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Baddeley’s model of working memory postulates separable storage and
executive compenents (Baddeley. 1986, 1992). The storage buffers are
generally viewed as relatively passive, “'slave™ syslems operaling in the
service of the executive processing componenls that mediate coding,
manipulation, and selection of stored conicnls, A major focus of neuro-
cognitive research on working memory is to detine the neural and cogni-
tive operations that underlie storage and executive processes and to
specify the functional rclationship between these components of ihe
working memory system. This agenda has important implications [lor
advances n cognitive ageing research because alterations in working
memory play a central role in age-related cognitive dechne (Engle, Kane,
& Tubolski, 1999; Park et al, 1996; Salthouse, 1992; Salthouse &
Babeock. 1991; Zacks, Hasher, & Li. 2000). There is broad agreement in
the cognitive ageing literature that basic measures of short-term storage
ability, as indexed by digit span and item recognition tasks. are less
affected by ageing than working memory tasks that draw heawvily on
executive processing components. such as the reading span and operation
span tasks {Babcock & Salthouse, 1990; Craik & Jennings, 1992; Dobbs
& Rule, 1989; Salthouse, 2000; Salthouse & Babceock, 1991). Thus, on the
face of it, ageing appears 1o honour the distinction between storage and
processing components of the working memory system by affecting the
latter disproportionately.

This apparent behavioural dissociation could result from any ol several
different neurobiological substrates. Most obviously, it could be that
ageing selectively affects the ncural operations associated with executive
processing while sparing storage operations. If so, ageing would provide
evidence for the structural and functional independence of these compo-
nents of the working memory system. Furthermore, evidence that ageing
aflects only the processing componenis of the working memory system
would challenge the idea that cognitive ageing effects slem from a
unitary, globally acting mechanism {e.g., Salthouse. 1992).

An alternative account for the disproportional effects of age on tasks
requiring executive processing turns on the notion of selective compensa-
tion (cf. Cabeza et al., 1997; Grudy et al., 1992}, It may be that both
storage and executive processes decline with age. However. during simple
retention tasks executive operalions can be recruited to compensate for
storage decline, thereby ameliorating storage deficiencies.” Once enlisted

'Accordmg o some models. slorage capahilitics are inherent (0 (he executive processes
that are mediated by dorsolateral prefrontal cortex (DLPFCY (e . Cohen. Botvinick. &
Carter, 2000; Goldman-Rakic, 1987). For example, Cohen and his colleagues propose thit
executive control cntails the modulation of attentional and response processes by stored
imlormation about task demands (Cohen et al . 20000
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in the service of storage, however, executive operations are less available
for other more demanding cognitive operations thereby accentuating
impalirments on executive processing tasks. According to this hypothesis,
ageing affects multiple components of the working memory system at the
level of neural substrate, but at the level of behaviour the effects appear
selective. Note that these two hypotheses need not be mutually exclusive.
Ageing could indeed have a disproportional effect on executive processes
but to the cxtent that such operations remain functional they may be
recruited to compensate for declining slorage operations.

Evaluating these hypotheses will require defining the cognitive opera-
tions that mediate storage and executive processing demands, identifying
the neural mechanisms and loci that implement these operations, and
determining ihe structural and functional integrity of these mechanisms in
the ageing brain. Towards these goals we have conducted a series of
experiments on working memory in older adults (Jonides et al., 2000;
Reuter-Lorenz et al,, 2000). One of the key results to emerge from this
work is that older and younger adults differ markedly in their patterns of
frontal activation, while displaying similar patterns of activation in
posterior cortical areas. We find that separable age differences can be
linked to different cognitive operations underlying short-term information
storage, and interference resolution. Some operations are associated with
age-related increases in activation, with older adults displaying bilateral
activations and recruiting prefrontal areas more than younger adults.
Other operations are associated with age-related decreases in activation.
Here we consider the implications of these results for understanding the
working memory system and potential compensatory processes in the
ageing brain. Before describing our work in detail, we highlight some of
the evidence from primates and human patients with prefrontal lesions.
These lines of work provide additional constraints on the localization and
functional organisation of the working memeory system that can inform
our interpretation of the age-relaled changes we have observed.

