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Abstract

W Positron emission tomography (PET) was used to inves-
tigate the hypothesis that older adults’ difficulties with
temporal-order memory are related to deficits in frontal
function. Young (mean 24.7 years) and old (mean 68.6 years)
participants studied a list of words, and were then scanned
while retrieving information about what words were in the
list (item retrieval) or when they occurred within the list
(temporal-order retrieval). There were three main results.
First, whereas the younger adults engaged right prefrontal
regions more during temporal-order retrieval than during
item retrieval, the older adults did not. This result is
consistent with the hypothesis that context memory deficits
in older adults are due to frontal dysfunction. Second,
ventromedial temporal activity during item memory was

INTRODUCTION

The present study was motivated by three well-sup-
ported findings. First, structural and functional changes
in the frontal lobes contribute to older adults’ memory
problems (for a review, see West, 1996). Volumetric
analyses of structural MRI data indicate that age-related
atrophy is most prominent in the prefrontal cortex (Raz
et al., 1997). Also, in PET studies, frontal activations are
weaker for older adults during both encoding (Cabeza
et al.,, 1997a; Grady et al., 1995) and retrieval (Cabeza
et al., 1997a; Schacter, Savage, Alpert, Rauch, & Albert,
1996). Second, context memory depends more on fron-
tal function than does content memory (for a review, see
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relatively unaffected by aging. This finding concurs with
evidence that item memory is relatively preserved in old
adults and with the notion that medial temporal regions are
involved in automatic retrieval operations. Finally, replicating
the result of a previous study (Cabeza, R., Grady, C. L,
Nyberg, L., McIntosh, A. R., Tulving, E., Kapur, S., Jennings, J.
M., Houle, S., & Craik, F. I. M., 1997), the old adults showed
weaker activations than the young adults in the right
prefrontal cortex but stronger activations in the left prefrontal
cortex. The age-related increase in left prefrontal activity may
be interpreted as compensatory. Taken together, the results
suggest that age-related changes in brain activity are rather
process- and region-specific, and that they involve increases
as well as decreases in neural activity. H

Schacter, 1987). Content memory—also called item
memory—refers to what events occurred in the past,
whereas context memory refers to when (temporal-
order memory), where (spatial memory), or how
(source memory) they happened. The differential invol-
vement of frontal regions in context memory is particu-
larly clear in the case of temporal-order memory. For
example, frontal lesions in human (Milner, 1971; Shima-
mura, Janowsky, & Squire, 1990) and nonhuman (Pet-
rides, 1991) primates produce greater impairments of
temporal-order memory than of item memory. Extend-
ing those findings to the intact brain, we recently
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Table 1. Demographic and Neuropsychological Data

Young Ss Old Ss
Age 24.7 68.6%
Education (years) 18.2 17.2
Word fluency (FAS) 43.9 43.1
Word fluency (food) 25.1 22.0
Vocabulary (Mill Hill) 223 27.8%
Word Recall (CVLT 1-5) 64.6 55.5%
SOP Errors (1-3) 2.5 5.6%
WCST % errors 8.3 17.8%
WCST categories 5.9 3.4%

Notes: SOP=Self-ordered pointing test; WCST=Wisconsin card sorting
test

“p<.05.

showed using PET that prefrontal regions were more
activated during temporal-order retrieval than during
item retrieval (Cabeza et al., 1997¢). Third, age-related
impairments generally are greater in context memory
than in content memory. A meta-analysis of 46 studies
showed reliably greater age-related decrements in con-
text memory than in content memory, particularly when
spatio-temporal context is involved (Spencer & Raz,
1995).

Taken together, these findings suggest that context
memory is particularly sensitive to aging because it
depends on a brain region that is especially affected by
aging: the frontal lobes. However, the evidence linking
context memory deficits in old adults to frontal dysfunc-
tion is indirect. For example, Parkin, Walter, & Hunkin
(1995) found that older adults’ temporal-order memory
performance, but not their item memory performance,
was positively correlated with performance on a test
assumed to reflect frontal function (semantic fluency).
In order to establish a direct link between older adults’
context memory deficits and altered frontal functions, we
used PET to compare brain activity in young and old
adults during item and temporal-order memory retrieval.

Healthy young and old participants (see Table 1)
studied a list of words and were then scanned in two
kinds of tests while seeing pairs of words. In the item
memory test, one word of each pair was previously
studied and the other was not, and subjects’ task was
to identify the studied word by clicking the left or the
right mouse button. In the temporal-order memory test,
both words were studied, and subjects’ task was to
indicate, by clicking a mouse button, which of the two
words had appeared more recently in the study list.
Chance probability of a correct response in both of these
two-alternative forced-choice tasks is .50. Encoding con-
ditions were manipulated so that each test would have
two significantly different levels of difficulty, easy and
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hard. The rationale for crossing the task-type manipula-
tion with a task-difficulty manipulation was to differenti-
ate between brain activity associated with qualitative
differences between the tasks and brain activity asso-
ciated with quantitative differences in performance le-
vels.

We had three expectations. First, on the basis of the
aforementioned findings, we predicted less frontal activ-
ity during temporal-order retrieval in old adults than in
young adults. Second, we predicted small age-related
differences in ventromedial temporal activity during
item retrieval. This expectation was based on the fact
that item-memory performance is only modestly affected
by aging (Spencer & Raz, 1995), and that ventromedial
regions, which are engaged by young adults during item
memory (Cabeza et al., 1997¢), are relatively resistant to
the effects of aging on brain structure (Raz et al., 1997)
and function (Schacter et al., 1996). Finally, we expected
to replicate the asymmetric effect of aging on frontal
activity found in our previous study (Cabeza et al.,
1997a), where old adults showed weaker activations
than young adults in the right prefrontal cortex, but
stronger activations in the left prefrontal cortex.

RESULTS
Behavioral Data

The behavioral results (see Table 2) reveal that memory
performance was higher in young than in old adults, in
the item than in the temporal-order retrieval test, and in
the easy than in the hard condition. Confirming these
impressions, a 2 (age: young vs. old) x2 (task: item vs.
temporal-order) x2 (difficulty: easy vs. hard) ANOVA
yielded significant main effects of age [F(1,20)=5.3,
p<.04], task [F(1,20)=48.3, p<.0001], and difficulty
[F(1,20)=25.5, p<.0001]. This analysis also showed a
significant interaction between task and difficulty
[F(1,20)=16.05, p<.0005], due to the relatively greater
effect of difficulty on the item-memory task than on the
temporal-order memory task. The interaction between
age and task [F<1] and the 3-way interaction between
age, task, and difficulty did not reach significance
[F(1,20)=3.7, p<.07].

