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Background: Cognitive reserve (CR) is the ability of
an individual to cope with advancing brain pathological
abnormalities so that he or she remains free of symp-
toms. Epidemiological data and evidence from positron
emission tomography suggest that it may be mediated
through education or IQ.

Objective: To investigate CR-mediated differential brain
activation in Alzheimer disease (AD) subjects com-
pared with healthy elderly persons.

Participants: Using radioactive water positron emis-
sion tomography, we scanned 12 AD patients and 17
healthy elderly persons while performing a serial recog-
nition memory task for nonverbalizable shapes under 2
conditions: low demand, in which one shape was pre-
sented in each study trial, and titrated demand, in which
the study list length was adjusted so that each subject
recognized shapes at approximately 75% accuracy. Posi-
tron emission tomographic scan acquisition included the
encoding and recognition phases. A CR factor score that
summarized years of education, National Adult Read-

ing Test estimated IQ, and Wechsler Adult Intelligence
Scale–Revised vocabulary subtest score (explaining 71%
of the total variance) was used as an index of CR. Voxel-
wise, multiple regression analyses were performed with
the “activation” difference (titrated demand–low de-
mand) as the dependent variables and the CR factor score
as the independent one. Brain regions where regression
slopes differed between the 2 groups were identified.

Results: The slopes were significantly more positive for
the AD patients in the left precentral gyrus and in the
left hippocampus and significantly more negative in the
right fusiform, right middle occipital, left superior oc-
cipital, and left middle temporal gyri.

Conclusion: Brain regions where systematic relation-
ships (slopes) between subjects’ education-IQ and brain
activation differ as a function of disease status may me-
diate the differential ability to cope with (ie, delay or
modify) clinical manifestations of AD.
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T HE THEORY OF COGNITIVE

reserve (CR) was initially
introduced as an attempt to
explain the less than per-
fect coupling between the

degree of brain pathological changes and
their clinical expression. Cognitive re-
serve can be defined as the ability of an in-
dividual to cope with advancing brain
pathological conditions to minimize symp-
toms. Support for the concept of CR in Alz-
heimer disease (AD) comes not only from
epidemiological1-4 but also from resting
imaging studies. When controlling for
clinical severity, it has been shown that pa-
tients with higher educational5 or occu-
pational6 attainment, higher premorbid
IQ,7 or a more engaged lifestyle8 have more
prominent resting flow or metabolism defi-
cits (and hence more prominent patho-
logical involvement). In other words, sub-
jects with high CR can maintain clinical

deficits similar to those of subjects with
lower CR, despite more severe brain patho-
logical abnormalities (as assessed by rest-
ing positron emission tomography [PET]).
Again, these observations support the pre-
diction that individuals with more CR can
tolerate more pathological abnormalities
(lower resting flow or metabolism).

In contrast to the more straightfor-
ward interpretation of resting cerebral
blood flow (CBF), the association be-
tween CR, pathological abnormalities, and
changes in activation (ie, during cogni-
tive tasks) is more complex. Direct asso-
ciations between CR variables and task-
related neurophysiological activity during
cognitive stimulation may also exist and
be amenable to testing with functional neu-
roimaging. Moreover, it can be hypoth-
esized that CR might play different roles
during cognitive activation for healthy and
AD populations. The direct relationship
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between CR and activation has been rarely examined in
healthy populations9-11 and, to our knowledge, never in
patients with AD. In a previous study10 of healthy young
and old persons, our group examined the association be-
tween CR and cerebral activation and the changes of this
association as a function of aging. In this study, we sought
to investigate the existence and nature of systematic re-
lationships between CR variables and neurophysiologi-
cal function in samples of AD patients and healthy el-
derly subjects during performance of a nonverbal (abstract
shape) episodic memory task. We also examined how
these relationships change as a function of AD.

