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Abstract

Cognitive reserve (CR) is the ability of an individual to cope with advancing brain pathology so that he remains free of symptomatology.
Epidemiological evidence and in vivo neurometabolic data suggest that CR may be mediated through education or IQ. The goal of this study
was to investigate CR-mediated differential brain activation in 17 healthy young adults and 19 healthy elders. Using nonquantitative H,'>O
PET scanning, we assessed relative regional cerebral blood flow while subjects performed a serial recognition memory task under two
conditions: nonmemory control (NMC), in which one shape was presented in each study trial; and titrated demand (TD), in which study
list length was adjusted so that each subject recognized shapes at approximately 75% accuracy. A factor score that summarized years of
education and scores on two IQ indices was used as an index of CR. Voxel-wise, multiple regression analyses were performed with TD
minus NMC difference PET counts as the dependent variable and the CR variable as the independent variable of interest. We identified brain
regions where regression slopes were different from zero in each separate group, and also those where regression slopes differed between
the two age groups. The slopes were significantly more positive in the young in the right inferior temporal gyrus, right postcentral gyrus,
and cingulate, while the elderly had a significantly more positive slope in left cuneus. Brain regions where systematic relationships between
CR and brain activation differ as a function of aging are loci where compensation for aging has occurred. They may mediate differential
ability to cope with brain changes in aging.
© 2003 Elsevier Science (USA). All rights reserved.

The theory of cognitive reserve (CR) was initially intro-
duced as an attempt to explain less than perfect coupling
between the degree of brain pathology and its clinical ex-
pression. For example, about 25% of subjects who during
autopsy fulfill pathologic criteria for Alzheimer’s disease
(AD) are clinically intact during life (Ince, 2001; Katzman
et al., 1989). CR can be defined as the ability of an indi-
vidual to cope with advancing brain pathology in order to
minimize symptomatology. It may be mediated through a
set of skills or repertoires or inherent abilities (putative “CR
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variables”) such as education (Stern et al., 1992, 1994), or
1Q (Alexander et al., 1997; Snowdon et al., 2000) or even
lifestyle either in the form of occupational status (Stern et
al., 1994, 1995) or extracurricular activities (Scarmeas et al.,
2001). The neurophysiologic substrate of CR can be con-
ceived in two forms (Stern, 2002): (1) passive (or “hard-
ware”): higher number of healthy synapses or neurons re-
sulting in an increased number of remaining available ones
when a certain percentage of them is affected by a patho-
logic process; and (2) active (or “software”): more efficient
synaptic processing in normal brain networks or use of
alternative brain networks in the face of progressing pathol-
ogy (even though the number of neurons or synapses might
be the same).
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Both regional cerebral blood flow (rCBF) and regional
cerebral glucose metabolism (rCMRglc) are reliable indices
of neuronal/synaptic function and therefore they may pro-
vide a valuable in vivo index of the effects of the neuro-
pathological process on brain function in patients with AD
(DeCarli et al., 1992; Friedland et al., 1985; Hoffman et al.,
2000; McGeer et al., 1986a, 1986b, 1990a, 1990b; Mielke et
al., 1996) Supporting the concept of CR, PET studies in AD
subjects matched for clinical severity have reported nega-
tive correlations between rCMRglc or rCBF performed in
subjects in the resting state and education, IQ, occupation,
and leisure activities (Alexander et al., 1997; Scarmeas et
al., 2002; Stern et al., 1992, ). Therefore, for a given degree
of clinical severity, AD subjects with a higher level of CR
will tend to harbor more severe neuropathology than AD
subjects with a lower level of CR. In other words, patients
with a higher level of CR who are at a more advanced
neuropathological stage of AD can have similar clinical
manifestations to patients with a low level of CR who are at
a less advanced AD neuropathological stage.

These in vivo metabolic findings concern the relationship
between resting rCBF or rCMRglc and CR variables. The
concept of CR should also be relevant when considering
changes in blood flow associated with cognition. Further-
more, this concept might possibly be relevant to populations
other than AD. For example, it can be hypothesized that
healthy young subjects with high values of CR variables
may have an enhanced hardware (Katzman, 1993; Kemper-
mann et al., 1997a, 1997b; van Praag et al., 1999) or soft-
ware relative to otherwise healthy young subjects with a
lower level of the CR variables. Also, CR may convey
differential ability to cope with declining neurophysiologic
potential in otherwise healthy elderly (Cabeza, 2001). Such
changes in hardware or software might predict relationships
between CR variables and task-related neurophysiological
activity in each population, and so be amenable to testing
with functional neuroimaging.

