaction, one spatial PCA factor
was found (67.2% of total variance), focused in frontal electrodes
(AF3, F3) that had the strongest effect between 800 and 1000 ms
post-stimulus (Fig. 5a). This interaction was  mostly a result of
condition effects in the older group, with a more positive frontal
potential in non-retrieval than in retrieval trials (Fig. 5b). The pat-
tern seemed to be reversed in the younger group (Fig. 5b), but in the
younger group, this waveform started long before the 800–1000 ms
window and was not nearly as large in magnitude. ERP wave-
forms (Fig. 1) demonstrated that this effect was found in opposite
directions for different age groups on the left (AF3) but not on the
right (AF4). Finally, we conducted windowed measures analysis to
confirm the PCA findings here could be replicated using a more con-
ventional approach, keeping the caveat in mind, however, that this
was a post-hoc approach and could not be ascertained temporally
and spatially before the STAT-PCA was  performed (see Supplemen-
tary Analysis 2).

4. Discussion

In this study, we  used ERPs to investigate how age differences
modulated semantic object memory retrieval during the SORT task.
non-retrieval trials starting at around 750 ms in the left fronto-
temporal regions, lasting longer than 1000 ms,  in both younger
and older adults. In addition, there was a frontal positive potential
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Fig. 5. PCA results of the group by condition interaction. The 1st spatial factor is
illustrated in (a) and weighted amplitudes at the electrode AF3 for each condition
and group are shown in (b). In (a), the upper part of the figure shows a condition
effect that differs by group in the frontal region (AF3, F3); the lower part illustrates
the spatial factor peaked between 800 and 1000 ms  post-stimulus. In (b), the ERPs
weighted by the temporal PCA scores at AF3 show that the frontal interaction effect
was  contributed by non-retrieval having more positive potentials than retrieval tri-
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adults. ERP showed that non-retrieval trials elicited a larger and
ls  in the older adults, while non-retrieval having slightly more negative potentials
han retrieval trials in the younger adults; error bars represent standard errors.

hat was found to arise between 800 and 1000 ms  in older adults.
ehaviorally, we found that older adults performed as accurately
s younger adults. Comparable accuracy in both groups indicates
hat the overall ability to bind features to retrieve object represen-
ations is relatively preserved with aging. Although RT differences
etween young and old were observed, these RT differences were
ot specific to either retrieval or non-retrieval trials, and hence may
ave been due to generalized age-related slowing (Lima, Hale, &
yerson, 1991; Salthouse, 1996).
The left fronto-temporal ERP component common to both

ge groups started late (around 750 ms)  and lasted until around
400 ms  post-stimulus. The same effect was also shown in Brier
t al. (2008) in young adults. The left fronto-temporal ERP compo-
ent in the current study occurred later than the typical N400 time

rame and is likely to be functionally different from N400. Such late
ffects have been observed by others in studies that have exam-
ned semantic related processes at the sentence level (Bornkessel-
chlesewsky & Schlesewsky, 2008; Kuperberg, 2007; Kuperberg
t al., 2003; Van Petten & Luka, 2012) as well as processing of sin-
le words (Hill et al., 2002; Meyer & Federmeier, 2007; Swaab et al.,
998) and pictures (Ganis & Kutas, 2003; McPherson & Holcomb,

999; Mudrik et al., 2010; Sitnikova et al., 2008). Overall, these late
ffects have not been found to be affected predominantly by the
erceptual properties of the stimuli or the semantic relationships
hology 100 (2014) 106–114 111

between them, but instead are largely affected by how stimuli are
interpreted and processed, as demonstrated when the instructions
and experimental designs were manipulated at the conceptual level
(Kuperberg, 2007). We postulate that the cognitive processes at
this stage include the memory retrieval of an object facilitated by
the probe words (such as humps and desert in the SORT; Hart,
Maguire, et al., 2013). Object retrieval here requires integration of
two concepts (features) to make an explicit, conscious connection.
The effortful nature of the SORT was  supported by the substan-
tially longer RT for retrieval trials (>1 s) than what is normally
observed in lexical judgment and object categorization tasks that
also use words as stimuli (Grieder et al., 2012; Hill et al., 2002).
Late ERP effects have also been observed in studies on truth verifi-
cation (Wiswede, Koranyi, Müller, Langner, & Rothermund, 2013),
metaphor processing (Arzouan, Goldstein, & Faust, 2007; Coulson
& Van Petten, 2002), and creative thinking (Kröger et al., 2013).
Finally, as we  tested in the results, this component was  much less
likely to be contributed by RT difference between retrieval and
non-retrieval trials (Supplementary Analysis 1).