FRONTAL CONTRIBUTIONS TO DELAYED RESPONSE
PERFORMANCE: LESION EVIDENCE

Impaired delayed response performance has been traditionally associated
with prefrontal damage. Variants of this task have become part of the
canon ol working memory research. Tt appears however that prefrontal
lesions have different effects on delayed response performances in
monkeys and in humans. Here we bricfly review these differences and
suggest several ways they may be instructive about the mechanisms of
working memory.
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Jacobsen's classic experiments (1931) on the delayed-response perfor-
mance 1n monkeys were among the first to reveal the mmportance of
prefrontal cortex to mnemonic Processes. Basi_ca]ly,‘ the Qelu)-gd response
task requires the monkey to view one of two ldt_:m?cal st1m1:111 {e.g., Io?ld
wells) being baited with a reward, to retain (his mformahon while the
stimuli are briefly hidden from view, and then to retrieve the r:,fwe_ird.
Thus. as in the item recognition tusk to be discussed later, a limited
amount of information must be retained over a df:luy .qf onI}j several
seconds. The spatial delayed response task and certam of its variants are
exquisitely and selectively sensitive to dumage to the luteral regions ?f
prefrontal cortex in monkeys, namely the caudal territory olf' th_e principal
suleus which corresponds to Brodmann’s area (BA) 46/9 in humans
(Goldmman-Rakic, 1987; Petrides, 1994). This lia?k would thcrefor.e seem to
hold greal promise in revealing the secrcts of frontal Iobe‘ functions. Ygl,
despite its simplicity, the precise role ol dlorsolalera] prefrontal ::ortex. in
the delayed response task in monkeys is still debated (see, e.g., Goldman-
Rakic, 1998; Petrides, 1998).

In the human lesion literature. the link between prefrontal cortex a_md
delayed response performance is less rclznarkable, In a recent [’e\:‘lfw
D’Esposito and Postle (1999) found sigmhcanlt delayed. ‘respg)nse dchqu
from prefrontal lesions in only three out of eight conditions™ (ucross su(l
different studies). Prefrontal deficits were more robust WI?CI'I the de]aly
period was filled with distraction, in which case five out ol seven condi-
tions across five different studies yielded reliable differences ?etween
frontal patients and intact controls. As D Esposito and Postl; point ou_l,
the discrepancies aumong the human studies could be d}w to dlffeljences n
task parameters, such as memory set size, delay pc_nod, mate‘rlal type,
and response demands. In addition. the extent, l_om, and aeuolggy of
frontal lesions differ greatly among the patients in thege saniples, and
thus lack the precision and umformity of the primate st.udles,

Bul the species difference mn delayed response deﬁlets may sterm from‘
other factors as well. One important possibility is the laterahtz‘ .of
prefrontal damage. The experimentally produced prefrontal cortex (I l*'C)
lesions in monkeys typically are bilateral wherea.s the human lesion
patients usuvally have damage confined 1o one hemisphere or the other.l
To the extent thut both hemispheres can mediate working menmeory
processes, hwman patients with unilateral prefrontal damage could

3 AT - _spatial

*A condition here refers to whether the delayed response test used slpam] or non spdt_ldh

materials, D'Esposito and Postic {1999) categorise their meta-analytic observations wit
respect 1o test type and lesion subgroup re.g., invading or sparng 4693,
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perform the tasks using the intact hemisphere. Two additional pieces of
infermation are consistent with this suggestion. First, a comparison of
patients with unilateral and bilateral frontal lobe excisions revealed more
pronounced deficits in the two bilateral patients (Owen, Sahakiun.
Semple, Polkey, & Rohbins, 1995). In the face of excellent simultaneous
matching performance, the bilateral patients showed dramatic deficits
when matching consceutively presented visual-spatial displays al a delay
of Oms (Owen et al., 1995). The unijlatera groups showed delayed
matching deficits but only at delays of 45 or more. Lesion size could have
contributed to this difference assuming that the bilateral lesions were
larger than the unilateral iesions. Nevertheless, the effects are consistent
with the possibility that the differences between monkey and human
studies may stem from compensation by the intact hemisphere in human
patients.

The second relevant fact is that three of the four studies (Chao &
Knight, 1998; Ptito, Crane, Leonard. Amsel, & Caramanos, 1993; Verin
et al, 1993) for which D'Esposito and Postle find significant delay
response deficits report that lesion side has no impact on the magnitude
of the deficit. This is also truc of lateralised groups studied by Owen et
al. {1995). This lack of asymmetry suggests functional overlap of the left
and right prefrontal regions, and potential compensation by the intact
hemisphere in cases with unilateral damage. Here again is a caveat to
bear in mind. These tasks may have made minimal demands on plutative
“material-specific” processors. For exampie, the spatial delayed response
tasks used by Verin et al. and by Ptito et al. were modelled closely on
those used with monkeys and required the retention of a single location.
Likewise, Chao and Knight used a single sound. and Owen used a single
pattern. Had the memory load (or other task demands) been greater,
lesion side muy have played a greater role thereby reflecting the limits of
compensation from intact brain regions (for a review see Jonides et al.,
1996).

Human lesion studies. particularly the older ones, do not provide
precise information about the contributions of different frontal subregions
in the delayed response task. One notable exception is the report by Ptito
et al. (1995}, in which patients were subgrouped according to whether or
nol their excision included Brodmann's area 46. Indeed, only those
patients with involvement of 46 showed deficits relative to normal
controls in the unfilled delay condition. Although this result is consistent
with the monkecy work, the excisions involving area 46 appear to be
larger than those that do not (see Prito et al., 1995, Figure 1). The possi-
tility remains, then. that involvement of some other PEC subregions
underlie impaired performance in this group. Fortunately, the roles of
frontal subregions in the human bruin can be addressed by functional



262  REUTER-LORENZ ET AL

neuroimaging studies of delayed-response type tasks using PET and
MRI. We turn now to consider this body of work.

