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Abstract

Cognitive reserve (CR) has been established as a mechanism that can explain individual differencesin the clinical manifestation of neural
changes associated with aging or neurodegenerative diseases. CR may represent individual differences in how tasks are processed (i.e.,
differences in the component processes), or in the underlying neural circuitry (of the component processes). CR may be afunction of innate
differences or differential life experiences. To investigate to what extent CR can account for individua differences in brain activation and
task performance, we used fMRI to image healthy young individuals while performing a nonverbal memory task. We used 1Q estimates as
aproxy for CR. During both study and test phase of the task, we identified regional covariance patterns whose change in subject expression
across two task conditions correlated with performance and CR. Common brain regionsin both activation patterns were suggestive of abrain
network previously found to underlie overt and covert shifts of spatia attention. After partialing out the influence of task performance
variables, this network still showed an association with the CR, i.e., there were reserve-related physiological differences that presumably
would persist were there no subject differencesin task performance. This suggests that this network may represent a neural correlate of CR.

© 2003 Elsevier Inc. All rights reserved.

Introduction

Severa studies have suggested that differential suscep-
tibility to age-related memory changes and dementia is
related to variables such as education and 1Q (Elias et al.,
2000; Qiu et a., 2001; Scarmeas et al., 2001; Schmand et
al., 1997). These studies provide epidemiological evidence
for the presence of cognitive reserve (CR), where subjects
with greater reserve may show less severe effects of the
aging process. Cognitive reserve may represent individual
differences in how tasks are processed (i.e., differences in
the component processes), or in the underlying neura cir-
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cuitry (of the component processes). These differences may
result from innate differences in intelligence or they may be
acquired through life events such as educational or occupa-
tional experience. Different levels of reserve would result in
some subjects being less susceptible to the effects of aging
or pathology than others (Stern, 2002; Stern et a., 2003).

In this scheme, CR would be equally present in similarly
aged individuals who are unaffected by any disease pathol-
ogy. In contrast to the epidemiologic literature, recent cog-
nitive neuroimaging research dealing with the aging process
(Cabeza et al., 1997a,b; Reuter-Lorenz, 2002; Stern et al.,
2000) highlighted many age-related differences in brain
activation, but did not explicitly relate these findings to CR.
To our knowledge there is only one study so far (Scarmeas
et al., 2003) that could associate age-related differences
between young and elderly with CR.

Prompted by the finding of a relation between CR and
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age-related activation differences between age groups, we
asked whether CR might also affect differencesin activation
within one age group and potentially account for variability
that is routinely observed during performance of cognitive
neuroi maging tasks. Focusing on one age group should keep
the cumulative CR aspect of life experience constant, while
allowing an investigation of the innate component of CR
that is aready present at low age. In particular, young
subjects would be expected to show differences in neural
activation during task processing that might be related to
differencesin CR measures such as 1Q or education. Rather
than focusing on differences in functional connectivity
across groups (Cabeza et al., 1997a, 2002; Grady et al.,
1999), we set out to map out commonalties in functional
connectivity within a group of health young adults. We
predicted that the level of expression of the same activation
pattern would be related to the level of CR in each subject.

We used fMRI to examine healthy young adults during
performance of a nonverbal serial recognition test. There
were two task conditions. The low demand (L) condition
required encoding and recognition of single items. The
titrated demand (T) condition required the subject to encode
alarger list of items. Prior to scanning, this study list size
(SLS) was adjusted for each subject, such that recognition
accuracy was 75%. This procedure was intended to control
for task difficulty, matching difficulty across subjects. Our
intention was to explore how individua differences in mea-
sured CR are related to changes in expression of a reserve-
and task-related brain network from the low to the titrated
demand task.

We have previously reported univariate General Linear
Model (GLM) analyses (Stern et a., 2003) that demon-
strated a correlation between |Q and task-related activation
differences between low and titrated demand conditions. In
contrast, the regional covariance analysis employed in this
paper first aimed to identify a network that underlies task
performance in the experiment. We then determined
whether individual expression of this network differed as a
function of our reserve variables. Therefore, our method
offers a more parsimonious account than the different vox-
els identified on the sole basis of the correlation of their
activation with CR variables in the univariate analysis.
Specifically, a task-related network whose expression aso
correlates with CR would provide a more convincing dem-
onstration of having isolated a true neural substrate of CR
via manipulation through an experimental design. The
type-l error of erroneously detecting such a confluence of
factors should be smaller than in univariate analyses where
voxels of CR-related activation might bear no relationship
to the task performed in the cognitive experiment.

