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ABSTRACT
SO-YEON KIM: The Source of the Associative Deficit in Aging:
The role of attentional resources for processing relational information
(Under the direction of Kelly S. Giovanello)

Previous studies have proposed an associative deficit hypothesis (ADH: Naveh-
Benjamin, 2000), which attributes part of older adults' deficient episodic memory
performance to their difficulty in creating cohesive episodes. AccorditigetdDH, older
adults show disproportionate deficits in relational memory (RM) relativem memory
(IM). The disproportionate RM deficit in older adults has been demonstrated vétiety
of memory tasks, such as word-word, word-font, and face-name pairs. Despitedaice
of an age-related RM deficit, the source of this deficit remains unspkdiiee of the most
widely investigated factors is the reduction in attentional resources in digdés. &0
investigate the effect of reduced attentional resources on RM perfornpaeceus
researchers have imposed a secondary task load on young adults during encoding pf memor
lists to divide attentional resources into two different tasks (e.g., NavghaBia, 2003).
However, none of the existing studies have found a disproportionate RM impainment i
young adults under divided attention conditions. The current project investigated vehether
reduction in attentional resources for relational processing underliesethery impairments
observed in aging. Using behavioral and functional neuroimaging techniques, | cdnducte

three studies aimed at determining: 1) whether imposing a secondary task ledatifomal



processing makes young adults’ memory performance mimic the afgedr&M deficit, and
2) whether the effect of reduced attentional resources for relationalsgiog on RM is
similar to the effect of aging at the neural level, using functional magmestoance imaging
(fMRI). The results from the two behavioral studies indicate that a reductiattentional
resources for relational processing in young adults during encoding equates the
performance in RM to that of older adults. Furthermore, the results from thiestitiy/
demonstrate that both aging and reductions in relational attention procesgmggnadults
significantly reduced activity in the brain areas critical for RM fdram namely, the
ventrolateral and dorsolateral PFC, superior and inferior parietal regiahefan
hippocampus. This converging evidence from behavioral and neuroimaging studies thus
documents the first evidence that the reduction in attentional resourcestfonatla

processing is the critical factor for the age-related RM deficit.
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CHAPTER 1
INTRODUCTION

As people age, not only their physical health, but also some cognitive abiltlesede
The degree of cognitive impairment by aging is, however, different depenuihg type of
cognitive processes. For example, previous research has shown that oldeéeaddts
perform similarly to young adults on tasks of implicit memory, which dependstomatic
activation processes and does not require conscious retrieval of experiEncexample,
researchers have demonstrated that older adults show similar repetitiomgffacts as
that of young adults when study and test modalities are matched (e.qg., Ligigh& $87).
In contrast, aging seems to affect performance on tasks of episodic mengbty&(ISingh,
1987). Episodic memory refers to memory of events and experiences that have happened i
the individuals’ personal past, and it involves the conscious encoding and retrieval of
contextually-specific information, such as memory for perceptual, conceptubaffective
components that are placed within an ongoing context of personal events (Tulving, 1983). In
fact, one of the best established findings in the field of cognitive aging isltleatadults do
not perform as well as young adults on episodic memory tasks. A rich body ofitigerat
suggests that older adults have a disproportionate deficit in episodic metatve te other
types of memory due to their problems in remembering contextual detail8(el®e, &
Light, 1981). Age-related impairments in contextual details have been found in nfemory

location (Glisky, Rubin, &Davidson, 2001), temporal order (Fabiani & Friedman, 1997;



Cabeza, Anderson, Houl, Mangels & Nyberg, 2000), and perceptual attributes of the
information (Naveh-Benjamine & Craik, 1996; Pilotti, Mead & Gallo, 2003). In fact, in a
meta-analysis, Spencer and Raz (1995) found that the size of age differezar@sxh
memoryis reliably greater than icontent memory

Remembering contextual information largely relies on successful binfliag event
with its context. In accordance with this idea, Chalfonte and Johnson (1996) generalized the
age differences in memory for contextual information banaling problemby suggesting
that abilities to integrate pieces of information into complex memaoragsbe diminished
with aging. To test their hypothesis, the researchers manipulatedrsstrdigtion, by asking
one set of participants to study only a single stimulus (a simple line dijeeviogly
contextual information (color or location of the drawing), while emphasizing the gribwp
to study combined stimuli (i.e. either drawing with its location or drawittig ¥¢ color).
During the test phase, participants were presented with three typeawi.s&ome studied
drawings presented in the same color or location as at studpt@as), and some studied
drawings presented in a new color or location. Unstudied, new drawings werechlged
at test. Participants were asked to discriminate “intact” stimuwngnthese three types of
stimuli. The researchers found that older adults’ memory for individualtalrjeontextual
information (e.g., colors or locations) was just as good as that of yourtg. adowever, the
older participants were less able to remember object-color or objetibiopairs relative to
young adults. When a test required participants to identify the color or loo&ogiven
drawing during the encoding phase, the older adults showed worse performaine tel

the young adults. This finding suggests that older adults have specific tg8aalthe



process of associating different information together, rather thanageledicits of encoding
new information or new context.

Since the findings of Chalfonte and Johnson (1996), there has been an accumulation

of evidence supporting the claim that older adults experience an inablityddeatures
together into relatively complex memories (e.g., Bayen et al., 2000; Mitthadll 2000;
Naveh-Benjamin, 2000; 2002; Naveh-Benjamin et al., 2003; 2004; For review, see Old &
Naveh-Benjamin, 2008). Importantly, Naveh-Benjamin (2000) proposed an associative-
deficit hypothesis (ADH), expanding the scope of feature-binding notion in ngeandr
aging by focusing on different effects of agingimmvs.relational memory The ADH is
based on the idea that complex events consist of multiple kinds of information sourges, suc
as a semantic content and information about the time and place in which it occurred, or
acting agents and their characteristics. In fact, there has been dehavihat supports a
separation within memory of information about single items {iesn memoryfrom
information about associative relationships among separate iteme(agonal memory
(Anderson & Bower, 1973; Chalfonte & Johnson, 1996; Gillund & Shiffrin, 1984; Hockley
& Cristi, 1996; Humphreys, 1976; Johnson, 1992; Johnson & Chalfonte, 1994; Murdock,
1982). For instance, item memory and relational memory are differergbtedfby word
frequency (Craik & Jennings, 1992) and differ in their rates of forgetting (Hod@91).
The ADH suggests that older adults have difficulty forming and retigeassociations
among single units of information or episode (i.e., relational memory), which maibotat
to their episodic memory deficits.

Specifically, Naveh-Benjamin (2000) employed a method originated by Huysphre

(1976) to demonstrate relational memory deficits in older adults both in intemiaa-



relationships. The method was specifically developed to assess memeeynfand
associative information separately (Humphreys, 1976). In this method, gantgstudy a
list of pairs of items (e.g., A-B, C-D). During a test phase for item mgmarticipants
receive some of the original items paired with some new items, and adetaskeognize
the old items that they have seen at the study phase (e.g., detect A in A-FEstiRgr t
relational memory, participants also receive pairs of items, but pairs ethéeoriginally
intact ones (e.g., A-B) or recombined pairs which include items that weraf@eskiring
the study phase but not together (e.g., A-C). Participants have to recognizenatato
perform this test. This procedure by Humphreys (1976) has advantages singeap#stic
encode the same information during the study phase and are provided with all of the
information in both item- and relational memory test phases. Thus, this method isiaenefi
to exclusively detect differential memory for item and relational in&tiom.

Using such procedures, Naveh-Benjamin (2000) tested the ADH in a series of
experiments and found a relational memory deficit in older adults for both intemtead i
item relations. In his first two experiments, Naveh-Benjamin testedonyefior item and
inter-item associations using unrelated word-nonword pairs and unrelated wordaerd p
The results supported ADH by demonstrating that older adults showed a dispropigrtiona
greater deficit in the relational memory when memory for item and focasive
relationships among items were compared directly. Naveh-Benjamimdexit¢his finding to
memory for intra-item associations (i.e. words and their fonts) and cethpaung and
older adults’ memory for event’s attributes and their relationships with elheh dResults
indicated that memory for single attributes (words or fonts) was compdratween older

and young adults, whereas memory for conjunctions of attributes was deficodaéi



adults. In the last experiment, Naveh-Benjamin (2000) investigated mémnagmantically
related and unrelated word pairs in young and older adults and used three diféanemym
tests: free recall, cued recall, and recognition. As opposed to generalHzlieée recall
would be the most difficult among above three tests due to lack of environmental support
(e.g., cues), Naveh-Benjamin found that older adults showed disproportionally poorer
performance in a cued-recall task of unrelated pairs relative to thalvdigage in free-
recall and recognition task. He also demonstrated that older adults perjashas well as
young adults in a cued-recall task for semantically related word pdiese they did not
have to create new associations among words. Finally, Naveh-Benjamin niaalipasi
instructions for item- and relational memory tasks, and demonstrated thabhddental and
intentional learning for associative information are differentially imgzhin older adults.
Since the initial proposal of ADH by Naveh-Benjamin (2000), a growing body of
research has provided evidence for disproportionate deficits in relatiomadrgnan older
adults using a variety of materials. For example, Naveh-Benjamin, Huss@&n, &d Bar-
On (2003) extended the early findings on ADH to pictorial stimuli. The relsex presented
young and older adults with pairs of simple familiar objects that were tedefameaning,
sound, or appearance, and provided an item or relational recognition test for eaels pictur
pairs. Results in this study using visual materials echoed the finditigsevbal materials,
showing older adults’ relational memory deficit for picture stimuli degbi¢ir intact item
memory for pictures. The results that older adults showed less of arralatiemory deficit
for semantically related objects also supported an ADH, suggesting/deaadults’
relational memory deficit increased to the extent that a task requirecett®i of new

association.



Furthermore, previous researchers extended the ADH to materials gh#r hi
ecological validity. Several researchers demonstrated that oldes hdud difficulty in
recognizing face-name pairings (Naveh-Benjamin, Guez, Kilb, & Reedy, Z00yer,
Hafliger, Cadieux, & Craik, 2006). The researchers were also able to isolasstwative
link as the primary source of the age-related deficit, by showing that naogsitean and
face recognition had much smaller age declines than recognition of ted pp@ams. More
recent studies also found disproportionate impairments in association of twonfatuer
adults relative to their intact recognition ability to individual faces t{iBas VVan der Linden,
2006; Rhodes, Castel, & Jacoby, 2008). Moreover, in a recent study, Old and Naveh-
Benjamin (2008) employed dynamic stimuli which involved acting agents amddtiens,
and demonstrated that the ability to link an action with an acting agentseadiféérentially
impaired in older adults despite the spared recognition memory for eacm e action.

Finally, previous researchers also investigated ADH for within- or betweeaidom
associations. Previous studies have suggested that there are functionaiosidigteveen
within-domain associative recognition memory (e.g., face-face) and betioeeain
associative recognition memory (e.g., face-house) (Cohen, Poldrack, & Eiaherl897;

Mayes et al., 2001, 2004, 2007). Specifically, previous neuroimaging studies suggest that the
between-domain association is dependent upon the hippocampus, whereas both hippocampus
and perirhinal cortex may contribute the within-domain association @Aresal., 2004,

Staresina & Davachi, 2008). Furthermore, neuropsychological evidence also stipgport

notion that those two types of association are different, by showing that hippdpeatigrats

were more impaired on between-domain relational memory than on within-doadiona

memory (Mayes et al., 2001, 2002, 2004, 2007; Vargha-Khadem et al., 1997). Based on



these findings, a recent study by Bastin and Van der Linden (2006) quaryitatingared
older adults’ relational memory deficits in different types of astioas. The researchers
guestioned whether the effects of aging would also differ between re@oador associative
stimuli between- and within- domains. To test their hypothesis, the resesacohgpared
older adults’ recognition performance on face-face pairs to their perfoem@n recognition
of face-spatial pairs. In their results, the researchers replicafgomlistionate age-related
differences on relational memory compared to intact item recognitiororgerflowever,
the degree of older adults’ impairments on relational memory was exjoasalifferent
types of association (e.g., within- or between-domain). Hence, the rdsalsipported the
ADH, which suggested that the older adults revealed a general deficit ir#t@mcrand
retrieval of links between individual components.

In sum, a number of evidence supports the associative deficit hypothesis fadcldsr
impairments on episodic memory. Disproportionate deficits in relational nyeanwng
older adults have been found in numerous studies using different types of mataditihe, a
impairment seems to be greater for the creation of novel associations thetnéeing the

pre-existing associations.

Sources of the disproportionate deficitsin relational memory in older adults

Despite rich evidence for a disproportionate relational memory defiqjimgahe
source of the deficit is still unclear. In fact, there exist sevemthgses to explain general
deficits in memory in older adults. Some researchers proposed a faitmetiadlled
mnemonic processing as a possible mediator for memory impairments iadidgsr (Craik,

1982, 1986; Jennings & Jacoby, 1993; Hay &Jacoby, 1999), while others suggested a failure



of inhibitory processes for unnecessary information as a cdubke deficit (Hasher & Zacks,
1988). Furthermore, reduction in contextual encoding (Mcintyre & Craik, 1987; Light,
1991), reduction in processing speed (Salthouse, 1996), or reduction in attentional sesource
(Anderson et al., 2000) have also been proposed as a possible source of the memory
impairments in older adults. Although none of the theories provides an explanatios for t

full range of phenomena related to older adults’ relational memory defieid proposals

have been particularly explored to determine the source of the relational yrafioits in

aging: reduction in mnemonic processing and reduction of attentional resources.

Reduction in mnemonic processing

According to Jacoby’s dual-process models of recognition memory (1991),
mnemonic process can be differentiated into two separate progessdigctionand
familiarity (Hasher, 1979; Jacoby, 1991; Mandler, 1980). Recollection is generally described
as a conscious, attention-demanding process which entails conscious retrepeaific
episodic information, including perceptual details, the source of information, tdropora
spatial information, and emotions that accompany the event. This type of meowayy
has been known to underlie recall of past events or thoughts (Jacoby, 1991; Yonelinas, 1994,
1997, 2002). Unlike the recollection, familiarity refers to the feeling thaean was
previously encountered, and it is conceptualized as an unconscious, relativelytiautoma
process which supports performance on recognition tasks to a greatertdagneseall.

Previous studies have provided evidence that the contributions of recollection and
familiarity processes are different in item and relational mgmiam recognition is largely

based on familiarity, whereas recollection plays a significant ngbeiformance on



relational memory tests (Kelly & Wixted, 2001; Rotello & Heit, 1999, 2000; Rotello,
Macmillan & Van Tassel, 2000; Yonelinas, 1997). Specifically, recollectiorpecesly
important for tasks where individuals must discriminate intact from recombingidveof
studied associations and discriminate items from different lists, sourcgbgeo contents. In
contrast, familiarity behaves in a fairly item-specific manner, provignaged feelings of
familiarity of recency about individual studied items (Quamme, Yonelind&,oft, 2004).
The dual-process theory suggests that familiarity engendered by the old catspaine
feature and conjunction lures biases individuals to commit false recognitoos, dnt
recollection for a word presented earlier in a study phase can be used to owbreome
influence of familiarity to avoid such errors (Jones & Atchley, 2002; Jones & \ja2001
Lampinen, Odegard, & Neuschatz, 2004).

Age-related changes are also different for the recollection-baseteafattiliarity-based
processes. Previous studies have reported that aging is accompanied wids diecli
controlled mnemonic processing of recollection, whereas the faityimsed mechanisms
seem to be relatively spared in aging (Light, Prull, La Voie, & Healy, 2000;ard et al.,
2006;Yonelinas, 2002, Zacks, Hasher, & Li, 2000). For example, older adults are more
susceptible to source errors due to familiarity in the absence of recoll€Bartlett, Strater,
& Fulton, 1991; Jennings & Jacoby, 1993). A recent neuro-anatomical study alsceithdicat
that age related decreases in hippocampal volume led selectively to lowgolevel
recollection and decrease in memory performance in recall tests (Yametial., 2007).

Since older adults show both reduced controlled mnemonic process (i.e. recolkation)
impaired relational memory, a group of researchers have suggestedubgan in

recollection as a cause of the relational memory deficits in agingng Usliational memory



tasks, previous researchers found impaired recollection and relatively presemnetity
processes in aging, by showing older adults’ higher false alarm ratég foonjunction of
two items which previously presented separately (Castel & Craik, 2003; Rhadastél,
Jacoby, 2008). The researchers suggested that reduction in the recollectibprbesssing
and increased dependence on familiarity may account for associativesdeftdder adult.
Consistent with such hypotheses, previous researchers demonstrated theihontnedevel
of familiarity led more associative errors in older adults (Jones & Jac00y; Right, 2004,
2006). Specifically, Light and colleagues (2004; 2006) varied the length of preseratdsn r
and the number of repetition of stimuli during the study phase in order to manipulate the
level of familiarity in relational memory tasks. The researchers fduatdepetition of the
study list increased hit rates for both young and older adults, whereas thitorepetl a
longer deadline increased false alarm rates for rearranged paiferothg older adults.
Jones and Jacoby (2005) provided further evidence on the effects of impairedtrenollec
process on increased associative deficits in aging, by showing that gtetiiae decreased
errors in young adults but increased errors in older adults. The ressaislsedemonstrated
that the conjunction errors were modality-free for the older adults, wheestiion of the
words in the same modality (e.g., visual presentation) aided the young adults to avoid
conjunction errors. Together, previous findings provide evidence for which declined
recollection-based processing and increased reliance on familiaségiprocessing
influence the associative deficits observed in older adults to some degree.

However, it cannot be concluded that the reduction in the recollection processist a dir
cause of the relational memory deficits in aging. In other words, thele lm@a third factor

which influences both reduced recollection-based processing and relational nolefnoty

10



in aging. Reduction in attentional resources, for instance, could be a potentiakand di

cause for both reduced recollection process and relational memoiysdafader adults. In

fact, recollection is generally described as a conscious, attention-deg@nocess, and a
number of studies have demonstrated age-related reduction in attentional rescnicers

adults (e.g., Craik, 1983; Craik & Byrd, 1982; Madden et al., 2005, 2007). Thus, the
contribution of the reduced attentional processing should not be ignored when searching for
the source of the deficient relational memory observed in aging. Henhe,nestt section, |

will describe evidence of the effects of reduced attentional resourcelsitoonead memory in

order to elucidate the direct source for the relational memory deficiésvaokin aging.

Reduced attentional resources: Evidence on divided attention and relational memory

As stated previously, relational memory requires successful binding peecéidsas
been suggested that successful binding involves conscious attentional procesdes imgdia
the frontal lobe, as well as more automatic processes mediated by mediabtestipotures
(Moscovitch, 2000; Moscovitch & Winocur, 1992). If conscious attentional processing
enables optimal binding, it is plausible to hypothesize that reduced resourdésnioorzal
processing should lead to inefficient binding and poor formation of associationsst€onsi
with such hypothesis, previous researchers have demonstrated that normed aging
accompanied by a reduction in attentional resources (Craik, 1983; Craik & Byrd, 1982; Cra
& Simon, 1980; Madden et al., 2005, 2007), and that a reduction in attentional resources
plays a role in memory deficits in aging (Anderson et al., 1998; Craik et al., 198y Bt

al. 2000).

11



Craik and colleagues (Craik, 1983; Craik & Byrd, 1982) have proposed the common
mechanism view which considers the reduced attentional resources as aanmnsgonfc
episodic memory problems in older adults. Craik and colleagues (1996) have shown that
division of attention at the time of encoding greatly reduces subsequent calétbrec
unrelated noun pairs, and this impaired performance may be attributed to atdailure
establish the adequate relational linkage between the component items. Subsequent
researchers supported this view by showing that divided attention at encodiegedors
memory for contextual information (Troyer & Craik, 2000; Troyer et al., 1999). dwere
Anderson et al. (1998) showed that divided attention at encoding disrupted memory
performance of both young and older adults in free recall, cued recall, agaiten tasks.
Using various secondary tasks and episodic memory tasks, Fernandes and tito§2000)
also found that dividing one’s attention at encoding disturbed the performance in@pisodi
memory tasks.

Despite consistent evidence on effects of attentional resources on episoaicyrnre
aging, it is still unclear whether a lack of attentional resources adatas the relational
memory deficits in older adults. To test the effects of attention on relbatr@mory,
researchers have given young adult participants a secondary task, whéacbdgd
memory lists, and subsequently tested whether the participants showed digprajeor
relational memory deficits under divided attention (DA), relative to fudirgitbn (FA)
conditions (Castel & Craik, 2003; Naveh-Benjamin et al., 2003, 2004; Kilb & Naveh-
Benjamin, 2007).

For example, Naveh-Benjamin and colleagues (2003) provided a group of young adults

with a secondary digit-monitoring task while they were encoding pairs efated object

12



pictures (i.e. divided attention (DA) condition). Another young adult group recenlgdhe
study list without any concurrent tasks (i.e. full attention (FA) condition)th Wis

paradigm, the authors found that the young adults under DA showed reduced accuracy,
indicative of general decline in memory performance. Nonetheless, unligatteen of the
older adults’ associative deficits, the secondary task affected the mpaer@wgmance for
item and association to the same degree.

Naveh-Benjamin and colleagues (2004a) replicated these findings usingrdiffer
memory and attention tasks. The authors instructed a group of young adults to perform a
concurrent attention task while they were encoding face-name pairsttdinea task was a
continuous reaction time (CRT) task that involved a sequential presentation ofyataias
by a computer, presented one at a time, and a manual response on a computer keyboard to
each tone. One of three tones (all of which differed from each other in frequeiscy) wa
presented at random, and the task was to press a pre-designated correspondingekey on t
keyboard. In this study, the authors replicated their earlier findings, byreihtvat young
adults under DA showed reduced accuracy overall, but not disproportionately for
associations as is found in aging.

The proportionate effect of attention on both item and relational memory was aga
replicated with a somewhat different task paradigm in which researchetscdth@amount
of information provided at test by adding a forced-choice item recognitipn3escifically,
in a forced-choice item recognition test, Naveh-Benjamin et al. (2004bnhprdde/o words
to participants, and instructed participants to identify which of the two itemprgaented at
study. Older adults under FA were compared with young adults under FA or under DA, i

which they performed a digit-monitoring task during encoding. The results deatedst
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that the young adults under DA condition performed similarly to the older aplalip in the
forced-choice item recognition test. However, the older adults performedpoomntg on the
relational test than on the item test, whereas the young adults under DA shovesdédhe s
level of performance in the two tests. Thus, these results also argue tgaswgigestion
that the age-related deficits on relational memory can be explained logdeattentional
resources, or by the related suggestion that the relational memory tegilysrsomne
demanding.

Using a dual-task procedure in which participants receive two differdust tas
concurrently, a recent study by Kilb and Naveh-Benjamin (2007) further igatest
whether the relational memory deficit in older adults is mediated by ati@uut attentional
resources. Both young and older adults studied lists of word pairs either uhdéehilon
(FA) or while performing a concurrent auditory choice RT task in which thiegiel one of
the three pitches that could be identified as low, medium, or high (i.e. dividedamttéDw)
condition). The researchers replicated their earlier findings supportihgpbéesis that
the relational memory deficit in older adults was not mediated by redueetiaial
resources. That is, although a disproportionate associative deficit was found adoikie
under FA, it was not observed in young adults under DA. The same results were found when
the researchers reduced the amount of attentional resources required at dncothkRing
the older adults to concentrate on only one aspect of the study list at a timéh@rethei
item or the association) rather than two aspects concurrently. That is,chittershowed an
associative deficit even when they were instructed to learn the components and pair
separately. Furthermore, neither young nor older adults showed a |lagaatge deficit

under DA than under FA. Hence, these findings also suggest that reduced attentiona
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resources cannot explain the disproportionate age-related deficitstionalanemory
performance.

Although most of the studies have demonstrated that the effects of the secosidary ta
were equal for both item and relational memory tasks, a study by Ca$@taik (2003)
showed a somewhat different picture. The researchers divided particigaritgyee groups;
older adults under full attention (FA), young adults under FA, and young adults under
divided attention (DA), who performed a secondary task only at encoding or both at
encoding and retrieval. The secondary task required participants to monitor andadgétct
strings (i.e. consecutive three odd digits among a series of digits). Theg&richm this
study supported the prediction that a reduction in attentional resources may patgally
explain the age-related deficits in relational memory, by showing dispiapeate relational
memory deficits in young adults under DA at encoding condition.

Nevertheless, a closer look of results in Castel and Craik (2003) provitbrerdif
conclusions. In their discussion, the authors pointed out that although overall accuracy
performance was similar between young adults under divided attention conddioidar
adults under full attention, the patterns of accuracy were differenebetgroups. Whereas
the effects of divided attention was primarily seen as a reduction in hitidtelatively
small increases in false-alarm rates in young adults under DA, theadfeeging was seen
most dramatically in the older group’s greatly increased false-aktas in pair recognition,
especially for the recombined pairs. Thus, dividing young adults’ attentioc@diag did
not mimic the relational memory deficits in older adults, and this distitigtrpan fact limits
the conclusion that a reduction in attentional resources could serve asaatkeyadr

relational memory deficits in aging. Rather, this differential patteghlights the possibility
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that the similar memory performance across the two age groups malydeavthe

consequence of different underlying processes: a higher dependence omifamiledder

adults and a decrease in recollection in both aging and dividing attention. Thus, even though
Castel and Craik (2003) found the expected patterns of accuracy results bydtesig

regarding reduced attentional resources as a cause of the relational rdefiotigy; the

patterns of the results, in fact, are not in line with the suggestions by Craik te#ettie of

aging can be mimicked in all respects by division of attention. Rather, theirgehgdiovide

further support for the alternative hypothesis that the reduction in attentionaloes

cannot fully account for the relational memory deficits in older adults.

In sum, a number of studies with divided attention (DA) and ADH paradigm suggest that
reduced attentional resources may not be a critical source of disproportelaatamal
memory deficits in aging. The vast majority of studies (e.g., Naveh-Bengral., 2003,
2004; Kilb & Naveh-Benjamin, 2007) have shown that although dividing attention may
contribute to a general decrease in memory performance, it does not dispropdytadfede
relational memory. Such findings imply that reduced attentional resouruest @plain the
age-related deficit in relational memory processing. Furthermpozeious research has
shown that behavioral patterns of young adults under the DA condition are differerihe
behavioral patterns of older adults; that is, young adults under the DA conditaath re
decreased hit rates rather than increased false alarm rates faotnédireed pairs in an
relational memory test (Castel & Craik, 2003). Taken together, the finoipdg that
despite a marked effect of divided attention on episodic memory performathaes ihot
mimic the specific pattern of impairment seen in aging, namely the disporatet

relational memory deficits.
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Sources of disproportionate deficits in relational memory in older adults: An alternatiwe

Even though previous studies have demonstrated that reduced attentional resources in
older adults cannot fully account for disproportionate relational memory dafeging, |
propose an alternative account in which reduction in a specific type of attemésoaices
plays a critical role in age-related relational memory deficitelieve that the attentional
manipulation in previous studies with divided attention (DA) paradigms may not have bee
the correct way to examine the effects of attentional resources tarralanemory. Most of
the previous studies used target detection tasks or digit monitoring taskeamdary task
to divide and reduce participants’ attentional resources during episodic memodyre or
retrieval, and found that dividing one’s attention during episodic memory encodingnedrs
both item and relational memory performance to the same degree. In other waidsspre
researchers manipulated general processing resources, rather tiianapentional
resources for associative memory, and found that reduction in general atteeS8oneces
did not equate young adults’ performance in relational memory task to that ofdldtsr a
However, attention is not a unitary system; rather, it involves different gesesuch as
selection, orienting, inhibition. Attention can also be distinguished by modalitresources
for which the attentional mechanism requires, such as visual, spatial or autié@otypa
(Navon & Gopher, 1979). Furthermore, since attention is not a unitary system, dividing
attention into two different tasks does not always disturb the performance on ksthltas
fact, studies investigating interaction between attention and other cognitivesaobese
demonstrated inconsistent findings due to the different types of attentisoataes required

in different cognitive tasks.
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For instance, studies on attention and working memory (WM) have shown that effects of
WM load on attentional tasks vary depending on the type of resources that each system
requires. Dual-task impairments can be observed if WM load overlaps and cavithcts
attentional processes required for a task, consistent with the common intuition that
performance suffers when people try to do two or more tasks at once (Mak@adf)

2005; Pashler, 1998). Specifically, loading spatial WM with irrelevant spattemation

impairs performance in tasks, such as visual search, that require spati@@tfOh & Kim,

2004; Woodman & Luck, 2004). Using a response conflict task, de Fockert et al. (2001) also
demonstrated that a concurrent WM load increased the amount of response conflict from
distractors.

However, loading WM does not always disrupt the efficiency of selectiveiatiehthe
type of WM load does not overlap with processes required for the selectiveoattask.

For example, a color WM load does not disrupt visual search for shapes (Woodman et al.,
2001), and a WM load of face stimuli does not disrupt background scene processing (Yi et al.,
2004). Moreover, Kim et al., (2005) demonstrated that the performance on an attention task
can be significantly improved or disturbed depending on the relation between resources
required for concurrent WM and attention tasks. Using a variety of Stroop taskdvand W

tasks, the authors demonstrated that different types of WM load had differetd effec

attentional selection, depending on whether WM load overlapped with mechanisms involved
in target or distractor processing in an attention task. Specificallguthers showed that

when a concurrent WM task utilize the same type of cognitive resourceéigl sr

verbal) as a target processing in an attention task, the WM load signifidesttisbed

performance in the attention task, whereas a simultaneous WM task can impgotierst
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selection processing if the WM task involved the same cognitive resouraessaisactor
processing in the attention task. Motivated by those previous studies, in the projectt |
tested the role of attention on relational memory deficits in older adultsabipulating
types of resources required for a concurrent attention task.

In Experiment 1 and 2 in this dissertation, | hypothesized that there would befia spec
type of attentional process required for relational memory. Specifitgllgpose a new
term, ‘relational attention”, a mechanism to selectively focus on relational aspects among
stimuli. As in the case of relational memory which requiresding proces®f separate
memory units, | believe that relational attention may involve a spegfedf processing to
selectively focus on associative aspects of separate items. For exaskdeequiring
comparison of specific attributes of stimuli (e.g., color matching, size casopajimay
involve relational attention to successfully perform the tasks. To performaskd t
individuals may have to focus and allocate their attentional resources to the iconoect
relationship between two or more stimuli. In the current project, | hypothibsiziack of
resources for relational attention plays a critical role in aggelrelational memory deficit.
That is, the reduced attentional process to focus on the connection between items may
contribute older adults’ relational memory impairments. To test this hypsthds/ided
participants into separate attention groups (i.e., a full attention and wlifteveded attention
groups), and tested their item- and association-recognition abilities uffdesrdiattentional
loads at encoding. Critically, | selected secondary tasks which patifaalzolve
processing of relations in order to deprive participants’ cognitive resofmceelational
attention. Secondary tasks which require little or no relational processiagise recruited

to serve measures of general effect of secondary task on both item- dndakhaemory
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performance. Experiments 1 and 2 of this dissertation examined behavioral efffec

concurrent relational attention tasks on relational memory tasks.