FRONTAL CONTRIBUTIONS TO WORKING MEMORY

Neuroimaging evidence

Neuroimaging studies have left no doubt that prefrontal regions are
engaged when humans perform delayed-response type tasks. Several
recent reviews, based largely on positron emission tomography (PET)
studies of healthy young adults, reach the same conclusion: tasks that
require the simple retention ol up to four items. and test memory with a
yes/no recognition test, activate one or more sites within Brodmann's
area 6 as well u4s ventral prefrontal areas including Brodmann's 44, 45,
andjor 47 (for reviews see Cabeza & Nyberg, 2000; D’Esposito et al..
1998: Smith & Jonides. 1999). The pattern of laterality is orderly, with a
predominance of left-sided activation in these areas, particularly areas 6
and 44 (Broca’s area), for verbal tasks, and right-sided activation, particu-
latly areas 6 and 47 for spatial location memory. Several groups have
proposed that these regions mediate the mamtenance or storage compo-
nents of working memory in conjunction with parictal sites in
Brodmann's arcas 40 and 7 (e.g., D’Esposito, Postle. Ballard. & Lease,
1999; Owen et al., 1999; Smith & Jonides. 1997).

Of interest is the fact that significant activation of dorsolateral
prefrontal sites, 46 and 9, is relatively rare in studies requirnng simple
retention. It is now widely believed. however, that when executive
demands are increased, by requiring that the stored items be manipulated
in some way, by recoding them or meonitoring and tracking contexiual
codes. (hen dorsolateral prefrontal (DLPFC) sites are engaged (e.g.,
Cabeza & Nyberg, 2000; Owen ct al., 1999 D Esposito. Postle, Ballard,
& Lease. 1999; Petrides. 1998; Smith & Jonides, 1999: see also D’Esposiio
et al, 1995). There are also indications that DLPEC involvement 18
increased by lengthening the retention interval (Barch et al., 1997) or by
increasing the memory load 1o supraspan jevels (i.e., greater than five for
verbal items: Rypma & D’Esposito. 1999: Rypma, Prabhakaran.
Desmond. Glover, & Gabrieli, 1999). There is some contenlion however
about the laterality of DLPFC activation in relation to the type of
matenial being employed in the working memory task. Studies that have
directly compared well-matched verbal and spanal analogues of the same
working memory task have found the expecled left right differences.
although activations tend to be more broadly bilateral (e.g.. Smith.
Jonides. & Koeppe. 1996). This asymmetry is not always found however
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(e_g,). D‘Esposi.to et al., . 199%), muking the functional lateralisation of
DLI' FC operations a lopic of engoing investigation, and one that may be
particulurly relevanl to ageing. us we shall sec.

A summary

To S}Jmmarise, the precise role of prefrontal cortex in delayed response
and item recognition tasks i1s a matter ol some debate. Bilateral d-ama'e
to DLPFC in primates leads to frank and robust disruption, whether ir
not ‘the retention interval is filled. Unilateral prefrontal lesionas in humans
{whlch may or may not include DLPFC) have more detrimental elfects
when interference occurs during the retention intervals. Some functional
pverlap between left and right prefrontal subregions is suggested by the
inconsistent effects of unilateral damage, and buy the absence of a clear
!aterghty effect when deficits do emerge. For busic storage tasks neur:’J-
imaging studies reveal fairly reliable patterns of hemispheric do;ninance
for verbal and nonverbal materials in ventrolateral prefrontal and
premotor areas. There is little evidence for DLPFC activation for loads
less than five, with several indications that this area is recruited for higher
load§ and/or longer delays. The evidence for DLPFC activation is highl
Con&‘.lstemlfor tasks that include additional processing and manil;oula;ioz
of fslorfad items (i.c.. executive demands). with a tendency toward bilateral
activations under these conditions. Thus, the picture in young adulis ‘is
that DLPFC does not have an obligatory role in shorl-term retention as
measfurcd Iby delaved response and item recognition tasks. With these
consmlerahons in mind. we turn to our own neuroimaging evidence
addressing the neural substrate of working memory in the ageing brain.

AGEING AND THE NEURAL SUBSTRATE OF
WORKING MEMORY

In one of the first neuroimaging studies to examine the effects of age on
verbal working memory, we found striking differences between older and
younger adults. The participants were 16 older adults between the ages of
65 _75, and 8 younger adulls aged 21 30. All were females. After a
session of practice, PET images were obtained for each subject in a
memory task in which subjects viewed four uppercase letters. retained
them for 3s. and then responded manually to indicate whether a lower-
case probe letter matched or did not match one held in memory (Stern-
berg, 1966). Subjects were also scanned while performing a minimal
memory control task that wus matched for perceptual and response
requrements (see Figurc 1; see Reuter-Lorenz et al., 2000 for a deiailcd
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Figure 1. Cogmitive tasks. Sequence of events and tmmng parameters for the verbal memory
task and the minimal memory control. See Reuter-Lorenz et al. (2000) for mare details.

description of methods). As expected. older adults had longer response
Jatencies than younger adults on both tasks. For both groups control
accuracy was at ceiling. The older adults were. however. less accurate
than the younger adults on the memory task (92% vs 97%: p < .02).