Because univariate and multivariate analyses are truly
complementary and focus on different signatures of the
BOLD signd, it is difficult to judge whether they give
congruent or incongruent results on the basis of statistically
significant voxels identified in both analyses. For a scenario
of very good experimental control it might be conceivable

that a covariance pattern can be isolated whose highest
voxel weights also exhibit significant group differencesin a
univariate analysis. However, the converse seems to be true
more often: when several cognitive processes are simulta-
neously operational, only one of which is successfully ma-
nipulated by the experimental design, univariate and multi-
variate analyses might identify different brain regions. This
is understandable given their different premises.

M ethods

Seventeen healthy young adults between the ages of 21
and 30 participated. All subjects were carefully screened to
ensure that they had no neurological or psychiatric disease.
All subjects were right-handed. Informed consent was ob-
tained after the nature and risks of the study were explained.

Reserve indices

Three variables were used as proxy measures for each
subject’slevel of CR: years of education, and two indices of
intelligence, the score on the New Adult Reading Test
(NART)—North American version, and age-scaled score on
the vocabulary subtest of the Wechsler Adult Intelligence
Scale—Revised (WAIS-R). The two later tests are consid-
ered to be good estimates of verbal 1Q.

Activation task conditions

Two conditions of a continuous performance nonverbal
recognition test were considered in the current analysis. The
basic task consisted of the serial presentation of one or more
single unnamable shapes, followed by a series of the same
number of recognition probes. The probes were distin-
guished from study items by a circumscribed rectangular
frame. Study shapes were displayed for aduration of 4 s. A
500 ms delay occurred at the transition to test trials, after
which the recognition probes were displayed. A subject was
instructed to make a“new” or “old” response for each probe
item by pressing one of two buttons with the right or left
finger. A LUMItouch optical device that was appropriate for
use in a MRI setting was used for this purpose. A 6-s
response time limit was imposed, with a premature response
cutoff time of 200 ms. Accuracy was stressed over speed. A
new test probe was displayed at the end of the response time
limit. New and old test probes occurred with the frequency
of 50%. Test probes were pseudorandomized so that no
more than four consecutive trials required the same re-
sponse.

Each shape was used only once for each subject. Shapes
were designed to have similar characteristics that varied
randomly within given sets of parameters. Loop shapes
were used because their level of complexity made verbal
encoding difficult (Fig. 1). The stimuli were prescreened to
ensure that they could not easily be given a name.
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Fig. 1. Examples of loop shapes used as stimuli in the nonverba memory task.

In the low demand condition, the study list size was 1
(i.e., one study shape followed by one recognition probe).
The titrated demand condition used an SL S that was prede-
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termined to dlicit a recognition accuracy of 75% for the
subject being tested. Prior to the fMRI scan, each subject
completed a standardized training session and then two
15-min titration sessions. During these sessions, the partic-
ular SLS value at which the subject achieved 75% accuracy
was determined using a staircase method of SLS adjust-
ment. This SLS value was then used in the titrated demand
condition on the day of the scan.

fMRI scan acquisition

Three 8-min task blocks were run. Within each 8-min
block, 4 min were devoted to the titrated demand condition
allowing 60 stimulus presentations (events) in total for both
study and test. The number of events for the individual phases
of the T condition therefore varies according to the achieved
list length at which the subject reaches an accuracy of 75%; the
net number of events in the T condition can be different for
study and test phase. There were 60 events available for the T
condition; if, say a subject has a study list length of 15, this
gives room for two study and two test sessions of 15 epochs
each. If the subject has a list length of 16, this gives room for
two study sessions of 16 eventseach, aswell asonetest session
of 16 events and a truncated test sesson of 12 events. A
separate task that is unrelated to the current report was aways
interpolated between T and L task. This task took 2 min. The
remaining 2 min were devoted to the low demand task, which
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Fig. 2. Study phase: expression of covariance pattern found during study. (A) Increase in subject expression from L to T condition for 15 of 17 subjects;
negative correlation of this increase in expression with (B) NARTIQ, (C) SLS, and (D) reaction time increase from L to T.
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Fig. 3. Glass-brain projection views of positive and negative regional weights whose contribution to the covariance pattern is significant at P < 0.05 as
ascertained by a bootstrap test. The anatomical loci are listed in Table 1. Positive weights are shown in the upper part, negative weights in the lower part

of the figure.

