AGING AND CORTICAL RECRUITMENT IN RESPONSE TO COGNITIVE CHALLENGE

BY

CHIH-MAO HUANG

DISSERTATION

Submitted in partial fulfillment of the requirements
for the degree of Doctor of Philosophy in Psychology
in the Graduate College of the
University of Illinois at Urbana-Champaign, 2012

Urbana, lllinois

Doctora Committee:

Associate Professor Susan M. Garnsey, Chair
Professor Monica Fabiani

Professor Denise C. Park, University of Texas
Professor Neal J. Cohen

Professor Dov Cohen

Associate Professor Diane M. Beck

Assistant Professor Bradley P. Sutton
Assistant Professor Brian D. Gonsalves



ABSTRACT

Age-related changes in brain functional activatiane been characterized by both
age-related cortical over- and under-recruitmentgared to young adults. Evidence
from working memory domain has demonstrated thel sieural responses reflect
age-related differences in modulation of neuraldgtin response to increasing memory
loads. The main focus of this thesis is to show diga-related cortical recruitment is
modulated by task demands, constrained by indiVeluhite matter integrity and
external experience. In Experiment 1, | use thetional magnetic resonance imaging
(fMRI) to reveal reduced BOLD-measured activityolder compared to young adults
under demanding conditions in executive processiskj, indicating clearly that the older
adults have reduced or limited capacity of reangitmore neural resources in response to
increasing task demands during cognitive controExperiment 2, | use the diffusion
tensor imaging (DTI) to show that individual difégrces in micro-structural integrity of
white matter, particular in corpus callosum, relatéoth bilateral cortical recruitment
and task performance in young and older adultgyestqng age-related degradation in
white matter integrity of callosar fibers may beamtributing factor of reduced capacity
to modulate neural resources in response to chgngsk demands in older adults.
Finally, in Experiment 3, | additionally show thapact of cultural biases in contrast to
fundamental biological effect in aging on bilatesaltical recruitment, suggesting that
culture-related neural differences may remain atsdime level throughout the lifespan.
The series of studies jointly provide the evidefwreage-related differences in
modulation of cortical recruitment that may stewnirstructural changes in white matter

integrity and culture-related differences in preieg style.
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CHAPTER 1

INTRODUCTION

There is a wealth of literature that documents r@jgted changes in fundamental
cognitive processes across the lifespan (Park,e2@02). Such universal age-related
changes in cognition and behavior are charactebydubth decline and preservation.
Age-related declines were reported as a dominatng of cognitive aging: the speed at
which information is processed (Salthouse, 1998)sery processing (Baltes &
Lindenberger, 1997), the capacity of working mem@sark et al., 1996; 2002), the
ability to selectively attend to relevant infornwati(Hasher & Zacks, 1988), and the
efficiency of sentence processing (Wlotko, Lee,&€&rmeier, 2010) - all of these
behavioral measurements of cognitive functionsssseveral cross-sectional and
longitudinal studies show age-related declinesolmtrast, preserved cognition is
evidenced by cross-sectional studies demonstratgd/érbal knowledge and world
knowledge (Park et al., 2002), and implicit, prasedmemory (Howard et al., 2008) is
relatively intact across the lifespan. Moreovespite evidence showing memory deficit
in older adults, the aspects of memory that relyarom familiarity-based processing than
active recollection showed minimal impact with ag(fior review see MacDaniel et al.,

2008).

Functional neuroimaging of cognitive aging
However, these pictures of reliable decline witk agmany behavioral and

measurements of cognitive function looks quiteeddht when neural function are further



examined by using neuroimaging tools such as fanatimagnetic resonance imaging
(fMRI) and positron emission tomography (PET). Bifint patterns of age-related
corticalover-recruitment, especially in the prefrontal cortex, have beeqdiently

reported across several cognitive domains (Dennza&eza, 2008; Fabiani, 2012; Grady,
2008; Park & Reuter-Lorenz, 2009; Reuter-Lorenz @&@ell, 2008). These neural
patterns are such that older adults appear tox(iibi increased activity in similar

regions engaged by young adults, (2) reveal aduitiactivation in regions that are not
activated in young adults, and (3) elicit greattatbral activity than the more unilateral
activity observed in their young counterparts (Gabet al., 2002, 2004; Daselaar et al.,
2003; Jimura & Braver, 2010; Morcom et al., 2003)ese patterns could be due to either
to compensatory mechanisms or to inefficiency afbrnory processes. Moreover,
age-related corticalnder-recruitment in prefrontal cortex have also been identified,
particularly under conditions of higher task demandh as executive processing tasks
(de Chastelaine et al., 2011; Duverne et al. 2@08dy et al., 1995; Logan et al., 2002;
Nagel et al., 2009; Nielson et al., 2002; Langereé&kNielson, 2003; Schneider-Garces
et al., 2009; Cappell, Gmeindl, & Reuter-Lorenzl@Pand may co-occur with the

pattern of cortical over-recruitment (ColcombeleR805; Langenecker, Nielson, & Rao,
2004; Milham et al., 2002).

A dominant observation of age-related over-recraittns the bilateral activation of
homologous prefrontal regions in older adults @k$avhere their younger counterparts
show unilateral activation pattern. Specificalljyeveas young adults typically engage
left lateralized frontal activity for tasks thawwlve verbal working memory, semantic
processing, and recognition memory, older aduitd te show preserved left frontal
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activity with additional contralateral recruitmentthe homologous site of the right
hemisphere that is not observed in young adultbéZaet al., 1997; deChastelaine et al.,
2011; Daselaar et al., 2003; Davis et al., 201dbuoe et al., 2009; Leshikar et al., 2010;
Madden et al., 1999; Reuter-Lorenz et al., 2000n8wler-Garces et al., 2010). Similarly,
older adults engage both right and left prefroatdivity during tasks in which younger
adults engage only right lateralized prefrontaivétyt such as in tasks associated with
face processing, spatial working memory, non-vespatial judgment, and episodic

recall (Cabeza et al., 1997; Grady et al., 1998 Bhal., 2010; Reuter-Lorenz et al.,
2000). This additional contralateral prefrontalrtgitnent that results in the pattern of
greater bilateral activation in older adults hasrbdescribed as Hemispheric Asymmetry
Reduction in OLDer adults (HAROLD; Cabeza, 2002).

There is increasing evidence that the pattern ef-oecruitment in older adults
appears to be compensatory and involved in thedugmnent or maintenance of
performance in the face of age-related neurodegéoerr(Cabeza et al., 2004; Daselaar
et al., 2003; Dauvis et al., 2008; Grady, 2002; ratt al., 2009; Gutchess et al., 2005;
Heuninckx et al., 2008; Holtzer et al., 2009; Huahgl., 2012; Persson et al., 2004;
2006; Reuter-Lorenz et al., 2000; Rossi et al.4208llesi et al., 2011). For example,
Rossi et al. (2004) reported a direct evidenceHfercompensatory role of
over-recruitment in prefrontal regions in older kslby conducting a repetitive
Transcranial Magnetic Stimulation (rTMS), rTMS iseghnique which transiently
disrupts neural function by applying repetitive matc stimulation to a specific area of
the brain, creating a temporally artificial bragsion. Rossi et al. (2004) showed that
younger adults’ memory retrieval accuracy was nadiected when the rTMS was

3



applied to the left prefrontal cortex but less etiéel when rTMS was applied to the right
prefrontal region. In contrast, older adults’ retial accuracy was equally affected,
whether rTMS was applied to the left or right poafial regions, suggesting bilateral
prefrontal activation has a causal link to behaliperformance in older adults. A
compensatory account of age-related over-recruitnvas also supported in Morcom et
al. (2003) who showed that greater frontal bildigran older adults compared to young
predicted better performance when successfully@dingssubsequently remembered
items.

In addition to being beneficial for behavioral merhance, evidence also suggests
that increased neural effort observed in prefrocwalex may reflect a compensatory
response to deteriorating neural systems in moseegor sites of the brain, including the
medial temporal lobe (Cabeza et al., 2004; Gutcheak, 2005; Park et al., 2003), and
occipital cortex (Cabeza et al., 2004; Davis et2008; Goh et al., 2010). For example,
Gutchess et al. (2005) showed that during an imtadenemory encoding task, older
adults had lower activation than young adults al#ft and right parahippocampus and
greater activation than young adults in the middiatal cortex. Goh et al. (2010) also
showed that increased frontal engagement was stswiated lower neural selectivity in
the ventral visual regions. Moreover, Cabeza €8l04) reported that older adults
showed increased bilateral prefrontal activatiot decreased occipital function
compared to their young counterparts across vagogaitive tasks, indicating a
Posterior Anterior Shift in Aging (PASA) functionattivity (Davis et al., 2008). These
results suggest a neurocognitive compensatoryofgheefrontal regions in older adults.

Alternatively, others have suggested that agee@laortical over-recruitment could

4



also be due to declined ability to efficiently seleortical processors appropriate for the
task (i.e., non-selective recruitment) and redwatty to efficiently inhibit
inappropriate tissues for the task (Colcombe eR8D5; Logon et al., 2002; Milham et
al., 2002; Nielson et al., 2002), particularly undenditions of demanding
executive/inhibitory control tasks. Along this lirdielson et al. (2002) found that both
young and older adults showed significant activabbright prefrontal regions during a
go/no-go task, and older adults indeed showed iadditrecruitment in the left prefrontal
cortex. However, in contrast to compensatory viewawed previously, the additional
activation exhibited by older adults was negativadyrelated with individual’s task
performance. Similarly, Colcombe et al (2005) assésndividual differences in cortical
recruitment using Flanker task in which young altttoparticipants were asked to
respond to a central arrow cue embedded in an afrayows that pointed to either the
left or the right. They reported that, despite olai@ults overall tended to show increased
cortical recruitment compared to young adults,dvgierforming older adults actually
showed less bilateral activity pattern similartie oung. These results reflect an
inability to efficiently select cortical process@gpropriate for specific task requirement.
More recently, in addition to executive/inhibitargntrol data, some studies have
reported impaired memory performance associatdd adtlitional contralateral
prefrontal recruitment in older adults, suggestimgt age-related cortical
over-recruitment may not always be compensatonyekample, de Chastelaine et al.
(2011) found that older adults’ memory performapositively correlated with cortical
over-recruitment in the left prefrontal cortex.egion also engaged by young adults.
However, the correlation was negative with respeeidditional recruitment in the right
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prefrontal cortex of older adults, a region thaswat observed in young adults,
suggesting that over-recruitment in the right fedméegions in older individuals does not
always contribute to their memory performance @ee Duverne et al., 2009).

The pattern of age-related cortical under-recruithie prefrontal regions has also
been reported with or without concurrent age-rela@tical over-recruitment in some
executive processing tasks. Such pattern is oftiengreted to indicate that the older
adults are functionally deficient in the processipgrations mediated by this specific
region (Langenecker et al., 2004; Milham et al02Qand may reflect the impairment
due to poor strategies or reduced brain structuzggn et al., 2002).

The Compensation-related Utilization of Neural Gits Hypothesis (CRUNCH)
has been proposed to accommodate these seemiagiggint results in older adults
(Reuter-Lorenz & Cappell, 2008). The CRUNCH hypsthes that age-relatéacreases
in neural activity would occur with lower level t##sk demands where older adults would
maintain relatively intact performance but that-aglateddecreases in neural activity
would occur with higher levels of task demand whader adults’ performance would
suffer because at higher levels of task demandauree ceiling is reached
(Reuter-Lorenz & Lustig, 2005; Reuter-Lorenz & Calpp2008). In other words, there
should be evidence for both over- and under-remeritt of neural resources, depending
on the levels of task demand. This hypothesis &ursluggests that, compared to young
adults, older adults have limited functional preteg resources and reach their limitation
of processing earlier, resulting in a less flexitmledulation of neural activity in response
to increasing task demands. By this view, the paivé CRUNCH could also be observed
on individuals with limited neural resources. THere, processing inefficiency would
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cause the low performing individuals to recruit éiddal neural resources at low level of
task demand to achieve computational output. Asllevtask demand become higher the
high performing individuals would also need to eygadditional neural resources to
achieve the task goal, possibly resulting in moladral activity even in young
individuals (Fabiani et al., 2012). Experiment hépter 2) in thesis is thus designed to
directly examine the CRUNCH idea and further adsltbese age-related changes in
modulation of neural activity in response to chaggiask demands during executive

processing task.

Aging and the shrinkage of brain structure

Understanding the atrophy of aging brain is esaktdithe understanding of
age-related changes in neural activity and cognjerformance. It has been suggested
that age-related changes in neural activity ocswa eesponse to age-related differences
in brain structure (Park & Reuter-Lorenz, 2009)eidiore, age-related cortical
recruitment may reflect “neural scaffolding” in pesise to gray matter shrinkage, white
matter reduction, or amyloid deposition (e.g., Rguken et al., 2012)

There is wealth of evidence across several cragsgsal and longitudinal studies
demonstrating that biological aging is characterizg reductions in gray matter volume
(Raz et al., 2005; Resnick et al., 2003; RodriguRa&, 2004), density (Good et al., 2001;
Smith et al., 2007), and cortical thickness (Disker et al., 2009; Fjell et al., 2006, 2009;
Salat et al., 2004), with the prefrontal, parietatl hippocampal regions showing greater
shrinkage whereas the temporal and occipital regstrowing minimal decrease.

Moreover, there is also evidence that these aggeatkeductions in brain structure may



index specific cognitive decline in older adultsr Example, age-related volumetric
shrinkage in frontal gray matter have been reltdddwer fluid intelligence (Fjell et al.,
2006; Head et al., 2008), and reduced hippocangdaine has been associated with
poorer episodic memory (Head et al., 2008; Rodrigiaz, 2004).

In addition to the shrinkage in gray matter, bidbadjaging is also associated with a
reduction in white matter volume and density (Riazl ¢ 2005; Resnick et al., 2003; Salat
et al., 2009; Walhovd et al., 2011). More recergtydies using diffusion tensor imaging
(DTI), a non-invasive imaging technique, have st that white matter changes with
aging highly involve a reduction in the integritiwhite matter fibers that may be related
to de-myelination along the axonal fibers and nesylt in less efficient conduction of
neural signals and impaired transmission of infaromeacross the brain (for review, see
Madden, Bennett, & Song, 2009; Sullivan & Pfeffertm 2006). The most consistent
pattern of age-related difference in white matiieerf integrity is the greater reduction in
the anterior regions of the corpus callosum, egfigche genu and body of the corpus
callosum and pericallosal frontal white matterateke to the posterior regions of the
corpus callosum (Davis et al., 2011; Gordon et28l08; Gunning-Dixon & Raz, 2003;
Sullivan, & Pfefferbaum, 2006; Sullivan, Rohlfing,Pfefferbaum, 2010). However,
age-related declines in the posterior region ofcthrpus callosum (i.e. splenium) and the
occipital white matter have been reported as wédlad et al., 2004; Kennedy & Raz,
2009a).

Inter-hemispheric interactions have been identifeglay a key role during
demanding tasks to prevent interference from thposite hemisphere (Bonzano et al.,
2008; Eliassen, Baynes, & Gazzaniga, 2000). Thpusocallosum has been suggested to
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connect homologous region between two hemisphatesit{z et al., 1992; Hofer &
Frahm, 2006), with the anterior and posterior potiof corpus callosum responsible for
carrying a large proportion of white matter fibeonnecting the two frontal and parietal
cortices, respectively. Therefore, declines in aerpallosum size and microstructure with
advancing age may result in age-related changeshavioral performance. Moreover, it
is possible to posit that such age-related chaimgasterior and posterior portions of
corpus callosum may be associated with an inalidityodulate neural activity in
response to changing task demands related tohetarspheric communication.
Experiment 2 (Chapter 3) in thesis is thus desidonembncurrently examine the
relationship between age-related changes in whatigemintegrity, cortical recruitment,
and behavioral performance during executive pracggask.

In addition to biological aging, there is a compejlevidence indicating that a broad
range of external experiences also affect botmlaad behavior. Recent work in
cognitive neuroscience has provided a wealth afende that sustained experience
shapes cortical function and structures. For examWlesmann and Ishai (2010) recently
reported that after short training session abouti?n, subjects exhibited better object
recognition performance on Cubist paintings, withanced neural activation in the
parahippocampal cortex. In a similar vein, Londaxi tirivers who engage in sustained
wayfinding show larger gray matter of posteriorgopampal formation, with the
magnitude of the effect increasing with experierstggesting experiences to be the
causal mechanism (Maguire et al., 2000). Therges evidence that sustained practice
in learning to juggle increases the volume of caittissue in the bilateral mid-temporal
area and left posterior intraparietal sulcus (Dnaggaet al., 2004), and that the effect was
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also observed when applying sustained practicédir adults (Boyke et al., 2008). With
regard to experience and aging, one of the recet¢rce for plasticity in neural function
and structure in older adults were reported byksSoa et al. (2011), who found improved
cognitive function and structural changes in higpopal areas as a result of sustained

aerobic exercise in older adults.