Semantic memory studies that have used word pairs similar
to ours have observed N400 between 250 and 500 ms (Kutas &
Federmeier, 2000). These studies have found that the amplitude of
N400 is modulated by the degree of semantic relatedness/congruity
between word pairs. Specifically, smaller N400 amplitudes have
been observed in pairs where a target word is followed by a related
(dog-cat) as compared to an unrelated (dog-car) word (Bentin,
McCarthy, & Wood, 1985). In our task, the retrieval pairs (humps
and desert) had slightly more relatedness or congruity than non-
retrieval pairs (humps and monitor), leading to the expectation of
seeing a N400 effect, with larger amplitude during non-retrieval
trials compared to retrieval trials. One possible reason for not
observing the N400 effect in our study may be related to the fact
that our task required participants to evaluate whether the word
pairs yield retrieval of an object memory or not. It is likely that the
focus on object retrieval in our task engages neural circuits beyond
those that are essential for access to semantic storage (such as left
MTG, superior temporal sulcus, and inferior temporal gyrus; see
a comprehensive review by Lau et al., 2008), thus resulting in a
late negative potential around 750 ms. It is plausible the pre-SMA-
thalamus-caudate circuit in addition to the left IFG implicated in
previous activation studies on the SORT are involved during the
object retrieval process (Assaf, Calhoun, et al., 2006; Kraut, Kremen,
et al., 2002). Furthermore, the SORT stimuli are feature pairs cre-
ated based on whether they in combination would lead to retrieval
of a particular object, rather than how closely related or congruous
these two features may  be. Therefore, the difference in semantic
relatedness or congruity was  not quantified and may not be large
enough to elicit consistent N400 effects between retrieval and non-
retrieval trials. Another possible reason for not observing N400 may
be related to stimulus repetition. The N400 effect has been shown
to be degraded after repetition (Besson, Kutas, & Van Petten, 1992;
Kiefer, 2001). As a result, because the individual word stimuli were
presented twice within the SORT experiment to balance between
retrieval and non-retrieval trials, the N400 effect might have been
diminished. Nevertheless, the extent to which the repetition of
the stimuli once would eliminate the N400 effect is debatable (see
Debruille & Renoult, 2009; Renoult, Wang, Mortimer, & Debruille,
2012).

While it appears that both younger and older adults used
comparable neural mechanisms when features clearly facilitated
retrieval of an object memory, we found a frontal positive ERP
component between 800 and 1000 ms  post-stimulus only in older
more positive potential than retrieval trials, suggesting that this
frontal component represents increased neural recruitment in
response to non-retrieval trials. Maintaining an active search
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rocess for potential linkage to an object during non-retrieval trials
ppeared to be more taxing than in retrieval trials. The longer RT
n the non-retrieval trials sugge sts the search was more exhaus-
ive and effortful before the search was terminated prior to making

 response. It is likely that older adults recruited additional neu-
al resources to test and rule out possibilities prior to making a
ehavioral response on non-retrieval trials. Given that there was no
ifference in the accuracy of response between younger and older
dults, it is possible that these additional neural resources in older
dults serve as a compensatory mechanism for maintaining and/or
erminating search when features result in no retrieval. The frontal
RP component could be mediated by age-related changes in the
rontal lobes, which are known to occur earlier than age-related
hanges in other brain regions (Grady, 2012; Hedden & Gabrieli,
004). However, ERP studies provide high spatial–temporal but
elatively poor spatial resolution. Future investigation using fMRI
previously done only in young adults; Assaf, Calhoun, et al., 2006;
raut, Kremen, et al., 2002), which affords better spatial resolution

han does EEG, will be needed to test this hypothesis in the aging
opulation.

