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To examine putative brain substrates of cognitive functions differentially affected by age the
authors measured the volume of cortical regions and performance on tests of exacutive
functions, working memory, explicit memory, and ptiming in healthy adults (18-77 years old).
The results indicate that shrinkage of the prefrontal cortex mediates age-related increases in
perseveration. The volume of visual processing areas predicted performance on nonverbal
working memory tasks. Contrary to the hypotheses, in the examined age range, the volume of
limbic structures was unrelated to any of the cognitive functions; verbal working memory,
verbal explicit mernory, and verbal priming were independent of cortical volumes. Neverthe-
less, among the participanis aged above 60, reduction in the volume of limbic structures
predicted declines in explicit memory. Chronological age adversely influenced all cognitive
indices, although its effects on priming were only indirect, mediated by declines in verbal
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working memory.

Cognitive aging is a selective process. It affects mental
functions associated with greater mental effort, speed de-
mands, novelty, and informational complexity (*“fluid”
abilities) significantly more than those that rely on over-
learned behavioral patterns and previously acquired exper-
tise (“crystallized” abilities) (Horn, 1986; Salthouse, 1992a).
The selective declines in cognition coincide with differential
changes in the brain that are more marked in the association
cortices than in primary sensory areas (for reviews see
Kemper, 1994; Raz, 1996; Waldemar, 1995). In this report
we examine the relations between age-sensitive and age-
invariant cognitive functions and their putative cortical
substrates.

Selectivity of cognitive aging is especially apparent in
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memory and executive functions. Whereas younger adults
consistently show a substantial advantage in free and cued
recall, recognition memory is affected to a much lesser
extent (Verhacghen, Marcoen, & Goosens, 1993), and
repetition priming shows very little or no age-related
declines (LaVoie & Light, 1994; Mitchell, 1993). Moreover,
some types of priming are resistant even to the effects of
Alzheimer’s disease, which has a devastating impact on the
explicit memory (e.g., Postle, Corkin, & Growdon, 1996).
Convergent evidence from animal studies, observations on
humans with brain lesions, and in vivo neurcimaging
investigations indicates that cxplicit memory depends on
two subdivisions of the central nervous system: the limbic—
diencephalic system (Andreasen et al., 1995; Eichenbaum,
1994; Kapur, Friston, Young, Frith, & Frackowiak, 1995;
Martin, Haxby, Lalonde, Wiggs, & Ungerleider, 1995;
Schacter, Alpert, Savage, Rauch, & Albert, 1996; Squire et
al, 1993; Stern et al, 1996) and the prefrontal cortex
{Andreasen et al., 1995; Kapur et al., 1996; Tulving, Kapur,
Craik, Moscovitch, & Houle, 1994; Petrides, Alivisatos, &
Evans, 1995). Some functional neuroimaging studies indi-
cate that the posterior association cortex {e.g., inferior
parietal lobule) may also play a role in episodic memory,
although other investigations failed to replicate this finding
(for review see Cabeza & Nyberg, 1997). In contrast to
explicit memory, repetition priming reguires no limbic—
diencephalic support (Squire et al., 1993), and there is little
evidence that it is subserved by any coherent brain system.
For example, the primary visual cortex may play an
important role in priming of printed words (Gabrieli,
Fleischman, Kean, Reminger, & Morell, 1995; Kean, Gabri-
eli, Fennema, Growdon, & Corkin, 1991; Squire et al.,
1992), but it is apparently irrelevant to priming of line
patterns {(Postle et al., 1996), and, as some recent neuroimag-
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ing data suggest, priming tasks that call for an organized
semantic search may also depend on the prefrontal cortex
(Demb et al., 1995; Kapur et al., 1994).

Although study of memory has been traditionally a central
topic in cognitive gerontology, there is another area of
cognitive activity that shows evidence of substantial nega-
tive cffects of age—the executive functions (West, 1996).
The term executive is somewhat amorphous and ill-defined.
It encompasses a broad range of cognitive skills, such as
monitoring one’s recent and past performance, generating
future goals, inhibiting prepotent overlearned responses, and
alternating behavioral patterns in response to feedback. A
classic example of an executive task is the Wisconsin Card
Sorting Test (WCST), in which participants are asked to
classify and sort stimuli on one of the three characteristics,
to discover changes in sorting rules using feedback, and to
alter their response accordingly. Age differences in WCST
scores are comparable in magnitude to those chserved in
free recall, although the range of the estimates of age effects
on this task is quite large, extending from 0.3 (Haaland,
Vranes, Goodwin, & Garry, 1987) to 1.5 (Parkin & Walter,
1992, Experiment 1) standard deviations.

The bulk of empirical evidence suggests that executive
functions depend on the integrity of the prefrontal cortex
(Kimberg & Farah, 1993; Roberts & Pennington, 1996;
Stuss & Benson, 1984). However, specific tasks (e.g.,
WCST) sensitive to prefrontal lesions rely on distributed
neural circuitry and may lack specificity (Anderson, Dama-
sio, Jones, & Tranel, 1991; Berman et al., 1995; Eslinger &
Grattan, 1993). Distribution of specialized functions within
the prefrontal cortex is even less clear. Although dorsolateral
regions have been implicated in performance on WCST
(e.g., Ragland et al., 1997), the intact orbito-frontal cortex
may also be necessary for altering response in the process of
task performance, as destruction of that region results in a
dramatic increase in perseveration (Freedman & Oscar-
Berman, 1986; Oscar-Berman, McNamara, & Freedman,
1991). Because executive tasks, such as WCST, are quite
complex and combine inhibitory, strategic, and monitoring
functions, performance on those tasks depends on the
integrity of muitiple prefrontal regions,

The role of the prefrontal cortex in cognitive aging has
been underscored by several theorists who have focused on
age-related changes in management of cognitive resources
and, specifically, working memory (WM)—an ability to
process information while maintaining intermediate prod-
ucts, goals, and associated strategies of processing on-line
{Moscovitch & Winocur, 1992; Salthouse, 1994a). Working
memory has been conceptualized as a complex system
comprised of a modality-free central executive and modality-
specific subordinate modules (Baddeley, 1986). Among the
specific WM modules, the best explored is the articulatory
loop, for which phonological mechanisms are fairly well
established (Baddeley, 1996). The nature of another impor-
tant WM module, the visual-spatial sketch pad, is less clear,
although its close links to mental imagery are apparent
(Logie, 1995). Because the elderly perform worse than their
younger counterparts on a variety of tasks involving mental
imagery (Dror & Kosslyn, 1994; Thompsen & Kliegl,
1991), it is possible that declines in WM vnderpin age-

related differences in the ability to generate, store, and
manipulate mental images. The importance of WM in
cognitive aging has been amply demonstrated because older
people show moderate deficits on a variety of WM tasks
(Salthouse, 1992a, 1994a; Verhaeghen et al., 1993). Yet, the
cognitive mechanisms underlying age differences in WM are
still unclear.

Examination of the evidence of cerebral localization of
WM and its relation to brain regions preferentially affected
by aging may help to answer these questions. The preponder-
ance of evidence indicates that WM relies on several cortical
structures. Although earlier models of WM emphasized its
almost exclusive dependence on polymodal prefrontal asso-
ciation areas (Goldman-Rakic, 1987; Petrides, Alivisatos,
Meyer, & Evans, 1993; Smith et al., 1995), more recent data
suggest that modality-specific secondary association corti-
ces play an important role in supporting this resource
(Cohen et al., 1994; Courtney, Ungerleider, Keii, & Haxby,
1996; D’Esposito et al., 1995; Gabrieli, Singh, Stebbins, &
Goetz, 1996; Smith, Jonides, & Koeppe, 1996; Stern et al.,
1995). Inasmuch as performance on WM tasks engages
specific processing modules, the integrity of the brain areas
subserving them is also expected to affect the outcome of
WM tests. For example, performance on WM tasks that call
for extensive use of visual imagery depends on the visual
association cortices (fusiform and inferior temporal) and,
possibly, primary visual areas as well (Farah, Hammond,
Levine, & Calvanio, 1988; Kosslyn, 1994; Mellet, Tzourio,
Denis, & Mazoyer, 1995; Roland & Gulyas, 1995). Tests of
visual-spatial abilities require generation of images and
their manipulation in visual-spatial WM (Kosslyn, 1994);
individual differences in performance on tests of visuospa-
tial ability can be explained by variability in WM compo-
nents (Shah & Miyake, 1996); and visual association
cortices become metabolically active during performance on
such tasks (Deutsch, Bourbon, Papanicolaou, & Eisenberg,
198R). Activation patterns on functional magnetic resonance
imaging (fMRI1) suggested that the fusiform cortex may play
an important role in explicit memory by providing support
for encoding of novel pictorial stimuli (Stern et al., 1996).
Thus, the evidence supports the association between nonver-
bal WM and visual cortices.

As the selective age-related changes in the brain and in
cognitive performance occur in the same time frame, it is
highly plausible that aging of specific cognitive functions
stems directly from differential aging of specific cortical
structures. To date, however, this proposition has acquired
only limited empirical support. Experiments with aging
rodents suggest that senescent declines in some memory
functions are associated with damage to the hippocampal
formation and prefrontal cortex (Zyzak, Otto, Eichenbaum,
& Gallagher, 1995), and in humans, functional neuroimag-
ing began to reveal the links between age-related deficits in
encoding and regional reduction of brain activity (Bickman
et al., 1997; Grady et al., 1995; Madden et al., 1996).
Unfortunately, the number of activation neuroimaging stud-
ies of aging and the number of participants within those
studies are too small to allow any definitive conclusions (for
review see Madden & Hoffman, 1997).
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Structural neuroimaging affords an opportunity to study
the relationships between age differences in the brain and
age-dependent changes in cognition in relatively large
samples. However, the early attempts to elucidate the
neuroanatomical basis of cognitive aging relied on relatively
crude measures of the brain (computed tomography), and
revealed only general associations between nonspecific
age-related atrophy markers and performance on a battery of
broad-range neuropsychological tests in healthy elderly
(e.g., Albert, Duffy, & Naeser, 1987). Later, some MRI
studies demonstrated that the burden of brain hypointensi-
ties of vascular origin predicts deficits on neuropsychologi-
cal tests (Breteler et al., 1994; Junqué et al., 1990}, although
others failed to find any connections between neuropsycho-
logical performance and MRI signs of mild cerebrovascular
disease (for review see Raz, 1996). Attempts to relate adult
age differences in regional cerebral metabolism of glucose
or oxygen to cognitive performance yielded contradictory
and inconclusive results (Duara et al., 1984; Eustache et al.,
1995; Haxby et al., 1986). In a more recent study of the
healthy elderly, a significant positive association was found
between the hippocampal velume and performance on
delayed memory tests {Golomb et al., 1994). However, it is
unclear whether age-related decline in delayed recall is
uniquely associated with hippocampal atrophy. The impact
of these interesting findings is limited by the lack of a
double-dissociation comparison between the cognitive func-
tions and brain regions.

The double-dissociation approach is the cornersione of
experimental neuropsychology (Kolb & Wishaw, 1995). In
this method, the goal is to establish not only an association
between region A and behavior X, and region B and
behavior Y, but also the lack of a relationship between A and
Y, and B and X. To formulate and test double-dissociation
hypotheses in human in vivo imaging, one needs a set of
reliable regional measures of cortical volume and a reason-
able range of variability in both structural and cognitive
measures. When double-dissociation logic is extended to
several pairings of regional brain characteristics and cogni-
tive tasks it produces a multiple-dissociation framework.
Uncomplicated aging, with its regional pattern of brain
changes and selective vulnerability of cognitive functions,
may provide a suitable model for quasi-experimental studies
of double and multiple dissociations of cognitive functions
and cerebral structures.

The objective of the research presented in this article was
to conduct a multiple-dissociation study of relationships
between brain regions and specific cognitive functions using
a normal life-span sample in which structural brain measures
and indices of cognitive performance were obtained within a
relatively narrow time frame. To attain this objective, we
obtained structural brain measures and indices of cognitive
performance from a carefully selected sample of healthy
adults spanning a wide age range. We attempted to dissociate
four cerebral regions—prefrontal (dorsolateral and orbital)
and parietal (inferior parietal) polymodal association corti-
ces, visual processing areas (primary and secondary), and
the limbic regions (hippocampus and parahippocampal
gyrus)—and seven cognitive functions—executive (exempli-

fied by strategic flexibility or resistance to perseveration),
WM, explicit memory, and repetition priming, with verbal
and nonverbal varieties included in each of the examined
memory domains,

‘We expected that all cognitive functions except priming
would be affected by age. However, we hypothesized that
whereas both verbal and nonverbal memory would be
affected by the differences in the prefrental cortex (PFC) and
the volumes of limbic structures {no dissociation), only
verbal memory would depend on the volume of inferior
parietal lobule, and only nonverbal memory would be
affected by shrinkage of the visual cortices but not vice versa
(a double dissociation). Another hypothesized dissociation
was between the volume of the PFC and executive functions
versus limbic structures and explicit memory: We expected
to find significant associations between the brain and
cognitive variables within these pairs of variables but not
across the pairs. Working memory, verbal and nonverbal,
was expected to be affected by changes in the PFC volume
{no dissociation), but only its nonverbal variety was ex-
pected to depend on the visual cortices, whereas the verbal
(but not nonverbal) WM was hypothesized to be associated
with the inferior parietal lobule volume—a double dissocia-
tion. Better priming was expected to be associated with
larger visual and prefrontal cortices but unrelated to the
volume of the hippocampus, thus dissociating from explicit
memory.