Cultural differencesin cognitive and neural function

Given the evidence described above showing thatesit experiences sculpt the
cognitive processes and neural organization Mérg reasonable to posit that sustained
exposure to a set of culturally different experesovzalue, viewpoints, and behavioral
practices could also affect cognition, neural fiorcend brain structure. A large literature
of cultural psychology has provided innumerable destrations that there are subtle
differences in the way individuals process inforimrathat appears to be a product of
cultural experiences, with systematic differenceseoved between East Asians (e.g.,
Japan, Korea, and China) and Westerners (e.g.hNMamnkrica) with respect to visual
perception, attention, and reasoning (Nisbett & iias 2003; Nisbett, Peng, Choi, &
Norenzayan, 2001) as well as motivation, relatibpadnd self-concept (Markus &
Kitayama, 1991; Oyserman, Coon, & Kemmelmeier, 200&sterners, due to the
individualistic, independent, and self-based foalheir culture, have a tendency to
process focal objects and organize informationrwies and categories in an analytic way.
In contrast, East Asians, based on their collesitind interdependent representation,
tend to view themselves as part of a larger whelgylting in a holistic

information-processing bias where object and cdantinformation are jointly encoded
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(Goh & Park, 2009; Kitayama & Uskul, 2011; Masud&&bett, 2001; Nisbett &
Masuda, 2003; Park & Huang, 2010).

With regard to context-sensitive and object-oridragention and memory, Japanese
were more likely, after viewing an animated vidép of fish swimming in an
underwater environment, to recall more informatiegarding contextual details and
relationships between salient objects, whereas fanes referred more detail about the
features of focal fish (Masuda & Nisbett, 2001)eTdultural bias was observed on the
perception of even simplistic and abstract vistialdi. For instance, Kitayama, Duffy,
Kawamura, and Larsen (2003) asked Japanese andoameto reproduce the display
after a framing square in which a vertical line whswed. Japanese tended to be more
accurate at drawing the line in the relative (prtipoal) task suggesting better memory
for contextual relationships, but Americans wereaereccurate in the absolute
(context-dependent) task suggesting better menworthé exact size of the focal object.
Other studies have focused on cultural differemmcethe incorporation of context into
memory and reasoning. For example, Masuda and ttlid¥1) presented East Asians
and Westerners with target pictures against a cexriphckground and reported that when
backgrounds were replaced at recognition, EastAsigere more sensitive to this
disruption. There is also convincing evidence (ChRi72; Ji, Zhang, & Nisbett, 2004)
showing that, when making judgments about obj&isnese children were more likely
to process relationships among items more (e.g;grass) whereas Westerners focus
more on categories (e.g., cow-chicken), and evigl@hgo exists that Westerners rely
more on formal reasoning than intuition than EastAs (Norenzayan et al., 2002).

This cultural dichotomy presents a convenient leéalthe exploration of how these
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cognitive biases observed in behavior and cogndi@nmanifested in the brain. A
thorough review of neuroimaging studies associati¢ta culture variables was presented
by Han and Northoff (2008) and another review dpedly of ventral visual cortex is
presented by Goh and Park (2009). Here, we congidetional neuroimaging studies of
cognition that focus on fronto-parietal networker Example, using the Frame Line Test
from Kitayama et al. (2003), Hedden et al. (2008)uwred fMRI data as Westerners and
East Asians made absolute and relative line judgsnarthe scanner. They found that
Westerners showed greater brain responses dutattyeecompared to absolute line
judgments in frontal and parietal regions, braaartypically associated with attentional
processing. In contrast, East Asians showed gresaaar responses during absolute
compared to relative judgments in the same regibimsse findings suggest that
participants required greater effort when engagiowgr-preferred visual processing styles,
which is associated with cultural differences iteation-related responses in
fronto-parietal regions. Importantly, the findirigat Westerners required greater effort for
relative judgments and East Asians for absolutgnuehts is again consistent with the

analytic-holistic dichotomy in these two groups.

Cultural differences across age

A key question that arises when considering theemices of age and culture on
cognitive and neural function is how they intenatth each other over the human
lifespan (Park & Gutchess, 2002; Park et al., 19309k & Gutchess, 2006). Three
possible cases arise with respect to this intemadietween age and culture. First,

culture-related differences across individuals megentuate with increasing age. With
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increasing age, and assuming that individuals nemmaihe same cultural environment,
individuals gain greater experience in their ca@t@nvironment. Such prolonged cultural
exposure may result in more engrained psychologieales and also increasingly
divergent expression of neural and cognitive dgualent between different cultural
groups. Second, culture-related differences, otteghad, may remain at the same level
throughout the lifespan. This case may arise becaxitgrnal cultural factors reach an
asymptotic level of influence on neurocognitivegassing, such that further experience
does not increase the biases. Finally, culturdadlaeural differences may be reduced
with increasing age. It is possible that age-relateurobiological changes impact all
individuals to such a degree that differences gnd@mn and brain across older
individuals is diminished relative to younger adulDverall, these first two cases of age
by culture interactions suggest that the neurobiokd effects of age do not completely
diminish individual differences in cognitive andunal function that arise from external
experience. In contrast, the third case of an a#teon of culture-related differences with
aging would suggest that the neurobiological effeftage exert a stronger influence on
cognitive and neural function than cultural expeces.

Further, Chua et al. (2006) reported a culturahirance of source memory across
cultural groups when older and young Chinese andrfgan participants were instructed
to retrieve the source information previously preed by a video with statements by
distinct speakers, along with pronounced age-réldé&icit in source memory observed
in both cultures. The findings that there were eglaint age differences in source
memory across cultural groups suggested that deslesbility on memory is likely
represents a fundamentally neurobiological forceagiitive aging, rather than cultural
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experience. In another study, Gutchess et al. (2@%&mined categorical organization in
a free recall task on 112 older and 112 young @petnts Chinese and Americans, using
those categories that were normed to be equivgléamiiliar between two cultures. They
found age-related deficit in free recall, with al@elults recalling less items and
performing worse in categorical clustering thannygadults. Moreover, older Chinese
showed less categorical clustering, whereas youngeSe used categorical clustering as
much as young Americans in a highly related listee findings are consistent with the
notion that sustained cultural exposure resultg@ater expression of cultural variation
in information processing (Park & Gutchess, 2002kt al., 1999).

With respect to culture-related differences in olagults, Goh et al. (2007) used the
fMRI adaptation paradigm to investigate ventrabmisselectivity for objects and scenes
in young and older, Westerners and East AsiansnTdia finding in that study was that
older East Asians showed reduced object-relateckgsing compared to the other three
groups. This finding was interpreted as an acceiotuaf the bias for contextual
processing in older East Asians due to a reduati@ttentional resources with age. This
result suggests that, despite aging causes anlloslechne, biological aging may
accentuate the cultural bias. In addition, distfnmin the more global effect of aging on
the brain, the effect of cultural experience onlihen appears to be more localized and
specific. Experiment 3 (Chapter 4) in thesis isstdasigned to investigate whether neural
patterns of age-related changes in cortical reverit are ubiquitous across individuals
with different experiential background by condugtam across-cultural neuroimaging
study in young and older adults.

In summary, this series of studies provide the imgsbnks that demonstrate (1)
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different patterns of age-related changes in artecruitment stem from a reduction in
modulation of neural resources that limits oldeul&sl ability to recruit more neural
activity in response to changing task demand,i{@)sburce of the age-related changes in
cortical recruitment may be traced to individudfetences in white matter integrity of
corpus callosum, and (3) these age-related difteem bilateral cortical recruitment

may be selectively modulated by culture-relatedegi@mces. Three experiments were

performed to arrive at these conclusions.
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CHAPTER 2
THE EFFECT OFAGE ON UTILIZATION OF NEURAL CIRCUIT IN

RESPONSE TO CHANGING TASK DEMANDS

Introduction

Age-related changes in cortical recruitment havenbzharacterized by both
age-related cortical over- and under-recruitmentgared to young adults. Specifically,
the patterns of age-related cortical over-recruitihme prefrontal cortex have been
frequently reported across several cognitive domgdennis & Cabeza, 2008; Park &
Reuter-Lorenz, 2009), whereas the pattern of algg¢edecortical under-recruitment in
prefrontal cortex has been identified particulahlying task that place high demands on
controlling processing. As reviewed earlier, moaglage-related changes in brain
function such as CRUNCH (Reuter-Lorenz & CappdD& was proposed to
accommodate these seemingly discrepant neuroimagsudfs in older adults. The
CRUNCH hypothesizes that there should be evidesicbdth over- and
under-recruitment of neural resources in oldertagddepending on the levels of task
demand.

Thus far, some fMRI studies had directly examirrel CRUNCH idea during
working memory tasks and confirmed that age-reldté#drences in prefrontal
recruitment appear to depend on memory load. Fameie, in an initial work, Mattay et
al. (2006) conducted a modified version of the Batk working memory task at different
levels of increasing working memory load (1-bacl&aek, and 3-back). They found that
older adults performed equivalently with young aslaind showed greater bilateral
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prefrontal activity in 1-back condition (i.e., loweorking memory load). At higher
working memory load, however, older adults perfamerse than young adults and
showed relatively reduced prefrontal activity. Tééiadings suggests that, compared to
young adults, older adults have limited working nogyncapacity and reach their
limitation of neural resources earlier, resultingaidecline in performance with
increasing working memory demands. Holtzer et24100) also reported a similar results
using novel non-verbal material in working memasgk. Yet, evidence linking
age-related cortical recruitment in response tagimy task demands to individual’s
capacity beyond their neural resources was unaighese studies. According to
CRUNCH, the curve relating cortical recruitmenptocessing load should not be linear
but reach an asymptote at higher levels of taskashelmThus, it is necessary to
parametrically manipulate at least four points ofking memory load in a paradigm in
order to examine this phenomenon.

Schneider-Garces et al. (2009) utilized a modifiesion of Sternberg memory task
(Sternberg, 1966) with five levels of working memaset size (2-6 letters in the memory
set). They demonstrated that, averaged across rgesabsize, older adults showed
poorer performance and greater neural activatidromto-parietal regions than young
adults. In addition, however, when performed trandlyses separately at low (set size
2-4) and high (set size 4-6) levels of memory demmgoung adults were able to increase
prefrontal activity as the set size increased wdemder adults were engaging more
prefrontal brain activity at lower set sizes thiat kot further increase, and even
decreased, at higher set sizes. More interestifighpper analysis further demonstrated
that once individual differences in performance.(isubjective levels of task demands)
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were accounted for, older and young adults showeilles patterns of brain activation.
These findings provide a strong quantitative supfmsrCRUNCH, with evidence for

both age-related cortical over- and under-recruitngdepending on memory load. Similar
results were also reported when using verbal (dbepal., 2010) and spatial (Nagel et
al., 2009) material in working memory paradigmse3é converging findings suggested
that, compared to young adults, older adults hdessaflexible modulation of frontal
activity in response to increasing working memasktdemands.

It has been suggested that executive function asahorking memory and cognitive
control can be fractionated into dissociable caogaiand neural processes (Wager &
Smith, 2003; Nee, Wager, & Jonides, 2007; Roberttadt, 2008). Cognitive control is
associated with a network involving prefrontal goadietal association regions commonly
active during task that place high demands on obimig processing (Badre & Wagner
2004; Duncan & Owen 2000; Miller & Cohen 2001). WViegard to the effect of aging,
many previous studies have reported both age-teiateeases and decreases in
frontoparietal network during cognitive controlkasincluding task switching
(DiGirolamo, et al., 2001; Gratton et al., 2009nJra & Braver, 2010), control of
response inhibition (Nielson et al., 2002, 2004|e& et al., 2011; Zhu et al., 2010),
motor control (Heuninckx et al., 2005, 2008) aneiference resolution (Hedden et al.,
2012; Huang et al., 2012; Langenecker et al., 2B4am, et al., 2002; Prakash, et al.,
2009; Zysset et al., 2007). Age-related corticarenecruitment in frontoparietal network
was typically assumed to reflect greater engagewieiop-down attentional processes
and increased dependence on resolving conflickdar@dults. In contrast, age-related
decreased activity in the brain regions associaigdcognitive control appeared to
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reflect impairment in the implementation of cogveticontrol in older adults
(Langenecker et al., 2004; Milham, et al., 2002kRsh, et al., 2009). These findings in
cognitive control domains are congruent with thedBRCH notion that both age-related
cortical over- and under-recruitment could be bettable when task demands are varied.
It thus raises the question of whether CRUNCH antotiage-related functional brain
changes can be generalized beyond working memarggnitive control when the levels
of task demand are systematically varied in onesrgEent.

Recent fMRI studies suggested a limitation in olaldwlts’ capacity to flexibly
recruiting the specific brain region in responsentyeasing attentional control demands.
For example, Prakash et al., (2009) conducted afraddaersion of color-word Stroop
task and asked participants to respond to threeattks of presented words: red, green,
or purple. There was one congruent condition araibwongruent conditions
(Incongruent-Eligible and Incongruent-Ineligiblé&).the congruent condition, the
information conveyed by the word was consistenbhwhe ink in which it was printed
(e.g., the word RED printed in red ink); In thedngruent-Eligible condition, the word
matched one of the potential responses, but theotde was incongruent with the
meaning of the word (e.qg., the word GREEN printeded ink), and in the
Incongruent-Ineligible condition, the word did moatch any of the potential responses,
but the ink-color was incongruent with the mearohghe word (e.g. the word YELLOW
printed in red ink). Greater attentional controlhias needed to perform the
Incongruent-eligible condition compared to othenditions in this design. Prakash et al.,
(2009) found that young adults showed an increasled activation of right middle
frontal gyrus in response to increased levels afla (i.e., Incongruent-Eligible vs.
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Incongruent-Ineligible conditions), whereas oldéulés showed no increase in this
specific region, indicating the less sensitivitgdlexibility in response to increasing
attentional control demands in right middle frorggfus (Prakash et al., 2009). However,
they did not find any age-related difference witbther regions, including left inferior
frontal cortex, anterior cingulate cortex, or ket parietal cortices, which have been
identified to require for overcoming the task-ienghnt information during attentional
control.

The goal of this study is to directly examine tHRWNCH idea in the context of one
of the cognitive control- interference resolutitmerference resolution is generally
defined as cognitive control over dominant or awtboresponses (Badre & Wagner
2004; Derrfusset al., 2005; Nee et al., 2007) sdeural correlates in young adults have
been characterized in widespread fronto-parietaloks, including inferior and
dorsolateral frontal regions, supplementary moteagdSMA), anterior cingulate cortex
(ACC), posterior parietal cortices and cerebellined et al., 2007; Roberts & Hall,
2008). Regarding the effect of aging, some neurgintastudies have shown age-related
increases in the prefrontal and parietal activitying interference resolution, including
task switching (DiGirolamo, et al., 2001; Grattdrak, 2009; Jimura & Braver, 2010),
go/no-go paradigms (Nielson et al., 2002, 2004tegakt al., 2011; Zhu et al., 2010), and
Stroop-like paradigms (Huang et al., 2012; Mathialge 2009; Langenecker et al., 2004;
Prakash, et al., 2009; Schulte et al., 2009; Zystsak., 2007; Wood et al., 2009).

To investigate age-related changes in modulatiareafal activity in response to
changing task demands during cognitive controlyamed cognitive load for older and
young adults using a modified version of the phgisimimerical interference paradigm
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(Besner and Coltheart, 1979; Kaufmann et al., 2@@&)ss four levels of task demand.
This Stroop-like paradigm includes two types offtiots - physical size and numerical
magnitude conflict — in two judgment tasks (Sizgktand Magnitude task) with identical
stimuli but different types of response. Previoabhdvioral studies utilizing similar
paradigm in young adults showed that performanceamaaverage reduced in the
Magnitude task compared to the Size task (BesreCattheart, 1979). In addition,
recent fMRI studies demonstrated the greater asasalistributed frontoparietal activity
for the Magnitude task than the Size task, sugggstn increased level of task demand
for the Magnitude task (Huang et al., 2012; Kaufmahal., 2005; Liu et al., 2006; Tang
et al., 2006).

The data in the current experiment was initiallglsped in a prior study (Huang et
al., 2012). Huang et al., (2012) investigated threctional significance of posterior
parietal cortex when young and older performedptingsical-numerical interference
paradigm in MRI scanner. We found that, in the hgroent vs. Congruent conditions
contrast, young adults engaged more right paroetdéx for the Magnitude task and
activated more left parietal cortex for the Sizektavhereas older adults showed bilateral
parietal activation for both Size and Magnitudé&s$ad hese findings suggested a
task-specific age-related neural recruitment ingbak cortex, as the hemisphere that was
engaged depended on the judgment required. Moreeeaiiemonstrated the age-related
additional parietal activity (i.e., right pariefak the Size and left parietal for the
Magnitude task in older adults) was associated lgtiter performance. Finally, as in
many previous studies, we showed that older adigtsrecruited left prefrontal cortex
during both tasks and this common activation was aksociated with their better
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performance. These results provide evidence fargpecific compensatory recruitment
in parietal cortex as well as task-independent camatory recruitment in left prefrontal
cortex during cognitive control in normal aging.

In addition, we re-analyzed the behavioral dattnis prior work and found that
behavioral results in reaction times suggest aessfal manipulation of different levels
of task demand in the physical-numerical interfeeeparadigm. Specifically, behavioral
results from a repeated measure ANOVA for readiimes data yielded a significant
effect of age, of task, and of congruity: older leglwere slower than young adults,
responses on the Magnitude task were slower thea8itte task, and the incongruent
trials were slower than congruent trials. Moreoteere was also a reliable task x
congruity interaction, with a larger congruity efféincongruent vs. congruent trials) in
the Magnitude task than in the Size task. The wiffelevels of task demands across the
Magnitude and the Size task thus provide a windoimtestigate age-related differences
of neural activity in response to changing task aeenduring cognitive control.
Therefore, the current experiment used this evidémbehavioral performance to guide
the following fMRI analyses.