Therolesof MTL and PFC regionsin episodic memory encoding

Studies with animals, human patients, and neuroimaging techniques have shown that the
formation of episodic memories is prominently linked to the medial temporal lobdssjMT
(e.g., Eichenbaum et al., 1994) and the prefrontal cortex (PFC) (e.g., Moscovitch, 1994).
According to the "working-with-memory model" put forward by Moscovitch andaglies
(Moscovitch, 1992, 1994; Moscovitch & Winocur, 1995), memory involves the interaction of
a frontal lobe system that mediates strategic encoding and retrievesgee@nd a modular
medial temporal lobe-hippocampal (MTLH) system that automatically pigksformation
that has been consciously processed. Previous neuroimaging studies have provided
convergent evidence to support this model, and demonstrated that the PFC is assaliated wi
controlled processing of relational information both at encoding and retriesas@,
Shallic, Josephs, & Dolan, 2002), while MTL structures are associated with thentatide
encoding and retrieval of contextual associations (For a review, see Cabeza, T2G6%&)
working-with-memory functions are particularly critical for redaal memory, and
neuropsychological studies have provided evidence that damage on the PFC and/or MTL
tends to yield large deficits on episodic memory tasks involving relatioaadory
(Shimamura, 2002; Stuss et al., 1994; Wheeler et al., 1995; Yonelinas, 2002). That is, lesion
studies showed that areas in the lateral prefrontal cortex implement cogniibesses that
contribute to successful episodic long-term memory encoding (Blumeafekhganath,

2007). Specifically, lesions that lead to relational memory deficits ap wftthe
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dorsolateral PFC (Milner et al., 1991; Petrides, 1994), whereas lesions in the vergtomedi

PFC seems to be more prominent for item memory (Bachevalier & Mishkin, 1988&ipnL

studies have also shown that medial temporal areas, including the hippocampus and adjacent
cortices, play a critical role in episodic memory, specifically in trowéimg of new

memories (Squire, 1992; Eichenbaum, 1992; 2002). Furthermore, studies of amne#is patie
with damage to the MTL demonstrated that lesions in the MTL were associtdteddeficit

in the ability to form relations among elements (Cohen et al., 1997; GiovanettagNie, &

Keane, 2003; For review, see Eichenbaum & Cohen, 2001; Eichenbaum, 2007).

Studies using neuroimaging technigues have also supported a notion that both PFC and
MTL play an important role in episodic memory encoding. Early PET (positrorsiemis
tomography) and fMRI (functional magnetic resonance imaging) studigssoidec memory
encoding used “blocked” experimental designs, where encoding-reléitatyacas captured
in contrasts between tasks that were associated with relatively geochi&nhory
performance versus tasks associated with relatively poorer performamodtain good or
poor memory performance, most of the blocked-design studies employed a “depth of
processing” manipulation (Craik & Lockhart, 1972), which varied whether studulsti
were processed semantically or nonsemantically (For review, see Rtgy, &Henson,

2002, Wagner, Koutstaal, & Schacter, 1999). For instance, previous researchers had
participants make either semantic (e.g., abstract/concrete juggm@htonological

judgment during encoding of word lists and demonstrated that the incidental encoding unde
semantic judgment yielded greater activation in left inferior PFC and in Ther&gions
compared with more superficial encoding (Fletcher et al., 1998; Montaldi et al., 1998;

Shallice et al., 1994).
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Later studies using event-related fMRI technigues have further providetelirdence
that neural activities in both PFC and MTL regions are involved in successful enobding
episodic memory. Specifically, Wagner and colleagues (1998) first implechamgowerful
approach, the“subsequent memory procedure”, with an event-related fMiIgrarto
examine neural activity during encoding correlated with la@erembering. In this procedure,
neural responses to distinct stimulus events are recorded and then classfiednbizsting
the participant’'s memory for the stimuli at a later time. The neural resp(asedexed by
blood oxygenation level dependent signal change) elicited by the iteragabse then
contrasted according to whether these items were remembered or fongolteisubsequent
memory test. Differences between the responses associated with sulbgegoembered
and forgotten items (subsequent memory effects) are interpreted as putataleoeelates
of memory encoding (Wagner et al., 1998; Paller & Wagner, 2002). With this paradig
Wagner and colleagues (1998) demonstrated that activation in posterior and left
parahippocampal and left PFC regions during semantic decision task for woeds wer
correlated with successfully remembered events.

After this initial study, numerous studies employed this method to examiné neura
correlates of episodic memory encoding with different task matarmalgrocedures. Using
different materials in memory tasks, previous researchers have demaon$iahteerbal
semantic and phonological processing preferentially engages anterior aribppsirtions
of left inferior frontal gyrus, while encoding of pictorial stimuli actestight PFC (Brewer
et al., 1998; Poldrack et al., 1999). Furthermore, other researchers manipulatedréefnat
encoding procedures (i.e., deep vs. shallow), and demonstrated different neuital\wece

correlated with different types of encoding processes (Otten & Rugg, 200de Bt al.,
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2005; Rugg, Otten, & Henson, 2002). For example, researchers asked partioipaaits t
animacy or syllable judgments about words followed by a recognition memorynigst, a
demonstrated that activation in the left inferior frontal gyrus correlaiddmemory
formation for items processed in the semantic (i.e. animacy) task. Howevaythors also
found that episodic memory formation in the non-semantic task was associated wit
activation in different cortical regions, including right prefrontal, bildtgaaietal, and
fusiform cortices (Otten & Rugg, 2001). Overall, previous findings suggest tfeatdif
parts in PFC are engaged in episodic memory encoding depending on the typii@ndfna
the encoding task.

Recently, several studies have investigated the neural correlagtatioinal episodic
encoding using the subsequent memory procedure, and demonstrated the engagement of PFC
and MTL activation correlated with successful encoding of relational intawma
Specifically, Kirwan and Stark (2004) directly compared neural corsetdtsuccessful item-
and relational encoding, and found that the hippocampus and posterior parahippocampal
gyrus selectively correlated with relational memory formation. €seurtment of
hippocampus and posterior parahippocampal gyrus during relational memory gritaslin
been consistently reported in other literatures using different mat@iglsface-name pairs,
face pairs, word pairs) and different task requirement (intentional olemmzil, deep
encoding) (Davachi et al., 2003; Kirwan & Stark, 2004; Ranganath et al., 2004, eav,revi
see Davachi, 2006). Along with activation in MTL regions, engagement of lateCah&s
also been evident in relational memory construction. A recent study suggesisrtindditeral
regions of the PFC (DLPFC) may contribute to the ability to organize multgtepof

information in memory, thereby enhancing memory for associations aneong it long-
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term memory (Murray & Ranganath, 2007). The authors showed greater DLEAHS ac
during relational compared with item-specific encoding in a sequential encodingetdited
word pairs, and demonstrated that DLPFC activity predicted successful memory f
associations. However, other studies also emphasized the role of inferior gyontato
supports generation of associative information (Addis & MacAndrews, 2006). Evernthoug
studies on the PFC engagement in relational memory formation have reported somewhat
different findings in terms of the specific regions correlated with sséakeencoding, both
dorsolateral and inferior frontal gyrus have been revealed to be dntieational memory

formation, along with hippocampus and posterior parahippocampal regions.

Effects of aging on the neural basis of relational memory

Given the rich behavioral evidence on age-related deficits in relbti@raory, it can be
expected to observe dysfunctions in the PFC and/or MTL in older adults. In fact, iehas be
evident that several brain structures essential for self initiated pescasd associative
memory (e.g., the PFC and MTL) deteriorate structurally with age €Ral., 2005; Resnick
et al., 2003). Foremost, lateral prefrontal cortex volume decreases around 5%agder dec
starting at age 20 (Raz et al., 2005, Resnick et al., 2003). Similar decline i'edbedahe
hippocampus (0.79%), but age-related degeneration of the frontal lobe is the most prominent.
Consistent with the structural degeneration in the PFC with aging, previoussdtade
posited that age-related cognitive deficits are primarily due to PF@Qraysins (Dempaster,
1992; Moscovitch & Winocur, 1995; West, 1996). Older adults tend to be more impaired in
cognitive tasks sensitive to frontal damage, such as interference, aedadlource memory

tasks, than in other tasks (Moscovitch & Wincur, 1995; West, 1996).
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Furthermore, neuroimaging studies have repeatedly found significanglatgdr
differences in PFC activity during cognitive performance (Cabeza, 20@pprtiantly,
several studies demonstrated positive correlations between older adults’ padernm
relational memory tasks and their scores in ‘frontal lobe tasks’ (Craik &080; Glisky et
al., 1995; Parkin et al., 1995; Henkel et al., 1998). Neuroimaging studies have also provided
direct evidence linking age-related deficits in relational memory @ @sfunction. First,
several studies using positron emission tomography (PET) or functionaoMil age-
related decreases in encoding activity in left and right PFC regions @eabalz, 1997,
Grady et al., 1995; lidaka et al., 2001; Mitchell et al., 2000). The first studyrwhic
documented older adults’ reduced activity in the prefrontal cortex duringdepisemory
encoding was a work by Grady and colleagues (1995). The researchercassttaling
and recognition tasks during PET scans, and demonstrated that older adulte fhilead t
significant activation in the inferior and middle prefrontal cortex during &awoding,
whereas those regions were significantly activated in young adults doeifigce encoding.
Later, other studies employed relational memory tasks and found similanoedad®FC in
older adults during relational memory encoding compared with young adults ficxlgci
Cabeza and colleagues (1997) showed that older adults revealed decreasgthdbe left
ventral PFC during intentional learning of word pairs compared to young adults, and
suggested a direct relation between the PFC function and older adults’ debem togw
semantic associations. Mitchell and colleagues (2000) also reported W&&kactivity in
older adults than young adults, during a spatial relational memory task requmdgiiggoof
object drawings with their spatial locations. Similar findings were foundyymirs of

drawings as well (lidaka et al., 2001). lidaka and colleagues (2001) found thgbonty
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adults showed enhanced activation in PFC during the encoding of unrelated obje&aswher
older adults failed to show significant activities in any of PFC regiorteisame condition.
Overall, these previous studies suggest that the under-recruitment of RIEGnganied

with aging in different memory tasks including relational memory.

However, other researchers have also found over-recruitment of PFC in older adults
during memory encoding. First, Morcom and colleagues (2003) used an eveutfidRte
technique and found that both young and older adults showed increased neural activity for
successful word recognition in left MTL and PFC regions. Additionally, thearehers
found that older adults also recruited the right PFC regions for the successfolyme
process. The latter finding is consistent with evidence of reduced funcipec#iaty in
older adults (Cabeza, 2002). Similarly, a picture encoding study found that, congpared t
young adults, older adults showed reduced activity in bilateral MTL rebuingreater
activity in bilateral PFC regions (Grady et al., 1995; Gutchess et al.,.2005)

However, the over-recruitment of additional prefrontal regions, which leads to the
reduced functional specificity in older adults during memory encoding, was nat in fa
consistently evidenced in the neuroimaging literature, especially wiedatiamal memory
task was used. For example, Dennis et al. (2008) found decreased PFC activity in older
adults compared to young adults when participants encoded face and scene stitinglr,tog
whereas older adults showed additional recruitment of PFC when they were nreganly
the scene information. The researchers concluded that older adults adurat@a PFC
regions only for the highly memorable stimuli that they can deploy corafmeystrategies,
and these strategies are not likely to be used when older adults encode mowdirtiema

information (i.e., associative information) that leave older adults with feaggnitive
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resources available for compensation. Consistent with this reasoning, Capp&R@10)
also showed that memory load is a strong moderator of the age differences Indbenta
activity during task performance. Specifically, the researchers foundauldés over-
recruit dorsolateral PFC compared to young adults under low memory load conditions, but
they under-recruit the PFC under high memory load. Thus, the prefrontal compensatory
function may not be observed during the relational memory encoding because the
discrepancy between available resources and task demands is too large idubisieluang
the relational memory encoding.

Along with the dysfunction in the PFC, previous researchers also demonstrated the
decreased MTL functions in health aging, although the MTL decline in agintdes riihan
the PFC decline. Structurally, aging is often accompanied with signifiednttions in
neurons, synapses, and overall volumes of hippocampus and the surrounding areas (For
reviews, Raz, 2000; West, 1993). Furthermore, age-related MTL atrophy comethtes
measures of memory performance (Raz, 2000). Neuroimaging studies also siglyalst t
between age-related relational memory deficits and MTL declin&ter @dults have shown
decreased hippocampal activation relative to young adults in associativengnests
involving objects in arrays (Mitchell et al., 2000) and face-name pairs (Spetlal., 2003).
Using event-related fMRI and a spatial relational memory task, Mitehal. (2000)
demonstrated that young adults showed greater left anterior hippocampé& &mtivi
combination of object and location pairs than for each item trials, whereasdidex did
not show the same patterns of activity in the hippocampal area. Furthermore,dehnis
colleagues (2008) demonstrated a greater reduction in the hippocampus in older adults

compared to young adults, when they encoded face and scene pairs. However, other
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researchers in fact found that older adults activated the hippocampus to a signdarate
young adults. Specifically, recent fMRI studies found similar degreetofity in the
hippocampus between young and healthy older adults during successful assecctdiag
tasks for face-name pairs (Rand-Giovannetti et al., 2006; Miller et al., 20083l s for
unrelated object-drawing pairs (Leshikar et al., 2010). Collectively, thatlitercurrently
offers reliable patterns of PFC dysfunction in older adults during assecmémory
encoding, but an inconsistent pattern in which hippocampal activity is only sometimes

reduced in older compared to younger adults during relational memory formation.

Effects of divided attention on the neural basis of episodic memory

Previous researchers have also investigated the neural underpinning of effieatiedf
attention on encoding and retrieval of episodic memory. Anderson and colleagues (2000)
tested the neural effects of divided attention at encoding and retrieval both ghammain
older adults. Using PET, the researchers found that left PFC regions areractivated
under full attention (FA) condition than divided attention (DA) condition during intentional
encoding of word pairs in both age groups. Activation in MTL region was also reduced
under DA condition at encoding in both young and older groups, although only older adults
showed decreased activity in hippocampus under the DA condition. Finally, the research
found that only the left inferior prefrontal activity was reduced similaylpadping and by DA
at encoding, and suggested that both aging and reduced attentional resources @ encodin
affected elaborated encoding operations involving the left inferior PFC. Otkedpi
memory studies with divided attention paradigm (lidaka et al., 2000; Fletcherc&halli

Dolan, 1998; Fletcher et al., 1995; Shallice et al., 1994) also found an attenuation of putative
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encoding-related activity in the PFC under divided attention conditions, consigteanw
idea that divided attention exerts its detrimental effect on encoding bgimgdbe
processing resources for memory performance.

Upper mentioned neuroimaging studies in divided attention and episodic memory
encoding employed a blocked design to investigate neural effects of attentionaalicepis
memory. To date, however, only three studies investigated the effect of dittel#itba on
episodic memory encoding using a subsequent memory procedure. Kensinger agdeslle
(2003) manipulated the level of difficulty in attention tasks during encoding of wisdhsl
demonstrated that divided attention was coupled with quantitative reduction in theut@gnit
of subsequent memory effects in the left inferior frontal gyrus as well e imppocampus.
Specifically, the researchers found that the subsequent memory effétPiR@eand
hippocampus was attenuated with hard attention task during encoding and only a subset of
neural correlates of successful encoding, namely right inferior PFC apadiafippocampal
gyrus, was activated in hard DA condition. This quantitative reduction, however, was not
evident in a later study with divided attention paradigm. Using different aitetaisk (i.e.
digit monitoring task), Uncapher and Rugg (2005) demonstrated similar neurakanfcuit
successful encoding in the left ventral inferior frontal gyrus and leftianteppocampal
formation. They, however, did not find any evidence on attenuated activity in thasesreg
under easy or hard divided attention conditions. Instead, the researchers reported br
regions where study (memory) item activity was reduced and attergiorigm activity
enhanced. Interestingly, such overlap was identified in the dorsolateral PFCeaald lat
parietal cortex, the regions consistently identified as supporting taskajexecutive and

control processes (Wager & Smith, 2003; Collette & Van der Linden, 2002). Thus, the
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authors concluded that dividing attention during encoding of episodic memory disturbed
task-generic processing instead of reducing the availability of resosupporting encoding
processing. Recently, however, the same authors employed different ati@sksartd
demonstrated that divided attention interfered with the memory encoding in botetesic
and task-specific manners (Uncapher & Rugg, 2008). Using semantic and ratisem
attention tasks, the authors demonstrated that an attention task involving seméasitin dec
attenuated activation in the left IFG and left hippocampus, and the attenuation of sabseque
memory effects was associated with the emergence of additiorzkaffether prefrontal
regions, such as bilateral dorsolateral PFC and superior parietal cortexinrsuwm,
neuroimaging studies with subsequent memory procedure and divided attention paradigm
have reported diverse effects of divided attention on episodic memory at thelexseiral
depending on the precise interplay between the processing demands of the ar@mory

attention tasks.

Effects of divided attention on the neural basis of relational memory

Then, what are the effects of divided attention on relational memory at the legalal
Despite the rich body of evidence on the behavioral effects of attention omideralational
memory, the neural correlates of the effects of divided attention on the relatiemealry
have not yet been widely investigated. Up to now, only a PET study utilized analati
memory task to investigate the neuronal effects of divided attention on relatienadry
(Anderson et al., 2000). In their study, the authors imposed a secondary task during
encoding or retrieval of word pair recognition task in young and older adults. UsingHe

researchers demonstrated that both young and older adults revealed reducefildetajpr
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and medial temporal lobe activity under divided attention at encoding of relationalrynem
task. To date, this is the only imaging study which tested effects of redusetibattl
resources during encoding of relational memory. Moreover, to my knowledge, no published
study directly investigated the neural correlates of effect of dividedteth on successful
relational memory encoding using an event-related fMRI. Thus, Experimenhi3 of t
dissertation project documents the first fMRI analysis of effectsvadetl attention on
relational memory in both young and older adults. In Experiment 3, | exdnwvimether
imposing a relational attention task during encoding of associative informatiod alter
neural correlates of relational memory. Based on evidence that dividetbattgrgéncoding
in episodic memory task attenuates neural activities in the left infer(oralR# left
hippocampal regions, | tested whether reduced specific attentional ressdurcey the
relational memory encoding would also decrease the subsequent memoryiretfexte
areas in young adults. Furthermore, | also tested whether redating sdults’ resources
for the relational attention at encoding of associative information equated aeturidies of
young and older adults. That is, in the last study of this dissertation,d veséther the same
attenuation of activation in areas for successful relational memooyiegccan be found
both in young adults with reduced relational processing resources alagiradults with

full attention.
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CHAPTER 2

EXPERIMENT 1: Verbal Item/Relational Memory Taskswith Visual Attention Tasks.

The primary goal of Experiment 1 was to determine whether a lack afrcesdfor
relational attention plays a critical role in the associative ongmeficit observed in aging.
Previous studies used a divided attention paradigm to impose attentional load during
encoding and/or retrieval of item and relational memory tasks (e.g., NaveimbBemt al.,
2003). Using different type of attention and memory tasks, previous researchers
demonstrated that imposing attentional load at the time of encoding in yoursy adult
significantly worsened their performance in both item and relational metesis/to the
same degree. That is, none of the previous studies found evidence that reducing young
adults’ attentional resources during encoding equates young adults’ pert@rm relational
memory to that of older adults since older adults reveal disproportionate relatiemairy
deficits compared to their relatively intact item memory (Naveh-Benj&t al., 2003; 2004;
2007). Nonetheless, it is worthwhile to note that no studies employed an attertion tas
involving processing of association in information. That is, all of the previadges with
divided attention paradigm used a simple detection or monitoring task which taggeal gen
cognitive load rather than specific attentional load related to associameny processing.
Thus, in Experiment 1, | tested whether the lack of resources for relgirocassing played

a critical role in the relational memory deficit in aging, by usisge@ondary task which



involved relational attention processing. | hypothesized that perfornmansiational
memory task would be disproportionately impaired only when attentional load foomala

processing was imposed during encoding.

Methods.
Participants.

Thirty six undergraduate students from the University of North Carolinaael
Hill participated and received course credits for their participatige(A7-25, Mean=19.7
years old, SD=1.73; Female: 22). Participants were randomly assigned to one of thre
attention groups: Full attention (FA), Divided attention with Iltem proceg&Agl), and

Divided attention with Relational processing (DA-R).

Materials and Tasks.

Total 96 common words with less than four-syllables were used. Thirty two word
pairs were presented in the encoding phase and 48 word pairs were used for two types of
memory tests; an item memory and a relational memory test. To avoid pdssibkffects
(see Anderson et al., 1998), intentional encoding was used in which participants were
informed with the nature of following memory tasks. For divided attention conditions, 128
face stimuli were used, which were selected from PAL face dataMassa( & Park, 2004;

64 females and 64 males; age 30-90). Faces in different gender were pairednialeach t
two divided attention (DA) conditions. The age gap between two face stimuli in each pair
was varied randomly from 5 years old and 55 years old. In each encodingmpbage DA

conditions, word pairs were presented above the fixation cross and faces wemeedres

33



below the fixation cross (Figure 1B). Thirty two other face pictures flensame database,
which were not used in actual experiment, were used in practice trials fioDAamondition.
In the full attention (FA) condition, scrambled images of faces were usethtwédhe
amount of visual inputs across all conditions (Figure 1A). Participants in therfe#tion
were told to ignore the scrambled images during the entire encoding phésethéf
encoding phase, each participant was tested with both item and relationadynests and
the order of the tests was counterbalanced across all participankste&igehase consisted
of three types of pairs: word pairs consisted of previously seen pairg (ates), pairs of
two words presented in the encoding phase but not together (Recombined pairs), and pairs
with two new words (New pairs). All participants saw the same 96 words, and gtimul
the six test conditions (3 (pairings) X 2 (memory tests)) were courdedsal across all
participants using the Latin square design. The experiment was presentedppiea
iBookG4 using a progranMlacStim(Darby, 2006). All data were collected via computer

key-press.

Procedures.

Participants were randomly assigned either to the full attention (FA)teondr to
one of the two divided attention conditions (DA-1 or DA-R). Before the actudy$lock,
all participants performed a practice block. A practice block consisted ofyalistuaf six
word pairs, and two memory tests (item and relational). An encoding phasacdtual task
block consisted of 32 word pairs and each pair was presented for 4 seconds. All ptsticipa
were instructed to memorize both individual words and word pairs to prepare for later

recognition tests. In addition, participants in two divided attention conditionsingtnected
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with each of the secondary tasks before the encoding phase. Participhetdiunded
attention with item processing (DA-I) condition were asked to detectafard between

two faces during each trial in memory encoding, whereas participantsdivithed attention
with relational processing (DA-R) group were asked to compare ages fddes and to
detect an older one between the two (Figure 1B). Participants weretegtto press “K
(marked as LEFT)” on a computer keyboard if the target face was presentedieih of the
computer screen and to press “L (marked as RIGHT)” ifahget was presented on the right.
Each pair of faces was presented for 2 seconds in both conditions; thus, each word pair was
accompanied with two different face pairs. To avoid possible involuntary attaehtiapture

to the face pairs due to sudden changes in faces every 2 seconds, the wordtplagd sw
their locations every 2 seconds in order to produce the equivalent visual changda@es the
pairs. In between each word pair, only a fixation cross was presented on the mikéle of t
screen for 500 ms to separate different word pairs. Participants in both DA@undiere
instructed to pay equal attention to both word and face pairs, and were told to make
responses as quickly and as accurately as possible while encoding woaitd pains. The
secondary task was included during the encoding phase only, not during the test phases. |
the full attention (FA) group, participants were presented with a word pair ardcd pa
scrambled images in each trial of the encoding phase. The images weldetiarages of
face stimuli used in the two DA conditions. The images were presented in the satios loc
as the face stimuli in the DA conditions to equate perceptual loads betweamdfdlivided
attention conditions. Participants in this group were instructed to ignore émelded

images presented under the word pairs while memorizing the word stimuli theiegtire
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encoding phase (Figure 1A). Both images and words switched their locatiop® eve
seconds to mimic the trials in the DA groups.

Each participant received one encoding phase, and item and relational mestsory te
were followed after an interpolate activity of 30 seconds (subtracting $iaonsly from
1000). The procedures of two recognition tests were equal for participartthiealgroups.

In the item memory test, participants were asked to decide whether thégpthawords in

the previous study phase. They were instructed to press “Z (labeled 89*¥Ehey had
seen both words either together or separately during the study phase. ijgradidid not
see either word, they were asked to press “X (labeled as “NO”). Twenty dodmpairs

were presented; 8 Intact (pairs of words previously seen together), 8 Recombirseof (pa
words that were presented during the study phase but not together), and 8 New pairs (wor
pairs with two new words). Thus, in the item memory test, the correct answéis fntact
and Recombined pairs were “YES”, whereas the proper answer for the New g=aiiN@/.

In the relational memory test, participants were instructed to detewhiether they saw

both words together during the study phase. Thus, in this test, the correct answacfor Int
pairs was “YES”, while the correct answers for Recombined and New pags'M@r.

Again, total 24 pairs were presented and the response buttons and the present&tion rate
each pair was fixed at 4 seconds in both memory tests. In both tests, participaritddite
make their responses as accurately and as quickly as possible. All pagieipemteceived

both types of tests, and the order of the tests was counterbalanced acrogsipfart
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Results.

Attention task performance.

Accuracy and reaction times (RT) for correct responses were avdoageath
divided attention task, and the results are presented in Table 1. Independees $dagib
on accuracy and RT measures revealed significant differenbeshirmeasures; for accuracy,
MD (mean difference)=.2@(22)=12.63p<.05, and for RTMD=182 ms}(22)=2.53p<.05.
That is, participants in DA-R group performed significantly worse in theintin task than
participants in DA-I group. These results indicated that detecting “Oldes fatthe
relational attention task was more difficult than detection of “Male faicetbie item

attention task.

Memory Accuracy.

Measures of proportion of hits minus proportion of false alarms were computed for
each participant and then averaged over each group for both item diothatlmemory tests.
Separate hit and false alarm rates in the item and relational memerfptessich group
appear in Table 2. Also, Figure 2 shows the proportion ofthitsisproportion of false
alarm rates in each memory tests in each group. A 3 x 2 mixed ANOVA withiattent
Group as a between-subject factor and Memory Task as a within-subjectiast
conducted to examine effects of different attentional loads on item- andmalafiemory
tests. The results showed a significant main effect of MemoryR@s83)=17.13p<.05, as
well as a significant main effect of Attention gro#i2,33)=10.26p<.05. Furthermore, an
interaction between attention and memory tasks was signiflegh)83)=8.63 p<.05,

suggesting different effects of different attentional loads on item artcbrelaBmemory tests.
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As depicted in Figure 2, post-hoc t-tests showed significantly worse perfoenma
participants in DA-R group in relational memory test relative to theiopadnce in item
memory testMD=.26,t(11)=5.36,p<.05. Such effect of attentional loads was not evident in
either DA-I or FA group, suggesting that only the attentional loads involvadreh

processing disproportionately affected performance in the relatimgralory test.

Retrieval latency.

A 3 x 2 ANOVA using attention groups and memory tests as factors showed no
significant main effects of memorly(1,33)<1, or attention groug(2,33)<1, on retrieval
latencies for memory tests. Also, the interaction between two factonsowagnificant,
F(2,33)=2.491p>.05. These results confirm that results from memory accuracy data were
not consequences of speed-accuracy trade-off. The group means for rettena/ in

Experiment 1 are displayed in Table 3.

Discussion.

Unlike previous studies with divided attention and relational memory paradigm (e.g.,
Castel & Craik, 2003; Naveh-Benjamin et al., 2003; 2004; 2007), the current experiment
manipulated the type of attentional resources required for concurrent attaskismtiring
memory encoding. Using different types of attention task imposed during encoding, the
current study tested the hypothesis that shortening resources for relatienabn would
disproportionately impair young adult’s performance on a relational met@stty The
results supported the hypothesis. That is, imposing an attention task which involved

relational processing disproportionately affected the relational memsirgdmpared to the
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item memory test. Furthermore, a different attention task, which inviitre®r no

relational processing, impaired both item and relational memofgrpence proportionately.
Thus, the current study provides the first evidence that reduction in attentsmaices
specific to the relational processing may be a crucial factati$proportionate relational
memory deficits shown in aging.

Although the current experiment demonstrated that resources for relati@maion
significantly interact with performance in relational memory testisé components of the
design merited follow-up. First, it is worthwhile to test whether the ictierabetween
relational attention and relational memory can be manipulated by diftgpss of materials
used in attention and memory tasks. Previous studies on interaction between attention and
other cognitive processes (e.g., working memory) suggest that the imereftéct is
different depending on the type of materials used in each cognitive taBkpénment 1,
visual domain of resources were used in both attention tasks (i.e., pictures oftfates)
verbal domain of resources were utilized in memory tasks (i.e., word pahsjefore, it
will be informative to test whether the effect of relational attention woulddreased or
decreased when the same domain of materials are used both in attention and ask®ory t
Experiment 2 was thus designed in part to address this question by exantiathgnvthe
pattern of effect of relational and/or item attention tasks on item and relatien@ory
performance would be altered due to changes in materials in attention tasks.

Secondly, different levels of performance in two attention tasks limits dusomt
that specific type of attentional resources, namely the relatioratiatt, is the critical factor
which caused the disproportionate relational memory impairments in the ctuant Brom

the results in attention task performance, it was evident that the attenkiomviziging
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relational processing was more difficult than the attention task with itecegsing. Thus, it
is plausible that the disproportionate effect of relational attention task dsiadd the
specific type of attentional resources imposed during encoding but due toaléegéonal
demands in the relational-attention task than in the item-attention task. To adidresssie,
Experiment 2 was conducted with an additional attention condition, nadifigléd
attention with item processing, harder condition (DA-IHDuring encoding of word stimuli,
participants in the DA-IH group performed the same attention task as divided attettion w
item processing group, but I increased the level of difficulty for the aitetaisk in the DA-
IH group by increasing the speed of the presentation rate of the stimuli itetht@a task.
By examining the effect of more difficult, attention-demanding task duriemmony encoding,
the results in Experiment 2 will elucidate whether the disproportionatelyradpalational
memory performance in relational attention group was due to the level of ffasktgior
due to the specific type of attentional resources imposed during encoding of episodic
memory tasks.

Lastly, a goal of the present set of studies was to test whether thelatge-
relational memory deficit can be observed in young adults by diminishing tugiitive
resources for relational attention processing. Although the disproportiorsiernai
memory impairment, relative to item memory performance, was found in young adailts i
divided attention with relational processing group in Experiment 1, it does not pdisede
evidence that the pattern of relational memory deficit in those young aculseguivalent
to the older adults’ relational memory deficit because older adults weresteat e this
experiment. Even though numerous previous studies have provided evidence that older

adults show disproportionate relational memory deficit (For review, Old anchNave
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Benjamin, 2008), testing the deficit with the current design and tasks will pnovicedirect
evidence that a lack of resources for relational attention is criéicedrffor the age-related
associative memory deficit. Hence, in Experiment 2, | recruited healley adults to
provide further evidence on age-related associative memory deficit. Footleethe pattern
of the relational memory deficit in older adults was directly compared totlyaung adults
under relational attention condition to confirm the importance of relational attenti

resources on memory for association.
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CHAPTER 3
EXPERIMENT 2: Verbal Item/Relational Memory taskswith Verbal Attention tasks
with Difficulty manipulation.

Experiment 2 tested three primary questions. The first question was whether the
effect of relational attention on associative memory found in Experiment 1 would be
generalized with a different relational attention task using stimuli fardiit modalities.
Previous studies on attention and working memory (WM) have demonstrated a ynodalit
specific interaction between these two systems, by showing diffdfectseof WM loads on
attentional selection process depending on the types of materials used iorettedt
memory tasks (Oh & Kim, 2004; Kim, Kim, & Chun, 2005; Woodman et al., 2004). In
Experiment 1 in the current project, | demonstrated that a reduction in atten¢iemaices
affected relational memory performance in a processing-specifinena However, it is
unknown whether the effect of relational attention on relational memory isiahatgecific
or domain-general. Thus, in Experiment 2, | changed materials in the atteskidrota the
visual to the verbal domain, and investigated whether the effects observed imiexydri
could be generalized to an attention task using different materials. Trelspeestion was
whether the disproportionate effect of relational attention on memory perfagrfana in
Experiment 1 was due to a large task-demand in relational attention task or duéito spec
attentional resources utilized in the relational attention task. To artss/guestion,

Experiment 2 included an additional attention group with increased item-graress



attentional demand during memory encoding, and tested the effect of genediffiadty
on item and relational memory tasks. Lastly, here | recruited healthyamldis as well as
young adults in order to test disproportionate relational memory deficit in addéis and
also to examine whether the pattern of relational memory deficit in yadults under
divided attention with relational processing at encoding could mimic that of oldés adul

under full attention condition.

Methods.
Participants.