In addition to the set of hypotheses regarding brain—
cognition relationships, we formulated several hypotheses
concerning the role of WM in higher-level cognitive abili-
ties. We expected that verbal and nonverbal WM would
dissociate between the verbal and nonverbal explicit memory
functions, that both types of verbal memory would predict
strategic flexibility, and that none of the variables would be
associated with priming.

Method
Farticipants

The data for this study were collected in an ongoing investiga-
tion of neuroanatomical correlates of age-related differences in
cognition (see Raz et al., 1997 for a description of the full sample).
The participants were screened for history of known cardiovascu-
lar, neurological, and psychiatric pathology, head trauma, alcohol
and drug abuse, thyroid problems, and diabetes mellitus using a
telephone interview and a mail-in questionnaire. In addition, all
participants were screened for dementia and depression using a
modified Blessed Information—-Memory—Concentration Test
(Blessed, Tomlinson, & Roth, 1968) and Geriatric Depression
Questionnaire (Radloff, 1977), with cutoff scores of 30 and 13,
respectively. All participants were strongly right-handed (75% and
above on the Edinburgh Handedness Questionnaire: Oldfield,
1971).

Of the total sample (¥ = 166), 113 participants had a full set of
neuroimaging and cognitive data. Their MRI scans were examined
by an experienced neuroradiologist (J. D. Acker) for signs of
space-occupying lesions and cerebrovascular abnormalities, and
only the participants without evidence of possible cerebrovascular
disease were retained in the sample. Clinical criteria—numerous
punctate lesions, lacunar infarcts, significant unilateral concentra-
tion of white-matter hyperintensities—were used in the screening
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procedure. Finally, we excluded participants who were taking
blood pressure medication. Although people who control their
hypertension with medication are probably no more prone to
cerebrovascular disease than normotensive elderly (Fukuda &
Kitani, 1995), some researchers have suggested that even mild
age-related hypertension may exert differential negative effects on
cognitive petformance of the elderly participants (Boone, Miller, &
Lesser, 1993; Elias, D’ Apostino, Elias, & Wolf, 1995) and that
anti-hypertensive medication may produce deficits in some neuro-
psychological functions (Waldstein, Manuck, Ryan, & Muldeon,
1991, but see Elias et al., 1995). Altogether, 18 participants were
excluded: 9 on high blood pressure medications but with clinically
normal scans, 5 normotensives with MRI evidence of cerebrovascu-
lar disease, and 4 with problems in both areas. Thus, the final
sample consisted of 95 participants with mean age of 44.02 *+
16.35 years and mean formal education of 16.14 = 2.73 years. The
age range was 18-77 years and the distribution was approximately
rectangular: Twenty-three participants wete less than 30 years old,
27 fell between 31 and 43 years of age, 23 were in the 46-60 age
bracket, and 22 were older than 60. The sample included 41 men
(mean age: 42.98 £ 17.24; mean education: 16.38 £ 3.05 years)
and 54 women (mean age: 44.82 * 15.76; mean education:
15.96 * 2.49 years). Sex differences in age and education were not
significant, #(93) = .54 and .47, respectively, and educational
attainment was unrelated to age (r = .09, ns).

MRI{ Protocol

Imaging was performed at the Diagnostic Imaging Center,
Baptist Memorial Hospital, Memphis, Tennessee, on a 1.5T Signa
scanner {General Electric Co., Milwaukee, WI). The protocol is
described in greater detail in our previous publications (Raz,
Torres, et al., 19935; Raz et al., 1997). All volumetric measures were
performed on the reformatted images acquired using T-weighted
3-D spoiled gradient recalled acquisition sequence (SPGR, 124
contiguous axial slices, TE = 5 ms, and TR = 24 ms, FOV = 22
cm, acquisition matrix 256 X 192, slice thickness = 1.3 mm, and
flip angle = 30°). For cerebrovascular diagnostic screening, we
used a Fast Spin Echo sequence of interleaved T, and proton-
density weighted axial images.

Reformarting and Alignment of MR Images

After acquisition, the SPGR images were transferred to the
General Electric Independent Console and reformatted off-line to
allow for comrection of images for effects of head tilt, pitch, and
rotation. Standard neuroanatomical landmarks were used to bring
each brain into a unified system of coordinates and to correct the
deviations in all three orthogonal planes. In this standard position,
the sagittat plane cut through the middle of the interhemdspheric
fissure. The axial plane passed through the anterior—posterior
commissure (incorporating the AC-PC line} and through the orbits,
perpendicular to the sagittal plane. The coronal plane was leveled
by the orbits and the auditory canals and passed perpendicular to
the axial plane. Reformatted images were cut into sections 1.5 mm
apart and saved on a VHS tape. The thickness of the reformatted
slices was 0.86 mm (one linear pixel), and the voxel size was
1.11 mm3.

Computerized Analysis of the MRI Scans

The MRI images were transferred to the VHS tape and digitized
via a TARGA M-8 frame-grabber board (AT&T Corp., Murray
Hill, NJ). A trained cperator displayed each image on the video
monitor screen with standard brightness and contrast and outlined

the areas of interest (AOls) using a digitizing tablet. The areas were
computed vsing JAVA software (Jandel Scientific Co., San Rafael,
CA), and the volumes of regions of interest (ROIs) were calculated
by multiplying the AOT areas by the interslice distance and
summing the products using the *“basic volume estimate” (Uylings,
van Eden, & BHoffman, 1986).

Delineation of the ROIs

Trained operators (blind to the participants’ calendar age and
sex) manually traced all ROIs. The set of slices containing each
ROI was split, at random, into two equal groups, each to be traced
by a different operator. In occasional regions of partial voluming,
the operator interpolated the line between two clearly definable
segments of the cortical border. We resolved all questionable cases
by consulting the correlative and general brain atlases (DeArmond,
Fusco, & Dewey, 1976; Duvernoy, 1988; Montemurro & Bruni,
1988; Nieuwenhuys, Voogd, & van Huijzen, 1988; Ono, Kubik, &
Abernathey, 1990; Talairach & Tournoux, 1988). In identification
and tracing of the ROIs, our objective was reliable, conservative
sampling that included less than the totality of a given structure,
while avoiding encroachment into other ROIs. All structures were
measured separately for each hemisphere. Interrater reliability was
assessed using the formula for two fixed raters (ICC(3): Shrout &
Fleiss, 1979). For all RQOIs the ICC (3) values exceeded .90.
Because we have described the tracing rules in our previous
publications (Raz, Torres et al., 1995; Raz et al., 1997), an abridged
description is provided below.

Dorsolateral Prefrontal Cortex

The dorsolateral prefrontal cortex (DLPFC) included superior,
middle, and inferior frontal gyri and covered Brodmann areas 8, 9,
10, 45, and 46. The DLPFC was defined as the gray matter located
between the most dorsomedial point of the cortex and the orbital
sulcus, located rostrally to the gemu of corpus callosum and
posterior to about 40% of the distance between the frontal pole and
the genu.

Orbite-Frontal Cortex

The volume of the orbito-frontal cortex (OFC) was estimated
from the same slices as DLPFC, using the most lateral branch of the
orbital sulcus as the lateral boundary and the olfactory sulcus as the
medial boundary. The OFC included parts of Brodmann areas 11
and 47. Thus, OFC and DLPFC were complementary parts of an
ROI labeled the prefrontal cortex (PFC).

Visual (Pericalcarine) Cortex

The volume of the visval (pericalcarine) cortex (VC) was
estimated as the volume of the cortical ribbon lining the calcarine
sulcus. This sulcus appeared as the most ventromedial sulcus in the
temporal-occipital cortex at the corenal slice that is mid-vermis or
immediately caudal to mid-vermis and was measured on the
anterior 50% of the coronal slices between the mid-vermis slice and
the oceipital pole. The inferior and superior boundaries of this ROI
were defined as the point at which the opening of the sulcus
occurred. At this point a line was drawn horizontally so that no
cortex (dorsal or ventral) outside of the calcarine sulcus was
included. This ROI contained mainly the primary visual cortex
(Brodmann area 17) and some of the secondary visual area
(Brodmann area 18) as well.
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Fusiform Gyrus

The fusiform gyrus (FG), which spans temporal and occipital
lobes, was measured on successive coronal slices beginning with
the level of the anterior commissure to the last slice on which the
splenium of the corpus callosum was present. After that, the
posterior fusiform gyrus range was determined as 33% of the
distance between the occipital poles and the most anterior slice on
which the splenium is no longer present. The FG as demarcated
here covered Brodmann areas 37 and 19 (inferior part).

Inferior Parietal Lobule

The rostral-candal range for estimate of the inferior parietal
lobule (IPL) volume was defined as 65% of the distance between
the posterior commissure to the slice candal to the end of the
splenium of the corpus callosum. The most superior branch of the
lateral sulcus served as the inferior boundary. This ROI included
mainly Brodmann area 40.

Parahippocampal Gyrus

Parahippocampat gyrus (PHG) volume was estimated from
coronal sections beginning with the first slice on which the
temporal stem became discernible up to the most candal slice that
showed the pulvinar. To discriminate the hippocampal formation
and PHG, the subiculum was excluded from the PHG. This ROI
included almost the entire entorhinal cortex (Brodmann area 28) as
well as additional PHG area.

Hippocampal Formation

Hippocampal formation (HC) was measured on a series of
coronal slices between the first slice showing the mammillary
bodies and the one on which the fornices are seen rising from the
fimbria. Care was taken not to include the amygdala in this ROL
We were unable to separate the hippocampus proper from the rest
of the formation—we use the term hippocampus only as a matter of
convenience.

Tasks and Procedures

The following cognitive tasks were administered to each partici-
pant individually in well-lit, quiet rooms. The order of task
administration was allowed to vary across participants to accommo-
date their personal schedules.

Working Memory: Verbal

The participants performed two verbal WM tasks: Computation
Span (CSPAN) and Listening Span {(LSPAN) (Salthouse, Mitchell,
Skovronck, & Babcock, 1990). Both measure the ability for
simultaneous storage and processing of verbal information and are
very similar in structure, administration procedure, and scoring. In
CSPAN, the participant is asked to solve simple arithmetic
problems while simultaneously remembering the last digit in each
problem. In LSPAN, the participants listen to simple sentences.
After each sentence, they are asked to answer a question about its
content and to report its final word.

The first three trials of each WM task contain one item each. That
is, the participant is presented with one arithmetic problem
(CSPAN) or with one sentence (LSPAN). The additional groups of
three trials contain one more item than the last: the second set

contains two items, the third set contains three items, and so forth.
Participants are administered blocks of three trials beginning with
one item and progressing as high as seven items each. Regardless
of the participant’s performance, testing is stopped at seven items
in each trial.

Three indexes of participants’ performance on the WM tasks are
computed: Simple Span ($8). Absolute Span (AS), and Total Span
(TS). To get an item correct, the participant must solve the
arithmetic problem (CSPAN) or answer the question correctly
(LSPAN) and correctly identify the final number (CSPAN) or the
final word (LSPAN). To get a trial correct, the participant must get
all items correct within that trial. The SS is computed on each block
of three trials (with the same number of items). If a participant’s
response is correct on two or three of the trials, one point is
assigned. If the participant is correct on only one out of three trials,
the score is (.5 points. Once the participant misses two out of the
three trials in the same block, the scoring of SS is discontinued. The
AS is calculated by summing the number of correct items across all
trials. To have the number of items added to their total, the
participant must get all items in that trial correct. The TS is scored
as the total number of items that a participant gets correct. These
items are scored even if the participant misses other items within
that trial. In this study, we opted for the AS as an index of WM
performance because of its superior psychometric properties (Engle,
Cantor, & Carullo, 1992). The SS produces too narrow a range to
make it useful for correlational analyses, and the TS score
(especially for CSPAN) may be prone to capitalization on chance
because it counts single successful items scored on the trials even
when the participant fails the remainder.

Working Memory: Nonverbal

This construct was measured by two tests. The first, size
judgment span, was modified after Cherry and Park™s (1993)
version. Participants were read aloud lists of objects and animals
and asked to repeat each list with the objects arranged in order of
their size from the smallest item to the largest. The first list was two
items long (e.g., violin, ship). After successful completion of at
least two of three trials, the list was incremented by one item. The
cumulative number of correct trials constituted the score on this
test.

The second task vsed to measure nonverbal WM was the spatial
relations test (#19) from the Woodcock—Johnson Psychoeduca-
tional Battery—Revised (Woodcock & Johnson, 1389). In this task,
participants are shown a whole shape and are required to choose a
correct combination of components from a series of six disjointed
shapes presented on the same board. The item difficulty increases
across trials as the shapes become complex and abstract. The total
number of correct responses is the score on this task. Although
designated as a test of “‘spatial abilities,” the task exerts consider-
able demands on WM as the participant is required to mentally
assemble the correct shape from its parts and to manipulate (rotate
and translate) some of the components to the positions that would
allow the assembly operation. Correlations between similar spatial
tasks and measures of visual-spatial WM are quite high (Shah &
Miyake, 1996), and analogous tasks have been used for assessment
of visual-spatial WM in young and older adults (Kirasic, Allen,
Dobson, & Binder, 1996). The reliability of this test is » = .82
(Woodcock & Mather, 1989).