Even though the taskxage interaction was not reli-
able, the age effect was clear in the temporal-order
condition, but not in the item condition. Separate two-

Table 2. Behavioral Data: Proportion Correct (SD)

Young Ss Old Ss
Item-easy .90 (.06) 82 (\12)
Item-hard 73 ((13) .68 (.09)
Order-easy 72 (11) 57 ((14)
Order-hard .61 (.10) .58 (.13)

Note: .50=chance
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tailed #-tests indicated that the effect of aging was
marginally significant in the temporal-order condition
[£(20)=2.0, p=.055] but nonsignificant in the item con-
dition [#(20)=1.7, p=.10]. Moreover, when considering
only the conditions in which item and temporal-order
memory performance were matched in young adults
(item-hard and order-easy), the age effect was definitely
significant in the temporal-order condition [£(20)=2.8,
p=.01], and nonsignificant in the item condition
[£(20)=1.1, p=.28]. Thus, old adults were impaired in
temporal-order retrieval, but not in item retrieval. How-
ever, given the lack of a reliable taskxage interaction, it
is not possible to claim that age effect was significantly
larger in the temporal-order condition than in the item
condition.

PET Data

Before turning to the PET results, we should mention
that group differences in brain activity in a target task
can be determined only in relation to brain activity in a
reference task, which is also affected by group differ-
ences. Thus, an age-related decrease in the difference
between a target task and a reference task may reflect an
age-related decrease in activation in the target task or an
age-related increase in the reference task. This problem
is not solved by the inclusion of low-level sensory—motor
baselines, because these conditions are also affected by
group differences (for example, Grady et al., 1994).
Therefore, when we talk about age-related increases and
decreases in activation, we always mean increases and
decreases in rCBF differences between two tasks.
Masked contrasts identified regions associated with
item retrieval or with temporal-order retrieval in both
the young and the old adults (see Table 3 and Figure
la—f). Regions engaged by both groups during item

retrieval included bilateral ventromedial temporal areas
(Figure 1la—c) and the caudate nucleus (Figure 1d). Areas
associated with temporal-order retrieval in both groups
included bilateral posterior/inferior parietal regions (Fig-
ure le—f) and the left prefrontal cortex (Figure 1f).

In the factorial design, the main effect of task difficulty
and its interactions with task type and age group did not
yield significant activations; hence, their results are not
reported. In contrast, several regions showed significant
interactions between age group and task type (see Table
4 and Figure 1g-1). The first age X task interaction
contrast detected the set of regions that the young
activated more during item retrieval than during tem-
poral retrieval or that the old activated more during
temporal-order retrieval than during item retrieval. Only
one activation, located in left Sylvian regions, was sig-
nificant for this contrast (Figure 1g). Post hoc paired #-
tests comparing peak activity in this region during item
retrieval and temporal-order retrieval (see two rightmost
columns of Table 4) revealed that the young adults
activated the left Sylvian region more during the item
retrieval task than during the temporal-order retrieval
task, whereas the old adults activated this region to a
similar degree in the two retrieval tasks. The second age
X task interaction contrast detected regions that the
young activated more during temporal-order retrieval
than during item retrieval and/or that the old activated
more during item retrieval than during temporal-order
retrieval. Post hoc paired #-tests comparing activity dur-
ing item retrieval with activity during temporal-order
retrieval were conducted within age group at each site of
peak activity. These tests revealed two kinds of age-
related differences in brain activity that contributed to
the interaction: (1) Regions more activated during tem-
poral-order retrieval than during item retrieval in young
adults but not in old adults, including the right pre-

Table 3. Item and Temporal-Order Memory: Common Regions in Young and Old Adults

Region (Slice/s Showing Young old # of Voxels
Activation in Figure 1) BA X y z z-score X y z z-score of Overlap
Item>Temporal-Order
Bilateral ventromedial— L 28 -12 -2 -24 3.6 -10 -4 -20 2.6 573"

temporal (a, b, ¢) L 38 - 38 10 -20 4.1 -38 6 —-24 4.1 573"

R 38 38 10 -16 33 38 8 -20 3.4 132

Caudate nucleus (d) 4 18 4 3.1 0 18 0 33 50
Temporal-Order>Item
Bilateral parietal-occipital R 39 36  -68 24 5.3 36 -58 24 3.7 150

(e, ) L 39 -30 -74 24 3.4 -26 -72 24 2.9 121
Left prefrontal (f) L 9 -306 26 32 3.5 —-38 24 36 3.0 46

“Same cluster.
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Figure 1. (a—f) Regions significantly activated in both young and older group (See Table 3). (g-1) Regions showing significant task (item vs.

temporal-order retrieval) xage (young vs. old) interactions (See Table 4).

frontal cortex (Figure 1j-k) and medial parieto-occipital
areas (Figure 1li-1). (2) Regions more activated during
item retrieval than during temporal-order retrieval in
older adults but not in young adults, such as the left
prefrontal cortex (Figure 1j—k) and the cerebellar vermis
(Figure 1h).

DISCUSSION

The results confirmed our three expectations. First,
whereas the young adults engaged right prefrontal
regions more during temporal-order retrieval than dur-
ing item retrieval, the old adults did not. Second,
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ventromedial temporal activity during item memory
was relatively unaffected by aging. Finally, the effect of
aging on frontal activity was asymmetric: Unlike their
younger counterparts, the old adults did not differen-
tially activate right prefrontal cortex during the temporal
order task, but they did show stronger activation of left
prefrontal cortex during item retrieval than during tem-
poral-order retrieval. These three findings are discussed
in separate sections below, followed by a discussion of
additional results.

Before discussing the results, it is appropriate to
consider a couple of issues regarding the interpretation
of age-related differences in functional activation. First,
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Table 4. Item and Temporal-Order Memory: Different Regions in Young and Old Adults

t-score of Pairwise

AgexTask Interactions Contrast*
# of

Region (Slice/s Showing Activation in Figure 1) BA y z  z-score Voxels Young Old
Item>Temporal-Order in the Young but not in the Old
Left Sylvian (g) 42 -46 -10 12 3.7 49 3.73 n.s.
Temporal-Order>Item in the Young but not in the Old
Right prefrontal (j, k) 10 62 8 4.7 37 4.71 n.s.
Medial parieto-occipital (i, j, k, 1) 19 -78 32 4.8 106 7.42 n.s.

