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b Institut d’Investigacions Biomèdiques August Pi i Sunyer (IDIBAPS), Barcelona, Spain

c Alzheimer’s Disease and Other Cognitive Disorders Unit, Neurology Service, Hospital Clinic de Barcelona, Barcelona, Spain
d Radiology Service, Hospital Clinic de Barcelona, Spain
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bstract

Cognitive reserve (CR) is the brain’s capacity to cope with cerebral damage to minimize clinical manifestations. The ‘passive model’
onsiders head or brain measures as anatomical substrates of CR, whereas the ‘active model’ emphasizes the use of brain networks effectively.
ixteen healthy subjects, 12 amnestic mild cognitive impairment (MCI) and 16 cases with mild Alzheimer’s disease (AD) were included to

nvestigate the relationships between proxies of CR and cerebral measures considered in the ‘passive’ and ‘active’ models. CR proxies were
nferred premorbid IQ (WAIS Vocabulary test), ‘education–occupation’, a questionnaire of intellectual and social activities and a composite
R measure. MRI-derived whole-brain volumes and brain activity by functional MRI during a visual encoding task were obtained. Among
ealthy elders, higher CR was related to larger brains and reduced activity during cognitive processing, suggesting more effective use of
erebral networks. In contrast, higher CR was associated with reduced brain volumes in MCI and AD and increased brain function in the
atter, indicating more advanced neuropathology but that active compensatory mechanisms are still at work in higher CR patients. The right
uperior temporal gyrus (BA 22) and the left superior parietal lobe (BA 7) showed greatest significant differences in direction of slope with
R and activation between controls and AD cases. Finally, a regression analysis revealed that fMRI patterns were more closely related to

R proxies than brain volumes. Overall, inverse relationships for healthy and pathological aging groups emerged between brain structure and

unction and CR variables.
2007 Elsevier Inc. All rights reserved.

eywords: Cognitive reserve; Brain reserve; Brain volumes; Functional magnetic resonance imaging (fMRI); Cognitive aging; Mild cognitive impairment;
lzheimer’s disease; Recognition memory; Compensation
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. Introduction
Please cite this article in press as: Solé-Padullés, C., et al., Brain struct
aging, mild cognitive impairment and Alzheimer’s disease, Neurobiol A

Cognitive reserve (CR) refers to the hypothesized capac-
ty of an adult brain to cope with brain pathology in order
o minimize symptomatology (Stern, 2002). CR construct
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as proposed after having observed no direct relationships
etween brain damage severity and the clinical manifesta-
ion of symptoms. For instance, higher rates of Alzheimer’s
isease (AD) neuropathology at post mortem examinations
ere seen in individuals who were not clinically demented
ut possessed heavier brains and higher counts of large
ure and function related to cognitive reserve variables in normal
ging (2007), doi:10.1016/j.neurobiolaging.2007.10.008

eurons (Katzman et al., 1988). More recent data is avail-
ble indicating that a number of participants presenting
ith extensive AD-related neuropathology (Braak and Braak

tage VI) and/or vascular damage were able to perform at

dx.doi.org/10.1016/j.neurobiolaging.2007.10.008
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considerably high level in clinical and neuropsycholog-
cal examinations, thus showing ‘resistance to the clinical
xpression of neuropathology’ (Snowdon, 2003).

Two hypotheses based on reserve mechanisms have been
roposed to account for the abovementioned findings, one
rom a structural point of view and the other of a more func-
ional fashion (Stern, 2002). At an anatomical level, the ‘brain
eserve capacity’ (BRC) model ascertains that certain factors,
uch as the number of synapses and brain volume, confer a
articular capacity to endure neuropathological processes.
hen considering dementia and pre-dementia conditions,

RC would be able to prolong the preclinical stage until
critical moment would be reached. From the moment of

xceeding that threshold on, vulnerability to brain damage
ould be unavoidable and eventually, clinical and functional
eficits would be evident (Satz, 1993). On the other hand,
more active or functional model of CR has been sug-

ested by Stern (2002). According to this view, CR would be
elated to the ability to recruit brain networks in an effective
ay. Once pathological processes begin to occur, subjects
ould use alternative networks in order to perform a par-

icular task successfully or to maintain one’s clinical status
ithin the normality, a process defined as compensation.
he most frequently used proxies reflecting CR comprise
ducational/occupational attainment, premorbid intelligence
uotient, leisure, cognitive and mental stimulating activities
Valenzuela and Sachdev, 2005).

Direct measures of brain (Katzman et al., 1988; Kidron et
l., 1997; Coffey et al., 1999; Edland et al., 2002), head, or
ntracranial size (Schofield et al., 1995; Jenkins et al., 2000;
isserand et al., 2001; Mortimer et al., 2003; Wolf et al., 2004)
ave been studied in the aging literature as surrogates of brain
eserve. For instance, although negative findings have been
eported (Edland et al., 2002; Jenkins et al., 2000), reduced
ntracranial volume or smaller head size by its own or in com-
ination with low education may confer an increased risk for
ognitive decline and dementia (Schofield et al., 1995, 1997;
ortimer et al., 2003) including mild cognitive impairment

MCI) in old age (Wolf et al., 2004). Further, inconclu-
ive reports have been published regarding the relationship
etween these variables and proxies of CR such as educa-
ion in normal aging (Coffey et al., 1999; Edland et al., 2002;
isserand et al., 2001) with inverse relationships between
ducation and brain volumes in the case of established AD
Kidron et al., 1997).