Explicit Memory: Verbal

Memory for names. This auditory—visual paired-associates
task is a subtest (#1) from the Woodcock-Johnson Psychoeduca-
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tional Battery—Revised (Woodcock & Johnson, 1989). At the
acquisition phase, the participants learn to associate a picture of an
imaginary “space creature” with the creature’s name. At the test
phase, the participants are shown a picture of a target creature and
an array of nine additional creatures. They are asked to point to the
picture of a creature that has just been presented as well as to all
previously presented creatures. The participants also are asked to
name the creatures to which they have pointed. If a participant
makes an error, the examiner provides the correct response. The
level of difficulty increases progressively as the participant is
required to remember the names of more space creatures. The score
is the total number of correct responses, and the reliability of this
testis r = .91 (Woodcock & Mather, 1989).

Paired-associates learning (PAL). This is a subtest from the
Wechsler Memory Scale—Revised (Wechsler, 1987). In each trial
of the exposure phase, participants hear the same eight pairs of
words (four pairs with high association value and four pairs with
low association value). During the test phase they are read the first
word of each pair and asked to provide the second word. The index
of performance is the total number correct in the first three trials.
The participants who fail on the third trial are administered
additional trials until all eight items are completed correctly or until
a total of six trials has been given. The test-retest reliability of
immediate PAL is .60.

Logical memory (LM). This is a subiest from the Wechsler
Memory Scale—Reavised (Wechsler, 1987). At the acquisition
phase, the participants hear a short story. Immediately afterward,
they are asked to repeat as much of the story as they remember.
This procedure is repeated with a second short story. The score is
the number of correct pieces of information recalled from both
stories. The test-retest reliability of this test is .74.

Memory for Names (MFN), LM, and PAL—delayed. 'These are
the same tasks readministered after a half-hour delay. At the initial
study stage of the LM and PAL the participants are warned that the
delayed test would be administered, whereas no such warning is
given at the initial MFN administration. The reliabilities of the
delayed memory indexes were .91 for MFN,. .75 for LM, and 41
for PAL.

California Verbal Learning Test. In the California Verbal
Learning Test (CVLT, The Psychological Corporation, San Anto-
nio, Texas), the participant hears a list of grocery items five times.
After each presentation the participant is asked to recall as many
words as possible, regardless of order. Although the list contains 16
words that are evenly distributed across four categories, partici-
pants are not told that the words can be categorized. A second list of
grocery items is presented after the fifth presentation of the initial
list, and the participant is immediately asked to recall these items.
Next, the participant is asked to recall the items from the first list.
After that, a cued recall test is administered: The participant is
asked to recall all the items that fall into a particular category.
These two tests provide the indices of short-delay free and cued
recall. After a 20-min delay the participants are administered free
recall, cued recall, and a yes-ne recognition test of the first list.

The computer-assisted scoring of CVLT produces a number of
indices. In addition to the short-delay free and cued recall of List A
Trials 1-3, List A Trial 1 and 5, and immediate recall of List B, and
recognition of List A, the measures of ability to organize the
material by chunking and categorization, and resistance to intru-
sions are provided. Most of these indices are highly correlated,
some (especially difference scores) have limited reliability, and
some are geared to clinical assessment of individuals more than
toward correlational analyses. In this study, we used List A delayed
free recall as one of the explicit memory measures. Split-half
reliability of this index is .92 (Delis, Kramer, Kaplan, & Ober,
1987).

Explicir Memory: Nonverbal

Buildings Memory Test (MV-2). This paper-and-pencil test
from ETS Factor-Referenced Test Kit (Ekstrom, French, Harman,
& Dermen, 1976) is administered in two stages. First, the
participants are shown a map of a fictitious urban location with
landmark buildings on it. After studying the map for 4 min, they are
shown a blank map and asked to pick the landmarks from a menu
and to locate them on the map. Test—retest reliability of this test is
.80 (Ekstrom et al., 1976).

Line Patterns Recognition Test. This test was a part of a
priming task (see Priming section below). Stimuli were selected
from 350 line patterns generated using a procedure madified from
Musen and Treisman (1990). Each pattern consisted of five lines
and was generated by connecting points on a 3 X 3 dot matrix
according to five pseudorandom numbers. Pattern repetitions and
simple rotations were eliminated. Participants’ task was to view the
patterns briefly exposed on a computer screen and to reproduce
them on a 9-point grid printed on a paper sheet. Exposure duration
for each participant was determined before the study phase using an
adaptive staircase procedure. In a sample of 100 patterns that were
not used in the main experiment, we determined for each partici-
pant the stimulus onset asynchrony (SOA) at which about 50% of
the patterns could be reproduced. The initial pattern was exposed
for 700 ms, and exposure duration was increased by 50 ms after
inaccurate responses and decreased by 50 ms after each accurate
drawing. A reversal was an inaccurate drawing followed by an
accurate drawing. Participants performed this task until 10 rever-
sals occurred. The SOA for each participant was the median
stimulus duration time at which these reversals occurred. Partici-
pants completed a multiple-choice vocabulary test as a S5-min
distractor task immediately after threshold determination.

During the study phase trials, a fixation peint appeared in the
middle of the screen, followed by a pattern for 3 s and then a 7-s
interval during which the screen was blank. Participants were asked
to decide whether or not each pattern was symmetrical. Participants
then completed another 5-min distractor task (Digit Span from the
Wechsler Adult Intelligence Scale—Revised; Wechsler, 1981).

Next, the implicit memory task was performed. Each studied
pattern was presented one at a time on the screen for the SOA
determined in the threshold task. Fifty distractor pattems were also
presented, randomly intermixed with the studied patterns. Partici-
pants were asked to draw each pattern that appeared on the screen
and then were asked to press any key to go on to the next item. A
priming score was computed by subtracting the proportion of
accurately drawn patterns that were not studied from the proportion
of accurately reproduced studied patterns. Immediately after the
priming task, participants completed another 5-min distractor task
(a multiple-choice vocabulary test).

Explicit memory was then measured in a four-alternative
forced-choice recognition task. On each trial of that task one
studied pattern was presented on the screen with three distractors.
Participants were asked to choose which one of the four patterns
they had seen during the study phase. The explicit memory score
was the proportion of studied line patterns accurately identified (hit
rate).

Repetition Priming: Verbal

Word-stem completion. In the study phase, the participant is
presented with words on a computer screen and asked to count
aloud the number of vowels in each word. One target word was
chosen for each of the 40 three-letter word stems in the Graf and
Williams (1987) norms. The selected target words had been used to
complete stems an average of 12.2% (SD = 4.3%) of the time for
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each stem. A list of 20 low-frequency words {median fre-
quency = 12 per million; Kudera & Francis, 1967) was selected.
The study stimuli were five to eight letters long (M =59,
SD = .86), and were never the most frequent completion for their
respective stem. The test stimuli were three-letter stems from the
original master list of 40 words. After an approximately 5-min
delay filled by a distractor task (CFIT 2A-Test 1; Cattell & Cattell,
1973), the participant is presented with a list of stems and asked to
say aloud the first word that comes to mind and begins with the
presented three letiers. The differences between the proportion of
stems completed to words presented at the study stage and the
proportion of baseline words was the priming score. After a 3- to
4-min break, the participants were administered an explicit,
cued-recall test. They were again presented with the first three
letters of a word. However, this time they were asked lo complete
the stems with the words previously seen during the vowel-
counting phase. The last phase of the word-stem completion task
consists of free recall of the words. For both cued- and free-recall
tests, the proportion of correct responses served as the performance
indexes.

Category exemplars priming. During the study phase of this
task, the participants are presented with a descriptive phrase
containing only the first letter of the last word (e.g., “violets are
b...”). The participants are asked to complete the last word of the
phrase. The materials consisted of 20 target exemplars of semantic
categories selected from Howard (1980) and McEvoy and Nelson
(1982) and normed on 100 undergraduates. Exemplar targets were
selected by the norming sample an average of 8.2% of the time
(SD = 6.1%) for each category and represented 1 of an average of
8.1 (§D = 1.5) alternative responses per category. If the participant
made an error or did not respond, the correct answer was provided.
After a 5-min delay filled by a distractor task (CFIT 3A-Test 2;
Cattell & Cattell, 1973), the participant is presented with a name of
a category (e.g., colors) and asked to provide the first exemplar of
that category that comes to mind. The priming score is the
proportion of old exemplars minus the proportion of the new
exemplars provided for each category. After the priming test, the
participants perform a cued-recall (explicit) test. They are again
presented with category labels, but this time they are asked
specifically to give the exemplar of the category that was presented
during the study phase. Finally, participants are asked to recall all
the exemplars presented at the study phase. For both cued- and
free-recall tests, the index of performance is the proportion of
correct responses (hit rate).

Repetition Priming.: Nonverbal

The Line Patterns Priming task is described above in the Explicit
Memory: Nonverbal section.

Executive Functions Task

‘The computerized version of the Wisconsin Card Sorting Test
(WCST, Neuroscan Corp., Herndon, VA) was administered. On the
WCST, the participant’s task is to sort cards with geometric designs
into categories by the shape, color, or number of the designs that
appear on the cards. The participants are asked to match a card that
appeared in the lower right corner of the computer screen with one
of the four cards displayed at the top of the screen. The participants
are told that the feedback about the correctness of their decision
would be provided by the computer, but that the examiner could not
provide them with additional information about performance on the
task.

The WCST provides a number of indices intended to measure

executive functions: the total number of errors, the number of
perseverative errors, the number of perseverative responses, the
number of categories attained, and the learning-to-learn index
(Heaton, Chelune, Talley, Kay, & Curtis, 1993). For the purposes of
assessing the construct of strategic flexibility, we used only the
number of perseverative responses and perseverative errors. Al-
though believed to be useful in individual clinical assessment, the
other listed indices are highly intercorrelated, and only the first four
of them have acceptable reliability. The long-term test—retest
reliability estimates for perseverative responses range between .24
and .90, with a median of .75 (Paolo, Axelrod, & Troster, 1996;
Pennington, Bennetto, McAleer, & Raoberts, 1996).

A perseverative response was counted as a response that was
incorrect according to the current rule but would have been correct
using the rule valid for the previous set. However, a response could
also be classified as an ambiguous response if it matched the
stimulus card on more than one dimension. If an ambiguous
response was correct but occurred within a series of unambiguous
perseverative responses and matched the principle on which these
unambiguous perseverations were made, it was counted as a
perseverative response. Thus, strictly speaking, not all persevera-
tive responses are incorrect. A perseverative error was counted as a
perseverative response that was also incorrect.

Results

The pattern of correlations among the regional cortical
volumes and age (Table 1) was similar to that observed in
the larger sample (Raz et al., 1997): the volume of the PFC
was significantly more affected by aging than the volumes of
the other ROIs {Steiger’s Z* = 1.68, p < .05, one-tailed, for
the closest correlation).

No sex differences in cognitive performance were ab-
served, with the exception of the spatial relations test on
which men performed somewhat better than women, #(93) =
2.24, p < .05. When the number of comparisons is taken into
account, even this difference was not significant. Thus, sex
was not entered as an independent variable into the analyses.
The correlations between cognitive variables and age (Table
2) followed the expected pattern, with the executive func-
tions and explicit memory showing stronger negative rela-
tions to age than the priming tests. However, the magnitude
of age effect on memory was somewhat lower than that
reported in the literature.

Data Conditioning and Analyses

The multiple dissociation hypotheses formulated in this
study were tested in the framework of path analysis, which is
a system of hierarchically nested systems of linear regres-
sion models with an increasing number of restrictions on
association between the variables.

As in any study addressing multiple relationships between
brain and behavioral constructs, the large number of interre-
lated cognitive variables in this study presents a number of
problems: inflation of Type I error, multicollinearity, and
imperfect reliability. Bearing in mind these potential pitfalls,
we reduced the data by creating composite scores to
represent theoretically defined cognitive domains. All vari-
ables appearing in Table 2 were included in this analysis
except for the explicit memory indices derived from the
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Table 1

RAZ, GUNNING-DIXON, HEAD, DUPUIS, AND ACKER

Descriptive Statistics for Cortical Region-of-Interest Volumes and Age,

and Correlations Among Them

Regions of interest Age PFC FG HC PHG IPL VC
Prefrontal cortex (PFC) — 4G*** —
Fusiform gyrus (FG) —.30%+* 4OFEE —
Hippocampus (HC) — 24 Apk 32k —
Parahippocampal gyrus (PHG) =01 A7 A3Fex 18 —
Inferior parietal lobule (IPL) -.15 Al Jpwkx o 20% Al —
Visual (pericalcarine) cortex (VC) —.26** 2R*E 25% J2Ekx 01 17 —
M 43.99 24.65 14.66 528 451 812 431
SD 16.63 3.64 1.73 0.63 052 159 1.03
Note. N = 95. All volume measures are in cm®. Correlations =.20, .26, and .32 are significant at
ps <05, .01, and .001, respectively.
¥ <05, *p < .01, *¥¥p < 00L.

verbal priming tasks and the nonverbal priming index
derived from the line-pattern priming task. Explicit memory
indices derived from the verbal priming tasks were not
delayed-recall measures. In addition, they correlated with
the priming scores obtained from the same tasks. These
correlations ranged from r = .37 between free recall of
stems and stem completion category free recall and category
priming score to r = .61 between cued recall of stems and
stem completion, with the median r = 46, p < .001. The
nonverbal priming index could not be included in the
analysis because no consistent priming was observed on the
line-pattern priming task. The mean score of 0.001 (SD = .08)

and a zero correlation with age leave room for little
systematic variation in the line-pattern priming scores and
render this index uninformative. Because of a considerable
skew in the distribution of the perseverative errors and
responses on WCST (skewness >1.6 and kurtosis >2.5 for
both scores), log-transformed values were used in all
subsequent analyses.