According to CRUNCH, processing inefficiencies atlse aging brain to recruit
more neural resources to achieve computationaubefjuivalent to that of the young
brain, we thus predicted that (1) older adults wwahow reduced performance on
average and greater neural activation across levéésk demand compared to young
adults, (2) older adults would elicit greater frgqpéirietal activity in both low-conflict (i.e.,
congruent condition, larger in physical size iod&ger in numerical magnitude) and
high-conflict (i.e., incongruent condition, smallarphysical size is larger in numerical
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magnitude) conditions for the Size task, (3) oladults would show equivalent or
reduced frontoparietal activity in high-conflictratitions for the Magnitude task due to
the higher level of task demand, and (4) youngtadubuld show more bilateral pattern
of neural activation as level of task demand bechigkeer because young individuals
would also need to engage additional neural ressurcachieve the task goal. These
findings would suggest a reduced capacity for ostkilts to modulate neural resources

in response to increasing task demand.

Methods

Participants

A total of 15 young adults (mean age = 25.5 yemges 21-32 years; 9 females) and
18 healthy community-dwelling older adults (meap ag6.1 years, ages 61-73 years; 9
females) participated in the study. The study was@ved by the University of lllinois at
Urbana-Champaign institutional review board angalticipants gave informed consent
prior to their participation. We discarded the daten 3 older participants because of
excess motion (two participants) and image disiartiue to improper headcoil
placement (one participant).

All participants were right-handed native Engligpieakers with normal or
corrected-to-normal vision and had no prior histoirpsychiatric or neurological
disorders. Young and older participants had a minmnscore of 26 on the Mini-Mental
State Examination (MMSE; Folstein, Folstein, & Maith) 1975), with mean scores of

29.2 for young and 28.6 for old. Young and oldatipgants had equivalent levels of
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education and verbal ability as measured on thpl&hVocabulary task (Shipley, 1986).
In addition, older adults exhibited lower scorestom WAIS-R Digit-Symbol coding
(Wechsler, 1997a), Pattern Matching and Dot Matghivhich measured speed of
processing, as well as Letter-Number SequencirdyFanward and Backward Spatial
Span (Wechsler Memory Scale- Ill, Wechsler, 199Wich measured working memory.
This pattern of stable crystallized ability (Ship¥ocabulary) with age and lower fluid
abilities (speed and working memory) is typicahwdst cognitive aging samples in the
literatures that focus on normal aging (Park ¢t2€102). Group characteristics and results

are reported in Table 1.

Experimental Materials and Design

Prior to entering the scanner, all participantsament a short training session and
practiced modified versions of the physical-numarinterference paradigm used by
Besner and Coltheart (1979). Two types of judgni@sks were used in this modified
paradigm to manipulate the levels of task demamelSize task and the Magnitude task.
In the Size task, participants were presented avpphir of digits and were asked to judge
which digit was physically larger while ignoringetimumerical magnitude of the digits. In
the Magnitude task, participants were also preslentth a pair of digits and were
instructed to indicate which digit was numericd#lyger while ignoring their physical
size. In both Size and Magnitude tasks, individiigits between 1 and 9, excluding 5
(Tzelgov, Meyer, & Henik, 1992), were used to ceethie digit pairs, and digit pairs were
presented in Arial font with two different font s& (55 and 73) to manipulate the

physical size of the items.
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For each task, two levels of conflict (i.e., lowndlact and high-conflict) were
created by manipulating two types of conflicts, enphysical size and numerical
magnitude conflict. In low-conflict condition (i,econgruent trial), the digit that was
larger in numerical magnitude was also larger ipsptal size, resulting in the reduced
level of conflict between two types of conflicta. high-conflict condition (i.e.,
incongruent trials), the digit that was larger iagnitude was smaller in physical size,
resulting in the increased level of conflict betweéwo types of conflicts. Neutral trials

with regard to the task-relevant stimulus propergye used as baseline conditions: for

the Size task, neutral pairs involved the same nicalevalue (e.g., ®); for the

Magnitude task, neutral pairs had the same physizal(e.g., 2 6). Neutral trials
containing the property of task in both the Sizd e Magnitude tasks were not used
because there was no manipulation of conflict. Gamb the low-conflict and
high-conflict conditions with the Size and the Magde tasks resulted in four levels of
task demand: low-conflict Size, low-conflict Magmite, high-conflict Size, and
high-conflict Magnitude.

The functional MRI session was divided into foungwvith two runs for each task.
The order of the four runs was counter-balancedsagoarticipants, and stimuli within
each run were presented randomly to control foeloamd fatigue effects. Each run
consisted of 48 experimental trials, yielding 182l$ in total. The 48 trials within each
run consisted of 16 low-conflict, 16 high-conflantd 16 neutral trials, with each trial
consisting of a 500 ms fixation-cross and 500 naslkkcreen followed by a 1000 ms
presentation of the stimulus (Fig. 1). Trials wgttered and separated by inter-trial

intervals (ITI) of 2, 4 or 6 s with a mean sepamatof 4 s (Dale, 1999). A resting period
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of 21 s with a fixation-cross was presented atignning and end of each run, yielding
a run lasting 330 s in total.

Stimuli were presented via E-prime (Psychology Bafe Tools, Pittsburgh, PA,
USA) with a back-projection system. Participanesmed the stimuli using a mirror
mounted on the headcoil and indicated their resggnsth a button press using the index
and middle fingers of their right hand (Lumina resge pad; Cedrus, San Pedro, CA,
USA). Before each run, participants were orally sisthally instructed to identify which
digit in each pair was numerically (in the Magnieudsk) or physically (in the Size task)

larger, and to respond as quickly and accuratepoasible.

Imaging Acquisition and Preprocessing

All fMRI sessions were conducted on a 3T MRI scar{Adlegra, Siemens,
Germany) at the University of lllinois at Urbanaddpaign. For the experimental task,
165 functional scans were acquired in each rungusisingle-shot T2*-weighted
gradient-echo Echo-Planar Image (EPI) sequence MR E/FA= 2000 ms/60 ms/90°.
Thirty-six contiguous axial slices were acquiredhaa slice thickness of 3 mm, 64 x 64
acquisition matrix, and 3.3 mm x 3.3 mm in-plansotation. Co-planar structural T2
images were acquired to co-register the functionages to 3D-MPRAGE T1 structural
image also acquired for each participant.

All preprocessing and General Linear Model (GLMjraation was carried out
using SPM2 software (Wellcome Department of Cogeitleurology, Institute of
Neurology, London, UK) implemented in MATLAB versi@.0 (The MathWorks, Natick,

MA, USA). After discarding the first five volumeg each run, the functional images
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were corrected for slice acquisition time and fartigipant motion, spatially normalized
to the Montreal Neurological Institute (MNI) temf#aand then spatially smoothed using
an 8-mm full-width-at-half-maximum (FWHM) Gaussikernel. Low frequency noise

was also removed with a high-pass filter.

DataAnalyses
Behavior

The accuracy and reaction times (RT) were analyadd2 x 2 x 2 mixed-design
analysis of variances (ANOVAs) with age (Young asluDlder adults) as a
between-subject factor and task (Size task, Madaitask) and level of conflict

(low-conflict, high-conflict) as within-subject faars.

fMRI: Whole Brain Analyses

The Size task and Magnitude task were modeled aeghar\Within each task,
event-related BOLD responses for the low-confhegh-conflict, and neutral conditions
were modeled for each participant by convolvingeeter of the onset times of the stimuli
with the canonical hemodynamic response functidREHwithin the context of the GLM
implemented in SPM2. Only correct trials were imgd in the models. For both the Size
and Magnitude tasks, the resulting statistical pe&taic maps pertaining to each variable
and effects of interest were calculated for eachiggant and then forwarded into a
second-level analysis where each group servedasdam-effects model. Significant
regions of activation were identified using an umnected threshold of p<.001 and a

minimum cluster size of 10 contiguous voxels.
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fMRI: Regions-of-Interest Analyses

Sgnal change of functional activation. A region-of-interests (ROIs) approach was
utilized to examine the effects of age and taskatedrfor the strength of functional
activation.

Two groups of ROIs were used in this fMRI analy3ise first group of ROIs was
selected from the meta-analysis result in priodistsi (Nee et al., 2007; Roberts & Hall,
2008), including left inferior frontal gyrus, rightferior frontal gyrus, left dorsolateral
prefrontal cortex, right dorsolateral prefrontattea, anterior cingulate cortex, left
posterior parietal cortex, and right posterior gl cortex. These brain regions have
been proposed to be typically involved in the pssaogg of cognitive control, namely
“cognitive-control network”. In addition, some resehers using Stroop-like paradigm to
identify the neural correlates of cognitive contnave suggested that these regions are
sensitive to different levels of conflict and talkmands (Mathis et al., 2009;
Langenecker et al., 2004; Prakash, et al., 2008y lgcet al., 2009; Zysset et al., 2007,
Wood et al., 2009).

The second group of ROIs was selected from thédtsasua prior study (Huang et
al., 2012). The brain regions that showed signific@ngruity effect (incongruent >
congruent trials) for each task in the whole-bamalysis were used (see Table 3 in
Huang et al., 2012). These regions include bilatefarior frontal gyri, bilateral
dorsolateral prefrontal cortex (including middledasuperior frontal gyrus), anterior
cingulate cortex, bilateral inferior parietal lobs) right supramarginal region, right
superior parietal lobule, thalamus, and bilateeaébellum (see Table 3 in Huang et al.,
2012 for MNI coordinate of peaks).
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To calculate averaged percent blood oxygenatiogldéependent (BOLD) signal
change, the voxel showing the largest t-value, (oeal maxima) within our primary
ROIls was then selected for each participant anddoh level of task demand (i.e.,
low-conflict Size, low-conflict Magnitude, high-cict Size, and high-conflict
Magnitude). A spherical ROl with a 3-mm radius ezad at local maxima of activated
voxels was placed and an average percent BOLD Isthaage was calculated for this
volume using Marsbar software (Brett et al. 2002).

Spatial extent of functional activation. Another ROIs analysis was designed to
further investigate the difference in the spatideat or spread of functional activations
in the two groups.

To determine the spatial extent of functional attiwithin specific brain regions,
two groups of ROIs used to measure the BOLD sighahge of functional activation
described above were selected: the first group@isHi.e., cognitive-control network),
includes left inferior frontal gyrus, right inferiérontal gyrus, left dorsolateral prefrontal
cortex, right dorsolateral prefrontal cortex, aittecingulate cortex, left posterior parietal
cortex, and right posterior parietal cortex. Theosel group of ROIs (reported in Huang
et al., 2012) includes bilateral inferior frontairgs, bilateral dorsolateral prefrontal
cortex (including middle and superior frontal gyyuenterior cingulate cortex, bilateral
inferior parietal lobules, right supramarginal @giright superior parietal lobule,
thalamus, and bilateral cerebellum (see TableRuang et al., 2012 for MNI coordinate
of peaks).

These ROIs were first identified in automated amatal labeling (AAL,
Tzourio-Mazoyer, et al., 2002) provided with SPMtware to yield
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anatomically-defined masks that used in the amalyi$iese masks of ROIs were then
created and, following that, systematic assessnuéitkee numbers of activated voxels
were performed over these anatomically-defined saskthe statistical parametric maps
pertaining to each variable and effects of intetiest were calculated using an

uncorrected threshold of p<.001 for each partidiend for each level of task demand.

fMRI: Laterality Analyses

We next looked for evidence of age-related latgralifferences in frontal, parietal,
temporal and occipital cortices. The laterality ywasformed to systematically assess the
laterality of activation over the brain regionsttehowed significant task-positive effects
(i.e. low-conflict Size > Neutral condition, low-efiict Magnitude > Neutral condition,
high-conflict Size > Neutral condition, and highatlact Magnitude > Neutral condition)
in the whole-brain analysis.

Laterality indices were based on the standard ftar(iEverts et al., 2009):

Laterality = [Evoxel left =voxel right)/€voxel left +voxel right)]

This formula results in positive values for predoanitly left-lateralized activity
(laterality > 0.1), negative values for predomimanight-lateralized activity (laterality <
-0.1), and values between 0.1 and -0.1 for bilatestvity (Everts et al., 2009; Powell et
al., 2012).

To ensure the findings of age-related lateraliffedences in these regions were not
due to the significance threshold selected foryaad) fMRI data (Cabeza, 2002), we
computed laterality indices based on a varietyifdéicnt activation thresholds and then

computed a weighted average of the laterality esligiving more weight to indices that
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were computed using higher thresholds (Wilke & Sithanst, 2006). This reliable
approach has been utilized in several functiomeeuroimging studies to assess the
hemispheric asymmetry of verbal and visuospatiedsgcthe lifespan (Everts et al., 2009;

Powell et al., 2012).

Results
Behavioral Results

The mean RT and accuracy data are presented ia Zabl

Accuracy

Results from a repeated measure ANOVA for accuraegaled a main effect of task
[F(1,28) = 6.28, p < 0.05], with lower accuracy tbe Magnitude task compared to the
Size task, and level of conflict [F(1,28) = 41.p0s 0.001], with lower accuracy for the
high-conflict condition compared to the low-confleondition. The interaction between
task and level of conflict was also significant]F28) = 6.67, p< 0.005] with a greater
conflict effect (high vs. low) for the Magnitudestathan the Size task. There was no
significant effect of age on accuracy [F(1,28) 2%.p = 0.15], and age did not interact
with task [F(1,28) = 0.04, p = 0.84] or level oindlict [F(1, 28) = 0.64, p = 0.43].

We were aware that both young and older adultsappdeo show a ceiling effect of
their performance in accuracy. The percent coseates for the Size and the Magnitude
tasks were then transformed into z scores baselisbibutions of groups (Reuter-Lorenz
et al., 2000). Similar results from a repeated mes8NOVA for standardized accuracy

were revealed: a main effect of task [F(1,28) 86@2< 0.05], with lower accuracy for
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the Magnitude task compared to the Size task, eval bf conflict [F(1,28) = 41.10, p <
0.01], with lower accuracy for the high-conflictrmbition compared to the low-conflict
condition. The interaction between task and leveonflict was also significant [F(1, 28)
= 6.67, p< 0.05] with a greater conflict effectghivs. low) for the Magnitude task than
the Size task. There was no significant effectgef an standardized accuracy [F(1,28) =
2.08, p = 0.16], and age did not interact with t&<ik,28) = 0.57, p = 0.46] or level of

conflict [F(1, 28) = 0.64, p = 0.43].

Reaction Times

Error trials were removed from all subsequent ased\of reaction time. The same
age x task x level of conflict ANOVA on the RT daftelded a significant effect of age
[F(1, 28) = 40.26, p< 0.01], of task [F(1, 28) =32, p < 0.01] and of level of conflict
[F(1, 28) = 169.69, p < 0.01]: older adults wemengdr, responses on the Magnitude task
were slower, and the high-conflict condition wasngdr. There was also a reliable task x
level of conflict interaction [F(1, 28) = 23.39<00.01], with a larger conflict effect (high
vs. low) in the Magnitude task than in the Sizét&nce again, age did not significantly
interact with task [F(1, 28) = 0.58, p = 0.45]. Hower, age x level of conflict interaction

was marginal [F(1, 28) = 3.35, p = 0.078].

Summary

As predicted, older adults generally responded stdhan young adults but with
comparable accuracy. Both accuracy and RTs wersenmr high-conflict condition
compared with low-conflict condition and on the Mégde task compared with the Size

task. These behavioral results in RTs suggest@essful manipulation of different levels
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of task demand and then we use this evidence tteguir following fMRI analyses.

fMRI Results: Whole Brain Analyses

To examine the age-related differences in modulatfneural activity in response
to changing task demands, four levels of task delmaere first analyzed separately for
each age group. Fig. 2 shows the resalt® (contiguous voxels with p < 0.001,
uncorrected). The results showed different pattefmeural recruitment in response to
changing task demand between two age groups. Yadulgs were likely to show
pronounced increases in frontoparietal network witneasing task demands. In contrast,
older adults appeared to show greater increagbe &wer level of task demand (i.e.,
low-conflict Size condition and low-conflict Magaode condition) but no further
significant increases at the high level of task dedh(i.e., high-conflict Size condition
and high-conflict Magnitude condition).

A direct comparison between the two age groupsotestrates the age-related
differences in modulation of neural activity in pesise to changing task demands (Fig. 2).
Older adults showed greater and more distributactdparietal network in first three
levels of task demands (i.e., low-conflict Size d@ition, low-conflict Magnitude
condition, and high-conflict Size condition) comgarto young adults (uncorrected
threshold of p<.001). At the highest level of tasknand (i.e., high-conflict Magnitude),
however, older adults showed equivalent frontopalrctivity compared to young adults.
In addition, we did not find any brain regions teahibited greater activity in young

adults compared to older adults in any level ok demand.

33



fMRI Results: ROl Analyses
Sgnal Changes of Functional Activation

To examine the strength of functional activatiomégsponse to changing task
demand for young and older adults, activationgecgic ROIs were measured as the
average percent BOLD signal change (3-mm spherewsuting the peak voxel) for four
levels of task demand and for each participant.

The results from the first group of ROIs (i.e., oiye-control network) showed
that, despite the trend of increases in BOLD sighahge as a functional of task demand
were observed across the ROls, two age groups agupeaelicit different patterns of
neural recruitment (Fig. 3). Specifically, wheréas young adults showed reliably
increased activity with increasing task demands alder adults showed a pattern with a
sharp increase at the lower level of conflict {ilew-conflict Size and low-conflict
Magnitude) but a flattening at higher level of dantf(i.e., high-conflict Size and
high-conflict Magnitude). In addition, such ageateld patterns of neural recruitment in
response to load effects appear to be more proedunaight hemisphere compared to
left hemisphere.