Forty eight undergraduate students (Age: 18-28, Mean=19.7 years old, SD=1.89;
Female: 33) from the University of North Carolina at Chapel Hill, who did not poatecin
Experiment 1, participated and received course credit for their participdimicipants
were randomly assigned to one of four conditions: Full attention (FA, N=1Ayldd
attention with Item task (DA-1, N=12), Divided attention with Relationskt@®A-R, N=12),
and Divided attention with Item, Harder task (DA-IH, N=12). In addition, 12 older adults
(Age: 70-81, Mean=74.6 years old, SD=3.20; Female: 5) were recruitediedorcal
community and were paid $10 per hour. Older adults participated in the full attention

condition only.

Materials and Tasks.
The word stimuli in two memory tests were identical to those used in Experldment
However, instead of pictorial stimuli, number stimuli were used for secptakks in this

experiment. Specifically, numbers from one to ten were used in attention tabkd, a

43



numbers were written in English alphabet, not in Arabic numbers (e.g., “THRE&ad of

“3”). In each trial of divided attention conditions, an odd number and an even number were
randomly paired. In all of the DA conditions, number pairs were presented below the
fixation cross and the word pairs were appeared above the fixation cross (Fig8(&) 3

the FA condition, meaningless strings of Xs and Ys (i.e. “XXXXX YYYYWgre

presented in the same location of the number stimuli in the DA conditions to balance the

amount of visual inputs across all conditions (Figure 3A).

Procedures.

All the experiments in Experiment 2 were presented on an Apple iBookG4 using the
program, MacStim (Darby, 2006). The procedures in Experiment 2 were itlémticase in
Experiment 1 with a couple of exceptions. As in Experiment 1, 32 word pairs wer@used i
each of memory encoding phase, and attention tasks were imposed during memorygencodin
phase in each of divided attention groups. Young adults in Experiment 2 were randomly
assigned either to the full attention (FA) condition or to one of the three dividatiatte
conditions (DA-I, DA-R, or DA-IH). Participants in the DA-I group wer&exbsto detect an
odd number and individuals in the DA-R condition were asked to compare two numbers and
to detect a numerically bigger one between the two numbers. Thus, the attehtioriitas
DA-R group required processing of relational information (i.e., comparison), aghdre
attention task in the DA-I group did not. Participants were instructed to press aprapr
button (LEFT or RIGHT) to each attention task trial. As in Experiment 1, eacbfpair
numbers was presented for 2 seconds in both DA-I and DA-R conditions, and the word pairs

switched their locations every 2 seconds to prevent unwanted attentional bias to tles chang
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in numbers. Participants in the DA conditions were instructed to pay equaloattentioth
word and number pairs.

As stated above, a more difficult item-based attention task condition (i.dH DA-
condition) was also included in this study in order to test effects of ovesialtlificulty on
relational memory deficits. Although young adults in Experiment 1 showed a
disproportionate relational memory deficit when their relationahéitin was reduced during
encoding, it is unclear whether the overall task difficulty or the speciéataihal resources
(i.e., relational attention) played a key role for the deficit since thgaeal attention task
was more difficult than the item attention task. Thus, in Experiment 2, | addeaca mor
demanding item attention task (DA-IH task) to rule out an effect of potentigdaxomd (i.e.,
overall task difficulty) and to test whether increasing the level otcdiffy in a secondary
task involving item processing disproportionately affects item or relatroaaiory
performance. Specifically, participants in the DA-IH group performedg#me secondary
task as those in the DA-I group, but the presentation rate for stimuli inehéat task was
accelerated. To impose more demanding task load, each number pair was presénted fo
second instead of 2 seconds. Thus, participants in this group had to respond to four different
number stimuli while encoding one word pair. Finally, participants in thettattaon (FA)
condition were presented with a number pair and a meaningless string panirjgs.stXs
and Ys) in each trial of memory encoding, and instructed to pay attention to andizeemor
the words and word pairs during the encoding block ignoring the strings. Both atrthgs
words switched their locations every 2 seconds to mimic the trials in the DA groles. Li
previous studies on divided attention and relational memory deficits, older adidts we

assigned to the FA group only to verify age-related relational memacytsi@f this
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experiment. As in Experiment 1, the word stimuli were randomly selected and
counterbalance across all participants. Figure 3 illustrates stintupracedures in each
encoding condition in Experiment 2.

After the study phase, all participants received the same interruptinigyaas
Experiment 1 (i.e., subtraction activity), and two recognition tests, itemetattnal
memory tests, were followed. The procedures of the two memory testsquatécethose in

Experiment 1, and the order of the tests was counterbalanced across pasticipant

Results.

Secondary-task performance.

Accuracies and reaction times (RT) for correct responses were avéoagach
divided attention group. The accuracy and RT data for each group are presented4n Table
To test whether the level of difficulty was different among three ategroup, a one-way
ANOVA was conducted for accuracy data from three attention groupD@d, DA-R, and
DA-IH groups). The result showed significant differences in accuraoy@niree groups,
F(2,33)=32.69p<.05. To examine where the differences came from, planed contrast t-tests
were conducted. The results revealed significant differences bgbpedenmance in young
adults under DA-1 group and young adults under DA-IH gr&dip,(Mean difference)=.25,
t(33)=7.46p<.05. Moreover, the accuracy in young adults under DA-IH group was also
significantly worse than that of young adults under DA-R griMip=.22,t(33)=5.84 p<.05.
Unlike results in Experiment 1, accuracies from DA-I and DA-R group wersiguaficantly
different from each otheMD=.04,1(33)=1.04 p=.56, indicating that the level of difficulty in

item- and relational attention tasks in Experiment 2 were not staligtdifferent. Since the
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presentation rate in DA-IH group was different from those of DA-1 and DAeRps (i.e. 1
second vs. 2 seconds), a comparison of reaction time (RT) data betweendbdupHnd

other two attention groups was not meaning. Thus, only an independent samples t-test was
conducted for RT data from DA-I and DA-R groups. As in the case of accuradyTthe

results from the two attention groups were not significantly different fiaech etherMD= -
5,1(22)=-.08,p=.94. In sum, the accuracy data confirmed that the attention task under DA-
IH group was significantly harder than attention tasks under @A{RA-I group. Moreover,

the level of difficulty in tasks under DA-I and DA-R groups was not significantfgreint

from each other as revealed in both accuracy and RT measures.

Memory Accuracy.

Measures of proportion of hits minus proportion of false alarms were computed for
each participant and then averaged over each group for both item diothatlmemory tests.
Separate hit and false alarm rates in the item and relational memerfptessich group
appear in Table 5. Also, Figure 4 shows the proportion of hits minus proportion of false
alarm rates in each memory tests in each group. A 5 x 2 mixed ANOVA withiattent
Group as a between-subject factor and Memory Task as a within-subjectrévealed
significant main effects of Attention Group and Memory Tabk{4,55)=12.22p<.05, and
F(1,55)=12.15p<.05, respectively. An interaction between two factors was also signjfica
F(4,55)=4.29 p<.05, indicating that participants’ performance in each memory task was
different depending on the concurrent attention tasks imposed during encoding inoegch g
(Figure 4). To address specific hypotheses to be tested in this experiowemiytted

specific comparisons for each hypothesis. First, to test the presencegefiatated deficit
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in relational memory in the current study, a 2 x 2 mixed ANOVA was carried oahtpare
young and older adults under full attention condition. The results revealed affieais of
age group (young vs. oldeF(1,22)=16.16p<.05, indicating significantly worse accuracy in
older adults than young adults under full attention. A main effect of memorytéaests.
relational) was also significarf(1,22)=7.04p<.05, indicating poorer performance in the
relational memory test than in the item memory test. This main eff@cemory test was
due to a reduction in relational memory in older adults, as revealed in a signifteaaction
between memory and age gro&l,22)=7.04p<.05. Specifically, post hoc comparisons
showed no age differences in the item ted=.10,t(22)=1.69,p>.05, but there was a
significant difference between young and older adults in the relationabmeest, MD=.34,
t(22)=4.28p<.05. Finally, separate paired t-test in each age group revealedtaignif
differences between two memory tests only in the older adult gkéDp,24,t(11)=3.67,
p<.05, confirming the disproportionate relational memory deficit in older adults.

Next, a 4 x 2 mixed ANOVA was performed including young adult groups only, in
order to test effects of different attentional loads on memory performaroemg adults.
The test revealed a significant main effect of Attention Gre(®44)=15.27 p<.05,
indicating that participants in divided attention groups performed worse in both afrgnem
tests. Interestingly, an interaction between Attention Group and MenestywBs also
significant, F(3,44)=3.19p<.05. To identify the locus of the interaction, paired t-tests
between two memory tests in each group were conducted. The results fitei@stise
indicated that only the young adults under DA-R group showed significantly was@aeg
in relational memory test compared to their item memory performitice,19,t(11)=3.14,

p<.05. Importantly, the disproportionate effect of attention task on item andmelat
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memory in young adults under DA-R group was strikingly similar to the dispropat¢
relational memory deficits in older adults, as revealed in a separate pasethetween item
and associative performance in older adii®=.24,t(11)=3.67 p<.05 (Figure 4). Overall,
the current results replicated findings from Experiment 1, indicating tthatireg resources
for relational attention disproportionately impaired relational memoryppagnce in young
adults, while attentional loads which involved little or no relational processing
proportionately affected performance in item and relational memory. t&skthermore, the
different effect of different attentional loads were not due to the ovesalbifficulty, as
indicated in proportionate memory impairments in item and relational memtsyrtg®ung
adults with the hardest attention task involving item attention processingn(iDA-I1H
group,MD= -.04,t(11)= -.64,p>.05). Finally, the remarkably similar patterns of relational
memory deficit between young adults under DA-R group and older adults undeotfA gr
suggest that a lack of resources for relational attention is atfaator for age-related

relational memory deficit.

Retrieval latency.

The group means for retrieval latency are displayed in Table 6. The results ofa5 x 2
ANOVA using attention group and memory test showed neither significanteffact of
memory nor interaction between two factors. However, the main effect of gamip w
significant. Post hoc testing showed significantly slower retrievabrese times (RTS) in
older adults compared to those in young adults under each attention gi@upt50 ms,
287 ms, 316 ms, and 486 ms for young adults under FA, DA-1, DA-R, and DA-IH group

respectively, alps<.05. Retrieval RTs for young adults under difference attention groups
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were not significantly different from each other. These results thus indhedtelder adults

take longer to respond than young adults in both memory tasks. Although older adults were
slower to retrieve their memory in general compared to young adults, dldées may
experience more difficulty in retrieving associative information and, m take longer time

to response in a relational memory test compared to an item memory testa wosvay
ANOVA with age group (young and older groups with full attention) and memoryitesst (
and associative) as factors was carried out, in order to examine whettetatioaal

memory deficits in older adults were also presented in the reactiomgasures, as in the
case of accuracy. The results from the ANOVA test verified the hypotlsesiwing

significant interaction between age group and memory test in retrievaFRT22)=4.504,
p<.05. Post hoc t-tests confirmed significantly slower RTs in relational té@memory

test only in the older adult groulglD=196ms(11)=4.480p<.05. Interestingly, separate

two way ANOVAs comparing older adults with young adults under each of attention
condition (DA-I, DA-R, DA-IH) resulted significant interaction between grong memory

test, except for the test with older adults under full attention condition and yourgy adult
under DA-R conditionf(1,22)=1.981p>.05. These results thus provide additional evidence
for the similar pattern of relational memory deficits in older adults uludleattention and

young adults who lacked their relational attention resources during encoding.

Discussion.
The results from Experiment 2 replicated the findings from Experiment 1, and
confirmed the hypothesis that the relational memory deficit in older adattisnediated by a

reduction in attentional resources specific to the relational processingpeifore, using
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different materials in attention task, the results in Experiment 2 gemel#te processing-
specific effect of attention on relational memory to different modalifidss finding is in
accordance with previous finding which showed general relational memoryslafioitler
adults regardless of the type of association, such as within- or betweesindwssociations
(Bastin & Van der Linden, 2006). Bastin and Van der Linden (2006) compared older adults
recognition performance on face-face pairs (i.e., within-domain agsogitd their
performance on recognition of face-spatial pairs (i.e., between-dossaniation), and
found that the degree to older adults’ impairments on relational memory wasemss
different types of association (e.g., within- or between-domain). In oibw@s, the authors
demonstrated that an age-related relational memory deficit was andivegarather than
domain-specific deficit in terms of materials used in memory tasks. istemswith this
notion, the current study demonstrated that the effect of relational attentidatemnes
memory was also domain-general, similar to the effect of aging on relahenzory.

Importantly, the results from Experiment 2 rule out an alternative explanasibthe
relational memory deficit in young adults under relational attention conditioedsated by
the increased task difficulty in attention task. Using a more difficult adtetdask involving
little or no relational processing (i.e., DA-IH group), the current study etidghat the more
difficult attention task with item processing proportionately impaired @achrelational
memory performance in young adults, unlike the case of relational menfmiy ideolder
adults. Furthermore, the levels of difficulty in the item and relational ettetasks in the
current experiment were in fact not significantly different fromheaatber as revealed in the
similar accuracy and reaction time data between two attention tasks. rwotls,

detection of a numerically larger one between two numbers was not attentrooedly
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demanding than detection of an odd number, yet the two tasks differed in regard to their
processing. That is, only the bigger number detection task involved relationakprgdes
compare two numbers on the screen, and only young adults who performed memory
encoding with this attention task revealed disproportionately impaired perfanmanc
memory task for association. Moreover, their performance in the relati@maory test was
remarkably similar to older adults’ deficits in the relational mematy te

The similar pattern of deficits between young adults under relationaliatteondition
and older adults under full attention condition is worth noting. Previously, Castel akd Cra
(2003) found disproportionate relational memory deficit in young adults whose @itersts
divided during memory encoding. However, the authors indicated that the pattern of the
deficit in young adults under divided attention (DA) condition was different fronothat
older adults. Specifically, while older adults’ relational memory defrei$ due to the
increased false alarm rate in recombined pairs, the relational mengaiynment in young
adults under DA condition was resulted from the decreased hit rate in intact pairs
Furthermore, the size of the deficit was larger in older adults compared to adwitgyunder
DA condition. Unlike the findings Castel and Craik (2003), the current study demonstrated
that reducing a specific type of resources in young adults during memooging can in
fact equate young adults’ relational memory performance to that of oldés.achat is, the
disproportionately greater decrease in relational memory performagoeng adults under
DA-R condition in the current study was resulted not only from decreasedehi iatact
pairs, but also from increased false alarm rate in recombined pairs. |@rittaa pattern of
the deficit was also evidenced in older adults under full attention condition, and the

magnitude of impairments between young adults under relational attention conalition a
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older adults under full attention condition was equivalent. Thus, the current study provides
evidence that a reduction in attentional resources specific to thiemalgrocessing is a

crucial factor for relational memory deficits shown in aging.

General Discussion for Behavioral Studies.

Two behavioral experiments in the current dissertation demonstrated a unique finding
suggesting that a lack of resources for relational attention playscalale in the age-
related relational memory deficits. Experiment 1 demonstrated thattren in relational
attention during memory encoding disproportionately impaired young adults’ mpearfoe in
the relational memory test compared to the performance in the item mentorguek a
disproportionate effect was not found when young adults’ attention was divided with a task
which did not require relational processing (i.e., item attention task). Expernfierther
supported the hypothesis that lack of attentional resources for relationakprgiss key
factor for relational memory deficit in older adults. In Experiment 2, ted t&f difficulty in
attention tasks was manipulated to test whether the increased attentidrertréuted to
the relational memory impairment in young adults under divided attention condition. The
results verified that the effect of relational attention on relationalongfound in two
experiments was not due to the general task difficulty in attention task, binghbat the
most difficult attention task involving little or no relational processing propaatly
impaired item and relational memory performance. Importantly, the léssiltlitask which
involved relational attention processing disproportionately affected memoagg$ociation,
and in turn, it equated young adults’ performance in a relational memorg that of older

adults. Finally, the lack of relational attention affected the relatioeaiony performance in
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a modality-general manner. That is, the effect of relational attentiomtasving visual
stimuli on verbal relational memory task (Experiment 1) was similar tofhralational
attention task involving verbal materials (Experiment 2). Overall, Expatitnand 2
demonstrated a novel finding that a reduction in specific attentional resouroety na
relational attentionin young adults during memory encoding equated their relational
memory performance to that of older adults at the behavioral level.

As stated earlier, previous studies investigating effect of divideatiatieon
relational memory have demonstrated different findings than results in teatcstudy.
Naveh-Benjamin and colleagues have suggested that the effects of dge etffielct of
divided attention are mediated, at least partially, by different mechsnsnshowing
proportionate deficit in item and relational memory in young adults under divicbediatt
conditions (Naveh-Benjamin et al., 2003; 2004; 2007). Furthermore, Castel and Craik (2003)
demonstrated different patterns of impairment between young adults undeoadte
division condition at encoding and older adults, although the researchers found worse
relational memory performance than item memory performance in young adults unde
divided attention (DA) condition. In their discussion, the authors pointed out that older
adults’ relational memory deficit was from increased false alamnmatcombined pairs,
whereas relational memory impairment in young adults under DA conditioregal$ed
from decreased hit rate in intact pairs. Furthermore, the authors compasext tbe
impairment between young adults under DA condition and older adults, and concluded that
aging was associated with a differentially greater loss of ass@cragmory performance

compared to division of attention. Overall, previous studies agreed that redtemigpaal
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resources of young adults during encoding did not cause them to simulate the behavior of
older adults in regard to their relational memory deficit.

The results in the present study are in part consistent with previous findings, showing
that the division of attention at encoding with a certain type of attention taskaeme
attention tasks) proportionately affected item and relational memoyrpemce in young
adults. The results in the current experiments, however, also indicated themhpor
relationship between age-related associative memory deficit andiocedincattentional
resources for relational processing. Critically, the degreedntethal resources interfering
with each episodic memory process differs depending on the type of processinges
that the attention and memory systems utilize. It should be noted that preudias with
divided attention paradigm utilized attentional tasks not specific to the procesguiged in
relational memory. Instead, previous researchers used tasks which tageyed afgentional
resources and/or involved short-term memory processing. For instance, soee stadi
simple visual or auditory detection tasks (e.g., Kilb & Naveh-Benjamin , 2@00¢jh tagged
general attentional resources, while others used monitoring tasks ofrapteotie
consecutive odd digits (e.g., Castel & Craik, 2003) which required both attention and
working memory processing. However, in the current study, | manipulated thef type o
processing required in concurrent attention tasks, and found a specific typatidrzte
resources, namely resources for relational attention, mediated rdlatemary deficit
observed in older adults.

This novel finding partially supports the common mechanism hypothesis proposed by
Craik (Craik, 1982; 1986; Craik & Byrd, 1982), which posits that a major cause of deficient

episodic memory in older adults is their characteristic of reduction in att@htesource.
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The common mechanism view has been supported by studies with divided attention and
episodic memory paradigm (Anderson, Craik, & Naveh-Benjamin, 1998; Anderson et al.,
2000), but not favored by studies on divided attention and relational memory paradigm as
observed in different effect on relational memory of aging and divided attenfihe current
finding can reconcile the conflict on common mechanism view by indicating the anpert
to measure the effect of attentional deprival not only in quantitative aspeaisbumn
qualitative feature. That is, the quantitative reduction in attentional resaefated to aging
may contribute linear and general decrease in item and relationargnperformance as
shown in linear decrease in performance in both tasks as function of the ditbictiey
attention task (Experiment 2). However, using qualitatively but not quantitativyedit
attentional loads, the current study also demonstrated that reduction inratgpeaf
attentional resources can account the relational memory deficit in older. adults

Although this is the first study demonstrating a significant effect of extitelational
attention processing on relational memory, a recent study remameewhat related findings.
Castel (2007) investigated the role of expertise in relational memory in oldées. abluhis
study, he questioned whether expertise can benefit in performance in aatagsawmory
task which involved stimuli in expertise-related domain. In his experintentesearcher
asked participants to memorize short phrases including information of a nunchén,
and object (e.g., “58 nails in the bowl!”), and provided a cued-recall test with atoeata
cue. Participants had to recall both number and object associated with the cue o therfor
test. Critically, the researcher recruited older adults witboutith expertise in number (e.qg.,
retired accountants and bookkeepers) along with young adults. Castel examirresd whet

older adults with expertise in number showed an advantage in tests involvingi@ssoci
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between numbers and locations due to their strategy or tendency to allocataterdronal
resources in numbers and related context. Interestingly, he found that expdttcsdrthe
age-related relational memory deficit in the domain of the skill. Spedyfited replicated
relational memory impairments in older adults in both object and number information, but
the deficit disappeared for number targets in older adults with expertise bersinThis
finding suggests that older adults who have been trained to pay attention tatibagkeip
between numbers and other information could overcome the age-related deflationaé
memory. In other words, this recent finding highlights the importance of attahti
allocation on relational aspects of stimuli, by showing that older adults wieotraered or
motivated to allocate sufficient attention to relation between certaimaton (e.qg.,
number and another stimulus) did not exhibit relational memory impairment for those
information. In relation to this previous study, the current findings also stegsportance
of attentional resources allocated in relational aspects of stimuli foomgdor association.
Whereas Castel showed increased older adults’ relational memory wafiititlarger
allocation of attention on the stimuli, the current study demonstrated decyeasgdadults’
relational memory performance with division of resources in relational attenfuture
studies with integration of these two separate findings will be able tiolaledhe critical
role of relational attention for age-related memory deficit in associat@raory.

Although not tested in this project, it will be beneficial to investigate tieetedf
reduction in relational attention during retrieval of relational memoypung adults. That
is, if older adults suffer in relational memory test due to their lack of resefor relational
attention, it is possible that the reduced relational attention resources raightrple during

the relational memory retrieval as well as during the encoding. Previ@asalesrs, in fact,
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have investigated effect of divided attention (DA) at retrieval on assaciagmory, and
demonstrated that DA at retrieval in young adults has little or no effectemory
performance, especially when recognition tasks are involved (Craik, GovamihNa
Benjamin, & Anderson, 1996; Naveh-Benjamin, Craik, Guez, & Dori, 1998; Naveh-
Benjamin, Craik, Gavrilescu, & Anderson, 2000; Anderson, Craik, & Naveh-Benjamin,
1998). However, as in the case of DA at encoding, none of the studies manipulated the type
of attention tasks loaded during retrieval. Although the current study demonstrated
significant effects of DA at encoding with relational attention task.futuae study, it will
be informative to test whether depriving resources in relational attentiorgdetrieval can
also simulate the age-related associative memory deficit.

In the two behavioral studies in this dissertation, | demonstrated a dritatialy that
a reduction in relational attention could account for relational memory defmliter adults.
Even though a behavioral study can provide a unique explanation for a criticafdactor
relational memory deficit in aging, adding neural evidence on such effectsaftar further
elucidation on how the reduction in relational attention resembles the agingédkits
role in associative memory deficits. Of note, Moscovitch and colleaiylascOvitch, 1992,
1994; Moscovitch & Winocur, 1995) suggest that memory involves the interaction of a
frontal lobe system that mediated strategic encoding and retrievatpescas well as a
medial temporal lobe-hippocampal (MTLH) system that automatically pigkeformation
that has been consciously processed. In fact, neuropsychological and neuroihoagg#sg s
have highlighted the importance of the prefrontal cortex (PFC) in promotingsstudce
relational memory formation (Prince et al. 2005; Staresina & Davachi, 2006ay &

Rannganath, 2007). Furthermore, a number of studies have been reported sigeiétant
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between medial temporal lobe activity (especially hippocampus) and succeksdfahal
memory formation (Davachi et al, 2002, 2003; Henke et al., 1997, 2003; Prince et al, 2005;
Staresina & Davachi, 2006). Critically, older adults tend to show malfunction aflneur
activity in PFC and hippocampal and its surrounding region during relational meamsks
(Anderson et al., 2000; Cabeza, Grady, et al., 1997; Dennis et al., 2008; Mitchell et al., 2001
Sperling et al., 2001), consistent with behavioral evidence on age-redktednal memory
deficit. Moreover, several researchers indicated that the associativeryngeficit in older
adults may stem from impairments in the prefrontal cortex (PFC) (HeddermB8e{s22005),
which is involved in the strategic organization or manipulation of associativedeat

(Buckner, 2003; Dobbins, Foley, Schacter & Wagner, 2002), or may stem from impairments
in the circuitry between the PFC and the hippocampus (Li, Naveh-Benjamin & Lindenbe
2005; Mitchell, Johnson, Raye & D’Esposito, 2000b). Then, what is the effect of divided
attention on relational memory at neural level? Despite rich behavioraheeide effects of
divided attention on relational memory formation, the neural effect of reduesti@ on
relational memory has not been widely studied. In fact, to my knowledge, norelzatt

study has investigated the effect of divided attention on ass@cragmory formation. Thus,

in the third study in the current project, | utilized an fMRI technique to examinalneur
effects of reduced attentional resources on relational memory encoditigall@grbased on

my behavioral findings that relational attention plays a critical rolelational memory

deficit in aging, | utilized different types of attention (i.e., item aitentrelational attention)

and tested effects of different attentional loads on relational memory fomatihe neural
level. That is, | tested whether the effect of reduction in relationaliatte relational

memory formation would be similar to that of aging on relational memory aetmal level.
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The effect of aging and of each type of attentional reduction on the rol€adi®l MTL

during relational memory formation is examined in detail in Experiment 3.
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CHAPTER 4
EXPERIMENT 3: Effects of Relational Attention and Effects of Aging on Relational
Memory at Neural Level

Experiment 3 used the event-related fMRI technique to investigate the neural
architecture of the effects of different types of attentional loads atiorehl memory
encoding in young and older adults. Because the neural architecture of iteonynaers
beyond the scope of this dissertation project, only a relational memory tasisechm
Experiment 3. The hypotheses and goals in Experiment 3 are described below.

The first goal was to examine and identify the neural basis of relatir@rabry in
healthy young adults. Previous neuropsychological and neuroimaging evidenoditated
the importance of the prefrontal cortex (PFC) and medial temporal lobe (MTé&lational
memory formation. The MTL memory system has a hierarchical orgemzaputs from
various sensory association cortices are channeled through the parahippoegrapdthe
perirhinal cortex and the parahippocampal cortex) to the entorhinal cortex, and frertothe
the hippocampus (Squire & Zola-Morgan, 1991). Studies on episodic memory have shown
that the different functions of each part of the MTL system contributes diffgte
relational memory and item memory. Specifically, previous researchamdeated that
the hippocampus is more critical for relational memory than item memoryg®gg
Brown, 1999; Brown and Aggleton, 2001; Davachi et al, 2002, 2003; Eichenbaum et al.,

1994; Giovanello, Schnyer, &Verfaellie, 2004; Henke et al., 1997, 2003; Kroll et al., 1996;



Mishkin et al., 1998). For example, Aggleton and Brown reviewed a large amount of
evidence demonstrating that hippocampal lesions produce greater defieigtional
memory whereas perirhinal/parahippocampal lesions yield greatertslafiitern memory
(Aggleton & Brown, 1999; Brown & Aggleton, 2001). Furthermore, studies using
neuroimaging techniques (PET or fMRI) have also provided evidence supporting the notion
that hippocampal activity is critical for successful relational memocp@ing. For example,
previous researchers have reported greater hippocampal activitykmteslving the
formation of associations among word pairs or word triplets in comparison wngfle-svord
learning conditions (Henke et al., 1999, Davachi & Wagner, 2002; Meltzer & Constable,
2005). In addition, other studies using different types of materials have also found the
hippocampus to be more activated during encoding of relational information (eegndiae
pairs or face-house pairs) compared to during item-based or non-relational gr{etahke
et al., 1997; Montaldi et al., 1998). Thus, consistent with the evidence from lesion studies,
the neuroimaging studies also support the idea that hippocampus in the MTL systea play
critical role in formation of relational memory.

With the hippocampus, the prefrontal cortex (PFC) also serves an important role in
relational memory encoding. Like the effect of MTL lesions (Ryan et@)Q) lesions to
PFC (especially dorsolateral) also produce larger deficits toae#htmemory than item
memory (Stuss, Eskes & Foster, 1994). Moscovitch’s (1992) component process model
suggests that the frontal lobes are critical for the manipulatienganization of associations,
including elaborative learning strategies that operate under effortful,iomahlearning
conditions. More recent research from functional neuroimaging provides convergent

evidence that the MTL and PFC make important, though distinct, contributions torralati
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memory. While MTL structures have been associated with the incidental eneoding
retrieval of contextual associations, the PFC has been associated with edprotlessing

of relational information, both at encoding (e.g., Henson, Shallice, Josephs & Dolan, 2002)
as well as at retrieval (e.g., Badgaiyan, Schacter & Alpert, 2002; Velahalka2003; For a
review, see Cabeza, 2006). Of note, a recent review on the functions of the PF@amalela
memory encoding provides evidence on distinctive roles of different prefroegabar
relational memory formation (Blumenfeld & Ranganath, 2007). The authors sthygies
ventrolateral regions of the PFC (VLPFC) contribute to the ability totsgded-relevant

item information, whereas the dolrolateral PFC (DLPFC) contribute to theyabibrganize
multiple pieces of information in memory to enhance memory for associations among
different items. Based on above previous findings on the role of PFC and hippocampus in
relational memory formation, the first goal of the current study was tcaépthe critical

neural areas for successful relational memory formation in healthy yaluitg using the
relational memory task and paradigms in the current project. Specificajlgpthesized

that stronger activation in the dolsolateral and ventrolateral part of the PF@eand t
hippocampus would be involved in successful relational memory encoding compared to
failure of associative memory encoding.

The second goal of Experiment 3 was to examine the effect of aging on rélationa
memory encoding at the neural level. Previous behavioral studies have providegcbnsis
evidence that older adults show disproportionate difficulty in memory for asisocihan
memory for single items (Naveh-Benjamin, 2000; For review, Old & NavetjaBen,

2008). The age-related deficit in relational memory have been found in diffgpestdly

relational memory tasks, including tasks involving association of separate $&rgul

63



unrelated word pairs, Nabeh-Benjamin et al., 2000; 2003), intra-item associatipwedy
and its font; Naveh-Benjamin, 2000), spatial relation (e.g., location of word or objaudts; P
et al., 1982, 1983), and temporal relation (e.g., recall of the temporal order; Kaasler et
1988; Naveh-Benjamin, 1990). In accordance with the findings on important roles of the
PFC and MTL in relational memory formation, previous studies have evidenceldehat t
relational memory deficits in older adults are most likely a consequenge-oélated

decline in MTL and PFC functions. In particular, Cabeza and colleagues (1997) fedund ag
related decrease in PFC activity during encoding of a semantic relatienery task. In
their study, participants were scanned during intentional learning of wisd quad the
authors found reduced activity in the left ventolateral prefrontal cortextgctivelder adults
compared with young adults. Furthermore, using pairs of drawings, lidakalkatjaes
(2001) also demonstrated weaker activity in left ventral and right dorsal préfroriex in
older adults during formation of new association, relative to young adults. @smaifid
scene pairs, Dennis et al. (2008) also demonstrated a significant reductionim dbd:
adults compared to young adults during the associative memory encoding.

Regarding MTL regions, aging is sometimes associated with smallenglumes in
structural studies, as well as overall decreased MTL activation in functtad&s across
different types of tasks (for a review, see Raz, 2000). However, there hasikegén m
evidence as to whether or not weakened MTL activity is directly linked withedgea
episodic memory declines. Several studies have reported reduced MTL aesipggially
hippocampus, during relational memory encoding in older adults compared to yousg adult
For example, older adults have shown decreased hippocampal activation relatiwvego y

adults in associative encoding tasks involving objects in arrays (Mitcltal| 2000) and
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face-name pairs (Sperling et al., 2003). However, recent fMRI stisdied that older adults
activated the hippocampus to a similar degree as young adults during suasssfidtive
encoding tasks for face-name pairs (Rand-Giovannetti et al., 2006; Midler 2008) as well
as for unrelated object-drawing pairs (Leshikar et al., 2010). In summaryethgulie
currently offers reliable patterns of PFC dysfunction in older adults dursogiasve
memory encoding, but an inconsistent pattern in which hippocampal activity is only
sometimes reduced in older compared to younger adults during relational niemmaton.
Thus, in the current study, | investigated whether older adults show reducety actpath
the PFC and MTL regions critical for relational memory formation or resedattive
reduction in some part of the neural network for the relational memory encodin@sstie
PFC regions.