Although the main impetus for assigning specific vari-
ables to specific composites was theoretical, we attempted to
substantiate our composite indices formally through a princi-
pal-factors analysis. In this analysis, the goal of data reduc-
tion is accomplished by creating a set of linear combinations

Table 2
Descriptive Statistics for Cognitive Measures and Their Correlations With Age

Variable M D r (age)
WCST total errors 3733 23.66 47
WCST perseverative errors 19.52 16.28 40
WCST perseverative responses 2245 20.36 40
WCST nonperseverative responses 17.81 12.05 38
WCST categories attained 436 2.03 —.49
CVLT cued recall—short delay 13.43 235 —.26
CVLT free recall—short delay 12.77 2.50 =21
CVLT cued recall—long delay 13.58 2.18 —.24
CVLT free recall—long delay 13.14 2.47 -27
WMS-R, paired-associates learning, immediate 20.13 3.02 —.40
WMS-R, paired-associates learning, delayed 748 0.87 -.25
WI memory for names, immediate 5643 12.13 —.27
'WJ memory for names, delayed 25.59 9.07 -.39
WMS-R, logical memory, immediate 30.53 5.69 -.29
WMS-R, logical memory, delayed 26.97 6.31 -.28
Buildings memory (MV-2) 8.53 3.05 -.39
Computation span, absolute 18.04 11.75 -31
Listening span, absolute 28.03 13.35 -.37
Size judgment span 9.79 1.77 —.25
W1 spatial relations 26.51 4.18 -.31
Line-pattern recognition (hit rate) 0.37 0.09 -.27
Line-pattern priming 0.00 0.81 -.00
Word-stem completion 0.29 0.15 —.12
Cued recall, word-stem study list hit rate) 0.45 0.14 =21
Free recall, word-stem study list (hit rate) 0.17 0.15 —-41
Category exemplars priming 0.16 0.13 —.03
Cued recall, category study list (hit rate) 0.49 0.24 -39

0.28 0.16 —-.37

Free recall, category study list (hit rate)

Note. WCST =

Wisconsin Card Sorting Test; CVLT =

California Verbal Learning Test;

WMS-R = Wechsler Memory Scale—Revised; WI = Woodcock—Johnson Psychoeducational
Battery. N = 95. Correlations =.20, .26, and .32 are significant at ps << .03, .01, and .001, respectively.
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of original variables that capture the variance of the original
set. These linear combinations (principal components) con-
tain variables that correlate highly among themselves but not
with the members of ather components. The components can
be rotated, that is, fitted with new weights or coefficients that
alter the relationship among the factors according to a
prescribed rule. For example, rotating the components under
the varimax criterion amounts to maximizing the variance
between them and minimizing the variance within each
combination of variables. The intent of this procedure is to
create the uncorrelated linear combinations of variables
called factors. Because the number of factors is smaller than
the number of variables, the data reduction goal is accom-
plished. The closer the variance explained by the factors is to
the total variance of the original set, the more faithfully the
reduced data set reflects the original one.

We used standard factor-analytic procedures, retaining the
components with eigenvalues greater than | and rotating
them using the varimax criterion. The resulting system of
principal factors accounted for 69% of the variance in the
original data set, which is a reasonable approximation. The
factors were readily interpretable, and descriptive labels
were assigned to each of them. This analysis replicated a
common pattern observed in normal as well as pathological
samples, that is, dissociation between executive functions as
measured by the WCST and memory (e.g., Paolo, Trister,
Axelrod, & Koller, 1995; Sullivan et al., 1993). Some
overlap between the factors was apparent, with explicit
memory factors (verbal and nonverbal) sharing a significant
amount of variance with WM factor. The factor loadings
(correlations between the original variables and the compos-
ite scores) are presented in Table 3.

Based on the results of the factor analysis and the
theoretical considerations, five composite cognitive indices
were created by summation of the standardized scores of the
variables that loaded on each component as shown in Table

3. Because the correlations between two verbal and two
nonverbal WM tests were only moderate (rs ranging
between .31 and .44) and because of the theoretical distinc-
tion between the two groups of tests, they were separated
into two composites, in spite of loading on the same factors.
The same reasoning was applied to the spatial relations test,
which loaded on both WM and explicit memory factors.

As a result of the data reduction process, six cognitive
indices were created: failure of flexibility or perseveration
(Persev), which was a sum of standard scores of log-
transformed counts of perseverative errors and perseverative
responses; verbal explicit memory (Exp,), which included
delayed-recall indices of paired-associates learning, logical
memory, and face-name association learning, and CVLT
long-delay cued and free recall; nonverbal explicit memory
(Exp,.,), which was a sum of lme-pattcm recognition and
buildings memory test scores; priming, which was a sum of
stem completion and category completion priming scores;
verbal WM (WM,), which was a combination of CSPAN
and LSPAN absolute scores; and nonverbal WM (WM,,),
which was computed from standardized scores on the spatial
relations test and the size judgment test.

In testing multivariate models, it is advisable to reduce the
number of the variables to about 1:10 variable per observa-
tion for better stability of the estimates and lesser capitaliza-
tion on chance (Pedhazur, 1982). To adhere to this criterion,
we decided to forgo testing hypotheses about hemispheric
differences and combined both hemispheres and some ROl
valumes into composite regions. Thus, HC and PHG vol-
umes were combined to form a limbic ROI, and VC was
combined with FG to form a visual ROI, and DLPFC was
summed with OFC to form the prefrontal cortex (PFC)
region. In addition, on the basis of theoretical consider-
ations, we decided to create the brain region composites
according to which members of the composites play similar
roles in the targeted cognitive processes, as explained in the

Table 3
Principal-Factors Analysis of Cognitive Measures
F1: F2: F2:
Explicit, Explicit, Working F3: F4:
Variable verbal nonverbal memeoery Executive Priming

CVLT—Free recall, long delay 92
CVLT—Cued recall, long delay 91
WMS-R, logical memory, delayed 48
WI memory for names, delayed A7 46
WMS-R, paired associates, delayed A5 47
Building memory (MV-2) 66
Line-pattern recognition 79
Computation span .85
Listening span 76
W1 spatial relations 64 46
Size judgment span 56
WCST, perseverative responses 96
WCST, perseverative errors 95
Category priming 79
Word-stem completion 75
Percentage of variance accounted 17.60 13.41 14.98 13.55 9.84

Note. CVLT = California Verbal Learning Test; WMS-R = Wechsler Memory Scale—Revised; W) = Woodcock-Johnson
Psychoeducational Battery, WCST = Wisconsin Card Sorting Test. N = 95, varimax rotation. Only luadmgs greater than .40 are shown.
Total variance explained by components with eigenvalues greater than 1 is 69%.
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introduction of this article. All brain volumes were adjusted
for height in order to compensate for body-size differences
between the sexes. The adjustment was performed using the
weights from linear regressions of each ROI volume on
height. Zero-order correlations among the composite vari-
ables and age are presented in Table 4.

Path Analysis

A complex pattern of correlations among brain and
cognitive variables presented in Table 4 cannot be inter-
preted without taking into account their mutual influence. To
that objective, we used a classical path analysis approach
(Pedhazur, 1982). In path analysis, a series of hierarchical
linear models is constructed by imposing a progressively
larger number of restrictions on allowed effects. Such an
appreach postulates unidirectional flow of the variance
within the hierarchy of the variables: Downstream variables
can cause or affect the upstream variables, but not vice versa.
Restrictions on the model are imposed by setting specific
intervariable paths to zero, thus assuming that there is no
relationship between the given pairs of variables. In construct-
ing the models, we were guided by considerations of
parsimony and theoretical interpretability.

The theoretical considerations guided the construction of
the hierarchy within the models. Age was presumed to be
measured without error and not influenced by any of the
downstream variables. Brain volumes that formed the sec-
ond tier in the path model could be affected by age, but not
by the cognitive indices. Working memory (verbal and
nonverbal) was relegated to the next tier, under the assump-
tion that age and brain changes could affect these variables,
but in relation to the other cognitive indexes their role was
that of relatively primitive precursors. Finally, the indices of
explicit memory, priming, and failure of flexibility (persevera-
tion) formed the fourth tier of the model. The assumption
was that these variables represented the most complex
cognitive functions potentially influenced by all of the other
variables but not exerting any reciprocal effects on them.
Under the parsimony criterion we searched for the smallest
number of variables and effects to account for the observed
data.

The full model, against which the first reduced model was
tested, postulated (rather unrealistically) that all brain vari-
ables affected all cognitive variables, with age affecting all
variables in the model. The first reduced model was created
by imposing 12 restrictions on the full model by turning
respective paths to zero. This model reflected the hypotheses
formulated in the introduction to this study. Within the
path-analytical framework, we were able to lest the multiple-
dissociation hypotheses proposed in the introduction of this
article. The hypothesized significant relations would be
indicated by significant path coefficients, which are equiva-
lent to standardized regression coefficients for regression
equations containing upstream variables as predictors of the
downstream variables. Thus, the dissociation between pairs
of variables is expressed in the pattern of significance of the
respective path coefficients. In addition to the hypotheses
stated a priori, after inspection of the zero-order correlations,

Table 4

Zero-Order Correlations Among Composite Cognitive Indexes, Combined Regions of Interest (Adjusted for Height), and Age

WCST ExpV ExpNV PrimV WMy ‘WMnv PFC Limbic

Age

Variable
WCST composite (perseveration)

Visual

igeer
_.26**
-.13
_.36***
— 3 3wen
_‘42***
— .23

— 2%

‘44***
_.39***
_.38***
—.10
_.39***
— 35%Ex
_.._5]***
—.18

Explicit memory, nonverbal (ExpNV)

Explicit memory, verbal (ExpV)
Priming, verbal (PrimV)

Working memory, verbal (WMv)

3474k

Working memory, nonverbal (WMnv)

Prefrontal cortex (PFC)

Limbic cortex

.01

— J5kkk
—.15

Visual cortices
Inferior parietal lobule

95.

‘Wisconsin Card Sorting Test. N
wkxp < 001,

WCST =
*xp < 0],

Note.
*p < 05.
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we decided to test an ad hoc hypothesis that verbal WM
affects priming performance.

In the reduced Model I (Figure 1A), 12 paths were set to
zero; this model explained the data just as well as the full
model, as indicated by the goodness-of-fit index, x2(12) =
6.08, ns. This model was reduced by imposing 13 additional

restrictions as illustrated in Figure 1B. The reduced Model I
(Figure 1B) fit the data as well as the reduced Model ]
¥%(13) = 13.64, ns. Thus, the effects of all brain variables o
verbal WM, explicit memory, and priming were nil. Change
in the volume of the limbic and inferior parietal cortice
were not associated with age differences in any of th

.9382

Figure 1.

Path analysis of associations between region-of-interest volume and cognitive measures.

The numbers on the paths are standardized path coefficients; the numbers at the boxes are residuals.
A: Reduced Model . Only the paths consistent with the hypothesized relations are indicated. B:
Reduced Model ITL. Only statistically significant paths were retained. This model is accepted as the
best fit to the data. IPL = inferior partial lobule; WMnv = working memory, nonverbal; WMy =
working memory, verbal; ExpV = explicit memory, verbal, ExpNV = explicit memory, nonverbal;

PFC = prefrontal cortex; Persev = perseveration.
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cognitive variables and were completely removed from the
model.

The next step was to test Model II against two models
with one additional restriction each. In the reduced Model
IIa, the significance of the effect of the PFC volume on
perseveration was tested. Removal of this path resulted in a
significant worsening of the fit, x3(1) = 10.25, p < .001.
The path was retained in the model and the next (parallel, not
hierarchically nested) Model TTIb tested the effect of visual
cortices on nonverbal WM. Removal of that path also
resulted in reduction of goodness of fit, x*(1) = 4.58, p <
.05. Thus the model depicted in Figure 1B was accepted as
the best-fit solution for the present data set.

This final model reveals a double dissociation between
two pairs of variables: PFC—perseveration and visual cortex—
WM,.. The trivariate scatter plots presented in Figure 2
show that the observed associations between perseveration
and PFC and WM, and visual cortex were not due to the
influence of a small number of outliers. The plots show
moderately strong linear relationships among age, respective
brain regions, and cognitive indices.

Follow-Up Analyses

In the final model (Figure 1), a failure of flexibility
(perseveration), was predicted by age and age-related changes
in the PFC volume. A question may arise as to whether this
link is specific to perseveration or if perhaps any index of
deficit on WCST would show the same pattern. To test this
hypothesis, we substituted in the final model the persevera-
tion composite with the number of nonperseverative re-
sponses, and two simultaneous regressions of these mea-
sures on age and PFC volume adjusted for height were
compared. The results of this analysis reveal that although
both measures were significantly predicted by the selected
linear combination (R*= .15 for nonperseverative and
R?2 = 25 for perseverative errors, the difference test
Z* = .32, ns), the adjusted effects of age and PFC volume
were considerably different. In the regression equation for
nonperseverative errors, only the standardized weight asso-
ciated with age was significant, § = .34, 1(92) = 3.00, p <
.005, with PFC voclume showing no reliable effect, p =
—0.08, 1(92) = —0.64, ns. In the equation for perseverative
errors, the effects of both age and PFC volume were
significant: B = .31, #(92) = 2.94, p < .005 for age and B =
—.26, 1(92) = 2.46, p < .02 for the PFC.