Fig. 6. Positive and negative regional weights whose contribution to the second principal component is significant at P < 0.05 as ascertained by a bootstrap
test. The anatomical loci are listed in Table 2. Positive weights are shown in the upper part, negative weights in the lower part of the figure. The positive
weights of this topography contain parts of the positive weights of the study phase network and vice versa

allowed seven events in the study and the test phase, respec-
tively. A series of “blanks’ (presentations of a bare cross hair)
were randomly inserted into the study and test sequence for

fMRI analytic purposes.
MRI data acquisition

Functional images were acquired using the 1.5 Teda
magnetic resonance scanner (General Electric) retrofitted

for echoplanar imaging. A gradient echo EPI sequence (TE
= 50 ms; TR = 3 s flip angle = 90°) and a standard
quadrature head coil was used to acquire T2* weighted
images with an in-plane resolution of 3.124 mm X 3.124
mm (64 X 64 matrix; 20 cm? field of view). Based on T,
“scout” images, 15 to 17 8-mm transaxia slices were ac-
quired. Following the fMRI runs, ahigh resolution T, image
a the same dlice locations used in the fMRI run was ac-
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Fig. 4. Correlation between NARTIQ and the residuals of the study topography’s expression after removal of the influence of SLS and reaction difference
T-L. The correlation is still significant, hinting at a pure association between CR and brain activation from L to T.

quired using a fast spin echo sequence [TE = 105 ms; TR
= 2500 ms; 256 X 256 matrix; 20 cm? field of view].

fMRI processing

All image processing and analysis were done using the
statistical parametric mapping program (SPM 99, Wellcome
Department of Cognitive Neurology) and other code written
in Matlab 5.3 (Mathworks, Natick, MA). FMRI data were
corrected for order of dlice acquisition. All functional vol-
umes in a given subject were realigned to the first volume
from the first run of each study and SINC interpolation was
used to redice the images. The T, high-resolution anatom-
ical image was then coregistered to the aligned mean func-
tional volume, using the mutual information coregistration
algorithm implemented in SPM 99. This coregistered high
resolution image was then used to determine nonlinear spa-
tial normalization (7 X 8 X 7 nonlinear basis functions)
parameters for a transformation into a Talairach standard
space defined by the Montreal Neurological Institute tem-
plate brains applied with SPM 99. These normalization
parameters were then applied to the functional data.

Contrasts assess the amplitudes (at every voxe in the
image) of the components of the event-related responses
that matched a canonical hemodynamic response waveform
(a sum of two gamma functions, as specified in the SPM99
program). That is, the contrast weights for the Fourier pre-
dictor variables were chosen such that the resulting linear

combination of the parameter estimates was an estimate of
the desired linear combination of canonica hemodynamic
response amplitudes (Zarahn, 2000, 2002). Modeling the
time course of the hemodynamic response and computing
its overlap with each voxel’s activation time series in this
way reduces the number of images to one per subject per
condition, and thus makes a multivariate analysis feasible
(which otherwise would be computationally impractical) at
the population level. The within-subject contrast images
entered into the multivariate analysis were the following: L
vs blank trials and T vs blank trials. Study and test phases
were analyzed separately.