Several different analyses were performed on the imaging data. First,
we used a region of interest analysis to determine that the memory-
related activations in the younger group were characteristic of previous
results from our lab obtained with a similar task in young adults. Indeed,
the regions of significant activation in our earlier study (sce Smith et al.,
1996), left 44 (Broca's area). left 6 (supplementary motor area), and left
parietal sites in Brodmann’s areas 7 and 40, were again active in our new
sample of young adults. Moreover, the older adults showed reliable
activation in each of these regions as well. Thus, there was an excellent
correspondence between the left hemisphere arcas activated in a verbal
short-term retention task in younger and older adults.

However. visual inspection of the PET activation images and several
additional analyses revealed a pronounced age dillerence (see Reuter-
Lorenz, 2000, Figure 6.3): Older adults showed greater activity in the
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right hemisphere than the younger group, particularly in frontal regions.
Even the most conservative analysis' revealed right 46/9 as one of the
most active sites in older adults (see Reuter-Lorenz, et al., 2000, Table 2).
We also devised additional analyses specifically to examine age differences
in laterality of activations using documented evidence of the working
memory circuitry. We compiled a corpus of active sites from published
reports of verbal working memory tasks. Spherical volumes l.5¢cm in
diameter were created around each reported peak pixel, and then a sister
volume was created with the homologous coordinates in the opposite
hemisphere, This allowed us to identify activation asymmetry {or its
ubsence) throughout the working memory circuitry in both hemispheres
for each age group.®

This circuitry analysis revealed significant activation in posterior
regions including parietal ureas 40 and 7 that was highly left lateralised in
both younger and older aduits. However. the differences in anterior
asymmetry were striking. Overall, the older group activated the left and
right anterior compenents of the working memory circuitry whereas
younger adults showed only left hemisphere activation. A regional
analysis indicated that the two RH areas that were uniquely activated in
the older group were 44 (p = .02} and 46/9 {p < .0004; see Reuter-
Lorenz et al., 2000, Table 3). These data were the first to indicate age
differences in the lateral organisation of the verbal working memory
circuitry.

We have since had the opportunity to replicate these results with a new
group of older adults and here we report the results from this replication.
Once again we used a four-item letter recognition task. One aim of this
experiment, which we discuss later. was to examine age differences in
resolving miterference from prepotent responses (Jonides et al., 2000).

*Z-ests were performed on each pixel of the difference image resulting from the subtrac-
tion of the control imuge from the memory image, This analysis 1s conservative because it is
entirely post hoc and requires corrections for numerous maltiple comparisons.

‘A st of 85 regons of interest (ROI[s) was derived from published reports of peak pinels
achive during PET studies of verbal working memory tasks. including our own (sec Reuter-
Lorenz et al.. 2000, Frgure 2). The majority of these regons were in the left hemisphere and
mclude frontal sites in Brodmann's 45, 46, 10 and 9, 44 (Broca's arca), 6 (premotor and sup-
plementary motor sites), parietal sites in arcas 40 and 7. and emporal sites in 42 and 22
Spherical volumes were constructed around reported peak pixels. replicated in the symme-
trical location in the opposite hemisphere, und then applied to each subject’s memory-minus-
contrel subtraction images. thercby permittng o comparison of the average activation chan-
ges across homologous regions. To assess differences 1n asymmetry in the front and back of
the cortex. un antentor subset (n = 34) was delined m Tufawrach space as those ROIs with a
= 0and a posterior subset (# = 33 wath ) = 10 and - > =10, The same approach was
used Lo define spatial ROLs (see later) using a set of 98 regions from the published literature
{see Reuter-Lorenz et al., 2000, Figure 2)
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This required that m some conditions the probe item was fumiliar and
thus highly associated with a “yes” response. while requiring a “no™
response on that trizl. Except for ths manipulation and the fact that the
memory set appeared on the sereen lor 750 rather than 500 ms, the task
was the same as that used in the original ageing study reported by
Reuter-Lorens et ul. {2000). There were 12 male participants m cach age
group (younger 19-30 years; older 61-72 years). Again. the older adults
were significuntly slower (e.g. 815 ms versus 683 ms for “yes™ responses,
p < (001) and slightly less accurate than the younger group (95% and
99% respectively, p < .03)." Our ongmnal agemg study armed us with a
set of predicied sites of activaiion (ROMs) that could now be tested in a
new sample of older adults. and we could test for age differences by
applying them to the new group of young adulis as well. Both age groups
showed signilicant activation in the lett hemisphere sites typically
associated with verbal storage including supplementary motor arca and
parietal areas 40/7. However, only the older group showed activation in
right 46/9 {(p < .008}. The younger group did not have reliable activation
atl this site.