Previous studies have noted that compared to younger
subjects, the elderly may have reduced brain activation in
regions found activated in the younger (Cabeza et al., 2000;
Reuter-Lorenz, 2002; Grady et al., 1994, 1995, 1996; Back-
man et al., 1999; Stern et al., 2000), which has been inter-
preted as reflecting less efficient cognitive processing or
processing deficiency either due to irreversible absence of
cognitive resources or to inability to engage—recruit them
despite their presence (Craik and Byrd, 1982). Nevertheless,
at the same time elderly may show significant activations of
areas not engaged by the younger subjects (Anderson et al.,
2000; Grady et al., 1994; Reuter-Lorenz, 2002; Reuter-
Lorenz et al., 2000; Logan et al., 2002; Madden et al., 1999;
Mclntosh et al., 1999). The latter has been perceived as an
attempt to deal with increased (for the elderly) task com-
plexity and therefore counteract age-related (or other) def-
icits (Cabeza, 2001; Cabeza et al., 2000, 2002). In other
words, compensatory reallocation of brain function has
been considered an effort to ameliorate the effects of re-

duced function in the networks that normally operate during
the task. Nevertheless, the interpretation of either increased
or decreased activation has been very controversial. There
have been studies where decreased activation may reflect
more efficient processing, while increased ones may be
associated with less effective cognitive strategies (Grady et
al., 1996; Rypma and D’Esposito, 2001; Cabeza et al., 2000;
Madden et al., 1999). Therefore, CR may act differentially
(i.e., in a different manner on distinct brain regions) in
young and older people.

We sought to investigate the existence and nature of
systematic relationships between CR variables and neuro-
physiological function in samples of healthy young and
elderly subjects during performance of a nonverbal (abstract
shape) episodic memory task. Subject performance on the
memory task was titrated to yield accuracy close to 75% for
each subject in both groups. This procedure was used in an
attempt to equate subjective task difficulty across subjects
(and implicitly across age groups); objective task character-
istics were thus not identical either within or between
groups. Proportionally scaled H,'?O positron emission to-
mography count data were used as the measure of neuro-
physiological activity.

Materials and methods
Subjects

Potential subjects were carefully screened with medical,
neurological, psychiatric, and neuropsychological evalua-
tions to exclude those with dementia, questionable demen-
tia, cognitive impairment, or other neurological or psychi-
atric disorders and severe medical illnesses. They all
received a brain MRI which was evaluated as normal by a
neuroradiologist and they were all screened for medications
with potential effects on brain function / metabolism / blood
flow (like central nervous system-acting medications pre-
scribed for neurologic or psychiatric diseases). In particular,
older subjects were carefully evaluated to ensure the ab-
sence of dementia. All subjects were right-handed and able
to see stimuli clearly without optometric correction. Seven-
teen healthy elders (8 male and 9 female) and 19 young
volunteers (7 male and 13 female) met criteria for entry into
the study. Informed consent was obtained after the nature
and risks of the study were explained.

Neuropsychological evaluation CR variables and
cognitive tasks

In addition to neurological and psychiatric evaluation,
patients also received the modified Mini Mental Status
(Mayeux et al., 1981; Stern et al., 1987). The Mini-Mental
State Examination described by Folstein et al. (1975) is a
useful screening instrument, but does not sufficiently mea-
sure some aspects of language, attention, and construction.
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The mMMS was developed in order to broaden its scope: it
includes the standard Folstein Mini-Mental plus additional
measures of memory, attention, calculation, naming, repe-
tition, and visual spatial skills (maximum score 57, corre-
sponding to a Mini-Mental State Examination of 30). It is
sensitive to a variety of impairments in AD, and has estab-
lished validity and reliability (Mayeux et al., 1981; Stern et
al., 1987). The WAIS-R Digit Symbol (Wechsler, 1981) and
the Selective Reminding Test (Buschke and Fuld, 1974)
were also administered in order to assess psychomotor
speed and memory.

The neuropsychological tests used to measure CR were
the New Adult Reading Test (NARTIQ)-North American
Version (Grober and Sliwinski, 1991; Nelson, 1982; Nelson
and O’Connell, 1978) and the WAIS-R Vocabulary subtest
(VOC) (Wechsler, 1981). The two latter tests are considered
to be good estimates of premorbid verbal IQ. An operational
measure of CR (CR variable; CRV) was defined as the
principal component of z-scored NARTIQ, VOC, and years
of education (EDUC) with the largest eigenvalue (analysis
done on the sample of subjects used in this study). CRV was
to be used in the assessment of relationships between the
neuroimaging data and CR. The rationale for the choice of
these three variables as being representative of CR is pro-
vided by the literature on CR (Alexander et al., 1997;
Snowdon et al., 2000; Stern et al., 1992, 1994). From this
premise, NARTIQ, VOC, and EDUC should be pair-wise,
positively correlated; the data from our sample (collapsed
across age group) support this (NARTIQ-VOC r = 0.71,
P < 0.01, NART-EDUC r = 0.73, P < 0.01, VOC-EDUC
r = 047, P < 0.01). CRV explained 73% of the total
variance of these (z-scored) measures.

The nonverbal episodic memory task used in the neuro-
imaging component of this study comprised three condi-
tions (though only two of them were used in the current
analysis; see below). In each condition, a trial comprised an
encoding phase followed by a recognition phase. During
each recognition phase, subjects made decisions about
whether the current shape had been presented in the encod-
ing phase of that trial. Recognition probes were distin-
guished from study items by a rectangular frame.