As we contended earlier, semantic relatedness and congruity
ould play a less important role in the SORT task and do not
ontribute significantly to the late ERP component we  observed.
till, we acknowledge that a plausible account for the late ERP
nding reported in the current study may  be attributed to seman-
ic relatedness or congruity effects that differ between retrieval
nd non-retrieval conditions. For example, the additional frontal
omponent in older adults may  reflect a delayed detection of con-
ruity compared to young adults. Future studies should (1) include
etrieval and non-retrieval trials contingent upon disparate degrees
f semantic relatedness/congruity and (2) use non-repeated stimuli
n order to examine these other possibilities.

The operation associated with non-retrieval trials has been
bserved to be dysfunctional in patients with Alzheimer’s disease
nd schizophrenia performing the SORT (Assaf, Calhoun, et al.,
006; Assaf, Rivkin, et al., 2006; Kraut, Cherry, et al., 2006). In
hese studies, a predominant type of error noted was  false pos-
tive answers on non-retrieval trials or ‘overbinds’. For example,

hen asked for the name of the object in reading “humps” and
alarm”, an Alzheimer’s patient wrote “volcano” as the false positive
rror. Another example is “skywriter” for the word pair “pro-
eller” and “writing”. Thus it should be emphasized that semantic
emory retrieval dysfunction could manifest in both ways: failure

o retrieve (false negative) and failure to suppress inappropriate
emory representations when falsely combining features to either

n unrelated or a nonexistent object (false positive). We  posit that
he latter dysfunction can result from an inability to maintain and
erminate search processes effectively. Normal older adults appear
o maintain and terminate the search successfully by utilizing neu-
al mechanisms as measured by the late frontal ERP component.
herefore, deviations to this late frontal component could poten-
ially be used as a neurophysiological marker for detecting semantic
ysfunction in patient populations. However, further research will
e required to replicate the results with a larger sample of subjects
o test the validity of using this ERP component as a marker.

Although condition differences in older adults seemed to
ontribute the most to the interaction observed in the frontal
lectrodes, we also observed a pattern reversal when comparing
ounger and older adults: while we observed frontal negativity in
ounger adults, a frontal positivity was noted in older adults. The
roup difference peaked twice at 400 and 750 ms  post-stimulus
nd was not specific to trial type. It is plausible that structural

ifferences or changes in the brain between the groups could
e contributing to this pattern reversal. At the neural level, it
ould be that in one age group, different cellular populations are
eing synaptically impinged relative to the other age group. Those
hology 100 (2014) 106–114

different neural impingements could be happening within the same
regions of brain, thus causing activation of distinct neural genera-
tors with different polarities. Alternatively, the activity could be
in different brain regions altogether, with consequent opposite-
polarity summations at the scalp. The neural bases for these ERP
differences cannot be ascertained at this point.

We acknowledge that the older adult participants were
recruited through a physical fitness study (Chapman et al., 2013)
that had strict inclusion and exclusion criteria. Those potential par-
ticipants who had physical or cognitive issues and were not able to
endure the study were excluded. Thus, the older adult subjects in
our study were in general healthier than their peers in the over-
all population, which may  have contributed to their behavioral
performance being comparable to that exhibited by the cohort of
young participants. However, this fact makes the ERP differences in
the face of preserved performance even more striking, since many
individual differences can create variability in the ERPs of gen-
eral older adult populations (Meyer & Federmeier, 2010; Wlotko
et al., 2010). Second, more studies will be needed to investigate
the time–frequency or phase coherence information on the corti-
cal oscillations associated with the object memory retrieval process
associated with the SORT. Finally, in the current design subjects
only use their right hand to respond to the stimuli, leaving the
uncertainty as to whether unilateral responses contributed in an
important way  to the left fronto-temporal ERP component. A study
design incorporating bilateral hand responses could plausibly help
to address this issue.

In conclusion, our findings suggest that older adults employ
additional neural resources during semantic processing that
requires more extensive and exhaustive search within the seman-
tic network. When the search ends with object memory retrieval,
older adults recruit similar neural mechanisms as younger adults.
Our results support the contention that the stability of this semantic
memory function in older age relies not only on successfully retriev-
ing an object memory but also on successfully terminating search
before false-positive object memory retrieval occurs: this process
has been found to be impaired in patient populations (Assaf, Rivkin,
et al., 2006; Kraut, Cherry, et al., 2006). The semantic ERP mark-
ers observed in the current study may  have potential applications
in characterizing early semantic deterioration and distinguishing
neurophysiological changes due to disease from those due to aging
alone (Chiang et al., 2012).
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