METHODS

SUBJECTS

Twelve subjects with early AD (9 men and 3 women) who met
Diagnostic and Statistical Manual of Mental Disorders, Revised
Third Edition, criteria for dementia and National Institute of Neu-
rological and Communicative Disorders and Stroke–
Alzheimer’s Disease and Related Disorders Association crite-
ria for probable AD12 and 17 normal elders (8 men and 9 women)
who were carefully screened with medical, neurological, psy-
chiatric, neuropsychological evaluations and brain magnetic
resonance imaging scans to exclude those with dementia or ques-
tionable dementia, or cognitive impairment or other neuro-
logical, psychiatric disorders, and severe medical illnesses met
criteria for entry into the study. The subjects underwent ex-
tensive neuropsychological evaluation, including the Wechs-
ler Adult Intelligence Scale–Revised,13 the American version of
the National Adult Reading Test estimated IQ (NARTIQ),14,15

the modified Mini-Mental State Examination,16 and the Selec-
tive Reminding Test.17

All subjects were right-handed and able to see stimuli clearly
without optometric correction. Informed consent was ob-
tained after the nature and risks of the study were explained.

CR VARIABLES AND COGNITIVE TASKS

An operational measure of CR (CR variable [CRV]) was de-
fined as the principal component of the z-scored NARTIQ,
Wechsler Adult Intelligence Scale–Revised vocabulary subtest
score (VOC), and years of education (EDUC) with the largest
eigenvalue (performed on the combined AD and control group).
The rationale for the choice of these 3 variables as being rep-
resentative of CR is provided by the literature on CR, which
suggests that both education and IQ mediate the relationship
between pathological abnormalities and clinical manifesta-
tions in AD.1,5,7,18 We therefore wanted to combine education
and IQ into a single factor that would best capture CR: this mix-
ture of inherent and acquired abilities that results in differen-
tial clinical vulnerability to AD pathological insult. The NARTIQ,

VOC, and EDUC were pairwise positively correlated in the com-
bined sample of AD and elderly subjects: NARTIQ-VOC r=0.74,
P�.01; NARTIQ-EDUC r = 0.49, P�.01; and VOC-EDUC
r=0.44, P�.05. The CRV explained 71% of the total variance
of these z-scored measures.

We chose a nonverbal episodic memory task for the neu-
roimaging component of this study. Looped shapes were used
because their level of complexity made verbal encoding diffi-
cult (Figure 1). The task comprised 2 conditions:

1. A low demand (LD) condition, in which a single shape
presented during the encoding phase (different for each trial)
was followed by one shape during the recognition phase (which
was the same as the encoding phase shape or an unfamiliar foil).

2. A titrated demand (TD) condition that involved serial
presentation of a sequence of shapes during the encoding phase,
the length of which was determined in a training session on
the day preceding the PET scan. During this training session,
a titration procedure involved 2 titration sessions of 15 min-
utes each, during which the shape list size was adjusted in a
staircase manner such that recognition accuracy of about 75%
for each subject was attained. This shape list size value was then
used in the TD condition on the day of the scan. The recogni-
tion phase of the TD condition involved presentation of shapes,
some of which were studied during the preceding encoding
phase, intermixed with unfamiliar foils.

During study phases in the scanner, subjects were ex-
posed to each stimulus for 5 seconds. A 500-millisecond delay
occurred at the transition to test trials, after which the recog-
nition 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 1 of 2 microswitches
(left thumb for “new” and right thumb for “old”). Recognition
probes were distinguished from encoding items by a rectan-
gular frame (Figure 1B). A 6-second response time limit was
imposed, with a premature response cutoff of 200 millisec-
onds. 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 pseudorandomized so that no more than 4 con-
secutive trials required the same response. Each shape was used
only once for each subject.

PET SCAN ACQUISITION

Each condition was initiated 50 seconds before the start of the
scan and continued throughout it. Positron emission tomo-
graphic scanning data acquisition included both the encoding
and the recognition phases of the task. Scans were separated
by 10 minutes and were obtained in the following order: scan
at rest, LD, and TD.