Similarly, at a functional level, investigations mainly using
ositron emission tomography (PET) have been undertaken
n the research of CR in healthy elders and AD. At rest
tudies in the latter condition found that education and intel-
ectual and social life activities were inversely correlated with
egional brain metabolic activity and/or cerebral blood flow
ainly in temporal, parieto-temporal and parieto-occipital
Please cite this article in press as: Solé-Padullés, C., et al., Brain struct
aging, mild cognitive impairment and Alzheimer’s disease, Neurobiol A

egions (Scarmeas et al., 2003a; Perneczky et al., 2006) also
xtending to other cortical and subcortical areas in other
eports (Alexander et al., 1997). Further, reports of activation
tudies during cognitive tasks among demented and non-
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emented individuals found specific brain networks which
ere differentially activated depending on CR background

Scarmeas et al., 2003b, 2004; Stern et al., 2005).
Despite its lower invasiveness, higher spatial and temporal

esolution and the knowledge that increases and decreases of
OLD signal from functional magnetic resonance imaging

fMRI) studies reflect increases and decreases in neural activ-
ty, respectively (Logothetis et al., 2001; Shmuel et al., 2006);
his technique has been less frequently applied to investi-
ate CR. A number of reports have been published using
his methodology to indicate that measures such as general
uid intelligence are related to variations in BOLD activity
reviewed in Jung and Haier, 2007). Further, studies in dis-
inct pathological conditions (Chang et al., 2006; Cader et al.,
006; Ernst et al., 2002; Bartres-Faz et al., 2006) have cor-
oborated the capacity of this technique to reveal the usage
f cerebral reserve mechanisms during cognitive tasks. How-
ver, only few investigations were specifically designed and
nterpreted in terms of the cognitive reserve theory. In this
egard, Habeck et al. (2003) and Stern et al. (2003) found
hat the pattern of activation during a nonverbal recognition
ask in healthy young subjects was related to individual dif-
erences in CR variables. Yet, very scarce data is available in
ealthy elders or among AD patients.

Even when considering previous findings, there is still lit-
le or inexistent data of how functional and structural brain

easures are distinctly related to CR measures in the same
amples of individuals. Since previous reports have found
ositive evidences for a relationship between accounts of
ducation, occupation, or premorbid IQ variables and both
orphologic brain measurements and patterns of brain activ-

ty, an issue of interest would be to determine the effects of
hese relationships in the same sample of individuals that dif-
er according to their clinical status. Specifically, very scarce
ata (Wolf et al., 2004) addressed these questions in patients
resenting high-risk conditions for AD such as MCI. Thus,
he aim of the present report was to investigate the corre-
ations between the main proxies for CR, brain activity (by

eans of fMRI) and cerebral structural characteristics among
ealthy elders, patients diagnosed as having MCI and mild
D patients.

. Method

.1. Subjects

Forty-four subjects older than 65, who provided writ-
en informed consent (or their relatives in AD cases) were
nrolled in the study. The whole sample comprised 16
ealthy elders, 12 amnestic MCI (MCI) cases and 16 mild
D patients. Participants were selected from Alzheimer’s
ure and function related to cognitive reserve variables in normal
ging (2007), doi:10.1016/j.neurobiolaging.2007.10.008

isease and other cognitive disorders unit, at the Neurol-
gy Service, Hospital Clinic of Barcelona, and from a
rimary care health centre in the area of Barcelona (CAP
astellar del Vallès). All subjects underwent clinical and

dx.doi.org/10.1016/j.neurobiolaging.2007.10.008
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europsychological evaluations. The diagnostic procedures
mployed to classify individuals into the abovementioned
roups have been described elsewhere (Rami et al., 2007).
riefly, healthy individuals did not meet criteria for demen-

ia, and did not present cognitive complaints. Further, they
id not exhibit cognitive performance below 1.5S.D. in a
econdary memory test or in any other test comprised in
europsychological examinations of language, praxis, gno-
is and abstract reasoning (Rami et al., 2007). Amnestic
CI was diagnosed according to the modified Petersen et

l. criteria (2001) and two additional criteria, similar to
opez et al. (2003): (1) memory decline according to clini-
al judgment and preferably corroborated by an informant,
2) impaired memory function for age and education, (3)
reserved general cognitive function, (4) intact activities of
aily living and (5) non-demented; (6) the memory impair-
ent had to be of the episodic memory type defined by

.5S.D. below the control group mean, taking into account
ge and educational level, and (7) absence of psychiatric
r medical causes accounting for these memory problems.

previously validated normative Spanish test: the Delayed
ext Memory Test (Pena-Casanova et al., 1997) was used
s an episodic memory test for determining a 1.5S.D. cut-
ff below the mean, taking into account age and educational
evel. Probable AD diagnosis was established by an interdis-
iplinary clinical committee formed by two neurologists and
ne neuropsychologist. DSM-IV and NINCDS-ADRDA cri-
eria were applied taking into account clinical and objective
unctional and neuropsychological results. All AD patients
ncluded were mild AD (Global Deterioration Scale-4 stage).
typical AD variants with non-significant episodic memory

mpairment were excluded from the study.