The three conditions were:

(1) a low-demand condition, in which a single shape
presented during the encoding phase was followed
by one shape during the recognition phase (which
was either the same as the encoding phase shape or
a nonfamiliar foil). This condition was relevant for
other experimental purposes and was not used in the
current analysis.

(2) a nonmemory control (NMC) condition that was
identical to low demand, except that the same shape
was presented during the encoding phase of every
trial. Thus the NMC had very low encoding and
recognition demands. Either the same encoding

phase shape or a nonfamiliar foil was presented
during the recognition phase.

(3) atitrated demand (TD) condition that involved serial
presentation of a sequence of shapes during the en-
coding phase, the length of which was determined in
a training session on the day preceding the PET scan.
During this training session, the subjects were at first
familiarized with all three conditions for approxi-
mately 10 min total. This initial exposure to the task
was followed by the determination of the shape list
size for the TD condition. This titration procedure
involved two 15-minute titration sessions during
which shape list size was adjusted in a staircase
manner such that recognition accuracy of about 75%
for each individual subject was attained. This shape
list size value was then used in the TD condition on
the day of the scan. The recognition phase of the TD
condition involved presentation of shapes studied
during the preceding study phase intermixed with
nonfamiliar foils. The total number of shapes pre-
sented in each trial during the recognition phase was
equal to each subject’s shape list size during testing.

We elected to fix the order of the conditions in this study
(as opposed to randomization or counterbalancing). The
rationale for this fixing of condition order is that, in addition
to the young and elderly subjects whose data are to be
presented here, AD patients were subjected to this experi-
mental design. Three other scans, using a verbal recognition
task, were also collected. Therefore, overall 3 X 2 = 6
activation scans were obtained. The fixed order was in-
tended to minimize subject confusion (particularly in the
Alzheimer’s patients) that conceivably would have been
caused by switching order between low-demand conditions,
NMC condition (both quite easy), and TD condition and
between verbal and nonverbal tasks (i.e., using a task order
other than the natural progression of increasing task diffi-
culty). The consequence of using a fixed task order is the
possibility of confounding between condition and position
in the task sequence.

During study phases in the scanner, young subjects were
exposed to each stimulus for 4 s and elderly for 5 s. This
was true for all conditions. This was a decision made during
the development of task design as an adjunctive attempt to
equate for task difficulty and subject-related effort. Al-
though it may have introduced an experimental variable that
may affect differential neuronal recruitment, its significance
for results interpretation depends on what is the critical
variable to equate for (difficulty vs task parameters). We
take up this issue in the Discussion. A single run was
performed for each condition. A 500-ms delay occurred at
the transition to test trials, after which the recognition
probes were displayed. During the recognition phase in the
scanner subjects were instructed to make a “New” or “Old”
response for each probe item by pressing one of two mi-
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Fig. 1. Samples of the shapes used in the nonverbal recognition task. The
surrounding rectangle denotes probe items.

croswitches (left for “New”, right thumb for “Old”). A 6-s
response time limit was imposed, with a premature response
cutoff of 200 ms. Accuracy was emphasized over speed. A
new test probe was displayed immediately following the
button press. “New” and “Old” test probes each occurred
with a frequency of 50%. Test probes were pseudorandom-
ized so that no more than four consecutive trials required the
same response.

Each shape was used only once for each subject. The set
of shapes were designed to have similar characteristics that
varied randomly within given sets of parameters. Looped
shapes were used since their level of complexity made
verbal encoding difficult (Fig. 1). The stimuli were pre-
screened to ensure that they could not be easily given a
name, and a separate screening study established that el-
derly subjects could recognize each shape.

PET scan acquisition

Each condition was initiated 50 s prior to the start of the
scan and continued throughout it. Subjects viewed the shape
stimuli on an overhead monochrome monitor while lying in
a supine position. Scans were separated by 10 min and were
obtained in the following order: scan at rest (eyes closed),
NMC, low demand, and TD.

For each scan, a bolus of 30 mCi H,'°O was injected
intravenously. Scan acquisition was triggered by the detec-
tion of a threshold level of true counts from the camera.
Employing a Siemens EXACT 47 PET camera (Knoxville,
TN), two 30-s scan frames were acquired in 2D mode.
These two frames were subsequently averaged. After mea-
sured attenuation correction (15-min transmission scan) and
reconstruction by filtered back-projection, image resolution
was 4.6 mm full-width at half-maximum (FWHM). Arterial
blood sampling was not conducted; thus only nonquantita-
tive count images (and not absolute rCBF measures) could
be obtained. The use of this nonquantitative measure of
rCBF is a limitation of our study because it necessitates
global normalization (proportional scaling) that restricts in-
ferences to task-related changes relative to the whole brain
average. For economy of notation, proportionally scaled
PET counts are referred to as “rCBF” values, with the
understanding that they are not in physiologic units.