For each PET scan, a bolus of 30 mCi of radioactive water
was injected intravenously. Using a Siemens EXACT 47 PET
camera (Siemens, Knoxville, Tenn), 2 scan frames of 30 sec-
onds each were acquired in the 2-dimensional mode, which were
subsequently averaged. After measured attenuation correc-
tion (a 15-minute transmission scan) and reconstruction by fil-
tered back-projection, the image resolution was 4.6 mm full
width at half maximum. Arterial blood sampling was not con-
ducted; therefore, only nonquantitative count images (re-
ferred to as “CBF,” with the understanding that it does not rep-
resent absolute measurements) could be obtained.

PET DATA PROCESSING

The SPM99 program (Wellcome Department of Cognitive Neu-
rology, London, England) was used to implement the follow-
ing standard steps for the PET images of each subject: realign-

A B

Figure 1. Samples of the shapes used in the nonverbal recognition task. The
surrounding rectangle in B denotes a probe item.
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ment to the mean image, spatial transformation to the Montreal
Neurological Institute coordinates, smoothing with an isotro-
pic gaussian kernel (12 mm full width at half maximum), pro-
portional scaling by the global mean, and computation of voxel-
wise t statistics for contrasts of interest (see the “General Linear
Model Design for PET Data” subsection that follows). Mon-
treal Neurological Institute coordinates of local maxima (ex-
ceeding the statistical threshold of �=.05, Bonferroni cor-
rected for the number of resets) statistical parametric maps were
converted to standard Talairach brain atlas coordinates.

GENERAL LINEAR MODEL DESIGN FOR PET DATA

Voxel-wise, multiple regression analyses19 were performed with
dependent variable for the regression of the PET CBF differ-
ence between the TD and LD test conditions. This difference
was meant to represent functional activation related to ti-
trated memory performance, while subtracting out activity re-
lated to basic sensory and motor processing.

The regressions modeled:

1. The effects of condition�CRV interaction within each
group. This can be conceptualized as the regression of the CRV
on the TD-LD CBF difference within each group. It represents
the relationship between the CRV and task-related activation
within each group and assessing it is critical to testing the hy-
pothesis that CR plays a role in the neurophysiology of memory
in AD and healthy elderly populations.

2. The effects of condition�group�CRV interaction. This
can be conceptualized as the differences between AD patients
and elderly controls in the slopes of the relationship between
the CRV and the TD-LD CBF. This tests the hypothesis that
the role of CR in the neurophysiology of memory differs be-
tween these populations.

Because of residual deviations from the target value of
75% accuracy and a modest positive correlation between the
CRV and subject accuracy in the TD condition (r = 0.25,
P=.19), each subject’s accuracy in the TD condition (expressed
as the percentage correct) was included as a nuisance predictor
variable in the regression analyses to obviate confounding of
CRV and TD accuracy. Other nuisance variables that were
included were (1) the 2 other variables yielded by the principal
components analysis of NARTIQ, VOC, and EDUC (see the
“CR Variables and Cognitive Tasks” subsection of the “Meth-
ods” section) and (2) the TD list size. These predictor variables
were orthogonalized with respect to all the others,20,21 as the
purpose of their inclusion was not to avoid confounding but to
explain other possible variance components in the data to
increase sensitivity.19

RESULTS

DEMOGRAPHICS AND BEHAVIORAL DATA

All patients had early AD: the mean modified Mini-
Mental State Examination score was 47.8 (correspond-
ing to a Folstein Mini-Mental score of about 25)
(Table 1). As expected, AD subjects’ memory perfor-
mance (Selective Reminding Test total recall and de-
layed recall) was inferior. Neither EDUC, NARTIQ, VOC,
nor CRV (which is a summary of the former 3 mea-
sures) differed significantly between the 2 groups. The
controls achieved a larger TD list length compared with
the AD patients, and there was some degree of variabil-
ity in accuracy during the TD condition within the groups.