.2. Proxies of cognitive reserve

Three main proxies reflecting those commonly used in the
R literature were defined. The first one was the Wechsler
dult Intelligence Scale 3rd version (WAIS-III) Vocabulary

ubtest, administered as a measure reflecting premorbid IQ
Lezak et al., 2004). A second CR variable was defined as
education–occupation’ and included quantifications of both
ducational and occupational attainment. This measure was
oded as in a previous study (Staff et al., 2004) using ordi-
al values as follows: 0 = no formal education, 1 = primary
chool, 2 = secondary education and 3 = superior or univer-
ity education and as regards occupation; 0 = non-qualified
anual, 1 = qualified manual, 2 = qualified non-manual or

echnician, 3 = professional (university degree required),
= manager or director (university degree required). The final
alue was obtained by adding the education and occupation
alues (range 0–7). A third proxy taken into account as an aim
o consider other relevant variables related to CR (Scarmeas,
Please cite this article in press as: Solé-Padullés, C., et al., Brain struct
aging, mild cognitive impairment and Alzheimer’s disease, Neurobiol A

007) including recordings of lifetime occupations in leisure
nd cognitively stimulating activities (reading, writing, music
laying, painting) as well as physical (sports and daily walk-
ng) and social life (participation in social activities or groups,
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ssociations, voluntary work). These measures were gathered
nto a customized questionnaire with scores ranging from

to 19, the greater the score indicating increased CR. The
uestionnaire was administered directly to the subject partic-
pating in the study with the presence of their relatives in the
ase of patients to ensure the validity of the data provided.
inally, to summarize the information relating the three CR
ariables, a composite CR score was obtained for each sub-
ect using factorial analyses (principal component methods)
ollowing the procedure described by Stern et al. (2005). The
ingle factor extracted (composite CR) accounted for 79.6%
f the common variance of these three measures.

.3. Magnetic resonance imaging acquisition

All 44 subjects underwent structural and functional
RI examinations. Scans were obtained on a GE Signa

.5T (General Electric, Milwaukee, WI). High-resolution
1-weighted images were acquired for anatomical iden-

ification with a Fast Spoiled Gradient-Recalled Echo
hree-dimensional sequence (Digital Imaging and Commu-
ications in Medicine) format: repetition time [TR]/echo
ime [TE] = 12/5.2, inversion time = 300, number of exita-
ions = 1, FOV = 24 3 24 cm, 256 3 256 matrix. Whole-brain
olumes were acquired in an axial plane yielding contiguous
lices with slice thickness of 1.5 mm. Functional images were
cquired using a T2*-weighted gradient echo planar imaging
TR = 2000 ms, TE = 40 ms, FOV = 24 3 24 cm, flip angle of
0). Twenty axial slices were obtained for each brain volume
ith a slice thickness of 5 mm and a gap of 1.5 mm.

.4. Structural MRI

Statistical Parametric Mapping (SPM2) running in Mat-
ab 6.5 was used to analyze structural brain images. A
ingle investigator performed the prior manual steps in
mage preparation (anterior–posterior commissure line deter-

ination and image reorienting). Following segmentation
which was performed against the T1 template (MNI)
mplemented in SPM) of the three tissue compartments,

measure of whole-brain volume was obtained in mm3

y adding the gray and white matter volumes. This mea-
ure was then corrected for whole intracranial volume
[gray + white]/[gray + white + CSF]). We used brain vol-
mes in our study instead of head size or intracranial
olumes previously employed to reflect premorbid brain sta-
us (Schofield et al., 1995, 1997; Mortimer et al., 2003; Wolf
t al., 2004; Edland et al., 2002; Jenkins et al., 2000) because
e did not aim to determine a risk for AD or MCI associated
ure and function related to cognitive reserve variables in normal
ging (2007), doi:10.1016/j.neurobiolaging.2007.10.008

ith these variables but instead we were interested in directly
nvestigating the correlations between CR proxies and brain
ntegrity (or otherwise atrophy) for each subject relative to
heir overall head size.

dx.doi.org/10.1016/j.neurobiolaging.2007.10.008
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.5. fMRI procedure and memory recognition
ssessment

