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The Relation Between Brain Activity During Memory Tasks and Years of
Education in Young and Older Adults
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Higher educabton 1 assocsed with ke agre-nelated dechne m cosmitve Qupsteon, Bul the mechaisn of
this - pritecive effect 15, unknowne ‘The authors exumined the effect of age on the melation belween
cducation andd brain acfivity by comelating vears of cducanion with acriviey megsured using functional
MEI during mieaory tsks e voung aod older wdolis; In young adols, edocalion was negatively
correbited with froneal sctvity, whereis in obder adults. educabon wils posigvely corrshibed with [rontal
aonivity. Medial iemporat activity was azsnciated with more education in young adults bat kess education
in older adults; Thos segeests that de Tronsd cones s cogaged by oldes adulis, pamicalacly by the highly
educated, a5 an altemebve network: that may be enrazed o wd cogtive [umton
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Qid age jsassociated with o loss of memory functon. In
paricular, older adults hive difficuly recollecting personally ox-
perienved events, that ix, episodic remembening (Tor o review, ses
Craik & Hosman, 19921 This deficit may anse from problems in
reirieving siucdied Jlems espeoitly when an glToniul search of
memory is reguired (Craik & MeDowd., F98T: Macht & Buschhke.
1983), Indeod, past stedics have shown thal age-reiatcd loss in
gpseicic memory 14 larper on tests ol recall than of eoognition
(Crak & McDowd, 1987 Park, Puglisi: & Smith, 1986: Rabinow-
ite, | 284 ) Memory Joss noolder aduls also could be caused by an
imahifity 1o effectively encode new information. Poleniial sources
of this failing are secondary impairments in siention (Craik, 1983,
1986) and nformafion processing (Salthowse, P67 a8 well ay g
heiphtened susceptitality o interference (Hasher & Facls, 198E:
Winocur & Moscovitch, 1953),

Accompanying the reduced episodic memory inolder adulis ore
alterstions in peural activity compared with the vounz. For in-
stimeoe, ina stady by Grady o1 al. (1995, memonzation of face:
produced less adivaly in the nght hippocampal, Telt infénon pre-
fronsal. and tempoml cormices in an oider proup comparad with a
group of voung sdulis. A reduction m the sputsl extent of lef
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frontal activity in older adults also has been obssrved dunng the
encocding of words {Sashbins eval.. 2002) [lowever. older adulis
somenmes have incrensed nght monial acivity denog encoding
comparod with voung adalis (Rosen o sk, 20020, Similrky, re-
irigval has heen assoctated typieally with mehl frontal sctivity In
young adalts buta recruitment of both right and left frontal regiony
i elder adulis (Backman o ol 1997; Gruly, Bemsiein, Stepen-
thaler, & e, 2002 Mudden e al., 1999, This consistent deme
onstration of bilateral activity in frontal fegions during retneval in
older adults compursd with pypacally nghi-laeraliced fronal re-
craitment in the young has led to the sugpestion that aging is
aseociated with a reduction in hemisphonic asvmmetry THAROLTX
Caheest, 2002}, This putiern ol hilaeral ool scovity doning
retrigval ias oceured in conjunction with poorer face momory
({Grady ot al., 2002). word recommition (Mudden o al., 195, and
coed reeall (Backman et al, 1997) 10 older adulis comparesd with
voung adults. However, others have reported bilatcral frontal sc-
vty during memary insks in which older adults were peciorming
as wiell as young adilis (Cabeza, 2002; Cabera. Grady. ot al.
L9497, ar in those with better performance among the ofder adolis
(Rosen el al, 2002}, Ths. althowgh the evidence sugreests that in
somme cases recruitment of frontal areas aids nemory performence
i older aduls, 7115 s6ll unclenr whether such recruilment s
srenerally heneficial to memory ainfity.

levolvement of medial wmporal resions alse is frequently found
in memory tasks and has boen assoctined with enhanced cognitive
ability i bodh young and older sdults. In one smidy (Schacter.
Alpert. Savase, Rawch, & Albom 1996), words that had heen
semantically encoded (deep sncoding inols) were recalled with
higher accuracy and mode right bippocampal activiny than wonds
thiat had. been leamcd by aucnding Jo lbeir percepiuid features
{shallow eneoding trials) Tooaddition it hesefits dunng recall.
bitateral medial temporal sctivation was repomed to be gresler
dunng the eneoding conditions thas produced (he mghest recomm-
tion scores in hoth young and older adults. namely intentonal and
semantic encoding of picturcs (Grady, Melniosh, Kajuh, Beoig, &
Craik, 1999, Mo recently, severml sludies heve repored that
hipprocanmgial activity during encoding is correlarsd digectly wilk
betier memony performance in both voung sod older adelis (Eella-
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Magziore ot al., 2000; Grady, Mclniosh. & Criak, 2003; Morcom,
Cood, Frackowiak, & Ruge, 2003 These tesulis suggest that the
participaien of medial wmporal remens Goliies memory re-
eardless ofapge.

e factor that is known toe'account for some of the vamamoe n
cowrnitive ability amomg older wlolts, amd which may. account for
variahility in brain activity as well. is years of education. Fewer
years of cducation bave boen associated with & Taster age-nelated
decline in mremory (Colsher & Wallace, 19915 Evans et al,, 1993,
mizntal stams (Lyvkersos, Chen, & Anthonv, 1999 Sturr, Deary,
Inch, Cross, & MacLoeanan, 19970, and verbal ahiliy (Asbuckle,
Mane, Pushkar, & Chaikelson, T998: Christensen er.al, 1997).
(Freater education alse has an impact on the cxpression ol cogni-
e cleficats in pationts wath dementia. For exarmple, several studiss
(Alexander el ul., 1997; Stemn, Alexander, Probovnik. & Mayeux,
1992 have reported greater metabeolic deficits in parictal regions in
more Bighly edocaed Aldheimer's patients compared with their
less educated pesrs despite no differences in cognitive ability. Thas
15, more cdpcsted patients whoare ata Taler stage of the disease m
terins of metnhobc deficit display the same level of cognitive
ability as less educated patients who arc ac an carficr stage of (he
lizese, Tncwsence, educiiion does nol delay the prowsression of the
Aleheimer’s pathology, but it may enbance the ability of the
paticnt Lo compensaic for that pathology. In-addinon, Bennen e al
(2 recently sxamined the effects of Tonnal education on the
dearee of cognitive decline prior to death and the pathology seen
W osopsy in patients wath Alehoimer’s diseaie. These aafbion
concludel that education provides a tvps of coonitive reseive that
reduces the deleterious effect 'of Alzhcimer-tvpe palhology on
cogmiive amlinies.