The third goal of Experiment 3 was to test and compare neural effectseoéniff
attentional loads on successful relational memory encoding in young and oldsr adult
Although behavioral effects of attentional reduction on relational memory encalieg h
been well-investigated, the neural effects of attention on relational mearorgtion have
not yet been widely studied. In fact, only a PET study investigated the @fdigtded
attention during encoding of associative memory (Anderson et al., 2000). Spgcifice
authors imposed an auditory detection attention task during encoding and retrievial of wo
pairs in both young and older adults, and demonstrated significant reduction in leittatef
cortex in both young and older adults during memory encoding under the divided attention
condition. The authors also found significant reduction in some part of MTL areas under
divided attention during memory encoding, although only older adults showed significant

reduction in hippocampal activity under the divided attention condition. To date, this is the
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only imaging study which tested effects of reduced attentional resour@eg encoding of
relational memory. In fact, to my knowledge, no event-related fMRI study hastigated
the effects of divided attention on relational memory formation. Instead, therdodan
three event-related fMRI studies which examined the effects of dividatiatt on item
memory formation (Kensinger et al., 2003; Uncapher & Rugg, 2005, 2008). All of these
three studies manipulated the attentional load (i.e., easy task vs. hard taskiumiogy
encoding, and demonstrated somewhat different findings. First, Kensinger andusslleag
(2003) reported that divided attention was associated with a quantitative redudtien in t
magnitude of activity in the left inferior frontal gyrus and left hippocampus. edery such
attenuation in the PFC and hippocampus was not found in another study with divided
attention manipulation (Uncapher & Rugg, 2005). Rather, Uncapher and Rugg (2005) found
increased activity for the distracting items, in particular, in the doesalgtrefrontal cortex
and the superior parietal cortex. The authors explained that such increasgdveasi for
task-generic, executive processes to support the both memory and secondary task
performance. Finally, the same authors observed both reduced activity in enqeatitig-s
regions in the PFC and MTL and enhanced task-generic activity under maediegn
divided attention condition during item memory encoding (Uncapher & Rugg, 2008).
Although upper mentioned studies provide useful findings for the neural effects of
attention on memory encoding, they do not offer direct evidence for the neurtd effec
attentional reduction on relational memory formation since none of the studies used/mem
tasks for association. Furthermore, the three studies manipulated thdtgiféeel of
attention tasks (i.e., quantitative aspects of attentional loads) ratherehspeh of

attentional processing required in the secondary task (i.e., qualitativésasipaitentional
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loads). Of note, in this dissertation project, | have demonstrated signifidefehgnt
behavioral effects of qualitatively, not quantitatively, different attentidgstas relational
memory encoding. Thus, in experiment 3, | tested the effects of qualitatiffelent

attentional loads on relational memory formation at the neural level. Spégific

investigated whether the reduction in relational attention during encodrgpistionately
reduced the activity in the critical neural regions for relational meifiery the PFC and
hippocampus) compared to the case of reduction in item attention both in young and older
adults.

Finally, the last goal of this experiment was to compare the effectsnaf agd the
effects of reduced relational attention on associative memory formatioa a¢ural level.
Behaviorally, two studies in the current dissertation provided evidence thatltivede
attentional resources in relational attention could equate the relational meenimynance
in young adults to that of older adults. Using an event-related fMRI techniquejraepe8
tested whether the lack of resources in relational attention in young aduilied in reduced
activity in the critical neural correlates of successful relatiorahory encoding, and
compared such patterns of neuronal reduction to that of older adults. Criticallgictgule
that both young adults under divided attention with relational attention condition and older
adults under full attention condition would show the similar attenuation in activitibe in t
neural correlates of the successful relational memory encoding, as asthef¢heir similar

behavioral patterns in relational memory performance.
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Methods.
Participants.

Eighteen healthy young adults (Age: 18-31, Mean=20.9 years old, SD=3.26; Female:
12; mean education= 14.5 years, SD= 1.56) and twelve healthy community-dwklkng
adults (Age: 66-89, Mean=74.8 years old, SD=8.36; Female: 8; mean education = 1.8 year
SD= 2.22) with normal or corrected-to-normal vision participated in the exgetrinNo
subjects in Experiment 3 had participated in Experiments 1 or 2. Each participant provided
informed written consent and all were paid $20 per hour for participation. ScréenMB
safety was completed both during recruitment as well as on the day of scanning ectlests
no changes occurred that would affect eligibility for MR. Five young aduitipemts were
excluded; one due to problems understanding the attention task instructions, four due to not
enough misses during memory retrieval. All participants were right-handae [Eaglish
speakers with no history of neurological or psychiatric conditions. Both young amd olde
adults received relational memory encoding under full attention (FA) blocksdiagaunder
divided attention with an item detection (DA-I) blocks, and encoding under divided@ttenti
with a relation detection (DA-R) blocks.

Prior to participation, both young and older adults received a general $aaim
completed a battery of neuropsychological tests to assess memory, langeatgenatisuo-
spatial abilities, and general intellectual functioning. These testglggatithe Mini Mental
State Examination (MMSE), American National Adult Reading Test (ANARrall
Making Test parts A and B, Vocabulary from the WAIS-III, and the Morningness-
Eveningness questionnaire. Mean scores for this battery of tests in patsidipa

Experiment 3 are listed in Table 7.
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Materials and Tasks.

All the materials and tasks were modeled after Experiment 2 with the fiotjow
modifications. First, the attention condition (i.e., FA, DA-I, and DA-R) in Expemin3 was
a within-subject factor in order to access neural correlates eibredamemory under
different attention conditions. All participants in Experiment 3 received tackblof each
of attention condition followed by a memory test block corresponding to each encoding
block. Second, participants received only a relational memory test followeachy
encoding phase due to the time constriction in the MRI scanner. Third, one-third ddlthe tri
in each encoding block in Experiment 3 were control (i.e., null) trials tesabsseline
activity during memory encoding (Josephs & Henson, 1999). In control trials sstfing
dollar signs (“$”) and pound signs (“#") were presented in the same locatidres\aerd-
and number pairs in each experimental trial. Participants were askeddiondetther the
strings of dollar signs appears on the left or right when they saw thioggs.s A randomized
jittered ISI (inter stimulus interval) for control trials ranged from 2, 4, 6r 80 seconds to
increase the power to detect hemodynamic response differences that dietsgadividual
trial events. OptSeq (http://surfer.nm.mgh.harvard.edu/optseq) was used toretkentist
order for each experimental and control trial that should optimally assedsrelated
activation. Finally, for young adults group only, a problem solving task block was thserte
between each of encoding and memory test block in order to equate memory pedorman
level between young and older adults. In each of the problem solving task blockpgatdici
saw 40 equations (e.g., 1832 + 29 = 1851) and they were asked to judge whether each
equation was true or false. Figure 5 depicts examples of trials in the encadikgidl the

problem solving task block.
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Procedures.

Before starting an actual experimental block in the MR scanner, each gdul
completed a practice block for each attention condition outside of the scannler. Eac
encoding phase in the practice block consisted of eight pseudo-experimestéhdtia
included in any analysis) and three control trials. After each encoding pleasFA, DA-I,
and DA-R), each young adult received a problem solving task block which ednsigour
equations, followed by a relational memory test. Young adults were informdteha
problem solving task was equally important to the memory task and they wereadked t
their best for both problem solving and memory tasks. Due to the complexity of current
experiment, older adults received two practice blocks of each attention conditdar. O
adults did not have any interpolated activity to ensure enough hit responsesanaklat
memory tests. After completion of practice blocks, all participants cometed
experimental tasks took inside the scanner, following a structural T1-wdigban for 7
minutes.

Each participant received two separate blocks of study-test phasestatteation
condition. FMRI was obtained during the memory encoding phases only. In dheh of
encoding and test phase, 40 unrelated word pairs were used; thus, a total of 240r&/ord pai
were used for the actual study and test phases. Approximately 20 consaléialincluded
in each of the encoding runs. In the full attention (FA) condition, participants were
instructed to memorize all word pairs for a later memory test, and they lser@sied to
detect strings of dollar signs whenever they saw the strings of dollars and poungsaur
encoding phase. Furthermore, participants were instructed to press a buttath@re., e

button 1 or 2) when they saw a new word pair as well as when the two words switched their
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location. This manipulation was imposed in the full attention condition in order to equate
brain activity by the finger movement between full and divided attention conditionsisThat
in the two divided attention conditions, participants made a button press to each attention
trial, which can affect the activity in the motor cortex during each memory engtidils.

Thus, participants were also asked to make a button press in each experimemahéia

full attention condition to rule out the movement activity elicited by a button presssaall
attention conditions. In the divided attention with item detection (DA-1) condition,
participants saw both word- and number pairs, and they were asked to detect an odd number
in each trial while memorizing word pairs. In the divided attention with oglatetection
(DA-R) condition, participants were asked to compare two numbers presented bellow ea
word pair and instructed to detect a numerically bigger number while encodidgaics.

After the encoding phase, only young adults performed a problem solving task block and
instructed to solve each equation as accurately as possible. Each equatiorstine

screen for 6 seconds and each problem solving task block consisted of 40 equations. After
the problem solving task block for young adults, and after each of encoding block for older
adults, all participants received a relational memory test corresponding previous

encoding phase. Forty word pairs were presented in each test block, and for eaach of w
pair, participants were asked to detect whether they had seen both wordsrtogeth
separately in the previous encoding phase. Participants recorded all pasisessby

pressing a button on an MR-compatible response box using the index or middle finger of
their dominant (right) hand. The order of the attention conditions were counterbalanced

across all participants.
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Imaging methods and analyses.

Image acquisition All the imaging data were acquired with a Siemens 3 Tesla Allegra

head-only imaging system equipped for echo planar imaging (kPheBs Medical Systems,
Iselin, NJ) using a 3 axis gradient head coil at the University of NorthliGas High Field

MR Center. Visual stimuli were back-projected onto a screen and viewed in-an MR
comparable mirror mounted above the participant’'s head. Responses weralre@orde
response box using the dominant (right) hand. Head motion was restricted witlhwaapidl

foam inserts. All participants completed six functional runs (e runs for each of the FA,
DA-I, and DA-R blocks), along with an anatomical scan. An anatomical scaacgaired

for each participant using a high resolution T1-weighted MPRAGE sequence IT60 ms,

TE = 4.38 ms, flip angle = 8°, FOV = 280 x 320, 160 slices, matrix = 224 x 256, 1.25 x 1.25
x 1.25 mm resolution, 382 sec acquisition time). For the functional runs, imagieg w
performed using a T2*-weighted EPI sequence designed to minimize susitgptibfact in

the anterior hippocampal regions and fully volume the long axis of the hippocampus (TR =
2000ms, TE = 30 ms, flip angle = 80°). Each brain volume were composed of 34 transverse
slices (FOV = 243 x 243, matrix = 64 x 64, 3 x 3 x 3 mm resolution, with 5 mm skip between
slices; slices were oriented along the long axis of the hippocampus, abllgetdeaved,

inferior to superior). In all functional runs, data from the first two volumes wescamied to

allow for stabilization of magnetic fields.

Image Processing and Statistical Analysésiaging data were preprocessed using

SPM 8 (Wellcome Department of Cognitive Neurology, London) run within MatlablgMat

Mathwork, Inc., Natick, MA). For preprocessing, data were slioe-torrected for

72



acquisition order (referenced to the slice acquired in the first of the timersas), realigned
and unwarped to correct for motion across runs. Next, the images werlyspatraalized
(with trilinear interpolation and preserving the intensities of the originad@s) to the SPM
EPI template corresponding to the MNI (Montreal Neurological Institigéhed
standardized brain space, and then spatially smoothed with a Gaussian kernei of 8 m
FWHM. The time series were high pass filtered at 128 seconds.

Statistical analyses were performed using the general linear moe@ekfut-related
designs in SPM 8. For each participant, a whole-brain voxelwise analysis wastednduc
which individual events were modeled as a canonical hemodynamic responsevétdach
type was first modeled for each subject using a fixed effects analysislentify the neural
correlates of successful encoding, the “subsequent memory procedure” (\&aginel998;
For review, see Paller & Wagner, 2002) was used. In this procedure, néurgl elicited
by a series of study items is back-sorted according to whether the ieenesreambered or
forgotten on a later memory test. To investigate neural correlatesafdbessful relational
memory effect under different attentional manipulations, subsequently tesmeshtrials (i.e.,
encoding trials leading to “together” recognition responses for intas) @aid subsequently
forgotten trials (i.e., encoding trials leading to “separate” recagnigsponses for intact
pairs) were modeled separately in each attention condition (Full attention (Wipd
attention with Item (DA-1), and Divided attention with Relation (DA-R)). tMf each
attention condition, activation for the successful memory effect was igeriy directly
comparing subsequently remembered and forgotten trials. Furthermoretesppawmies
contrasts of interest were conducted to compare the successful memdryrededull

attention condition to that of each divided attention condition. After completion of fixed

73



effects analysis for each participant, the resulting least sqparasieter estimates of the
height of the modeled hemodynamic response for each condition were thed Britese
between-subjects random effects analysis, and were examined for sigeifatpr .005
with a minimum cluster size of 5 contiguous vox&ls 6).

To test neural effects of each attentional load on relational memory egcpdirwise
t-tests were conducted to compare contrast maps of successful memariFAmrdns and
those under each of DA conditions in each age group. To identify different neuethtesr
of relational memory between young and older adults, two-sample tiestsconducted for
contrast maps of successful memory effects from young adults under FAvduosrarast
maps from older adults under FA runs. The results from the two sample t-test wer
subsequently used as an inclusive mask for identifying common effects of aging and
relational attention load on relational memory encoding<atO5 and 5 contiguous voxels.
Thus, the conjoint probability following inclusive masking approaghed00025 (Fisher,
1950; Lazar, Luna, Sweeney, & Eddy, 2002), but this estimate should be taken with caution

given that the contrasts were not completely independent (Dennis et al., 2008).

Results.
Behavioral results

Secondary-task performance.

Accuracies and reaction times (RT) for correct responses were avéoagach
divided attention condition (Divided attention with Item (DA-I) and Divided aitb@ntith
Relation (DA-R)) in each age group (Young adults (YA) and Older adult$)(Oe

accuracy and RT data for each group are presented in Table 8. For theyadataga 2 x 2
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mixed ANOVA with age group as a between-subject factor and attention coraditeon
within-subject factor was conducted, and the analysis revealed neithi@icarg main
effects nor interaction between attention and age group %al05). However, the same
analysis for the RT data revealed a significant interaction betweeati@iteondition and
age groupF(1,23)=4.70p<.05. Paired t-test between the two attention tasks in each age
group resulted in significant differences in attention RT data betwedwahattention
conditions only in the older adult groufl1)=-2.23p<.05. That is, older adults revealed
significantly slower response time to the attention task with relation gsimgethan to the
attention task with item processing, whereas RTs in two attention tasks in yltsgeere
not significantly different from each other. Furthermore, independent-satvipls for RT
data from each attention task between young and older adults revealed aasignific
difference in a relational attention task between two age group; older agstsnses were
significantly slower in relational attention task compared to that of yountsagB)=.2.17,
p<.05. Thus, these results suggest that older adults exhibit more difficulty itetnoat
task which involves relational attention processing than in attention task reqtilengrino
relational attention processing. Such differences were not observed in theagolisg
group. That is, two attention tasks were equally difficult for young adultcppeatits,

replicating results from Experiment 2.

Memory performance.

For memory accuracy, measures of proportion of hits minus proportion of false
alarms were computed for each participant and then averaged over each atbewatitianc

in each age group. Figure 6 depicts the proportion of hits minus proportion of false alarm
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rates in each memory tests in each group. Also, separate hit and falseatdarim the
relational memory test for each age group appear in Table 9. A 2 x 3 mixed ANGY
age group as a between-subject factor and attention condition as a within-sdbgec
revealed significant main effect of attention conditié(,46)=27.73p<.05, and significant
interaction between attention condition and age grb(fh,46)=4.29 p<.05. Paired t-tests
for contrasting each of attention condition in each age group revealed sigrdfftaminces
in relational memory performance between FA and DA-I condiids=.11,t(12)=3.82,
p<.05, between FA and DA-R conditioD=.21,1(12)=5.94 p<.05, and between DA-I and
DA-R condition,MD=.10,t(12)=2.68,p<.05, in young adults. That is, loading relational
attention task during relational memory encoding disproportionately imparedy\adults’
performance in the relational memory test although both divided attention conditions
significantly worsened their memory performance compared to the fditiath condition.
The effect of the item attention condition on relational memory test wasd@hdifferent
in the older adult group. Unexpectedly, there was no effect of item attention task on
relational memory in older adultsiD=.01,t(11)=.32,p>.05. However, older adults
presented significantly lower memory accuracy scores undeoreaattention condition
compared to both full attentioMD=.11,t(11)=3.69,p<.05, and divided attention with item
condition,MD=.10,t(11)=3.72,p<.05. Finally, under full attention condition, older adults
revealed significantly lower performance in the relational memoryhastytoung adults,
MD=.20,1(23)=2.61,p<.05, confirming older adults’ deficits in relational memory task
compared to young adults.

For retrieval latency, a 2 x 2 mixed ANOVA with age and attention camdits

factors revealed neither main effects nor interaction between two faait@s>.05.
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Separate t-tests for each attention and age groups also revealed nasigtifierences in

any of the comparison. The group means for retrieval latency are displayed id@able

Imaging results

The results of the fMRI analyses are described as a function of eaatchegaestion
of interest. The results are listed systematically in table forfadiés 11-20). Below |
provide a description of each table, and in the subsequent sections | describe targete
findings in each research question. First, Table 11 shows regions of significatiee f
successful memory effect from the whole-brain voxelwise analysicmagention
condition in young adults. The regions for successful memory effect in oldes sde#ch
attention condition are listed in Table 12. Table 13 and 14 show the results of the two-
sample t-test for the successful memory effects between young anddcultser &egions
more active in young than older adults are listed in Table 13, and regions morénacholer
than young adults are in Table 14 in each attention condition. Table 15 and 17 listoégions
successful memory effects, which were more active in full attentiongheh of divided
attention condition in young and older adults respectively. Table 16 and 18 show regions of
successful memory effects, which were more active in each of divideti@atteandition
than full attention condition in young and older adults, respectively. Finally, oomm
regions which showed significant attenuation both by aging and by each atterki{ibAds
and DA-R) compared to young adults under full attention condition are listed inT%ble
and the common regions that showed greater activity both by aging and byteatbra

condition relative to young adults under full attention condition are shown in Table 20.
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Neural correlates of successful relational memory encoding in young and older adults.

| contrasted activity for hit trials greater than miss trialgoang adults under full
attention condition to test whether the critical neural regions for ssfoteslational memory
encoding reported in previous studies could be identified with the current taslgparadi
Consistent with previous findings on neural correlates of relational memarglirgcthe
results showed significant activity in bilateral inferior frontalugy(BA 11/45/47), bilateral
middle/superior frontal gyrus including dorsolateral prefrontal cortex (BAL6/46), left
inferior parietal lobule (IPL; BA40), and left parahippocampal gyrus (BA36yvell as the
left anterior hippocampus (Table 11; Figure 7). The same contrast anaiygisussequent
memory procedure was conducted for older adults under full attention condition. Asnliste
Table 12, the results revealed significant activation in left inferior andisupemporal
gyrus (BA20, BA22), left posterior entorhinal cortex (BA28), right perirhinaleso{BA35),
and right middle temporal gyrus (BA 37). Additionally, activation in right insuksl(®,
anterior cingulate (BA24), and right medial frontal gyrus (BA10) were significant.
Notably, none of the critical regions for successful relational memorydergoncluding
DLPFC, VLPFC, left IPL, left parahippocampal gyrus, and left antergggdgampus, was
not significantly activated in older adults under full attention condition. To exawinether
aging significantly attenuated the activity in regions in critical alecorrelates of relational
memory formation, | conducted two-sample t-tests to directly examirdiffteeences

between young and older adults.
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Neural reqgions for successful relational memory encoding showing significant diéferenc
between young and older adults.

To identify neural regions for successful relational memory encodindgshimwed
significant attenuation by aging, | conducted a two-sample t-tédstyoung and older adults
under full attention condition. The results showed that young adults engaged ragioak
for successful relational memory significantly more than older adultscifigpéy, activity
in the bilateral inferior frontal gyrus (BA 11/45/47), bilateral dorsoldiemefrontal cortex
(BA 6/9/10/46), and left inferior parietal lobule (BA 40) was significantlyratéded by
aging (Table 13; Figure 8). A reversed contrast analysis was@tslucted to identify the
neural regions where older adults showed significantly more activation than ydultg for
successful relational memory encoding. As listed in Table 14, older adultstedminre
activity in the bilateral anterior cingulate (BA24/32), right insula eindulate gyrus (BA 13,
BA24), indicating more cognitive efforts on successful relational memory peafare in
older adults compared to young adults (Allman et al., 2001; Petersen et al., 1998).
Additionally, older adults showed more activity in right superior temporal gia8g%), and
left inferior and medial frontal gyrus (BA 47, BA 10) than young adults for sstde

relational memory encoding.

Neural regions for successful relational memory encoding showing significant difference
between full and divided attention conditions in young adults.

To test whether each attentional load significantly attenuated the autittity
critical neural regions for successful relational memory formatioondiected separate
contrast analyses for successful memory effects between full and eacided @ttention

condition in young adults. As revealed in Table 15, only the right posterior cingBifs28)(
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and the right medial frontal gyrus (BA9) showed significant attenuation btiattal load
with item processing in young adults, compared to their full attention condition. udgwe
when young adults’ attention was divided with relational attention task duringnala
memory encoding, young adults exhibited significant failure or attenuatiativityain most
of the critical neural regions for successful relational memorydtam. Specifically, there
was significantly reduced activation in young adults under relatiotegitetn condition
compared to their full attention condition in the bilateral inferior frontal g{Bds47),
bilateral middle/superior frontal gyrus including dorsolateral preftauidex (BA 6/9/10),
left inferior parietal lobule (IPL; BA40), and left anterior hippocampus. Gf,rtbe two
attention tasks were quantitatively equivalent and equally difficult frach ether as
revealed in the accuracy and response time data from the two tasks. Howeveeréhey w
qualitatively different since the two tasks required different atiratiprocessing. That is,
only the attention task in DA-R condition required resources for relationatiatteand only
this relational attention task significantly attenuated the core n@gjiahs for successful
relational memory formation in the PFC and hippocampus (Figure 9).

Regions that were more active during each of the divided attention conditicim¢han
full attention condition in young adults are listed in Table 16. Regions that voeeeactive
during divided attention with item than full attention conditions in young adults inclatted
precentral gyrus (BA44), right medial frontal gyrus (BA6), bilateraula (BA 13), right
cingulate gyrus (BA24), bilateral middle temporal gyrus (BA37/39) anarifdle occipital
gyrus (BA19), and right amygdala and right parahippocampal gyrus (BA19). g¥amlurts

under divided attention with relation processing condition showed more active thdaltheir
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attention condition only in a subset of these regions, namely right middle tergpars

(BA39), left middle occipital gyrus (BA19), along with left cingulatewg/(BA24).

Neural reqgions for successful relational memory encoding showing significant difference
between full and divided attention conditions in older adults.

Since older adults originally showed a reduction in activity in most of theatritic
neural regions for successful relational memory encoding under their é&ntiatt condition,
the contrast analyses between full and each of divided attention condition in older adul
showed somewhat different results compared to young adults. As listed in Tablel7, ol
adults showed greater activity in left inferior temporal gyrus (BA20) ayjid middle
temporal gyrus (BA39) in the full attention condition compared to the divided attention wit
item condition. Additionally, the same contrast revealed significant aciivihe right
inferior frontal gyrus (BA47), right middle frontal gyrus (BA6), right insula&(B) and
bilateral medial frontal gyrus (BA25/10). Interestingly, the reversedrast revealed more
regions related to the neural correlates of successful relational pn@moation (Table 18).
That is, when older adults’ attention was divided with an item detection task, theydshowe
more activation in bilateral dorsolateral prefrontal cortex (BA6/9) agid mferior frontal
gyrus (BA44). This neural pattern is in fact congruent with the behaviotdisrésund in
older adults group in the current study. That is, unlike young adults, older adults did not
show more impaired relational memory performance in the divided attention with item
detection condition than in their full attention condition. The null effect of item imiteon
relational memory in older adults was not consistent with results fronvepsePET study
with a divided attention paradigm (Anderson et al., 2000), since the previous studg showe

significant effects of a concurrent attention task on relational memdigrpmeance in older
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adults. However, consistent with the current behavioral results, older adultsstuthyis

showed significantly enhanced activation in critical regions for suittestational memory

when an item attention task was imposed during encoding compared to the full attention
condition. The reason for this unexpected effect of item attention task torr@lanemory
encoding in older adults is beyond the scoop of this dissertation. However, it is worth to note
that when older adults could defeat attentional load during encoding, the critical ne
correlates for successful relational memory encoding was active pby@saan outcome of

the overcome process.

In contrast, older adults showed more impaired behavioral performance ihanatla
memory task, when attentional load for relational attention was imposed ducodjremn
Consistent with this behavioral pattern, older adults exhibited attenuatediastinghe
bilateral inferior prefrontal gyrus (BA13/47), left superior frontal gyB&8), bilateral
superior temporal gyrus (BA22/38), and left anterior hippocampus in their dividaticatte
with relation condition compared to the full attention condition (Table 17). Additionally,
older adults showed greater activity in the full attention than divided attentibmedation
condition in the right medial frontal gyrus (BA8), right insula (BA13), right iaoite
cingulate (BA 25) and the right cingulate gyrus (BA24). Unlike the other divideatiatn
condition, no regions related to the successful relational memory formation stceaset
activity in the divided attention with relation compared to the full attention conditiolder
adults. Instead, the contrast showed greater activity in the left middtalfgyrus (BA11),
bilateral cingulate gyrus (BA31, BA32), and left precuneus (BA7) irdiieed attention
with relation than the full attention condition (Table 18). These data additiGuglport the

hypothesis that the reduction in relational attention resources affectsregion of
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relational memory, by showing greater degree of reduction in activity icritieal neural
areas for relational memory encoding when the relational attention loadhpased during

encoding in older adults.

Neural reqgions for successful relational memory encoding showing significant attenuation
both by aging and by the relational attention load during encoding in young adults.

To address the question whether the effect of a reduction in relationabatiant
young adults during relational memory encoding is similar to the effeging on the
relational memory encoding at the neural level, a conjunction analysisamducted with
the data from two sample t-tests between young and older adults under tlatefuibn
condition and the data from paired-sample t-tests between young adultadfgheh of
divided attention conditions. As described in the method section, the common regions were
identified by using an inclusive making procedure. Specifically, thetsesaim the two-
sample t-tests between young and older adults under full attention condition e s
inclusive mask for identifying common effects of aging and relatioteth@bn load on
relational memory encoding pi< .05 and 5 contiguous voxels. The conjoint probability
following inclusive masking approached .00025 (Fisher, 1950; Lazar, Luna, Sweeney, &
Eddy, 2002). Table 19 listed the common regions that showed significant attenuation in
older adults under the full attention condition and in young adults under the divided attention
with item or relational processing condition compared to young adults underl thitefation
condition. First, the conjunction analysis between young adults under divided attattiion w
item condition and older adults under full attention condition revealed no regions which
showed significant reduction by both groups compared to young adults under full attention

condition. In contrast, a subset of the critical neural correlates of sfutce&#ional
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memory encoding was significantly attenuated both by relational attdofad in young
adults and by aging. Specifically, these included the bilateral dorsolatefi@intal cortex
(BA 6/9/10), right inferior prefrontal gyrus (BA 45/47), and left inferior pati&ibule (BA
40) (Figure 10). Additionally, the left middle orbito frontal gyrus (BA 11htigsula (BA
13), and the left superior temporal gyrus (BA22) were commonly reduced by dordac
relational attention in young adults and aging compared to young adults uhdéefition
condition.

In addition, the reversed conjunction analyses were conducted. Table 20 listed the
common brain areas showing greater activity by both aging and the redaatiachi of
attentional resources in young adults compared to young adults under full attentidgimicondi
The results revealed that only the right cingulate gyrus (BA 24) wasisantly more active

by aging and both attentional loads relative to the young adults under fullatteotidition.

Discussion.
Behavioral Performance.

Performance on the relational memory task was less accurate wheodidoads
were imposed during encoding in young adults group. Also, changing the attentioronondit
as a within subject factor, the behavioral results of young adults in Experimepiicated
previous findings in the current dissertation by showing that subsequent measory w
significantly worse when a relational attention task was imposed duringiagacompared
to when an item attention task was imposed. Furthermore, the reduction in relational
attention during encoding equated young adults’ relational memory perfornoathes of

older adults under full attention condition. Unlike Experiment 2 in this dissertation, older
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adults in Experiment 3 had all three attention conditions during relationabmemcoding.
Consistent with previous findings, older adults in the current study showed thenalati
memory deficits compared to young adults under full attention conditions. Howevike, unl
young adults, older adults did not show significant impairments by concurremiaital
load with an item attention task during memory encoding.

The results from older adults in the current study are in part consisterfingitigs
in a previous behavioral study by Kilb and Naveh-Benjamin (2007). In their behavioral
study, Kilb and Naveh-Benjamin (2007) tested both item and relational memory paréam
in young and older adults, and manipulated attentional loads (Full attention vs. Divded
attention) during encoding in both age groups. The researchers questioned thieether
relational memory deficit shown by older adults was mediated by reduceticei#
resources. Specifically, they tested whether associative deficitveldsa older adults under
full attention condition would become exacerbated under divided attention condition. In
their experiments, the authors found that divided attention in older adults during encoding did
not significantly reduced older adults’ relational memory performancegteader degree
than their item memory performance compared to in the full attention conditioact nhe
researchers found that only the item memory performance was significaptyed by
divided attention manipulation. The authors concluded that older adults did not show a
larger relational memory deficit under divided attention condition, contrahetpredictions
of the reduced attentional resources hypothesis. In their study, older aithaltshowed
smaller relational memory deficit under divided attention than under full iatbezindition.

Consistent with Kilb and Naveh-Benjamin (2007), the current study showed an

absence of greater impairments in older adults’ relational memory undeediattention
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with item condition than under full attention condition. In fact, unlike young adults who
exhibited significantly reduced relational memory performance under tleediattention
with item condition, older adults in fact overcame the obstacle (i.e., reductidentiatal
resources in item attention) and showed equivalent relational memory perterbetween
full attention and divided attention with item condition. This behavioral pattern was
consistent with the fMRI results in the current study, showing that oldetssaddiact
recruited more neural regions for successful relational memory encodingdivided
attention with item condition than full attention condition. The underlying factohi®r t
effect of item attentional load in older adults is beyond the scoop of the currentadiss.
However, the balance of the resources in item and relational attentiongomgdasolder
adults may possibly be a reason for this null or even beneficial effect ofatersed
attentional load on their relational memory performance. In other words, if oldes adult
experience an unbalanced reduction in relational attention relative to in iegricat,
balancing the reduction between two attentional process may benefit kkgonad memory
performance to a certain degree although the benefit cannot exceed thesareolutit of
deficit in their original relational memory performance (i.e., older atrdtational memory
performance under full attention). A future study including both item and relati@mabng
tasks and different attentional loads may be able to provide a rationale forlteientilof
item-attentional loads on relational memory performance in older adults.

In contrast to the item attention condition, a reduction in relational attention during
encoding significantly impaired relational memory performance in olddtsai a greater
degree than full attention condition. This result is inconsistent with a previousgfindi

showing a smaller relational memory deficit under divided attention than undetdali@n
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condition (Kilb & Naveh-Benjamin, 2007). Rather, the result found in the divided attention
with relation condition is consistent with the predictions of the reduced atten&soalkces
hypothesis (Craik, 1982; 1986). In summary, together with findings in young adults
demonstrating larger relational memory impairments in the divided attentiomehation
condition than other attention conditions, the behavioral results in Experiment 3 indatate t
the reduction in relational attention processing plays a critical role irldigonal memory

deficit observed in older adults.

fMRI Findings.