18 -70 0 4.1 230° 5.16 n.s.
Right posterior parietal (j, k, 1) 39/19 -78 12 3.6 27 4.38 n.s.
Item>Temporal-Order in the Old but not in the Young
Left prefrontal (j, k) 10 64 12 3.8 38 n.s. 2.89
Cerebellum: vermis (h) -68 -16 3.6 230* n.s. 3.98

n.s.=nonsignificant

“t-scores are significant at p<.05.
“Same cluster.

age-related decreases in activation, generally, are as-
sumed to reflect cognitive deficits (Cabeza et al.,
1997a; Cabeza, McIntosh, Tulving, Nyberg, & Grady,
1997d; Grady et al., 1994; Grady et al., 1995; Madden
et al., 1996; Schacter et al., 1996), and age-related
increases, functional compensation (Cabeza et al.,
1997a; Grady et al., 1994). We make these assumptions
here, but know they are not always correct; for example,
less activation may reflect more efficient processing
(Karni, Meyer, Jezzard, Adams, et al., 1995), and more
activation may reflect less efficient processing (Cabeza
et al., 1997a). Second, although we interpret each age-
related difference separately, we do not believe that
these differences are exclusively local in nature (for
example, cell loss in a certain brain region). On the
contrary, we have recently demonstrated that age-
related changes in neural activation are partly due to
age-related changes in effective connectivity in the neur-
al network underlying the task (Cabeza et al., 1997d).

Age-Related Decrease in Frontal Activity During
Temporal-Order Memory

In young adults, the right prefrontal cortex was more
activated during temporal-order retrieval than during
item retrieval. This finding is consistent with evidence
that frontal lesions in humans and nonhuman primates
produce larger deficits on temporal-order memory tasks
than on item memory tasks (for example, Butters,
Kaszniak, Glisky, Eslinger, & Schacter, 1994; Kesner,
Hopkins, & Fineman, 1994; McAndrews & Milner,

1991; Milner, 1971; Milner, Corsi, & Leonard, 1991,
Petrides, 1991; Schacter, 1987; Shimamura et al., 1990;
Squire, 1982). Similarly, source memory tends to be
more sensitive to frontal lesions than does item memory
(for example, Janowsky, Shimamura, & Squire, 1989).
Evidence such as this has led investigators to postulate
that context memory is particularly dependent on fron-
tal-lobe functions (for a review, Schacter, 1987). Accord-
ingly, context memory deficits in old adults have been
attributed to deficits in frontal function (see Spencer &
Raz, 1995), but the only supporting data have been
correlational (for example, Craik, Morris, Morris, &
Loewen, 1990; Parkin et al., 1995). The present results
provide the first direct evidence that context memory
deficits in old adults are related to compromised frontal
functions. In contrast to the young adults, the old adults
did not show an increase in right frontal activation
during temporal-order retrieval relative to item retrieval,
suggesting impaired temporal-order retrieval mechan-
isms in old age.

The interpretation of this finding depends on how the
role of the prefrontal cortex in context memory is
conceptualized. One possibility is that context memory
is particularly dependent on a general cognitive function
mediated by prefrontal regions, such as attention, work-
ing memory, or inhibition (Mangels, 1997). In this sense,
the age-related reduction of frontal activity during tem-
poral-order retrieval would be consistent with evidence
that attention, working memory, and inhibition are
disrupted by aging (for reviews see, Hartley, 1992; Salt-
house, 1991; Zacks & Hasher, 1997). Another alternative
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is that the frontal lobes play a specific role in context
memory. There is evidence for functional specificity in
some frontal regions (e.g., processing spatial informa-
tion, Wilson, O’Scalaidhe, & Goldman-Rakic, 1993) and
specialized regions could also exist for temporal-order
memory. According to this view, the age-related reduc-
tion of frontal activity during temporal-order retrieval
would be independent of general differences in cogni-
tive abilities. The present results do not clearly favor
one interpretation over the other; however, the null
main effect and interactions involving task difficulty
support the conclusion that age-related impairments
in temporal-order retrieval are related to specific char-
acteristics of context memory retrieval rather than to
differences in working memory load.

Small Effects of Aging on Ventromedial Temporal
Activity During Item Memory

Ventromedial temporal regions were similarly engaged
by the two age groups during item retrieval, a result
which is consistent with evidence for structural and
functional preservation of these regions with age.
First, volumetric analyses of MRI data have shown that
age-related atrophy in medial temporal regions is
relatively mild or nonsignificant; the parahippocampal
gyrus, for example, does not show significant shrink-
age with age (Raz et al., 1997). Second, PET studies of
episodic memory retrieval have shown that medial
temporal regions play a critical role in item retrieval
(for example, Nyberg, McIntosh, Houle, Nilson, &
Tulving, 1996b), and that activation of these regions
can be preserved by aging (Schacter et al., 1996) or
even increase with age (Backman et al., 1997). The
pattern of compromised right frontal activity paired
with a relatively preserved ventromedial-temporal ac-
tivity is consistent with a theory concerning the role of
these regions in episodic memory proposed by Mos-
covitch and Umilta (1990,1991). According to this
view, medial-temporal regions are involved in auto-
matic associative retrieval processes, such as item
recognition, whereas frontal regions are involved in
controlled strategic retrieval processes, such as tem-
poral-order retrieval. Automatic processes are assumed
to be more resistant to aging than are controlled
processes (Hasher & Zacks, 1979). The present results
concur with this view.

Asymmetric Effect of Aging on Frontal Activity

The differential involvement of left prefrontal cortex
during item retrieval among the older adults replicates
a finding of our previous PET study of memory and
aging (Cabeza et al., 1997a). In that study, we found
that during recall, the right prefrontal cortex was
more activated in the young than in the old, whereas
the left prefrontal cortex was more activated in the
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old than in the young. Therefore, in two different PET
studies—employing different subjects, methods, and
materials—the effect of aging on brain activity during
retrieval yielded a decrease on right frontal activity
paired with an increase in left prefrontal activity. We
previously suggested that this pattern of activity may
reflect compensation on the part of the old adults for
deficits in episodic memory retrieval (mediated by right
prefrontal cortex—see Nyberg, Cabeza, & Tulving,
1996a; Tulving, Kapur, Craik, Moscovitch, & Houle,
1994) through the superior use of semantic processing
(mediated by left prefrontal cortex—see Cabeza & Ny-
berg, 2000).