The mechanism by which edncation is able to retard cognitive
decling 15 mot known. The more tipld doledomiion o cognitive
ubnlity in less educiied older miolis mey resal! from an inabilay o
recruit the biain iegions thar underliz etfective performance of the
copnitive task Alternativedy, the cogi@omeont of 8 compensmory
network im more hnghly educates) obder adohs may aceount for the
preservacion of function in these individuals. One suggestion is
then indnvidualsdiflenng inedocation viry in the siriegies used i
pecfonn a task or in the bran regioms underlyvine their behavior
{Swern, Aldbert, Tane, & Tsai, 1999 Tha is. cducation cnables (he
cleber adull 10 engagre neurl circuals that benelit bis or her cogni-
tive perfarmance when the brain regions that normally mediate the
tsk no longer funchion as-a cohesive unil, Some evidence Tur this
fras heen repurted tecently inoan experimezil that examinad brain
activity danng the encoding and recoonition of nonverbad shapes
m vorng and older adults who were motched in perfomnunce level
(Scareas et al 2000 ) To that swdy, a compaosite measure derived
from educaton and I0) scores was associgied with ereater actvily
im the fefl cumens for older adalis but in the nght inferor temporal
and posteentral vy in young adults. The authors interpreted this
finding as cvidenee of compensalory activity in the oldar group,
reflecting differeniial successin coping with age-relited changes
UL Cosnition.

The present study was condusted o explore the relation between
educatiom and hrain sctivity donng verbal episodic mgmony and
how this relation mav chanoe with age. Wi wsed funcrional MREI
(TWET) oy measure bran scnvity in voung and older adulis denng
memcry asks and idemtified the network of brain repions whose
aotivity was corrctascd with yvears of cducation. We dlso examimed

b adtivily in thess hrain pelwiorks was (elated o sccuracy of
recognition performance. This approach offercd thee wlvantaze of
cxamimng differences i the relaiionship betwesn educatonal
attainmment and neural activiny i voung and older populations smd
howe these differences affected momory abiliny, Consistent with the
work revigwed above, we expeded thal hippocimpal activity may
he relited b meognition in hoth groops, whereas the wse of
prefrontal cottices would be comelated with recogmibion accuricy
and cdneatdonal sisinment i older sdulis hol nod necessarily in
vounger adults That i i frontal reglons are responsible fur
processes that can be vsed by elder adults 1o mainlain cognative
Tunciion, such as organizing mompolating, eed monitorng infor-
maticn (e.o., VEsposito 2t al. 1993 Maoscovitch, 1992; Shi-
mamers. 1995, Stuss & Beosor, [987). then achvily in these areas
shoold he related 1o educaion ond perfaps also o sk perfor-
mancs. Indeed, there is somic cvidenes 1o support (he adea that
fromial activity @5 rehted s heier menory perfonnance in older
wlulls (Cabeea, Anderson, Locantore, & Melntosh, 2002; Grady,
Melntosh, & Craik, 2003} However, the evidence on the relation
botwesn Trondn] activity imd memary perfommance in voun? adults
i mixed. Some stodiss have found that frontal acrivity duting
encoding is associated with betier pecformumes (egs, Brewer.
Fhaw, Desmond, Glever, & Gabrizli. 1998: Wagner et al., 1998),
whereas others have found the opposite (Chten & Rage, 200 h
Frontal activity dorng reareval also has hesn associated with
plnrer memory pecfommancs 1 young sdalts (Grady, Melniosh,
Beig, & CUraik; 2001 ). Onc possible explanation for the variahiliny
bopween studies could be thal specific regtons witlan the prefrontal
cories are differently related o memory ability in young adulis.
‘That 1z, activity o infenor prefmonin] regions hus heen associared
wilh hetler memory (Brewer 22 al., 19980 Wagner et al, I998),
whigreas activity in antefior (Grady et al.. 2001) and dorsolideral
{Gradv, Mclmosh, & Criik. 20037 areis has been correlatad with
powrer miemary perfomancs in the youna: Thersfore, we cxpoote:d
that the natworks supporting memory perfommance as well as those
relutesl 10 educotion would be diflerent betwesn the sromps.

Method

FParticipants

Twenty-une voung adulis (hetween 12 and 30 vears of agcl pamicipaed
in the study, hut zome had 0 be exchuded becouse of Breesive motinn
during scanning {n =-31, feilure to normaloe properly o the teopkite (e
Tedow, p = 1), o absgiiee of accussey data beegonse of problems with Lhe
response collecnon device (n 1) Tweoty nine older adulis (65 years of
age mnd older) paricipated. but soms had 1o be excluded becins of
excuigive motion (r = 3), faikiee o nommalize properly o the emplate
(n = 4}, sbsenes ol wecorwy dots beviwse of problems with the response
eollection device (it = 21 or incomplete (MBI dotw collection te 1), The
final sample onneisizd of |4 right-hended young adols (7 men and 7
wonnen, mens aze = S0 234 = 2.3) and 19 dghi-handed older eduhs
{4 men and T women. meanage © S0 = 739 = 675, Table | shows how
the youngand older adults compare om sevem| cosmbive measirss: The
rore educaied young pacticipants consistad of graduate andunderereduse
students atlenthne the Umversiy of Toronks, Ontane, Canada, The less
cducatad voung aduls ware recruited from the Commumiy. as were all of
the older adubs, Tl range of cducational atanmeat - the voung moup
wits frorn 81 e 240 yeors and froen £10 21 vears in e older group. The
mezn evel of cducanon did not difier belween e rroups, f31) = —03I8;
Ji= 08 Stnemeal MRT scans wore obtained ot the same ome as the
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Table 1
Nemographic Dara

Participant parameices Young asluhs ey adults
Anc {yeas) 3A2:5) TaA el
Education {ycars) 147031 1£.0047)
HVLT tmmedine Recall 87116 641015
HVLT Delayed Recall 2 AR f4(2.0]
HYLT Recorniton 1T.04{1.3) 92(2.0)
WAILS Vocahulary FTE12.5 46.6(13.1)
WALS Infvrmution 15415.1) 243
hgit Syinbol B2RI152) FILE(LET
MMSL 29.8(23) 2B2{25)