Regional covariance analysis

Ordina Trend Canonical Variates Analysis (OrT CVA)
(Habeck et a., 2002) was performed on the data. This
analysis is methodologically similar to other current re-
gional covariance analyses techniques (Alexander et al.,
1999; MclIntosh et a., 1996; Wordley et a., 1997) and was
designed to identify a covariance pattern that shows an
ordinal trend, i.e., whose expression increases from the L to
T condition for as many subjects as possible To achievethis,
selected principal components from the covariance decom-
position of subjects L + T data serve as predictors in a
discriminant analysis that constructs a linear combination
network whose expression differs maximally on the mean
between the L and T condition. Which specific principal
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Fig. 5. Test phase: expression of principal components 2, 3, and 4 obtained, and the correlation of their increase in expression from L to T condition with

reaction time increase, CR variables, and SLS, respectively.

components, PC;-PC, K = 1 ... 6, are included in the
discriminant analysis, was decided on the basis of the
Akaike information criterion (AIC) for best model selection
(Burnham and Anderson, 2002). Consistent increase in ex-
pression of a network across the two conditions by the
majority of subjects provides evidence of the neura re-
sponse to the increasing demand from L to T condition, and
therefore links the derived network more unequivocally to
the experimental design. The number of subjects violating
the rule of increasing expression from L to T can be used a
statistic to test the null hypothesis and to check for the
presence of an ordinal trend (Habeck et al., 2002). The
analysis was performed separately on data from the study
and test conditions.

Once a covariance pattern was identified that systemat-
icaly increased in expression from low to titrated demand,
we examined the correlation between individual subjects
change in network expression across the two conditions and
their scores on the CR proxy measures.

Covariance patterns assign different regional weights to
al regional resolution elements (RESELSs) included in the
analysis, depending on the salience of their covariance con-
tribution. Positive weights (or saliences) imply increasing
activation with increasing subject expression of a covari-
ance pattern, while negative voxel weights imply simulta-
neous decreasing activation with increasing subject expres-
sion. This explains how greater subject expression of a
covariance pattern accounts for both simultaneous increased

and decreased activation at locations of oppositely signed
saliences.

Whether its regional weight is reliable (=reliably differ-
ent from zero) is assessed by a bootstrap estimation proce-
dure (Efron and Tibshirani, 1994) for every voxel. This
involved sampling from the subject pool with replacement
and repeating the analysis steps that yielded the point esti-
mate results on the resampled data many times (>500
iterations). This procedure provides an estimate of the vari-
ability of the regional weights in the topography. Smaller
variability about its point estimate value indicates that a
regional weight is more stable, i.e., its contribution to the
covariance pattern can be better generalized to the popula-
tion from which the subject sample was drawn.

As an indication of a stable regional contribution to the
covariance pattern, we required the ratio of the point esti-
mate w to the standard deviation of the resampled estimates
S, the inverse coefficient of variation (ICV), to fulfill the
relationship

w
e
Sy

Interpreting the ratio of point estimate to its standard devi-
ation as a normally distributed variable means the above
equations fulfils the one-tailed requirement of P < 0.05.
This should be interpreted as a descriptive estimation of
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Table 1
Positive and negative weights according to bootstrap criterion in the topography obtained during the study phase (one-tailed P < 0.05)
X Y z Level 3 Level 4
Positive weights
8 —67 -20 Declive *
23 —63 —24 Culmen *
25 —54 —-22 Culmen *
Negative weights
63 —43 -1 Middle temporal gyrus *
32 21 -6 Inferior frontal gyrus *
-2 —48 50 Precuneus Brodmann area 7
6 -10 0 Thalamus *
—4 -7 6 Thalamus *
2 2 39 Cingulate gyrus *
42 16 1 Insula Brodmann area 13
0 7 29* *
6 -11 13 Thalamus Medial dorsal nucleus
-30 19 -4 Inferior frontal gyrus Brodmann area 47

reliability, rather than a formal test of significance, which
would have to proceed in a two-tailed manner.

Once a topography is identified in the analysis of one
data set, it can be applied prospectively to any other data set,
even if that data set was not part of the origina analysis
itself. The topography identified in the study phase was
applied to the data of the test phase to see whether its
expression also correlated with CR variables.

Results
Sudy phase

OrT CVA was performed on the combined data from
study conditions L and T. Thefirst six principal components
served as predictors in a discriminant analysis that probed
for alinear combination network whose expression differed
maximally on the mean between the L and T condition.
Although this multiple linear regression model was not
significant itself (P = 0.20), it yielded the lowest number of
subject exceptions (two exceptions) to the rule of increasing
expression from L to T, and the lowest value of the Akaike
information criterion. Change in expression of the resulting
topography from L to T aso correlated significantly with
both the CR proxy variable NARTIQ (R? = 0.24, P < 0.05)
as well as performance variables SLS and reaction time
difference between T and L at test (R? = 0.25, P < 0.05 and
R? = 0.25, P < 0.05, respectively), providing additional
confirmation of having isolated a meaningful neural corre-
late of task performance.