The t-tests between two age groups for each RQldareach level of task demand
yielded several significant effects of age (Tablelt3 low-conflict Size condition, older
adults showed greater BOLD signal changes in tefttbparietal network; In
low-conflict Magnitude and high-conflict Size cohdns, older adults showed greater
BOLD signal changes in bilateral frotoparietal nettkv(but showed reversed and no
effect in left posterior parietal cortex). In higbhnflict Magnitude condition, however,
older adults showed no significantly greater BOlifhal changes in frontoparietal
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network and showed even reduced signal changéghininferior frontal gyrus.

The results from the second group of ROIs (i.e.]JR@ported in Huang et al. 2012)
showed a similar pattern with the results of th&t fyroup ROIs (Fig. 4). Whereas the
young adults showed reliably increased activitframt-parietal regions with increasing
task demands, the older adults showed a pattemangharp increase at the lower level of
conflict (i.e., low-conflict Size and low-conflidlagnitude) but a flattening at higher
level of conflict (i.e., high-conflict Size and higconflict Magnitude), particularly in
bilateral inferior frontal gyri, bilateral dorsoétl prefrontal cortices, and anterior
cingulate cortex.

The t-tests between two age groups for each RQldareach level of task demand
yielded several significant effects of age (TabhleGlder adults showed significantly
greater BOLD signal changes in most of prefrontal parietal regions, thalamus, and
cerebellum in lower levels of task demand (low-tiohBize, low-conflict Magnitude,
and high-conflict Size conditions) but showed rgngicant increase in highest level of
task demand (i.e., high-conflict Magnitude) exaegitt superior parietal lobule and left
cerebellum. These findings are consistent withréisellts using the cognitive-control

network ROIs described above.

Spatial Extent of Functional Activation

To examine the spread of functional activationeisponse to changing task
demand for young and older adults, activationgecgic ROIs were measured as the
spatial extent over the masks on each individs#itistical parametric maps

(uncorrected threshold of p<.001) for each paréintpand each level of task demand. The
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results are similar to the findings of signal-chamgproach presented above. The results
from the first group of ROIs (i.e., cognitive-conitnetwork) showed that, although the
trend of increases in spatial extent as a functiohtask demand were observed across
the ROIs, two age groups appear to show differatiems of neural recruitment (Fig. 5).
Young adults showed reliably increased spatialrextgth increasing task demands,
whereas older adults showed a pattern with a sharpase at the lower level of conflict
but and a flattening at higher level of conflict.dddition, such age-related differences of
neural recruitment in response to changing taskatel® appear to be pronounced in right
hemisphere compared to left hemisphere.

The t-tests between two age groups for each ROf@rehch level of task demand
yielded several significant effects of age (Tablel® low-conflict Size condition, older
adults showed no greater spatial extent across;RO®N-conflict Magnitude condition,
older adults showed greater spatial extent indxiddtinferior frontal gyri, right
dorsolateral prefrontal cortex, and right posteparietal cortex. Moreover, in
high-conflict Size condition, older adults showedajer spatial extent in left inferior
frontal gyrus and anterior cingulate cortex. Infagpnflict Magnitude condition,
however, older adults showed reduced spatial estentight dorsolateral prefrontal
cortex and left posterior parietal cortex.

Similarly, the results from the second group of RQle., ROIs reported in Huang et
al. 2012) showed that two age groups appear to slhitavent patterns of neural
recruitment in spatial extent (Fig. 6). Specifigalh frontoparietal regions young adults
showed the trend of increases in spatial extert iwtreasing task demands, whereas
older adults showed a pattern with a sharp incraatee lower level of conflict but and a
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flattening or a reduction at higher level of coctfliSimilar age-related differences in
spatial extents of functional activation were abserved in thalamus and bilateral
cerebellar regions.

The t-tests between two age groups for each ROf@rehch level of task demand
yielded several significant effects of age (Tableli® low-conflict Magnitude condition,
older adults showed greater spatial extent indiddtinferior frontal gyri, right
dorsolateral prefrontal cortex, right inferior pal lobule, and bilateral cerebellum.
Moreover, in high-conflict Size condition, olderdi$ showed greater spatial extent in
left inferior frontal gyrus, anterior cingulate tex, thalamus, and bilateral cerebellum. In
high-conflict Magnitude condition, however, oldeluits showed no greater but reduced
spatial extents of functional activation in riglurgolateral prefrontal cortex, left inferior
parietal lobule, right superior parietal lobuledarght supramarginal region. These
findings indicate that older adults have a reduzagehcity to modulate neural resources in

response to increasing task demands.

fMRI Results: Laterality Analyses

We next looked for evidence of the effect of taskndnd on laterality difference in
young and older adults. According to CRUNCH, yoanglts would show greater
bilateral pattern of neural activation with incriegstask demands because young
individuals would also need to recruit additionaliral resources to achieve the
computational output. The laterality index of aatien over the brain regions that
showed significant task-positive effects in indivadls whole brain analysis was

systematically assessed using boostraping app(w¥dithe & Schmithorst, 2006). Figure
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7 shows the results of laterality of frontal, ptaietemporal, and occipital regions for
each group and each level of task demand.

The results demonstrated that in frontal cortédeoadults showed bilateral patterns
of neural activation, whereas young adults reveaieck right-lateralized activity across
four levels of task demands. However, the two ages showed different patterns of
bilaterality with increasing task demand, with astently bilateral activity for older
adults but reduced right-laterality activity (i.greater bilateral activity) for young adults
when task demands became higher. In addition, dedali find any age-related

differences in laterality of neural activity forneetal, temporal, and occipital cortices.

Discussion

Our results provide evidence that while youngedtadiemonstrated an increase in
the activation of cortical regions responsibledognitive control when task demands
become higher, older adults failed to modulate B@hBasured activity within cognitive
control network in response to higher levels oktdsmand. Such age-related differences
in modulation of neural resources were identifiethoth the strength and the spread of
functional activation. These findings suggest tilder adults have reduced or limited
capacities of recruiting more neural resourceggponse to increasing task demands. In
addition, our findings are consistent with othes\pous works in working memory
domain (Cappell et al., 2010; Holtzer et al., 20@attay et al., 2006; Nagel et al., 2009,
Schneider-Garces et al., 2009) and further comstgtrong support for CRUNCH
(Reuter-Lorenz & Cappell, 2008) in the context ofjaitive control.

As described in Introduction section earlier, CRUHN@ostulates that an additional
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and/or bilateral recruitment of brain regions refileg a compensatory activity would be
progressively engaged with increasing task demafdfound that such pattern can also
be observed in the form of bilateral recruitmenbas different levels of task demand
even in young adults. Whereas older adults ovehalived bilateral patterns of neural
activation across task demands in frontal cortexng adults revealed predominantly
right-lateralized activation at the lower levelstask demand but showed increasing
pattern of bilateral activation with increasingk@emands (see Fig. 7). This
phenomenon suggests that young adults may appeartibest a compensatory activity
when the executive processing task is sufficiectigllenging. Along this line,
Schneider-Garces et al. (2009) reported a typiatiem of age-related bilateral activation
in young adults when subjective levels of cogniedert (i.e., differences in working
memory span across individuals) were taken into@atc Moreover, similarly results
were found in young low performing individuals witicreasing task loads when both
performance and age were considered in each gyaumg low performers, young high
performers, old low performers, and old high parfers) during spatial working memory
task (Nagel et al., 2009). These findings suggesindinuum of additional/bilateral
recruitment of neural resources across the lifespath moreover, age-related
over-recruitment may not an emergence of new phenom (Fabiani et al., 2012;
Hedden & Gabrieli, 2004). In other words, additidoiéateral cortical recruitment may
be a process that characterized neural dynamiossathe lifespan, and may reflect the
normal reaction of neural circuits in responsedgnitive challenge.

CRUNCH would predict significant age x task demaiméisraction in performance,
with older adults showing intact performance atdovevel of task demand and young
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adults showing overall intact performance acrosk teemands. Although marginally
significant [F(1, 28) = 3.35, p = 0.078], we ndtattcongruent with the CRUNCH notion,
our behavioral results revealed a trend towardxageel of conflict on reaction times.
Specifically, older adults had disproportionateasto reaction times at higher level of
conflict conditions compared to young adults. Theseilts suggest that increased
activity for young and older adults in a given ciioth may be a marker of compensatory
responses during cognitive control.

Universal age-related changes in behavior have blesracterized by general
slowing in response times (Salthouse, 1996). Rgcextime researchers have argued that,
due to the poor temporal resolution of fMRI teclugggroup differences in functional
brain activity may be confounded with group difieces in their response times (Carp et
al., 2012). Therefore, despite similar hemodynaefiiects for both young and older
adults, the accumulated blood flow over time (bseanf processing slowing) may result
in greater signal intensity for older adults. Tboald yield a potential confound to
interpret the phenomenon of age-related patteoouical recruitment. However, it is
unlikely that our findings of age-related differena functional brain changes can be
attributed to the effect of response time, for t&asons. First, with regard to
within-group condition, older adults’ reaction timmeere negatively correlated with their
signal intensity of activation in frontal as we#l parietal regions (Huang et al., 2012).
Specifically, older adults showing faster reactiomes were coupled with increased
BOLD signal intensity of left inferior frontal gyuecross the Size and the Magnitude
tasks and with increased BOLD signal intensityeiih &nd right posterior parietal cortices
for the Size and the Magnitude task, respectivi&®zond, with regard to between-group

40



condition, slower reaction times did not alwayssmincreased BOLD signal intensity
for young and older adults. In fact, older aduliswging slower response times displayed
decreased BOLD signal intensity in right inferioorital gyrus than their young
counterparts for high-conflict Magnitude conditie@e Table 2, Fig 3 and Fig. 4). In
addition, young adults showing faster reaction srdisplayed equivalent BOLD signal
intensity in right inferior frontal gyrus for loweaflict Size condition (see Table 2 and
Fig. 3). These findings indicate that, although BXoineasured activity may be
accumulated over time, the effect of reaction tappears to be unlikely the major cause
of the age-related difference of functional brastivaty in the present study.

Interestingly, we found that the increase of BOLPasured activation showed a
sigmoid rather than linear curve with increasingktdemands, similar with the findings
in previous study in working memory domain (ScheeiGarces et al., 2009). Such
sigmoid pattern of BOLD-measured activation exleiboth a floor (left asymptote)
effect and a ceiling (right asymptote) effect. Speally, at very low level of task
demand, the curve was flat (a floor). However, wiitreasing task demands, the curve
rose steeply but become slightly flattened oncéeviddal’s neural resources ceiling
appeared to be reached (a ceiling). A critical aess what are the meanings of the
presences of a floor and a ceiling for sigmoidgratbf BOLD-measured activation?
Although it is difficult to make detailed infererecabout physiological, psychological
and/or neuronal contributions for the two effeets, offer a few speculations on this
guestion.

Such sigmoid pattern of BOLD-measured activatioml@de possible due to
age-related reduced capacity in neurovascularmydDéEsposito et al. 2003;
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Kannurpatti et al. 2010). The reduced capacityanfravascular system in older adults
has been suggested to influence the BOLD signfBfl data. Such reduction in
neurovascular capacity may result in the limitawdmecruiting additional oxygenated
blood of the aging brain, and further flushed cexiyhemoglobin leading to the BOLD
signal. Thus, older adults may reach their neuravas ceiling at intermediate level of
task demands. This would explain the results thaaalier asymptote occurs in the older
(occurring about at high-conflict Size conditiohfh in the young adults (occurring
beyond high-conflict Magnitude condition) in our Rfidata. Althought we cannot
completely rule out the effect of age-related clesnig neurovascular system on
functional brain activation, we do note that oundaoral data clearly showed that the
older adults’ response times became much slonavait high-conflict Size condition,
consistent with the observation in fMRI data, whiahy represent a real limit in
processing capacity.

The ceiling effect could be associated with theaspevel of limitation of
individual’'s neural activity and cognitive abilityith regard to neuronal ceiling, the
brain is not capable of providing further neuroactivity in a local circuitry at
demanding task conditions. That is, no more naasaurces are available. With regard
to cognitive ceiling, it could be associated witle upper limit of individual’s subjective
capacity of cognitive load such as the inhibitooprol ability to filter out distracting
task-irrelevant information (deletion), to prevéimings from moving further into
cognition (restraint), and access to working menfacgess) (Hasher et al., 2008; Hasher
& Zacks, 1988). Moreover, it would be possible thatmore additional cognitive effort
could be provided beyond this upper limit of indiwal’s subjective capacity. By this
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view, it is possible that the neural resources el &g cognitive ability could be increased
when applying training, exercise, and other intatins (Park & Bischof, 2011).
Conversely, sleep deprivation, neurological damagmes stress may reduce the capacity
of neuronal and cognitive resources and lower ¢seurce ceiling somehow (Chee et al.,
2008; Reuter-Lorenz & Cappell, 2008).

In contrast, the floor effect could be just a nealmoise or a threshold used for
statistical analyses. It has been suggested tih@braeffect of brain imaging data may
reflect an artifact due to the insensitivity of temodynamic measures in fMRI for
lower levels of neural activation (Fabiani, 2012hBeider-Garces et al., 2009). Moreover,
the existence of floor effect in the present stoaoyld be the reliable BOLD-measured
activity that required minimum resources in ordentaintain multiple representations of
task-relevant information such as number and siteowt any conflict between these
two representations. The relevant continuous gtiesdf numerical magnitude and
physical size have been suggested to share thapparg representation at semantic and
perceptual levels in human (Besner & Coltheart 91 $¥enik & Tzelgov, 1982). At
neural level, fMRI studies also reported that nuocamagnitude and physical size
appeared to be represented in distributed andapfarig neural resources, with number
and size engaging a common parietal spatial codesiae engaging more
occipito-temporal perceptual representation (Peteall., 2004; Walsh 2003). Thus, given
the property of paradigm in both the Size and tlagMtude tasks in the present study,
the floor effect of brain activity exists may reftehe processing resources to preserve
distinct representations between number and s@iwing that, with increasing task
demands (i.e., the manipulation of conflict) thaibractivity indexed by the growing
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portion of the nonlinear sigmoid curve is thus féection of the mutual
interference/conflict between two representatiemsaddition, variations with changing
task demands required to go beyond the floor legeld reflect individual differences in
processing capacity to keep distinct representaéind further, filter out the
task-irrelevant information. With regard to theeeff of age, such processing capacity
could be reduced due to their less distinctiveespntations (Goh et al., 2010; Park et al.,
2004) as well as inefficient inhibitory processes(, Gazzaley et al., 2005, 2008).

An interesting observation from this experiment Wwes the reduced capacity of
recruiting neural resources in response to incngatsisk demands in the aging brain
appears to be greater for right hemisphere thatefohemisphere at demanding
conditions, suggesting a hemispheric differencéeflimitation in processing capacity
with aging. This result raises the possibility tage-related reduction in integrity of
callosal fibers may mediate the inter-hemispheoitical recruitment in response to
changing task demands (Gratton et al., 2009). Tdnugnportant subsequent question is
whether age-related changes in cortical recruitmeunld be due in part to reduced

integrity of the white matter structural connedtnin the brains of older adults.
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Tables

Table 1. Participant characteristics, demographics, and neuropsychological

assessment (Means and standard deviations).

Young Older

Mean SD Mean SD P value
Age 2553 348 66.07 4.15 .00**
Year of education 16.67 199 16.47 2.03 .79
Mini-Mental State Exam 29.20 1.42 28.60 0.99 19
Shipley Vocabulary Task 34.87 3.11 36.36 2.27 .16
Pattern Matching 43.13 5.63 30.20 7.85 .00**
Dot Matching 17.00 293 10.27 281 .00**
Letter-Number Sequencing 15.27 1.94 1147 3.62 .00**
WAIS-R Digit-Symbol 79.47 8.76 5853 9.43 .00**
WAIS-R Information 24.20 2.62 2440 3.44 .86
WMS-III Forward Spatial Span 10.20 1.61 7.47 1.51 .00**
WMS-IIl Backward Spatial Span 9.53 1.60 8.27 1.44 .03*

* denotes p<.05, ** denotes p<.01
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Table 2. Response times (ms), mean accuracy and standard deviations for young

and older adults in the Size task and the Magnitude task with the level of conflict.

Young Older
RTs (ms) Accuracy RTs (ms) Accuracy
Size Task
Low-conflict ~ 449.6 (43.0)  0.99 (0.0) 550.5 (75.8) 0.99 (0.0)
High-conflict  506.7 (59.5)  0.95 (0.1) 642.1 (101.3)  0.97 (0.0)
Magnitude Task
Low-conflict ~ 503.4 (54.6) 0.98 (0.0) 636.4 (84.2) 0.99 (0.0)
High-conflict  608.4 (76.5) 0.93 (0.1) 759.8 (83.7) 0.94 (0.1)

Note: Numbers in parentheses denote standard deviations.
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Table 3. Group differences in BOLD signal changes of functional activation for
each level of task demand and each ROI (ROls from cognitive control network).

Low-conflict High-conflict

Size Magnitude Size Magnitude
Left IFG 2.09** 2.78%** 3.31x** -0.30
Right IFG -0.21 1.40* 1.50* -2.52%**
Left DLPFC 141~ 2.58*** 3.87*** 0.04
Right DLPFC 0.77 3.10*** 3.16*** -0.73
ACC 0.40 1.37* 2.74%x* 0.06
Left PPC 2.94xxx -2.36** 1.31 0.61
Right PPC 0.70 3.15%** 2.40** 0.77

IFG, Inferior frontal gyrus; DLPFC, dorsolateral prefrontal cortex; ACC, Anterior

Cingulate Cortex; PPC, posterior parietal cortex. *p < .1; **p < .05; **p < .01.
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Table 4. Group differences in BOLD signal changes of functional activation for
each level of task demand and each ROI (ROls from a prior study).