PET data processing

The SPM99 program (Wellcome Department of Neurol-
ogy) was used to implement the following standard steps for
the PET images of each subject:

(1) a mean image was generated

(2) all images were then realigned to the mean image

(3) this mean image was used to determine a spatial
transformation to the PET Montreal Neurologic In-
stitute brain space template included with SPM99

(4) this spatial transformation was then applied to the
individual images

(5) normalized images were smoothed with an isotro-
pic, Gaussian kernel (FWHM = 12 mm)

(6) these images were proportionally scaled by their
global mean

(7) group data were modeled voxel-wise with a sepa-
rate GLM for each pair of conditions (see below for
details of GLM design)

(8) voxel-wise t statistics corresponding to contrasts of
interest were computed

(9) Montreal Neurological Institute coordinates of local
maxima of thresholded (o yecea = 0.05) SPM
(1994) maps were converted to standard Talairach
brain atlas (Talairach and Tarnoux, 1988) coordinates
(via program authored by Matthew Brett; http://
www.mrccbu.cam.ac.uk/Imaging/mnispace.html)
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Table 1
Demographic characteristics, neuropsychological profile, and behavioral-cognitive performance during the experimental paradigm in the two age groups
Young Elderly P Value
Mean (range) Standard Mean (range) Standard
deviation deviation
Age 23 (19-28) 24 71 (59-81) 7 <0.001
Modified Mini Mental 55.7/57 (53-57) 1.1 54.2/57 (48-57) 2.5 <0.035
Status examination
SRT Total recall 58.7 (43-69) 7.1 46.9 (32-63) 7.7 <0.001
SRT Delayed recall 10.3 (7-12) 1.5 6.9 (0-11) 2.9 <0.001
Digit symbol WAIS-R 12.1 (5-17) 3.1 12.7 (9-16) 2.4 0.521
Education 16.7 (13-20) 1.9 15 (7-20) 4.1 0.119
NARTIQ 121.1 (115-127) 3.4 121.1 (101-129) 6.9 0.995
Vocabulary WAIS-R 13.5 (9-15) 1.5 13.8 (9-18) 25 0.671
Accuracy (% correct) 0.78 (0.59-0.89) 0.08 0.72 (0.61-0.84) 0.07 0.051
TD list length 14.1 (5-35) 6.2 7.5 (3-19) 4.8 0.001

Note. Student’s ¢ test was used for P value calculations.

(10) an automated procedure was used to assign an an-
atomic label to these coordinates by searching for
the label associated with the nearest gray matter
coordinate (Lancaster et al., 2000).

General linear model design for PET data

Voxel-wise, multiple regression analyses (Friston et al.,
1995) were performed with proportionally scaled PET
counts as the dependent variable. Due to the paired nature of
the data, the dependent variable for the regression was
equivalent to the difference between TD and NMC test
condition PET counts. This difference was meant to repre-
sent functional activation related to titrated memory perfor-
mance, while subtracting out activity related to basic sen-
sory and motor processing.

The regressions modeled the effects of condition X
CRYV, and condition X group X CRV (as well as all main
effects and lower order interactions which are not presented
in this paper). The condition X CRYV interaction represents
the relationship between CRV and task-related activation
within each group, and assessing it is critical to testing the
hypothesis that CR plays a role in the neurophysiology of
memory in young and healthy elderly populations. The
three-way interaction speaks to the hypothesis that this role
differs between these populations.

Even though the purpose of the titration procedure was to
constrain accuracy at 75% in the TD condition, there were
residual deviations from this target value. Moreover, there
was a modest positive correlation between CRV and subject
accuracy in the TD condition (r = 0.42, P < 0.05). There-
fore, each subjects’s accuracy (expressed as percentage cor-
rect) in the TD condition was included as a nuisance pre-
dictor variable in the regressions to obviate confounding of
CRYV and TD accuracy.

Other nuisance variables were also included which ac-
counted for possible relationships between TD minus NMC
activation and (1) the two other variables yielded by the

principal components analysis of NARTIQ, VOC, and
EDUC (described above) as well as with (2) TD list size.
These predictor variables were orthogonalized with respect
to all the others (Andrade et al., 1999; Zarahn, 2002), as the
purpose of their inclusion was not to avoid confounding but
to explain other possible variance components in the data in
order to increase sensitivity (Friston et al., 1995).

Results
Demographics/behavioral

Subjects’ demographic characteristics, neuropsychologic
profile, and behavioral-cognitive performance during the
experimental paradigm are presented in Table 1. As ex-
pected, young subject memory performance was superior
(SRT total recall and delayed recall). Overall modified Mini
Mental Status Examination score was better for the young
while psychomotor speed (Digit Symbol), although better
for the young, was not statistically different between
groups. Neither EDUC, NARTIQ, VOC, nor CRV (which is
a summary of the former three measures) differed signifi-
cantly between the two groups.