To examine the possibility that among the oldest partici-
pants who scored low on the memory composite, hippocam-
pal volume was a meaningful predictor of mnemonic
performance, we computed correlations between heighte-
adjusted hippocampal volume and explicit memory compos-
ites in a subsample of older participants (age = 60-77,
n = 22). In this subsample, the correlations between the
limbic cortex volume and explicit memory indices were .44
(p < .05) for the verbal and .66 (p < .001) for the nonver-
bal composite, respectively. Notably, the association be-
tween age and limbic volume in this small sample with a
restricted age range was stronger than in the full sample, r =
42, p < .05. This relationship between the limbic volume
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Figure 2. ‘Trivariate scatter plots of age, brain regional volumes
(adjusted for height), and cognitive indexes. A: Age, prefrontal
gray matter, and Wisconsin Card Sorting Test perseveration
composite. B: Age, visual cortices, and nonverbal working memory
composite.

(adjusted for height), age, and explicit memory is illustrated
in a trivariate scatter plot of the total sample in Figure 3.

We also examined the significant structural-cognitive
paths of the final model for hemispheric differences and
found none. For both parts of the double dissociation
between visual cortex—nonverbal WM and prefrontal cortex—
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perseveration, there was not even a trend toward a difference
between the hemispheres.

In the final model, nonverbal WM exercised direct effects
on both indices of explicit memoty. We examined whether
verbal WM, correlated with its nonverbal counterpart, could
be a significani influence as well. To this end we regressed
each explicit memory index on age and on each of the WM
measures. This subsidiary analysis shows that, with age
controlled, the effect of verbal WM on verbal explicit
memory (B = .31, p <.005) was comparable to, albeit
somewhat smaller than, that of the nonverbal WM (B = 41,
p < 001). In contrast, nonverbal WM was associated with
nonverbal explicit memory (B = .40, p < .001) but not with
its verbal counterpart (B = .14, ns).

Discussion

In this study, we examined the neuroanatomical substrates
of cognitive aging. We demonstrated a hypothesized double
dissociation between two cognitive functions (nonverbal
WM and strategic flexibility) and their brain substrates—
visual and prefrontal cortices. Although we observed several
significant assoctations among the cognitive measures, no
other hypothesized dissociations between brain—cognition
relationships were confirmed.

Executive Function—Strategic Flexibility

Our findings replicate a well-known observation that the
likelihood of perseveration increases with age. The new
result is that this deficit is mediated by age-related shrinkage
of the PFC. This is the first direct evidence of such a
relationship in healthy participants, and it bolsters the belief
that executive function deficits are not disease-related arti-
facts but are part and parcel of the normal aging process.

The generalizability of this finding is limited by its
dependence on a single executive function sometimes la-
beled “reactive flexibility” (Eslinger & Grattan, 1993).
Although there is little doubt that age is associated with
declines in this function, it is also possible that other aspects
of a complex cognitive task (WCST) are adversely affected
by aging (Hartman, Bolton, & Sweeny, 1996) and that other
aspects of flexibility may be differentially affected by
regional brain changes (Eslinger & Grattan, 1993). In accord
with Hartman et al. (1996), but in contrast to other reports
(e.g., Lehto, 1996), we observed significant direct effects of
WM on perseverative behavior. It is notable that in spite of
the fact that WCST stimuli are visual-spatial, the observed
association was with the verbal WM., not its nonverbal
counterpart. It is unclear whether this represents a meaning-
ful distinction. It is possible, however, that individuals with
weaker WM skills could have been at a disadvantage on a
task that calls for maintaining vetbal instructions and
strategies on-line while performing an ostensibly visual—
spatial task. As the follow-up analysis shows, the link
between perseveration and PFC volume is not just another
expression of general age-related cognitive decline, but a
specific association between shrinkage of a specific brain
region and a specific cognitive functien. Even though

Figure 3. A trivariate scatter plot of age, limbic regions volume
(adjusted for height), and explicit memory composite.

performance on WCST is influenced by a number of
cognitive processes, and WCST may be preblematic as a
measure of executive functions (Pennington et al., 1996), we
observed an independent specific association between PFC
volume and perseveration despite the seemingly “noisy”
measures. Future research may shed more light on the nature
of age-related increases in perseveration by refining the
measures and taking into account the aspects of the task that
were not addressed in this article. For example, temporal
memory deficit may prevent older participants from keeping
track of their responses to previous stimuli, thus inducing
perseverative responses (Hartman et al., 1996). This hypoth-
esis is especially plausible because the elderly show declines
in memory for temporal order of activities (Spencer & Raz,
1994), and temporal memory is impaired in patients with
frontal lesions and Parkinson’s disease (Sagar, Sullivan,
Gabrieli, Corkin, & Crowdon, 1988; Shimamura, Janowsky,
& Squire, 1990). :

Working Memory

A complex picture of structure—function relationship
emerges from our analysis of effects of age and regional
differences in brain volume on WM. Although direct effects
of age on verbal and nonverbal WM were comparable (in
accord with the literature, e.g., Salthouse, 1995), we ob-
served a specific link between localized age-related differ-
ences in brain volume and nonverbal WM. Age-related
shrinkage of the cortical regions associated with visual
processing predicted decline in performance on the nonver-
bal WM tasks. Mild shrinkage of the primary VCs and
somewhat greater reduction in the volume of the FG
adversely affect performance on the tasks that depend on an
individual’s ability to generate and manipulate mental
images. These findings are in agreement with recent reports
of age-related reduction in regional blood flow within visual
association cortices during processing of verbal and figural
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stimuli (Grady et al., 1995, Madden et al., 1996), covert
naming of visvally presented stimuli (Smith, Andersen, et
al., 1996), and encoding of highly imageable words (Fletcher,
Shallice, Frith, Frackowiak, & Dolan, 1996). However,
contrary to the prediction based on current theories, we
found ne direct effects of the PFC volume on either of the
‘WM composites.

Specificity of the role played by the PFC in WM has been
questioned in the past (Cohen et al., 1994), and it is possible
that prefrontal activation observed on many WM tasks stems
from an increase in general mental effort and allocation of
attention. Indeed, a recent study indicates that only when
two tasks are combined in a dual-task paradigm does the
PEC exhibit a significant activation, whereas single WM
tasks—semantic or spatial—activate modality-specific sec-
ondary cortices (D’Esposito et al., 1995). When the blood
oxygenation patterns during the delayed-response WM task
are examined in the whole brain, both dorsolateral PFC and
posterior parietal cortex (areas 5, 7, 39, and 40) are activated
(Mattay et al., 1996). Moreover, on the same set of stimuli,
demands for analytic solution preferentially activate dorso-
lateral prefrontal areas, whereas a figural approach to
solution produced greater activation of the FGs and the
parietal areas (Prabhakaran, Smith, Desmond, Glover, &
Gabrieli, 1997). Activation of visual association cortices by
visual WM tasks has been demonstrated as well (Salmon et
al., 1996}. Patients with significant prefrontal lesions showed
performance deficits only on spatial WM tasks demanding
application of an efficient search strategy, whereas verbal
and visual tasks similar to the tests used in our study
produced no measurable impairment (Owen, Morris, Sa-
hakian, Polkey, & Robbins, 1996). Other task differcnces
may be important, because recent reports show no signifi-
cant association between performance on N-back tasks
frequently used in functional neuroimaging studies of WM
and so-called “loaded” or “complex” span tasks used in
cognitive aging research (Roberts & Corkin, 1997).

Experimental (fMRI and positron emission tomography
[PET]) studies that emphasized the role of the PFC in WM
and our quasi-experimental (structural MRI) investigation
that failed to reveal significant links between the two are
fundamentally different. Unlike our study, functional neuro-
imaging experiments focus on the processes that accompany
performance on WM tasks and not on the result of these
processes (i.e., WM proficiency). Although effortful opera-
tions related to managing WM are likely to rely on the PEC
circuitry, the resulting performance on the WM task (and
age-related differences in performance) may be more closely
associated with other variables, such as speed of processing
(see discussion of this and other methodological limitations
below).

Explicit Memory

Not surprisingly, we observed a significant age-related
decline in free-recall, paired-associates learning, as well as
in memory for object location and line-pattern recognition.
These deficits were in part mediated by the reduction in
WM. Thus, although no direct effects of brain regional

volumes on explicit memory variables were observed,
age-related reduction in the volume of the VCs was indi-
rectly associated with poor explicit memory. These results
are in accord with the cumulative evidence that supports the
notion of WM as one of the major constraints on mnemonic
processes affected by aging (Salthouse, 1992a, 1992b). As
indicated by the follow-up analysis, verbal WM may conirib-
ute to explicit memory in the verbal domain, but it is
irrelevant to nonverbal memory. The nonverbal WM, on the
other hand, is a significant predictor of both types of explicit
memory. The relationship between nonverbal WM and a
composite measure of verbal recall is especially interesting,
because the composite included a wide range of tests from
prose recall to paired-associates learning of face—name
combinations. This finding is consistent with the hypothesis
that age-related difficulty in generation and manipulation of
mental images (Dror & Kosslyn, 1994) may underlie
age-related deficit in recall (Thompson & Kliegl, 1991).
This finding is also consistent with reports that long-term
retrieval of location and identity information about objects
results in activation of the FG (Moscovitch, Kapur, Kihler,
& Houle, 1995).

Contrary to expectations, we found no direct effects of
any of the examined brain variables on explicit memory.
Given the high reliability of the measures, the minuscule
magnitude of the effects, and a reasonable sample size, these
negative findings cannot be attributed to a lack of statistical
power or unreliability. The reason for this absence of
associations is unclear. It is possibie that explicit memory is
affected only by extensive damage to the limbic circuitry,
such as that observed in amnesia or Alzheimer’s disease. We
observed no significant age differences in parahippocampal
volume and only mild age-related shrinkage of the hippocam-
pus. Another recent study of healthy men also found no
consistent association between the volume of the HC and
performance on assorted tests of delayed recall (Sullivan,
Marsh, Mathalon, Lim, & Pfefferbaum, 1995).

It is possible that reports of positive association between
the hippocampal volume and memory (i.e., Golomb et al.,
1994) included more memory-impaired elderly than in our
sample. Indeed, samples with a high percentage of partici-
pants who meet criteria for age-associated memory impair-
ment (AAMI) reveal links between hippocampal volume
and performance on some memory tests (Soininen et al.,
1994). The diagnostic category of AAMI includes partici-
pants at the lower end of the distribution of metmory scores
and is created by imposing an arbitrary cutoff. The follow-up
analysis of the older participants in our sample shows that
shrinkage of the limbic cortex is associated with poor
memory performance among the participants who could
have fallen into this categoery. This evidence also supports
the contention that only when the hippocampus and associ-
ated limbic structures lose a substantial proportion of their
volume (which approximates the loss observed in lesions
causing amnesia) does the link between these structures and
age-related memory declines become apparent. Notably, a
recent PET study of memory-dependent activation in young
and older adults showed no evidence of significant hippocam-
pal involvement in either age group (Biickman et al., 1997).
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The whole hippocampal and parahippocampal volumes
could have been measures too crude for exploration of
relationships between brain and cognition. Different compart-
ments of the limbic—diencephalic system may be associated
with different facets of explicit memory. For example,
encoding may rely mainly on the subicular region of the HC,
whereas retrieval may depend on the activation of the
posterior PHG (Gabrieli, Brewer, Desmond, & Glover,
1997). We could not measure these subdivisions of HC and
PHG reliably, and in memory tests administered to the
participants of our study the scores were determined by both
encoding and retrieval. Thus, an important distinction be-
tween two fundamental mnemonic processes was obscured.

Examination of other limbic and diencephalic regions
may prove fruitful in the search for structural substrates of
age-related differences in recall. For example, lesions in the
medio-dorsal thalamus have been consistently linked to
amnesia (Squire et al., 1993), and functional neuroimaging
studies show that memory tasks invoke significant activation
in this structure (Andreasen et al., 1995). In one life-span
sample, oxygen consumption in the left thalamus predicted
immediate paired-associates recall regardless of age (Eu-
stache et al., 1995). Unfortunately, the thalamic nuclei
(medio-dorsal and anterio-ventral) that are involved in
memory functions can be only roughly identified and are
extremely difficult to demarcate and measure on MRI scans.
As aresult, very little is known about age-related changes in
the thalamus, not to mention its role in cognitive aging.

The role of the PFC in age-related memory declines may
be difficult to establish because of the relative weakness of
the association between the function and its proposed
substrate. The finding that even patients with sizable frontal
lobe lesions are not always impaired on explicit memory
tasks (Swick & Knight, 1996) puts our results in a proper
context. In fMRI and PET activation studies, the PFC was
associated with effortful search and organization of material
but not with the proficiency of recall (Wagner, Gabrieli,
Desmond, Joaquim, & Glover, 1996), although some recent
evidence suggests that activation is greater when retrieval is
successful (Rugg, Fletcher, Frith, Frackowiak, & Dolan,
1996). Prefrontal activation contingent on cued recall of
verbal stimuli is unrelated to age even when a sizable
age-related deficit in performance is observed (Béickman et
al., 1997), and there is no association between the prefrontal
volume and the degree of memory impairment in nonde-
mented elderly (Hanninen et al., 1997). Thus, a combination
of a weak effect and proficiency-oriented measures em-
ployed in our study might have left little room for a
significant association between normally declining prefron-
tal volumes and explicit memory.