Low-conflict High-conflict
Size Magnitude Size Magnitude
Left IFG 0.59 2.46** 5.36%** 1.21
Right IFG 2.04** 2.53%** 2.94xxx -1.24
Left DLPFC 1.97* 4.69*** 3.55%** 1.29
Right DLPFC 2.83*** 3177 4,10*** 0.66
ACC 2.77*** 1.29 1.62* -0.81
Left IPL 2.94xxx -0.13 1.31 1.02
Right IPL 2.70*** 3.93*** 1.83* 0.77
Right SPL 2.29** 3.13%** 5.21%** 1.70*
Right SPG 0.82 1.65* 3.53*** -0.49
Thalamus 2.57%** -0.41 2.99%** -0.33
Left Cerebellum 5.3 %+ 2.58%** 0.13 2.00**
Right Cerebellum 0.09 1.28 0.98 -0.16

IFG, Inferior frontal gyrus; DLPFC, dorsolateral prefrontal cortex; ACC, Anterior
Cingulate Cortex; IPL: inferior parietal lobule; SPL: superior parietal lobule; SPG:

supramarginal region. *p < .1; **p < .05; ***p < .01.
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Table 5. Group differences in spatial extent of functional activation for each level

of task demand and each ROI (ROIs from cognitive control network).

Low-conflict High-conflict
Size Magnitude Size Magnitude

Left IFG -0.20 1.98** 2.06** 0.58

Right IFG -0.97 1.36* 1.11 -0.21
Left DLPFC -1.05 0.75 0.04 -1.25
Right DLPFC -0.69 1.35* 1.27 -1.51*
ACC -0.82 0.30 1.40* -1.05
Left PPC -1.14 0.78 1.07 -1.46*
Right PPC -1.13 1.85* 0.29 -0.84

IFG, Inferior frontal gyrus; DLPFC, dorsolateral prefrontal cortex; ACC, Anterior

Cingulate Cortex; PPC, posterior parietal cortex. *p < .1; **p < .05; **p < .01.
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Table 6. Group differences in spatial extent of functional activation for each level

of task demand and each ROI (ROIs from a prior study).

Low-conflict High-conflict
Size Magnitude Size Magnitude

Left IFG -0.20 1.98** 2.06** 0.58
Right IFG -0.97 1.36* 1.11 -0.21
Left DLPFC -1.06 0.75 0.04 -1.25
Right DLPFC -0.69 1.35* 1.27 -1.51*
ACC -0.82 0.30 1.40* -1.05
Left IPL -1.14 0.78 1.07 -1.46*
Right IPL -1.13 1.85** 0.29 -0.84
Right SPL -1.28 0.71 0.37 -2.15**
Right SPG -0.73 0.59 0.46 -1.88**
Thalamus -0.39 0.60 2.20** -0.64
Left Cerebellum -0.36 1.50* 2.65%** -0.30
Right 0.28 1.47* 2.42** 0.23
Cerebellum

IFG, Inferior frontal gyrus; DLPFC, dorsolateral prefrontal cortex; ACC, Anterior

Cingulate Cortex; IPL: inferior parietal lobule; SPL: superior parietal lobule; SPG:

supramarginal region. *p <.1; **p < .05; ***p < .01.
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Figures
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Figure 1. Experimental procedures showing sampteusitfor the low-conflict, neutral,
and high-conflict conditions in both tasks. Eacalttonsisted of a 500 ms fixation-cross
and 500 ms blank screen followed by a 1000 ms ptasen of the stimulus.
Inter-trial-intervals (IT1) varied between 2, 4,086 s. The physical size task and
numerical magnitude task each occurred twice imtatbalanced order across
participants.
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Older > Young
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Low-conflict
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High-conflict
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High-conflict
Magnitude

Figure 2. The statistical brain maps (axial viedgach level of task demand
(low-conflict Size, low-conflict Magnitude, high-ndlict Size, and high-conflict
Magnitude) for young (left), older (middle) adulésyd the effect of age (righty10
contiguous voxels with p < 0.001, uncorrected).
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Figure 3. ROI analyses of the percent BOLD sighainge in cognitive-control network.
The ROls include bilateral inferior frontal gyrd6G), bilateral dorsolateral prefrontal
cortex (DLPFC), and bilateral posterior parietaiter (PPC), and anterior cingulate

cortex (ACC) for older (blue) and young (red) aduRercent signal changes were
calculated for each participant and each leveasik dlemands (against fixation baseline).
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Figure 4. ROI analyses of the percent BOLD sighainge. The ROIs were selected from
a prior study (see Methods). The ROIs include érkdtinferior frontal gyrus (IFG),
bilateral dorsolateral prefrontal cortex (DLPFQ)dailateral inferior parietal lobule
(IPL), right supramarginal region, right superiarietal lobule (SPL), anterior cingulate
cortex (ACC), thalamus, and bilateral cerebellumdider (blue) and young (red) adults.
Percent signal changes were calculated for eadltipant and each level of task
demands (against fixation baseline).
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Figure 5. ROI analysis of the spatial extent inratige control network. The ROIs
include bilateral inferior frontal gyrus (IFG), ateral dorsolateral prefrontal cortex
(DLPFC), bilateral posterior parietal cortex (PP&)d anterior cingulate cortex (ACC)
for older (blue) and young (red) adults. Spatideakwas calculated using an

uncorrected threshold of p<.001 for each partidiend for each level of task demand.
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Figure 6. ROI analysis of the spatial extent ofctional activation. The ROIs were
selected from a prior study (see Methods). The R@lside bilateral inferior frontal
gyrus (IFG), bilateral dorsolateral prefrontal exr{DLPFC), and bilateral inferior
parietal lobule (IPL), right supramarginal regioight superior parietal lobule (SPL),
anterior cingulate cortex (ACC), thalamus, andtbral cerebellum for older (blue) and
young (red) adults. Spatial extent was calculagdguan uncorrected threshold of
p<.001 for each participant and for each levebhsktdemand.
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Figure 7. Laterality analyses of functional activat The threshold-weighted values were
computed over frontal, parietal, temporal, and jpitai regions to indicate laterality of
functional activation for young and older adultesch level of task demand. Laterality
are computed according to:}{/oxeler— X VOXekign)/( X VOXeler+ X VOXelignt)], with
laterality >0.1 for left-lateralized activationtéaality < -0.1 for right-lateralized
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CHAPTER 3
THE EFFECTSOFAGINGWHITE MATTER, COGNITIVE PERFORMANCE,

AND CORTICAL RECRUITMENT

Introduction

Evidence from cross-sectional and longitudinal Esich cognitive neuroscience of
aging have demonstrated that biological agingss@ated with reductions in white
matter fiber integrity (Davis et al., 2009; Gordetral., 2008; Gunning-Dixon & Raz,
2003; Sullivan, & Pfefferbaum, 2006; Sullivan et @010). There is converging evidence
that age-related reductions in white matter intgdrave direct consequences for their
cognitive performance. With regarding to processipged, Madden et al. (2004)
reported that reaction times of visual detectiogespwere associated with regional
anisotropy of white matter integrity. Kennedy & R@909c) recently found that slowed
speed of cognitive processing was related to acestlintegrity in anterior white matter
regions. These findings support the notion thaegarslowing in older adults may stem
from degraded neural transmission along the axidmais of the aging brain. With regard
to memory performance in retrieval, Kennedy & R2200b) reported that reduced
performance on a variety of memory tasks was catedlwith age-related reductions in
white matter microstructure in the internal capsand superior parietal regions,
suggesting that intact white matter across temgaorefal regions may contribute to
memory performance in older adults.

Moreover, with regard to working memory, Charltdrak (2006) first reported a
significant correlation between working memory periance and white matter integrity,
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with Digit-Symbol sequencing performance negativayrelated with the integrity in
anterior, middle, and posterior portions of thengdorain. Zahr et al. (2009) further
reported the linkage between working memory anguscallosum, with poor working
memory in older adults relating to less integrityanterior portion of corpus callosum.
Additionally, Kennedy & Raz, (2009b) found that peroworking memory in older adults
appears to be associated with age-related reductihite matter integrity in
widespread networks of regions ranging from antgpoefrontal, anterior corpus
callosum) to posterior (termporal and occipitabioms of the brain. These DTI findings
suggest that working memory performance appeatspend on white matter integrity in
a widespread network of the aging brain.

Finally, with regard to the relationship betweegmitive control and white matter
integrity, increased task switching costs have bieported to associate with reduced
integrity of frontoparietal white matter (Gold ét,2010), integrity of prefrontal (Gratton
et al., 2009), anterior corpus callosum, superasigpal, and occipital white matter
(Kennedy & Raz, 2009b), as well as the genu ottrpus callosum (Madden et al.,
2009). Also, higher Stroop interference cost werenfl to be associated with reduced
anisotropy of the posterior white matter in olddulés, particular in parietal, splenium,
and occipital regions of the aging brain (KennediR&z, 2009b). Some DTI studies,
however, did not find significant association betwetroop interference cost and
regional corpus callosum fiber (Sullivan & Pfeffatim, 2006). More recently, Davis et
al. (2009) using fiber tracking technique on yoamgl older adults, they reported that
greater white matter integrity in anterior regidmg not posterior regions of the aging
brain was related to better executive functionifigese results suggest that, congruent
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with the findings in working memory domain, perfante of cognitive control in older
adults appears to involve in white matter integimtya widespread network of the aging
brain.

Age-related changes in functional brain activityddeen suggested to reflect
neural scaffolding in response to age-related gisyo in white matter integrity (Park &
Reuter-Lorenz, 2009; Rodrigue & Kennedy, 2011).d9tar, only a few studies
investigated the association between age-relathection in white matter integrity and
age-related changes in functional brain activityah initial work, Persson et al. (2006)
combined DTI and fMRI techniques to index age-eflanemory decline in an incidental
encoding task. They found that poor-performing olt#ults showed reduced white
matter integrity in the anterior region of corpadl@sum, and greater additional
recruitment of right prefrontal cortex in a leftdaalized fMRI task. Another study
combining DTI and fMRI tools, however, reportedapposite pattern. de Chastelaine et
al. (2011) examined neural correlates of successicbding in young and older adults.
They found that age-related additional recruitnedribe right prefrontal cortex in verbal
memory encoding task was correlated positively \aitkerior callosal integrity and
negatively with memory performance. More recerillgyis et al. (2011) investigated the
association among accuracy, structural connectiartgl additional cortical recruitment
using lateralized word matching task in young akligioadults. Older adults showed
positive correlation between white matter integafycorpus callosum and performance,
but no significant correlation between age-relaeéditional cortical recruitment and
white matter integrity of corpus callosum. Theselsts provide preliminary evidence
that declined cognitive performance and differdragatical activation patterns are likely
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due in part to reduced integrity of the white mastieuctural connectivity in the brains of
older adults.

In the previous experiment, we demonstrated thadradults appear to have
reduced capacity of recruiting more neural res@inceesponse to increasing task
demands during cognitive control. Given the impEaihite matter integrity on
cognitive performance and functional brain actmafian intriguing possibility is that an
inability to modulate neural activity in older atkimay stem from age-related changes in
white matter integrity, particular in corpus callos in which mediates the
interhemispheric communication during demandinggdds prevent interference from the
opposite hemisphere (Bonzano et al., 2008; Eliassah, 2000). In the present
experiment, we thus examined the influences ofviddal differences in white matter
integrity, focusing on interhemispheric connectivdn frontoparietal bilateral activation,
and on behavioral performance in both young andradults. The same participants
from the previous experiment underwent another MBlhnique involving the measures
of white matter integrity after the fMRI experimahsession. Fractional anisotropy (FA),
a measure of the orientationally restricted ditfnsof water by fibers, in anterior and
posterior regions of callosal fibers was measuoebsess the white matter integrity of
each participant using Diffusion Tensor Imaging (D€chnique.

Based on previous results in cognitive neuroscieheging studies, we put forward
two major hypotheses. On the one hand, the compendegpothesis posits that
age-related increases in brain activation, as agethe bilateral cortical recruitment,
compensate for behavioral deficits (Cabeza 2002j<Det al. 2011; de Chastelaine et al.
2011) such as inefficient inhibitory processes andémpensate for age-related
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neurodegeneration such as reduced medial tempmetién (Cabeza et al., 2004;
Gutchess et al., 2005; Park et al., 2003) and estluisual processing (Cabeza et al.,
2004; Dauvis et al., 2008; Goh et al., 2010). Althlothe compensation hypothesis does
not clearly specify the effect of white matter ontiéy in corpus callosum on
additional/bilateral cortical recruitment, we splate that, age-related degradation in
integrity of callosal fibers would jeopardize thengpensatory “re-routing” of the
information flow between two hemispheres and |leaa teduced bilateral pattern of
brain activation. By this view, the compensatiopdiyesis would support the possibility
that intact and/or greater integrity of white maftbers along the corpus callosum
predicts greater bilateral activation and improtask performance. Conversely, the
pattern of unilateral activation and poor perforecgam older adults would stem from
age-related disruption in white matter integritycofpus callosum.

On the other hand, the detrimental nonselectivetngsis postulates that
age-related declines in white matter integrity @fpus fibers (particular in anterior
portion of the aging brain) result in impaired nemispheric communication and a
failure to select appropriate cortical processorgtie given task, which in turn leads to
additional/bilateral cortical recruitment (Loganakt 2002; Persson et al., 2006) and
reduced ability to efficiently inhibit task-irrelaat information (e.g., O’Sullivan et al.,
2001), particularly under conditions of demandirgaitive/inhibitory control tasks
(Colcombe et al., 2005; Milham et al., 2002; Nielst al., 2002).

In the present experiment, we expect that, filsigoparticipants would show
reduced white matter integrity (i.e., lower FA)dorpus callosum compared to their
young counterparts, consistent with previous rete¢gBullivan et al., 2006; Madden, et
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al., 2009; Kennedy & Raz 2009b). Second, the gredtect of age would be observed in
the anterior than in the posterior corpus callosmdlicating an anterior-to-posterior axis
of increasing FA with age (Davis et al., 2011; Goreet al., 2008; Gunning-Dixon & Raz,
2003; Sullivan, & Pfefferbaum, 2006; Sullivan et 2010). Finally, with regard to the
effect of white matter integrity on age-relatedtmad recruitment and task performance,
reduced integrity of callosal fibers would resuligreater bilateral cortical recruitment
and couple with declined task performance in o&tkilts, in keeping with the
detrimental nonselective hypothesis. In contr&stuced integrity of callosal fibers

would yield decreased bilateral cortical recruittnemd relate to declined task

performance in older adults, as the compensatipothgsis suggested.

Methods

Participants

These were the same participants as in Experimetdtal of 15 young adults
(mean age = 25.5 years, ages 21-32 years; 9 fenaaldd5 healthy community-dwelling
older adults (mean age = 65.6 years, ages 61-%8;y@fmales) participated in the study.
The study was approved by the University of lllmat Urbana-Champaign institutional
review board and all participants gave informedseon prior to their participation.
Participants were physically and cognitively hegltight-handed individuals with no
counter-indications for MRI scanning, and were raerated for their participation.

The DTI data in two young participants were unusahle to technical reasons.
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Imaging Acquisition

MRI scans were conducted on a 3T Siemens Allegtesywith a single-channel
head coil (Siemens, Erlangen, Germany) at the Wsityeof lllinois at
Urbana-Champaign. Diffusion Tensor Imaging (DTlpiges were acquired for each
participant with a single-shot EPI sequence witlsld&s, voxel size 3.4375 x 3.4375 x
4mm, field of view (FOV) 220 x 220mm, matrix sizé 8 64, TR = 4800ms, b-value =
1000s/mmz2. Diffusion gradients were applied intthdtirections. Four reference images

were acquired and averaged.

Data Analyses
Behavior

To assess individual differences in in-scanner peskormance, a proportional
interference percentage was computed for eachcpmanit according to individual's

reaction times (RT) using the following formula:
Interference (%) = [(Rhigh-conflict - RT low-conflict) / RT low-conflict] *100

This computation has been used in a variety ofgafiMRI studies in order to control for
generally slower reaction time in older adults @@ohbe et al. 2005; Langenecker et al.,
2004). Larger positive interference percentagegatd greater interference and values

around O indicate the absence of interference.

Diffusion Tensor Imaging

Diffusion-weighted data were separately processeédch participant using FSL
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(http://www.fmrib.ox.ac.uk/fsl) processing streaamsl custom MATLAB scripts
(MATLAB, R2008; MathWorks Inc., Natick, MA). Fronhé diffusion tensor, three
eigenvectors that define the direction of the diifun system can be determined by
diagonalizing the tensor for each voxel. The eigdmesil, A2, andA3, which
correspond to the three eigenvectors, represemh#gmitude of diffusivity in the three
directions. Based on these three diffusivities;tfoaal anisotropy (FA), were then
calculated. Each participant’'s average b = O invage coregistered with their
high-resolution image using Statistical Paramettapping software (SPM8; Wellcome
Department of Cognitive Neurology, London, UK), ahd resulting transformation was
applied to the FA image. Voxel-wise FA values rafrgen O to 1 (O, isotropic diffusion; 1,
maximum anisotropy) and FA maps were created. Ttwxehigher FA values can be
interpreted as reflecting higher white matter intggand may be related to myelination
levels along the axonal fibers, resulting in mdfeient conduction of neural signals and
better transmission of information across the b(&iong et al., 2002; for review, see
Sullivan & Pfefferbaum, 2006).