Experiment 3 in this dissertation used the event-related fMRI techniquartorex
effects of aging and effects of different types of attentional loads diorelaBmemory
encoding at the neural level. The fMRI results are discussed in termsdfygmthesis

tested in this study.

The neural correlates of successful relational memory formation

Using a subsequent memory procedure (Wagner et al., 1998; Paller & Wagner, 2002),
| first identified brain regions which support successful relational menmaydeng (i.e.,
encoding of word pairs that participants later recognized correctlypungyadults under full
attention condition. Previous research on relational memory encoding withdali@tt
showed a relationship between successful relational memory encoding antudeaghi
activation in the left ventrolateral prefrontal cortex (PFC) (Addis & Madr&ws, 2006; Park
& Rugg, 2008; Prince et al., 2005), dorsolateral PFC (Murray & Ranganath, 2007; Oennis e

al., 2008; Staresina & Davachi, 2006; Summerfield et al., 2006), and left hippocampus and
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parahippocampal gyrus (Addis & MacAndrews, 2006; Davachi et al., 2003; Kirwarrl& Sta
2004; Prince et al., 2005; Ranganath et al., 2004; For review, see Davachi, 2006). The
neuroimaging results in the current study converge with these previous finalatsal
ventrolateral PFC (BA 11/45/47), bilateral dorsolateral PFC (BA 6/9/46), left
parahippocampal gyrus (BA36), and the left anterior hippocampus all showed subsequent
memory effects for word pairs encoded with full attention in young adultmentits.

Previous researchers suggest that the PFC plays strategic rolesterhomgemory
formation by generating associations among different information. Recadtis and
MacAndrews (2006) manipulated generative load for relational aspects of intormating
memory encoding, and demonstrated that left inferior frontal gyrus wereactore when a
task required participants to generate semantic association for intestivauli. Consistent
with this finding, significant activity in the ventrolateral PFC during susfcésnemory
encoding has been evidenced in numerous neuroimaging studies (Cabeza et al., 1987; Cabe
& Nyberg, 2000; lidaka et al., 2000; Kapur et al., 1994; Lepage et al., 2000; Park & Rugg,
2008; Prince et al., 2005). Specifically, Prince, Daselaar, and Cabeza (2005)ezbmpa
encoding and retrieval successful activity during semantic or perceptaaliative memory
and demonstrated that left ventrolateral PFC is strongly associated wigssutencoding
of relational memory for semantic information. Furthermore, Park and Rugg) (2008
demonstrated that the robust involvement of the left ventrolateral PFC ialdotic
successful memory encoding for inter-item association in both semantic and phwailylogi
related information.

In addition to the activity in the ventrolateral PFC, recent neuroimagingestudi

reported significant activation in the dorsolateral PFC during relatmaalory encoding.
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Specifically, Murray and Ranganath (2007) directly compared neuralates®f item vs.
relational memory encoding, and demonstrated that dorsolateral PF@/actisigrater
during relational compared to item-specific encoding. Furthermore, the awdhodsthat
dorsolateral activity predicted successful memory for associationeasgentrolateral PFC
activation predicted successful memory for both relational and item memoryfintmg is
consistent with findings from lesion studies showing that the dorsolateral BiB@slén
human brain often lead relational memory deficit (Milner et al., 1991; Petrides, 1994),
whereas lesions in the ventromedial cortex is associated with item menpaiynrants
(Bachevalier & Mishkin, 1986). Furthermore, a recent review on the role of PFCsodiepi
memory encoding suggests distinct roles between dorsolateral and verdat®&C
(Blumenfeld & Ranganath, 2007). Specifically, the authors reviewed both lesion stadies
neuroimaging studies, and concluded that the ventrolateral PFC is importdinééting
attention toward goal-relevant items which in turn enhances representatbmtotem and
relational memory formation, whereas the dorsolateral PFC contributes abitity to
organize and chunk multiple pieces of information in working memory, which in turn
enhances memory for association among items in long term memory. Consitehisw
account, in Experiment 3, | also found significant involvement of both dorsolateral and
ventrolateral parts of PFC for successful relational memory encodingimy yagults with
full attention.

In addition to the PFC, the hippocampus has been recognized as an important neural
region for successful relational memory encoding. Converging evidencessutige medial
temporal lobe structures are critically involved in episodic memory encodingr{@ohe

Squire, 1980), with the hippocampus mediating memory for inter-item relationships(Cohe
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& Eichenbaum, 1993). The role of the hippocampus in associative encoding has been well
established in previous fMRI experiments (Dougal et al., 2007; Kensinger & ScRad&;
Staresina & Davachi, 2006; Staresina & Davachi, 2008; Uncapher et al., 2006; Pahce e
2005; Jackson & Schacter, 2004; Kirwan & Stark, 2004; Ranganath et al., 2004; Davachi et
al., 2003; Sperling et al., 2003). For example, Staresina and Davachi (2008) directly
compared neural circuits for successful relational memory and fonitemory, and
demonstrated a role of the hippocampus in domain-general associative encoding. Als
Uncapher and colleagues (2006) found a stepwise increase in hippocampal activity dur
memory encoding as number of associations to be remembered (e.g., number of sources f
an item) increased.

In the current study, the left anterior hippocampus was significantixedot
successful relational memory encoding in young adults with their fulitetite Such
engagement of anterior hippocampus is consistent with recent findings iratiened|
memory (Addis & MacAndrews, 2006; Giovanello, Schnyer, & Verfaellie, 2009; &pgesti
al., 2003). For example, using event-related functional MRI during the encoding of novel
face-name associations, Sperling and colleagues (2003) found that sulscesskinbered
face-name pairs showed significantly greater activation in thei@bgspocampal
formation as well as the left inferior prefrontal cortex, compared ts ffzat were forgotten.
Furthermore, a recent study reported significant activation in the leftartgpocampus in
participants when a task required generation of relational information cenaagling
(Addis & MacAndrews, 2006). Finally, Giovanello, Schnyer, and Verfaellie (2009 hav
shown that different regions along the long axis of the hippocampus make distinct

contributions to relational memory processing. The authors concluded thatgooste
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hippocampus is involved in the structured reinstatement of perceptual informatioeasvhe
anterior hippocampus is shown to be involved in flexible relational operationsetaktr
Although Giovanello and colleagues suggested that the anterior hippocampus iantrfport
flexible retrieval of relational memory, this finding is in a line with tmelfings in this
dissertation. That is, in the current paradigm, participants encoded word pains whi
switched their location after initial presentation. This manipulation was irctiad®eder to
prevent the potential attentional capture by new stimuli in the number stimulnfg@se
together with word pairs (Kim & Hopfinger, 2010). However, this manipulation risay a
force participants to use a flexible encoding strategy to memorize @adrpair which
changes their location after initial presentation (i.e., A-B, then B-Asummary, the fMRI
results in the current study are consistent with previous neuroimaging evidance
hippocampus, especially the anterior hippocampus, is critical for binding informfati
relational memory formation.

In the current study, | also found significant activation in the left superiatalar
lobule (SPL; BA 7) and inferior parietal lobule (IPL; BA 40) associated witicesssful
relational memory encoding in young adults under full attention condition. Whilelehefr
PFC and hippocampus in episodic memory has been demonstrated in numerous imaging and
lesion studies, recent neuroimaging studies suggest that a complete sterfuoictional
neurobiology of episodic memory may require appreciation of possible contributioms f
parietal cortex (Cabeza, Ciaramelli, Olson, & Moscovitch, 2008; Uncaphergh&va
2009). For example, recent neuroimaging studies have evidenced that the emjadgem
dorsal and ventral regions of posterior parietal cortex (PPC) is conlgistetnte during

episodic retrieval (Eldridge et al., 2000; Henson et al., 1999; For review, see €abhkza
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2008). The engagement of PPC has in fact been reported in numerous attention Jiterature
part of two dissociable, yet interacting, fronto-parietal attention&tisys(e.g, Corbetta &
Shulman, 2002; Corbetta, Patel, & Shulman, 2008; Hopfinger et al., 2000). Specifically,
researchers suggest that dorsal parts of PPC (superior parietal 8Bu)eafd intraparietal
sulcus (IPS)) mediate goal-directed or ‘top-down’ attention, whereasal/BRtC regions
(inferior parietal lobule (IPL) and temporo-parietal junction (TPJ)liate stimulus-driven
or ‘bottom-up’ attention. Recently, Uncapher and Wagner (2009) conducted amabtsis
to explore the critical role of dorsal and ventral parts of parietal cort@pisodic memory
encoding. In their conclusion, the authors suggested that dorsal PPC, including SPL,
supports the allocation of goal-directed attention, which may, in turn, increase thieilgyoba
that the attended information is encoded into episodic memory via the medial temiperal |
Furthermore, the authors also suggested that ventral PPC, including IPLomirdyute to
successful episodic memory by fostering the encoding of surface eval# tthettaimpact
retrieval over short retention intervals. Given that the current paradigm ditchate deep
encoding processing (i.e., elaborative processing during encoding) andratsthgt the
interval between study and test was relatively short, the recruitment of Pbtang IPL
during successful memory encoding is consistent with the conclusion by Uncagher a
Wagner (2009). Although it is not clear whether the recruitment of parietal regifans
episodic memory encoding in general or specifically for the relationalaneencoding, it is
worth note that the involvement of these regions is likely to reflect attenticowdgsing
required for episodic memory encoding.

In sum, the findings from young adults with full attention in Experiment 3 foksohti

critical neural correlates of successful relational memory foomatConsistent with
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previous literature, the successful relational memory encoding wasatsdogith
significant activation in the ventrolateral PFC, dorsolateral PFClefinanterior
hippocampus. Furthermore, consistent with recent neuroimaging findings, teesut
memory effect was correlated with significant activation in left &Rt IPL. In following
sections, | will discuss which parts in these critical neural areasgmigcsintly attenuated

by aging and/or by different types of attentional loads.

The effect of aging on relational memory encoding at neural level

During the encoding of word pairs under full attention condition, the older adults
showed less activation of those areas responsible for intentional learninatiohedlstimuli
than did the young adults. Specifically, older adults did not show significanttemstivathe
dorsolateral or ventrolateral PFC, hippocampus, or posterior parietal corgtead, older
adults revealed significant activation for subsequent relational memdry left posterior
entorhinal cortex, right perirhinal cortex, right anterior cingulate andahfdntal gyrus,
along with the left inferior and superior temporal gyrus. The significaivadion in
entorhinal cortex and perirhinal cortex in older adults with full attention isvtonnention,
since dysfunction in these regions, especially in the entorhinal cortexlistbkbe an
important marker for predicting Alzheimer’s disease (AD). Many stunfieguronal loss
have found the entorhinal cortex degeneration with AD, but not with normal aging (Fukutani
et al., 2000; Giannakopoulos et al., 2003; Gomez-Isla et al., 1996; Hof et al., 2003; Kordower
et al., 2001; von Gunten et al., 2006). Additionally, low entorhinal cortex volume has been
shown in a number of studies to be a good predictor of future AD onset or cognitive decline

(de Toledo-Morrell et al., 2004; Dickerson et al., 2001; Killiany et al., 2002; Stolb et a
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2005). Although previous studies suggest that the hippocampus mediates associative
memory more than does the neighboring cortex in medial temporal lobe (Davachggeyy
2002; Staresina & Davachi, 2006), entorhinal and perirhinal cortices also have been shown to
be recruited during tests of associative memory (Ekstrom et al., 2007; Jackssinaéter,
2004; Kirwan & Stark, 2004; Klingberg et al., 1994). Also, a recent study demodstrate
significant activation in the entorhinal cortex, anterior cingulate ardiainkontal cortex in
cognitively intact health older adults during associative memory ratriBvaskie, Small,
Bookheimer, 2009). Thus, the current results that healthy older adults withutheir f
attention showed significant activity in the entorhinal and perirhinal caaterrior
cingulate, and medial frontal cortex are consistent with the previous finding, and the
engagement of those MTL and PFC regions are perhaps resulted due to compensatory
function for their reduced functions in the critical neural circuits for successétiional
memory in the frontal, parietal, and temporal regions.

In fact, the direct comparison between young and older adults with full attention
revealed the significant age-related attenuation in most of the lorggians for subsequent
relational memory. Specifically, older adults showed significantly retlacsvity in
bilateral dorsolateral PFC, right ventrolateral PFC, and the left SPL andrtee reduction
in the ventrolateral and dorsolateral PFC in older adults compared with ydwltgycguring
memory encoding is consistent with previous literature. For examplen lamchcolleagues
(2002) found under-recruitment of left PFC in older adults compared with young adults
during intentional memory encoding. Likewise, other researchers alsmdeated age-
related decrease in PFC activity during relational memory encodingni@ansie information

(Anderson et al., 2000; Cabeza et al., 1997), spatial association (Mitchell et al., 2000),
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pictorial stimuli (lidaka et al., 2001), and object-source association (Deradis 2008;
Mitchell et al., 2005). As discussed in the earlier section, the ventral andlphotsaof
lateral PFC play two distinct roles for successful relational meemegding. The
ventrolateral PFC is involved in the selection process of goal-relexantdeand this
attentional processing may in turn enhance representations of goahtélerss in the long-
term memory system. In contrast, the dorsolateral PFC meditates andscorgasiization
of different information, which in turn enhances association among different ifEmus,
along with the reduced activity in the parietal attentional regions (SPLjiR®)er adults,
the reduction in both parts of lateral PFC in older adults during relational memmogling
may indicate the reduction in attention and controlled processing in older adults, whic
contributes their poorer performance in relational memory compared to yduitg) aOf
note, older adults showed greater activity in the ventromedial PFC (BA 10/1})dtinag
adults during successful memory encoding across all of the attention condigmouBr
neuroimaging studies have shown the involvement of the ventromedial PFC in decision
making tasks involving ambiguity or guessing (Bolla et al., 2003, 2004, 2005; Ernst et al.
2002; Hsu et al. 2005; Rubinsztein et al. 2001; Tanabe et al. 2007). Thus, the significant
activation in the ventromedial PFC and the absence of activity in the laterabfpaetdral
and dorsal PFC in older adults suggest impaired process in relational menumiygrand
possible compensatory process by other frontal areas for the impairments.

Although older adults failed to show significant activation in the hippocampus during
relational memory encoding, a direct comparison between young and older exkdied
no significant differences in the magnitude of activity in the hippocampus duringssitutic

relational memory formation between two age groups. This result is incohsvitte some
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of previous findings that older adults, which showed significantly reduced hippdcampa
activation in older adults relative to young adults in associative encoding Asslergon et

al., 2000; Mitchell et al., 2000; Sperling et al., 2003). However, recent fMRI studies found
that older adults activated the hippocampus to a similar degree as young adults during
relational memory encoding. For example, Miller and colleagues (2008) deatedst
similar magnitude and extent of hippocampal activation during successfudmalatiemory
for face-name pairs. Other studies using different materials (e.g.t phjes) have also
reported similar activity in the hippocampus between young and older adults during
relational memory encoding (Leshikar et al., 2010; Rand-Giovannetti 20@6). This
inconsistency may be resulted from different task paradigms and comparisondiffevegt
studies. For example, studies which found the different activity in the hippocampegbetw
different age groups used both item and relational memory tasks and compared the
hippocampal activation between item and relational memory process. i&lgciMitchell

and colleagues (2000) found that young adults showed greater left anterioahpabc
activity for combination of object and location pairs than for each item trialseaselder
adults did not show the same patterns of activity in the hippocampal area. Thérefore
possible that young adults differentially activate the hippocampus for thiemalanemory
compared with item memory formation, whereas older adults activate the hippechoth

for the item and relational memory encoding to some degree. Another possible oeason f
non-significant aging effects on the hippocampal activity can be due to the powtrdo de
the effect. In fact, the difference became significant when a morallibeeshold was used
for the two-group comparisop<.05 with 10 continuous voxels). However, it should be also

noted that other regions in the prefrontal and parietal cortex showed significardraiffs
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between young and older adults in the relational memory encoding under more coveservat
threshold. Thus, in summary, the current finding suggests that the attentted-redaral
regions, namely, ventrolateral/dorsolateral PFC and parietal regmnsoae affected by

aging during relational memory encoding than the hippocampus, although the older adult
revealed somewhat attenuated activity in the hippocampus for successinhatimemory

encoding.

The neural effects of different types of attentional load on successful relationalynemor

In the current dissertation, | manipulated the type of attentional loadsacthpas
relational memory encoding, and demonstrated that a reduction in spgmfioftsittentional
resources (i.e., relational attention) significantly impaired relatiowahory performance
both in young and older adults. The significant effects of the reduction in relattteraion
on associative memory were also evidenced at neural level. That is, tlaeeam¢or
successful relational memory formation showed significantly attedudtivation when
young adults encoded relational information under divided attention with relatioti@etec
task compared with the activation in young adults with full attention. Impbyrtanty the
attentional load involving relational attention significantly reduced agtinithe dorsolateral
PFC, ventrolateral PFC, inferior parietal and superior parietal lobule, andténma
hippocampus in young adults, whereas the attentional load requiring little or tranedla
processing (i.e., in the item attention condition) did not attenuate any of the gores ffieg
relational memory encoding significantly.

The significant reduction in the PFC during memory encoding with attentmwacs

was also reported in a PET study using a verbal association memory task ¢Areteak,
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2000). However, Anderson and colleagues (2000) did not find significant reduction in the
hippocampus due to the attentional load during memory encoding. Furthermore, the previous
study was not able to test effect of attention orstiezessful relational memory encoding
since the study used a blocked-design with PET imaging. That is, the previoustisdyl

on the encoding-related neural network and the retrieval-related neuoals;agstead of the
successful memory effects compared to the failure of relational memormny knowledge,
there has been no event-related fMRI study using a subsequent memory procedure to
investigate the effects of attention on successful relational memoogieg. Thus, the
current study reports the first finding that a reduction in relational attesignificantly
attenuated the activity in the neural correlates for subsequent relatianalyna the
prefrontal, parietal, and hippocampal regions.

To date, no studies have tested the effects of different types of attentional loads on
relational memory encodingt the neural level. Instead, three previous studies manipulated
the levels of difficulty in secondary attention tasks and tested the effeasgfor difficult
attention tasks oitem memory encodinglensinger, Clarke, & Corkin, 2003; Uncapher &
Rugg, 2005, 2008). Specifically, Kensinger, Clarke, and Corkin (2003) imposed two types
of auditory pattern detection tasks (i.e., easy vs. hard) during ending of word, stmdul
demonstrated different neural patterns of successful item memory encodieigeasy vs.
hard divided attention conditions. That is, the authors found significantly attenuttégt ac
in the inferior PFC and hippocampus for successful memory encoding under the hard
attention condition compared to the full or easy attention condition. However, this
guantitative reduction in the neural regions for subsequent memory effects undedéne ha

attention task condition was not replicated in a later study by Uncapher and2R0§y (
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Uncapher and Rugg (2005) used the same item encoding task as Kensinger et al. (2003), but
employed different attention tasks and paradigm. That is, the authors used voice
discrimination (male/female; ‘easy condition’) or 1-back discrimamatask (odd/even; ‘hard
condition), and found no differences in the magnitude of activity in the inferior PFC and
hippocampus between the subsequent memory effects in easy and hard attention conditions.
In a follow-up study, the same researchers used thel-back voice disecamtaak and
another attention task which involved the semantic judgment (‘whether an objeet can b
foundindoor or outdoor), and reported the task-specific and task-generic effects of divided
attention on successful memory effects depending on the type of attentionThakss, the
authors not only found the quantitative attenuation in activity in the inferior R&EC a
hippocampus during memory encoding under semantic attention task condition compared to
easier attention condition (i.e., task-specific effect), but also dema@usinatreased activity
related to the attention task in the dorsolateral PFC and parietal cortekdiareas assists
for task-generic, executive functions) during an easy attention task. tM#tfinding, the
authors concluded that the effects of divided attention on memory encoding seemledtto ref
the detrimental consequences of resource limitation at both task-generickaspetzific
levels.

In the current experiment, the manipulation of attention tasks was not by the task
difficulty, but by the type of resources each attention task required. Usitigmalanemory
task with either item or relational attention task, | demonstrated that ordytéméional load
involving relational attention processing significantly attenuated activithe core neural
regions for successful relational memory encoding in the ventrolateral PFGlatena

PFC, SPL, IPL, and anterior hippocampus. It should be noted that, unlike the previous
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divided attention studies with item memory encoding, the dorsolateral PFC agtdlpari
cortex regions found in the current study are the regions which were dyigiotivated
during successful relational memory encoding under the full attention conditinat.isTthe
reduction in those frontal and parietal areas in the current study seemedbthefitask-
specific effect rather than the task-generic effect, since thoseaneeapecifically related to
the successful relational memory encoding. Because the attention sasknuéaneously
time-locked with the presentation of the memory stimuli, it is not possible togligth the
activity related to the attention task from the activity related to the metaskyn the current
paradigm. Follow-up studies with varied onset times of attention and memory stiayuli
be able to examine the task-generic effect of divided attention on relatienadry
encoding. Nonetheless, the current study provides important evidence that thiemeduc
specific type of attentional resources, namelyréhational attention significantly reduced
the relational memory process both at behavioral and neural levels, whereas lgn equal
difficult item attention task did not.

Finally, the results from the conjunction analyses confirmed the simiétebf
relational attention and aging on relational memory processing. That isutia regions
showing attenuated activity by aging and the regions showing reduceitydntiveduction
in relational attention during successful relational memory were strykengiilar to each
other. Critically, the common regions showing attenuation were mostly tlb@asey the
critical neural correlates of successful relational memorygsifeln contrast, there was no
overlap between the effect of aging and the effect of the reduction intiesmian on the
relational memory process. That is, the two factors differentiallytatfebe neural areas for

successful relational memory. Together with the similar behavioratefiéaging and of

100



relational attentional load on associative memory, this result indicates¢h@duction in
relational attention can account for age-related relational memacytsiébth at behavioral

and neural levels.
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CHAPTER 5

GENERAL DISCUSSION

The current project provides us with a greater understanding of what underlies the
disproportionate relational memory deficits observed in older adults. Pregsmasch has
concentrated on exploring the effect of general attentional load on iteml atnahed
memory performance in young adults. However, the current dissertation mesdphia
type of attentional resources required for secondary tasks during memeodiregy and
demonstrated unreported findings on the source of age-related associative ohefiais.

First, using different types of attention tasks, the current study demedsirabvel
finding that a reduction in a certain type of attentional resources can equageaglis’
relational memory performance to that of older adults. Specifically, in twoioehla
experiments, | found that reduced attentional resources for relationakpiug
disproportionately impaired young adults’ relational memory performeoicgared with
their item memory performance, whereas a reduction in item attention prbdesot.
Critically, the effect of relational attention on associative memory wagu®to the overall
task difficulty in the attention task. That is, an equally difficult iterméitbe task, as well as
a more difficult item attention task than the relational attention task, indpgteng adults’
performance in the item and relational memory tasks to the same degrterriore, the

patterns of relational memory deficit by the aging and by the reduction flonaleattention



were remarkably similar to each other. In fact, a previous study reporpedhgionate
relational memory deficit for young adults under divided attention condition (@a€taik,
2003). However, the authors pointed out that the patterns of the deficit between young and
older adults were different from each other. That is, young adults under dividewatte
condition in Castel and Craik (2003) revealed reduced hit rate in the relationakynask,
whereas older adults showed increased false alarm rate in the memory tak&.tHisl
previous finding (Castel & Craik, 2003), the current study found that both agingend t
reduction in relational attention in young adults affected both hit and false raf@snn the
relational memory test, which in turn resulted in large impairments in relbti@mory
performance under the two conditions. Finally, older adults in Experiment 3 in thetcurre
study showed more impairment in their relational memory performance whiemelational
attention was reduced with a concurrent attention task compared with theefutilogitt
condition. Furthermore, older adults’ performance in the relational attensiom&es
significantly poorer than their performance in the item attention task. Tdiied evidence
that older adults experience a reduction in relational attention process, aheértogtt
results in the memory tasks, this finding also supports the hypothesis that redoueckeres
for relational attention plays a critical role in older adults’ deficihie associative memory.
Second, using an event-related fMRI technique, the current study provides additional
knowledge on the neural correlates of successful relational memory encodingst€nsi
with previous neuroimaging studies on memory encoding (Addis & MacAndrews, 2006;
Davachi et al., 2003; Kirwan & Stark, 2004; Park & Rugg, 2008; Prince et al., 2005), the
current study demonstrated that the activity in the ventrolateral PFC aledt tuaterior

hippocampus predicts the successful memory effects. Furthermore, consigteatent

103



findings (Murray & Ranganath, 2007; Dennis et al., 2008; Staresina & Davachi, 2006;
Summerfield et al., 2006, Uncapher & Wagner, 2009), the dorsolateral PFC and sanmerior
inferior parietal regions were also significantly activated whennhkeding for relational
memory was successful. According to previous literatures, the frontal aatap@egions

are highly associated with attentional mechanisms. Specifically, pre@searchers
demonstrated that the ventrolateral PFC plays a role in the selection-oélgwaht
features/items, whereas the dorsolateral PFC controls and organizes tiofoiamd helps

the associative processing among different items. Furthermore, sugpetimferior parietal
lobules have been considered to be important for the top-down and the bottom-up attentional
processing, respectively. Thus, the involvement of the ventrolateral and doss®1&€

and the superior and inferior parietal regions for the successful relatiengry encoding
seems to be essential and reasonable, since the allocation of attention and chunking of
different items should be required for relational memory formation. The hipposanas

also been reported in numerous studies on both relational memory encoding (Staresina &
Davachi, 2006, 2008; Prince et al., 2005) and retrieval (Giovanello, Schnyer, Verfaellie
2004, 2009; Prince et al., 2005; For review, see Cabeza, 2006). Compared with the PFC and
parietal areas, the hippocampus seems to be activated in an automaticforamhen

binding process occurs in memory process. In fact, previous neuroimaging bakes
demonstrated that the PFC is associated with controlled processing ohedlatiormation

both at encoding and retrieval (Henson, Shallic, Josephs, & Dolan, 2002), while MTL
structures are associated with the incidental encoding and retrieval extcahtassociations
(For a review, see Cabeza, 2006). In the third experiment in this dissertagamrstrated

that both the controlled attention process mediated by the PFC and parietahndrtbg
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automatic binding process of hippocampus play a critical role in succesafidal
memory formation.

Next, the current study provides further evidence on the neural effecian@faagl of
reduced attentional resources on the formation of relational memory. A dinegadson
between young and older adults suggests that older adults failed to show siggnifica
activation in a large subset of the critical neural circuits for sutdestational memory.
Specifically, older adults showed significant attenuation in activity in theolateral and
dorsolateral PFC, and the superior and inferior parietal cortex. Older adolshalged
somewhat reduced activity in left anterior hippocampus compared with younsg, &dithe
reduction was not statistically significant. Finally, older adults sigmitiy activated the
medial frontal lobe and the entorhinal and perirhinal cortex during successtioinala
memory encoding, and the recruitment of this regions seems to be a part of céonpensa
mechanisms for their reduced relational memory process. The resolidéraadults showed
significant attenuation in the controlled and attention-related regions oéthal regions for
relational memory deserves to mention. That is, this result not only indicatetd#rat
adults experience reduced attentional processing supported by the PFC andcpaesata
but also suggests that the age-related deficits in relational memory aaodumted for by
the age-related reduction in attentional resources required for relatienabry formation.

The effect of reduced attention was also directly investigated in thextstuely.
Specifically, here | manipulated the type of attention task imposed duringmalahemory
encoding, and tested effects of different attentional loads on relational minmoation at
the neural level. Critically, the reduction in relational attentiomatited activity in the core

neural regions for successful relational memory in a similar manner tdelceafaging on
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relational memory. That is, there was significantly reduced activityeiorsolateral and
ventrolateral PFC, parietal cortex, and the hippocampus in young adults under divided
attention with relational attention condition compared to under full attention condition. This
effect was, however, not evident when young adults’ attention was divided with item
attention task during memory encoding. Furthermore, older adults also showeadasignif
reduction in the hippocampus when their relational attention resources were reduced
compared to the full attention condition. This result suggests that the reductiationed|
attention processing affects not only the attention-related neural regitvesRF€C and
parietal cortex, but also the automatic association areas of hippocampuby, Fioand
significant overlap between areas showing reduced activity by agingearal regions
showing attenuation by the reduction in relational attention in the core neuoals &gy
relational memory formation. Thus, together with behavioral results found in tee thre
experiments conducted in this dissertation, the results from fMRI data alsssstigg the
reduction in relational attention processing is the key factor for th@redhmemory deficit
observed in aging.

Although the current dissertation answers important questions on the source of
relational memory deficits in aging, future studies should be conducted to addxe=ss rel
guestions to the associative memory deficit in aging. First, the currentrstirdgulated and
imposed different types of attentional loads only during the time of memory agcodi
Although previous studies have demonstrated that the effect of divided attention on memory
performance is larger during encoding than during retrieval (e.g., Andersonl&os,
2000), it will be informative to test the effect of relational attention during tine of

retrieval of item and relational memory. That is, if older adults expezieeduced resources
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for relational attention, and if the reduction in relational attention causesais®ogemory
deficits in older adults, it is possible that the lack of relational attentioctatbeth encoding
and retrieval processes of relational memory. The effect of reductiontiomalaattention
may be larger for memory formation than for memory retrieval, but tegtengffect of
relational attention on retrieval of relational memory will be able to agaditant knowledge
on the role of attentional resources in the age-related associative meffioty. de

Second, due to the time constraint in the MRI scanner and due to the purpose of this
dissertation, the current neuroimaging study did not include an item memoryaskver,
testing the neural correlates of item memory encoding will provide addiknowledge to
understand the difference between item and relational memory encoding o aqd older
adults. In particular, some of the neural regions activated during succetsiohal
memory encoding in this study may not be activated during successful itemrynem
encoding. For instance, if the dorsolateral PFC is particularly assbevéth relational
memory formation due to its function in organization and chunking of information (Murray
& Ranganath, 2007; Ranganath & Blumenfeld, 2007), it is plausible to expect to find
significant activation in those regions only when the relational memory fammatrequired.
In addition, testing the neural effects of different types of attentional lo@&eérm memory
will also provide additional evidence on the special role of relational attention omasissoc
memory. Finally, by comparing the effect of aging on relational mew@wdyitem memory
at the neural level, the future study will be able to provide knowledge on thé neura
underpinning of disproportionate relational memory deficit in older adults comuatieeirt

item memory.
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Third, the current study manipulated the type of attentional loads in a qualitative
manner. That is, the two attention tasks used in the imaging study here wereenetdiff
from each other in their levels of difficulty, but differed with each other in tefrtiseir
attentional processing (i.e., item vs. relational). While this manipulatioritical to
investigate the role of relational attention on the age-related asgecragimory deficit, it
will be also interesting to test the effect of task difficulty in attentsk bn relational
memory performance at the neural level. As discussed earlier, rezgntmaging studies
with divided attention paradigm have in fact investigated the neural effeasy vs. hard
divided attention tasks on item memory encoding (Kensinger et al., 2003; Uncaphgg& Ru
2005, 2008). Using guantitatively different attention tasks during encoding of iterargnem
the previous researchers demonstrated that divided attention with harder tdslastgni
attenuated the activity in the critical neural regions for item memoryt{ieeleft inferior
frontal gyrus and the hippocampus). Additionally, Uncapher and Rugg (2005, 2008)
provided evidence that the attention task which required more cognitive resourcargl.e., h
task) affected both task-specific neural regions for memory encodingskagereric
regions for executive function. Thus, in a follow up study, it will be interestingtahe
effect of harder attention tasks which involve either relational or item iattgorocessing on
the relational memory task at the neural level. Specifically, examinengeural effect of
harder item attention task on relational memory encoding will be able tawlisate the
effect of relational attention on relational memory from that of task diffiat the neural
level.