Fig. 2A-D shows the increase in expression fromL to T
condition and its relationship with functional variables. Fif-
teen of 17 subjects increased their expression of the covari-
ance pattern in the transition from L to T condition (Fig.
2A). The larger the increases of T-L in expression of the
covariance pattern, the lower the NARTIQ measures (Fig.

2B), list lengths (SLS) (Fig. 2C) at study, aswell asreaction
time increases from the L to the T test (Fig. 2D). We
checked whether NARTIQ was correlated with any of the
performance measures, but only found nonsignificant cor-
relations: R? (NARTIQ,SLS) = 0.023; R? (NARTIQ, RT
T-L) = 0.010. NARTIQ was the only CR measure that
correlated with the T-L difference in pattern expression
(correlation with age-scaled vocabulary score: R? = 0.1096;
correlation with years of education: R = 0.0001).

Stability of the regional weights in the topography was
assessed according to the bootstrap estimation procedure
outlined above.

Fig. 3 (and Table 1) shows positive and negative regional
weights that fulfil the requirement of stability in the boot-
strap estimation procedure. Positive weights, whose associ-
ated activation increases with increasing subject expression
of the covariance pattern and which therefore increase in
activation from L to T condition for the majority of the
subjects, were found in cerebellar locations. Negative
weights (associated with decreased activation in T com-
pared to L) were obtained in Brodmann area 7 (precuneus),
anterior cingulate gyrus, bilateral thalamus, right insula,
right middle temporal gyrus, and bilateral inferior frontal
gyrus.

In summary, most subjects increased the expression of a
covariance pattern from L to T condition. Thisincrease was,
however, not beneficial for performance; to the contrary,
less increase in the topography’s increase in expression
correlated with better performance. Furthermore, subjects
with higher NARTIQ showed lessincreasein the expression
of this topography across the two conditions.

Although the topography obtained during the study
phase exhibited simultaneous good correlation with both
reserve and performance variables, we can remove the in-
fluence of RT and SLS from the expression differences of
the pattern to probe for a“pure” association with CR. (SLS
and RT are already uncorrelated with NARTIQ, and there-
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Table 2
Positive and negative weights according to bootstrap criterion in PC2 during test phase (one-tailed P < 0.05)
X Y z Level 3 Level 4
Positive weights
0 —64 -32 Uvula of vermis *
—-32 —45 -16
—-30 —38 —13 Fusiform gyrus *
—24 -35 -7 Parahippocampal gyrus *
40 -55 -14 Fusiform gyrus *
34 7 —10 Extranuclear *
-32 -63 -17 Declive *
30 =71 -30 Tuber *
18 —42 -20 Culmen *
28 —-22 -14 Parahippocampal gyrus *
24 17 -18 Inferior frontal gyrus *
Negative weights
-4 -18 36 Cingulate gyrus Brodmann area 24
-6 -27 36 Cingulate gyrus *
-6 -25 a4 Paracentral lobule *
—57 -30 20 Superior temporal gyrus *
—48 —-28 18 Insula Brodmann area 13
4 —46 45 Precuneus Brodmann area 7
34 -15 4 Extranuclear *
-4 -83 6 Cuneus Brodmann area 17
8 -35 39 Cingulate gyrus *
—-49 6 -2 Superior temporal gyrus Brodmann area 22
38 4 3 Insula *
—42 6 -5 Insula Brodmann area 13
—40 -2 -3 Insula Brodmann area 13
4 -29 40 Cingulate gyrus Brodmann area 31
-14 14 5 Caudate Caudate head
—42 -15 12 Insula Brodmann area 13
44 -6 -1 Insula Brodmann area 13
53 —53 23 Supramarginal gyrus *
50 —65 20 Middle tempora gyrus *
59 —-24 20 Postcentral gyrus *
-30 19 -1 Extranuclear *
6 17 30 Cingulate gyrus Brodmann area 32
18 —62 12 Posterior cingulate *

fore need not be removed from it.) The residuals still exhibit
a significant correlation with NARTIQ (R? = 0.22, P <
0.05) and the sign of the correlation remained the same