When we say that an age-related increase in neural
activity is compensatory, we assume that enhanced
activity in the region in case was beneficial for old adults’
cognitive performance, either through an improvement
of the same cognitive operations employed by young
adults or through the recruitment of different opera-
tions. However, determining whether an increase in
activity was beneficial for performance is not a simple
issue. For example, one could argue that old adults
showed more activity than young adults because the
task was more demanding for them than for young
adults. This account is implausible in the case of the
age-related increase in left prefrontal activation. This
activation occurred in a condition in which memory
performance in young and old adults was not reliably
different. Also, if the left prefrontal activation reflects
effort, then it should have been affected by the difficulty
manipulation (hard vs. easy), but it was not. In contrast,
the compensatory interpretation is consistent with evi-
dence that item memory tends to be relatively preserved
in old age and with recent views concerning the role of
the left prefrontal cortex in episodic memory retrieval.
Nolde, Johnson, & Raye (1998) recently proposed that
left prefrontal activity during episodic memory retrieval
increases as function of task complexity. Due to the
decline in cognitive resources (for example, Craik, 1986)
and processing speed (for example, Salthouse, 1996)
associated with aging, the same task is likely to appear
more complex for older adults than for younger adults.
Accordingly, the age-related increase in left prefrontal
activity may reflect a compensatory change for dealing
with increased task complexity. At any rate, the com-
pensatory hypothesis is still speculative and further
research is warranted.

Additional Results

Other findings included an age-related rCBF decrease in
the medial parieto-occipital cortex and an age-related
rCBF increase in the cerebellar vermis. In functional
neuroimaging studies, both regions are typically acti-
vated during episodic memory retrieval (for a review,
see Cabeza & Nyberg, 2000). Age-related decreases in
medial parieto-occipital regions included the region of
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the precuneus, whose role in episodic memory retrieval
has been related to the use of imagery (Fletcher et al.,
1995a,b). Given that imagery operations tend to decline
with age (for example, Craik & Dirkx, 1992), it is possible
that the age-related reduction in precuneus activation
found in this study is related to impoverished imagery
processes in older adults.

In contrast, the age-related increase in cerebellar
activation—like the one in the left prefrontal cor-
tex—could reflect a compensatory mechanism. This
idea is consistent with evidence that the cerebellum is
involved in episodic memory retrieval (for a review, see
Cabeza et al., 1997b), and that its structure (Luft, Skalej,
Welte, Voigt, & Klockgether, 1997) and metabolism
(Loessner et al., 1995) are relatively preserved in old
adults. Moreover, there is evidence that while frontal
regions show hypometabolism in old adults, metabolic
activity in the cerebellum may even increase with aging
(Moeller et al., 1996). Volumetric analyses of MRI data
have revealed age-related atrophy in the cerebellar
hemispheres, but not in the anterior vermis (Raz,
Dupuis, Briggs, McGavran, & Acker, 1998). Consistent
with this pattern, a previous PET study showed an age-
related decrease in activation in the left cerebellar
hemisphere (Backman et al., 1997), whereas the present
study showed an age-related increase in the vermis.

Conclusions

The present study provided three main findings. First,
right frontal activity during temporal-order retrieval —as
compared to that during the item retrieval —was weaker
in old adults than in young adults. This is probably the
first direct evidence that context memory deficits in old
adults are related to altered frontal functions. Second,
ventromedial temporal activity during item memory was
not significantly affected by aging. This result is consis-
tent with evidence that item memory is relatively spared
by aging and with the idea that medial-temporal regions
are involved in automatic retrieval processes. Finally,
replicating a pattern found by Cabeza et al. (1997a),
frontal activity showed an age-related decrease in right
prefrontal activity coupled with an age-related increase
in the left prefrontal activity. This last change could
serve a compensatory function, but the idea is still
speculative. In sum, the present results suggest that
aging is associated with reduced right frontal activity
during context memory, intact medial-temporal activity
during item memory, and a more bilateral pattern of
frontal activity during episodic memory retrieval.

METHODS
Participants

The participants were 12 young adults (six male, six
female; age range 20-28) and 12 old adults (six male, six
female; age range 60-78). One elderly male participant

fell sleep during two scans and one elderly female
participant did not follow the instructions of the tests.
Thus, their results were excluded from all analyses. All
participants were right handed and had no history of
neurological or psychiatric illness. None of the partici-
pants was taking medication or had a condition that
could affect cerebral blood flow (for example, high
blood pressure). The young participants were mainly
undergraduate and graduate students of the University
of Toronto, and old participants were high-functioning
community-dwelling individuals. As Table 1 indicates,
the two groups were matched in education and word
fluency. The old participants performed significantly
better than the young participants on the vocabulary
test, but performed significantly worse in word recall,
self-ordered pointing, and the Wisconsin Card Sorting
Test. The study was approved by the joint Baycrest
Centre/University of Toronto Research Ethics and Scien-
tific Review Committee.

Materials

From a database (Quinlan, 1992), 560 concrete nouns
with a length between four and eight letters (mean: 5.5)
and a frequency between 4 and 100 occurrences per
million (mean: 25.8) were selected to be used as critical
stimuli. The words were randomly divided into eight lists
of 60 words and four lists of 20 words. The eight lists
were assigned to the eight scans, and the four lists were
employed as distractors in the item-retrieval tests. Other
words were used as buffer items in the study lists and as
practice lists. The words were presented in large black
letters on a white background on a computer screen
suspended 60-75 c¢m in front of the participants.

Procedure

The PET scanning session consisted of two blocks of
four scans each, one block for the item-retrieval con-
dition and one block for temporal-order retrieval con-
dition. The two blocks were separated by 20 min, and
the scans within each block by 11 min. The order of
the two blocks was counterbalanced across partici-
pants. Before each scan, participants studied a list of
words, and during the scan, they tried to retrieve them.
The list length was 65 words in the item condition and
45 words in the temporal-order condition. Participants
were given a short practice at the beginning of the item
and temporal-order blocks to familiarize them with the
study-test procedure. Two words were presented in
each trial of the tests, and participants had to select as
quickly and accurately as possible one of the words, by
pressing either the left or the right buttons of the
mouse. For the item-retrieval test (recognition), one
word of each pair was from the study list and one word
was new, and participants had to choose the studied
word. For the temporal-order retrieval test (recency
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discrimination), both words of each pair were from the
study list (for example, word 5 and word 15), and
participants had to choose the one that appeared later
in the study list (for example, word 15). In both of
these two-alternative forced-choice tasks, the probabil-
ity of making a correct response by chance is .50. The
test lists consisted of 20 word pairs, which were pre-
sented for 4 sec each with 1l-sec interval. The list
started simultaneously with the injection of the tracer
(about 20-25 sec before the scan window) and con-
tinued for 15-20 sec after the end of the 60-sec scan
window.