Negee Vaolues are means, with standand devistionsin parenthescs. Sigmil-
icant differencos were found between the groups on HVLT (Hoplans
Verhal Learning Tesc Shapirn, Benodict, Schretlen. & Brande 1999
Immedine Reeall, F{T. 311 = | 7.5, p << 001 HVLT Delayed Beeall, FTT.
Al =144 p = O ; HVLT Recogpition, F{1.31) = Y4k p = 01, WALS
Vouabuliry, F(1, 310 = 5.6, p =2 805; WAILS Inlormauon, £ L, 310 = 5.2,
g o< U1 and WALS Digie Symbaf; M1 313 = 214 p = 005 WAIS =
Wechzler Adult Intellizence Scake; MMSE = Mim-Menal State Lxarm-
nubon

Toncsional sciuis L sezsen ol participants whio bad overs heaim ghnarmal-
ities. Nooe of the parbicipant ook medidations (thal gl allvst i
funstion. The Efhcs Committees of Buycrest Centre lor Genatric Cure and
Sunnyhrook and Wonen™s Colicge Healrth Sricnoe Consre approved this
exparirnenl, wod ssch paricimul s inlenmed consgnl.

Srimulus Marerials

The stnuh used in the cxpenment mcluded black hne drowmes of
nameahlz ahjocts and words cormespondng tn the numes of ohicts
fRundzaass & Vandetwar, 1980} preseaied on g white hackgmand. Twa
list= of ehyects and two bsts of words weee assirned 1o e sovoding lesks
in 4 counorhaianced fashinn. The nbjoct fisss were matched m terms of the
Familiariny and Mg cotplexity ol e Tiae drawings conmined within cach.
Fomilriry refers o how oiten prople come 1o contacl with an elgect, aml
complexity is o measure of the inmicacy of the line drowine {Snodemiss 8
Vanderwart, TR0 The word Jists were squatsd for the frequency of the
wog(hsin the English lunpuaee amd e word Tength (KRadera & Fraoeis,
19677,

Procedure

Participants lay supinc on the MR scapner bed, with their head stubs-
lized by an aie-filled vacoum cushion. The stimuli were projected from the
carpuiter Jocatad ouiside of G stinner routn volo § mioos inside the head
cotl ur. for participants necding correcuonal lemses: throurh Silent Vision
Cinaples {Avoree, Smar, F1L) placed nver the paricipants” cyves. During six
MMRT rome, participants were enzased in Four gosading ind Two recognfion
condiiens: Twe different encoding tasks wime periormed on words ad
pictures 1o Tacilitate comparison with nather studics ot azing and episodic
mzmnry (2.8, Grady ef a1, 1999, 2002, Schacier of al., | 996; Suehhins o
ah, 2002% looa shallow-encoding copditon, paricipants deterinsd
whether the pictures presanted were lerpe or small and whether Lhe words
were prinied in o capital fenereof lowereaze. In & deap-cnending cnndiion,
paricipass deed wisther te prolures o wonds corresponded 1o living of
nenlving entities. The pamicipents pushed ome ol two buttons wilh esther
the sighr middle or e index fingar to indicans their responac. The stimilos
Lizts o each encoding condion were divided milo blocks of six words or
paclures, each presented for a durgion of 3 &, with | s belwsen strouls
Fallowing cach 2d-c arimmlus block was oo sensorimotor conol binck of
copaal docanion in which partesipents poshed @ botoe exch time a fisation

cross appeared v the screen. Thus, exch study hist consisted of 2 tmal of 24
wnrds or picoures, broken up into four stimudus blocks, alternuting with e
sarne ounber of camral blneks. The oader of the encnding conditions was
countertrlanced armoss the paricijans

Immediaely tollowing the four encoding condiions, parlicipants war
adminiEzoed rwo scanned recopaition tzsts, one for the stuedied words and
the witrer for the stodied pactures, The ardir i which e rests were given
was cnntctbalanced across participamts, Bodh recogmuon lests were nsds
g of weords written in lowerease leters, incloding the one for the encodad
mctures. Thns wis dowe so thal prelues msmory wortkd by moss simikar to
that 1o the studicd words beciuse both youny wnd older adults Jemostsse
supcrior memnry for picures (Paivio, 19710, Each recogmuo list ou
staled of 48 wonls, 32 of which had been:studicd in onc of the prevaous
encoding conditions (us either o word or o picture), ind the ramaining 6
cnnsising of now stimuli tiat the partizipant bad oot encountersyd dunog
the encoding phase, Taniipants gressed one of fwo rtons wsing cither
their rizhl middls or their index fnger w indicale whether te stimailos was
old or now. The tost lises were divided into blocks of six stmub Gour obd
sl tweny newe ], cach presented frvr o duration of 3 5 with o 1-s iniersttmutis
mtzrvatl, Blocks consisting of itgms that bad heen deeply encoded alter-
mated with blocks contonme shatlowly processed stimule Titerveming
herween these stimuhis bincks was the same fixation cross-monitgring sk
thist wars wsed gy tee coptnol sk Tor the encoding conditions.

Scamuing Procedure

Imazme wis peslormeed with o L3 T wiole benly MRT seanner, with a
standard head coil POVA hardware, LXED soltware: Geneal Eleorne
Medical Sysrema Wankesha, WT). During the functiony! scuns. the bleod
wryrenatoo-levd depeodznt MET sigoal wis measwed from 20 shoos,
cuch of which wis S-mm thick. The mmging sequetce wis a sngle shot
T2oweighted pulss scquence with. spiral readout offine gridding, and
reconsiruction (TR = 2300 ma. TE = dil.ms, flip angle 217, Sroctoral
soumy were abtamed privr o Lk perfurmance by using o threr dimensional
(3-[% TT-weighted pulse seqicnce CTR = 124 ms. TE = 5.4 me. fip anels
357, 22 165 field of view, 124:axiaf slices 1.4-mm rhickh

Puia Analvsis

The measure of socuracy an the recomition s was Ue proporiim of
new atimuli thar the pamicipant incomectiy identificd oe old (False alanms)
subtracied [om the propomion of stimoali thar were eoncerhy laheled as old
{hits], A repeated-measuney analvis of covarimee was applisd 1o these
data, wirh stimuthag type (words or pictures  and oncodime strusesy (shalfow
or deept us the tepenied measures, proup as the independent factor, and
number of vears of education b be covirhle.