(Fig. 4).
Test phase

Again, OrT/CV A was used on the combined data from L
and T conditions. Performance and neuropsychological
variables also had meaningful associations with brain acti-
vation during the test phase, athough they could not be
integrated into one parsimonious covariance pattern as in
the study phase. The difference in the second principal
component’s expression between T and L condition corre-
lated negatively with the reaction time difference between T
and L condition (R = 0.24, P < 0.05, Fig. 5A). (See also
Table 2.) The third principal component’s difference in
expression correlated with the age-scaled vocabulary score
(R? = 0.32, P < 0.05, Fig. 5D) and yielded a marginal

correlation with the NARTIQ (R = 0.22, P = 0.06, Fig.
5B), while the fourth principal component’s difference in
expression correlated with SLS in the T condition (R? =
0.36, P < 0.01, Fig. 5C). None of these principal compo-
nents showed a statistically significant ordinal trend in their
subject—task expression as in the study phase.

This dissociation of networks associated with reaction
time difference T-L, CR variables (NARTIQ, Vocab-
Agesc), and SLS is accompanied by a lack of significant
regional weights in the bootstrap estimation procedure for
principa components 3 and 4. Thus, athough we could
establish significant global associations between NARTIQ
and SLS on the one hand and brain activation on the other,
these associations could not be localized to specific RESELs
with a one-tailed P-level P < 0.1. The associations re-
mained strictly between pattern expression and behavioral
variables.

We could establish robust regional contributions to the
second principal component ([ICV| > 1.64). Therefore, the



C. Habeck et al. / Neurolmage 20 (2003) 1723-1733 1731

130
.‘_"h_
..
- o
—
125} a0y ®
T ® e
"‘*-m.._ [ ] @
\
S—
120} T e
® o -“1"*\\_\
o ® o -2
—_ ..
= L"‘*-\_‘
% 115} » i TN
=
R?=0.23,p<0.05

1101

1051 ®

100 L 1 1 1 I L

L L
-0.25 -0.2 -0.15 -0.1 -0.05

J
0.05 0.1 0.15 0.2 0.25

Expression difference T-L of dyadic pattern during test phases

Fig. 7. Correlation between NARTIQ and the expression difference T-L obtained by applying the topography found during the study phase prospectively to
the test phase. When SLS and reaction time difference RT T-L were partialed out, the correlation worsened slightly to R? = 0.21, P = 0.06 (graph not shown).

reaction time increase from L to T condition was associated
with a significant portion of the variance in the neural data,
while also permitting robust inference of the regional acti-
vation pattern.

Anatomical loci of principal component 2 whose re-
gional weights fulfil the robustness requirement for the
bootstrap resampling procedure included those of the co-
variance pattern found during the study phase (see Fig. 6).
Changes of activation at loci that had stable regional
weights for both topographies showed the same direction-
ality in their correlation with the reaction time increase from
L to T during test.

Connections between study and test phase

We prospectively applied the topography derived in the
study phase to data from the test phase. The difference in
expression T-L in the test phase correlated significantly with
NARTIQ (Fig. 7) and also displayed an ordina trend (four
subject exceptions, P < 0.05).

Thus, despite the difficulty in identifying a single net-
work in the data collected during the test phase, the expres-
sion difference T-L of the pattern obtained during the study
phase was also a measure of CR for these data. The corre-
lation worsened dightly when SLS and RT T-L were par-
tialed out from the expression difference T-L: R? = 0.21, P
= 0.06. Furthermore, we also obtained a significant corre-
lation between the expression difference T-L of the topog-

raphy during study and the prospective application during
test (R? = 0.43, P < 0.01). These findings indicate gener-
alizability of the study topography beyond the data from the
study phase of this experiment.

Discussion

Activation patterns were recovered from the study and
test phases using regional covariance methods. In each ac-
tivation pattern, the change in pattern expression with in-
creased cognitive load correlated with subject memory per-
formance and CR variables.