The circuitry analysis based on working memory ROls from the
published literature again confirmed that vyounger adults activated
prefrontal sites only in the left hemisphere, whereas older adults showed
significant activation in prefrontal sites bilaterally. In this duta set, the
older group aclually activated left 44 less than the vounger group, whiie
showing greater activation of right 44 (see Figure 2). The younger adults
did not activate DLPFC in either hemisphere, whereas the older greoup
showed marked righl-sided activation in this site (see Figure 3). Unique
to this replication experiment is the linding that older adults tended Lo
activate left and right panetal sites 1n 40 and 7. wherecas for younger
adults activation in these regions was highly left lateralised.”

This pair of ¢xperiments demonstrates that in addition to activating the

“See Jonides et al, 2000 for Jdetailed performance analyses, As we discuss subsequently,
older adults performed more poorly than voung adults in the lugh mierference conditon.
However, only young adults showed a sigmiblicant difference i activation between the high
and low interference conditons which was exclusive 10 Brodmann's drea 45 10 the lelt hemi-
sphere (Jonides, South. Marshuets. Koeppe, & Reuter-lorenz, 1995, Jomdes et al.. 20001
Therefore, the activation analyses we present here are from the averape ol the high and low
interlerence conditions, For all of the analyses we report. the same patterns are also evident
in each interference condition (versus the mimmat memory control condition) alone.

“The subser of published ROIs that fell within Brodmann's areas 40 and 7 (sce Reuler-
Lorenz et al, 2000} was assoanted with 1.5% activation change in the left hemusphere {p <
02y and € 3% change in the nght hemisphere for younger adults. This left:nght difference was
sgnmiticant tp < 03). For older aduits there was 0 9% change m the left bemisphere and 0.8%,
m the nght, both of which differed irom sere (p < 025) and did nod differ irom each other.
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Figure 2. Working memory induced activation changes in Brodmann's area 44. Graph
depicts percentage change in activauon for the memory minus control subtractions in regions
of interest falling within Brodmunn’s urea 44, Asterisks denote sighilicance levels when com-
paring activation changes to zero using one-tailed tests: * = P DB — g OO =
P 0001, The graph [llustrates lateratised activation in 44 for younger aduits but bilateral
activation for alder aduits— left vs. right t(ests lor younger and older respectively: «(11) =
546, p = 0002 (11} = 085 p = 20, Younger adults activated left 44 more so than the
older ézroup. 122) — 163, p = .05 whereas the opposite wus true for right 44, #22) = 1.69.
o= A5

can_onical LH areas involved in short-term verbul storage. older adults
activate several RH regions as well. One of these areas, DLPFC, is
largely associated in young adults with working memory tasks that exph-
citly require exceutive processing operations in addition to storage. As
noted carlier. two other manipulations have been shown 1o influence the
magnitude of DLPFC activation in young adults in the context of
wquing memory tasks. First, Barch et al. (1997) reported that length-
ening the delay interval increased the magnitude of DLPFC activation,
whereas visually degrading the memory items increased task difficulty but
_did not affect DLPFC. Second, Rypma and >’Esposito (1999) report an
increase in the magnitude of right DLPFC activation us memory load
increased from two to six items. Using an event-related fMRI design,
they were able to 1solate this load-dependent effect Lo the encoding phase
of the trial. Thus, DLPFC involvement in younger adults appears to be
modulated by load and storage duration manipulations. By specifically
mcreasing the working memory demands, these manipulations could
conceivably recruit executive operations such as attentional selection,
contextual coding, or both,
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Figure 3. Working memory induced actvation changes in dorsolateral prefrontal region.
Graph depicts percentage change in activation for the memory minus control subiractions in
regions of interest falling within Brodmann's areas 46/9. Asterisks denote significance levels
when comparing sctivation changes to zero using one-taled tests; ** = p < 007, Older
adults show highly lateralised ripht-sided activity, whereas younger adults do not reliably
actvate this area in either hemisphere. The difference in the magnitude of rght dorsolateral
prefrontal corlex activation for older versus younger aduits 13 reliable, H22) = 1.94, p = 03,

These possibilities are important for our interpretation of right DLPFC
activation in older adults. Their slower response times and reduced
accuracies imply that older adults find these lasks more demanding than
do vounger adults. This difference in effective task difficulty could be
driving the recruitment of DLPFC in older adults. In other words, in the
ageing brain a memory load of four items retained for 3s may be
functionally equivalent to the same load at & longer delay or a greater
load (six or more} at the same delay in the younger brain. Normally,
DLPFC is recrvited to meet these greater demands. and that is what we
observe in older adults.