The young were able to achieve a larger TD list size
compared to the elderly (Table 1). The titration procedure
did not work perfectly, however, as there was still a fair
degree of variability in accuracy during the TD condition
within the young and elderly samples. First order effects in
the neuroimaging data of this residual variability in accu-
racy were accounted for by the inclusion of subject accuracy
as a predictor.

PET data
Brain areas where CRV was significantly related to TD

minus NMC PET counts are presented in Table 2 and Fig.
2 and 3. In the young, positive correlations in the right
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Table 2

Areas where significant correlations between brain activation differences (TD-NMC) and CRV were detected (P < 0.05 Bonferroni corrected)

within each age group

Age group Direction of Talairach coordinates T Values Location (Brodmann’s Area)
correlation df = 24)
X y z
Young Positive 22 —26 69 5.8 Right Postcentral Gyrus (3)
65 =57 —6 49 Right Inferior Temporal Gyrus (37)
Negative — — — — —
Old Positive 4 —88 30 4.9 Right Cuneus (19)
0 —44 11 4.7 Posterior Cingulate (29)
30 —78 33 43 Right Cuneus (19)
Negative 55 —40 17 6.5 Right Superior Temporal Gyrus (13)
—36 —6 -1 6.0 Left Claustrum-Insula
38 2 -7 4.8 Right Superior Temporal Gyrus (38)
—48 -39 35 4.8 Left Inferior Parietal Lobule (40)
4 —25 34 5.6 Cingulate Gyrus (31)
48 23 3 4.3 Inferior Frontal Gyrus (47)
—22 =17 —16 4.2 Left Parahippocampal Gyrus

postcentral and inferior temporal gyri were observed. No
negative correlations were noted in the young subjects. In
the elderly, positive correlations in the right cuneus and
posterior cingulate were observed. Negative associations
between CRV and activation were noted in the right supe-
rior temporal gyrus, left claustrum, left inferior parietal
lobule, cigulate, right inferior frontal gyrus, and left para-
hippocampal gyrus.

Table 3 displays brain regions where significant slope
differences between the age groups were detected. Graphic
representations of the slope differences reported in Table 3
are presented in Figs. 4 to 7; the corresponding brain loca-
tions are shown in Figs. 8 and 9. Compared to the young,
elderly subjects had significantly more negative slopes in
the right inferior temporal and postcentral gyri (Figs. 4—6
and 8) and significantly more positive slope in left cuneus
(Figs. 7 and 9). Thus, the results support both that CR
modulates neurophysiological activity within healthy young
and elderly populations and that this effect differs between
the two groups.

Positive Correlations

Discussion

This study was designed to explore the neural implemen-
tation of cognitive reserve in normal aging. The support for
the concept of CR in AD comes from both epidemiological
and resting imaging studies. Epidemiological data suggest
that high education, occupation (Stern et al., 1994), or more
active engagement in intellectual, social, and physical ac-
tivities (Scarmeas et al., 2001; Wilson et al., 2002) is asso-
ciated with decreased risk for incident dementia. AD pa-
tients with high education, occupation, or an engaged
lifestyle can maintain similar clinical deficits to Alzheimer’s
patients with low education, occupation, or a nonengaged
lifestyle despite more severe brain pathology as assessed by
PET (Scarmeas et al., 2002; Stern et al., 1992, 1995).

Similar epidemiological data suggest that CR may oper-
ate similarly in response to the cognitive changes that occur
in normal aging. It has been reported that individuals with
higher levels of intellectual ability, education, and socio-
economic status are more likely to develop an engaged

Fig. 2. Two-dimensional projections (glass brain) of statistical parametric map depicting areas where significant positive correlations between CRV and brain
activation differences (TD-NMC) were noted in the young (P < 0.05 Bonferroni corrected). No negative correlations were observed for the young.
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Positive Correlations
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Fig. 3. Two-dimensional projections (glass brain) of statistical parametric map depicting areas where significant correlations between CRV and brain
activation differences (TD-NMC) were noted in the elderly (P < 0.05 Bonferroni corrected).

lifestyle, which in turn contributes to the maintenance of
verbal intelligence in later life (Gold et al., 1995). In another
study, among other factors, education was related to main-
tenance of intellectual performance in a sample of World
War 1II veterans tested twice over a 40-year period (Ar-
buckle et al., 1992). Low education has been associated with
poor health and function in older adults (Snowdon et al.,
1989a, 1989b) as well as with a faster rate of cognitive
decline (Butler et al., 1996; Nguyen et al., 2002).
Therefore, CR may be viewed as important for coping
with the structural and functional changes that are noted in
the brain’s physiology with “normal aging.” Both postmor-
tem (Esiri, 1994; Kemper, 1994) and in vivo MRI studies
(Raz et al., 1997) have documented loss in brain volume

Table 3

with aging (which might reflect neuronal death or atrophy).
This is more prominent in prefrontal cortex but is present in
other brain areas as well (Raz et al., 1997). White matter
hyperintesities and atrophy are also noted (Raz et al., 1997).
Lipofuscin accrues in neurons (Kemper, 1994), iron is de-
posited mostly in basal ganglia (Martin et al., 1998), and
amyloid plaques and neurofibrillary tangles accumulate
even in normal aging brains (Schochet, 1998). In addition,
cholinergic, serotoninergic, and dopaminergic receptor
losses occur (Strong, 1998). Finally, age-related cerebral
blood flow and metabolism declines have been documented
(de Leon et al., 1984, 1987; Ewing et al., 1989; Gur et al.,
1987; Loessner et al., 1995; Madden and Hoffman, 1997,
Meyer et al., 1993).