Original magnetic resonance images registered in for-
at GE-advanced (1 two-dimensional file per slice) were

rganized into three-dimensional files (150 volumes per
ubject) by means of MRICro software (University of
ottingham, UK) and saved in ANALYZE 7.5 format com-
atible with SPM2. Following alignment along the anterior
ommissure–posterior commissure line and realignment of
he scans to remove the effects of head movement, images
ere transferred into a standardized coordinate system. Nor-
alized images were smoothed with an isotropic Gaussian

ernel (full width half maximum) of 8 mm. As a cognitive
xperiment, we used a 15-block design task with alternating
repeated”, “rest” and “experimental” conditions (5 blocks
ach) presented in an alternating way until the total dura-
ion of the experiment (15 blocks, 30 s per block, 450 s) was
eached. The presentation time was 2 s and the interstim-
li period 1 s. The task started with a repeated block, which
onsisted of the projection of one single photograph. The
ame picture was used for all the ‘repeated’ blocks. Following
his condition and before the “experimental” block, a ‘blank’
lock (presentations of a bare cross hair) was inserted. As
egards the experimental task per se, subjects had to focus on
0 non-emotional photographs for a later recall test, as they
ere told before the scanning. Pictures were outdoor images

howing a person or a group of people doing or performing
ifferent activities or landscape images. For each ‘experimen-
al’ block, 10 novel pictures were presented. Following the
canning, subjects underwent a 2 forced-choice task where
hey were given two photographs each time and they had to
ecide which one had been previously displayed in the fMRI
ession. The maximum score for recognition memory was
0.

.6. Data analysis

The Statistical Package for Social Sciences (SPSS v.14.0)
as used to investigate group differences in demographic,

linical and CR measures by means of ANOVA, and χ2

ests when appropriate. Partial correlations (adjusting for
ge, gender and MMSE score) of whole-brain volumes and
R measures were performed separately for each clinical
roup. Further, Student’s t-tests were employed to formally
est whether the regression slopes between CR and brain vol-
mes differed between groups. All analyses performed in
PSS were considered significant for values of p ≤ 0.05. To
nalyze fMRI data we used SPM2. First, individual anal-
ses for each subject were undertaken to compare brain
ctivity observed during the ‘experimental’ condition com-
ared with that seen during the ‘repeated’ condition (contrast:
Please cite this article in press as: Solé-Padullés, C., et al., Brain structure and function related to cognitive reserve variables in normal
aging, mild cognitive impairment and Alzheimer’s disease, Neurobiol Aging (2007), doi:10.1016/j.neurobiolaging.2007.10.008

xperimental > repeated). For group analyses we performed
ithin-group as well as between-group comparisons (in a

imilar manner to the analyses between brain volumes and
R). Within-group analyses included a series of regression Ta
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nalyses (adjusted for age, gender, MMSE score and post-
MRI recognition memory performance) where CR proxies
ere entered as independent variables and brain activity
uring cognitive performance was the dependent variable.
etween-group analyses were performed to investigate the

nteraction between group and CR on brain activity to test for
ifferences between groups in the slopes of the relationship
etween CR and brain activity (Scarmeas et al., 2003b, 2004).
xcept when specified, all fMRI results were interpreted if

hey attained both voxelwise threshold of p < 0.001 (uncor-
ected) and at p < 0.05 (corrected) threshold on the extent
f clusters. Only significant clusters containing more than 20
ontiguous voxels were considered. This study was approved
y the local ethics committee.

. Results

Demographic variables, MMSE scores, recognition mem-
ry and values for CR proxies are given in Table 1. Groups
ere statistically comparable for age but controls and MCI

ases outperformed AD for the MMSE performance. For
ecognition memory following fMRI, controls outperformed
oth MCI participants and AD cases. As regards CR prox-
es, the composite CR factor value and the Vocabulary

AIS-III subtest performance were higher for controls
s compared to the clinical groups and the measure for
education–occupation’ was higher for controls than for MCI.
ur CR questionnaire correlated positively with Vocabulary

nd ‘education–occupation’ in the whole sample (r = 0.62,
< 0.0001; r = 0.64, p < 0.0001, respectively).

.1. CR and brain structure

Results for partial correlations for each clinical group
ndicated that there were negative correlations between CR
roxies and brain volumes both for MCI and AD groups. In
ontrast, positive relationships were observed in the case of
ontrol subjects (Table 2 and Fig. 1).

We further tested the differences of the regression
lopes between CR proxies and brain volumes between
Please cite this article in press as: Solé-Padullés, C., et al., Brain struct
aging, mild cognitive impairment and Alzheimer’s disease, Neurobiol A

roups. As expected from the visual inspection of the
esults displayed in Table 2 and Fig. 1, the slope for con-
rols differed significantly (more positive) from the one
bserved for MCI and/or AD in most measures, whereas

d
p
a
t

able 2
artial correlations (adjusted for age, gender and MMSE score) between brain volu

Controls (n = 16) MCI (n = 12) Mild AD

omposite CR 0.44 −0.47 −0.51
ocabulary WAIS-III 0.26 −0.73* −0.58*

ducation–occupation 0.59* −0.28 −0.30
R questionnaire 0.25 −0.28 −0.44

* p < 0.05.
core for healthy elders (controls), MCI and AD cases. r values and signifi-
ant differences between CR measures and brain volumes for each clinical
roup are given in Table 2.

or these two groups they were comparable in all cases
Table 2).

.2. CR and brain function

For clinically normal and demented participants, oppo-
ite brain activation patterns during fMRI were observed as a
unction of CR. On the one hand, among healthy subjects,
igher values in the composite CR measure were related
o decreased activations in several cortical and subcortical
egions including the frontal lobe and the cerebellum bilat-
rally, the right temporal cortex and the left thalamus. When
R proxies were considered separately, the variable of liter-
cy rates and occupational attainment was the one variable
merging significant from this analysis (Table 3). No positive
orrelations between CR and brain activity were observed for
ealthy elders.