Mation commoction of the imaocs wes performed using the soliwage
package Analysis of Funetional Neuroimage (AFNL Cox, 10U87 Lich of
the sia [uncticoal o for sach panicipant was regstesed foothe singls
funcinnzl run tha redoced the amount of mevement o less dan | mm
The fiest fanetional run of the enending resks wes wsed o5 the referends [ur
st of e paricipinte The reafgeed inages wene ther spatialy nomod-
frod. using 4 fnear alranthm, o & demplote thal was 52l soomalized 1o
the heain space of the Montreal, Quehec, Canads, Neoroiogio Insgtute and
apprasimites fhe space of the Talaicach atlaz (Talsicach & Tournowx.
LUER L T temmplate was constrocied by averagang wgethes the spical MRT
seans of 30 young adults: The nomalized fmages were then smootiied with
Ak -y lice oaing SPA9Y (Frackowisk & Friston, 1994 ). Mean imiges
{or zach condisen (four encuding aaed Lo reqopiinion) For each participant
were coloulated. resaliing in six Iares per paricipant Foous Woostalistic
analviis, 1he raw valie of the signal within each voxel was convered wa
Tito by divadig by the avenige vales (averiged soross all nms}oof all
voxels m the partcipant’ s bran,

Partial lzast squarcs (PLS, Malntnsh, 1990 was used o detetmmne the
sel of brun regions whose astivity was corrclared with both vears of
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ciducation ond recosniton ocuracy. All of the mean mmmes . for the
ensuding and recognitivon conditions for hodh voung and older adolts were
eolersd o & single analyss, The messore of recozniion accurey was The
gverire propartion of hite—{alse slavms gssocisled with recogzniton of e
sfimandi o bl the pictuse aad word rocognition tosts, regariicss of the
mnerer a0 which the Stzrakl bied been encoded. This overall measire of
recongnifinn accuracy was used os an estmate ol peneral memory ababity
simelar 1o e way vears of edocation is an cstimate of general intellectuat
function: Both mean recormiion accuracy and vears ol edusation were
ciered intn the same anabysis in order W detenmne whether there were
oot bradgsreas relaiesd o Tt cdocational lovel and micmory abihey
and what areds might suppos memory abiling independonr of cdecarnonal
sttwnment. This method of stibstical analysis wsessts the coreliion
herwoen the: fMRT signal in cach broin voxel and the two behavivrul
vistables (Gradyv, Melutosh, Beig, e3 al, 20030 These corrclations ane ihen
contrasted across condibons and rroeps wsing sippule vadee decompask
fian, reanling in g numberof latent varidhles (LYs ) Thus, this unabysis cam
identily patterns of bravs-activity that are the same. or different, poross
cunditins or between groops. Esch LV vomsiats of 8 singilas image that
depicts the brain reminns that correbute with number of vears of edocitan
tandfor recogibon accareey )l Bach woxel in the singolar mmupe has a
nuwmencil weizht |3'.1Li,_1;;j;||_;:_-1_| it dg-a.:-:'uch: s thae voxel s refated o the
behiasviorul verdables. ‘The degres W which such paricipant expresses s
hrain paiiern depicted in the singulsr-imame (hrain score) s calculated by
wsuliiplyig e IMRI irmages S each pasticipant in each condition by the
singular imigee. These brun scores dre similar o Baciorseorgs inoa factor
analysis. The corrclaton berwern the bram score of each parbeipant aml
the heliaviora] variabie (nomiher of vours of cducaton or mecormiton
wrvurmey | s compuied fur each coodition, A positive coralation mzans that
hiph brain scotes (voxels with posiive salrence) are telated weligh levels
of the hehaviosal variable (e, high eduzation or high recosmition aciu-
racy' b In contrast, mph valves of the behavioral variable are related to low
bram scores {voxels with nerative salivnee ) wheo the correlation is-nega-
tive. The refinhility af cuch crreluion wos determined wang a bootstrap
estimation of ike copfidence intenvals, nsing W0 bontsrap samples and &
ramdon resumpling of Lthe partcipsuts, with replacement. The 23% confi-
dence interval was wscd as the threshokl for reliabiiy. for thess comela-
tiong, The bootstrap alsn was usad o determine the refiahiline of cach
visel’s salience by calvulasng the standaad ervor of 1he salicaces. Relilis
warels wore defined as those possessimg o salwnce:staodion] emmur mlio
{retiahiliny ratiay progcer than or cqual to 206 (Efron & Tibshiruni, 1986).
winch 15 sguavaleol woa 9% confidence Timirn, Any voxel confaining a
reltubility matio higher than other voxels within as 8- cube mdiog was
considerad o be the “peak™ voxel flocal maximu) for that brsin arei The
conpdingtes [or these Josal masing were expressad as Brodmann's ancas
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{BAY nsing e Talaisach attas. Ti addifion o the hontsitrep procedome, the
sigmificance of esch LV o' whole wad atseised with & pormuomtion 1est
(Melntnsh; Boackstein, Hexhy, & Crady. 1996) wsing 500 peroniaiiong.

Keaults

Memary Perlormance

The young and old2e adults classified the pictures amd wemds o
living nonliving (decp-cneoding condition) and musle siee judements
{shallopw-enzoding comitian) with high acearacy. The groups did not
difter in their accuracy {older M = 0.8% young M — 090 1,
31y = 0215, p = 05 Hil roes, ke alarm mies, and comected
sccurey measures (proportion of bit-propormion of false alimms) are
shown in Table 2 for the voung and obder adlts, The siymilicand main
etfeots for recoenilion accumey, covarying oul the etfsct of education,
mcuded that of group, FEl, 310 — 113, p <2 00, and encoding
condition. F{1, 31) = 443, p =2 001, The youny wene miore 3ccUrai
than the older adulis, and deeply encoded items were remembere
hetter than shallowly encoded Ttems. The Stimulus Typs > Enooding
Condition interaction was also siembeant, F{E 31) — 660, p < 03,
mdicnling thal ke difference in sectracy resulting from the cocoding
task was greater for words than for picturcs. This was inee for both the
voung and the alder adulls, The socunscy of recoenition (collapsed
azruss stiniules ype and eacoding task) was not sigmficantly come-
lared with years of education i gither the voung or the oldar adob
(pamy v = 0, p o= 05 older ¢ — 1T, p = 5L