PET DATA

In the AD patients, a positive correlation was noted in the
left precentral gyrus and a negative correlation in the left
middle frontal and fusiform gyri (Table2 andFigure2).
Inthehealthyolderpersons,positivecorrelationswerenoted

Table 1. Demographic Characteristics, Neuropsychological
Profile, and Behavioral-Cognitive Performance During the
Experimental Paradigm in the 2 Groups*

Variable

Alzheimer
Disease Subjects

(n = 12)

Control
Subjects
(n = 17)

P
Value†

Age, y 69 (9.9) 71 (7) .58
Modified Mini-Mental

State Examination
47.8 (4.4) 54.2 (2.5) .001

SRT Total Recall 30.4 (8.8) 46.9 (7.7) .001
SRT Delayed Recall 2.2 (2.2) 6.9 (2.9) .001
WAIS-R Digit symbol 10.5 (3.8) 12.7 (2.4) .07
Education 16 (2.9) 15 (4.1) .47
NARTIQ 115.5 (10.4) 121.1 (6.9) .09
WAIS-R vocabulary 11.9 (2.8) 13.8 (2.5) .06
Accuracy, % correct 0.72 (0.09) 0.72 (0.07) .95
Titrated demand list length 4.4 (1.8) 7.5 (4.8) .04

Abbreviations: NARTIQ, National Adult Reading Test estimated IQ;
SRT, Selective Reminding Test; WAIS-R, Wechsler Adult Intelligence
Scale−Revised.

*Data are given as mean (SD).
†t Test.

Table 2. Areas Where Significant* Correlations Between Brain Activation and the Cognitive Reserve Variable Were Detected
Within Each Group Separately

Group
Direction

of Correlation

Talairach Coordinates

t17 Value
Cluster Size,

No. of Voxels† Location (Brodmann Area)x y z

Alzheimer disease subjects Positive −22 −23 68 6.8 65 Left precentral gyrus (4)
Negative −32 37 0 5.0 6 Left middle frontal gyrus (10)

−36 −44 −23 4.8 9 Left fusiform gyrus (20)
Control subjects Positive −30 −53 58 5.9 17 Left superior parietal lobule (7)

Negative −26 −10 −20 5.0 5 Left hippocampus
13 60 0 5.0 14 Right medial frontal gyrus (10)
18 38 31 4.9 1 Right superior frontal gyrus (9)

*P�.05, Bonferroni corrected.
†Each voxel is 8 mm3.
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in the left superior parietal lobule, while negative correla-
tions were observed in the left hippocampus and the right
medialandsuperiorfrontalgyri(Table2andFigure2).These
results suggest that CR modulates neurophysiological ac-
tivity during cognitive tasks in AD patients and in healthy
elderly persons.

Compared with elderly controls, AD patients mani-
fested significantly more positive slopes of activation in
the left precentral gyrus and the left hippocampus and
significantly more negative slopes of activation in the right
fusiform and middle occipital, left superior occipital, and
middle temporal gyri (Table 3, Figure 3, and
Figure 4). Therefore, these results suggest that the effect
of CR in the neurophysiological activity of cognitive tasks
differs between the 2 groups.

COMMENT

This study was designed to explore the neural implemen-
tation of CR in normal aging and AD. The main focus of the
analysesconductedinthepresentstudywastoprovideafirst
approximation of how CR might be related to disease-
associated changes: ie, what is the neurophysiological cor-
relateof thenotedepidemiologicalassociationsbetweenCR
andclinicalmanifestationsofAD?It isplausible tohypoth-
esize that areas where slope differences were noted may be
part of this neural implementation of CR.

We identified areas where systematic relationships be-
tween CR and brain activation differed as a function of AD.
Given the experimental design that equated for task dif-
ficulty, the observed associations cannot be attributed to
differential effort. We observed 2 patterns of slope differ-
ences: (1) regions with positive slopes for the AD pa-
tients and negative slopes for the controls (Figures 3A and
4A) and (2) regions with negative slopes for the AD pa-
tients and positive slopes for the controls (Figures 3B and
4B). To formulate hypotheses to explain the different ob-
served patterns of slope differences, we assumed the fol-
lowing premises: (1) Healthy subjects’ activation repre-
sents optimal normal brain function, while AD can cause
deviations from this standard due to disease-related physi-
ological changes. (2) Higher CR is associated with more
efficient or optimal patterns of brain activation.