In summary, the current data contribute several novel findings to the memaoxy, agi

and cognitive neuroscience literatures. Collectively, the findings provideree that the
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reduction in relational attention in older adults is the critical factor for aligptionate
relational memory deficits observed in older adults. Behaviorally, a reduntrelational
attention in young adults equated their performance in a relational méss&rto that of
older adults. The reduced relational attention processing during assogiativery encoding
in young adults also attenuated the brain activity in the critical neagigns of relational
memory formation, as in the case of older adults with their full attentiorhiWite broader
domain of episodic memory, these results suggest that the reduction in & speeibf
attentional resources can explain at least some aspects of age-rekadat epemory
decline to bind separate information together (e.g., content and its context). Umntiegsta
the nature and source of age-related impairments in episodic memory is imhfmrteoth
theoretical and ecological reasons, since the ability to connect anchtsseparate
information into contextual representation is essential for coherent msmbegeryday
events. By converging behavioral and neural evidence on the source of relatomady
deficits in older adults, the current study contributes to a more comprehensive pfctur

cognitive aging, especially in the domain of episodic memory decline.
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Table 1.

Means and Standard Deviations for Accuracy and RTs (in milliseconds) in attention tasks in
each of the Attention groups in Experiment 1.

Proportion Correct RTs
Group M SD M SD
DA with Item task 0.94 0.04 1165 205
DA with Relational task 0.74 0.04 1347 142

Note: DA, Divided attention; M, Mean, SD, Standard deviation; RTs, Respomsin timilliseconds.
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Table 2.
Means and Standard Deviations for Proportion Hits and False Alarms Rates in the Iltem
Memory and Relational memory Tests in each of the Attention groups in Experiment 1.

Item Memory Relational Memory
Group Hits  False Alarms Hits  False Alarms
Full attention 0.84 0.08 0.82 0.09
(0.10) (0.10) (0.13) (0.11)
DA with Item task 0.77 0.12 0.83 0.21
(0.13) (0.16) (0.11) (0.19)
DA with Relational task 0.69 0.13 0.66 0.35
(0.13) (0.12) (0.21) (0.23)

Note: DA, Divided attention; Numbers in the parenthesis indicate stertasiation.
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Table 3.
Means and Standard Deviations of memory RTs (millisecond) in the Item Memory and
Relational memory Tests in each of the Attention groups in Experiment 1.

Memory RTs
Item Associative
Group M SD M SD
Full attention 1483 316 1555 318
DA with Item task 1605 221 1593 181
DA with Relational task 1578 278 1448 254

Note: DA, Divided attention; M, Mean of response times in mibads; SD, Standard deviation;
RTs, Response time in milliseconds.
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Table 4.
Means and Standard Deviations for Accuracy and RTs (in milliseconds) in attention tasks
each of the Attention groups in Experiment 2.

Proportion Correct RTs
Group M SD M SD
YA, DA with Item task 0.93 0.06 1354 146
YA, DA with Relational task 0.90 0.08 1359 183
YA, DA with Item task, Harder 0.68 0.10 670 48

Note: YA, Young adult; M, Mean; SD, Standard deviation; RTs, Response miifisseconds.
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Table 5.
Means and Standard Deviations for Proportion Hits and False Alarms Rates in the Item
Memory and Relational memory Tests in each of the Attention groups in Experiment 2.

ltem Memory Relational Memory
Group Hits False Alarms Hits False Alarms
YA, Full attention 0.78 0.01 0.89 0.11
(0.14) (0.04) (0.08) (0.15)
YA, DA with Item task 0.77 0.09 0.85 0.23
(0.13) (0.09) (0.15) (0.16)
YA, DA with Relational task 0.78 0.16 0.74 0.31
(0.12) (0.16) (0.16) (0.17)
YA, DA with Item task, Harder  0.57 0.25 0.64 0.28
(0.12) (0.15) (0.21) (0.13)
OA Full attention 0.84 0.18 0.79 0.37
(0.09) (0.16) (0.112) (0.19)

Note: YA, Young adult; OA, Older adults; Numbers in the parenthesis indigatiast deviation.
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Table 6.
Means and Standard Deviations of memory RTs (millisecond) in the Item Memory and
Relational memory Tests in each of the Attention groups in Experiment 2.

Item Associative

Group M SD M SD
YA, Full attention 1430 183 1460 222
YA, DA with Item task 1633 236 1590 270
YA, DA with Relational task 1540 248 1623 270
YA, DA with Item task, Harder 1435 255 1388 257
OA Full attention 1799 315 1995 354

Note: YA, Young adult; OA, Older adults; M, Mean of response timeslliseconds; SD, Standard
deviation.
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Table 7.
Mean scores on battery of neuropsychological tests in Experiment 3.

Trail Trail Trail Trail
MMSE ANART Making A Making A MakingB MakingB Vocab Morn/Eve
(/30)  (/50) (seconds) Errors (%) (seconds) Errors (%) (/66) (/86)
YA 29.08 37.08 25.46 0.00 44.23 0.00 52.46 42.38
OA 29.67 44.33 29.33 0.00 54.42 0.00 59.17 61.50

Note: YA, Young adult; OA, Older adults; MMSE, the Mini MentateSExamination; ANART,
American National Adult Reading Test; Vocab, Vocabulary from thdSWA Morn/Eve,
Morningness-Eveningness.
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Table 8.
Means and Standard Deviations for Accuracy and RTs (in milliseconds) in attention tasks in
each of the Attention conditions in Experiment 3.

a. Young Adults

Proportion Correct RTs
Attention Condition M SD M SD
DA with Item task 0.96 0.04 1403 275
DA with Relational task 0.95 0.04 1378 265
b. Older Adults
Proportion Correct RTs
Attention Condition M SD M SD
DA with Item task 0.97 0.03 1537 357
DA with Relational task 0.96 0.03 1633 321

Note: DA, Divided attention; M, Mean; SD, Standard deviation; RTs, Responsa tiniéseconds.
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Table 9.
Means and Standard Deviations for Proportion Hits and False Alarms Rates in the
Relational memory test in each of the Attention conditions in Experiment 3.

Young Adults Older Adults
Condition Hits False Alarms Hits False Alarms
Full attention 0.82 0.17 0.74 0.3
(0.12) (0.12) (0.13) (0.14)
DA with Item task 0.80 0.26 0.72 0.28
(0.13) (0.16) (0.14) (0.14)
DA with Relational task 0.77 0.33 0.67 0.34
(0.08) (0.14) (0.13) (0.12)

Note: DA, Divided attention; Numbers in the parenthesis indicate stanéaidtitn.
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Table 10.

Means and Standard Deviations of memory RTs (milliseconds) in the Relational memory test
in each of the Attention groups in Experiment 3.

Young Adults Older Adults
Group M SD M SD
Full attention 1714 303 1745 311
DA with Item task 1648 288 1701 266
DA with Relational task 1713 223 1765 278

Note: DA, Divided attention; M, Means for response times in mitisgs;, S, Standard deviation.
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Table 11.

Regions of significance for Successful Relational Memory in each attentiditi@om young adults.

Talairach Coordinates

Contrast Region of Activation Hemisphere BA X y zt k
Full Attention (Hit>Miss)  Middle Frontal Gyrus R 6 32 7 60 5.18 112

38 3 55 5.5

46 5 53 3.98
Superior Frontal Gyrus R 6 10 13 56 4.84 31
Middle Temporal Gyrus R 37 48 -60 7 482 36
Inferior Frontal Gyrus L 11 -24 26 -20 471 32
Cuneus L 19 -16 -92 27 463 46
Cuneus L 18 -8 -98 21 331
Cuneus L 30 -6 -70 7 456 128
Cuneus L 17 -10 -83 13 4

-4 -83 6 354
Parahippocampal Gyrus L 36 -34 24 22 453 16
Precentral Gyrus R 9 34 6 37 45 51
Middle Frontal Gyrus R 9 42 10 38 3.55
Cingulate Gyrus L 24 -12 20 36 45 12
Inferior Frontal Gyrus L 45 -34 28 8 445 17
Precentral Gyrus L 6 -38  -11 48 44 35
Medial Frontal Gyrus R 6 16 -1 59 4.33 8
Superior Temporal Gyrus R 42 67 -28 18 429 14
Inferior Frontal Gyrus R 45 44 22 15 425 47
Middle Frontal Gyrus L 10 -30 38 15 424 21
Middle Temporal Gyrus R 19 40 -80 22 418 18
Superior Temporal Gyrus L 22 -61 -4 8 4.16 7
Superior Frontal Gyrus L 6 -18  -12 61 4.13 24
Superior Frontal Gyrus R 6 6 3 68 41 18
Inferior Frontal Gyrus R a7 50 16 -1 4.09 35
Superior Frontal Gyrus L 9 -40 35 30 4.05 26
Hippocampus L n/a -20 -7 22 3.83 5
Inferior Frontal Gyrus L 45 -48 37 2 375 9
Supramarginal Gyrus L 40 -59  -48 21 3.7 13
Postcentral Gyrus R 2 32 -37 70 3.63 5
Superior Temporal Gyrus R 13 53 -40 19 353 11
Superior Temporal Gyrus L 38 -53 9 -11 3.49 8
Precuneus R 7 26 -56 51 346 13
Cuneus L 19 -2 -88 32 344 5
Middle Frontal Gyrus R 46 51 45 0 342 11
Inferior Parietal Lobule L 40 -38 -44 46 3.38 31

-46  -44 54 331

-59 33 44 332 8
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Superior Parietal Lobule L 7 -34 54 56 3.21 6

Middle Frontal Gyrus L 6 -34 0 48 3.2 5
DA with Item (Hit>Miss) Medial Frontal Gyrus R 6 20 -11 48 6.81 77
Postcentral Gyrus R 3 24  -30 57 6.16 111
Sub-Gyral R 40 28 -38 57 4.75
Postcentral Gyrus R 3 32 -34 50 4.33
Insula L 13 32 22 25 483 24
-28  -26 20 3.72
Postcentral Gyrus L 3 -22 -29 49 468 22
Insula L 13 -40 -15 8 399 23
Cuneus L 17 20 -77 11 397 8
Insula R 13 40 -40 22 383 5
Superior Temporal Gyrus L 39 -50 -56 6 382 22
Inferior Parietal Lobule L 40 -57  -36 28 369 8
Precentral Gyrus L 4 -28  -24 69 3.6 5

DA with Relation
(Hit>Miss) Superior Parietal Lobule

Cingulate Gyrus
Inferior Frontal Gyrus
Fusiform Gyrus

7 20 -53 60 4.27 33
24 -4 -3 22 3.7 58
47 -36 35 0 3.63 7
37 -48 -39 -10 355 10

Precentral Gyrus 44 -50 8 7 344 8
Note: Regions significant at uncorrected p<.005 with a cluster extentiticesef k>5. DA, divided
attention; R, right; L, left; BA, approximate Brodmann area based on coordinates.

|—|_I_I_;U
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Table 12.

Regions of significance for Successful Relational Memory in each attentiditia@@om older adults.

Talairach Coordinates

Contrast Region of Activation Hemisphere BA X y zt k

Full Attention (Hit>Miss) Inferior temporal gyrus L 20 -38  -13 33 464 11
Perirhinal Cortex R 35 22 -9 21 441 18
Middle Temporal Gyrus R 37 57 -66 9 432 8
Insula R 13 46 -8 0 409 26
Posterior Entorhinal Cortex L 28 24 -11  -26 393 7
Superior Temporal Gyrus L 22 -48 -6 -5 35 12
Medial Frontal Gyrus R 10 12 36 -10 35 5
Anterior Cingulate R 24 6 23 1 335 9

DA with Item (Hit>Miss)  Cingulate Gyrus R 31 26 -42 22 565 62
Inferior Parietal Lobule L 40 -40 -48 58 549 38
Inferior Frontal Gyrus L 46 -51 41 5 543 18
Fusiform Gyrus R 37 40 -45 -13 537 11
Precentral Gyrus L 6 -61 -2 33 4.6 17
Medial Frontal Gyrus R 6 4 35 35 445 28
Middle Frontal Gyrus R 6 36 11 55 417 11

57 4 40 4.05 24

Cingulate Gyrus L 24 -20 -7 48 4.02 17
Middle Temporal Gyrus R 37 55 -64 3 392 8
Medial Frontal Gyrus L 6 -2 -14 65 3.79 14
Superior Frontal Gyrus L 10 -30 58 4 366 18
Inferior Occipital Gyrus R 19 42  -76 -1 364 8
Precuneus R 7 22 -73 53 36 6
Middle Temporal Gyrus L 21 51 22 -7 36 8
Superior Temporal Gyrus L 22 51 -27 1 358 6
Medial Frontal Gyrus L 9 -6 40 29 355 15
Superior Temporal Gyrus R 22 51 -15 3 35 5
Parahippocampal Gyrus L 36 28 -34 -10 344 6

DA with Relation

(Hit>Miss) Inferior Parietal Lobule R 40 61 -31 48 5.09 20
Postcentral Gyrus L 2 -53 -27 51 423 7
Insula L 13 -32 5 15 399 12
Cingulate Gyrus L 31 -22 47 37 345 21
Superior Parietal Lobule L 7 -26  -56 43  3.43

Note: Regions significant at uncorrected p<.005 with a cluster extenhtbicesf k>5. DA, divided
attention; R, right; L, left; BA, approximate Brodmann area based on coordinates.
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Table 13.
Regions more active in young than older adults in each attention condition.

Talairach Coordinates

Contrast Region of Activation Hemisphere  BA X y zt k

YA>OA: Middle Frontal Gyrus R 6 30 9 60 5.11 60

Full Attention (Hit>Miss) Precentral Gyrus R 9 34 8 36 4.34 133
Superior Frontal Gyrus R 6 4 5 66 4.12 46
Superior Parietal Lobule L 7 -32  -56 54 392 58
Sub-Gyral R 6 18 1 57 3.87 16
Middle Frontal Gyrus R 46 44 28 17 3.83 54
Superior Frontal Gyrus L 6 -22 0 68 3.79 21
Cuneus L 17 -10 -83 13 373 14
Fusiform Gyrus L 37 -48 42 -15 367 6
Middle Temporal Gyrus R 19 42  -80 24 365 14
Middle Frontal Gyrus R 6 51 10 46 3.5 50
Middle Frontal Gyrus R 10 48 a7 14 349 11
Middle Frontal Gyrus R 6 34 1 52 348 25
Middle Occipital Gyrus R 19 32 -85 12 347 28
Inferior Parietal Lobule L 40 42 -44 48 347 67

-32  -48 45 319

Inferior Frontal Gyrus R 45 55 18 14 341 63
Inferior Frontal Gyrus R a7 50 16 -1 3.2

Middle Frontal Gyrus L 10 -28 36 17 341 16
Precuneus R 7 26 -52 50 337 11
Superior Temporal Gyrus L 22 -59  -46 19 326 9
Middle Frontal Gyrus L 11 -32 50 -11 325 23
Middle Frontal Gyrus L 9 -38 33 35 321 15
Inferior Parietal Lobule L 40 -63  -33 37 318 11

-65 -28 31 3.12
6 -34 -2 44  3.16
19 -48  -81 6 3.16

Middle Frontal Gyrus 7
6
17 316 5
9
5

Middle Occipital Gyrus
Insula

Middle Frontal Gyrus
Middle Occipital Gyrus

6 -26 -9 61 3.05
19 36 -80 2 293

;UI_;UI_I_
H
w
N
o
1
N
o

YA>OA: Middle Frontal Gyrus R 6 22 -1 48 389 14
DA with Item (Hit>Miss) Insula L 13 -32 24 23 3.7713
-46 -32 20 374 77
-46  -24 23 3,57
Superior Temporal Gyrus R 39 34 55 25 352 9
Inferior Temporal Gyrus L 20 44 -13 31 35 17
-44 -5 -28 3.02
Insula L 13 -36 -40 24 321 7
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YA>OA: Superior Parietal Lobule R 7 22 51 58 3.645
DA with Relation
(Hit>Miss) Superior Temporal Gyrus R 38 44 16 -33.2483 15

Cingulate Gyrus L 24 -6 1 24 321 11
-6 -7 22 301 5

Note: Regions significant at uncorrected p<.005 with a cluster exterstbict of k>5.YA, young
adults; OA, older adults; DA, divided attention; R, right; L, left; BA, @pmate Brodmann area
based on coordinates.
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Table 14.

Regions more active in older than young adults in each attention condition.

Talairach Coordinates

Contrast Region of Activation Hemisphere BA X y zt k
OA>YA: Insula R 13 36 -10 24 3.85 13
Full Attention (Hit>Miss) Cingulate Gyrus R 24 16 -7 45 3.82 17
Anterior Cingulate L 32 -16 41 5 357 8
Anterior Cingulate R 32 10 34 -10 356 30
Superior Temporal Gyrus R 22 34 50 14 3.38 10
Anterior Cingulate R 24 4 27 -1 335 44
Inferior Frontal Gyrus L a7 -28 9 -14 327 19
Medial Frontal Gyrus L 10 -14 36 -9 29 5
OA>YA: Middle Frontal Gyrus R 6 34 10 53 458 36
DA with Item (Hit>Miss)  Middle Frontal Gyrus L 8 -28 39 39 386 70
Middle Temporal Gyrus L 19 42 -79 21 378 21
Middle Temporal Gyrus L 21 -53 -10 -15 3.77 31
Sub-Gyral L 6 -20 -9 50 3.64 16
Fusiform Gyrus R 37 42 -49 -11 359 27
Medial Frontal Gyrus L 10 -6 58 -6 3.58 66
-4 44 -9 2.9
Posterior Cingulate R 29 10 -42 15 348 15
Medial Frontal Gyrus L 11 -6 38 -17 3.46 51
Medial Frontal Gyrus L 10 -12 38 -10 3.04
Cuneus L 18 0 -91 10 342 10
Middle Frontal Gyrus L 6 -24 20 58 337 22
Superior Frontal Gyrus L 8 -26 28 54  2.85
Parahippocampal Gyrus L 36 -28 -36 -12 3.34 28
Posterior Cingulate L 30 -4 -54 6 3.27 53
Anterior Cingulate L 32 -20 32 21 327 9
Precuneus L 7 -2 52 56 3.22 33
Parahippocampal Gyrus R 19 28 49 -3 318 7
Precuneus R 7 6 -60 34 293 7
OA>YA: Postcentral Gyrus R 2 61 -27 46 422 36
DA with Relation
(Hit>Miss) Inferior Parietal Lobule R 40 59 -38 46  2.89
Superior Frontal Gyrus R 11 26 54 -16 4.19 60
Inferior Frontal Gyrus R 47 30 27 -3 4 69
Middle Frontal Gyrus R 11 40 52 -14 381 38
Middle Frontal Gyrus R 6 40 14 55 3.79 36
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Superior Temporal Gyrus R 22 44 -26 -10 3.67 30
Inferior Parietal Lobule R 40 59 -47 39 365 75
Precuneus L 31 -20 -49 39 361 18
Superior Frontal Gyrus L 11 -30 44 -16 359 64
Middle Frontal Gyrus L 11 -26 42 -7 331
Middle Temporal Gyrus R 21 65 -24 -12 359 8
Middle Frontal Gyrus R 8 42 27 41 347 30
Superior Temporal Gyrus L 22 -32 50 15 318 8
Medial Frontal Gyrus R 10 16 48 -4 293 5

Note: Regions significant at uncorrected p<.005 with a cluster extentitickef k>5. YA, young
adults; OA, older adults; DA, divided attention; R, right; L, left; BA, @pmate Brodmann area

based on coordinates.
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Table 15.

Regions that were more active under full attention than each dividedi@tteondition during
encoding in young adults.

Talairach Coordinates

Contrast Region of Activation Hemisphere BA X y zt k
FA>DI for Hit>Miss Posterior Cingulate R 29 14 -42 18 6.17 38
Medial Frontal Gyrus L 9 -20 29 25 4.16 20
FA>DR for Hit>Miss  Cuneus L 18 -14 -75 17 6.62 216
L 17 -10 -77 9 535
-6 -83 6 3.6
Superior Temporal Gyrus L 22 61 -50 17 5.52 106
Middle Temporal Gyrus L 39 -57 64 11 3.74
Superior Frontal Gyrus L 8 -4 36 50 4.97 34
Middle Frontal Gyrus L 10 -30 38 17 4.89 33
Middle Frontal Gyrus L 9 -42 33 32 481 149
-36 25 34 4,57
Inferior Parietal Lobule L 40 61 -41 39 438 82
-57  -33 48 35
Inferior Temporal Gyrus L 20 -51 55 -12 457 23
Inferior Temporal Gyrus R 20 51 -11 -33 4.47 38
50 -4 -37 314
Middle Frontal Gyrus L 11 -28 46 -14 4.43 77
-36 48 -11 3.65
Middle Frontal Gyrus L 10 -24 54 -9 3,55
Precentral Gyrus L 6 -38  -11 52 4.43 40
Superior Temporal Gyrus L 22 -38  -52 17 4.38 16
Superior Frontal Gyrus L 8 -12 49 45 4.32 38
Precentral Gyrus R 9 38 6 37 4.28 29
Middle Frontal Gyrus L 6 -24 20 56 4.21 25
Superior Frontal Gyrus L 6 -20 16 51 3.87
Lingual Gyrus L 19 -26  -62 3 4.14 16
Inferior Frontal Gyrus L a7 -24 22  -20 4.06 35
L 47  -22 17 -13 3.15
Middle Frontal Gyrus R 9 38 37 35 3.99 12
Postcentral Gyrus R 1 51 -24 55 3.94 19
Anterior Cingulate R 25 4 2 -7 391 6
Medial Frontal Gyrus L 6 0 12 47 3.91 65
Superior Frontal Gyrus R 8 8 14 53 34
Medial Frontal Gyrus L 6 0 2 50 3.29
Superior Frontal Gyrus L 6 -20 0 68 3.89 20
Precuneus L 7 -2 -79 45 3.89 13
Middle Temporal Gyrus R 19 50 -60 14 3.88 24
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Cingulate Gyrus L 32 -12 21 34 3.85
Middle Temporal Gyrus L 37 -51  -52 4 3.83
Inferior Parietal Lobule L 40 -65  -26 33 3.83
Inferior Frontal Gyrus L 13 -36 22 6 3.82
Inferior Frontal Gyrus R 47 50 16 -1 3.79
Superior Frontal Gyrus R 6 24 3 66 3.76
Fusiform Gyrus R 37 40 -44 16 3.7
Cuneus R 17 14 77 13 3.65
Posterior Cingulate R 29 14 42 13 3.65
R 23 8 -40 22 3.46
R 29 6 -38 13 3.14
Inferior Frontal Gyrus R 47 34 25 -15 3.64
Inferior Frontal Gyrus R 13 32 3 -12 363
Cingulate Gyrus L 23 -6 -30 29 3.63
Middle Frontal Gyrus R 8 36 35 44 3.6
Posterior Cingulate L 23 2 -32 22 3.57
Superior Temporal Gyrus L 38 -55 7 -9 3.56
Cingulate Gyrus R 32 14 21 28 3.53
Parahippocampal Gyrus R 28 18 -1 12 35
Cingulate Gyrus L 31 -14  -45 23 3.46
Inferior Parietal Lobule R 40 51 -41 41 3.45
Hippocampus L na -30 -7 -16 3.26
Superior Frontal Gyrus R 11 24 52 -16 3.43
Middle Frontal Gyrus R 8 42 25 41 34
Middle Frontal Gyrus R 8 42 25 41 3.31
Middle Frontal Gyrus L 6 -36 6 48 3.31
Cingulate Gyrus L 23 -10  -16 32 3.25
Postcentral Gyrus L 2 42 24 27 3.24
Middle Frontal Gyrus R 9 53 13 36 3.22
Middle Frontal Gyrus R 6 30 11 58 3.2
Superior Parietal Lobule R 7 44  -58 51 3.18

18
17

15
24
24
20
22
40

10
10

10
14

13
27

24

©® oo e 1P 0 o

5

Note: Regions significant at uncorrected p<.005 with a cluster extesghbtd of k>5. FA, full
attention; DI, divided attention with item; DR, divided attentiorhviRelation; R, right; L, left; BA,
approximate Brodmann area based on coordinates.
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Table 16.

Regions that were more active under each divided attention condition thanentiat during
encoding in young adults.

Talairach Coordinates

Contrast Region of Activation Hemisphere BA X y zt k

DI>FA for Hit>Miss Precentral Gyrus L 44 -46 18 8 .86 27
Middle Temporal Gyrus L 37 -44  -54 3 535 60
Sub-Gyral L 37 46 -49 -4 3.28
Medial Frontal Gyrus R 6 18 -13 50 5.35 93
Cingulate Gyrus R 24 20 -12 39 5.18
Middle Temporal Gyrus R 39 36 -53 21 5.04 28
Insula R 13 40 -39 26 463 24
Parahippocampal Gyrus R 19 42  -47 -3 389 7
Amygdala R n/a 28 -3 -27 386 6
Middle Occipital Gyrus L 19 -34 74 4 385 20
Insula L 13 -42 -15 8 358 11

-34  -40 22 355 19

DR>FA for Hit>Miss  Middle Occipital Gyrus L 19 -36 -75 6 449 11
Middle Temporal Gyrus R 39 42 55 23 356 5
Cingulate Gyrus L 23 10 -24 23 352 6

Note: Regions significant at uncorrected p<.005 with a cluster extentibicesf k>5. FA, full
attention; DI, divided attention with item; DR, divided attentiorhviRelation; R, right; L, left; BA,
approximate Brodmann area based on coordinates.
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Table 17.

Regions that were more active under full attention than each dividediatteondition during

encoding in older adults.

Talairach Coordinates

Region of Activation Hemisphere BA X y zt
FA>DI for Hit>Miss Inferior Temporal Gyrus 20 -44 -11  -33 547 69
-36 -17  -28 5.4
Middle Temporal Gyrus 39 50 -75 13 475 45
57 -66 11 3.63
Inferior Frontal Gyrus 47 26 21 -14 436 10
Cingulate Gyrus 31 6 -27 35 428 52
Middle Frontal Gyrus 6 26 -10 41 41 12
Medial Frontal Gyrus 25 14 30 -13 399 6
Medial Frontal Gyrus 10 -16 49 18 394 10
Cingulate Gyrus 32 -22 17 32 367 8
Insula 13 44 -8 0 364 8
Precuneus 23 4 59 20 342 6
FA>DR for Hit>Miss  Amygdala/Hippocampus L na -16 8 - -10 582 30

Superior Temporal Gyrus R 38 42 18 -33 5,57 57
Insula R 13 42 -8 0 525 42
Superior Temporal Gyrus R 38 30 6 -42 523 17
Inferior Frontal Gyrus L 13 -32 5 -12 515 092
Medial Frontal Gyrus R 8 8 49 42 453 10
Anterior Cingulate R 25 2 17 -1 45 29
Superior Frontal Gyrus L 8 -10 47 46 4.05 17
Inferior Frontal Gyrus R 47 36 30 -17 3.67 12
Lingual Gyrus R 28 26 4 -30 364 20
Cingulate Gyrus R 24 8 -8 26 347 6
Superior Temporal Gyrus L 22 -46 -4 -7 344 6
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Table 18.
Regions that were more active under each divided attention condition thattéalion during
encoding in older adults.

Talairach Coordinates

Contrast Region of Activation HemispherBA X y z t k
DI>FA for Hit>Miss Fusiform Gyrus 37 38-45 -13 5.64 25
Superior Parietal Lobule 7 -30-59 56 5.49 48

39 -42-52 14 4.89 38
31 -28-71 22 48913
44 55 16 10 44520
21 -51-26 -5 44416
23 2-30 20 4.2126
40 -40-45 32 4.16 30
6 38 11 57 41211
40 -61-47 23 4.08 11
32 -14 21 39 4.0111
32 18 34 24 39311
9 2040 29 3.34

6 -22 -5 46 39 9
11 44 52 -13 39 6
20 6 49 3755

7 -22-48 43 372 6
8 5 57 3.6613

6 51 12 44 365 6
21 46 -16 -13 35 5
6 -30-11 59 34311
42 25 36 3.26 7

Middle Temporal Gyrus
Precuneus

Inferior Frontal Gyrus
Superior Temporal Gyrus
Posterior Cingulate
Supramarginal Gyrus
Middle Frontal Gyrus
Supramarginal Gyrus
Cingulate Gyrus
Anterior Cingulate
Superior Frontal Gyrus
Middle Frontal Gyrus
Middle Frontal Gyrus
Medial Frontal Gyrus
Precuneus

Medial Frontal Gyrus
Middle Frontal Gyrus
Sub-Gyral

Middle Frontal Gyrus
Precentral Gyrus

—rr¥TD 3 r-rx330r g -0 -3y ~-~Br-rr- 3

32 24 11 34 53187
7 -20-52 43 5.16130
Cingulate Gyrus 31 -20-23 40 5.1544
Middle Frontal Gyrus L 11 -30 46 -9 4.3333

DR>FA for Hit>Miss Cingulate Gyrus
Precuneus

r r— O

Note: Regions significant at uncorrected p<.005 with a cluster extenhibicesf k>5. FA, full
attention; DI, divided attention with item; DR, divided attentiorhviRelation; R, right; L, left; BA,
approximate Brodmann area based on coordinates.
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Table 19.

Common regions where young adults (YA) under each divided attention with redakant older
adults (OA) under full attentiofailed to show activation compared to young adults under full
attention.

Talairach Coordinates

Conjunction Region of Activation Hemisphere BA X y z t k
YA, FA>DR (Hit>Miss)  Middle Frontal Gyrus 10 -30 38 17 4.89 16
inclusively masked with Middle Frontal Gyrus 9 24 33 32 481 15
YA>OA, FA (Hit>Miss)  Superior Temporal Gyrus 22 6% -48 19 468 9
Precentral Gyrus 9 38 6 37 428 105
Superior Frontal Gyrus 6 -20 0 68 3.89 20
Cuneus 17  -12 81 13 383 14
Inferior Frontal Gyrus 47 50 16 -1 379 44
Precentral Gyrus 44 53 18 8 247
Inferior Frontal Gyrus 45 59 22 14  2.23
Inferior Parietal Lobule 40 -65 -28 31 363 11
Inferior Parietal Lobule 40 -63 -33 37 319
Middle Frontal Gyrus 11 -30 46 -14 3.62 23
Superior Frontal Gyrus 6 24 5 64 354 60
Middle Frontal Gyrus 6 30 11 58 3.2
Insula 13 40 26 19 336 39
45 46 22 15 255
6 18 1 57 3.05 15
6 6 3 68 297 35
13 48  -40 19 28 5
Middle Frontal Gyrus 6 51 14 44 264 38
Middle Frontal Gyrus 6 46 4 50 2.57
Note: Regions significant at the conjoint probability of p <.00025 (keBywing inclusive masking.
An explicit, inclusive t mask was imposed, and the mask was createdgidtins of significant in
“YA (Hit>Miss) > OA (Hit>Miss)” at uncorrected p<.005 with a clustektent threshold of k>5. YA,

Young adults; OA, Older adults; DR, divided attention with RelationgRt; L, left; BA,
approximate Brodmann area based on coordinates.

Inferior Frontal Gyrus
Sub-Gyral

Superior Frontal Gyrus
Insula

2P 3PP D g rr DT - T
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Table 20.
Common regions where young adults (YA) under each divided attention with itendasier

adults (OA) under full attentioshowed greater activation than young adults under full attention.
Talairach Coordinates

Conjunction Region of Activation Hemisphere  BA X y z t k
YA, DI>FA (Hit>Miss) Cingulate Gyrus R 24 16 -9 45304 9
inclusively masked with
OA>YA, FA (Hit>Miss)

YA, DR>FA (Hit>Miss) Cingulate Gyrus R 24 15 -8 42267 9
inclusively masked with

OA>YA, FA (Hit>Miss)

Note: Regions significant at the conjoint probability of p <.00025 (keBgwing inclusive masking.
An explicit, inclusive mask was imposed, and the mask was created with @garsficant in “OA
(Hit>Miss) > YA (Hit>Miss)” at uncorrected p<.005 with a clustextent threshold of k>5. YA,
Young adults; OA, Older adults; DI, divided attention with item; DR, divateention with Relation;
R, right; L, left; BA, approximate Brodmann area based on coordinates.
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FIGURE 1.
Trial sequence for each condition in Experiment 1.

a. Full attention (FA)

MILK PAST PAST WILK POOR TISSUE
+ - + -
-9 I 1] W 4 "_“.." 4 "
‘ E‘I 3 : - “- ;‘ o
& “ " 3 ‘- : [y } & -~ ] ‘\ .
2 sec 2 sec 500 ms 2 50C

b.Divided attention with item or relation (DA-I or DA-R)

MILK PAST PAST MILK POOR TISSUL

+ - +

RN im

Note: In the full attention condition, participants were told to memoride Wwords and word pairs
ignoring images presented below the word pairs (a). In the divided attentionenmitizdndition (b),
participants were instructed to detect a male face in each trial while n@ngpwords and word
pairs. In the divided attention with relation condition (b), participants werelntd to compare
ages of two faces and detect an older face in each trial during encoding of words and w&rd pai
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FIGURE 2.