Brain areas where regression slopes of CRV against brain activation differences (TD-NMC) were significantly different (P < 0.05 Bonferroni corrected)

among the two age groups

Talairach coordinates

T values (df = 24) Location (Brodmann’s area)

X y z
Young slope more positive (than old slope) 65 =57 —6 5.1 Right Inferior Temporal gyrus (37)
22 —26 69 4.9 Right Postcentral gyrus (3)
8 —26 34 44 Cingulate gyrus (31)
Old slope more positive (than young slope) —26 —86 23 4.5 Left Cuneus (19)
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Titrated Activation difference at 65 -57 -6

-3 2 1 0 1 2
Cognitive Reserve Variable (factor score)

Fig. 4. Voxel-wise multiple regression of CRV (x axis) against TD-NMC
(y axis) for the two age groups in voxel x = 65,y = —57, z = —6 (right
inferior temporal gyrus; Brodmann’s area 37). Young in black circles—solid
regression line, old in white circles—dashed regression line.

Activations in the elderly of areas not engaged by
younger subjects (Anderson et al., 2000; Grady et al., 1994;
Reuter-Lorenz, 2002; Reuter-Lorenz et al., 2000; Logan et
al., 2002; Madden et al., 1999; MclIntosh et al., 1999) has
been interpreted as evidence of brain mechanisms that com-
pensate for the effects of age-related neurophysiological
damage cited above (Cabeza, 2001; Cabeza et al., 2000,
2002). Physiological details and formal neural network
modeling concerning such compensatory mechanisms are
yet to be developed.
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Fig. 5. Voxel-wise multiple regression of CRV (x axis) against TD-NMC
(v axis) for the two age groups in voxel x = 22,y = —26, z = 69 (right
postcentral gyrus; Brodmann’s area 3). Young in black circles—solid re-
gression line, old in white circles—dashed regression line.

6
So
\\

o 47 RN
© N
©
N
! o
© 5]
®
0]
5]
c
k=S
©
c
9O -2
©
2
g
- 4
2
o
F o6 ‘

-3 -2 -1 0 1 2

Cognitive Reserve Variable (factor score)

Fig. 6. Voxel-wise multiple regression of CRV (x axis) against TD-NMC
(y axis) for the two age groups in voxel x = 8, y = —26, z = 69 (cingulate
gyrus; Brodmann’s area 31). Young in black circles—solid regression line,
old in white circles—dashed regression line.

Task difficulty

Increased activation has to be considered under the factor
of increased (for the elderly) task complexity. Several func-
tional imaging studies suggest that a common response to
increasing task difficulty in normal individuals is increased
activation of areas involved in an easier version of the task
and/or the recruitment of additional brain areas (Grady et
al., 1996; Grasby et al., 1994; Gur et al., 1988; Rypma et al.,
1999). Therefore, areas reportedly associated with compen-
satory activation that have been identified in experiments

Titrated Activation difference at -26 -86 23

Cognitive Reserve Variable (factor score)

Fig. 7. Voxel-wise multiple regression of cognitive reserve variable (x axis)
against TA (y axis) for the two age groups in voxel x = =26,y = —86, z
= 23 (left cuneus; Brodmann’s area 19). Young in black circles—solid
regression line, old in white circles—dashed regression line.
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Fig. 8. Two-dimensional projections (glass brain) of statistical parametric
map depicting areas where regression slopes of CRV against brain activa-
tion differences (TD-NMC) were significantly more positive in the young
than the elderly (P < 0.05 Bonferroni corrected).

with uncontrolled task difficulty may reflect modulation of
the same network in response to age-differential difficulty
rather than compensatory recruitment.

Some functional imaging studies have been carefully
designed to ensure that observed group differences are not
simply a function of task difficulty. These efforts have
involved either using high-functioning subjects who behav-
iorally perform as well as the control group (Cabeza et al.,
1997, 2002) or by tailoring each subject’s task demands to
a fixed performance (Stern et al., 2000). We adopted the
latter approach by titrating shape list size during the exper-
iment such that recognition accuracy was about 75% for
each individual subject. Although the titration was success-
ful (average percentage correct was 78% for the young and
72% for the elderly), there were residual deviations from
this target value (range of accuracy was 59-89% for the
young and 61-84% for the elderly). Moreover, there was a
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modest positive correlation between CRV and subject ac-
curacy in the TD condition (r = 0.42, P < 0.05). Therefore,
we additionally controlled for these residual accuracy dif-
ferences by including it as a predictor in the regression
analyses. This was intended to ensure that any observed
associations between CRV and brain activation were not (to
a first approximation) attributable to residual differences in
task difficulty across subjects.