On the other hand, results from AD patients reflected a
ure and function related to cognitive reserve variables in normal
ging (2007), doi:10.1016/j.neurobiolaging.2007.10.008

irect relationship between brain activity and CR. In these
atients, we found positive slopes for the multiple regression
nalyses between the CR composite variable and brain func-
ion in the right cerebellum and left lingual gyrus. Further,

mes and CR measures for each clinical group

(n = 16) Correlation slope differences (t values)

Controls vs. MCI Controls vs. AD MCI vs. AD

2.21* 2.23* 0.08
2.12* 1.41 −0.71
2.08* 1.94 −0.18
1.19 1.66 0.7

dx.doi.org/10.1016/j.neurobiolaging.2007.10.008
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Table 3
Brain regions showing significant relationships between CR proxies and brain activity in healthy elders and mild AD cases

CR proxies Correlation t-Value Talairach coordinates [x, y, z] Region (BA) Number of voxels

Controls
Composite CR Negative 9.62 [−36, −9, 24] L precentral gyrus (BA 4–6) 250

9.30 [−7, −38, −37] L cerebellum 582
8.13 [−18, −25, 5] L thalamus 134
8.04 [43, −48, −4] R middle temporal gyrus (BA 21) 98
7.76 [8, −40, −36] R cerebellum 120
7.09 [8, −15, 48] R medial frontal gyrus (BA 6) 118
5.90 [−4, −17, 38] L anterior cingulate (BA 24) 241
5.74 [24, −17, 15] R claustrum 180

Education–occupational attainment Negative 7.74 [33, −7, 26] R precentral gyrus (BA 4–6) 105
7.09 [−2, −46, −28] L cerebellum 82

Mild AD
Composite CR Positive 8.09 [8, −40, −16] R cerebellum 147

7.42 [−15, −67, 2] L lingual gyrus 80

CR questionnaire Positive 6.80 [11, 8, 28] Anterior cingulate gyrus 123
1, 2]

A MSE
t

h
i
l
o
w
p
b

t
t
b
i
b

b
b
s
d
f
c
u
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F
A
p

6.59 [15, −6

ll results are displayed after regressions were adjusted for age, gender, M
-value: statistical value for the most significant voxel within each cluster.

igher scores in the CR questionnaire score were related to
ncreased brain activity in the right anterior cingulate and
ingual gyri (Table 3 and Fig. 2). In contrast to what was
bserved among control subjects, no negative correlations
ere found in this analysis. No significant correlations (either
ositive or negative) were seen between CR variability and
rain activity in the MCI group.

As described in Section 2, further analyses were under-
aken to test for differences in direction of slope in
Please cite this article in press as: Solé-Padullés, C., et al., Brain struct
aging, mild cognitive impairment and Alzheimer’s disease, Neurobiol A

he relationship between cognitive reserve and activation
etween controls and mild AD cases (MCI cases were not
ncluded since no significant data for the correlation of
rain activity × CR was available). These results revealed

3

n

ig. 2. Brain areas showing positive (in hot colours) and negative (in winter co
lzheimer’s disease patients. Scatterplots for the left precentral gyrus in the case o
recise localization of the cerebral regions, see Table 3.
R lingual gyrus 110

and memory recognition performance following fMRI. R = right; L = left;

rain regions where the regression slope between CR and
rain activity was more negative for controls than for AD;
pecifically the right superior temporal gyrus (Talairach coor-
inates: [40, −34, 12], BA 22, t = 5.02, p = 0.05 uncorrected
or cluster level) and the left superior parietal lobule (pre-
uneus; Talairach: [−13, −32, 46], BA 7, t = 4.93, p = 0.02
ncorrected for cluster level). No regions emerged where the
lope was more positive for controls than for AD (Fig. 3).
ure and function related to cognitive reserve variables in normal
ging (2007), doi:10.1016/j.neurobiolaging.2007.10.008

.3. CR, brain volume and brain function

As an attempt to integrate the relationships between cog-
itive reserve, volume, and activation we conducted stepwise

lours) correlations with the CR composite score in healthy controls and
f controls and the left lingual gyrus in AD patients are also depicted. For a

dx.doi.org/10.1016/j.neurobiolaging.2007.10.008
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ig. 3. Scatterplots showing brain areas where the direction of slope in the re
han for AD. The regions represented are: A: superior temporal gyrus (BA 2

egression analyses separately for controls and mild AD
ases. In these analyses, the predicted dependent variable
as the composite CR score and the independent predictor
ariables were brain volume, the extracted value of the most
ignificant voxel for each cluster observed in the previous
ithin-group analyses (correlations between CR composite

core and brain activity for each group) and the previously
sed covariates (MMSE, age and gender). Thus, this analy-
is attempted to test which variables (brain volume, brain
ctivity or covariates) best predicted CR status for con-
rols and AD. The regression analyses results showed that
n both groups, fMRI patterns were more closely related
o the CR composite score than brain volumes. In this
egard, for control subjects brain activity in left precentral
yrus (B = −1.73; t = −2.35, p = 0.035) and left cerebellum
B = −1.25; t = −2.27, p = 0.041) explained 83% of the vari-
bility of CR composite measures. For AD patients, the
ariables entered in the model explaining 93% of the vari-
nce were brain activity in the right cerebellum (B = 1.88;
= 2.77, p = 0.017) and the left lingual gyrus (B = 2.03;
= 2.24, p = 0.044), despite for this group the MMSE also
ntered in the equation (B = 0.14; t = 7.25, p < 0.001).