Proportion of Hit minus Proportion of False Alarm Rates in each memory test in each group
in Experiment 1.

Accuracy

(Hit-FA) - IM - RM
1 *

0.9

0.8

0.7

0.6

0.5

0.4
0.3
0.2
0.1

0

FA DA_| DA_R

Note: * indicates the significant effect at p<.05. IM, Iltem memory; RMatikabl memory; FA, Full
attention, DA_|I, Divided attention with item detection; DA_R, Divided attentidnraldtion
detection.
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FIGURE 3.

Trial sequence for each condition in Experiment 2.

a. Full attention {FA)
MILK PAST PAST MILK POOR TISSUE
+ + + -~
KXXKX YYYYY YYYYY XXAXX XHXXX YYYYY
2 sec 2 s0C 500 ms 2 sec
b. Divided attention with item or relation (DA-I or DA-R)
MILK PAST PAST MILK POOR TISSUE
THREE TEN TWO ONE SIX FIVE
2 50¢ 500 ms 2 s¢¢
c. Divided attention with item Harder (DA-IH)
MILK PAST MILK PAST PAST MILK PAST MILK
THREE TEN TWO ONE SIX FIVE NINE EIGHT
1scc 1 sec 1sec 1sec

Note: In the full attention condition, participants were told to memorige Wwords and word pairs
ignoring strings presented below the word pairs (a). In the divided attentiont@ntcondition (b),
participants were instructed to detect an odd number in each trial while memgonards and word
pairs. In the divided attention with relation condition (b), participants were iotdito compare

two numbers and detect a numerically bigger number in each trial during encoding of words and
word pairs. In the divided attention with item, harder condition (c), participaats mstructed to
detect an odd number every 1 second while memaorizing words and word pairs.
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FIGURE 4.
Proportion of Hit minus Proportion of False Alarm Rates in each memory test in each group
in Experiment 2.

Accuracy
(HLFA) Hv R
1.000 %*
0.900 " "

0.800

0.700
0.600

0.500

0.400
0.300
0.200
0.100

0.000

FA DA_| DA_R DA_IH OA_FA

Note: * indicates the significant effect at p<.05. IM, ltem memory; RMatiekabl memory; FA, Full
attention, DA _I, Divided attention with item detection; DA_R, Divided attentidnrelgtion
detection; DA_IH, Divided attention with item detection, harder; OA, Oldertsidul
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FIGURE 5.

Trial sequence for each condition in Experiment 3.

a. Full attention (FA)

TRUE or FALSE?

TRUE or FALSE?

TRUE or FALSE?

MILK PAST PAST MILK HiHHEd 555555
THREE TEN WO ONEL HilhbdE 555555
3 se¢ 3se¢ 500 ms 8 sec
h. Divided attention with item or relation {DA-l or DA-R)
MILK PAST PAST MILK Hulitiiy 555555
THREE TEN TWO ONE HEHEEE  S55555
3 sec 3 sec 500 ms 4 sec
¢. Problem solving task (Young adults only)
50-(8%2)-34 1004-893-111 53*3-169 69-30-39

TRUE or FALSE?

G sec

G sec

6 sec

6 sec

Note: In the full attention condition, participants were told to memorite Wwords and word pairs
ignoring strings presented below the word pairs (a). In the divided attentiontevitrcondition (b),
participants were instructed to detect an odd number in each trial while memgonards and word
pairs. In the divided attention with relation condition (b), participants were iotdito compare

two numbers and detect a numerically bigger number in each trial during encoding of words and

word pairs. The control trials containing strings of “$” and “#” were inserted ach of encoding
phase to increase power to detect hemodynamic responses (1/3 ddithéatstin each run was
control trials). After each of encoding run, only young adults performed a probleimgstzisk block
(c). In the problem solving task block, young adults were asked to solvenait problem as
accurately as possible and to indicate whether each equation is true or false.
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FIGURE 6.
Proportion of Hit minus Proportion of False Alarm Rates in Relational memory teatim e
Attention condition in Young adults in Experiment 3.

W

Acouracy Acouracy
{Hit-FA) {Hit-FA)»
T * 1400 =
090 - —I— 000 - *
080 * 080 |
0.70 4 I - 0.70 -
0.60 = I 560 % —

FII.}"—*
|| |a

Fa DA _Tiem DA Relaiion FA DA_Ttem DA_Reiation

Attention Conditien Attzniren Condition

Note: * indicates the significant effect at p<.05. IM, Item memory; RMatiRakal memory; FA, Full
attention, DA_Item, Divided attention with item detection; DA _Relation, Dividedtitn with
relation detection.
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FIGURE 7.
The neural correlates of successful relational memory encoding in young adults with full

attention.

Bilateral DLPFC (BA 9, BA 46)

Note: Regions significant at uncorrected p<.005 with a cluster exXtesstiold of k>10 (Note: *
indicates k>5). DLPFC, Dorsolateral prefrontal cortex; VLPFC, Veldteral prefrontal cortex;
IFG, Inferior frontal gyrus; IPS, Inferior parietal lobule; BA, approximateo&mann area based on

coordinates.
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FIGURE 8.
Neural regions for successful relational memory encoding showing significant attenuations
with increased aging.

Bilateral DLPFC (BA 9, BA 46)

0
t-value

Note: Regions significant at uncorrected p<.005 with a cluster extesghiold of k>10. DLPFC,
Dorsolateral prefrontal cortex; VLPFC, Ventrolateral prefrontalrtex; IFG, Inferior frontal gyrus;
IPS, Inferior parietal lobule; BA, approximate Brodmann area based on coordinates.
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FIGURE 9.
Neural regions for successful relational memory encoding showing significant attenuations

with the reduction in relational attention in young adults.

Bilateral DLPFC (BA 9)

t-value

Note: Regions significant at uncorrected p<.005 with a cluster ettieaghold of k>10 (Note: *
indicates k>5). DLPFC, Dorsolateral prefrontal cortex; VLPFC, Velateral prefrontal cortex;
IFG, Inferior frontal gyrus; IPS, Inferior parietal lobule; BA, approximate&mann area based on

coordinates.
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FIGURE 10.
Neural regions for successful relational memory encoding showing significant attenuations

both by aging and by the reduction in relational attention in young adults.

Bilateral DLPFC (BA 9)

0

t-value

Note: Regions significant at the conjoint probability of p <.00025 (kefgwing inclusive masking
(please see the text for more details on the procedure). DLPFC, Dorsblatefrontal cortex;
VLPFC, Ventrolateral prefrontal cortex; IFG, Inferior frontal gyru®,S, Inferior parietal lobule;
BA, approximate Brodmann area based on coordinates.

143



References

Addis, D. R., & McAndrews, M. P. (2006). Prefrontal and hippocampal contributions to the
generation and binding of semantic associations during successful encoding.
Neurolmage33(4), 1194-1206.

Allman, J.M, Hakeem, A., Erwin, J.M., Nimchinsky, E., & Hof, P. (2001). The anterior
cingulate cortex. The evolution of an interface between emotion and cognition.
Annals of the New York Academy of Sciences, dB5-117.

Anderson, J. R., & Bower, G. H. (1978)uman relational memoryVashington, DC:
Winston.

Anderson, N. D., Craik, F. I., & Naveh-Benjamin, M. (1998). The attentional demands of
encoding and retrieval in younger and older adults: 1. Evidence from divided
attention costs?sychology and Agind.3(3), 405-423.

Anderson, N. D., lidaka, T., Cabeza, R., Kapur, S., Mcintosh, A. R., & ai. M. (2000).
The effects of divided attention on encoding-and retrieval-related brainyactivi
PET study of younger and older adullsurnal of Cognitive NeurosciencE(5),
775-792.

Aggleton, J. P., & Brown, M. W. (1999). Episodic memory, amnesia, and the hippocampal—
anterior thalamic axiBehavioral and Brain Science22(03), 425-444.

Anderson, N. D. & Craik, F I M. (2000). Memory in the aging brain. In Tulving, E. & Craik,
F. . M (Eds.), The Oxford Handbook of Memory. Oxford University Press.

Anderson, N. D., lidaka, T., Mcintosh, A. R., Kapur, S., Cabeza, R. & Craik, F. I. M. (2000).
The effects of divided attention on encoding- and retrieval related brainyachivit
PET study of younger and older adullsurnal of Cognitive Neuroscience, I7Z5-
792.

Bachevalier, J., & Mishkin, M. (1986). Visual recognition impairment follows ventrorhedia
but not dorsolateral prefrontal lesions in monk@&ehavioural Brain Resear¢cR((3),
249-261.

Badgaiyan, R. D., Schacter, D. L., & Alpert, N. M. (2002). Retrieval of relational
information: a role for the left inferior prefrontal corté&euroimagel7(1), 393—
400.

Bartlett, J. C., Strater, L., & Fulton, A. (1991). False recency and falsedafaces in
young adulthood and old agdemory & Cognition19(2), 177-188.

Bastin, C., & Van der Linden, M. (2006). The effects of aging on the recognition of differe
types of associationExperimental Aging Research,, 31-77.

144



Bayen, U. J., Phelps, M. P., & Spaniol, J. (2000). Age-related differences in the use of
contextual information in recognition memory: A global matching apprakmiinals
of Gerontology: Psychological Sciences,53B1-141.

Blumenfeld, R. S., & Ranganath, C. (2007). Prefrontal cortex and long-term memory
encoding: an integrative review of findings from neuropsychology and neuragnag
The Neuroscientisi3(3), 280-291.

Bolla, K. I., Eldreth, D. A., London, E. D., Kiehl, K. A., Mouratidis, M., Contoreggi, C.,
Matochik, J. A., et al. (2003). Orbitofrontal cortex dysfunction in abstinent cocaine
abusers performing a decision-making ta$é&uroimagel19(3), 1085-1094.

Bolla, K. I., Eldreth, D. A., Matochik, J. A., & Cadet, J. L. (2004). Sex-related differences
a gambling task and its neurological correla@srebral Cortex14(11), 1226-1232.

Bolla, K. I., Eldreth, D. A., Matochik, J. A., & Cadet, J. L. (2005). Neural substrates of faulty
decision-making in abstinent marijuana usklisuroimage26(2), 480—492.

Braskie, M. N., Small, G. W., & Bookheimer, S. Y. (2009). Entorhinal cortex structure and
functional MRI response during an associative verbal memoryHaskan brain
mapping 30(12), 3981-3992.

Brewer, J. B., Zhao, Z., Desmond, J. E., Glover, G. H., & Gabrieli, J. D. (1998). Making
memories: brain activity that predicts how well visual expeewill be remembered.
Science281(5380), 1185-1187.

Brown, M. W., & Aggleton, J. P. (2001). Recognition memory: what are the roles of the
perirhinal cortex and hippocampusature Reviews Neuroscien@gl), 51-61.

Buckner, R. L. (2003). Functional-anatomic correlates of control processes inynemor
Journal of Neuroscien¢g@3(10), 3999-4004.

Burke, D. M., & Light, L. L. (1981). Memory and aging: The role of retrievatpsses.
Psychological Bulletin, 9(13-546.

Cabeza, R. (2000). Age-related differences in neural activity during itenegpadtal-order
memory retrieval: a positron emission tomography stddyrnal of Cognitive
Neuroscience, 12,-10.

Cabeza, R. (2001). Cognitive neuroscience of aging: Contributions of functional
neuroimagingScandinavian Journal of Psychology, 277-286.

Cabeza, R. (2002). Hemispheric asymmetry reduction in older adults: the HAROLD model
Psychology and Aging, 17(185-100.

145



Cabeza, R. (2006). Prefrontal and medial temporal lobe contributions to relational nnemory
young and older adults. In D. Zimmer, A. Mecklinger & U. Lindenberger (Eds.).
Binding in Human Memory: A Neurocognitive Approach. New York, Oxford
University Press, 595-626.

Cabeza, R., Anderson, N. D., Houle, S., Mangels, J. A., & Nyberg, L. (2000). Age-related
differences in neural activity during item and temporal-order memoigvatr A
positron emission tomography studgurnal of Cognitive Neuroscience,, I87-206.

Cabeza, R., Anderson, N. D., Locantore, J. K., & Mcintosh, A. R. (2002). Aging gracefully
Compensatory brain activity in high-perfoming older adiNesurolmage, 1,71394-
1402.

Cabeza, R., Ciaramelli, E., Olson, I. R., & Moscovitch, M. (2008). The parietal cortex and
episodic memory: an attentional accolnrture Reviews Neuroscien®8), 613—
625.

Cabeza, R., Grady, C. L., Nyberg, L., Mcintosh, A. R., Tulving, E., Kapur, S., et al. (1997).
Age-related differences in neural activity during memory encoding d@newvad: a
positron emission tomography studgpurnal of Neuroscien¢d7(1), 391-400.

Cabeza, R., & Nyberg, L. (2000). Imaging cognition II: An empirical re\oé&75 PET and
fMRI studies.Journal of cognitive neuroscience2(1), 1-47.

Castel, A. D. (2007). Aging and memory for numerical information: The role of spBcifici
and expertise in associative memalyurnals of Gerontology Series B:
Psychological Sciences and Social Scien6&s), 194-196.

Castel, A. D., & Craik, F. I. M. (2003). The effects of aging and divided attention on memory
for item and associative informatiodRsychology & Aging, 1,873-885.

Chalfonte, B. L., & Johnson, M. K. (1996). Feature memory and binding in young and older
adults.Memory & Cognition, 24403-416.

Cohen, N. J. & Eichenbaum, H. (199B)emory, amnesia, and the hippocampal system.
Cambridge, MA: MIT Press.

Cohen, N. J., Poldrack, R. A., & Eichenbaum, H. (1997). Memory for items and memory for
relations in the procedural/declarative memory framewdemory, 5(1-2)131-78.

Collette, F., & Van der Linden, M. (2002). Brain imaging of the central executive compone
of working memoryNeuroscience & Biobehavioral Revie§(2), 105-125.

Corbetta, M., Patel, G., & Shulman, G. L. (2008). The reorienting system of the human brain:
from environment to theory of mintlleuron 58(3), 306—324.

146



Corbetta, M., & Shulman, G. L. (2002). Control of goal-directed and stimulus-driven
attention in the braifNature Reviews Neuroscien&¢3), 201-215.

Craik, F. I. M. (1986). A functional account of age differences in memory. In F. Klix & H
Hagendorf (Eds.lHuman memory and cognitive capabilities, mechanisms, and
performancegpp. 409-422). North Holland, The Netherlands: Elsevier.

Craik, F. 1. M. (1983). On the Transfer of Information from Temporary to Permanent
Memory.Philosophical Transactions of the Royal Society of London. Series B,
Biological Sciences302 341-359.

Craik, F. 1. M. & Byrd, M. (1982). Aging and cognitive deficits: The role of aiberat
resources. InAging and cognitive processgSraik FIM, and Trehub S., eds), 199-
211. New York: Plenum Press.

Craik, F. 1., Govoni, R., Naveh-Benjamin, M., & Anderson, N. D. (1996). The effects of
divided attention on encoding and retrieval processes in human meloomyal of
experimental psychology. GeneraR52), 159-180.

Craik, F. I. M., & Jennings, J. M. (1992). Human memory. In F. I. M. Craik & T. A.
Salthouse (Eds.J;he handbook of aging and cogniti@pp. 51-110). Hillsdale, NJ:
Erlbaum.

Craik, F. I., & Lockhart, R. S. (1972). Levels of processing: A framework forangm
researchlJournal of verbal learning and verbal behavi@d(6), 671-684.

Craik, F. I. M., Morris, L. W., Morris, R. G., & Loewen, E. R. (1990). Aging, source amnesia
and frontal lobe functionindg?sychology and Aging, 348-151.

Craik, F. I. M., & Simon, E. (1980). Age differences in memory: The role of attention and
depth of processing. In L. Poon, J. L. Fozard, L. S. Cermak, D. Arenberg, & L. W.
Thompson (Eds.New directions in memory and agifgp. 95-112). Hillsdale, NJ:
Erlbaum.

Cohen, N. J., & Squire, L. R. (1980). Preserved learning and retention of patternranalyz
skill in amnesia: Dissociation of knowing how and knowing tBatence210(4466),
207-210.

Darby, D. (2006). MacStim. Melbourne: WhiteAnt Occasional Publishing.

Davachi, L. (2006). Item, context and relational episodic encoding in hu@ansnt
Opinion in Neurobiologyl6(6), 693—700.

Davachi, L., Mitchell, J. P., and Wagner, A. D. (2003). Multiple routes to memoryn&listi

medial temporal lobe processes build item and source menforeegedings of the
National Academy of Sciences 100@057-2162.

147



Davachi, L., & Wagner, A. D. (2002). Hippocampal contributions to episodic encoding:
insights from relational and item-based learnif@urnal of Neurophysiology8(2),
982-990.

De Fockert, J. W., Rees, G., Frith, C. D., & Lavie, N. (2001). The role of working memory in
visual selective attentioigcience, 2911803-1806.

Dempster, F. N. (1992). The rise and fall of the inhibitory mechanism: Towardieduni
theory of cognitive development and agiBgvelopmental reviewl2(1), 45-75.

Dennis, N. A., Hayes, S. M., Prince, S. E., Madden, D. J., Huettel, S. A., & Cabeza, R.
(2008). Effects of aging on the neural correlates of successful item and source
memory encodinglournal of Experimental Psychology: Learning, Memory, and
Cognition 34(4), 791-808.

DeToledo-Morrell, L., Stoub, T.R., Bulgakova, M., Wilson, R.S., Bennett, D.A., Leurgans,
S., Wuu, J., Turner, D.A. (2004). MRI-derived entorhinal volume is a good predictor
of conversion from MCI to ADNeurobiology of Aging, 251197-1203.

Dickerson, B.C., Goncharova, I., Sullivan, M.P., Forchetti, C., Wilson, R.S., Bennett, D.A.,
Beckett, L.A., DeToledo-Morrell, L. (2001). MRIderived entorhinal and hippocampal
atrophy in incipient and very mild Alzheimer’s disedseurobiology of Aging, 22
747-754.

Dobbins, I. G., Foley, H., Schacter, D. L., & Wagner, A. D. (2002). Executive control during
episodic retrieval multiple prefrontal processes subserve source méearpn
35(5), 989-996.

Dougal, S., Phelps, E. A., & Davachi, L. (2007). The role of medial temporal lobe in item
recognition and source recollection of emotional stintignitive, Affective, &
Behavioral Neuroscienc&(3), 233-242.

Eichenbaum, H., Otto, T., & Cohen, N. J. (1994). Two component functions of the
hippocampal memory systeehavioral and Brain Sciencek/, 449-517.

Eichenbaum, H. (2002].he Cognitive Neuroscience of Memdxgw York: Oxford
University Press.

Eichenbaum, H., Alvarez, P. and Ramus, S. J. (2000). Animal models of amnesia. In L. S.
Cermak (Ed.)Handbook of Neuropsychology: Memory and its Disordélsevier
Science Publishers.

Eichenbaum, H., & Cohen, N.J. (2001). From Conditioning to Conscious Recollection:
Memory Systems of the Brain, New York: Oxford University Press.

148



Eichenbaum, H., Yonelinas, A. P., & Ranganath, C. (2007). The medial temporal lobe and
recognition memoryAnnual Review of Neuroscience, 3@3-52.

Ekstrom, A., Viskontas, I., Kahana, M., Jacobs, J., Upchurch, K., Bookheimer, S., Fried, I.
(2007). Contrasting roles of neural firing rate and local field potentials imhum
memory.Hippocampus, 1,7606—617.

Eldridge, L. L., Knowlton, B. J., Furmanski, C. S., Bookheimer, S. Y., & Engel, S. A. (2000).
Remembering episodes: a selective role for the hippocampus during tetréguee
neuroscience3(11), 1149-1152.

Ernst, M., Bolla, K., Mouratidis, M., Contoreggi, C., Matochik, J. A., Kurian, V., et al.
(2002). Decision-making in a risk-taking task: A PET study.
Neuropsychopharmacology, ,2882—691.

Fabiani, M. & Friedman, D. (1997). Dissociations between memory for temporaleordier
recognition memory in agingyeuropsychologia, 35(2),29-141.

Fernandes, M. A., & Moscovitch, M. (2000). Divided attention and memory: Evidence of
substantial interference effects at retrieval and encodamgnal of Experimental
Psychology: General, 12955-176.

Fisher, R. A. (1950). Statistical methods for research workers. London: Olivey& Bo

Fletcher, P. C., Frith, C. D., Grasby, P. M., Shallice, T., Frackowiak, R. S. J., & Dolan, R. J.
(1995). Brain systems for encoding and retrieval of auditory--verbal memory. An i
vivo study in humangBrain, 1182), 401-416.

Fletcher, P. C., Shallice, T., & Dolan, R. J. (1998). The functional roles of prefrontat cort
in episodic memory. I. EncodinBrain, 121(7), 1239-1248.

Fletcher, P. C., Shallice, T., & Dolan, R. J. (2000). “Sculpting the Response Space”—An
Account of Left Prefrontal Activation at Encodifgeuroimagel2(4), 404-417.

Fukutani Y, Cairns NJ, Shiozawa M, Sasaki K, Sudo S, Isaki K, Lantos PL (2000): Neuronal
loss and neurofibrillary degeneration in the hippocampal cortex in late-onset sporadic
Alzheimer’s diseasd?sychiatry and Clinical Neurosciences, 523-529.

Fried, I., MacDonald, K. A., and Wilson, C. L. (1997). Single neuron activity in human
hippocampus and amygdala during recognition of faces and oljjecison 18, 753-
765.

Gabrieli, J. D. E. (1995). A systematic view of human memory proceksasal of the
International Neuropsychological Society,1115-118.

149



Giannakopoulos P., Herrmann F.R., Bussiere T, Bouras C., Kovari E., Perl D.P., Morrison
J.H., Gold G., Hof P.R. (2003). Tangle and neuron numbers, but not amyloid load,
predict cognitive status in Alzheimer’s disedseurology, 601495-1500.

Giovanello, K. S., Keane, M. M., & Verfaellie, M. (2006). The contribution of familiarity to
relational memory in amnesileuropsychologia, 44,859-1865.

Giovanello, K. S., Schnyer, D. M., and Verfaellie, M. (2004). A critical role for theriant
hippocampus in relational memory: Evidence from an fMRI study comparing
associative and item recognitidtippocampus, 14-8.

Giovanello, K. S., Schnyer, D., & Verfaellie, M. (2009). Distinct hippocampal regions make
unique contributions to relational memory In Press, Hippocantfippocampus
19(2), 111-117.

Giovanello, K. S., Verfaellie, M., & Keane, M. M. (2003). Disproportionate deficit in
associative recognition relative to item recognition in global amn@egnitive,
Affective & Behavioral Neuroscience, 3(1336-194.

Glisky, E. L., Polster, M. R, and Routhieaux, B. C. (1995). Double dissociation between item
and source memorileuropsychology,,229-235.

Glisky, E. L., Rubin, S. R., and Davidson, P. S. R. (2001). Source memory in older adults:
An encoding or retrieval problend®urnal of Experimental Psychology: Learning,
Memory, and Cognition, 22131-1146.

Gillund, G., & Shiffrin, R. M. (1984). A retrieval model for both recognition and recall.
Psychological Review, 91;67.

Gomez-Isla T., Price J.L., McKeel D.W. Jr, Morris J.C., Growdon J.H., Hyman BT),1996
Profound loss of layer Il entorhinal cortex neurons occurs in very mild Alzheimer’s
diseaseJournal of Neuroscience, 18491-4500.

Grady, C.L., Mcintosh, A.R., Horwitz, B., Maisog, J.M., Ungerleider, L.G., Mentis,, létJ
al. (1995). Age-related reductions in human recognition memory due to impaired
encodingScience, 26218-221.

Gutchess, A. H., Welsh, R. C., Hedden, T., Bangert, A., Minear, M., Liu, L. L., & Park, D. C.
(2005). Aging and the neural correlates of successful picture encoding:l Fronta
activations compensate for decreased medial-temporal acligitynal of Cognitive
Neuroscience, 17(184-96.

Hasher, L., & Zacks, R. T. (1979). Automatic and effortful processes in medoomnal of
Experimental Psychology: Generabg3), 356-88.

150



Hasher, L., & Zacks, R. T. (1988). Working memory, comprehension, and aging: W revie
and a new viewT he psychology of learning and motivation: Advances in research
and theory22, 193-225.

Hay, J. F., & Jacoby, L. L. (1999). Separating habit and recollection in young and older
adults: Effects of elaborative processing and distinctiveRsgEhology and Aging
14(1), 122-134.

Hedden, T., & Gabrieli, J. D. (2005). Healthy and pathological processes in adult
development: new evidence from neuroimaging of the aging l&@ament opinion in
neurology 18(6), 740.

Henke, K., Buck, A., Weber, B., & Wieser, H. G. (1997). Human hippocampus establishes
associations in memorilippocampus?(3), 249-256.

Henke, K., Mondadori, C. R. A., Treyer, V., Nitsch, R. M., Buck, A., and Hock, C. (2003).
Nonconscious formation and reactivation of semantic associations by way of the
medial temporal lobeéNeuropsychologia, 41863-876,

Henke, K., Weber, B., Kneifel, S., Wieser, H. G., & Buck, A. (1999). Human hippocampus
associates information in memoBroceedings of the National Academy of Sciences
of the United States of Amerj&@65(10), 5884-5889.

Henkel, L. A., Johnson, M. K., & DelLeonardis, D. M. (1998). Aging and source monitoring:
Cognitive processes and neuropsychological correlddesnal of Experimental
Psychology: General, 127(3251-268.

Henson, R. N. A. & Rugg, M. D. (2003). Neural response suppression, haemodynamic
repetition effects, and behavioral primimddgeuropsychologia, 41(3263-270.

Henson, R. N. A., Rugg, M. D., Shallice, T., Josephs, O., & Dolan, R. J. (1999). Recollection
and familiarity in recognition memory: An event-related functional magmataging
study.The Journal of Neuroscience,,1362-3972.

Henson, R. N., Shallice, T., & Dolan, R. J. (1999). Right prefrontal cortex and episodic
memory retrieval: a functional MRI test of the monitoring hypoth&sin, 122
1367-1381.

Henson, R. N. A, Shallice, T., Josephs, O., & Dolan, R. J. (2002). Functional magnetic
resonance imaging of proactive interference during spoken cued Naalbimage
17(2), 543-558.

Hockley, W. E. (1992). Iltem versus associative information: Further comparisons of

forgetting ratesJournal of Experimental Psychology: Learning, Memory, and
Cognition, 18 1321-1330.

151



Hockley, W. E., & Cristi, C. (1996). Tests of encoding tradeoffs between item and
associative informatiorMemory & Cognition, 24202-216.

Hof, P.R., Bussiere, T., Gold, G., Kovari, E., Giannakopoulos, P., Bouras, C., Perl, D.P.,
Morrison, J.H. (2003). Stereologic evidence for persistence of viable neuronsrin laye
Il of the entorhinal cortex and the CAL1 field in Alzheimer disedsernal of
Neuropathology & Experimental Neurology,, &5—67.

Hopfinger, J. B., Buonocore, M. H., & Mangun, G. R. (2000). The neural mechanisms of
top-down attentional contraNature neuroscien¢&(3), 284-291.

Howard, M. W., Bessette-Symons, B., Zhang, Y., & Hoyer, W. J. (2006). Aging selgcti
impairs recollection in recognition memory for pictures: Evidence from modatidg
receiver operating characteristic curv@sychology and Agin@1(1), 96-106.

Hsu, M., Bhatt, M., Adolphs, R., Tranel, D., Camerer, C.F. (2005). Neural systems
responding to degrees of uncertainty in human decision-mé&&agnce, 31,01680-
1683.

Humphreys, M. S. (1976). Relational information and the context effect in recognition
memory.Memory and Cognition, £21-232.

lidaka, T., Anderson, N. D., Kapur, S., Cabeza, R., & Craik, F. I. M. (2000). The effect of
divided attention on encoding and retrieval in episodic memory revealed by positron
emission tomographyournal of Cognitive NeurosciencE(2), 267-280.

lidaka, T., Sadato, N., Yamada, H., Murata, T., Omori, M., & Yonekura, Y. (2001). An fMRI
study of the functional neuroanatomy of picture encoding in younger and older adults.
Cognitive Brain Researci1(1), 1-11.

Jacoby, L. L. (1983). Remembering the data: analyzing interactivesgesce reading.
Journal of Verbal Learning and Verbal Behavior, 285-508.

Jacoby, L. L. (1991). A process dissociation framework: Separating autdroatic
intentional uses of memoryournal of memory and language(Prir3)X5), 513-
541.

Jacoby, L. L. (1999). Ironic effects of repetition: Measuring ageeeldifferences in
memory. Journal of Experimental Psychology: Learning, Memory and Cognition,
25(1), 3-22.

Jacoby, L. L. & Dallas, M. (1981). On the relationship between autobiographioanye
and perceptual learningournal of Experimental Psychology: General, 1306-340.

Jackson, O. J. & Schacter, D. L. (2004). Encoding activity in anterior medial terfgial
supports subsequent associative recognibi@urolmage, 21456-462.

152



Jennings, J. M., & Jacoby, L. L. (1993). Automatic versus intentional uses of megiogy: a
attention, and controRsychology and Agin@(2), 283-293.

Johnson, M. K. (1992). MEM: Mechanisms of recollectidmurnal of Cognitive
Neuroscience, 268-280.

Johnson, M. K., & Chalfonte, B. L. (1998inding complex memories: The role of
reactivation and the hippocampua D. L. Schacter & E. Tulving (Eds.), Memory
systems 1994 (pp. 311-350). Cambridge, MA: MIT Press.

Johnson, M. K., Hashtroudi, S., & Lindsay, D. S. (1993). Source monitétayghological
Bulletin, 114 3-28.

Jones, T. C., & Atchley, P. (2002). Conjunction error rates on a continuous recognition
memory test: Little evidence for recollectidlmurnal of experimental psychology.
Learning, memory, and cognitiph8(2), 374-379.

Jones, T. C., & Jacoby, L. L. (2001). Feature and conjunction errors in recognition memory:
Evidence for dual-process theodpurnal of Memory and Languagé&(1), 82-102.

Jones, T. C., & Jacoby, L. L. (2005). Conjunction errors in recognition memory: Modality-
free errors for older adults but not for young ad#itsa psychological2((1), 55-
73.

Josephs, O., & Henson, R. N. (1999). Event-related functional magnetic resonance:imaging
Modelling, inference and optimizatioRhilosophical Transactions of the Royal
Society of London, Series B, Biological Sciences, BB#5-1228.

Kapur, S., Rose, R., Liddle, P. F., Zipursky, R. B., Brown, G. M., Stuss, D., Houle, S., et al.
(1994). The role of the left prefrontal cortex in verbal processing: semantic
processing or willed actiori@euroreport 5(16), 2193-2196.

Kausler, D. H. & Puckett, J. M. (1981). Adult age differences in memory for niypdali
attributes Experimental Aging Research, 7,(217-125.

Kausler, D. H., Salthouse, T. A., & Saults, J. S. (1988). Temporal memory over the adult
lifespan.The American journal of psycholagy01(2), 207-215.

Kelley, R., & Wixted, J. T. (2001). On the nature of associative information inmgwog
memory.Learning, Memory27(3), 701-722.

Kensinger, E. A., Clarke, R. J., & Corkin, S. (2003). What neural correlates underlie

successful encoding and retrieval? A functional magnetic resonandcegnsagdy
using a divided attention paradigdaurnal of Neuroscien¢c@3(6), 2407-2415.