The study phase revealed an activation pattern that ex-
hibited an ordinal trend, i.e., increasing subject expression
for 15 of 17 subjects from L to T condition, and was
associated with CR, i.e., showing greater changesin expres-
sion for individuals with lower CR. This activation pattern
offers a parsimonious account for both performance and CR
variables: change in network expression across the L and
T conditions correlated significantly with RT, SLS, and
NARTIQ. Subjects who activated this network the most in
their transition from L to T condition were capable of
working only with the lowest SLS and had the lowest levels
of the CR (lower NARTIQ). In addition, they showed the
least increase from L to T in reaction time at test, possibly
because they have to search through a smaller array of
successfully remembered shape items. These results are
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congruent with those of a GLM univariate analysis (Stern et
al., 2003) which established significant correlation of the
T-L activation maps with the reserve variable 1Q in several
locations during both study and test. In the computation of
these brain maps, SLS and reaction time difference T-L
were partialed out from the T-L difference data in order to
isolate a pure association between CR (1Q) and brain acti-
vation. For the same reasons, we removed the influence of
RT and SLS from the expression differences of the study
topography. The residuals still exhibited a significant cor-
relation with NARTIQ. Thus, network expression is related
to CR in a manner that is independent of actual task per-
formance.

In the analysis of the test phase, no single activation
pattern was associated with task performance and CR. In
particular, no ordinal trend could be detected asin the study
phase. Instead, three separate principal components were
noted that related to CR and performance in different ways.
The second principle component contained some of the
same brain areas that were noted in the network isolated
during the study phase. Increased expression of this network
from L to T correlated with decreased reaction time differ-
ences. Furthermore, the network aso included the parahip-
pcompal and lingual gyri, whose increase in activation from
L to T correlated negatively with the reaction time increase.

Change in expression from L to T in principal compo-
nent 3 correlated with age-scaled vocabulary scores and
marginally with NARTIQ, both indices of CR. Change in
expression from L to T in principal component 4 correlated
with SLS. Principal components 3 and 4 did not present any
robust regional weights that fulfilled the threshold require-
ment indicated by a bootstrap estimation procedure. Thus,
while there were significant associations between specific
measures and brain activation as expressed by the entire
covariance pattern, the corresponding neural correlates
could not be sufficiently localized in the bootstrap estima-
tion procedure and the activation patterns remained nonfo-
cal.

The brain regions showing decreased expression in the
network identified during study included Brodmann area 7
(precuneus), anterior cingulate gyrus, bilateral thalamus,
right insula, right middle temporal gyrus, and bilateral in-
ferior frontal gyrus. Some of these regions were also noted
in the second principal component isolated during the test
phase. These brain regions are suggestive of a frontoparietal
network previoudly found to underlie both overt and covert
shifts of spatial attention (Beauchamp et a., 2001; Burgess
et al., 2001; Cahoun et a., 2001). This allows the following
interpretation of the network: the event-related parametric
maps that are obtained in the within-subject GLM estima-
tion average over al item presentations in the T condition.
It may have been that in the titrated condition, not all
subjects were able to encode serially presented items with
sustained attention throughout the study phase. This loss of
attention would be reflected in the deactivation of the spatial
attention network for 15 out of 17 subjects from L to T

condition. Consistent with this interpretation, subjects who
were least susceptible to fatigue were the ones with higher
CR and superior performance, i.e., with higher NARTIQ
and longer list lengths.

Forward application of a covariance pattern to new data
sets that did not enter into the original analysisis one of the
attractive features of multivariate analyses. When we pro-
spectively applied the topography obtained during the study
phase to the functional data from the test phase, we found
that expression of this topography during test correlated
significantly with NARTIQ. Thus, differentia activation of
the study topography as afunction of CR was comparablein
both the study and test phase, despite both having quite
different covariance structures, indicating different putative
cognitive mechanisms during study and test. From the suc-
cessful forward-application of the study topography to the
test phase, we might speculate that the network found in
both the study and test phase generalizes to other nonverbal
recognition tasks in general, and may, in part, underlie the
different approach to tasks used by individuals with more
and less CR. Thisidealies at the heart of the CR hypothesis
and will be tested in future experiments.
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