For each participant, regions of interest (ROIs)endrawn directly onto axial slices
of the FA maps to cover the full extent of the aoreand posterior corpus callosum
separately (Hofer & Frahm, 2006). Each particigmRA values were then averaged
across all identified slices in each of the ROIgi&dd single value for the anterior and
posterior regions of the corpus callosum. The \&abfe=A were analyzed with a 2 x 2
ANOVA with age (young adults, older adults) as ansen-subject factor and callosal

region (anterior, posterior) as a within-subjectda
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fMRI: Laterality Analyses

To assess individual differences in bilateral @adtrecruitment, the
threshold-weighted laterality indices indicatintglality of functional activation over
inferior frontal gyrus (IFG) and posterior parietairtex (PPC) for each participant and
each level of task demand were calculated. Theadf@SPPC were identified in
automated anatomical labeling (AAL, Tzourio-Mazqyadral., 2002) provided with SPM
software to yield anatomically-defined masks taibed in laterality analysis.

Laterality indices were based on the standard ftar(iEverts et al., 2009):

Laterality = [Evoxel left =voxel right) / Evoxel left +Xvoxel right)]

This formula results in positive values for predoanitly left-lateralized activity
(laterality > 0.1), negative values for predomimanight-lateralized activity (laterality <
-0.1), and values between 0.1 and -0.1 for bilatestvity (Everts et al., 2009; Powell et
al., 2012). To ensure the findings laterality diéfieces in these regions were not due to
the significance threshold selected for analyzM&f data (Cabeza 2002), we computed

laterality indices using boostraping approach (&ié&k Schmithorst, 2006).

Results

Behavioral Results: I nterference Percentage

Interference percentage was computed for eaclcypamit and each task to assess
individual differences in task performance. In 8iee task, the values of interference
percentage for young and older adults are 11.91&r®] respectively. In the Magnitude

task, the values of interference percentage fongand older adults are 19.5 and 21.1,
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respectively. Although older adults have largeueslof interference percentage, we did
not find significant effect of age in the Size (L40, p =0.15) and the Magnitude tasks (t
=0.72, p = 0.24). The results were consistent wighbehavioral results presented in
Experiment 1 (see Table 2) and indicated that cddefts showed equivalent in-scanner
task performance with young adults despite oldeitadevealed general slowing in

response times.

DTI Results

A 2 x 2 ANOVA with age (young adults, older adulés) a between-subject factor
and callosal region (anterior, posterior) as a mitubject factor on FA values yielded a
significant effect of age [F(1, 56) = 6.77, p< (:GHder adults have significantly lower
integrity of anterior as well as posterior portimiorpus callosum than young adults
(Fig. 8). There was no significant effect of regmmFA values [F(1,56) = 1.43, p = 0.24].

Moreover, age did not significantly interact witdkgron [F(1, 56) = 0.52, p = 0.47].

Associations between White Matter Integrity and Behavioral Performance

To examine the associations between white mattegiity and task performance,
the correlation analyses linking regional microstaual integrity of white matter (i.e., FA
values in anterior and posterior regions of thgoasrcallosum) to individuals’ in-scanner
behavioral performance (interference percentagegdch task were performed. These
correlations were computed for the young and algeup separately and for the two
groups combined (Reuter-Lorenz et al., 2000).

Consistent with previous research (Gratton eR8l09; Kennedy & Raz, 2009b;

Madden et al., 2009; Davis et al., 2009), we foarsignificantly positive correlation
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between performance and FA values of corpus cafiaswlder adults. Specifically,
older adults displayed that greater FA values ter@or corpus callosum were associated
with smaller interference percentage (i.e., bgtegformance) in the Size (r =-0.73, P
<.01) and the Magnitude (r = -0.56, P < .05) tasksl moreover, greater FA values in
posterior corpus callosum were associated with lemiaterference percentage in the
Size task (r =-0.57, P <.05) (and marginally gigant in the Magnitude task, r = -0.49,
P =.06). For young adults, however, we found tjnatiter FA values in anterior but not
in posterior corpus callosum were associated withlker interference percentage (i.e.,
better performance) in the Size and the Magnitadks (Anterior: Size task, r = -0.66, P
<.05; Magnitude task, r =-0.88, P < .01; Postefize task, r = -0.22, P =0.47;
Magnitude task, r = -0.41, P =0.16) (Table 7).

Additionally, the analysis for the two groups comdd showed a significantly
negative correlation between performance and FAegbf corpus callosum, with both
anterior and posterior corpus callosum were asttiaith smaller interference
percentage (i.e. better performance) across tvks {@nterior: Size task, r =-0.71, P
<.01; Magnitude task, r = -0.59, P < .01; Postefsize task, r = -0.45, P < .05;
Magnitude task, r = -0.39, P < .05). These findisgggest that anterior portion of corpus
callosum is critical for both young and older adwtiring demanding cognitive control
task, and more importantly, older adults appeaei@end more on posterior portion of
white matter callosal integrity of the aging bréman their young counterparts, which we

speculate a compensatory process in order to nmaimpémal task performance.
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Associations between White Matter Integrity and Bilateral Cortical Recruitment

To examine the role of white matter integrity ore-aglated cortical recruitment, the
correlation analyses between regional microstratintegrity of white matter (i.e., FA
values in anterior and posterior regions of thguasrcallosum) and individual’s laterality
of functional activation over inferior frontal gygIFG) and posterior parietal cortex
(PPC) for each level of task demand were performétare aware that anterior and
posterior corpus callosums are responsible foyoagwhite matter fibers connecting
cross-hemispheric frontal and parietal corticespeetively; we thus performed
separately correlation analyses linking integrityaoterior corpus callosum to laterality
of IFG activation and linking integrity of postericorpus callosum to laterality of PPC
activation. In addition, such correlations were poted for the young and older group
separately and for the two groups combined.

As summarized by Table 7, we found significantlgaéve correlations between FA
values of anterior corpus callosum and lateralitiuactional activity in IFG for young
adults but not older adults, particular in higherdls of task deman&pecifically,
whereas young adults revealed that greater inyegfrianterior corpus callosum was
associated with more bilateral IFG activation ighear levels of task demand
(high-conflict Size condition: r = -0.61, P < .G8gh-conflict Magnitude condition: r =
-0.53, P =0.06), older adults did not show thiatiehship with increasing task demands
(high-conflict Size condition: r = -0.37, P = 0.-igh-conflict Magnitude condition: r =
-0.05, P =0.87) as illustrated by Fig. 9. Addititpavhen correlation was computed for
the two groups combined, greater FA values of arteorpus collasum were associated
with more bilateral IFG activation in higher leveistask demand (high-conflict Size
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condition: r = -0.46, P <.05; high-conflict Magrle: condition: r = -0.32, P =0.09),
suggesting a critical role of anterior corpus callm for recruiting alternative neural
resources of frontal region in response to demantdisks across the lifespan.

With regard to the association between FA valugsosterior corpus callosum and
laterality of PPC activity, we found differentighfperns of associations for young and
older adults. As summarized by Table 7 and illusttan Fig. 10, young adults displayed
significantly negative correlation between FA vawé posterior corpus callosum and
laterality of PPC activation in low-conflict Magaode condition (r = -0.69, P <.01) but
positive correlation between FA values of postecianpus callosum and laterality of PPC
activation in high-conflict Magnitude condition£r0.59, P <.05). Specifically, greater
integrity of posterior corpus callosum in young lslwas associated with more bilateral
PPC activation in low-conflict condition, but withore unilateral activation in
high-conflict condition for the Magnitude task, pably reflecting a task-specific manner
of neural recruitment for controlling processeslysical-numerical interference
paradigm (Huang et al., 2012; Kaufmann et al., 20@bet al., 2006; Tang et al., 2006).
In contrast, older adults showed a negative cdrogldetween FA values of posterior
corpus callosum and laterality of PPC activatiohigh-conflict Size condition (r = -0.61,
P <.05), with greater integrity of callosal fibéos more bilateral pattern of PPC

activation.

Discussion
We provide evidence that individual differencesnitro-structural integrity of
white matter, particular in corpus callosum, relatéoth bilateral cortical recruitment
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and task performance in young and older adultstoted that greater integrity of
anterior callosal fibers in individuals was asstemavith more bilateral frontal activation
in higher levels of task demand and associated lvatter performance across tasks,
indicating a critical role of anterior corpus callon for recruiting additional neural
resources of frontal regions in response to inangassk demands across the lifespan.
Moreover, despite the fact that older adults onmaye revealed lower integrity in both
anterior and posterior portions of corpus callosban young adults, greater integrity of
posterior corpus callosum was related to betteopmance indexed by interference
percentage for older adults but not young aduéie {&@ble 7). Older adults, however, did
not show association between integrity of antez@mpus callosum and laterality of IFG
activation with increasing task demands, whereasmgadults displayed a more bilateral
pattern of IFG activation coupling with greatereigtity of anterior callosal fibers in
higher levels of task demand, suggesting that alged degradation in white matter
integrity of anterior corpus callosum may be a gbuating factor of reduced capacity to
modulate neural resources in response to incresasgdemands in older adults.

The observed pattern of relations supports theipiisy that regional degradation
of white matter fiber integrity may be a criticausce of age-related functional
compromise and may limit the capacity to recrugraative neural systems to
compensate for cognitive declines. Although ouultssseems to support the
compensation hypothesis which posits that agee®lailateral cortical recruitment is
displayed to compensate for cognitive declinesrandal deficits, we do note that the
data should be carefully interpreted. For exanthle compensation hypothesis may point
that age-related bilateral cortical activation cocbmpensate for a reduced integrity of
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anterior corpus callosum in older adults becausesfnificant correlation between the
laterality of functional activation and white mattetegrity of corpus callosum. However,
it seems very unlikely to conclude this becausectirpus callosum itself mediates the
inter-hemispheric cortical recruitment in respottsehanging task demands. In other
words, integrity of callosal fibers may be ttaises rather than théarget of observed
age-related bilateral cortical recruitment.

Consistent with previous works (Davis et al., 20&brdon et al., 2008; Head et al.,
2004; Gunning-Dixon & Raz, 2003;; Kennedy & Raz028; Sullivan, & Pfefferbaum,
2006), lower integrity of anterior and posterioll@sal fibers were observed in older
adults compared to young adults in the presenyq&ek Fig. 8). We further reported that,
in addition to the beneficial effect of anteriomrgos callosim, posterior corpus callosum
appears to be supportive of task performance iar@dults, with greater integrity of
posterior corpus callosum associating with smafact of interference during executive
controlling processes. Similarly, Kennedy & Raz)({2b) also reported that a higher
Stroop interference cost was associated with retlanesotropy of the posterior white
matter in older adults, particular in parietal,espim, and occipital regions of the aging
brain. Along these lines, our results of fMRI-Ddreelation analyses also found that
greater integrity of posterior corpus callosum litheo adults was related to more bilateral
pattern of functional activation in parietal regsan high-conflict Size condition, which
we interpret as an attempt of recruiting alterretieural resources to maintain the
allocation of attention.

Some intriguing results were observed when thecstson between DTI measure,
behavioral measures, and fMRI measures were pegfibfor the two age groups
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combined. Regarding DTI-behavior association, thegrity of anterior and posterior
corpus callosum was significantly related to indual’s performance in both the Size
and the Magnitude tasks, with reduced white mattegrity of corpus callosum coupling
with impaired performance for individuals. Thisuiighlights that individual
differences rather than age differences in intggritcallosal fibers may be a contributing
factor to an individual’s task performance. Morep¥®IRI-DTI results demonstrated
that individual’'s greater integrity of anterior loaal fibers was reliably associated with
more bilateral frontal activation in higher levelstask demand, suggesting that
individual differences in bilateral pattern of fuiomal activation with increasing task
demands may stem from the individual differencestegrity of white matter fibers.
These findings, congruent with our observationheprevious fMRI study, suggest a
lifespan continuity of white matter integrity ofrpus callosum as well as bilateral
recruitment of neural activation (Fabiani et a12; Hedden & Gabrieli, 2004). In other
words, functional brain activation and structunalib variations appear to be gradual
rather than abrupt as a function of aging.

In conclusion, the cumulative evidence from thisl @ifid previous fMRI studies
suggest that older adults have reduced or limiggcities of recruiting more neural
resources in response to increasing task demandk.r€duction appeared to be
associated with age-related degradation in whiteéemaentegrity, particular in corpus
callosum, which mediates the inter-hemisphericicalrtecruitment in response to
changing task demands. Moreover, we also hightlghimportance of individual

differences on behavioral, functional and strudtah@nges across the lifespan.

75



Table

Table 7. Correlations between DTl measures (indexed as FA value of anterior and

posterior portions of corpus callosum), behavioral measures (indexed as

interference percentage), and functional MRI measures (indexed as laterality

index) in young and older adults.

Anterior FA Posterior FA

Young Older All Young Older All
Behavioral measures: Interference percentage
Size task -0.66** -0.73%% 0, 71%x* -0.22  -0.57%*  -0.44**
Magnitude task -0.88%* -0.56%*  -0.59*** -0.40 049"  -0.38**
fMRI measures: Laterality index
Inferior frontal gyrus
Low-conflict Size -0.28 0.47 0.29
Low-conflict Mag 0.09 -0.11 -0.02
High-conflict Size -0.61* -0.37 -0.46**
High-conflict Mag -0.53’ -0.05 -0.32"
Posterior parietal cortex
Low-conflict Size -0.11 0.44 0.07
Low-conflict Mag -0.69**  -0.12  -0.19
High-conflict Size -0.14  -0.61*  -0.29
High-conflict Mag 0.59**  -0.31 0.22

*p<.1; **p < .05; ***p < .01.
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Figure 8. White matter integrity of anterior andsfaior corpus callosum (CC) for young
and older adults. Fractional anisotropy (FA) valwese scaled from 0 to 1 (0, isotropic
diffusion; 1, maximum anisotropy). Higher FA valuedlect higher white matter
integrity.
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Figure 9. Relationship of white matter integrityasfterior corpus callosum (CC) and
laterality of inferior frontal gyrus (IFG) activat for young and older adults and for each
levels of task demand. FA values in anterior cogal®sum and laterality of functional
activation over inferior frontal gyrus were compifer each participant under each level
of task demand (low-conflict Size condition, lowadiict Magnitude condition,
high-conflict Size condition, and high-conflict Maigude condition).
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laterality of posterior parietal cortex (PPC) aation for young and older adults and for
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functional activation over posterior parietal carteere computed for each participant
under each level of task demand (low-conflict Qiardition, low-conflict Magnitude

condition, high-conflict Size condition, and higantlict Magnitude condition).
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CHAPTER 4

THE EFFECTSOF AGE AND CULTURE ON CORTICAL RECRUITMENT

Introduction

While functional and structural characteristicsted brain are largely influenced by
biological aging, there is growing evidence demiaistg that differences in external
experience and sustained practice such educataning, and aerobic exercise also
impact neural organization in function and struet(4nsari, 2012; Chee et al., 2010;
Draganski et al., 2004; Erickson et a., 2007; 26kamer et al., 2005; Maguire et al.,
2000; Wiesmann & Ishai, 2010). Understanding hoehstariations in neural
organization arise between different individualgmothe human lifespan is important for
uncovering factors that influence developmentaéttaries from adulthood to advanced
age. In this study, we consider two general soutlttscontribute to neural function over
the adult lifespan — age-related biological charagesculture-related differences in
external experience.

The evidence describing earlier in Introductiontieecindicated that there are subtle
differences in the way individuals process inforimrathat appears to be a product of
cultural experiences. Westerners, due to the iddalistic, independent, and self-based
focus of their culture, have a tendency to proéesal objects and organize information
via rules and categories in an analytic way. Intiast, East Asians, based on their
collectivist and interdependent representatiorg terview themselves as part of a larger
whole, resulting in a holistic information-procesgibias in which relational/functional
information is prioritized over categorical infortian (Goh & Park, 2009; Kitayama &
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Uskul, 2011; Masuda & Nisbett, 2001; Nisbett & Mdap2003; Park & Huang, 2010). It
is worth pointing that cultural experience is ureqn that it encompasses a lifetime and
highly reinforced influence rather than aerobicreise (Erickson et a., 2009) or practices
like juggling (Draganski et al., 2004) which mayt be as frequent and have shown
reversal of effects if stopped (e.g., Draganskilgt2004). Over the lifespan, both
neurobiological (i.e. aging) and experiential (iaulture) factors appear to continuously
and jointly shape cognition and influence neuralction (Park, Nisbett, & Hedden, 1999;
Park & Gutchess, 2002, 2006; Park & Huang, 2016¢ doal of this experiment is to
evaluate the effects of lifespan factors of cultame aging, in terms of how different
cultural experiences modulate the pattern of atgta@ cortical recruitment. Specifically,
we investigated whether observed bilateral patéfanctional activation in older adults
is ubiquitous across individuals who grew up ifedié#nt cultural backgrounds. To
address this issue, we focused on semantic cazagjon task, in which has been
demonstrated cultural differences in behavior dreh&d differential pattern of cortical
recruitment for young and older adults in a sanopM/estern subjects.