153



Kensinger, E. A., & Schacter, D. L. (2006). Amygdala activity is associatadive
successful encoding of item, but not source, information for positive and negative
stimuli. Journal of Neuroscien¢6(9), 2564-2570.

Klingberg, T., Roland, P.E., & Kawashima, R. (1994). The human entorhinal cortex
participates in associative memoNeuroreport, 657-60.

Kordower, J.H., Chu, Y., Stebbins, G.T., DeKosky, S.T., Cochran, E.J., Bennett, D., Mufson,
E.J. (2001). Loss and atrophy of layer Il entorhinal cortex neurons in elderly people
with mild cognitive impairmentAnnals of Neurology, 4202-213.

Kilb, A., & Naveh-Benjamin, M. (2007). Paying attention to binding: Further studies
assessing the role of reduced attentional resources in the associativedeider
adults.Memory & Cognition, 3%), 1162-1174.

Killiany, R.J., Hyman, B.T., Gomez-Isla, T., Moss, M.B., Kikinis, R., Jolesz, F., Tanzi, R.,
Jones, K., Albert, M.S. (2002). MRI measures of entorhinal cortex vs hippocampus in
preclinical AD.Neurology, 581188—-1196.

Kim, S-Y., Kim, M-S., Chun, M. M. (2005). Concurrent working memory load can reduce
distraction.Proceedings of the National Academy of Sciences, USA16824-
16529.

Kim, S-Y. & Hopfinger, J. B. (2010). Neural basis of visual distractionrnal of Cognitive
Neuroscience, 48), 1794-1807.

Kirsner, K., Dunn, K. C. & Standen, P. (1989). Domain-specific resources in word
recognition. In S. Lewandowsky, J. C. Dunn, & K. Kirsner (Edsiplicit memory:
Theoretical issuefp. 99-122). Hillsdale, NJ: Erlbaum.

Kirwan, C. B., & Stark, C. E. (2004). Medial temporal lobe activation during encoding and
retrieval of novel face-name paitdippocampus, 14919-930.

Kroll, N. E. A., Knight, R. T., Metcalfe, J., Wolf, E. S., & Tulving, E. (1996). Cohesion
failure as a source of memory illusiodsurnal of Memory and Languagé(2),
176-196.

Kostopoulos, P. & Petrides, M. (2003). The mid-ventrolateral prefrontal corteghigsnto
its role in memory retrievaEuropean Journal of Neuroscience, 1489-1497.

Koutstaal, W., Wagner, A. D., Rotte, M., Maril, A., Buckner, R. LSéhacter, D. L. (2001).
Perceptual specificity in visual object priming: Functional magnetanisasce
imaging evidence for a laterality difference in fusiform coriéguropsychologia,
39(2), 184-1909.

154



Lampinen, J. M., Odegard, T. N., & Neuschatz, J. S. (2004). Robust recollection rejection in
the memory conjunction paradigdournal of experimental psychology. Learning,
memory, and cognitigr30(2), 332-342.

Lazar, N. A., Luna, B., Sweeney, J. A., & Eddy, W. F. (2002). Combining brains: A survey
of methods for statistical pooling of informatidfeuroimage, 16538-550.

Lepage, M., Habib, R., Cormier, H., Houle, S., & Mcintosh, A. R. (2000). Neural correlates
of semantic associative encoding in episodic men@ognitive Brain Resear¢i(3),
271-280.

Leshikar, E. D., Gutchess, A. H., Hebrank, A. C., Sutton, B. P., & Park, D. C. (2010). The
impact of increased relational encoding demands on frontal and hippocampal function
in older adultsCortex 46, 507-521.

Li, S. C., Naveh-Benjamin, M., & Lindenberger, U. (2005). Aging neuromodulation impairs
associative binding?sychological Scien¢c&6(6), 445-450.

Light, L. L. (1991). Memory and aging: four hypotheses in search of Aataial Review of
psychology43, 333-376.

Light, L. L., & Singh, A. (1987). Implicit and explicit memory in young and older adult
Journal of experimental psychology: Learning, memory, and cognit8#), 531-
541.

Light, L. L., Chung, C., Pendergrass, R. & Van Ocker, J.C. (2006). Effects of @petii
response deadline on item recognition in young and older abligdtsory &
cognition 34(7), 1182-1193.

Light, L. L., Patterson, M. M., Chung, C., & Healy, M. R. (2004). Effects of repetition and
response deadline on associative recognition in young and older hthrisry &
cognition 32(2), 335-343.

Light, L. L., Prull, M. W., LaVoie, D. J. & Healy, M. R. (2000). Dual-process theories of
memory in old agdn: T. J. Perfect & E. A. Maylor (EdsModels of cognitive aging
New York: Oxford University Press (pp. 238-300).

Logan, J. M., Sanders, A. L., Snyder, A. Z., Morris, J. C., & Buckner, R. L. (2002). Under-
Recruitment and Nonselective Recruitment:: Dissociable Neural Meamanis
Associated with AgingNeuron 33(5), 827-840.

Madden, D. J., Spaniol, J., Bucur, B., & Whiting, W. L. (2005). Adult age differences in the

implicit and explicit components of top-down attentional guidance during visual
searchPsychology and agin@0(2), 317-329.

155



Madden, D. J., Spaniol, J., Whiting, W. L., Bucur, B., Provenzale, J. M., Cabeza, R., et al.
(2007). Adult age differences in the functional neuroanatomy of visual attention: A
combined fMRI and DTI studyeurobiology of aging?8(3), 459-476.

Mandler, G. (1980). Recognizing: the judgment of previous occurresgehological
Review, 87252-271.

Marois, R., & Ivanoff, J. (2005). Capacity limits of information processing in tha.brai
Trends in Cognitive Sciengeé%6), 296-305.

Mayes, A. R. & Gooding, P. (1989). Enhancement of word completion priming in amnesics
by cueing with previously novel associatdguropsychologia, 27,057-1072.

Mayes, A. R., Isaac, C. L., Holdstock, J. S., Hunkin, N. M., Montaldi, D., Downes, J. J., et al.
(2001). Memory for single items, word pairs, and temporal order of different kinds in
a patient with selective hippocampal lesiddegnitive Neuropsycholog$8(2), 97-
123.

Mayes, A.R. et al. (2002) Relative sparing of item recognition memory inempaith
adult-onset damage limited to the hippocamplispocampus, 12325-340.

Mayes, A. R., Holdstock, J. S., Isaac, C. L., Montaldi, D., Grigor, J., Gummer, A., et al.
(2004). Associative recognition in a patient with selective hippocampal lesidns a
relatively normal item recognitiofdippocampusl14(6), 763-784.

Mayes, A., Montaldi, D., & Migo, E. (2007). Relational memory and the medial temporal
lobes.Trends in Cognitive Sciengesl(3), 126-135.

Mcintyre, J. S., & Craik, F. I. M. (1987). Age differences in memory for item andesourc
Psychology and Agind, 106-112.

Meltzer, J. A., & Constable, R. T. (2005). Activation of human hippocampal formation
reflects success in both encoding and cued recall of paired assd¢aissmage
24(2), 384-397.

Miller, S. L., Celone, K., DePeau, K., Diamond, E., Dickerson, B. C., Rentz, D., Pirdjam\
M., et al. (2008). Age-related memory impairment associated with loss of parieta
deactivation but preserved hippocampal activatitynceedings of the National
Academy of Sciencel056), 2181-2186.

Miller, E. K., & Cohen, J. D. (2001). An integrative theory of prefrontal functhomual
Review of Neuroscienc24(1), 167-202.

Milner, B., Corsi, P., & Leonard, G. (1991). Frontal-lobe contribution to recency judgment
Neuropsychologig29(6), 601-618.

156



Minear, M., & Park, D. C. (2004). A lifespan database of adult facial stiBeliavior
Research Methods Instruments and Compu8#,%30-633.

Mishkin, M., Vargha-Khadem, F., & Gadian, D. G. (1998). Amnesia and the organization of
the hippocampal systerHippocampus8(3), 212—-216.

Mitchell, D. B. (1993). Implicit and explicit memory for pictures: Multiplewseacross the
lifespan. In: P. Graf & M. E. J. Masson (Edsjplicit Memory: New Directions in
Cognition, Development ,and Neuropsycholdgwrence Erlbaum Associates (pp.
171-190).

Mitchell, D. B. & Bruss, P. J. (2003). Age differences in implicit memory: Conedpt
perceptual, or methodologicaPdychologiy and Aging, 18(4307-822.

Mitchell, K. J., Johnson, M. K., Raye, C. L. & D’Esposito, M. (2000). fMRI evidence of age-
related hippocampal dysfunction in feature binding in working men@wgnitive
Brain Research, 1097-206

Mitchell, K. J., Raye, C. L., Johnson, M. K., & Greene, E. J. (2006). An fMRI investigation
of short-term source memory in young and older adhksirolmage30(2), 627-
633.

Montaldi, D., Mayes, A. R., Barnes, A., Pirie, H., Hadley, D. M., Patterson, J., et al. (1998).
Associative encoding of pictures activates the medial temporal ldbesan brain
mapping 6(2), 85-104.

Morcom, A.M., Good, C.D., Frackowiak, R.S., Rugg, M.D. (2003). Age effects on the neural
correlates of successful memory encodBigin, 126 213-229.

Morris, C. D., Bransford, J. D., & Franks, J. J. (1977). Levels of processing versustransfe
appropriate processinglournal of Verbal Learning & Verbal Behavior, 16(5),9-
533.

Moscovitch, M. (1992). Memory and working-with-memory: A component process model
based on modules central systedmirnal of Cognitive Neuroscience,2b7-267.

Moscovitch, M. (1994). Memory and working with memory: Evaluation of a component
process model and comparison with other models. In D. L. Schacter & E. Tulving
(Eds.),Memory systems of 199dp. 269-310). Cambridge, MA: MIT Press.

Moscovitch, M. (2000). Theories of memory and consciousness. In E. Tulving & F. I. M.
Craik (Eds.),The Oxford handbook of memdpp.609-625). New York: Oxford
University Press.

Moscovitch, M., & Winocur, G. (1992). The neuropsychology of memory and aging. In F. 1.
M. Craik & T. A. Salthouse (Eds.J;he handbook of aging and cognitifpp. 315—

372). Hillsdale, NJ: Erlbaum.

157



Moscovitch, M. & Winocur, G. (1995). Frontal lobes, memory, and aging.@ralman, K. J.
Holyoak, et al. (Eds.Annals of the New York Academy of Scielfges 769, pp.
119-150). New York: New York Academy of Sciences.

Murdock, B. B. Jr. (1982). A theory of storage and retrieval of item and associative
information.Psychological Review, 8809-626.

Murray, L. J., & Ranganath, C. (2007). The dorsolateral prefrontal cortex cordrtbute
successful relational memory encodidgurnal of Neuroscien¢c@7(20), 5515-
5522.

Naveh-Benjamin, M. (2000). Adult age differences in memory performances. dfessh
associative deficit hypothesidournal of Experimental Psychology: Learning,
Memory and Cognition, 26.170-1187.

Naveh-Benjamin, M., Craik, F. I., Guez, J., & Dori, H. (1998). Effects of divided attention on
encoding and retrieval processes in human memory: Further support for an
asymmetryJournal of Experimental Psychology: Learning, Memory, and Coghition
24(5), 1091-1104.

Naveh-Benjamin, M., Craik, F. I., Gavrilescu, D., & Anderson, N. D. (2000). Asymmetry
between encoding and retrieval processes: Evidence from divided attention and a
calibration analysisMemory and Cognitior28(6), 965-976.

Naveh-Benjamin, M., Craik, F. I. M., & Ben-Shaul, L. (2002). Age-relatedréifiees in
cued recall: Effects of support at encoding and retridgihg, Neuropsychology,
and Cognition, 9276-287.

Naveh-Benjamin, M. & Craik, F. I. M. (1996). Effects of perceptual and conceptual
processing on memory for words and voice: Different patterns for young ankheld.
Quarterly Journal of Experimental Psychology, 49(230-796.

Naveh-Benjamin, M., Brav, T. K., & Levy, O. (2007). The relational memory defi@lder
adults: The role of strategy utilizatioRsychology and Aging, 22(12902-208.

Naveh-Benjamin, M., Hussain, Z., Guez, J., & Bar-On, M. (2003). Adult age differences in
episodic memory: Further support for an associative-deficit hypotlesisial of
Experimental Psychology: Learning, Memory and Cognition, 28@j-837.

Naveh-Benjamin, M., Guez, J., Kilb, A., & Reedy, S. (2004a). The relational memoriy defic
of older adults: Further support using face-name associalsgishology and aging
19(3), 541-546.

Naveh-Benjamin, M., Guez, J., & Shulman, S. (2004b). Older adults’ associativeideficit

episodic memory: Assessing the role of decline in attentional resoBsyEhonomic
Bulletin & Review, 111067-1073.

158



Navon, D., & Gopher, D. (1979). On the economy of the human-processing system.
Psychological revien86(3), 214-255.

Norman, D. A., & Shallice, T. (1986). Attention to action: willed and automatic control of
behaviour. Centre for human information processtwnsciousness and Self-
Regulation: Advances in Research and ThéedyR.J. Davidson; G.E. Schawartz,
and D. Shapiro D). New York: Plenum, pp. 1-18.

Oh, S. H. & Kim, M-.S. (2004). The role of spatial working memory in visual search
efficiency.Psychonomic Bulletin & Review, (B), 275-281.

Old, S. R., & Naveh-Benjamin, M. (2008). Memory for people and their actions: Further
evidence for an age-related associative defigy.chology and agin@3(2), 467-72.

Old, S. R., & Naveh-Benjamin, M. (2008). Differential effects of age on item andabs®c
measures of memory: A meta-analy$isychology and agin@3(1), 104-118.

Park, D. C. & Gutchess, A. H. (2005). Long-term memory and aging: A cognitive
neuroscience perspective. In R. Cabeza, L. Nyberg & D. C. Park Eatp)itive
Neuroscience of Aging: Linking Cognitive and Cerebral Aghtew York: Oxford
Press.

Park, D.C, Puglisi, J.T., & Lutz, R. (1982). Spatial memory in older adults:t&fbéc
intentionality Journal of Gerontology, 3B30-335.

Park, D. C., Puglisi, J. T., & Sovacool, M. (1983). Memory for pictures, words, and spatial
location in older adults: Evidence for pictorial superioritlge Journal of
Gerontology 38(5), 582-588.

Park. D. C., Puglisi, J. T. & Smith, A. D. (1986). Memory for pictures: does an agedrelat
decline existPsychology and Aging, 1(131-17.

Park, H., Quinlan, J., Thornton, E. & Reder, L. M. (2004). The effect of midazolam on visual
search: Implications for understanding amnd3raceedings of the National
Academy of Sciences, 10¥879-17883.

Park, H., & Rugg, M. D. (2008). Neural correlates of successful encoding of seatigntic
and phonologically mediated inter-item associatibveuroimage43(1), 165-172.

Park, D. C., Welsh, R. C., Marshuetz., C., Gutchess, A. H., Mikels, J., TRdk, Noll, D. C.
& Taylor, S. F. (2003). Working memory for complex scenes: Age differences in
frontal and hippocampal activatiolurnal of Cognitive Neuroscience,(8p 1122-
1134.

159



Parkin, A. J., Walter, B. M., & Hunkin, N. M. (1995). Relationships between normal aging,
frontal lobe function, and memory for temporal and spatial information.
Neuropsychology,,804-312.

Paller, K. A., & Wagner, A. D. (2002). Observing the transformation of experietece
memory.Trends in Cognitive SciencdX?2), 93-102.

Pashler, H., & Johnston, J. C. (1998). Attentional limitations in dual-task performance.
Attention 155-189.

Petersen, S.E., Fox, P.T., Posner, M.l., Minton, M., & Raichle, M. E. (1988). Positron
emission tomographic studies of the cortical anatomy of single-word processing
Nature, 331 585-589.

Petrides, M. (1994). Frontal lobes and working memory: evidence from investigattitres
effects of cortical excisions in nonhuman primakésndbook of neuropsychology.
Amsterdam: Elsevier, pp. 59-82.

Pihlajamaki, M., Tanila, H., Hanninen, T., Kononen, M., Mikkonen, M., Jalkanen, V., et al.
(2003). Encoding of novel picture pairs activates the perirhinal cortex: an tMdRA. s
Hippocampusl13(1), 67-80.

Pilotti, M., Meade, M. L., & Gallo, D. A. (2003). Implicit and explicit measuresiemory
for perceptual information in young adults, healthy older adults, and patiehts wit
Alzheimer’s diseasdexperimental Aging Research,,2%-32.

Poldrack, R. A. & Cohen, N. J. (1997). Priming of new associations in reading time: What is
learnedPsychonomic Bulletin & Review, 4(398-402.

Preston, A. R., Shrager, Y., Dudukovic, N. M., & Gabrieli, J. D. E. (2004). Hippocampal
contribution to the novel use of relational information in declarative memory.
Hippocampusl14(2), 148-152.

Poldrack, R.A., Wagner, A.D., Prull, M.W., Desmond, J.E., Glover,G.H., & Gabrieli, J.D.
(1999). Functional specialization for semantic and phonological processing ift the le
inferior prefrontal cortexNeuroimage, 1015-35.

Prince, S. E., Daselaar, S. M, and Cabeza, R. (2005). Neural correlates of retatiomay:
successful encoding and retrieval of semantic and perceptual associationgal of
Neuroscience, 25(51203-1210.

Otten, L. J., & Rugg, M. D. (2001). Task-dependency of the neural correlates of episodic
encoding as measured by fMRerebral Cortex11(12), 1150-1160.

160



Quamme, J. R., Yonelinas, A. P., Widaman, K. F., Kroll, N. E. A., & Sauvé, M. J. (2004).
Recall and recognition in mild hypoxia: Using covariance structural modelitegt
competing theories of explicit memotyeuropsychologigd2(5), 672-691.

Quamme, J.R., Yonelinas, A.P., & Norman, K.A. (2007). Effect of Unitization on
Associative Recognition in Amnesidippocampus, 1,7192-200.

Rand-Giovannetti, E., Chua, E. F., Driscoll, A. E., Schacter, D. L., Albert, M. S., & Sperling
R. A. (2006). Hippocampal and neocortical activation during repetitive encoding in
older persondNeurobiology of aging27(1), 173-182.

Ranganath, C., Johnson, M. K., & D'Esposito, M. (2000). Left anterior prefrontal amtivati
increases with demands to recall specific perceptual informdtoinnal of
Neuroscience, 20: RC 108;5.

Ranganath, C., Yonelinas, A. P., Cohen, M. X., Dy, C. J., Tom, S. M., & D’Esposito, M.
(2004). Dissociable correlates of recollection and familiarity within tbdiah
temporal lobesNeuropsychologigd2(1), 2-13.

Raz, N. (2000). Aging of the brain and its impact on cognitive performance: |megvat
structural and functional findings. klandbook of Aging and Cognition(gd. F.I.M.
Craik and T. A. Salthouse). Mahwah, NJ: Erlbaum, pp. 1-90.

Raz, N., Lindenberger, U., Rodrigue, K.M., Kennedy, K.M., Head, D., Williamson, A.,
Dahle, C., Gerstorf, D., Acker, J.D. (2005). Regional brain changes in aging healthy
adults: general trends, individual differences and modif@esebral Cortex, 15
1676-1689.

Resnick, S.M., Pham, D.L., Kraut, M.A., Zonderman, A.B., Davatzikos, C. (2003).
Longitudinal magnetic resonance imaging studies of older adults: a shrinking bra
Journal of Neuroscience, 23295-3301.

Reuter-Lorenz, P. A., Jonides, J., Smith, E. E., Hartley, A., Miller, A., Marshuetz, C., &
Koeppe, R. A. (2000). Age differences in the frontal lateralization of verbal and
spatial working memory revealed by PEIburnal of Cognitive Neuroscience, 12(1)
174-187.

Rhodes, M. G., Castel, A. D., & Jacoby, L. L. (2008). Associative recognition of fase pair
by younger and older adults: The role of familiarity-based proce$2ayghology
and Aging 23(2), 239-249.

Rombouts, S., Machielsen, W. C. M., Witter, M. P., Barkhof, F., Lindeboom, J., & Scheltens,

P. (1997). Visual association encoding activates the medial temporal lobe: a
functional magnetic resonance imaging studiyppocampus7(6), 594-601.

161



Rotello, C. M., & Heit, E. (1999). Two-process models of recognition memory: Evidence f
recall-to-rejectJournal of Memory and Languagé(3), 432-453.

Rotello, C. M., & Heit, E. (2000). Associative recognition: A case of recakjext
processingMemory and Cognitior28(6), 907-922.

Rotello, C. M., Macmillan, N. A., & Van Tassel, G. (2000). Recall-to-reject ingraton:
Evidence from ROC curvedournal of Memory and Languagé3(1), 67-88.

Rubinsztein, J. S., Fletcher, P. C., Rogers, R. D., Ho, L. W., Aigbirhio, F. I., Paykel, E. S.,
Robbins, T. W., et al. (2001). Decision-making in mania: a PET sBrdin, 124(12),
2550-2563.

Rugg, M. D., Fletcher, P. C., Chua, P. M. L. and Dolan, R. J. (1999). The role of the
prefrontal cortex in recognition memory and memory for source: An fMRI study.
Neuroimage, 10520-529.

Rugg, M.D., Otten, L.J., Henson, R.N. (2002). The neural basis of episodic memory:
evidence from functional neuroimagirféhilosophical Transactions of the Royal
Society of London B: Biological Sciences, @324), 1097-1110.

Ryan, J. D., Althoff, R. R., Whitlow, S., & Cohen, N. J. (2000). Amnesia is a deficit in
relational memoryPsychological Science, 11(@)54-461.

Salthouse, T. A. (1996). The processing-speed theory of adult age differences in cognition.
Psychological Review, 103(3)03-428.

Schacter, D. L. (1987). Implicit memory: History and current stadusnal of Experimental
Psychology: Learning, Memory, and Cognition, 331-518.

Shallice, T., Fletcher, P., Frith, C. D., Grasby, P., Frackowiak, R. S. J., & Dolan, R. J. (1994).
Brain regions associated with acquisition and retrieval of verbal episodic pnemor
Nature 3686472), 633-635.

Shaw, R. J. & Craik, F. I. M. (1989). Age differences in predictions and performance on a
cued recall tesPsychology and Aging, 431-135.

Shimamura, A. P. (1986). Priming effects in amnesia: Evidence for a dissociabteyme
function.Quarterly Journal of Experimental Psychology A: Human Experimental
Psychology, 38319-644.

Shimamura, A. P. (2002). Memory retrieval and executive control processesdipals of

frontal lobe function(ed D.T. Stuss and R.T. Knight). New York: Oxford University
Press, pp. 210-220.

162



Smith, A. D., Hultsch, D. F., & Masson, M. E. J. (1995). Adult age differences in
perceptually based, but not conceptually based implicit tests of medoomal of
Gerontology: Psychological Sciences, 50B2-170.

Smith, A. D., Park, D. C., Earles, J. L. K., Shaw, R. J. & Whiting W. L. (1998). Age
differences in context integration in memaPgychology and Aging, 131-28.

Sommers, M. S. (1999). Perceptual specificity and implicit auditory priming in afae
younger adultsJournal of Experimental Psychology: Learning, Memory, and
Cognition, 25(5)1236-1255.

Sperling, R., Chua, E., Cocchiarella, A., Rand-Giovannetti, E., Poldrack, R., Schacter, D. L
et al. (2003). Putting names to faces: Successful encoding of associative memorie
activates the anterior hippocampal formatideuroimage20(2), 1400-1410.

Spencer, W. D., & Raz, N. (1995). Differential effects of aging on memory foemoand
context: A meta-analysi®sychology and Aging, 10(4527-539.

Sperling, R. A., Bates, J. F., Chua, E. F., Cocchiarella, A. J., Rentz, D. M., Rosen, B. R.,
Schacter, D. L., et al. (2003). fMRI studies of associative encoding in young and
elderly controls and mild Alzheimer’s diseadeurnal of Neurology, Neurosurgery
& Psychiatry, 74(1), 44-50.

Sperling, R. A., Bates, J. F., Cocchiarella, A. J., Schacter, D. L., Rosen, B. R., & Mb&r.
(2001). Encoding novel face-name associations: a functional MRI studyan
Brain Mapping 14(3), 129-139.

Spieler, D. H., & Balota, D. A. (1996). Characteristics of associative lepmmiyounger and
older adults: Evidence from an episodic priming paradigsychology and Aging,
11(4) 607-620.

Squire, L. R. (1992). Memory and the hippocampus: A synthesis from findings with rats,
monkeys, and humanBsychological Reviey®9, 195-231.

Squire, L. R., & Zola-Morgan, S. (1991). The medial temporal lobe memory sy&tence
253(5026), 1380-1386.

Staresina, B. P., & Davachi, L. (2006). Differential encoding mechanismsldseguent
associative recognition and free recatlurnal of Neuroscien¢c@6(36), 9162- 9172.

Staresina, B. P., & Davachi, L. (2008). Selective and shared contributions of the
hippocampus and perirhinal cortex to episodic item and associative enclmlingal
of cognitive neuroscienc20(8), 1478-1489.

Stark, C. E. & Squire, L. R. (2003). Hippocampal damage equally impairs memaigdte
items and memory for conjunctiortdippocampus, 1,381-292.

163



Stebbins, G. T., Carrillo, M. C., Dorfman, J., Dirken, C., Desmond, J. E., Turner, D. A,
Bennett, D. A., Wilson, R. S., Glover, G., & Gabirieli, J. D. (2002). Aging effects on
memory encoding in the frontal lobé%sychology and Aging, 144-55.

Stoub, T.R., Bulgakova, M., Leurgans, S., Bennett, D.A., Fleischman, D., Turner, D.A.,
DeToledo-Morrell, L. (2005). MRI predictors of risk of incident Alzheimer aése
A longitudinal studyNeurology, 641520-1524.

Stuss, D. T., Eskes, G. A., & Foster, J. K. (1994). Experimental neuropsychological studies
of frontal lobe functions. IiHandbook of neuropsychologied. F. Boller and J.
Grafman). Amsterdam: Elsevier, pp. 149-185.

Tanabe, J., Thompson, L., Claus, E., Dalwani, M., Hutchison, K., & Banich, M. T. (2007).
Prefrontal cortex activity is reduced in gambling and nongambling substasrse us
during decision-makingduman brain mapping28(12), 1276-1286.

Treisman, A. (1992). Perceiving and re-perceiving objéatserican Psychologist, 47(7)
862-875.

Troyer, A. K., & Cralik, F. I. (2000). The effect of divided attention on memory forstand
their contextCanadian journal of experimental psycholpf§%(3), 161-171.

Troyer, A. K., Hafliger, A., Cadieux, M. J., & Craik, F. I. M. (2006). Name and facaites
in older adults: Effects of level of processing, self-generation, and intentiearto |
Journals of Gerontology Series B: Psychological Sciences and Social Sc&i2ges
67-74.

Troyer, A. K., Winocur, G., Craik, F. I., & Moscovitch, M. (1999). Source memory and
divided attention: reciprocal costs to primary and secondary fdekisopsychology
13(4), 467-474.

Tulving E. 1983Elements of Episodic Memor@xford: Clarendon Press.

Tulving, E., & Schacter, D. L. (1990). Priming and human memory syst&ureice247,
301-306.

Uncapher M. R., Otten, L. J. and Rugg, M. D. (2006). Episodic encoding is more than the
sum of its parts: an fMRI investigation of multifeatural encodieuron 52(3), 547-
556.

Uncapher, M. R., & Rugg, M. D. (2005). Effects of divided attention on fMRI correlates of
memory encodinglournal of cognitive neuroscienckr(12), 1923-1935.

Uncapher, M. R., & Rugg, M. D. (2008). Fractionation of the component processes
underlying successful episodic encoding: A combined fMRI and divided-attention
study.Journal of Cognitive Neuroscienc)(2), 240-254.

164



Uncapher, M. R., & Wagner, A. D. (2009). Posterior parietal cortex and episodic encoding:
Insights from fMRI subsequent memory effects and dual-attention theory.
Neurobiology of learning and memoB84(2), 139-154.

Underwood, B. J. (1969). Attributes of memdpPgychological Review, 7659-573.

Vaidya, C. J., Gabrieli, J. D. E., Verfaellie, M., Fleischman, D., & Askari, N. (1998}- F
specific priming following global amnesia and occipital lobe damage.
Neuropsychologyl2, 183-192.

Van Turennout, M., Bielamowicz, L., & Martin, A. (2003). Modulation of neural activity
during object naming: Effects of time and practiCerebral Cortex, 13(4)381-391.

Vargha-Khadem, F., Gadian, D. G., Watkins, K. E., Connelly, A., Van Paesschen, W., &
Mishkin, M. (1997). Differential effects of early hippocampal pathology on episodic
and semantic memor$cience2775324), 376-380.

Velanova, K., Jacoby, L. L., Wheeler, M. E., McAvoy, M. P., Petersen, S. E., & Buckner, R.
L. (2003). Functional-anatomic correlates of sustained and transient processing
components engaged during controlled retriel@lirnal of Neuroscieng@3(24),
8460-8470.

Von Gunten, A., Kovari, E., Bussiere, T., Rivara, C.B., Gold, G., Bouras, C., Hof, P.R.,
Giannakopoulos, P. (2006). Cognitive impact of neuronal pathology in the entorhinal
cortex and CALl field in Alzheimer's diseadé&eurobiology of Aging, 272270-277.

Wagner, A. D., Koutstaal, W., & Schacter, D. L. (1999). When encoding yields
remembering: insights from event-related neuroimagdngosophical Transactions
of the Royal Society B: Biological Scienc&s4(1387), 1307-1324.

Wagner, A. D., Schacter, D. L., Rotte, M., Koutstaal, W., Maril, A., Dale, A. M., Rosen, B.
R., et al. (1998). Building memories: remembering and forgetting of verbal
experiences as predicted by brain activ@gience281(5380), 1188-1191.

Wager, T. D., & Smith, E. E. (2003). Neuroimaging studies of working memory: a meta-
analysisCognitive, Affective, & Behavioral Neurosciengd@t), 255-274.

West, M. J. (1993). Regionally specific loss of neurons in the aging human hippocampus.
Neurobiology of agingl4(4), 287-293.

West, R. L. (1996). An application of prefrontal cortex function theory to cognitive.aging
Psychological Bulletin120, 272-292.

Wheeler, M. A., Stuss, D. T., & Tulving, E. (1995). Frontal lobe damage produces episodic

memory impairmentJournal of the International Neuropsychological Socigty,
525-536.

165



Wiggs, C. L., Weisberg, J., & Martin, A. (2006). Repetition priming across the ddsftdn
— The long and short of ifging, Neuropsychology, and Cognition, 13(330)8-325.

Woodman, G. F. & Luck, S. J. (2004). Visual search is slowed when visuospatial working
memory is occupiedsychonomic Bulletin & Review, (7). 269-274.

Woodman, G. F., Vogel, E. K., & Luck, S. J. (2001). Visual search remains efficient when
visual working memory is fullPsychological Scien¢cé&2(3), 219-224.

Yi, D. J., Woodman, G. F., Widders, D., Marois, R., & Chun, M. M. (2004). Neural fate of
ignored stimuli: dissociable effects of perceptual and working memoryNzddre
Neuroscience7, 992-996.

Yonelinas, A. P. & Jacoby, L. L. (1994). Dissociations of processes in recognitioorynem
Effects of interference and response sp&athadian Journal of Experimental
Psychology, 48425-434.

Yonelinas, A. P. (1997). Recognition memory ROCs for item and associative infammati
The contribution of recollection and familiaritlemory & Cognition2%6), 747-
763.

Yonelinas, A. P. (2002). The nature of recollection and familiarity: A review geaés of
researchJournal of Memory and Languagés(3), 441-517.

Yonelinas, A. P., Widaman, K., Mungas, D., Reed, B., Weiner, M. W., & Chui, H. C. (2007).
Memory in the aging brain: Doubly dissociating the contribution of the hippocampus
and entorhinal corteXdippocampusl7(11), 1134-1140.

Zacks, R. T., Hasher, L., & Li, K. Z. H. (2000). Human memaiye handbook of aging and
cognition 2, 293-357.

166