. Discussion

In the present study we gathered a number of CR indicators
s an attempt to examine their relationships with brain struc-
ure and function in three aging conditions: normal aging,

CI and mild AD. Overall and as it is discussed below,
esults from healthy elders compared to clinical samples
eflect an inverse effect of CR measures both on brain func-
ion and structure. Specifically, among healthy elders, higher
R was associated with larger brains and increased efficiency

as reflected by reduced brain activity) during cognitive per-
Please cite this article in press as: Solé-Padullés, C., et al., Brain struct
aging, mild cognitive impairment and Alzheimer’s disease, Neurobiol A

ormance, whereas among cognitively impaired elders the
pposite pattern was observed. Present results thus, suggest
everted relationships between the passive (brain structure)
nd active (brain activity) correlates of cognitive reserve

C
m
V
t

hip between cognitive reserve and activation was more negative for controls
uperior parietal lobule (BA 7).

easures between normal aging as compared to conditions
here a threshold implying clinical manifestations has been

xceeded.
In our sample of healthy elders, we found a positive

ignificant correlation between ‘educational–occupational’
ttainment and whole-brain volume. At first glance, these
esults may appear counterintuitive as regards to the cere-
ral reserve hypothesis. In this sense, a study by Coffey et
l. (1999) investigating the association between education
nd brain measures in a large sample of non-demented elders
MMSE > 24) found results in the opposite direction (more
rain atrophy for those more educated) suggesting that the
ore educated individuals possessed larger reserve (in that

hey were able to remain clinically healthy despite a more
dvanced age-related brain atrophy). Discrepancies between
resent and previous findings could be related to the hetero-
eneity of the samples (i.e. individual differences) according
o conditions with a proved effect on brain structure. A num-
er of variables could be considered including alcohol intake
Taki et al., 2006) a different distribution of genetic variations
i.e. Apolipoprotein E �4 allele; Serra-Grabulosa et al., 2003),
ndividual differences in global cognitive, or even personality

easures (Wright et al., 2007), among others. Thus a limi-
ation of the present report is that although we adjusted our
esults for a measure of global cognitive function (MMSE)
ther potential variables could have influenced our results.

In the line of our results, an increasing body of literature
as been published evidencing positive associations between
ehavioral measures similar to the CR proxies used here and
erebral volumes. For example, highly qualified/skilled occu-
ation such as being a professional musician is related to
ncreased gray matter volumes in particular brain areas (Gaser
nd Schlaug, 2003). Further, Haier et al. (2004) found a direct
elationship between gray matter volumes and full-scale IQ
AIS scores among healthy older adults (mean age = 59), and
ure and function related to cognitive reserve variables in normal
ging (2007), doi:10.1016/j.neurobiolaging.2007.10.008

olom et al. (2006) evidenced positive correlations between
easures of the general intelligence factor (including the
ocabulary subtest of the WAIS) and increased gray mat-

er volume throughout the brain. Finally, higher education

dx.doi.org/10.1016/j.neurobiolaging.2007.10.008
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as also been associated with enlarged brain or head size in
ormal elders (Edland et al., 2002; Tisserand et al., 2001).
ltogether previous and present findings may suggest that
hen subtle putative cases of clinical impairment (such as
CI) are ruled out, higher rates of CR in normal elders are

elated to increased levels of cerebral reserve as reflected
y MRI volumetric measurements. Thus, according to our
esults, aging per se would not revert the association between
R and structural brain integrity observed in former studies
f younger individuals until a critical clinical threshold has
een overcame (see discussion below for MCI and mild AD
roups).

Regarding the fMRI results among healthy elders, a neg-
tive association emerged between CR and brain activity
uring a memory-encoding task. In our study, healthy elders
ith reduced CR recruited additional regions to perform a
isual memory task. These regions included mainly fronto-
emporal regions, subcortical nuclei and the cerebellum.
hese brain regions have been previously found to show
ctivity during memory tasks among healthy elders and were
ssociated with compensatory responses. In this regard, the
erebellum and the anterior cingulate cortex were identified
s a region within a network showing enhanced response to
ncreased memory demands (Gould et al., 2003). Further,

ounting evidence indicates that the frontal lobes have an
mportant compensatory role during aging in a variety of
ognitive tasks (reviewed in Grady, 2007). Only few previ-
us studies using functional neuroimaging procedures have
ncluded samples of elder participants and interpreted their
ndings in the terms of CR hypotheses. Scarmeas et al.
2003b) used PET to demonstrate CR-related differential
uccess in coping with age-associated changes in cogni-
ion. In their study, the authors found positive correlations
etween brain activity and CR variables during a visual
emory-encoding task in young individuals whereas more

rain regions including parietal, frontal and medial and lat-
ral temporal lobe areas were negatively correlated among
he elders. Similarly, using PET and a nonverbal recognition

emory task, Stern et al. (2005), identified an ‘age-related’
opography whose change in expression varied from a low to
titrated demand as a function of CR variables within each
roup. These findings reflecting the differential usage by the
lders of a network normally used by the younger partners
ere interpreted as providing evidence of neural compensa-

ion, as the altered network is used to compensate for the
nability to recruit the healthy (young) brain’s responses to
ncreased task difficulty.