Brain Behavior Correlations; Education and Recognition
Arcuracy

The smalysis of tha relstiom hetween hrain activity during encoding
antl recommition with acearmey and vears of education resulied inow
pumber of siphificant LVs. These LVs idemified patierns of hrain
achvaly that were comelaed wiath education amlfor accuracy and thal
thilTerentiated young fiom older, bur none of the pattems vimed soress
ehcoding and recognition conditions (the resulls of wmalyses carried
ol on the seams frome gpooding and recoonltion Separatcly can be
found on the Web ot hiip/dxdoborg/ 100103708044 105.19.2.
18Lsupp). The first LV in (he combime] groups analviis of the corme-
latton between hran acovity. vears of educadion, and socogmiiion
acctracy {parmutation g <2 01 Flgum 15 for color versitms of the

Lable 2
Accuraey of Pictire and Wensd Recogiitiog
Pactures Winrds
Measie Yoy Oilder Young {Mder
Nhaliow
Hits  flse alams (A3 = (LT6 DA =080 0535 £ 029 (20 ' 023
Hizs 0 el 0 046 = 02 0452022 034 1 nolg
Falar afarms 314 =031 [FR e FR (FRECRE TR ] 013 = k13
[iezp

Iits:  [adse alaoms 062 = .17 A3 = (K25 LT = 11T 049 = 029
Tlns (L7 = {12 3 =10a7 k83 =015 (.58 = 024
Fitkse alarms ML = (a0 L TH = L1 LRty = (L 0.0 - s

N,

Vabues [or sach conditon ae e mean = stamdand deviation.
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fiewre 4. Bramoareas in which activine during the cncoding and recoermiton Lisks wits cormbited with
rocoemiton socurecy and vesies of educsion i veun adults e ahowen in the sopaof the figure o this figure.
in alt arhwequent figures, scovated greas are shown on 2 stamdad avesge nagoctic resnnance image (irom
SERI99) n the indisarod fevel in millimaers relative o the ntenor—postenor connmmissurs line, The sight sade
o the imiire comresponds o e ol side ol the beain, and the loft side of the image commespomnds 1o the Jell sie
of the hrain. Activicy i the rogons shown m wiitte were positively corrofated with high educatgon and bagh
pevurmy, il those shown in hlack had negetive comelainng. The maxima for these regions can be fonod ia
Table 3. The botom of M figure shows the cooelations betweon mean brain score (averiged over 2l fask
comditions) and the exiemal vasssbles for e yoong amd older panicipants: The mean brain score was used
Tecnuse individoal sences did nnt vary wpprecably weross the sk combiiens These goaphs indesate that
inereising wclvily in the white arcas and, hence, incteasing brain scorss wene assoctiisd with more peirs of
education (r= 66} and beger recopmenaceussey 4r 460 in the voung adules. Conversely, incroasing wcavity
in the hkack areas and, hence, docrousing brain scures wene axsoctaled with fewer vegrs of educaion and panner
recommiien ecuraey, The coomelations o olfder adults were not'reliable (e = 08 and 07 [or edicagion and
rocomminon, respectvelyl A celor version of this Bgure G- on the Weh ot hopeffds.dod.org/EUU0E 70854-
10519, supn
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figures, see the supplementary material on the Web a bupsifidx.doi
g L0 ITRTIMRA-L 1051 9.2 B Lsupp) churacterized the young
adults. ‘The brain pattcrn consisied of a 8¢ of remons o which
activily. during encoding and recognition was correlated reliably
with the educational amainment of the voung adulis s=nd lheir
aecuracy of recognition (s between hrain scores and hehavioral
varahles range from 044 10 (L67), Tn the older adults; this panern
of brain activity was not relisbly comclated with educationat
sliinmenl or recognition sccuracy, A higher level of education
and grealér recognition accuracy in the young was associated with
aetivity in mostly posteror arcas such as the posierior cingulate
ey, cungns-and - precuneos; and lateral end medial emporal
rerions (see Figure 1and Table 3). Fewer vears of cducation and
poorcr recognition performance in the voung was. cormrelated with
achivity in mostly anterior regions, including the prefrontal comex
hilaterally (alhouzh more prominent in the left hemisphere), pre-
motor regions, sind the emporal pole o the el hemisphigee [see
Figure 1 aml Table 31 Thus, this LY revealed g common sct of
brain regions in which activity was related 1o both the educational
alainment and the recognition mzmoary of young edulls acooss &ll
the tasks. Prelmmtal activity was associated with poorer rocoeni-
ton and less education, and postcror iemporopsrista! aclivily way
axsocisied with heller recoeniion and more education.

The second LV { permutation p < 01 ) identified a groupol brain
resions m which acuvity dunng the memony tsks was conelated
with Tevel of education in the older adults (range of # values in
older adulis = U.33 054}, "1his paitern of bran sciivilty s nol
relighly comrelued wath recosniion sccuriey in older adulis The
cormelations betwezn education and braiscactiviey in the voung
adults were oppositeof thal seen o the older growp (see Firure 2,
glithouyrh nedther thess nor the comslations with accoracy were
religble in this groop: More years of cducation in the older wdulis
were comrelatcd with aetvily in nehi-laleralieed arees of the em-
ol amid panietal cortices and cingulate gvis {see Figure 2 and
Table 4). Prefrontal areas also showed thes paticm of comelsnons
bitaerally b more cxtenavely in the fehl hemnsphere. 1o con-
trast, Tower educatinnal attainment in the older adults wis associ-
ated with gcrivity in the posteentml gyrus and the Tmgua] gymus in
the Teli hemisphens dnst in infenir und medial poctions of the left
termparal Iobe, including the parahippocampal gymus (see Figue 2
dnd Table 4%

A third TV {permutation <2 A0, Figure 3) identified a ser of
brain areas whose activity was comelated only wilh recognilion
secamey i the older sdolis (rmge of Fvalues — .73-0L75). This
growg af brain segitns was not reliably correlaed with education
in oider aduls or with vears of cducalion or recognition aconrmcy
i voung wdults (elthowgeh s, the conelations in vouna and
alder adults: were m opposite directions: see Figore 3], More
accurate recoenidon of the stady jtems n older adults was osso-
cioted with sctivity in e 12t premotor cortex, right linoual syrus,
and lett caudate nucieus. Poor memory for the stidy nems was
related o potvily n premotor tagions bilaterally, the middiz
t=mparal corlex in Bt hemispheres; and foci within the dght and
left panetal cortices {ses Table 5 and Figure 33 However, (he anes
most siromgly corretited with poorer memory peclonmance in alder
adules was a reginn of the left anterior medial lemporal conex

To summarize these results, voumy sdalts showed overlap in
those brain networks thot wers associated with education” and
ecognition: ability. whereas these networks weore dissouiated

Tahle 3
Lol Meaxima of Aveas Where Activiny Is Carrelared Wikl Leved
of Edncearion and Recognitian Avouracy in Yeuny Aduls