Priming

We observed none of the hypothesized associations
between verbal repetition priming scores and brain vari-
ables, Verbal priming may be such a robust phenomenon that
only complete obliteration of its neuroanatomical substrate
can bring a noticeable decrement (Gabrieli et al., 1995). A
recent study of patients with prefrontal lesions suggests that

even under those drastic circumstances, there may be no
significant decline in performance on conceptual priming
tests (Gershberg, 1997). In normal elderly as in young
adults, repetition priming of visually presented verbal stimuli
results in equal deactivation of the extrastriatal cortices
(Bickman et al., 1997).

Although we observed no direct effects of age on verbal
priming, the indirect adverse influence of age mediated by
verbal WM was noticed. This uncxpected finding may be
interpreted in several ways. It may mean that age-related
declines in WM limit one’s ability to conduct the lexical and
semantic search needed for stem completion and category
priming tasks. In our study, the index of WM could have
captured the same common variance that was reported to be
shared by word-stem completion and perseveration on the
WCST (Davis et al., 1990; Winocur, Moscovitch, & Stuss,
1996). When we examined the correlations between the two
measures in a subsample of the oldest participants (age
61-77), we found that, indeed, the priming scores correlated
with the number of perseverative errors, » = —.45, p < 05,
However, this correlation was only slightly reduced, r = .37
(ns) after the verbal WM index was partialed out.

It is also possible that the association between verbal
priming and a WM reflects restricted capacity to deploy
attention and to become aware of covert mnemonic implica-
tions of priming tasks. Age differences in test awareness
mediated by WM have been advanced as an explanation of
small though not negligible age-related declines in priming
performance (Rybash, 1996). After all, WM is an ability to
coordinate information from multiple sources in present,
past, and projected future (Baddeley, 1993), and this ability
may be necessary for gaining insight into covert mmemonic
demands of the task. Our experience with other samples
drawn from the same population indicate that differential
test awareness may indeed account for age differences in
stem-completion priming (Raz, Dorfman, & Gunning, 1995).
Performance on at least one of the priming tasks used in this
study (word-stem completion) is influenced by allocation of
attentional resources (Gabrieli, Stone, et al., 1996). In
additian, sizable correlations between the indirect (priming)
and direct (recall) measures obtained from the priming tasks
suggest possible contamination of priming indices by ex-
plicit memory, which can also account for the common
correlations with WM.

Methodological Limitations

The findings reported in this study are bound by a number
of limitations. First, the regional cortical volume estimates
were obtained from MRI scans. Although we used state-of-
the-art MRI equipment, its resoluticn is not yet sufficient to
define the borders of neuroanatomical areas with histologi-
cal precision. As such, our measures provide only a crude
approximation of reality, although they constitute an improve-
ment over the previous reports on neuroanatomical corre-
lates of cognition. Current developments in MRI technology
(Miller, Mark, Ho, & Haughton, 1996) promise a more
precise parcellation of cortical mantle that wilt eventually
permit a more specific examination of the relationship
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between structure and cognition. The meaning of reliable
age-related differences in the regional cortical volume that
we observed on the MRI is unclear. Reduction in cortical
volume may represent loss of neurons, shrinkage of their
bodies, pruning of the dendritic arbor, or even nonneural
changes such as reduction in vascular density. All these
events are expected to have a negative impact on behavior,
yet structural MRI studies cannot elucidate specific neurobio-
logical mechanisms that underlie cognitive aging. In addi-
tion, comparison of regional brain volumes across individu-
als is inherently difficult. Although we believe that ROIL
definition by anatomical markers used in this study is a step
ahead in the direction of greater specificity, even the
boundaries of well-defined structures differ among the
brains (Rajkowska & Goldman-Rakic, 1995). In the context
of correlational analysis, the result of random individual
variation (noise) is that the magnitude of the associations
between brain structures and cognitive functions is underes-
timared.

In designing this study, we set the hypotheses in a
multiple-dissociation framework. The results reported here
present a mixed verdict on such an approach. Although we
were able to demonstrate a double dissociation between
cortical substrates of perseveration and nonverbal WM,
other proposed dissociations were not upheld. There are
several reasons for this approach being only partially
successful, some having to do with the brain measures, and
others, with the cognitive tasks. Most of these reasons are
probably related to the fact that because of a relatively small
size of our sample, the number of variables in the linear
models was restricted a priori.

Several variables known to bear on age-related changes in
performance were excluded, the most important being speed
of processing, frequently listed among the eritical factors in
cognitive aging. Thus, in the presented path models, the
variance that could have been attributed to speed of process-
ing is subsumed under the calendar age and WM. Studies in
cognitive aging reveal a complex relationship among speed,
WM, and age. Some analyses suggest that age-related
declines in WM stem from reduction in speed of processing
(Salthouse, 1994b, 1996; Salthouse, Fristoe, & Rhee, 1996)
and that age-related cerebrovascular lesions (Junqué et al.,
1990) and history of cardiovascular discase (Earles &
Salthouse, 1995) may mediate this slowing. Because the
participants of this study were screened for health problems
and, specifically, for cerebrovascular disease and hyperten-
sion, the mediating effects of speed or latent cerebral disease
are unlikely to account for a large proportion of the variance
in the observed structure—function relationships.

Finally, age-related differences in cognitive performance
do not necessarily stem from deterioration of specific brain
regions or the brain as a whole; they may result from sensory
changes not measured in this study but frequently found in
aging samples (Baltes & Lindenberger, 1997). Although the
participants in our study were screened for gross vision and
hearing defects, more subtle age-related deficits in both
sensory modalities could have affected cognitive processes

(Baltes & Lindenberger, 1997; Raz, Millman, & Moberg,
1990).

In summary, in spite of the enumerated limitations, the
results reported here strongly suggest that differential cogni-
tive aging reflects selective aging of the brain. The pattern of
cognitive sparing and decline may be an expression of
relative vulnerability of, mostly, the secondary and tertiary
association areas of the brain to the effects of age. There are
very few studies of neuroanatomical correlates of cognitive
aging. We hope that future accomulation and integration of
information across multiple studies will help determine the
robustness of the associations reported here as well as to test
new hypotheses about the structure—function relationships in
normal aging.

References

Albert, M., Duffy, F. H., & Naeser, M. (1987). Nonlinear changes
in cognition with age and their neurophysiological correlates.
Canadian Journal of Psychology, 41, 141-157.

Anderson, S. W., Damasio, H., Jones, R. D., & Tranel, D. (1991).
Wisconsin Card Sorting Test performance as a measure of frontal
lobe damage. Journal of Clinical and Consuiring Psychology,
13, 909-922,

Andreasen, N. C., O’Leary, D. S., Arndt, S., Cizadlo, T., Rezai, K.,
Watkins, G. L., Boles, P. L. L., & Hichwa, R. D. (1995). L. PET
studies of memory: Novel and practiced free recall of complex
narratives. Neurolmage, 2, 284-295.

Bickman, L., Almquist, O., Andersson, J., Nordberg, A., Winblad,
B., Reineck, R., & Lingstrom, B. (1997). Brain activation in
young and older adults during implicit and explicit retrieval.
Journal of Cognitive Newroscience, 9, 378-391.

Baddeley, A. D. (1986). Working memory. Oxford, England:
Oxford University Press.

Baddeley, A. D. (1993). Working memory and conscious aware-
ness. In A. F. Collins, S. E. Gathercole, M. A. Conway, & P. E.
Morris (Eds.), Theories of memory (pp. 11-28). Hove, England:
Erlbaum, '

Baddeley, A. D. (1996). Exploring the central executive. Quarterly
Journal of Experimental Psychology, 494, 5-28.

Baltes, P. B., & Lindenberger, U. (1997). Emergence of a powerful
connection between sensory and cognitive function across the
adult life span: A new window to the study of cognitive aging?
Psychology and Aging, 12, 12-21.

Berman, K. F,, Osterm, J. L., Randolph, C., Gold, J., Goldberg,
T. E., Copola, R., Carson, R. E., Herscowitch, P., & Weinberger,
D. R. (1995). Physiological activation of a cortical network
during performance on the Wisconsin Card Sorting Test: A
positron emission tomography study. Neuropsychologia, 33,
1027-1046.

Blessed, G., Tomlinson, B. E., & Roth, M. (1968). The association
between quantitative measures of dementia and senile change in
the cerebral grey matter of elderly subjects. British Journal of
Psychiatry, 114, 797-811.

Boone, K. B,, Miller, B. L., & Lesser, I. M. (1993). Frontal lobe
cognitive functions in aging: Methodological considerations.
Dementia, 4, 232-236.

Breteler, M. M. B., van Swieten, J. C., Bots, M. L., Grobbee, D. E.,
Claus, I. J., van den Hout, J. H. W., van Harskamp, F., Tanghe,
H.L. I, de Jong, P. T. V. M., van Gijn, I., & Hofman, A. (1994).
Cerebral white matter lesions, vascular risk factors, and cogni-
tive functions in a population-based study: The Rotterdam study.
Neurology, 44, 12461252,



NEUROANATOMY QOF COGNITIVE AGING 111

Cabeza, R., & Nyberg, L. (1997). Imaging cognition: An empirical
review of PET studies with normal subjects. Journal of Cogni-
tive Neuroscience, 9, 1-26.

Cattell, R. B., & Cattell, A. K. 8. (1973). Handbook for the
individual or group Culture-Fair Intelligence Test: Scales 2 and
3. Champaign, IL: TPAT.

Cherry, K., & Park, D. (1993). Individual differences and contex-
tual variables influence spatial memory in younger and older
adulis. Psychology and Aging, 8 517-526.

Cohen, J. D., Forman, 8. D., Braver, T. 8., Casey, B. I., Servan-
Schreiber, D., & Noll, D. C. (1994). Activation of the prefrontal
cortex in a nonspatial working memory task with functional
MRI. Human Brain Mapping, 1, 293-304.

Courmey, S. M., Ungerleider, L. G., Keil, K., & Haxby, J. V.
(1996). Obiject and spatial visual working memory activate
separate neural systems in human cortex. Cerebral Cortex, 6,
3949, ,

Davis, H. P., Cohen, M., Gandy, M., Colombo, P., VanDussedorp,
G., Simolke, N., & Romane, J. (1990). Lexical priming as a
function of age. Behavioral Neuroscience, 104, 288-297.

DeArmond, S. I., Fusco, M. M., & Dewey, M. M. (1976). Structure
of human brain: A photographic atlas. New York: Oxford
University Press.

Delis, D. C., Kramer, J. H., Kaplan, E., & Ober, B. A. (1987).
California Verbal Learning Test Manual (Research ed.). San
Antonio, TX: Psychological Corporation.

Demb, J. B, Desmond, I. E., Wagner, A. D., Vaidya, C. J., Glover,
G. H., & Gabrieli, I. D. E. (1995). Semantic encoding and
retrieval in the left inferior prefrontal cortex: A functional MRIT
study of task difficulty and process specificity. Journal of
Neuroscience, 15, 5870-5878.

D’Esposito, M., Detre, J. A., Alsop, D. C., Shin, R. K., Atlas, §., &
Grossman, M. (1995). The neural basis of the central executive
system of working memory. Nature, 378, 279-281.

Deutsch, G., Bourban, W. T., Papanicolaou, A. C., & Eisenberg,
H. M. (1988). Visuospatial tasks compared via activation of
regional cerebral blood flow. Neuropsychologia, 26, 445-452,

Dror, 1. E., & Kosslyn, 3. M. (1994). Mental imagery and aging.
Psychology and Aging, 9, 90-102,

Duara, R., Grady, C., Haxby, J., Ingvar, D., Sokoloff, L.., Margolin,
R. A, Manning, R. G., Cutler, N. R., & Rapoport, S. L. (1984).
Human brain glucose utilisation and cognitive function in
relation to age. Annals of Neurology, 16, 702-713.

Duvernoy, H. M. (1988). The human hippocampus: An atlas of
applied anatomy. Munich, Germany: Bergmaun.

Earles, J. 1., & Salthouse, T. A. (1995). Interrelations of age,
health, and speed. Journal of Gerontology: Psychological Sci-
ences, S0B, P33-P41.

Eichenbaum, H. (1994). The hippocampal system and declarative
memory in humans and animals: Experimental analysis and
historical origins. In D. L. Schacter & E. Tulving (Eds.}, Memory
systems 1994 (pp. 147-202). Cambridge, MA: MIT Press.

Ekstrom, R. B., French, J. W,, Harman, H. H., & Dermen, D.
(1976). Manual for kit of factor-referenced cognitive ftests.
Princeton, NJ: Educational Testing Service.

Elias, M. F., D’ Agostino, R. B., Elias, P. K., & Wolf, P. A. (1995).
Neuropsychological test performance, cognitive functioning,
blood pressure, and age: The Framingham heart study. Experi-
mental Aging Research, 21, 369-391.

Engle, R. W, Cantor, J., & Camnulle, 1. 1. (1992). Individual
differences in working memory and comprehension: A test of
four hypotheses. Journal of Experimental Psychology: Learn-
ing, Memory, and Cognition, 18, 972-992.