In pattern 1 (Figure 4A), the optimal response for
high-CR AD subjects differs from that for high-CR healthy
subjects: rather than less activation, increasing activation
for increasing CR is noted. In other words, in the left pre-
central gyrus and the left hippocampus, deactivation is the
optimal response for the controls, while higher activa-
tion is the optimal response for the AD subjects. The op-
posite happens in pattern 2 (Figure 4B): while higher ac-
tivation for elderly persons with higher CR seems to be
the optimal function, AD subjects with higher CR show
more prominent deactivation. Therefore, in areas such as
the right fusiform, right middle occipital, left superior oc-
cipital, and left middle temporal gyri, increased activa-
tion is the optimal function for the controls, while deac-
tivation is the optimal function for the AD subjects.

Pathological abnormalities in AD start in the tempo-
ral regions and spread to the temporal-parietal-occipital
association areas.22,23 Therefore, changes in CR-related
slopes in regions such as the hippocampus, for example,
may be the result of the direct pathological insult itself.
However, it is also well documented that perirolandic cor-
tex is typically spared of pathological changes,22,23 and CR-
related changes in the precentral gyrus were noted in our
study. For such areas, presumably representing still healthy
neural substrate, CR-related changes of activation direc-
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Figure 2. Voxel-wise multiple regression of the cognitive reserve variable
against brain activation within each of the 2 groups. This is a graphic
representation of some of the results presented in Table 2, showing voxels
with highest t values for positive and negative slopes for Alzheimer disease
patients (A and B) and for control subjects (C and D). Diagonal lines indicate
regression lines.
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tionality may indicate compensatory reorganization of func-
tion in the face of pathological changes in different brain
regions. Because a coordinated activity of many brain areas
(ie, a network) is usually necessitated for performance of
most cognitive tasks, it is reasonable to hypothesize that
perturbations in a single site of this network (ie, in the hip-
pocampus because of AD pathological changes) would re-
sult in changes and rearrangements of the response of other
regions participating in the network (ie, in the precentral
gyrus, still spared of AD pathological changes). Alterna-
tively, it is conceivable that even in areas such as the pre-
central gyrus, the reason for changes in the CR-related
slopes could be early AD pathological alterations. This is
less likely because this is a sample of patients with early
AD and we know that AD pathological changes affect such
regions later on in the course. Nevertheless, it is not in-

conceivable because there are known early biochemical
changes in neuronal processes and synapses (that may affect
activation) long before structural pathological abnormali-
ties (amyloid plaques and neurofibrillary tangles) are de-
tected.24-26 In either case, such regions may represent areas
that partially mediate the CR-related clinical protection
noted in epidemiological studies1-4 and in previous rest-
ing PET studies.5-8

Overall, the present study demonstrates the exis-
tence of associations between a subject’s inherent abili-
ties (such as education and IQ) and neurophysiological
activity during cognitive tasks. In addition, it identifies
brain areas where there may be reorganization of brain
responses as a response to AD pathological changes. As
a test of the concept of CR, the results demonstrate that
there are differences in this reorganization as a function

Table 3. Brain Areas Where Regression Slopes of the Cognitive Reserve Variable Against Brain Activation
Were Significantly* Different Between the 2 Groups

Slope Interaction

Talairach Coordinates

t 17 Value
Cluster Size

No. of Voxels† Location (Brodmann Area)x y z

AD slope more positive than control slope −22 −24 68 6.2 45 Left precentral gyrus (4)
−28 −10 −15 4.6 1 Left hippocampus

AD slope less positive than control slope 44 −63 −20 4.9 10 Right fusiform gyrus (37)
32 −81 2 4.7 8 Right middle occipital gyrus (18)

−32 −88 23 4.7 2 Left superior occipital gyrus (19)
−42 −59 −5 4.7 2 Left middle temporal gyrus (37)

Abbreviation: AD, Alzheimer disease.
*P�.05, Bonferroni correction.
†Each voxel is 3 mm3.

A B

Figure 3. Three-dimensional brain rendering of a statistical parametric map depicting areas where regression slopes of the cognitive reserve variable against brain
activation were significantly (P�.05, Bonferroni corrected) different among the groups: A, Areas where Alzheimer disease (AD) patients had significantly more
positive slopes of activation. B, Areas where AD patients had significantly less positive slopes of activation. The location of these regions is presented in Table 3,
and a graphic representation of some of the regressions is shown in Figure 4.
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of the CRV. This is a first step toward understanding the
neural implementation of the epidemiological evidence
of reserve and compensation.