In both the item and temporal-order retrieval condi-
tions, easy and hard levels of performance were pro-
duced by manipulating presentation rate and study-test
delay. The presentation rate in the item-easy, item-hard,
order-easy, and order-hard conditions was respectively
2,0.25, 5, and 2 sec per word. The inter-stimulus interval
was always 0.5 sec. The study-test interval in the item-
easy, item-hard, order-easy, and order-high conditions was
respectively 3, 7, 2, and 3 min. These manipulations were
chosen on the basis of the results of several pilot studies.

In the item condition, 20 words from the center of the
list were tested, paired with distractors. In the temporal-
order retrieval condition, 40 words from the study list
(word 3 to word 42) were used to create 20 test pairs, by
combining words separated by nine items (for example,
words 3 and 13). In both the item-retrieval and tempor-
al-order retrieval scan blocks, participants received two
successive scans of the easy condition and two succes-
sive scans of the hard condition, with the order of easy
and hard conditions counterbalanced across partici-
pants. List 1 was always used in Scan 1, List 2 in Scan
2, and so on. Because the order of the four conditions
was counterbalanced, the assignment of the lists to the
four conditions was also counterbalanced.

PET Methods

PET scans were obtained with a GEMS-Scanditronix
PC2048-15B head scanner using a bolus injection of
35.5 mCi of >O-H,0O. The preparation of the PET data
for analysis involved three steps. First, using the software
AIR (Woods, Cherry, & Mazziotta, 1992), the different
images from each subject were realigned to the first
image. Second, using SPM96 (Wellcome Department of
Cognitive Neurology, London, UK) implemented in Ma-
tlab (Mathworks, Sherborn, MA, USA), the realigned
images from each subject were transformed into a
standard space (Talairach & Tournoux, 1988) and
smoothed using a 15-mm isotropic Gaussian kernel.
Third, also using SPM96, the effects of the conditions
on the regional cerebral blood flow at each voxel were
estimated using a general linear model, wherein the
changes in global counts are considered as a covariate
(Friston et al., 1995). The effects of each comparison
were estimated using linear contrasts, which yield a ¢-
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statistic (expressed as a Z-score) for a given comparison
at each voxel.

We had two goals in mind when analyzing the PET
data. The first goal was to identify common regions of
significant activation in younger and older adults asso-
ciated with item retrieval or with temporal-order retrie-
val. The main effect (for example, item retrieval minus
temporal-order retrieval) can be misleading in this re-
gard, as it may result from a large effect in one group but
a non-significant effect in the other group. Masked
contrasts (SPM96) identify regions in which the simple
effect is significant in both groups. Masking one contrast
(for example, item-minus-temporal in young adults)
with another (for example, item-minus-temporal in old
adults) yields only those voxels that showed a significant
difference in both contrasts. Because masked contrasts
involve a combined probability, a significance threshold
of Z>2.33 (p<.01) was used for each group (combined
probability=.01x.01=.0001). Our second goal was to
identify brain regions associated with item retrieval or
temporal-order retrieval that demonstrated an age ef-
fect. Towards this goal, we employed a 2x2x2 factorial
design with age group (young vs. old), task type (item
vs. temporal-order retrieval), and task difficulty (easy vs.
hard) as the factors. The significance threshold for these
analyses was set to the standard Z>3.09 (p<.001 un-
corrected).

Acknowledgments

Supported by grants from the Natural Sciences and Engineer-
ing Research Council of Canada (OGP0194500 and
EQP0196006). We thank Douglas Hussey and Kevin Cheung
for technical assistance.

Reprint requests should be sent to Roberto Cabeza, Depart-
ment of Psychology, University of Alberta, P220 Biological
Sciences Building, Edmonton, Alberta, Canada T6G 2E9.

REFERENCES

Backman, L., Almkvist, O., Andersson, J., Nordberg, A., Wind-
blad, B., Rineck, R., Ligstrém, B. (1997). Brain activation in
young and older adults during implicit and explicit retrieval.
Journal of Cognitive Neuroscience, 9 (3), 378-391.

Butters, M. A., Kaszniak, A. W., Glisky, E. L., Eslinger, P. J.,
Schacter, D. L. (1994). Recency discrimination deficits in
frontal lobe patients. Neuropsychology, 8, 343-353.

Cabeza, R., Nyberg, L. (2000). Imaging cognition II: An em-
pirical review of 275 PET and fMRI studies. Journal of Cog-
nitive Neuroscience, 12 (1), 1-47.

Cabeza, R., Grady, C. L., Nyberg, L., McIntosh, A. R., Tulving, E.,
Kapur, S., Jennings, J. M., Houle, S., Craik, F. I. M. (19972a).
Age-related differences in neural activity during memory
encoding and retrieval: A positron emission tomography
study. Journal of Neuroscience, 17, 391-400.

Cabeza, R., Kapur, S., Craik, F. I. M., McIntosh, A. R., Houle, S.,
Tulving, E. (1997b). Functional neuroanatomy of recall and
recognition: A PET study of episodic memory. Journal of
Cognitive Neuroscience, 9 (2), 254-2065.

Cabeza, R., Mangels, J., Nyberg, L., Habib, R., Houle, S., McIn-
tosh, A. R., Tulving, E. (1997¢). Brain regions differentially

Volume 12, Number 1


http://www.ingentaconnect.com/content/external-references?article=/0898-929X^28^299:3L.378[aid=1757124,csa=0898-929X^26vol=9^26iss=3^26firstpage=378]
http://www.ingentaconnect.com/content/external-references?article=/0894-4105^28^298L.343[aid=211646]
http://www.ingentaconnect.com/content/external-references?article=/0898-929X^28^2912:1L.1[aid=5307751,cw=1]
http://www.ingentaconnect.com/content/external-references?article=/0270-6474^28^2917L.391[aid=211290,csa=0270-6474^26vol=17^26iss=1^26firstpage=391,nlm=8987764]
http://www.ingentaconnect.com/content/external-references?article=/0898-929X^28^299:2L.254[aid=1758300,csa=0898-929X^26vol=9^26iss=2^26firstpage=254]
http://www.ingentaconnect.com/content/external-references?article=/0898-929X^28^2912:1L.1[aid=5307751,cw=1]
http://www.ingentaconnect.com/content/external-references?article=/0898-929X^28^299:2L.254[aid=1758300,csa=0898-929X^26vol=9^26iss=2^26firstpage=254]

involved in remembering what and when: A PET study.
Neuron, 19, 863—-870.