It could be argued that an inherent weakness of an ex-
perimental design that controls for task difficulty is that it
inevitably results in different subjects engaging different
levels or intensities of cognitive processing. This argument,
though intuitively compelling, is self-contradicting in its
most primitive interpretation. If difficulty is the critical
variable to equate between subjects, then this implies that
the value of superficial task parameters (e.g., the size of the
shape list or stimuli presentation time) per se is not. This
study did not address which variable is most important.
Therefore, we feel our results should be interpreted only in
the context of matched difficulty.

Slopes of CRV on rCBF vs mean rCBF effects

Most brain imaging studies have used mean activation
differences in order to identify areas that participate in
various cognitive tasks. Different mean activation patterns
between young and old have been shown in multiple epi-
sodic memory PET or fMRI experiments (for review see
Cabeza, 2001). In the current study, there was no overlap
between brain areas that evinced mean TD minus NMC
activation and areas where correlations with CRV were
observed [data not shown here, but are the main focus of
another paper (Anderson et al., in preparation)]. It is plau-
sible that all the above brain areas (both arecas where mean
differences are noted and areas evincing correlations) par-
ticipate in the task but they may do so in a functionally
different way. Areas where mean differences are detected
may tend to be activated by subjects in a somewhat uniform,
generic way irrespective of a subject’s individual character-
istics. Areas with significant slopes are differentially acti-
vated as a function of CR, and so might not tend to be
detected as mean changes. The analyses conducted in the
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Fig. 9. Two-dimensional projections (glass brain) of statistical parametric map depicting areas where regression slopes of CRV against brain activation
differences (TD-NMC) were significantly more positive in the elderly than the young (P < 0.05 Bonferroni corrected).
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present study provide a first approximation of how age-
associated changes might be related to factors that are as-
sociated with cognitive reserve. It is plausible to hypothe-
size that areas where slope differences were noted may be
part of the neural implementation of CR.

In both the young and the old groups, we noted areas
where there was a systematic relationship between CR and
brain activation. These correlations support a basic tenet of
the CR hypothesis; that is, individual subjects process tasks
differently as a function of CR. This may help explain
individual differences in capacity in young or old individ-
uals, and may underlie reserve against age-related changes
in the elderly.

We identified areas where systematic relationships be-
tween cognitive reserve and brain activation differed as a
function of aging. We observed three patterns of slope
differences: (1) regions with positive slopes for the elderly
and much more positive slopes for the young (e.g., Fig. 5);
(2) regions with negative slopes for the elderly and positive
slopes for the young (e.g., Figs. 4 and 6); and (3) regions
with positive slopes for the elderly and negative slopes for
the young (e.g., Fig. 7). In order to formulate hypotheses to
explain the different observed patterns of slope differences,
we assumed the following premises: (1) healthy subjects’
activation represents optimal normal brain function while
aging can cause deviations from this standard due to age-
related physiological changes; (2) higher reserve is associ-
ated with more efficient or optimal patterns of brain activa-
tion.

Given these assumptions, pattern 1 might represent an
early effect of age-related changes, where high-reserve
young subjects are more capable of activating specific brain
areas than old subjects with high reserve. In this case,
activation of this brain area is the most adaptive or efficient
response to the challenge of the TD condition. The effect of
aging in this case has been to reduce the ability to activate
this area, while the optimal utilization of the area (i.e.,
increased activation) remains comparable. The reserve-re-
lated network remains comparable in the two groups, but
aging may have affected the ability to invoke it.

Although activation of postcentral gyrus is not a com-
mon observation in studies of human memory, it has been
reported to participate in face—name encoding tasks (Her-
holz et al., 2001). It was also reported to participate in a
delayed match to sample face working memory task (Grady
et al., 1998b), but equivalent changes in activity with in-
creasing delay were noted for young and elderly subjects.
On the contrary, word pair encoding activation in postcen-
tral gyrus has been reported to be significantly stronger in
young compared to elderly subjects (Cabeza et al., 1997).
There are recent monkey studies suggesting that some so-
matosensory cells appear to retain visual information, sug-
gesting that nontactile—visual stimuli have access to somato-
sensory cortical networks through visuohaptic associations
established by behavioral training (Zhou and Fuster, 2000).
In addition, vision has been recently shown to modulate

somatosensory cortex activity as measured by somatosen-
sory event-related potentials in humans (Taylor-Clarke et
al., 2002). It is conceivable (although speculative) that CR
is associated with visual—tactile multimodal processing and
that the observed slope difference in the postcentral gyrus
represents age-related decline in such visuohaptic associa-
tion networks.