Finally, Springer et al. (2005) used fMRI to identify
rain networks recruited during encoding and recognition
pisodic memory tasks whose activity was correlated with
ears of education in elder and young participants. Among the
lder, they found that bilateral frontal activity was associated
Please cite this article in press as: Solé-Padullés, C., et al., Brain struct
aging, mild cognitive impairment and Alzheimer’s disease, Neurobiol A

ith more education whereas posterior medial temporal lobe
howed the opposite pattern. On the whole all these studies
eflect that CR relates to individual differences in how tasks
re processed and that the reorganization of brain function

t
I
m
c

 PRESS
of Aging xxx (2007) xxx–xxx

n old participants is associated with maintained cognitive
unction into old age. In contrast to previous reports, we only
bserved negative correlations between brain activity and CR
roxies (CR composite score and ‘educational–occupational’
ttainment) among our healthy elder subjects. These dif-
erences may be related to methodological approaches (i.e.
omparing young vs. old and comparing distinct levels of task
ifficulty) and the methods used to analyze data (i.e. univari-
te in ours vs. multivariate in Stern et al. (2005) and Springer
t al. (2005)). However, as previous reports, our findings are
n accordance with the CR in the sense that while they cannot
rove that CR is related to greater capacity (since there were
o correlations between increased CR and enhanced cogni-
ive performance) they suggest the use of more efficient brain
etworks among healthy elders with high CR (less activation
or the same performance) (Stern, 2007).

In MCI and mild AD significant negative correlations were
bserved between whole-brain volume and CR, specifically
ith the WAIS Vocabulary test. According to the reserve

apacity hypothesis, the findings would suggest that at par-
icular level of clinical severity (all MCI of the amnestic type
nd all AD GDS = 4, and using MMSE as covariate in the
nalyses), those patients with increased background in terms
f intellectual attainment do in fact, exhibit a more advanced
europathological process as reflected by increased atrophy
f their brains relative to their intracranial volume sizes. Simi-
ar findings were previously reported in AD samples (Kidron
t al., 1997). Our results provide first evidence that a sim-
lar relationship can be evidenced in very early stages of
he disease (MCI). Previous research in AD considering CR
ariables such as reading, education and occupation have
emonstrated faster decline after dementia onset (reflecting
ore advanced brain pathology) for patients with higher CR

Wilson et al., 2000; Stern et al., 1999; Scarmeas et al., 2006).
ince present findings reflect the same directionality between
R and brain atrophy measurements for AD and MCI and

ince this latter condition has been demonstrated to corre-
pond to high risk (Petersen et al., 2001) or very incipient
D (Morris et al., 2001), it would be of interest to determine

n further longitudinal studies whether among these patients
igher rates of CR is also related to faster declines and/or
igher rates of conversion to dementia.

Considering the fMRI findings, a positive correlation
etween CR and activity in the cerebellum and lingual gyrus
CR composite) and anterior cingulate and lingual gyrus (CR
uestionnaire) emerged in mild AD cases, an opposite pattern
o that observed among healthy elders (all negative corre-
ations). When we analyzed the impact of CR background
n recognition memory performance, no particular variable
as related to higher memory scores, indicating that despite

ncreased brain damage (as reflected by reduced cerebral vol-
mes), mild AD patients with higher CR were able to perform
ure and function related to cognitive reserve variables in normal
ging (2007), doi:10.1016/j.neurobiolaging.2007.10.008

he task at an equivalent level to those with lower CR scores.
n this regard, overactivation among these patients may reflect
ore efficient use of brain networks resulting in a behavioral

ompensation (i.e. maintenance of behavioral performance

dx.doi.org/10.1016/j.neurobiolaging.2007.10.008
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s compared to less atrophied patients with low CR). Despite
ess frequently studied as compared to healthy subjects, there
s evidence that AD patients can also recruit brain regions
o support performance both in memory and non-memory
asks (Grady, 2007). For example, additional recruitment of
he anterior cingulate region was found among early AD
atients as compared to controls during an episodic work-
ng memory task, a region usually recruited during semantic

emory tasks. The authors suggested these increased acti-
ations as reflecting a residual capacity of their premorbid
erebral reserve (Starr et al., 2005).