Cabeza, R., McIntosh, A. R., Tulving, E., Nyberg, L., Grady, C. L.
(1997d). Age-related differences in effective neural connec-
tivity during encoding and recall. Neuroreport, 8, 3479—
3483.

Craik, F. I. M. (1986). A functional account of age differences in
memory. In: F. Klix, H. Hagendorf (Eds.), Human memory
and cognitive capabilities (pp. 209-422). Amsterdam:
Elsevier Science Publications.

Craik, F. I. M., Dirkx, E. (1992). Age-related differences in three
tests of visual imagery. Psychology and Aging, 7, 661-665.
Craik, F. I. M., Morris, L. W., Morris, R. G., Loewen, E. R. (1990).
Relations between source amnesia and frontal-lobe func-
tioning in older adults. Psychology and Aging, 5, 148-151.
Fletcher, P. C., Frith, C. D., Baker, S. C., Shallice, T., Fracko-
wiak, R. S. J., Dolan, R. J. (1995a). The mind’s eye—Precu-
neus activation in memory related imagery. Neuroimage, 2,

195-200.

Fletcher, P. C., Frith, C. D., Grasby, P. M., Shallice, T., Frack-
owiak, R. S. J., Dolan, R. J. (1995b). Brain systems for en-
coding and retrieval of auditory—verbal memory: An in vivo
study in humans. Brain, 118, 401-416.

Friston, K. J., Holmes, A. P., Worsley, K. J., Poline, J.-P., Frith, C.
D., Frackowiak, R. S. J. (1995). Statistical parametric maps in
functional imaging: A general linear approach. Human
Brain Mapping, 2, 189-210.

Grady, C. L., Maisog, J. M., Horwitz, B., Ungerleider, L. G.,
Mentis, M. J., Salerno, J. A., Pietrini, P., Wagner, E., Haxby, J.
V. (1994). Age-related changes in cortical blood flow activa-
tion during visual processing of faces and location. Journal
of Neuroscience, 14 (3, Pt 2), 1450-1462.

Grady, C. L., McIntosh, A. R., Horwitz, B., Maisog, J. M., Un-
gerleider, L. G., Mentis, M. J., Pietrini, P., Schapiro, M. B.,
Haxby, J. V. (1995). Age-related reductions in human re-
cognition memory due to impaired encoding. Science, 269
(5221), 218-221.

Hartley, A. A. (1992). Attention. In: F. I. M. Craik, T. A. Salt-
house (Eds.), The handbook of aging and cognition (pp. 3—
49). Hillsdale, NJ: Erlbaum.

Hasher, L., Zacks, R. T. (1979). Automatic and effortful pro-
cesses in memory. Journal of Experimental Psychology:
General, 108, 356-388.

Janowsky, J. S., Shimamura, A. P., Squire, L. R. (1989). Source
memory impairment in patients with frontal-lobe lesions.
Neuropsychologia, 27, 1043—1056.

Karni, A., Meyer, G., Jezzard, P., Adams, M. M., et al. (1995).
Functional MRI evidence for adult-motor cortex plasticity
during motor-skill learning. Nature, 377 (6545), 155-158.

Kesner, R. P., Hopkins, R. O., Fineman, B. (1994). Item and
order dissociation in humans with prefrontal cortex damage.
Neuropsychologia, 32, 881-891.

Loessner, A., Alavi, A., Lewandrowski, K. U., Mozley, D., Souder,
E., Gur, R. E. (1995). Regional cerebral function determined
by FDG-PET in healthy volunteers: Normal patterns and
changes with age. Journal of Nuclear Medicine, 36 (7),
1141-1149.

Luft, A. R., Skalej, M., Welte, D., Voigt, K., Klockgether, T.
(1997). Age and sex do not affect cerebellar volume in hu-
mans . American Journal of Neuroradiology, 18, 593-596.

Madden, D.J., Turkington, T. G., Coleman, R. E., Provenzale, J.
M., DeGrado, T. R., Hoffman, J. M. (1996). Adult age differ-
ences in regional cerebral blood flow during visual word
identification: Evidence from H2150 PET. Neuroimage, 3,
127-142.

Mangels, J. A. (1997). Strategic processing and memory for
temporal order in patients with frontal-lobe lesions. Neu-
ropsychology, 11, 1-15.

McAndrews, M. P., Milner, B. (1991). The frontal cortex and
memory for temporal order. Neuropsychologia, 29, 849-859.

Milner, B. (1971). Interhemispheric differences in the locali-
zation of psychological processes in man. British Medical
Bulletin, 27, 272-277.

Milner, B., Corsi, P., Leonard, G. (1991). Frontal-lobe contri-
bution to recency judgments. Neuropsychologia, 29, 601-
618.

Moeller, J. R., Ishikawa, T., Dhawan, V., Spetsieris, P., Man-
del, F., Alexander, G. E., Grady, C., Pietrini, P., Eidelberg,
D. (1996). The metabolic topography of normal aging.
Journal of Cerebral Blood Flow and Metabolism, 16 (3),
385-98.

Moscovitch, M., Umilta, C. (1990). Modularity and neuropsy-
chology: Implications for the organization of attention and
memory in normal and brain-damaged people. In: M. E.
Schwartz (Ed.), Modular processes in dementia. Cambridge:
MIT Press.

Moscovitch, M., Umilta, C. (1991). Conscious and noncon-
scious aspects of memory: A neuropsychological framework
of modules and central systems. In: R. G. Lister, H. J. Wein-
gartner, (Eds.), Perspectives in Cognitive Neuroscience.
Oxford: Oxford University Press.

Nolde, S. F., Johnson, M. K., Raye, C. L. (1998). The role of
prefrontal cortex during tests of episodic memory. Trends in
Cognitive Sciences, 2, 399-406

Nyberg, L., Cabeza, R., Tulving, E. (1996a). PET studies of en-
coding and retrieval: The HERA Model. Psychonomic Bul-
letin and Review, 3, 135-148.

Nyberg, L., McIntosh, A. R., Houle, S., Nilson, L.-G., Tulving,
E. (1996b). Activation of medial temporal structures dur-
ing episodic memory retrieval. Nature, 380 (6576), 715—
717.

Parkin, A. J., Walter, B. M., Hunkin, M. (1995). Relationships
between normal aging, frontal-lobe function, and memory
for temporal and spatial information. Neuropsychology, 9,
304-312.