There is evidence that cultural experiences impaat semantic information is used
and organized (Chiu, 1972; Choi et al.1997; Niske#l. 2001, Ji et al. 2004). For
example, in a semantic judgment task, Ji et aD420@eported that East Asians and
Westerners showed differences in their organizatfazategorical information. They
found that Westerners tend to relate pairs of itbyngiles and categories (e.g., “cow,
horse”) whereas East Asians are biased towardsngelaairs on the basis of relationships
and functional features (e.g., “cow, grass”), sisfjgg a categorical-related and a
functional-sensitive processing style for Westemnd East Asians.
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Recently, using a modified version of semantic judgt task from Ji et al. (2004),
Gutchess et al. (2010) acquired fMRI data as Wested East Asian young adults made
categorical and functional relationship judgmentstfiads of English words in the
scanner. They found that, across both categonmmhfanctional relationship judgments,
East Asians activated a fronto-parietal networkliogped in controlled executive
processes, whereas Americans engaged regions tntiporal lobes, possibly in
response to conflict semantic information (Gutchetss. 2010). These findings indicate
that cultural variation in the strategies was emtbto resolve conflict between
competing semantic judgments (Gutchess et al. 20A®e interestingly, for categorical
relationship judgments, Gutchess et al. (2010)nteda more bilateral pattern of neural
activation in prefrontal regions for East Asiansnpared to Westerners. The authors
suggested that, whereas semantic and language-aagedend to predominantly engage
left hemisphere regions, such overwhelmingly britpattern of activation for cultural
differences could reflect a more demanding condita East Asians. In fact, the
observed bilateral pattern of activation for Easiafvs in Gutchess et al. (2010) is
congruent with the notion that individuals requareater effort when engaging
culturally-non-preferred processing style (Heddeal ¢ 2008; Goh et al. 2011). By this
view, East Asians may display more bilateral a¢iorathan Westerners in order to
maintain their optimal performance during categarrelationship judgments because
such task is associated with the processing stglieped by Westerners (i.e.,
categorical-related processing style).

Semantic categorical task is a typical verbal task has been widely used in the
imaging literature to investigate the effect of §gadrews-Hanna et al. 2007; Logan et
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al. 2002; Lustig & Buckner, 2004). In this taskdef adults typically elicit greater
bilateral activity than the more left-lateralizedtigity observed in their young
counterparts, particular in prefrontal cortex (Bbekner et al. 2002). Such age-related
pattern of bilateral activation may be part of cemgatory response, in particular for
maintaining optimal performance in older adultsvé&gi the evidence in Gutchess et al.
(2010) demonstrating that East Asians appear fdaliss more bilateral pattern of
prefrontal activation in a categorical judgmenkia®emantic categorization task appears
to provide a means of comparing groups differemeéise degree of laterality of
functional activity across age and culture. Thamefm the present study, we conducted a
simple blocked fMRI experiment while young and ol&@st Asian and Western
participants performed a semantic categorizatiek. tAhey were asked to make a button
response to classify visually presented wordsvasgior nonliving objects. Given the
evidence in our previous experiment showing thdéohdults have reduced or limited
capacities of recruiting more neural resourceggponse to increasing task demands, we
did not manipulate different levels of task demanthis experiment to keep task
demands objectively comparable between two agepgrou

To the extent that semantic categorization tagketerred by Western processing
style (Chiu, 1972; Nisbett et al. 2001; Ji et 802), we expected East Asians to show
greater bilateral activation during semantic categdion task indicating more cognitive
effort for East Asians compared to Westerners t@sx categorical information. To the
extent that recruiting additional neural resouilisdsr optimal performance, we expected
older adults to display more bilateral activatiamidg semantic categorization task
suggesting that more alternative resources weragatgfor older adults than young adult
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to process semantic knowledge.

Additionally, with respect to the interaction betmeage and culture on the pattern
of cortical recruitment, three possible cases weeleed earlier in Introduction section
would arise. First, to the extent that culture-tededifference across individuals may
accentuate with increasing age, we expected cullifference observed in older adults
to display a greater degree of bilaterality thaltural difference observed in young
adults indicating that prolonged cultural exposmagy result in engrained processing
biases. Second, to the extent that culture-reldiféerences may remain at the same level
throughout the lifespan, we expected cultural défifice observed in older adults to
display an equivalent degree of bilaterality asural difference observed in young adults
suggesting that cultural experience may reach wmtotic level of influence on
neurocognitive processing. Finally, to the extéat culture-related neural differences
may be reduced with increasing age, we expectedraubifference observed in older
adults to display a reduced degree of bilateralstgultural difference observed in young
adults indicating that global nature of age-relatedrobiological changes impact all

individuals who grew up in different cultural backgnds

M ethods

Participants
One hundred and ninety-one healthy right-handeticgzants with normal or
corrected visual acuity were recruited in this fM#idy. There were 50 Young

Americans (25 males, mean age: 22.1, range 204Z%oung East Asians (25 males,
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mean age: 24.2, range 20-30), 48 Older America®sndles, mean age: 66.5, range
61-78), and 46 Older East Asians (21 males, mean6Gfl, range 61-76). East Asians
were Chinese Singaporeans (SG) recruited from lagakersities and communities in
Singapore. Westerners were American students (td8) the University of lllinois at
Urbana-Champaign, USA, and community residentsratdlie university. Participants
underwent healthy screening and neuropsycholotgstihg at a separate session and
were remunerated for both MRI scanning and behaltesting. All had a minimum
score of 26 on the Mini-Mental State ExaminatiorMBE), indicating generally intact
cognitive functioning, especially for older aduldl. participants also completed the
Schwartz Value Survey (SVS; Schwartz, 1992) thaasuees the degree to which they
subscribed to individualistic (Power, Achievemédé¢donism, Stimulation, and
Self-Direction) and collectivistic (UniversalismgBevolence, Tradition, Conformity, and

Security) values.

Experimental Material and Design

In this blocked-design fMRI experiment, all paniants were presented with the
same set of 64 English-word stimuli (English is difiicial language in Singapore despite
the maintenance of a rich Asian culture) and irt$éd to indicate whether words
represented living or nonliving. Each word was thgpd for 3 s followed by a 500 ms
fixation. There were eight words in each of eigéthantic categorization blocks which
were alternated with eight control blocks which sisted of a fixation-cross (baseline
condition), all presented in a single run. Withatk semantic categorization block, half

of words were non-living objects whereas the ottadf was living objects. Stimuli were
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presented using E-Prime software with back-prapacthrough the scanner bore and a

mirror mounted on the head coil.

Imaging Acquisition and Preprocessing

Functional images of the brain were acquired usimidentical 3T Siemens
scanner systems located in Singapore and lllings3). Extensive tests between the two
sites indicated that the functional signals obtaifoe this study were comparable
between the two magnets (Sutton et al., 2008) x&2 slices with 4 mm thickness were
acquired using an EPI sequence with TR/TE =2s/3E@%,=220 x 220 mm. Co-planar
structural T2 images were acquired to registeraatlay the functional images to a
3D-MPRAGE T1 structural image.

Functional images were analyzed using SPM5 soft@@eticome Department of
Cognitive Neurology, Institute of Neurology, LonddsK) implemented in MATLAB
version 7.0 (The MathWorks, Natick, MA, USA). Theages were preprocessed with
slice-time and motion correction, and normalized/tdl space. Images were then
smoothed with a FWHM 8mm Gaussian kernel. In thst-fevel voxel-by-voxel
statistical analysis, general linear models (GLMYyevcomputed for each participant that
consisted of the onsets of each of the semantsgoatation and control blocks
convolved with the hemodynamic response functiama@with motion correction

parameters.

DataAnalyses
Behavioral performance, Neuropsychological test, and Schwartz Value Survey

The accuracy and reaction times (RTs) were analyzéd?2 x 2 design analysis of
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variances (ANOVAS) with Cultural Group (US, SG) akgk (young adults, older adults)
as between-subject factors.

The neuropsychological test includes three measineocessing speed: pattern
matching, the Wechsler (WAIS-R) Digit-Symbol, araatching, two measures of
working memory: the Wechsler Memory Scale (WMS-@rsi Blocks Forward and
Backward, and Letter-number Sequencing, and onsumeaf mental control: the
WMS-III Mental Control Task. Each measure of coiyeitasks was analyzed with a 2 x
2 design ANOVA with Cultural Group (US, SG) and Ageung adults, older adults) as
between-subject factors.

The Schwartz Value Survey measures the degreeithrey subscribed to
individualistic (Power, Achievement, Hedonism, Silation, and Self-Direction) and
collectivistic (Universalism, Benevolence, TraditjdConformity, and Security) values.
Each value was analyzed with a 2 x 2 ANOVA with t@rdl Group (US, SG) and Age

(young adults, older adults) as between-subjetbfac

fMRI: Whole brain Analyses

Functional images were analyzed using SPM5 soft@&eticome Department of
Cognitive Neurology, Institute of Neurology, LonddsK) implemented in MATLAB
version 7.0 (The MathWorks, Natick, MA, USA). Thleages were preprocessed with
motion correction and then normalized to MNI spdceges were then smoothed with a
FWHM 8mm Gaussian kernel. In the first-level vokglvoxel statistical analysis,
general linear models (GLM) were computed for gaafticipant that consisted of the

onsets of each of the semantic categorization antta blocks convolved with the
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hemodynamic response function, along with motiamesztion parameters.

These individual response estimates were thenaséte dependent variable in a
second group-level analysis consisting of a 2 X\NOAA with Age (older adult, young
adult) and Cultural Group (US, SG) as between-stifigetors. Group-level whole brain
contrasts were then performed on the factorial mindelentify voxels that showed
significant effects of interest in the brain respesto the semantic categorization vs.
control conditions.

To identify common brain responses to the semaatiegorization vs. control
conditions across groups, we performed a wholenlrainjunction analysis across four
groups (age and culture). We first identified regiohat were significantly more active
for the semantic categorization vs. control contiragach group separately. We then
intersected the four maps to identify regions thate significantly more active in
semantic categorization vs. control contrast. R ¢onjunction analysis, we used a

threshold of p <.001 with an extent threshold @tbntiguous voxels.

fMRI: Region-of-Interest Analyses

We performed regions-of-interest (ROIs) analysia &sllow-up of the whole-brain
analysis to relate brain responses in the semeat&gorization task. ROIs were prior
selected based on regions that were reported daruental to semantic naming of
categories in a sample of Western young subjedisfdard, & Goodale, 2010). These
ROIls were: left inferior temporal gyrus (left IT&ordinate in Talairach space: X, y, z =
-48, -46, -16), left parahippocampal gyrus (left®ldoordinate in Talairach space: x, y, z

=-34, -30, -16), and left inferior frontal gyrdef( IFG, coordinate in Talairach space: X,
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y, z=-42, 22, 6). In addition, we are aware thilder adults typically display a more
bilateral pattern of functional activation than pguadults (Dennis & Cabeza, 2008;
Grady, 2008; Park & Reuter-Lorenz, 2009), we thaleded the ROIls located in the
homologous site of the right hemisphere that mirtbe center of coordinate in
Chouinard & Goodale (2010), yielding three ROIsight hemisphere of the brain: right
IFG (coordinate in Talairach space: x, y, z = 48, -16), right PHG (coordinate in
Talairach space: x, y, z = 34, -30, -16), and ri§i@ (coordinate in Talairach space: X, v,
z =42, 22, 6). Estimates of the responses to seern@ategorization relative to control
condition (semantic categorization > control costiravere then extracted from these six
ROIs within 6 mm radius around the center of camath for each participant using

Marsbar software (Brett et al. 2002).

fMRI: Laterality Analyses

We next looked for evidence of the effect of cudton age-related laterality
difference. A laterality analysis was performegystematically assess the laterality of
functional activation over the common brain regitms showed significant task-positive
effect (i.e. semantic categorization > control atad) across age and culture group in
the whole-brain analysis. These ROIs were thentifigshin automated anatomical
labeling (AAL, Tzourio-Mazoyer, et al., 2002) prded with SPM software to yield
masks that used for laterality analysis.

Laterality indices were based on the standard ftar{iEverts, et al., 2009):

Laterality = [Evoxel left =voxel right)/&voxel left +Zvoxel right)]

This formula results in positive values for predoanitly left-lateralized activity
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(laterality > 0.1), negative values for predomimanight-lateralized activity (laterality <
-0.1), and values between 0.1 and -0.1 for bilatestvity (Everts et al., 2009; Powell et
al., 2012). To ensure the findings laterality diéfieces in these regions were not due to
the significance threshold selected for analyzM&f data, we computed laterality

indices using boostraping approach (Wilke & Schonst, 2006).

Results

Behavioral Results

Table 8 shows the results of accuracy and RTs duhi@ semantic categorization
task for each group.

Results from a culture x age ANOVA for accuracyaaed an interaction between
cultural group and age [F(1,177) = 6.20, p < .06{h lower accuracy for older
Singaporeans compared to other groups. There wagnibicant effect of age [F(1, 177)
= 3.215, p = 0.08], or cultural group [F(1, 177075, p = 0.39].

Results from another 2 x 2 ANOVA for RTs revealadan effect of age [F(1,177)
= 35.66, p < .01], with slower RT for older adulsn young adults. The interaction
between age and cultural group was significant,[F{7) = 11.06, p < .01], with a greater
age-related slowing response for SingaporeansAhaaricans. There was no significant

effect of cultural groups on RTs [F(1,177) = 2.p% 0.15].

Neuropsychological Assessment and Schwartz Value Survey
The results of neuropsychological testing and Sctanalue Survey were described

in Chee et al. (2010). Analyses of neuropsychokligests revealed a main effect of age
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for each cognitive task, with older adults showshgver RTs, declined working memory
and mental control performance. In addition, theas an age x group interaction on the
WAIS-R Digit-Symbol task, with Singaporeans showgrgater effect of age (older
adults were worse than young adults) compared terf@ans. These results suggest that
aging systematically associated with significakiglines in cognitive performance
(Park, et al., 2002).

Analyses of the subscales from the Schwartz Valueey showed the expected
cultural biases, with Singaporean showing highdecbvistic values than Americans.
There were also main effects of age on almost esélpgcale of Schwartz Value Survey,
with older adults endorsing more collectivisticwad and young adults endorsing greater
individualistic values. These data indicates thatdroups held to values commonly

associated with their respective cultures.

fMRI Results: Whole Brain Analyses

Figure 11 shows the results of whole brain analysmmon brain responses to
the semantic categorization vs. control conditiaci®ss groups (with masking out brain
regions showing task by culture interactions) aalld 9 lists the peak location of this
analysis. Young and older Singaporeans and Amesicarealed activity in bilateral
inferior frontal regions, left precentral regioaftlposterior parietal regions,
supplementary motor area (SMA), bilateral infenccipital regions, parahippocampus
and hippocampus, reflecting a culture-invariantraknetwork associated with retrieving

and manipulating semantic representations duringaeéic categorization.
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fMRI Results: ROl Analyses

We next examined the BOLD-measured neural respahgayy the semantic
categorization relative to control conditions ie fROIs that are fundamental to semantic
naming of categories reported in previous studyo(@tard, & Goodale, 2010) and those
in the homologous site of the right hemisphereufadl2 shows the extracted responses

from each ROI.

The Effect of Culture

The Culture x Age ANOVA yielded a significant eftexf culture on the left inferior
frontal gyrus [F(1, 187) = 7.13, p< 0.01], with Anoan showing greater activation than
Singaporeans. Interestingly, the effect of cultmehe right inferior frontal gyrus was
significant [F(1, 187) = 4.38, p< 0.05], with Simgaieans showing greater activation than
Americans. We did not find any effect of cultureotier ROIs (left inferior temporal
gyrus: F(1, 187) = 0.12, p=0.55; right inferior f@onal gyrus: F(1, 187) = 0.12, p=0.55;
left parahippocampal gyrus: F(1, 187) = 1.46, p3PRight parahippocampal gyrus: F(1,
187) = 0.03, p=0.87). These results suggest tieae tis a qualitative difference between
cultural groups in neural networks used to perfesemantic categorization task,

particular in prefrontal regions.

The Effect of Age

The effect of age was also observed on semantionietisolated from
meta-analysis study. We found that older adultsvelaogreater activation in inferior
frontal gyrus (left: [F(1, 187) = 17.39, p< 0.0fight: [F(1, 187) = 37.88, p< 0.01])

compared to young adults, consistent with manyiptesvfindings (Dennis & Cabeza,
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2008; Grady, 2008; Park & Reuter-Lorenz, 2009).ngadults, however, elicited greater
activation in the left parahippocampus ([F(1, 18A4).21, p< 0.05]) and inferior temporal
gyrus ([F(1, 187) = 6.03, p< 0.05]) but not in tiglemisphere compared to older adults.
Consistent with the literature in cognitive neureace of aging, such age-related pattern
of decreased activity in posterior region of thengdprain coupling with increased
activity in frontal cortex has been reported a®sat€ior Anterior Shift in Aging (PASA)

functional activation (Davis et al., 2008; Goh ket 2010).

The interaction of Culture and Age

Finally, we did not find any culture x age interaantin this ROI analysis (left
inferior frontal gyrus: F(1, 187) = 0.45, p=0.5[ght inferior frontal gyrus: F(1, 187) =
0.29, p=0.59); left parahippocampal gyrus: F(1,):80.34, p=0.56; Right
parahippocampal gyrus: F(1, 187) = 0.27, p=0.61jnéerior temporal gyrus: F(1, 187)

= 0.36, p=0.55; right inferior temporal gyrus: F{B7) = 0.04, p=0.95).

fMRI Results: Laterality Analysis

We next looked for evidence of the effects of adtand age on difference in
laterality of functional activation. Figure 13 sh®the laterality of functional activation
over each ROI for each group. Laterality analysesevperformed to systematically
assess the laterality of functional activation alxer common brain regions that showed
significant task-positive effect (i.e. semanticegadrization > control condition) across
age and culture group in the whole-brain analyese selected brain regions were:
precrntral gyrus, inferior frontal gyrus, middl®fital region, inferior parietal lobule,

superior parietal lobule, inferior temporal regioferior occipital region, and
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hippocampus (see Table 9 for corresponding cootelinaMNI space).