Our hypothesis, then, is that older adults recruit executive processes at
lower levels of task demand than do young adults. By this account the
additional sites of activation that we observe in older adulis constitute a
compensatory response to the age-related increase in task difficulty.
Consistent with this proposal is the fact that combining the samples of
older adults from both studies we find a significant inverse correlation
between the magnitude of right DLPFC activation and responsc time (r
— 0.143; p = 05 see Figure 4). There was a non-significant trend
toward a positive correlation between right DLPFC and right 44 activa-
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tion {(p = .08} although only the former was statistically related to
performance.”’ )

Several age-related changes could effectively increase task demands for
older adults, such as decreased efficiency of rehearsal processes and
increased vulnerability to interference. Indeed we have reason to think
that both lactors could be at work when older adults are performing

1100
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Response time

700
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600 T
-0.25 ] 0.25 0.5 0.75 1
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F_'igure 4. Scatter plot with regression line relating responsc times to the percentage activa-
tion change (verbal working memory vs minimal memory cantrol) in right dorsolateral pre-
frontal cortex 1n oider adults. The data include the set reported by I(cutcr—Lnrenz et ul
{2000} and those reported in the present paper. - I

. ‘Using fMRI. Rypma and IEsposito (2000, this 1ssue) have found less DLPFC activity
In older than younger adults at hgh memory loads (six 1lems). This difference may stem
from age differences in hemodynamic coupling (D'Esposito, Zarahn, Aguirre, & R'ypma.
1999). wlthough Rypma and D'Lsposito (1his issue) have developed new analysis methods to
rfeduc_:c this possibility Nevertheless. Rypma and ['Esposito find that higher ‘DLPFC activa-
tion in older udults 1s associated with betler performance. a result that converges micely with
the pattern reporied here
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these working memory tasks. Activation of right 44 could result if this
right hemisphere homologue of Broca's ared is recruited in the service of
rehearsal in the older brain, This suggestion is motivated by several
observations. Evidence indicates that left 44 contributes to overt and
covert articulatory proccsses (e.g.. rehearsal; Awh et al., 1996). There are
also numerous indications that RH regions are capable of assuming some
language functions of their LH counterparts (c.g., Baynes. Wessinger,
Fendrich. & Gazzaniga, 1995 Kinsbourne, 1971). This compensatory
potentia) is evident after early brain damage (e.g.. Muller et al.. 1999),
and after LH injury occurring later m life (e.g, Buckner, Corbetta,
Schatz, Raichle. & Petersen. 1996). Likewise. ageing may reveal Lthe latent
potential for RH compensation of certain language functions. Moreover.
animal models of plasticity and recovery of function indicate that
homologous regions in the opposite hemisphere provide a crucial
substrate for functional compensation (see Nudo, 1999).%

On the other hand, DLPFC may be critical for modulating at least
some forms of interference. Recall from our earlier review of the lesion
literature that prefrontal damage in¢luding DLPFC 15 particularly detri-
mental when interference is high. Conceivably then, the DLPFC activa-
tion that we see in older adults may represent increased attention to
rehearsal processes or contextual coding operations that can mitigate
adverse effects of interference to which older adults are more prone (g.g.,
May, Hasher. & Kane, 1999). Although these suggestions are speculative
they are clearly amenable to experimental analysis and our future studies
will aim to test these hypotheses.

AGEING AND RESPONSE INTERFERENCE IN VERBAL
WORKING MEMORY

Interference can arise from such varied sources as environmental input,
irrelevant or no-longer relevant memory traces, OT compeung response

®In hoth of these observations plasticity and compensution are associated with the frankly
compromised lunctioning of specialised regions. Our orgmal study (Reuler-Lorenz et al.,
2000) showed cquivalent activalion of Broca’s area in younger and older acdults. However, 1n
the follow-up study reported here weaker left 44 activation was coupled with stronger right
44 activation in older compared to younger adults It is conceivable that the global physiolo-
gical. metabohe. and structural alterations (hat are part of the normal agemng process (¢.2..
Haug. 1997; Woodrufl-Pak, 1997} compromise the eibiciency of rehearsal mechamsms to an
extenl (hat can promote the recruitment of additional neural units in right 44, Accordingly,
other lines of work have documented age-related reductions in lefl hemisphere dominance
{i.e., greater ilaterality) for language with behavioural and electrical measurcs (see Belhs.

Nicol, & Kraus, 2000).
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}endencws, Prefrontal subregions may contribute differentially to resolvin

mterlference from these various sources. We huve recently linked oni
par.tlcular site In ventrolateral prefrontal cortex (left 45) to the resolution
of interference from prepotent responses (Jonides et al., 1998). Mloreover
we have found that oider adulls are especially vulnerable to this form ol;
interference and they are deficient in their activation of left 45 (Jonides et
al., 2000, "