Petrides, M. (1991). Functional specialization within the dor-
solateral frontal cortex for serial order memory. Proceedings
of the Royal Society of London, Series B, 246, 299-3006.

Quinlan, P. T. (1992). Oxford psycholinguistic database. Ox-
ford: Oxford University Press.

Raz, N., Gunning, F. M., Head, D., Dupuis, J. H., McQuain, J.,
Briggs, S. D., Loken, W. J., Thornton, A. E., Acker, J. D.
(1997). Selective aging of the human cerebral cortex ob-
served in vivo: Differential vulnerability of the prefrontal gray
matter. Cerebral Cortex, 7 (3), 268-282.

Raz, N., Dupuis, J. H., Briggs, S. D., McGavran, C., Acker, J.
D. (1998). Differential effects of age and sex on the
cerebellar hemispheres and the vermis: A prospective MR
study. American Journal of Neuroradiology, 19 (1), 65—
71.

Salthouse, T. A. (1991). Theoretical perspectives on cognitive
aging. Hillsdale, NJ: Erlbaum

Salthouse, T. A. (1996). The processing speed theory of adult
age differences in cognition. Psychological Review, 103,
403-428.

Schacter, D. L. (1987). Memory, amnesia, and frontal lobe
dysfunction. Psychobiology, 15, 21-306.

Schacter, D. L., Savage, C. R., Alpert, N. M., Rauch, S. L., Albert,
M. S. (1996). The role of hippocampus and frontal cortex in
age-related memory changes: A PET study. Neuroreport, 7,
1165-1169.

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

Spencer, W. D., Raz, N. (1995). Differential effects of aging on

Cabeza et al. 205


http://www.ingentaconnect.com/content/external-references?article=/1053-8119^28^293L.127[aid=211668,csa=1053-8119^26vol=3^26iss=2^26firstpage=127,nlm=9345484]
http://www.ingentaconnect.com/content/external-references?article=/1053-8119^28^293L.127[aid=211668,csa=1053-8119^26vol=3^26iss=2^26firstpage=127,nlm=9345484]
http://www.ingentaconnect.com/content/external-references?article=/0028-3932^28^2929L.601[aid=211658,csa=0028-3932^26vol=29^26iss=6^26firstpage=601,nlm=1944864]
http://www.ingentaconnect.com/content/external-references?article=/0028-0836^28^29380:6576L.715[aid=211460,nlm=8614466]
http://www.ingentaconnect.com/content/external-references?article=/0195-6108^28^2919:1L.65[aid=211663,nlm=9432159]
http://www.ingentaconnect.com/content/external-references?article=/0028-3932^28^2928L.803[aid=211667,csa=0028-3932^26vol=28^26iss=8^26firstpage=803,nlm=2247207]
http://www.ingentaconnect.com/content/external-references?article=/0959-4965^28^298L.3479[aid=211649,nlm=9427311]
http://www.ingentaconnect.com/content/external-references?article=/0896-6273^28^2919L.863[aid=211648,nlm=9354332]
http://www.ingentaconnect.com/content/external-references?article=/0959-4965^28^298L.3479[aid=211649,nlm=9427311]
http://www.ingentaconnect.com/content/external-references?article=/0882-7974^28^297L.661[aid=211650,csa=0882-7974^26vol=7^26iss=4^26firstpage=661,nlm=1466835]
http://www.ingentaconnect.com/content/external-references?article=/0882-7974^28^295L.148[aid=25302,csa=0882-7974^26vol=5^26iss=1^26firstpage=148,nlm=2317296]
http://www.ingentaconnect.com/content/external-references?article=/1053-8119^28^292L.195[aid=211337,csa=1053-8119^26vol=2^26iss=3^26firstpage=195,nlm=9343602]
http://www.ingentaconnect.com/content/external-references?article=/0006-8950^28^29118L.401[aid=211338,csa=0006-8950^26vol=118^26iss=2^26firstpage=401,nlm=7735882]
http://www.ingentaconnect.com/content/external-references?article=/1065-9471^28^292L.189[aid=211571]
http://www.ingentaconnect.com/content/external-references?article=/0036-8075^28^29269:5221L.218[aid=211651,nlm=7618082]
http://www.ingentaconnect.com/content/external-references?article=/0096-3445^28^29108L.356[aid=18188]
http://www.ingentaconnect.com/content/external-references?article=/0028-3932^28^2927L.1043[aid=211652,nlm=2797412]
http://www.ingentaconnect.com/content/external-references?article=/0028-0836^28^29377:6545L.155[aid=211395,nlm=7675082]
http://www.ingentaconnect.com/content/external-references?article=/0028-3932^28^2932L.881[aid=211653,csa=0028-3932^26vol=32^26iss=8^26firstpage=881,nlm=7969864]
http://www.ingentaconnect.com/content/external-references?article=/0161-5505^28^2936:7L.1141[aid=211654,csa=0161-5505^26vol=36^26iss=7^26firstpage=1141,nlm=7790936]
http://www.ingentaconnect.com/content/external-references?article=/0195-6108^28^2918L.593[aid=211655,csa=0195-6108^26vol=18^26iss=3^26firstpage=593,nlm=9090431]
http://www.ingentaconnect.com/content/external-references?article=/0894-4105^28^2911L.1[aid=211656]
http://www.ingentaconnect.com/content/external-references?article=/0028-3932^28^2929L.849[aid=211657,csa=0028-3932^26vol=29^26iss=9^26firstpage=849,nlm=1944882]
http://www.ingentaconnect.com/content/external-references?article=/0007-1420^28^2927L.272[aid=211445,nlm=4937273]
http://www.ingentaconnect.com/content/external-references?article=/0028-3932^28^2929L.601[aid=211658,csa=0028-3932^26vol=29^26iss=6^26firstpage=601,nlm=1944864]
http://www.ingentaconnect.com/content/external-references?article=/0271-678X^28^2916:3L.385[aid=211659]
http://www.ingentaconnect.com/content/external-references?article=/1364-6613^28^292L.399[aid=211454]
http://www.ingentaconnect.com/content/external-references?article=/1069-9384^28^293L.135[aid=211595,csa=1069-9384^26vol=3^26iss=2^26firstpage=135]
http://www.ingentaconnect.com/content/external-references?article=/0028-0836^28^29380:6576L.715[aid=211460,nlm=8614466]
http://www.ingentaconnect.com/content/external-references?article=/0894-4105^28^299L.304[aid=211660]
http://www.ingentaconnect.com/content/external-references?article=/0962-8452^28^29246L.299[aid=211661,csa=0962-8452^26vol=246^26iss=1317^26firstpage=299,nlm=1686096]
http://www.ingentaconnect.com/content/external-references?article=/1047-3211^28^297:3L.268[aid=211662,nlm=9143446]
http://www.ingentaconnect.com/content/external-references?article=/0195-6108^28^2919:1L.65[aid=211663,nlm=9432159]
http://www.ingentaconnect.com/content/external-references?article=/0033-295X^28^29103L.403[aid=211664,csa=0033-295X^26vol=103^26iss=3^26firstpage=403,erg=151887]
http://www.ingentaconnect.com/content/external-references?article=/0889-6313^28^2915L.21[aid=211665,csa=0889-6313^26vol=15^26iss=1^26firstpage=21]
http://www.ingentaconnect.com/content/external-references?article=/0959-4965^28^297L.1165[aid=211666,csa=0959-4965^26vol=7^26iss=6^26firstpage=1165,nlm=8817525]
http://www.ingentaconnect.com/content/external-references?article=/0028-3932^28^2928L.803[aid=211667,csa=0028-3932^26vol=28^26iss=8^26firstpage=803,nlm=2247207]
http://www.ingentaconnect.com/content/external-references?article=/1053-8119^28^292L.195[aid=211337,csa=1053-8119^26vol=2^26iss=3^26firstpage=195,nlm=9343602]
http://www.ingentaconnect.com/content/external-references?article=/1065-9471^28^292L.189[aid=211571]
http://www.ingentaconnect.com/content/external-references?article=/0036-8075^28^29269:5221L.218[aid=211651,nlm=7618082]
http://www.ingentaconnect.com/content/external-references?article=/0096-3445^28^29108L.356[aid=18188]
http://www.ingentaconnect.com/content/external-references?article=/0161-5505^28^2936:7L.1141[aid=211654,csa=0161-5505^26vol=36^26iss=7^26firstpage=1141,nlm=7790936]
http://www.ingentaconnect.com/content/external-references?article=/0894-4105^28^2911L.1[aid=211656]
http://www.ingentaconnect.com/content/external-references?article=/0007-1420^28^2927L.272[aid=211445,nlm=4937273]
http://www.ingentaconnect.com/content/external-references?article=/0271-678X^28^2916:3L.385[aid=211659]
http://www.ingentaconnect.com/content/external-references?article=/1364-6613^28^292L.399[aid=211454]
http://www.ingentaconnect.com/content/external-references?article=/1069-9384^28^293L.135[aid=211595,csa=1069-9384^26vol=3^26iss=2^26firstpage=135]
http://www.ingentaconnect.com/content/external-references?article=/0894-4105^28^299L.304[aid=211660]
http://www.ingentaconnect.com/content/external-references?article=/0962-8452^28^29246L.299[aid=211661,csa=0962-8452^26vol=246^26iss=1317^26firstpage=299,nlm=1686096]
http://www.ingentaconnect.com/content/external-references?article=/0033-295X^28^29103L.403[aid=211664,csa=0033-295X^26vol=103^26iss=3^26firstpage=403,erg=151887]
http://www.ingentaconnect.com/content/external-references?article=/0959-4965^28^297L.1165[aid=211666,csa=0959-4965^26vol=7^26iss=6^26firstpage=1165,nlm=8817525]