The Effect of Culture

The culture x age ANOVA on laterality index yieldsidnificant effects of culture
on inferior frontal gyrus [F(1, 160) = 4.87, p< B]Qinferior temporal region [F(1, 177) =
17.54, p< 0.01], and inferior occipital region [F@B7) = 5.42, p< 0.05]. Specifically,
Singaporeans showed more bilateral activationferior frontal gyrus and inferior
temporal region compared to Americans, whereas faedisplayed more bilateral
activation in inferior occipital region compared3ogaporeans (Fig. 13). There was no
significant cultural difference on laterality ofta@tion on middle frontal gyrus [F(1, 165)
= 0.64, p=0.43], precentral gyrus [F(1, 164) = 3[380.06], inferior parietal lobule [F(1,
122) = 1.63, p=0.20], superior parietal lobule [FX&3) = 2.71, p=0.10], and

hippocampus [F(1, 100) = 0.06, p=0.81].

The Effect of Age

The 2 x 2 ANOVA on laterality index also yieldedsificant effects of age on every
selected brain region (precentral gyrus: F(1, 262%.08, p< 0.01; inferior frontal gyrus:
F(1, 160) = 25.22, p< 0.01; middle frontal gyrugl ,FL65) = 17.76, p< 0.01; inferior
parietal lobule: F(1, 122) = 4.78, p< 0.05; supeparietal lobule: F(1, 163) = 16.32, p<
0.01; inferior temporal region: F(1, 177) = 29.09,0.01; inferior occipital region: F(1,
187) = 7.42, p< 0.01; marginally significant on paggampus: F(1, 100) = 3.25, p =
0.074). Older adults elicited more bilateral pattef functional activation from anterior
to posterior regions of the aging brain comparegbteng adults (Fig. 13). Consistent

with the literature in cognitive neuroscience oiingg such global nature of age-related
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bilateral activation has been identified as thegpatof Hemispheric Asymmetry

Reduction in OLDer adults (HAROLD; Cabeza, 2002).

The interaction of Culture and Age

Finally, we did not find any culture x age interaantin this laterality analysis on the
ROIs (precentral gyrus: F(1, 164) = 1.02, p=0.8ferior frontal gyrus: F(1, 160) = 0.37,
p = 0.55; middle frontal gyrus: F(1, 165) = 5.84,(@05; inferior parietal lobule: F(1,
122) = 0.76, p=0.39; superior parietal lobule: A@3) = 1.34, p=0.25; inferior temporal
region: F(1, 177) = 1.47, p=0.23; inferior occipitagion: F(1, 187) = 2.97, p=0.08;

hippocampus: F(1, 100) =0.12, p =0.73)

Discussion

We provide evidence that culture-related differeniocecortical recruitment may
remain throughout the lifespan, and age-relatedgésin cortical recruitment appear to
be ubiquitous across individuals with different espntial background. Although in
older adult individuals who show greater suscefiyitio neurobiological decline with
aging and thus poorer cognition, the effect of dg@&ot completely diminish individual
differences in brain functional activation thatsarfrom external experience, at least
those associated with cultural bias. In additibe, éffect of age was characterized by
displaying a global influence on brain functionflwa more bilateral pattern of neural
activation (i.e., Hemispheric Asymmetry ReductiorGLDer adults, HAROLD; Cabeza,
2002) and an greater anterior-to-posterior gradiesitibution of reduced functional

activation (Posterior Anterior Shift in Aging, PASPavis et al., 2008) for older adults
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compared to young adults. The effect of cultureyémer, appears to be more localized
on brain function, with more bilateral activatianprefrontal and temporal subregions for
East Asians compared to Westerners, suggestingxtpatience-dependent functional
modulations are more specific (Park et al. 199%) &ival. 2007).

This cross-cultural comparison of young and oldakidts illustrated that while
age-related recruitment in neural correlates cpmeding to semantic processes were
manifested cross-culturally in older adults, cudtuelated neural differences, once
attained, may continuously shape functional adowveacross the lifespan (Park &
Gutchess, 2002, 2006). Moreover, the effect ofucealtvas found in specific regions in
frontal and temporal cortex. These data illusttageimportance of culture in shaping
neural functioning, but they also demonstrate tastfity of the aging brain and
moreover, the fact that the influence of culturgberience on the neural plasticity may be
in a manner of specific processing biases. Thdainuea has been proposed in previous
neuroimaing studies when other types of externpéagnce such as training and aerobic
exercise were conducted on young and older adtdrsexample, Draganski et al. (2004)
demonstrated that a short period of training irgjungy by inexperienced young adult
displayed increased brain volume than non-juggtetise bilateral midtemporal area and
left posterior intraparietal sulcus, the brain o that are associated with processing of
visual motion. Following that, Boyke et al. (20@8)plied the same procedure to older
adults and reported a similar increase of braimwa in old adults in the mid-temporal
region with their young jugglers. This structumalaging finding and our functional MRI
results thus provide clear evidence for experidrmsed plasticity in both young and
older adults, with specific and localized effecttba brain region that processing are
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associated with.

Although we did not observe that older adults bexzamore acculturated than young
adults in this study, that would thus indicate #eternal experience might subvert
age-related changes, we note that cultural biaspsrad through cultural experience
were maintained in the older adults and did nowveoge, suggesting that the effect of age
did not overwhelm the effect of experience. Howe®wh et al. (2007) using functional
MRI-Adaptation (fMR-A) approach reported a divergent interaction between age and
culture when East Asian and Western young and @laeicipants viewing quartets of
pictures. They found that older adults displayederaultural differences than young
adults, under circumstances in which attentionsdueces were more limited. Therefore,
it is possible that the reasons we did not find»agalture interaction in neural activation
as Goh et al. (2007) did are because the sematagarization task we used in this study
is a relatively easy task for older adults, and sivalies utilized different neuroimaging
approaches. In addition, the different findingsaestn two cross-cultural aging
neuroimaging studies could reflect differentiaketfof aging on prefrontal and ventral
visual cortex (Goh et al. 2010).

We reported more bilateral patterns of functioraivation in inferior frontal gyrus
and inferior temporal region for East Asians. Therevidence that left inferior frontal
gyrus is highly associated with semantic proces@upkheimer, 2002) and inferior
temporal gyrus is specialized for processing tleatitly of letters and words (Polk et al.

2002). The observed cultural differences in theseregions, as suggested by Gutchess

! The fMRI adaptation paradigm allows for the evéihraof neural selectivity and specialization based
the phenomenon that neural response to repeatedliss typically reduced (Grill-Spector & Malach,
2001).
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et al. (2010), may reflect a greater effort for Hssans in retrieving semantic
information and processing the identity of lettexs/ds when performing
culturally-non-preferred semantic judgment usingbaéstimuli. Moreover, we reported a
culture-related difference in occipital regionsthwinore bilateral pattern of functional
activation in this area for Westerners (or morélegleralized activation for East Asians).
There is evidence that occipital regions are paveatral visual pathway and appear to
be specialized to recognize objects (Grill-Speetal., 1998; Malach et al., 1995). The
greater involvement of this region for Westerneeg/meflect that they are more analytic
about the features of the living/non-living iteratending more to spatial properties of
the items than do East Asian, in keeping with atgmefocus on analytic/categorical
rather than holistic/functional cognitive style #dMesterners (Goh & Park, 2009;
Kitayama & Uskul, 2011; Masuda & Nisbett, 2001; bes & Masuda, 2003).

In contrast to the more global effect of aging, pinesent study demonstrated that
cultural differences in neural function are coresigy associated with the
categorical-functional dichotomy of processingetyl Westerners and East Asians
respectively. However, we also found age x culinteraction on one of
neuropsychological data - the WAIS-R Digit-Symladk, with Singaporeans showing
greater effect of age (older adults were worse tloamg adults) compared to Americans.
Such culture differences in digit-based measurgsdedave from the fact that Chinese is
less syllabically dense than English and permitsenedficient rehearsal (Cheung &
Kemper, 1993, 1994). Along this line, Hedden e{2002) assessed processing speed
between a sample of old and young adults test€thina and the United States. They
reported that when numerically based tests of @sing speed were used (e.g., digit
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comparison), older Chinese showed worse performemegared to old Americans. In
contrast, when more neutral, spatial based tasks wsed (e.g., pattern comparison) the
processing speed for young and old participantgwquivalent. They suggested that
such group differences could be due to differemeéise number system and
representation in the Chinese and English languagteer than actual cognitive
differences in speed processing. Thus, our re$aliltural variations in number-based
processing speed is consistent with previous fg&lin cultural literatures and reflects a
bias in measures rather than cultural differengeognition, Future studies should be
aware of such differences in the stimuli used ®ues comparability of cognitive
processing across cultural and age groups.

Although the performance in accuracy is equivalativeen age group and between
cultural groups, we found culture x age interacion accuracy and reaction times when
semantic categorical task were performed, with loameeuracy and slower reaction times
for older Singaporeans compared to other groupsspieulate that these results may
reflect cohort-related effects within a culturabgp. Despite English is the official
language in Singapore, English is likely a secamgjlage for old Singaporeans due to
socio-historical changes and thus, slower respbmss and less accuracy may occur for
older Singaporeans to recognize English wordsderoto access to correct categorical
information and semantic knowledge embedded irpthsented words.

In conclusion, while age-related bilateral recr@trhof neural activation in response
to semantic categorization was evident across @deits from both cultural groups in
cerebral cortex, the effect of cultures on neuctivation were only seen in the inferior
frontal, inferior temporal, and occipital regiomdoreover, the direction of cultural
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differences depends on the region with East Admvarg more bilateral inferior frontal
and inferior temporal activation and Westernersaghg more bilateral occipital
activation, in line with functional and categorigabcessing style, respectively. Our
results are also consistent with a more bilatesttepn of neural activation as a
fundamental biological effect in aging that exteadsoss individuals from different
cultural backgrounds. This age effect did not imtemwith the more localized and specific
cultural effects, indicating that age did not seivaccentuate or diminish cultural

differences in this sample.
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Tables

Table 8. Accuracy (standard deviation) and response times during semantic

categorization task for young and older Americans (US) and Singaporeans (SG).

us SG
Young Older Young Older
Accuracy 98.7 99.0 99.3 97.8
(%) (2.7) (2.3) (1.6) (2.5)
Response 1033.5 1099.9 985.3 1219.5
Time (ms) (193.1) (140.0) (128.3) (182.3)
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Figures

Figure 11. Common brain regions across age andresltConjunction analysis show
brain regions exhibiting greater activity (Semagucigment vs. Control conditions)
across age and culture groupd@ contiguous voxels with p < 0.001, uncorrected).
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Figure 12. BOLD-measured responses during semeatiggorization relative to control
conditions in the regions isolated on meta-analystse semantic judgment areas
(Chouinard, & Goodale, 2010). Error bars show stath@rrors. IFG, inferior frontal
gyrus; PHG, parahippocampal gyrus; ITG, inferionp®ral gyrus.
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Figure 13. Group differences in laterality. Theestrold-weighted mean values indicate
laterality of functional activation during semanti@tegorization task over precentral
gyrus, inferior frontal gyrus (IFG), middle frontgyrus (MFG), inferior parietal lobule
(IPL), superior parietal lobule (SPL), inferior tpaoral gyrus (ITG), inferior occipital
gyrus (IOG), and hippocampus in young and oldeg&woreans and Americans.
Laterality are computed according toX[¢oxeles— 2 VOXekign)/( X voXelest+ X VOXekigni)],
with laterality >0.1 for left-lateralized activatiplaterality < -0.1 for right-lateralized
activation, and values between 0.1 and -0.1 fatdxil activity.
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CHAPTER 5

GENERAL DISCUSSION

In summary, this series of studies, including MR DTI measures, provide the
missing links that demonstrate (1) different paiseof age-related changes in cortical
recruitment stem from a reduced capacity that $iraltler adult’s ability to recruit more
neural activity in response to increasing task dedea(2) the source of the age-related
changes in cortical recruitment may be traced dovidual differences in white matter
integrity of corpus callosum, and (3) these agateel differences in bilateral cortical
recruitment may be selectively modulated by culelated experiences. Three
experiments were performed to arrive at these cgramns.

Experiment 1 provides evidence that while youngleldta demonstrated an increase
in the activation of cortical regions responsilae ¢ognitive control with increasing task
demands, older adults failed to modulate BOLD-messactivity under higher levels of
task demand, indicating reduced or limited capagitif recruiting more neural resources
in response to increasing task demands with ageeriirent 2 provides further evidence
that individuals with greater micro-structural igtgy of white matter, particular in
corpus callosum, were related to more bilaterdicarrecruitment (indexed as laterality
index) and better task performance (indexed asfarence percentage), indicating a
critical role of corpus callosum for recruiting a@ttshal neural resources between two
hemispheres in response to changing task demanussabe lifespan. Moreover, older
adults showed greater integrity of posterior corpallosum were related to better
performance but this association was not observgdung adults. Finally, Experiment 3
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provides evidence that age-related changes incebrecruitment appear to be ubiquitous
across individuals with different experiential bgakund. Whereas the effect of age was
characterized by displaying a global influence cairbfunction, with older adults
showing greater bilateral activation as well asucedl anterior-to-posterior activation
than young adults, the effect of culture appeatsetaore localized on brain function,
with East Asians showing more bilateral activatioprefrontal and temporal subregions
than Westerners. The data suggests differentimleéntes of aging and culture on
functional brain changes, with more global effextlfiological aging and more localized
effect for culture-related experience.

Concerns have been raised that, when comparing B data from different
groups , particular between younger and older adtiie functional effects may be
confounded by changes in neurovascular coupling$posito et al., 1999, 2003; Huettel
et al., 2001). Moreover, individual differencediodily systems, including the
cardiovascular and cardiopulmonary systems, mag bath direct and indirect effects
on neural activity (Lu et al., 2011; Raz et al.08p Therefore, it is possible that the
CRUNCH pattern we observed in previous fMRI studied current studies could be
partially due to age-related reduced capacity uronascular system and dysfunction of
cardiovascular system. Such effects may resuhadimitation of recruiting additional
oxygenated blood of the aging brain and/or thaezackiling effect on BOLD-related
signal in older adults. Some methodological appnteadisentangle these problems and
rule out these potential confounds. First, we coatobrd both neuronal and
hemodynamic measures concurrently by conductirfgréiiit but complementary
neuroimaging techniques together, including measof@euronal function such as
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event-related optical signal (EROS; Fabiani & Gratt2005), measures of hemodynamic
function such as functional near-infrared specwpgdfNIRS; Villringer & Chance,

1997), measures of electrophysiological signal saschvent-related potential (ERP,
Fabiani, Gratton, & Federmeier, 2007) in additioriMRI tool. Second, we could
calibrate BOLD fMRI data with a means of hypercapmsing simple breath-holding
paradigm during functional MRI session (Thomasoal €2007). This approach has been
suggested to sufficiently reduce vascular varigbih different groups such as children
(Thomason et al., 2005) and older adults (Handweskal., 2007).

Resolving whether age-related over-recruitmenssoeiated with compensatory or
declining function, would require studies that mefiectively measure and equate
differences in cognitive ability and performancesas young and older adults, as well as
better define what compensation means. In the pté&8HRI studies, compensatory
process refers to brain activity that results iroptimal behavioral performance in
accuracy and reaction times as opposed to somedsfiritions that do not necessarily
require a behavioral index. Older adults showedvadgnt accuracy but generally slow
responses during lower levels of task demands oayplith successful modulation of
BOLD-measured activity (older adults for Experimérdand Western older adults for
Experiment 3). In addition, older adults showediegjent accuracy but a trend of slower
reaction time during higher levels of task demacwlgpling with a failure of modulation
of BOLD-measured activity (older adults for Expeeinh 1). These fMRI results appear
to support the compensatory view. Further, DTI gtiandExperiment 2 provides evidence
from individual’'s anatomical information of whiteatter integrity that seems also
supports compensatory view, with greater integftgallosal fibers associating with
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better performance and more bilateral activation.

It is worth pointing that we performed a systenalteessessment in the laterality of
functional activation between age groups and beatveeéural groups across three
experiments. This assessment allow us to ensuffinttiegs of age-related and/or
group-related laterality differences in specifiaibrregions are not due to the significance
threshold selected for analyzing fMRI data. It basn suggested that, based on the
statistical characteristics of fMRI data, differéimtesholds could mislead the observed
fMRI results and further incorrectly interpret thfect of age and the effect of condition
(Cabeza 2002). Therefore, in addition to the ctadsipproaches, including a measure of
strength of functional activation such as BOLD sigrhanges and a measure of spread
of functional activation such as voxel counting, @eenputed laterality indices for each
individual (Wilke & Schmithorst 2006). The approdudsed on threshold-dependent
laterality curves and on bootstrap analysis, thavased on a variety of different
activation thresholds and then computed a weigatedage of the laterality indices,
giving more weight to indices that were computedgidigher thresholds. This approach
provides a more reliable and more systematic assagg0 observe hemispheric
asymmetry of functional activation between diffargroups.

In conclusion, this series of studies provide thesing links that demonstrate that
different patterns of age-related changes in crtecruitment stem from a reduced
capacity to recruit neural resources for older &dnl response to increasing task demand,
and such differences in cortical recruitment cchgdelated to individual differences in
integrity of corpus callosum and could be seletyiveodulated by culture-related
external experiences.
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