Repgion Term R X Y “ Sal'SE
Positive comelubons

hlntor

Gl R i+ - —32 68 fi-l

Gl L. 4 —4 —34 04 1F
Cinmalate B 23 8 —20 Z 11.1

L 23 =12 —l& 33 TG

Temporal

H B 6 20 -4 0 Al

GTm R 2 it —f_i'-i 14] 46

(iTx L 4z —13 =32 20 1.3
Parictal

0GPl B 312 . ] '3?.. G0 fi

Cidls K 4 48 h i 7Aa

Li's L 7 {7] i fi1e] B

Pou E i i 6l <1 53
Crecipatal

Cu E 3l I Gl H 46

o L 12 12 BB 12 44

il B 19 3 T 32 14

G B 37 5 6 =12 43
Thalsmus R I —2 H 8.2
Moo R 4 —2H —8 .6

MNesative conslnions

Pretrontal

Uil L 45 5 iz i 6.0

Glm L 1o Bk 4 X} 54

Lilmi B it iz a8 24 6.6

Gl 4 B 5 A4 44 7

Gl K Hh 28 56 38

GEd i I 1 4 -12 58
Fremuolor

GEC 4 0 30 4 12 7.1

GPC j & 0 -4k th 4 A7
Cangulane i 34 4 40 H 53
Tempoil

GTs: I 2 —4H 12 —4 3.2

GTim I 21 —d4 -4 —4 2.7
Tutamen R 20 - B 37
Note. Azeas o The able were identificd by the first lntont varisblie LY )

in e beluvieral malysis. Coordingios and cstmated Brodmann’s areis
(LAY are foom the Moniresd Neomlopical Tiatimne iemplate in SPRM and
are strmilar w tse” coordingres from Tafairach and Tournoox (19881, X
{TLy — negative valics are in‘the ottt hemisphere (Hemb: Y (anterior
posierion)  negaive valucs ane posteror o-the #ero point (ocaded a2 e
b eonumissune); ¥ {superor-inferiort = negative values are infiio
i the plange defined hy the antcrior and posierior commissures; S3lf5E
refialsility satin for cach region on this LV: Cu = coneis; GF = fusifoam
evriis; GF(L i, 5, dy = feowital oymes (inferor. midde. suparie. mediall;
GH - pambippreampal gymus: (0Ms = supramanmnd gyres; Gl —
superinr nocipital gyrus; (Pl = poswoonmy gymes: GPrC = precentral
gy (FTm. &1 = temporal gyvmos (mddle. supedor: LTS — soperior
panctal: Pen = precuncos.

alider adults. [ncreasiag activity (o postcrior brmn regions. wis
correlated with more cducation dnd batler accuncy in younger
acdults, wheresas mersasing aclivity in frontal areas was correlated
with less education and poorer gocuraey 1n this group. Conversély.
bilateral fromtal activiiy was associxed with more sdication in the
elder group. as was fght wmporal acuvity. Positive comelaioms
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Figyre 2, Brain arcay inwhich activiey was tormelued with veuss of edvcation m older adubis sre shown o the

tojr af the fignn: Astivity in te regions shom in whitc wes comelusd with high educanon m older udobs

Actvity 1 the revions siown o black waes associtied wath low edusntion in alder sduls. These comeistions are
depicted in the hottom halt of the figure, which shows the curreldtions between inein beiin seores and years of
cducarinn far the young (r = — 441 and clder participunts ¢ =237, The maximi for the corselited wreas can
be found in Table 4, A color version of this figare is oon the Web o hetpofthodotore 10,103 70893

L4150, 2.188 Supp.

between recoenition and biain activity in older adults were scén in
onlv @ fow rezons, including ceedoie and lell motie conex.
Activity in medial mporal repions also distinpuished the groups.
In vounz adults, actvity 1o the medial emporsl cortex was gen-
erally assoctaied with both miore education amd betler recogniton,
wltereas in older adules, medial wmporal activigy was sssociated
wilh less cducation (posicrior regions) and poorer perfirmance
{@mierior reens ),

Discussion

The behavioral data from this experiment coneur with provieus
TEPTLS CONCCMInG recoeniion memory, n-yousse and older adulis.
The older adulls recounized fewer stimuli than did the young
adults, which adds to other cvidence [or deficits T recogmition
memory thal nocur with age (Croik & Jennimgs, 19927 Mareover,
the memory of both the voung and older adulis was swpenor
following scmantic encoding of the piciures and wonds compared
with processing the peroepiual ospects ol the sumull;. This finding

teplicmes considerable previous work on the levels of processing
cffect and the rebust natre of this effect eeanllass of ags (Crak
& Simon 1980, Craik & Tulving, 1975), This bencfit for mermiory
of deep encocling over shaflow procsssing was greater whon stim-
uli were imtally encodod g5 wonds thee when pictires were
smdied, which iz consistent with elher invesizwions of Tecogni-
teom merery (Grady ec al, 20001 Grady, Molntosh, Rajah, &
Craik. 1998),

‘The main Ainding from this experment, and 115 novel contribo
tion. i that the brain recions associated with vears of cducaiion
ung overall memory ahility differ with age. We found that the brain
netwarks related (o both yeurs of cducabion amd memary. perfor
mange eithier showed no overlap between voung and older adults
r were inversely related. That is, the multivariate analysis used
here ddentified s pattem of brain activily chdracterizing education
and performance in young adults that wwas oribogzonal w dose
shiowwing these relations in older adubts. Such divergencs of hrain
networks with age:bas boen shown previeusly (Cabers, Melntosh,
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lable 4
Local Mavima af Aveay Where Acrivine Iy Correlated With Level
of Educarion in (Nder Adalis

Hewion Hem Ba X Y Z Sal’5E
Posiive vorrelutions . older aduls
FPrefmmial
Gl R g 31 L6 32 33
Gim i a5 A2 2 ik 4
GFs L 6 4 12 2] 4.0
Cingulae R 32 b 28 B 1.2
Masietal
LI R 44 52 40 3n ER|
Tempusul
S5Tm R | 52 A4 - 4.1
T R 20 fd 0 — M) 3.7
Nemve comelations in older adolis
Parietal
GPoC L 312 38 a0 [ 34
Temporil
GTh L 0 4 0 i 4.3
Gl L 3.1.2 b 20 % 32
Gl L 1] 12 &3] it} in
Crcipital
aF i 37 74 — —16 3.
il I (£} — =h¥ e 17
Node. Areus o the table were sdentfied by (B second Tatent variable (IS

in the behavivred analysis. Coordintes aud estimated Brodmann’s areas
{BA) ure from the Montrzal Nesrological Templase in SPAS0XRIT.) =
negitive vislees e e lell hemesphess TTemn Y Gamenor pegtenar) =
negative villues are posterior W the cero podnt Tocaed ar e antérior
commisarey; Z (superior infoinrd -~ negative values are inferine tn the
phane defined by the amteriosand pestednr commissuees] SallSE — reh-
ability satio for eneh region on this LV GF {m. =) = frontal gyras (middic,
superiorg LR infedor parictal, GTm = middle remporal gymes: (GTH-=
infenor emperal, GRol - posteentrad pymos: GH = pamahippocampal
gyvrus; GF — fusiform gyneg; GE — linpnal svmis.