This f‘:xpcrimem used the basic letter recognition task with an impor-
tant vartation. Negative trials, requiring & “no” response, could be of two
types. For “recenl-negative” trials, the probe was a member of the
memory set on the previous trial. Therefore it was highly familiar and
had recently been associated with a “yes™ response. As an example, the
memaory set on trial #—1 could consist of M, R, K. D and the set onjtrial
n would consist of F, B, S, C. As a recent-negalive probe for trial », k™
wou‘[d be familiar because of its membership in set n- 1, but requi,res a
f‘no response. Recenl-negatives were the predominant negative trial type
m the high-recency condition (high interference). “‘Non-rcccnt-negali;g"
probes, on the other hand, had not been members of a memory set for at
least the two prior trials. This type of negative trial defined the low-
recency condition (low interference). Both younger and older adults
requn:ed more time to reject recent-negative probes than non—receni
negatives. _but for older adults the difference between these conditions was
disproportionately greater suggesting that it posed a particular chali’ 7
to them. e

To identify the neural substrate associated with the processing of

nonrecent compared to recent negative probes, blocks of trials with a
pre.ponderar.lce of one trial type or the other were compared using PET
This analysis revealed a single site of activation in area 45 in prcl‘rontai
cortex that was present in younger adults but absent in their older
counterparts (Jonides et al., 1998, 2000). We have proposed that this site
Is invelved in processes that reduce responsc-related intcrferencck in
younger adults, and that the inability to recruit this region by older
adults contributes to their poorer performance. )
. The precise contribution of left 45 and its role in inlerference resolution
18 not yet known. However, event-related fMRI results from this task in
younge’r adllllls (D’Esposito, Postle, Jonides. & Smith. 1999) indicate that
area 45 activation emerges in the retrieval epoch of the task associated
with the presentation of the probe. This temporal localisation implicates
left 45 in mediating competing response tendencies and suggests that
older adults have ditficulty with this form of interference resoltitilm A
relatc('i'pqssibilil'\_e is that area 45 1s involved in resolving conflict hctwéen
a famiiiarity code and a temporal code that, in the case of recent-negutive
probes, would lead to opposite responses.
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It is interesting to note that, under the condilic:ms where we observe an
age-related absence of activation in area 45. we (ind that older adults are
activating right DLPFC and night 44 (o a greater cx_tent than the younger
group. This was ¢stablished by our earlier companisons of the _hlgh and
low recency conditions to the minimal memory control chqdﬂmn {see
earlier). The activations associated with these two levels of {nlcrff‘:rence
did not differ from each other in older adulis, and, as de‘scnbed in the
previous section, both were associated with %igniﬁlcanl activation ol_the
right hemisphere homologues of the verbu_l \_Morkmg memory cirewitry.
These results suggest that rather than mediating verba? response inhibi-
tion per se. these right hemisphere regions may be contributing to contex-
tual coding, attentional selection, or olher processes that may be
assoctaled with working memory storage.

AGEING AND THE LATERAL ORGANISATION OF
WORKING MEMORY

Our results indicate that ageing 18 accompanied by an alteration 1n Fhe
left lateralisation of neural activity associated with verbul. worqug
memory. As we noted previously. activation tends to be more blyateral. n
younger adults for high levels of working memory demand. The mcrcascd‘
right anterior activation in our older group could reflect the same type ot
recruitment seen in the younger brain but at lower levels of task demand.
Alternatively, the age differences in luterality cogld reflect adverse or
compensatory changes that are unique o the ageing process. Whatever
their functional significance, reports of age-related changes in the pattern
of lateralised activity are becoming increasingly common. ‘
For example, with a location recognition task (L‘i. varmnll of the gpahal—
delayed response task) we have shown an age difference in laterality that
parallels that found 1 our work on verbal memory {Reuter-Lorenz ¢t al,
2000). Designed as the spatial analogue of the verbal memory tasks, cach
trinl consisted of a display of three dots al semi-random locations around
a fixation cross. Subjects held these locations in mind for 3s and. when
the probe circle appeared, subjects indicated whgthcr ot got th.c‘ probe
encircled one of the remembered target locations. Reglon—oi—mger:cst
analyses established that. as in previous work from_our laboram_ry ('Smlt‘h
¢t al., 1996), the younger group showed a predominance of aclivation in
parietal areas 7 and 40, and in right supplementary motor area
(Brodmann’s area 6) and ventral PEC (Brodmann's area 47). The olde':r
group also displayed significant activalion in these dreas; ho‘wcver as in
the verbal study, their activation wus more bilateral. Specifically. older
adults significantly activated left supplementary motor dred, and left
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DLPFC (see foolnote 4). It is noteworthy that the left DLPFC activation
is nearly homelogous 1o the nght hemisphere activation in the verbal
task. We cannot yet explain this paradoxical pattern of DLPFC
asymmetry in the older group. The net result. however, is that tasks that
produce asymmetrical activation in younger adults activate a bilateral
network of prefrontal areas in older adults.