As in a previous report, we identified brain regions where
ctivity represents situations where the increasing level of CR
s associated with opposite direction of activation in healthy
lders and AD groups (Scarmeas et al., 2004). In particu-
ar, we found regions where correlation slopes were more
ositive in AD as compared to healthy adults as a function
f CR in neocortical temporo–parietal areas. As discussed
bove, increased CR-related engagements (as compared to
ontrols) in these brain areas may represent loci showing par-
icular reorganizations or compensatory mechanisms in the
arly course of the disease. Neuropathological studies indi-
ate that brain lesions are already present in the middle and
uperior temporal gyrus and the superior parietal lobule in
ncipient AD (including MCI and CDR = 0.5) although they
re less frequent as compared to the ones observed in medial
emporal areas (Berg et al., 1998; Markesbery et al., 2006;
aroutunian et al., 2007). Thus, CR-related slopes changes

ould represent either direct consequence of neuropatholog-
cal abnormalities in these particular regions or secondary
hanges in response to damage in the earliest affected struc-
ures (i.e. entorhinal cortex). Finally, results deriving from
he multiple regression analysis showed that both for controls
nd AD cases brain activity in significant clusters entered into
he model to predict CR, whereas brain volume was excluded
rom the equation as a significant variable. Although active
nd passive models of CR should be regarded as complemen-
ary rather than mutually exclusive, findings in our sample
f healthy elders and AD indicate that measures reflecting
ecruitment of brain networks more closely represent the
eural implementation of CR than brain size, thus provid-
ng more support for active models (Stern, 2002). Future
esearch using more refined anatomical measures such as
oxel-based morphometry techniques or diffusion tensor-
ased imaging not considered here should be useful to further
etermine the relationship between CR and specific anatom-
cal areas.

Several limitations should be considered in our study. An
ssue to bear in mind is the small sample sizes. Although
ur samples are comparable to many fMRI studies, a larger
ample would have been desirable, especially in the MCI sub-
roup. The reduced number of subjects studied might explain
Please cite this article in press as: Solé-Padullés, C., et al., Brain struct
aging, mild cognitive impairment and Alzheimer’s disease, Neurobiol A

he lack of significant results for the fMRI experiment in this
roup. As regards the fMRI task used, it was based on a
aradigm which elicits the encoding of complex visual infor-
ation (Stern et al., 1996). A previous version of this task has

i
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een used in a report restricted to medial temporal lobe acti-
ations which included healthy elders, MCI and AD patients
Dickerson et al., 2004). In another study where whole-brain
ctivations were considered using a similar paradigm based
n the presentation of novel vs. repeated scenes, a compara-
le pattern of brain activity as the one reported in our study
or control subjects (including frontal, temporal, cingulate
nd cerebellar regions), as well as for AD (including the
eft lingual gyrus) was reported (Golby et al., 2005). Thus,
espite the fMRI results are not directly comparable (patterns
f brain activity for novel vs. repeated in the previous report
nd correlations with CR in our study), both studies sug-
est the involvement of similar brain areas during encoding
f complex visual information. However, it should be noted
hat in the present investigation the fMRI memory task did
ot entail the same level of difficulty for all participants both
ithin and between clinical groups, an aspect that by itself

ould lead to differential brain activity. Some previous stud-
es (e.g. Habeck et al., 2003; Stern et al., 2003, 2005) adjusted
he task difficulty so that all tested individuals performed at
n equivalent level. Instead, we used recognition memory as
covariate in all analyses as a measure of control for this

ariable. However, no correlations were observed between
emory performance and CR variables in any group, suggest-

ng as in previous report (Stern et al., 2003) that it is unlikely
hat the relationship observed between fMRI and CR is an
rtifact of correlations between cognitive performance. A fur-
her limitation refers to the statistical approach. In the present
eport we did not analyze data using a multivariate approach
o reveal networks underlying task performance during cogni-
ive tasks. In exchange, we employed a general linear model
GLM) analysis only reflecting correlations and group dif-
erences between CR measures and task-related activations.
revious fMRI reports in similar samples have found com-
lementary findings using both methodologies (Stern et al.,
003; Habeck et al., 2003). Thus, future studies using multi-
ariate approaches such as functional connectivity may reveal
ynamic associations between CR variables and brain activity
mong distinct clinical groups.

onflict of interest

There are no actual or potential conflicts of interest.

cknowledgements

This work was funded by a Spanish Ministerio de
ducación y Cultura research project award (SEJ2004-
6710/PSIC) to Dr. David Bartrés-Faz. Drs. Lorena Rami
nd David Bartrés-Faz were supported by the Spanish Min-
ure and function related to cognitive reserve variables in normal
ging (2007), doi:10.1016/j.neurobiolaging.2007.10.008

stry of Science and Education (‘Juan de la Cierva’ and
Ramón y Cajal’ Programs, respectively). This work was
upported by the Generalitat de Catalunya (2005SGR00855)
nd a Pfizer-eisai research grant. The authors would like to

dx.doi.org/10.1016/j.neurobiolaging.2007.10.008


 INNBA-6942; No. of Pages 11

1 biology

t
a

R

A

B

B

C

C

C

C

D

E

E

G

G

G

G

H

H

H

J

J

K

K

L

L

L

M

M

M

P

P

P

R

S

S

S

S

S

ARTICLE
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