Accepted for publication September 16, 2003.
Author contributions: Study concept and design (Drs

Scarmeas, Zarahn, Anderson, Sackeim, and Stern); ac-
quisition of data (Drs Scarmeas, Anderson, Hilton, Sack-
eim, and Stern, Ms Park, and Mr Flynn); analysis and in-
terpretation of data (Drs Scarmeas, Zarahn, Honig, Hilton,
and Stern and Mr Flynn); drafting of the manuscript (Drs
Scarmeas and Honig); critical revision of the manuscript
for important intellectual content (Drs Zarahn, Ander-
son, Hilton, Sackeim, and Stern, Ms Park, and Mr Flynn);
statistical expertise (Drs Scarmeas, Zarahn, Hilton, Sack-
eim, and Stern); obtained funding (Drs Sackeim and Stern);
administrative, technical, and material support (Dr Zarahn,
Anderson, Honig, Hilton, Sackeim, and Stern, Ms Park,
and Mr Flynn); study supervision (Drs Scarmeas, Zarahn,
and Stern).

This study was supported by grants AG14671 and
RR00645 from the National Institutes of Health, Bethesda, Md.

Corresponding author: Nikolaos Scarmeas, MD, Co-
lumbia Presbyterian Medical Center, 622 W 168th St, Taub
Institute Presbyterian Hospital, 19th Floor, New York, NY
10032 (e-mail: ns257@columbia.edu).

REFERENCES

1. Stern Y, Gurland B, Tatemichi TK, Tang MX, Wilder D, Mayeux R. Influence of
education and occupation on the incidence of Alzheimer’s disease. JAMA. 1994;
271:1004-1010.

2. Scarmeas N, Levy G, Tang M, Manly J, Stern Y. Influence of leisure activity on
the incidence of Alzheimer’s disease. Neurology. 2001;57:2236-2242.

3. Wilson RS, Mendes de Leon CF, Barnes L, et al. Participation in cognitively stimu-
lating activities and risk of incident Alzheimer disease. JAMA. 2002;287:742-
748.

4. Scarmeas N, Stern Y. Cognitive reserve and lifestyle. J Clin Exp Neuropsychol.
2003;25:625-633.

5. Stern Y, Alexander GE, Prohovnik I, Mayeux R. Inverse relationship between edu-
cation and parietotemporal perfusion deficit in Alzheimer’s disease. Ann Neurol.
1992;32:371-375.

6. Stern Y, Alexander GE, Prohovnik I, et al. Relationship between lifetime occu-
pation and parietal flow: implications for a reserve against Alzheimer’s disease
pathology. Neurology. 1995;45:55-60.

7. Alexander GE, Furey ML, Grady CL, et al. Association of premorbid intellectual
function with cerebral metabolism in Alzheimer’s disease: implications for the
cognitive reserve hypothesis. Am J Psychiatry. 1997;154:165-172.

8. Scarmeas N, Zarahn E, Anderson KE, et al. Association of life activities with ce-
rebral blood flow in Alzheimer disease: implications for the cognitive reserve hy-
pothesis. Arch Neurol. 2003;60:359-365.

9. Stern Y, Zarahn E, Hilton HJ, Flynn J, DeLaPaz R, Rakitin B. Exploring the neural
basis of cognitive reserve. J Clin Exp Neuropsychol. 2003;25:691-701.

10. Scarmeas N, Zarahn E, Anderson KE, et al. Cognitive reserve modulates func-
tional brain responses during memory tasks: a PET study in healthy young and
elderly subjects. Neuroimage. 2003;19:1215-1227.

11. Gray JR, Chabris CF, Braver TS. Neural mechanisms of general fluid intelli-
gence. Nat Neurosci. 2003;6:316-322.

12. McKhann G, Drachman D, Folstein M, Katzman R, Price D, Stadlan EM. Clinical
diagnosis of Alzheimer’s disease: report of the NINCDS-ADRDA Work Group un-
der the auspices of Department of Health and Human Services Task Force on
Alzheimer’s Disease. Neurology. 1984;34:939-944.