Other laboratories have also reported age differences in patterns of
lateralised activity. Grady and her colleagues have found greater lefl
DLPFC activation in older than younger adults in a short-term retention
task using luces as the to-be-remembered items (Grady et al., 1998). This
lefr-sided activation was coupled with less righl ventrolateral prefrontal
activity in the older than the younger group. In a series of studies on
episodic memory. Cabeza und his colleagues (Cabeza, Anderson,
Mangels, Nyberg, & Hcule, 2000; Cabeza et al, 1997} found greater
frontal bilaterality in older adults than younger adults have during the
retricval phase. Madden et al. (1999) have found a similar pattern in a
semantic memory task. Qutside the domain of memory, greater bilater-
ality in older adults huas been found m a go/ne-go task (Nielson,
Garavan, Langenecker, Stein, & Rao, 2004) using fMRI, and in a
phoneme processing task using ERPs (Bellis et al., 2000).

Do these age-related alterations n laterality have a common buasis
despite their emergence in seemingly diverse tasks? Do they stem from
compensatory recruitment of additional brain regions or from & break-
down in inhibitory micractions between the two hemispheres? Definitive
answers to these gquestions await future research. There are several
reasons, however, to initerpret these changes as compensatory. First. in
our verbal working memory studies we find that activation of right
DLPFC is positively correlated with performance speed among older
adults. Similarly. in the spatiai working memory task, the older adults
were selected so that their level of accuracy was al least as good as the
young adults in our sample. None the less, the older adults showed more
bilateral anlerior activation than the younger group. Second, the review
of the human lesion hiterature prescnted in the introduction to this paper
suggests functional overlap in the contribution of left and right prefrontal
cortex to working memory, which could provide a substrate for compen-
sation.

Another indication that bilateral activation is beneficial 1o older adults
comes from our mvestigation of age-differences in a visual-matching task
{Reuter-Lorenz. Stanczak. & Miller. 1999). This task was first developed
by Banich and her colleagues (Banich, 1998: Belger & Banich, 1992} to
examine the cognitive functions of interhemispheric interactions and the
corpus callosum. Banich has shown that for easy matching tasks (e.g.,
smaller set size, physical identity match), young adults perform better
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when the matching letters arc presented to the same visual ﬁn_eld {ie.,
hemisphere) than when they are presented to d]fT?rent hemispheres.
However. us the match gets more complex {by including more letters or
making the match more abstract) performance is better wl."len the letters
are presented to different hemispheres. We reasoned that‘lf‘oldcr adults
benefit from engaging both hemispheres at lower IC\fe]S ol difficulty than
do young adults. the bilateral presentation condilmp should be more
advantageous for them. Indecd, this 1s what welha\«'c ‘tound, _Qlder adu}ts
showed a performance advantage in the bihemispheric condition 1‘§Iat1v'e
to the unilateral condition at lower levels of task difficulty than did the
younger adults (Reuter-Lorenz et al., 1999; Reu?er—LC‘)ren? & StanCz?k.
2000). The integrity of interhemispheric 1nteljact1on‘; in these mgichmg
tasks argues against the idea that changes in Igtcrlal%t.y result from a
gencral decline in callosal function or impaired inhibition betwecp the
hemispheres with age (see Reuter-Lorenz & Slar}cmk. 20.00).‘ Instead, thct
ageing brain seems 10 benefit from engaging bilateral circuttry, as does
the younger brain for higher levels of task demand.

CONCLUDING REMARKS

Qur neurcimaging c¢vidence suggests that for both verbal and_ spatial
tasks that require simple storage. older adults recruit different brain areas
with a greater bilateral distribution than do their younger counterparts.,
These differences occur even in the face of comparable uccuracy le‘vel:‘.
suggesting that older adults achieve optimal performance by way of an
altered neurocognitive route. We have proposed that older _aFlults rcc;mt
executive processing operations controlled in part by DLPFC tq medml_c
attentional or contextual coding operations. thereby bolstering their
ability to meet the storage demands of the task. Yet, therc are good
reasons to believe that these executive operahons are thems&;]ves vulner-
able to ageing and will therefore be imited in the compensation they can
offer. First. DLPFC is particularly vulnerable o age-related atrophy
(Raz, 2000). Moreover. the greatest age-differences have been _documcm;d
on tasks that draw heawily on executive operations (Fablanm & ch, in
press; Moscovitch & Winocur, 1995). It follows from our hypot'h‘esm that
the disproportional decline in working memory tasks with explicit execu-

tive processing demands has at least two sQurces. Structural decline of

DLPFC coupled with a compensatory role in storage tasks could severely
limit the capacity of DLPFC to meet such deman(_is. The compensatory
application of executive mechanisms may cxact a price on other msks,l

In conclusion. we have offered several hypotheses about qthe re]atu-m-
ship hetween executive processing and storage components of the working
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memory system and the effects of ageing on this system. Although admit-
tedly speculative, these hypotheses are testable. Clearly, the next decade
of cognitive neuroscience promises to vield valuable new insights into the
mechanisms of normal agong. Likewise, studies of ageing should
continue to raise important questions about the structure of the cognitive
system and the life-long potential for plasticity, compensation. and neuro-
cognitive reorganisation.

Manuscript received September 2000
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