Eslinger, P. L., & Grattan, L. M. (1993). Frontal lobe and
frontal-striatal substrates for different forms of human cognitive
flexibility. Neuropsychologia, 31, 17-28.

Eustache, F., Rioux, P, Desgranges, B., Marchal, G., Petit-Taboué,
M.-C., Dary, M., Lechevalier, B., & Baron, J.-C. (1995). Healthy
aging, memory subsystems and regional cerebral oxygen con-
sumption. Neuropsvchologia, 33, 867-887.

Farah, M. J., Hammond, K. M., Levine, D. N., & Calvanio, R.
(1988). Visual and spatial mental imagery: Dissociable systems
of representation. Cognitive Psychology, 20, 439-462.

Fletcher, P. C., Shallice, T., Frith, C. D., Frackowiak, R. §. J., &
Dolan, R. J. (1996). Brain activity during memory retrieval: The
influence of imagery and semantic cueing. Brain, 119, 1587—
1596.

Freedman, M., & Oscar-Berman, M. (1986). Bilateral frontal lobe
disease and selective delayed-response deficits in humans.
Behavioral Neuroscience, 100, 337-342.

Fukuda, H., & Kitani, M. (1993), Differences between treated and
untreated hypertensive subjects in the extent of periventricular
hyperintensities observed on brain MRI. Stroke, 26, 1593-1597.

Gabrieli, J. D. E., Brewer, 1. E., Desmond, J. E., & Glover, G. H,
(1997, April 11) Separate neural bases of two fundamental
memory processes in the human medial temporal lobe. Science,
276, 264-266.

Gabrieli, J. D. E., Fleischman, D. A, Kean, M. M., Reminger, S., &
Moarell, F. (1995). Double dissociation between memory systems
underlying explicit and implicit memory in the human brain.
Psychological Science, 6, 76-82.

Gabrieli, J. D. E., Singh, I, Stebbins, G, T., & Goetz, C. G. (1996).
Reduced working memory span in Parkinson’s disease: Evi-
dence for the role of a frontostriatal system in working and
strategic memory. Neuropsychology, 10, 322-332.

Gabrieli, J. D. E., Stone, M., Vaidya, C. J., Askari, N., Zabinsky,
M. F, & Rabin, L. (1996, November). Neuropsychological and
behavioral evidence for the role of attention in implicit memory.
Paper presented at the meeting of the Psychonomic Society,
Chicago.

Gershberg, F. B. (1997). Implicit and explicit conceptual memory
following frontal lobe damage. Journal af Cognitive Neurosci-
ence, 9, 105-116.

Goldman-Rakic, P. 8. (1987). Circuitry of primate prefrontal cortex
and regulation of behavior by representational memory. In F
Plum & V. Mountcastle (Eds.), Hundbook of physiology (Vol. 5,
pp- 373-417). Bethesda, MD: American Physiological Society.

Golomb, J., Kluger, A., de Leon, M. I., Ferris, $. H., Convit, A.,
Mittelman, M., Cohen, J., Rusinek, H., De Santi, S., & George,
A. E. (1994). Hippocampal formation size in normal human
aging: A correlate of delayed secondary memory performance.
Learning and Memory, 1, 45-54.

Grady, C. L., McIntosh, A. R., Horwitz, B., Maisog, J. M.,
Ungerleider, L. G., Mentis, M. J., Pietrini, P., Schapiro, M, B., &
Haxby, J. V. (1995, July 14). Age-related reduction in human
recognition memory due to impaired encoding. Science, 269,
218-221.

Graf, P, & Williams, D, (1987). Completion norms for 40
three-letter word stems. Behavior Research, Methods, nstru-
ments, and Computers, 19, 422445,

Haaland, K. Y., Vranes, L. F,, Goodwin, I. S., & Garry, P. J. (1987).
Wisconsin Card Sort Test performance in a healthy elderly
population. Journal of Gerontology, 42, 345-346.

Hénninen, T., Hallikainen, M., Koivisto, K., Partanen, K., Laakso,
M. P, Riekkinen, P. J., Sr., & Soininen, H. (1997). Decline of
frontal lobe functions in subjects with age-associated memory
impairment. Neurology, 48, 148-153.



112 RAZ, GUNNING-DIXON, HEAD, DUPUIS, AND ACKER

Hartman, M., Bolton, E., & Sweeny, S. F. (1996, April). Working
memory, the frontal lobes, and aging: Evidence from the
Wisconsin Card Sorting Test. Paper presented at the Cognitive
Aging Conference, Atlanta, GA.

Haxby, J. V., Grady, C., Duara, R., Robertson-Tchabo, E. A.,
Koziarz, B., Cutler, N. R., & Rapoport, §. 1. (1986). Relations
among age, visual memory, and resting cerebral metabolism in
40 healthy men. Brain and Cognition, 5, 412-427.

Heaton, R. K., Chelune, G. J., Talley, J. L., Kay, G. G., & Curtis, G.
(1993). Wisconsin Card Sorting Test manual: Revised and
expanded. Odessa, FL: Psychological Assessment Resources.

Hom, J. L. (1986). Intellectunal ability concepts. In R. J. Sternberg
(Ed.), Advances in psychology of human intelligence {pp.
35-77). Hillsdale, NJ: Erlbaum.

Howard, D. (1980). Category norms: A comparison of the Battig
and Montague (1969) norms with the responses of adults
between the ages of 20 and 80. Journal of Gerontology, 35,
225-231.

Junqué, C., Pujol, I., Vendrell, P, Bruna, Q., J6dar, M., Ribas, J. C.,
Vifias, J., Capdevila, A., & Marti-Vilalta, J. L. (1990). Leuko-
araiosis on magnetic resonance imaging and speed of mental
processing. Archives of Neurology, 47, 151-156.

Kapur, N., Friston, K. J., Young, A, Frith, C. D., & Frackowiak,
R. S. J. (1995). Activation of human hippocampal formation
during memory for faces: A PET study. Correx, 31, 99-108.

Kapur, 8., Rose, R,, Liddle, P. F,, Zipursky, R. B., Brown, G. M.,
Stuss, D, Houle, S., & Tulving, E. (1994). The role of left
prefrontal cortex in verbal processing: Semantic processing or
willed action? NeuroRgporz, 5, 2193-2196.

Kapur, S, Tulving, E., Cabeza, R., McIntosh, A. R., Houle, §., &
Craik, F 1. M. (1996). The neural correlates of intentional
learning of verbal materials: A PET study in humans. Brain
Research: Cognitive Brain Research, 4, 243-249.

Kean, M. M., Gabrieli, J. D. E., Fennema, A. C., Growdon, J. H., &
Corkin, S. (1991). Evidence for dissociation of conceptual and
perceptual priming in Alzheimer’s disease. Behavioral Neurosci-
ence, 105, 326-342.

Kemper, T. L. (1994). Neuroanatomical and neuropathological
changes during aging and in dementia. In M. L. Albert and
E. J. E. Knoepfel (Eds.), Clinical neurology of aging (2nd ed.,
pp. 3-67). New York: Oxford University Press.

Kimberg, D. Y., & Farah, M. I. (1993). A unified account of
cognitive impairments following frontal lobe damage: The role
of working memory in complex, organized behavior. Journal of
Experimental Psychology: General, 122, 411-428.

Kirasic, K. C., Allen, G. L., Dobson, S. H., & Binder, K. S. (1996).
Aging, cognitive resoutces and declarative learning. Psychology
and Aging, 11, 658-670.

Kolb, B., & Wishaw, L. Q. (1995). Foundarions of neuropsychol-
ogy. New York: Freeman.

Kosslyn, 8. M. (1994). Image and brain. Cambridge, MA: MIT
Press.

Kuéera, M., & Francis, W. (1967). Computational analysis of
present-day American English. Providence, RT: Brown Univer-
sity Press.

LaVoie, D, & Light, L. L. (1994). Adult age differences in
repetition priming: A meta-analysis. Psychology and Aging, 9,
539-554.

Lehto, I. (1996). Are executive function tfests dependent on
working memory capacity? Quarterly Journal of Experimental
Psychology, 49A, 29-50.

Logie, R. H. (1995). Visuo-spatial working memory. Hove, En-
gland: Erlbaum.

Madden, D. J., & Hoffman, J. M. (1997). Application of positron
emission tomography to age-telated cognitive changes. ImK. R.R.

Krishnan & P. M. Doraiswamy (Eds.), Brain imaging in clinical
psychiatry (pp. 575-613). New York: Dekker.

Madden, D. ]I, Turkington, T. G., Coleman, R. E., Provenzale,
I. M., DeGrado, T. R., & Hoffman, J. M. {1996). Adult age
differences in regional cerebral blood flow during visual word
identification: Evidence from H, 0O PET. Neurolmage, 3,
127-142.

Martin, A., Haxby, J. V., Lalonde, F M, Wiggs, C. L, &
Ungerleider, L. G. (1995, October 6). Discrete cortical regions
associated with knowledge of color and knowledge of action.
Science. 270, 102-105.

Mattay, V. 8., Santha, A. K. §., Callicott, J., Bertolino, A., Tallent,
K., Goldberg, T., Coppola, R., Franck, I. A., & Weinberger, D. R,
(1996, November). Newral machinery involved in working
memory: A whole brain fMRI study. Paper presented at the
meeting of the Society for Neuroscience, Washington, DC.

McEvoy, C. L., & Nelson, D. L. (1982). Category name and
instance norms for 106 categories of various sizes. American
Journal of Psychology, 95, 581-634.

Mellet, E., Tzourio, N., Denis, M., & Mazoyer, B. (1995). A
positron emission tomography study of visual and mental spatial
exploration. Journal of Cognirive Neuroscience, 7, 433445,

Miller, M. J., Mark, L. P, Ho, K.-C., & Haughton, V, M, (1996
MR appearance of the internal architecture of Ammon’s horn.
American Journal of Neuwroradiology, 17, 23-26.

Mitchell, D. B. (1993). Implicit and explicit memory for pictures:
Muttiple views across the lifespan. In P, Graf & M. E. J. Masson
(Eds.), Implicit memory: New directions in cognition, develop-
ment, and neuropsychology (pp. 171-190). Hillsdale, NI:
Erlbaum.

Montemurro, D. G., & Bruni, 1. E. (1988). The human brain in
dissection (2nd ed.). New York: Oxford University Press.

Moscovitch, C., Kapur, S., Kihler, S., & Houle, S. (1993). Distinct
neural comrelates of visual long-term memory for spatial location
and object identity: A positron emission tomography study in
humans. Proceedings of the National Academy of Sciences USA,
92, 3721-3725.

Moscovitch, M., & Winocur, G. (1992). The neuropsychology of
memory and aging. In F. [. M. Craik & T. A. Salthouse (Eds.),
The handbook of aging and cognition (pp. 315-372). Hillsdale,
NJ: Erlbaum.

Musen, G., & Treisman, A. (1990). Implicit and explicit memory
for visual patterns. Journal of Experithental Psychology: Learn-
ing, Memory, and Cognition, 16, 127-137.

Nieuwenhuys, R., Voogd, J., & van Huijzen, C. (1988). Central
nervous system: A synopsis and atlas. Berlin, Germany: Springer.

Oldfield, R. C. (1971). The assessment and analysis of handedness.
Neuropsychologia, 9, 97-113.

Ono, M., Kubik, 5., & Abemathey, C. D. (1990). Atlas of cerebral
sulci. Stottgart, Germany: Thieme.

Oscar-Berman, M., McNamara, P, & Freedman, M. (1991).
Delayed response tasks: Parallels between experimental ablation
studies and findings in patients with frontal lesions. In H. E,
Levine, H. M. Eisenberg, & A. L. Benton (Eds.), Frontal lobe
Junction and dysfuncion (pp. 230-255). New York: Oxford
University Press.

Owen, A. M., Morris, R. G., Sahakian, B. J., Polkey, C. E., &
Robbins, T. W. (1996). Double dissociations of memory and
executive functions in working memory tasks following frontal
lobe excisions, temporal lobe excisions or amygdalo-hippocam-
pectomy in man. Brain, 119, 1597-1615.

Paolo, A. M., Axelrod, B. N., & Troster, A. . {1996). Test—retest
stability of the Wisconsin Card Sorting Test. Assessment, 3,
137-143.



NEUROQANATOMY OF COGNITIVE AGING 113

Paolo, A. M., Tréster, A. L., Axelrod, B. N., & Koller, W. C. (1995).
Construct validity of the WCST in normal elderly and persons
with Parkinson’s disease. Archives of Clinical Neuropsychology,
10, 463-473.

Parkin, A. J., & Walter, B. M. (1992). Recollective experience,
normal aging, and frontal dysfunction. Psychology and Aging, 7,
290-298.

Pedhazur, E. 1. (1982). Mulripie regression in behavioral research.
New York: Holt, Rinehart & Winston.

Pennington, B. F., Bennetto, L., McAleer, O., & Roberts, R. ], Jr.
(1996). Executive functions and working memory: Theoretical
and measurement issues. In G. R. Lyon & N. A. Krasnegor
(Eds.), Attention, memory, and executive function (pp. 327-348).
Baltimaore: Brookes.

Petrides, M., Alivisatos, B., & Evans, A. C. (1993). Functional
activation of the human ventrolateral frontal cortex during
mnemonic retrieval of verbal information. Proceedings of the
National Academy of Sciences, USA, 92, 5803-5807.