Tuolving, Myhere, & Grady, 1997 Delln-Mageione e al, 2000;
Ciruedy el al, 2002; Grady, Melnoosh, & Craik; 2003), and the
results of this experiment extend this finding to the corrclibion of
brain uctivity during memory enceding sl reineval wilh years of
education. Some researchers have sugoested that the reoroaniza-
tion of brain finction in older adults may be a type of cogmitive
resserve thil would be wssociated with nmare education and main-
tained cognitive function into old age (Sterm. 2002, The results of
the prosent study would be conzistent with this notion of cognitive
reserve, o5 an age-relaled and perhaps compensaionry alteration in
the nenral networks engaced during coznition in those individuals
with higher cducation,

T yoang adults, we fowd a petwik of regions in which activity
during encoding and recognition wis strongly related 1o both years
ol eedueziion and performance on the recounition tasks. Specili-
cally, an increase of activicy in widespread areas of the frontal
concx was associated with less cducation i the young, These
aregy included el inferor frontal gy, Bilateral middle fronta
cortices. hilateral supetior frontal gyvn. and the premotor conck
bikalcrally, The reenmiment of these froniel regnens wlso was
preater in the more poorty performing voung adolts: By contrast.
their more educated peers ensaged posterior arcsis thar also were

gomrelaied with hetter recognition memory. AL fiest glance, these
dalg may scem contradiciory 1o published reports thal activity in
the inferior frontal gyrs improves subsequont memory for specific
studicd items (Brower ¢t al., 9987 Henson, Ruge, Shallice, Jo
sephs, & Tholan, 1999: Otten & Ruge. 20002 Wagner etal., 1998),
Towever, theie are imporant differcnces betwoen thase stuthes
and the presemt cme. The previous experments examined the
relatiom hetwien activity at encoding and how this differentiated
items that were subsequently remembered or not. Our study did rot
cxaminé the elationship betwesn hriin activity during the encod-
ing of particular items and the later ability to emember them,
Rather, we determincd how activity - speciiic brain areas was
sgogamied with mdividusl dilTerences in overal] recognition mem-
ary, and these corelations were the same across both cncoding and
recopnition conditions. Using & similur analyic technigue, otber
imvestignirs have Tounld an associafion hetween frontal activity
ant poarer recoznition memnaory in the voung, For example; Grady
at-ali (3001 b nsed o simitur experimental paradigm with positon
emtssion omeseraphy and found that young adults who remem-
bered tewer stimuli demenstraicd greater actvity in bifieral [rom-
tal cortex: Tnothi study, the investgaters proposed that involve-
menl af frontal regions is greatest in young adults who are oxening
maore- cffort in recognizing the stmul. The resulls of the pressat
mnvesigation wre in line with this explanation. An interesting
parallel to these findings Is a study by Smuth ot al, (2001 involving
task-switching in working memory. The meguisement 1o switch
hetween the perlormance of two different tasks resulted inocxien-
sive activity fn the prefrontal cortex for older sdulls and poor
performme younyg adules, bul notfor youne sdahs who performed
well on the sk, Similar indinos bave been reporicd (Rvpmia &
1y Esposite, 2000) for 3 working memory tesk i which recruit-
ment of he dorslateral prefmomil comex was associated with
poorer parformanc: in a voung group {as indexed by slower
reaction tme). Taken logether, (hese ditg suggest thal young
athalis wher ire challenged byea cogmitive task, and consequentiy
perform worse, engage the frontal conex fo a grester deyrse: Our
finding ol a simitir relation hetween increased Fontal activity and
less education indicates thar those voung individuals with lesy
education may also teod to be those wha expend greater elTorlon
cogmitivee Wisks, dlihoogh there was nol @ significant corralation
hetween years of education and recognition performanes on he
specific tasks vsed here.

The relutiomship hétwesn braim activity and years of cdecsion
in the older adults was quitc diffcrent from thal soenan the youny,
maost |'_|l.'11:i['.ll|.}" in (hat hilaerad domsofaters] frontal regions were
engasved more hy the highly educarsd older adules during encoding
and recogniticr. This comclation between fTontal aclivilty ad
gducation in oldar adulis is consistent with the numerons smdies
that have Tound incressed prefrontal actviny in older compsmed
with younger adults (Tor 8 review, see Cabeea, 20020 and indzed
could be a pariial explanalion for tis common findine. That is,
higher educared and healthier older adults are typically recruited
for functional neurcomeging expermeni, wnd 11 3x ibese individ-
uals whi may be mene Tikely o engage frontal areas during
miemery @sks. ds is often observed. Uhe relation between (romlal
sty imd education in older populations also 5 consistent with
the Hypothesis that recroitment of this ared of cortex, particulary
in dorsolateral arcas, factlitates cognitive funation amd thus may
pliey scompensavory tole (g, Cabera, 2002; Grady. Mclntosh, &
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Figure 3. Bram arens ioowhacheactivity was cooretated with recogmition accuracy o abder adoles ave shown i
the top of the figure. Actvily m the reinons showae inwhile wis cunelated with bigh recogoilion sedaaey in
oldcr aduie Activity in the regions shown in black was associnted with fow-recogmiton accuriey 1 obder ddulis,
These correlations e depicted in the bagtom hall of the figure, which shows the carrelations between mean bruan

spore and petopmition aocvrey R Bee young (

A6} and older pariicipants (r = 745 The maxins for the

comrelated aress can be found in Teble 5. A color version of this Grure 5 oo e Web ol btpafids doborgd