In a brain area where pattern 1 is noted we could hy-
pothesize that the lower the brain activation, the more the
deviation from optimal. The slope difference in this area is
mostly a result of the significant positive correlation for the
young (see within-group comparisons; see Table 2). The
directionality of the association did not change with aging (a
positive correlation between CRV and brain activation still
existed also for the old). For each additional unit of CRV
both the young and the old activate more; however, the
elderly less so compared to the young. Old subjects with
higher cognitive reserve are still able to activate this area
more compared to age-matched peers with lower cognitive
reserve; however, the activation per unit of CRV in the
elderly is not as pronounced as in the young. We could
therefore hypothesize that the higher-reserve old subjects
will be more able to tolerate a subsequent disruption due to
aging or AD pathologic insult.

Pattern 2 is noted at the right lateral temporal and cin-
gulate gyri. Right lateral temporal activations are associated
with object, facial, and spatial/motion perception, object
working memory, and visual episodic memory encoding
(Cabeza and Nyberg, 2000). It was the significant positive
association between CRV and brain activation in the young
group in contrast to a nonsignificant negative correlation for
the older group (Table 2) that produced the significant slope
difference in the right lateral temporal region (Fig. 5). Right
lateral temporal parietal activation in the young but not in
the old, during episodic retrieval and in particular during
temporal order retrieval, has been noted in previous studies
(Cabeza et al., 1997, 2000). We can therefore hypothesize
that in this right temporal location, with aging, a loss of a
positive association (increased activation with increasing
cognitive reserve) seems to take place; this is replaced by a
weak deactivation with increasing cognitive reserve.

The cingulate gyrus seems to play a role in episodic
memory retrieval (Cabeza and Nyberg, 2000). High-resolu-
tion EEG mapping studies have associated cingulate cortex
involvements with increasing task difficulty (memory load)
in working memory tasks (Gevins et al., 1997). Along the
same lines, fMRI studies have reported cingulate activations
with increasing volitional amount of effort during visual
choice reaction tasks (Winterer et al., 2002). Age-related
differences in mean cingulate activations have been noted in
previous studies (Cabeza et al., 1997). Decreased cingulate
activation in the elderly has been shown for both episodic
memory encoding and retrieval processes (Madden et al.,
1999). Young subjects have also been shown to activate
posterior cingulate regions during episodic memory re-
trieval under full attention (Anderson et al., 2000). During
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face memory tasks, young but not old subjects have been
shown to invoke posterior cingulate regions (Grady et al.,
1998a). The slope differences in this area are mostly a result
of the significant negative correlation for the elderly (while
a nonsignificant positive correlation existed for the young in
the within-group comparisons; see Table 2). Aging seems to
result in an significant deactivation of the posterior cingu-
late for increasing cognitive reserve, which replaces a weak
positive association for young (increased activation for in-
creasing CRV).

The opposite pattern (pattern 3) was noted in left cuneus:
the higher the CRV the more elderly subjects were engaging
these areas (and the more the young were disengaging).
Although many studies support an age-associated reduction
in mean occipital activations in the elderly, there are reports
of increased mean left occipital Brodman area 19 activa-
tions in the elderly compared to the young during location
matching perceptual tasks (Grady et al., 1994), delayed
facial memory matching tasks (Grady et al., 1998a), and
episodic memory encoding and retrieval tasks (Anderson et
al., 2000).

In contrast to pattern 1, patterns 2 and 3 could represent
situations where the increasing levels of reserve are associ-
ated with opposite direction of activation in the young and
old groups. For example, in pattern 2, young subjects show
increased activation of a brain area as a function of CR
while there is a negative relation with CR in the old sub-
jects. Given the assumptions stated above, the old, high-CR
subjects are showing the optimal response in the face of
aging. However, this optimal response differs from that
noted in the young subjects. This suggests that this brain
area is a locus for compensatory reorganization of brain
function in the face of age-related changes. In order for the
aged brain to perform optimally, it must utilize some brain
areas in a different manner. This meets the formal definition
for compensation that we have suggested (Stern, 2002): an
alteration in brain function results in a change in network
expression that is intended to maintain optimal function.

The approach taken here of comparing slopes across the
old and young subjects differs markedly from previous
studies in the literature that investigated group differences
in mean activation. To our knowledge, correlations between
brain activation and CRV have not been reported in the
literature. One should therefore keep in mind the limitations
of our attempt to functionally interpret brain areas identified
with the current approach: it is based on information from
studies that evaluated mean activation differences as op-
posed to our current approach. Further, the TD condition
(after cognitive subtraction of the NMC condition) is likely
to make demands on networks mediating working memory
processes, episodic memory encoding, storage, and re-
trieval. Given the nature of PET data, it was not possible to
separate the effects of different cognitive processes taking
place during the task. This hinders comparison with other
studies of encoding or retrieval in aging.

The current analyses point to brain areas where there

may be reorganization of brain responses as a response to
aging. As a test of the concept of CR, the results demon-
strate that there are differences in this reorganization as a
function of the CR variable. This is a first step toward
understanding the neural implementation of reserve and
compensation.
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