Petrides, M., Alivisatos, B., Meyer, E., & Evans, A. C. (1993).
Functional activation of human frontal cortex during the perfor-
mance of verbal working memory tasks. Proceedings of the
National Academy of Sciences, USA, 90, 878-882.

Postle, B. R., Corkin, §., & Growdon, J. H. (1996). Intact implicit
memory for novel patterns in Alzheimer’s disease. Learning and
Memory, 3, 305-312.

Prabhakaran, V., Smith, J. A. L., Desmond, J. E., Glover, G. H., &
Gabrieli, J. D. E. (1997). Neural substrates of fluid reasoning: An
fMRI study of neocortical activation during performance of the
Raven’s Progressive Matrices test. Cognitive Psychology, 28,
43-63.

Radloff, L. S. (1977). The CES-D scale: A self-report depression
scale for research in the general population. Applied Psychologi-
cal Measurement, I, 385-401.

Ragland, J. D., Glahn, D. C., Gur, R. C., Centis, D. M., Smith, R. I,
Mozley, P. D., Alavi, A., & Gur, R. E. (1997). PET regicnal
cerebral blood flow change during working and declarative
memory: Relationship with task performance. Neuropsychology,
11, 222-231.

Rajkowska, G., & Goldman-Rakic, P. S. (1995). Cytoarchitectonic
definition of prefrontal areas of normal human cortex. IL
Variability in location of areas 9 and 46 and relationship to the
Talairach coordinate system. Cerebral Cortex, 5, 323-337.

Raz, N. (1996). Neuroanatomy of aging brain: Evidence from
structural MRL In E. D. Bigler (Ed.), Neurcimaging IF: Clinical
applications (pp. 153—182). New York: Plenum.

Raz, N., Dorfman, J., & Gunning, F (1995, November). Are
age-related deficits in priming mediated by declines in explicit
memory? Paper presented at the 36th Annual Meeting of the
Psychonomic Society, Los Angeles.

Raz, N., Guaning, E M., Head, D., Dupuis, J. H., McQuain, J. D.,
Briggs, S. D., Loken, W. J., Thornton, A. E., & Acker, 1, D.
(1997). Selective aging of the human cerebral cortex observed in
vivo: Differential vulnerability of the prefrontal gray matter.
Cerebral Cortex, 7, 268-282.

Raz, N., Millman, D., & Moberg, P. J. (1990). Effects of age and
age-related differences in auditory information processing on
fluid and crystallized intelligence. Personality and Individual
Differences, 11, 1147-1152.

Raz, N., Torres, I. T, Briggs, S. D., Spencer, W. D., Thornton, A. E.,
Loken, W., Gunaning, F. M., McQuain, J. D., Driesen, N. R., &
Acker, 1. D. (1995). Selective neuroanatomical abnormalities in
Down’s syndrome and their cognitive correlates: Evidence from
MRI morphometry. Neurningy, 45, 356-366.

Roberts, R. 1., & Pennington, B. F. (1996). An interactive
framework for examining prefrontal cognitive processes. Devel-
opmental Neuropsychology, 12, 105-126.

Roberts, R. M., & Corkin, S. (1997, March). Poor correlations
among verbal working memory tests. Paper presented at the
Fourth Annual Meeting of the Cognitive Neuroscience Society,
Boston.

Roland, P, & Gulyss, B. (1995). Visual memory, visual imagery,
and visual recognition of large field patterns by the human brain:
Functional anatomy by positron emission tomography. Cerebral
Cortex, 5, 79-93.

Rugg, M. D, Fletcher, P. C., Frith, C. D., Frackowiak, R. S. J., &
Dolan, R. J. (1996). Differential activation of the prefrontal
cortex in successful and unsuccessful memory retrieval. Brain,
179, 2073-2083.

Rybash, R. (1996). Implicit memory and aging: A cognitive
neuropsychological perspective. Developmental Neuropsychol-
ogy, 12, 127-179.

Sagar, H. J., Sullivan, E. V, Gabreli, J. D. E., Corkin, S., &
Crowdon, J. H. (1988). Temporal ordering and short-term
memory deficits in Parkinson’s disease. Brain, 111, 525-539.

Salmon, E., Van der Linden, M., Collette, F., Delfiore, G., Maquet,
P., Degueldre, C., Luxen, A., & Franck, G. (1996). Regional
brain activity during working memory tasks. Brain, 119, 1617-
1625.

Salthouse, T. A. (1992a). Mechanisms of age-cognition relations in
adulthood. Hillsdale, NJ: Erlbaum.

Salthouse, T. A. (1992b). Reasoning and spatial abilities. In F. I. M.
Craik & T. A. Salthouse (Eds.), Handbook of aging and
coghition (pp. 167-212). Hillsdale, NI: Erlbaum.

Salthouse, T. A. (1994a). Aging of working memory. Newropsychol-
ogy, 8 535-543.

Saithouse, T. A. (1994b). The nature of the influence of speed on
adult age differences in cognition. Developmental Psychology,
30, 240-259.

Salthouse, T. A. (1995). Differential age-related influences on
memory for verbal-symbolic information and visual-spatial
information? Jeurnal of Gerontology: Psychelogical Sciences,
508, P193-P201.

Salthouse, T. A. (1996). The processing-speed theory of adult age
differences in cognition. Psychological Review, 103, 403-428.
Salthouse, T. A., Fristoe, N., & Rhee, S. H. (1996). How localized
are age-related effects on nenropsychological measures? Neuro-

psychology, 10, 272-285.

Salthouse, T. A., Mitchell, D., Skovronek, E., & Babcock, R.
(1990). Effects of adult age and working memory on reasoning
and spatial abilities. Journal of Experimental Psychology:
Learning, Memory, and Cognition, 15, 507-516.

Schacter, D. L., Alpert, N. M., Savage, C. R., Rauch, §. L., &
Albert, M. S. (1996). Conscious recollection and the human
hippocampal formation: Evidence from positron emission tomog-
raphy. Proceedings of the National Academy of Sciences, USA,
93, 321-325.

Shah, P, & Miyake, A. (1996). The separability of working
memory resources for spatial thinking and language processing.
Journal of Experimental Psychology: General, 125, 4-27.

Shimamura, A. P, Janowsky, J. 8., & Squire, L. R. (1990). Memory
for the temporal order of events in patients with frontal lobe
lesions and amnesic patients. Neuropsychologia, 28, 803-813.

Shrout, P. E., & Fleiss, I. L. (1979). Intraclass correlations: Uses in
assessing raters reliability. Psychological Bulletin, 86, 420-428.

Smith, C. D., Andersen, A. H., Chen, Q., Blonder, L. X., Kirsch,
I. E., & Avison, M. J. (1696). Corticat activation in confronta-
tional naming. NeuroReport, 7, 781-785.



114 RAZ, GUNNING-DIXON, HEAD, DUPUIS, AND ACKER

Smith, E. E., Jonides, ., & Koeppe, R. A. (1996). Dissociating
verbal and spatial working memory using PET. Cerebral Cortex,
6, 11-20.

Smith, E. E,, Jonides, J., Koeppe, R. A., Awh, E., Shumacher, E. H.,
& Minoshima, §. (1995). Spatial versus object working memory:
PET investigation. Journal of Cognitive Neuroscience, 7, 337-
356,

Soininen, H. S., Partanen, K., Pitkiinen, A., Vainio, P., Hénninen, T.,
Hallikainen, M., Koivisto, K., & Riekkinen, P. J. (1994).
Volumetric MRI analysis of the amygdala and the hippocampus
in subjects with age-associated memory impairment: Correlation
to visual and verbal memory. Neurology, 44, 1660-1668.

Spencer, W. D., & Raz, N. (1994). Remembering facts, source, and
context: Can frontal dysfunction explain adult age differences?
Psychology and Aging, 9, 149-159.

Squire, L. R., Ojemann, J., Miezen, F., Petersen, S., Videen, T., &
Raichle, M. (1992). Activation of the hippocampus in normal
humans: A functional anatomical study of memary. Proceedings
of the National Academy of Sciences, USA, 89, 1837-1841,

Squire, L. R., Zola-Morgan, S., Cave, C. B., Haist, F.,, Musen, G., &
Suzuki, W. A. (1993). Memory: Organization of brain systems
and cognition. In D. E. Meyer & S. Kornblum (Eds.), Atention
and performance XIV: Synergies in experimental psychology,
artificial intelligence, and cognitive neuroscience (pp. 393-424),
Cambridge, MA: MIT Press.

Stern, C. E., Corkin, 8., Carr, C. A., Sigiura, R. M., Guimaraes,
A. R., Baker, J. R, Rosen, B. R., & Gonzilez, R. G. (1995,
November). The neural substrate for working memory extends
beyond prefrontal cortex. Paper presented at the meeting of the
Society for Neuroscience, San Diego, CA.

Stern, C. E., Corkin, 5., Gonzdlez, R. G., Guimaraes, A. R., Baker,
I.R., Jennings, P. I, Carr, C. A., Sugiura, R. M., Vedantham, V.,
& Rosen, B. R. (1996). The hippocampal formation participates
in novel picture encoding: Evidence from functional magnetic
resonance imaging. Proceedings of the National Academy of
Sciences, USA, 93, 8660-8665.

Stuss, D. T., & Benson, D. F. (1984). Neuropsychological studies of
the frontal lobes. Psychological Bulletin, 95, 3-28.

Sullivan, E. V., Marsh, L., Mathalon, D. H, Lim, K. O, &
Pfefferbaum, A. (1995). Age-related decline in MRI volumes of
temporal lobe gray matter but not hippocampus. Neurobiology of
Aging, 16, 591-606.

Sullivan, E. V., Mathalon, D. H., Zipursky, R. B., Kersteen-Tucker,
Z., Knight, R. T,, & Pfefferbaom, A. (1993). Factors of the
Wisconsin Card Sorting Test as measures of frontal-lobe func-
tion in schizophrenia and in chronic alcoholism. Psychiatry
Research: Neuroimaging, 46, 175-199.

Swick, D., & Knight, R. T. (1996}. Is prefrontal cortex involved in
cued recall? A neuropsychological test of PET findings. Neuro-
psvchologia, 34, 1019-1028.

Talairach, J., & Tournoux, P. (1988). Co-planar stereotaxic atlas of
the human brain, Stuttgart, Germany: Thieme.

Thompson, L. A., & Kliegl, R. (1991). Adult age effects of
plausibility on memory: The role of time constraints during

encoding. Journal of Experimental Psychology: Learning,
Memory, and Cogrition, 17, 542-555.

Tulving, E., Kapur, S., Craik, F. . M., Moscovitch, M., & Houle, S.
(1994). Hemispheric encoding/retrieval asymmetry in episodic
memory: Positron emission tomography findings. Proceedings
of the National Academy of Sciences, USA, 91, 2012-2015,

Uylings, H. B. M., van Eden, C. G., & Hoffman, M. A. (1986).
Morphometry of size/volume variables and comparison of their
bivariate relations in the nervous system under different condi-
tions. Neuroscience Methods, 18, 19-37.

Verhaeghen, P, Marcoen, A., & Goosens, L. (1993). Facts and
fiction about memory aging: A quantitative integration of
research findings. Journai of Gerontology: Psychological Sci-
ences, 48, P157-P171.

Wagner, A. D., Gabrieli, J. D. E., Desmond, J. E., Joaquim, S., &
Glover, G. H. (1996, November). Prefrontal mediation of
episodic memory performance. Paper presented at the meeting of
the Society for Neuroscience, Washington, DC.

Waldemar, G. (1995). Functional brain imaging with SPECT in
normal aging and dementia: Methodological, pathophysiological
and diagnostic aspecl. Cerebrovascular and Brain Metabolism
Reviews, 7, 89-130.

Waldstein, 8. R., Manuck, S. B, Ryan, C. M., & Muldoon, M. E.
(1991). Neuropsychological correlates of hypertension: Review
and methodologic consideration. Psychological Bulletin, 110,
451468,

Wechsler, D. (1981}). Manual for Wechsler Adult Intelligence
Scale—Revised. San Antonio, TX: Psychological Corporation.
Wechsler, D. (1987). Manual for Wechsler Memory Scale--

Revised. San Antonio, TX: Psychological Corporation.

West, R. L. (1996). An application of prefrontal cortex function
theory to cognitive aging. Psychological Bulletin, 120, 272-292,

Winocur, G., Moscovitch, M., & Stuss, D. T. (1996). Explicit and
implicit memory in elderly: Evidence of double dissociation
involving medial temporal- and frontal-lobe functions. Neuropsy-
chelogy, 10, 57-65.

Woodcock, R. W., & Johnson, M. B. (1989). Manual for Woodcock—
Johnson Psychoeducational Battery—Revised. Allen, TX: DLM
Teaching Resources.

Woodcock, R. W., & Mather, N. (1989). Woodcock—Johnson tests
of cognitive ability—Standard and supplemental batteries: Exam-
iner’s manual. In R. W. Woodcock & M. B. Johnson (Eds.),
Woodcock—Johnson Psychoeducational Battery—Revised. Allen,
TX: DLM Teaching Resources.

Zyzak, D. R., Otto, T., Eichenbaum, H., & Gallagher, M. (1995).
Cognitive decline associated with normal aging in rats: A
neuropsychological approach. Learning and Memory, 2, 1-16.

Received December 23, 1996
Revision received July 3, 1997
Accepted July 7, 1997 m