10, 163705944 105.19.2. 1K1 snpp

Craik, 2003), However, |here wiss no evidenss in the pressnt
experiment that the rontal reginns recruited by the highly cdu-
caled older aduls duning encoding and reineval directly improved
their abiity 1o recooniae the study items. [n face thers were two
disunet brain patterns that were corelated with recognition aaeu-
racy and wath years of educamon o the older adulis, Inoaddition o
the absence of an ssaciation between frontal activity and recop-
nitien accuracy. there was no cvidence that the more educated
older adulis had Signtficantly heller recogmtion memony on these
tasks than did thelr less edicated pesrs. Despite the Iack of dn
asspelation betweoen actuvity in the dersokiem] prefronisl corex
and performance on this recognition memony @ask in the oldes
adults. such associations have been reported proviously (Grady ol
al,, 2002: Grady, Mclntosh, & Cratk, 2003 Rypmu-& T Espesin,
2000, Thos, it is jml;:-iiiﬂi: that this area has a gensral compensa-
tory funceon that. when engaged. can Facilitaie @ vanaly of cog-
nitive processes b may or may ot affect sk accomey directly.
consistent with the proposed role of frontal regions in executive

fupctions (e, Swss & Benson, 19ET). This interprotation is
comsistent with #n earhier stady (Wolniosh, Rajoah, & Lobaugi,
1999 that reporied 2 differential pattern of brain activity in a
functionally related sctof brain regions. including the Jefl dorso-
lakern] prefromial cortex; only in parbcipants who were awars of
the stimulus contingencies inherent in the task paradigm (ic,, 1hat
a particular auditory stimulus presentation predicied presentation
of w visual stimulus). However, activily in e prefrontal comex per
=& was not related to performance on the task, o wo found here,
siizecsting that this arca 15 involved in general monitonng fane-
tesms, o ol which may be the process whersby sensory input and
behaviorl responses enter into awarcness. Regardless, our data
¢learly show' that prefromtal fonction 15 reluted differently 1o edu-
catiom in young amd older adults and hepce, may differcntially
mediate those cognitive functions related 1o cducaion,

In adédivion 1o the fromm] cores, meidial tempomal regions also
shorwed age ditferences in how actvity was related 0 pducation
and recognition accuracy. Young adults showed & positive conre-
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Table 5
Local Maxvima of Aveas Where Activiry Is Gorvelated With
Recognition Accweary in Qlder Adulix

Hezion Hem BA X b L Sul/SE
Posiive correlanons
Moo, GPrC L 16 -32 -§ 56 2
Chooapiial, GL K 19 iz - 52 4 3l
Caudule L 12 12 71}
Negabive cormelalions
Premuior
L] oo R 6 ] 12 3 3.8
b L & —56 —8 4 25
Frelonwl, Gl L e — g 20 3.7
Temporal
Glm K 21 36 12 b 4.8
Gls L 22 B4 6 I 14
Gll L 2B 32 k3 24 X3
Fanetul
Ghal B 43 e G 2 540
L¥s I 7 E 2 Jh A
LEs R 7 32 4i 0k 34

Moge. Arcas in‘the twhle were wdentified by the [varth binent vasiabds (T}
in the behaviord analvss. Covrdinates and gstinived Brodmann’s arss
(LAY are foom the Montrsal Neweological nstituse Templaze in SPMWS9. X
{RALY = pegauve valusd are inthe Bl hemisphere (Tlem, Y {Eatorion
puslerion = negative values are postenios [0 10 sora paing (lozared ar the
amlenor commmussare ) Z (supenodfinfecor) - nsgative valies are inferior
1 the plane delined by the autenar and posiedor commissares: Sal/SE. =
reliabulity s fur each Tepion e this LV GIC -~ precentral gy, G =
Iimgual pyrus: GI7 — mienor fronal gyoos; GT (m, 5) — temporal pens
troiddle, superiore GIT = pachippocampal gynes; Gl = postocntra
gyrus LM superior padictal;

fanon hetween medial wmpond scovaty, edecation and Derar
performance - in the first LY in the meght hemisphers This s
consistent with other literatare showing that activity in this arca
supports memory in vouneer dividoals (eg., Brewer eoal.. [9594E:
Grady, Mclntosh, & Crok, 2003% Tnocontmsl, enzapemend of
posterior medial tsmporal areas was seen in the less cducaled older
atfualiy; and activity in sntecior regons was found in those with
poorer memery ability, The imienor medial iemporal arsa assoei-
ated with poor recognitdon sccunicy in older adulis has recently
Been jdemified as signaling stimulus familiarty (Brown & Aggele-
ton, 2001; Henson, Cansie, Herron, Robi, & Ruage. 2003) such
that novel tems produce 4 grealer tesponss ino this area than
previously seen stumull. The association of activity in these regions
with posor recopmition memaory inoolder adulis spgeests that the
familianity signal 15 altered in this gronp. The associabon of greater
activity with worse performance could indicaie that Tamilior iems,
tather than novel stimuli, wre iggering sctivity in the anterior
mieehial lemporal tegmons of some olier adails, The enbanced
response would fead o the incorrect belic than the stimuolus wis
novel, and hence performance would be redoced. These resulls add
i orher evidence supreesiing that dlder wlults differ in their en-
guzemenl of mediil wemporil wreas dunng memany Tasks, com-
parzdd with their younger coumarpants (Crady ec al:. 1995 19949:
Mitchell, Jolinson. Have. & D'Esposito. 20003,

Conclnsion

The present study demonstrated a differcnce in the relationship
helween brain aclivity anid vears of edecation between young and
older adults, In voung adlts, the same nelwick of regions in-
volved in encoding and retricval was associaled with education
anil recosnition accuracy. Frontal activity ccoumed i the less
educsited voung and was comrelated with poor recognition Mmooy,
whersas the more educated yvoung adults and those with hetter
miemary perfommance engased posteiior regions of the brun, Older
adulis showd separute nedworks related 1o education and memory
performance, with frontal and latem] lemporal regions related to
miore education but not to performance. Perhaps the mos| inleresl-
ing dgee diflerence s that the correlation between brain activity al
smydy and at o5t with vears of guducation 1 (he opposite in the
svoups in some areas. Fronial regions are psed more by highly
educated older and Jess educated voung adules, and miedial tem-
poril Tégions are recTuited by less educated older and highly
educated young adults. These dati provide further evidenice: for an
ape-related alteration in the regions mediating cognition and sug-
gest il the roniotempond network sngaged by the highly cdu-
cated older adults may bos iyvpe of cormiive reserve or alternative
network engaged o aid cognitive performance (Stem, 20025,
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