13. Wechsler D. Wechsler Adult Intelligence Scale–Revised. New York, NY: Psycho-
logical Corp; 1981.

14. Grober E, Sliwinski M. Development and validation of a model for estimating pre-
morbid verbal intelligence in the elderly. J Clin Exp Neuropsychol. 1991;13:933-
949.

15. Nelson HE. The National Adult Reading Test (NART): Test Manual. Windsor, Berk-
shire, UK: NFER-Nelson; 1982.

16. Stern Y, Sano M, Paulson J, Mayeux R. Modified Mini-Mental State Examina-
tion: validity and reliability [abstract]. Neurology. 1987;37(suppl 1):179.

17. Buschke H, Fuld PA. Evaluating storage, retention, and retrieval in disordered
memory and learning. Neurology. 1974;24:1019-1025.

18. Snowdon DA, Greiner LH, Markesbery WR. Linguistic ability in early life and the
neuropathology of Alzheimer’s disease and cerebrovascular disease: findings from
the Nun Study. Ann N Y Acad Sci. 2000;903:34-38.

19. Friston KJ, Holmes AP, Worsley KJ, Poline JP, Frith CD, Frackowiak RSJ. Sta-
tistical parametric maps in functional imaging: a general linear approach. Hum
Brain Mapp. 1995;2:189-210.

20. Andrade A, Paradis AL, Rouquette S, Poline JB. Ambiguous results in functional
neuroimaging data analysis due to covariate correlation. Neuroimage. 1999;10:
483-486.

21. Zarahn E. Using larger dimensional signal subspaces to increase sensitivity in
fMRI time series analyses. Hum Brain Mapp. 2002;17:13-16.

22. Hoffman JM, Welsh-Bohmer KA, Hanson M, et al. FDG PET imaging in
patients with pathologically verified dementia. J Nucl Med. 2000;41:1920-
1928.

23. DeCarli C, Atack JR, Ball MJ, et al. Post-mortem regional neurofibrillary tangle
densities but not senile plaque densities are related to regional cerebral meta-
bolic rates for glucose during life in Alzheimer’s disease patients. Neurodegen-
eration. 1992;1:113-121.

24. Selkoe DJ. Alzheimer’s disease is a synaptic failure. Science. 2002;298:789-
791.

25. Duff K. Transgenic mouse models of Alzheimer’s disease: phenotype and mecha-
nisms of pathogenesis. Biochem Soc Symp. 2001;67:195-202.

26. Mucke L, Masliah E, Yu GQ, et al. High-level neuronal expression of A�1-42 in wild-
type human amyloid protein precursor transgenic mice: synaptotoxicity without
plaque formation. J Neurosci. 2000;20:4050-4058.

8

0

2

4

6

–2

–4

–6

–8
–3 –2 –1 0 1 2 3

Ac
tiv

at
io

n 
at

 L
ef

t P
re

ce
nt

ra
l

Gy
ru

s 
(–

22
 –

24
 6

8)

A

4

0

1

2

3

–1

–2

–3

–4
–3 –2 –1 0 1 2 3

Ac
tiv

at
io

n 
at

 R
ig

ht
 F

us
ifo

rm
Gy

ru
s 

(4
4 

–6
3 

–2
0)

B

Cognitive Reserve Variable

Figure 4. Voxel-wise multiple regression of the cognitive reserve variable
against brain activation: A, In the left precentral gyrus (where the slope for
the Alzheimer disease [AD] patients was significantly [P�.05, Bonferroni
corrected] more positive than for control subjects). B, In the right fusiform
gyrus (where the slope for the AD patients was significantly [P�.05,
Bonferroni corrected] less positive than for controls). This is a graphic
representation of some of the results (voxels with highest t values)
presented in Table 3 and Figure 3, with AD patients’ data depicted in solid
circles and solid regression lines and healthy elderly controls’ data in open
circles and dashed regression lines.
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