memory for content and context: A meta-analysis. Psychol-
ogy and Aging, 10 (4), 527-539.

Squire, L. R. (1982). Comparisons between forms of amnesia:
Some deficits are unique to Korsakoff's syndrome. Journal
of Experimental Psychology: Learning, Memory, and
Cognition, 8, 560-571.

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

Tulving, E., Kapur, S., Craik, F. I. M., Moscovitch, M., Houle, S.
(1994). Hemispheric encoding/retrieval asymmetry in epi-
sodic memory: Positron emission tomography findings.
Proceedings of the National Academy of Sciences, U. S. A.,
91, 2016-2020.

206 Journal of Cognitive Neuroscience

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

Wilson, F. A. W., O’Scalaidhe, S. P., Goldman-Rakic, P. S.
(1993). Dissociation of object and spatial processing do-
mains in primate prefrontal cortex. Science, 260, 1955-1958.

Woods, R. P., Cherry, S. R., Mazziotta, J. C. (1992). Rapid
automated algorithm for aligning and reslicing PET
images. Journal of Computer-Assisted Tomography, 10,
620-633.

Zacks, R., Hasher, L. (1997). Cognitive gerontology and atten-
tional inhibition: A reply to Burke and McDowd. Journal of
Gerontology, 52B, P274—P283.

Volume 12, Number 1


http://www.ingentaconnect.com/content/external-references?article=/0033-2909^28^29120L.272[aid=211626,csa=0033-2909^26vol=120^26iss=2^26firstpage=272,nlm=8831298]
http://www.ingentaconnect.com/content/external-references?article=/0278-7393^28^298L.560[aid=211669,nlm=6218221]
http://www.ingentaconnect.com/content/external-references?article=/0882-7974^28^2910:4L.527[aid=211672,csa=0882-7974^26vol=10^26iss=4^26firstpage=527,nlm=8749580]
http://www.ingentaconnect.com/content/external-references?article=/0882-7974^28^2910:4L.527[aid=211672,csa=0882-7974^26vol=10^26iss=4^26firstpage=527,nlm=8749580]
http://www.ingentaconnect.com/content/external-references?article=/0278-7393^28^298L.560[aid=211669,nlm=6218221]
http://www.ingentaconnect.com/content/external-references?article=/0027-8424^28^2991L.2016[aid=211544,nlm=8134342]
http://www.ingentaconnect.com/content/external-references?article=/0033-2909^28^29120L.272[aid=211626,csa=0033-2909^26vol=120^26iss=2^26firstpage=272,nlm=8831298]
http://www.ingentaconnect.com/content/external-references?article=/0036-8075^28^29260L.1955[aid=211670,nlm=8316836]
http://www.ingentaconnect.com/content/external-references?article=/0363-8715^28^2916L.620[aid=211671,csa=0363-8715^26vol=16^26iss=4^26firstpage=620,nlm=1629424]
http://www.ingentaconnect.com/content/external-references?article=/0278-7393^28^298L.560[aid=211669,nlm=6218221]
http://www.ingentaconnect.com/content/external-references?article=/0027-8424^28^2991L.2016[aid=211544,nlm=8134342]
http://www.ingentaconnect.com/content/external-references?article=/0363-8715^28^2916L.620[aid=211671,csa=0363-8715^26vol=16^26iss=4^26firstpage=620,nlm=1629424]

