
Alzheimer’s & Dementia 9 (2013) 580–586
Brain size and the compensation of Alzheimer’s disease symptoms:
A longitudinal cohort study

Liang-Hao Guoa, Panagiotis Alexopoulosa, Stefan Wagenpfeilb, Alexander Kurza,
Robert Perneczkya,c,*; for the Alzheimer’s Disease Neuroimaging Initiativey
aDepartment of Psychiatry and Psychotherapy, Klinikum rechts der Isar, Technische Universit€at M€unchen, Munich, Germany

bInstitute for Medical Statistics and Epidemiology, Klinikum rechts der Isar, Technische Universit€at M€unchen, Munich, Germany
cNeuroepidemiology and Ageing Research Unit, School of Public Health, Faculty of Medicine, The Imperial College of Science, Technology and Medicine,

London, UK
Abstract Background: Greater intracranial volume (ICV) has been associated with less severe Alzheimer’s
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disease (AD) symptoms at a given level of cerebral pathology. In this study we examine whether
ICV modulates the association between clinical disease progression on the one hand and brain atro-
phy or the apolipoprotein E genotype on the other.
Methods: Six hundred seventy-four subjects were studied from the AD Neuroimaging Initiative
(ADNI). Subjects included 204 controls, 144 patients with AD dementia, and 326 with amnestic mild
cognitive impairment (aMCI). Longitudinal analyses were conducted applying generalized estimating
equations to examine the influence of ICVon clinical deterioration and atrophy progression. Follow-up
data were available for up to 60 months after the baseline visit (mean 31.42 months, SD 13.12 months).
Results: ICV was not directly associated with clinical worsening or atrophy progression. However,
ICV attenuated the impact of atrophy and the apolipoprotein E ε4 allele on clinical disease progres-
sion in aMCI.
Conclusion: Greater ICV, that is, premorbid brain size, seems to protect against clinical deterioration
in the face of AD-related brain atrophy in aMCI. The results support the theory of a compensatory
role of brain reserve in contrast to a neuroprotective role. The protective effects of morphologic re-
serve seem to be limited to early clinical AD; once a certain threshold of neurodegenerative burden is
passed, a larger premorbid brain no longer offers an advantage in this context.
� 2013 The Alzheimer’s Association. All rights reserved.
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1. Introduction

The complementary hypothetical concepts of cognitive
reserve and brain reserve are often used to account for
individual differences in the clinical presentation of brain
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pathology. Brain reserve refers to the idea that individuals
who start with more substrate are able to withstand more
pathologic damage before symptoms manifest clinically.
Cognitive reserve refers to the ability to mitigate the effect
of brain pathology on its clinical presentation via compensa-
tory strategies. Factors related to cognitive and brain reserve,
such as education, occupation, social networks, as well as
brain morphologic characteristics, have been repeatedly as-
sociated with a differential individual clinical expression of
Alzheimer’s disease (AD) pathology [1]. Studies have con-
sistently shown that higher estimates of reserve were related
to less severe symptoms at comparable levels of AD pathol-
ogy as measured by a wide range of techniques, including
functional [2,3] and structural brain imaging [4], but also
eserved.
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histopathology [5]. In addition to these cross-sectional obser-
vations, longitudinal evidence indicates that lower dementia
incidence in individuals with higher education or occupa-
tional attainment is associatedwith different cognitive trajec-
tories related to the individual degree of reserve [6]. Studies
have shown that higher reserve is related to slower cognitive
deterioration before the onset of clinical AD and a faster de-
cline thereafter [7,8]. Those studies also suggested that, in
individuals with higher reserve, a greater load of brain
damage is required to cause symptoms and that cognitive
ability remains at a higher level at a given amount of
pathology. This concept implies that reserve is a moderator
between neurodegenerative burden and clinical symptom
expression. The alternative explanation that reserve has
a direct impact on the AD pathologic process would be in
line with animal experiments showing that housing in
enriched environment results in decreased cerebral amyloid
b (Ab) levels and deposits in AD transgenic mice [9]. This
argument implies the questionable assumption that enriched
environment experiments can be compared with individual
human lifestyles in relation to reserve.

In addition to biographic factors such as schooling, brain
morphologic characteristics also seem to contribute to inter-
individual reserve differences. Studies have suggested that
individuals with larger brains, estimated by head circumfer-
ence or intracranial volume (ICV) measurements, are less
likely to experience cognitive decline or dementia [10].
Moreover, it has been shown in a cross-sectional study that
larger head circumference attenuates the impact of cerebral
atrophy on cognitive performance in AD dementia [11].
Similar effects have been observed using the apolipoprotein
E (APOE) ε4 allele as a risk factor for cognitive impairment
and AD [12]. Strong evidence suggests that the major mech-
anism by which APOE influences AD is mediated by its ef-
fects on amyloid metabolism, leading to an increased
amyloid burden in carriers of the ε4 allele, which can already
be found in presymptomatic disease stages [13]. AD-like
brain functional deficits have also been observed in ε4-pos-
itive cognitively healthy individuals, and these abnormalities
are likely to contribute to an earlier onset of cognitive symp-
toms [14,15]. Other possible harmful effects of APOE ε4 in
the context of AD include a neuron-specific hyperphosphor-
ylation of tau protein, mitochondrial dysfunction, disrupted
brain lipid transport, and synaptic deficits [16], which may
be the cause of a more rapid cognitive decline in carriers
of the ε4 allele that may be modulated by factors related to
cognitive and brain reserve [12,17].

The impact of premorbid brain size on the association be-
tween AD pathology and cognitive deterioration over time,
however, has not been explored. Therefore, the main aim
of our study was to use a longitudinal approach to examine
in patients with AD dementia or amnestic mild cognitive im-
pairment (aMCI) and healthy control subjects (CON)
whether ICVmodulates the relation between clinical disease
progression on the one hand and atrophy as well as APOE on
the other.
2. Methods

2.1. Study design and participants

Study participants were between 55 and 90 years old, had
a modified Hachinski score of�4, and at least 6 years of ed-
ucation. All patients with AD dementia met the criteria es-
tablished by the National Institute of Neurological and
Communicative Disorders and Stroke–AD and Related Dis-
orders Association (NINCDS-ADRDA) [18], and had
aMini-Mental State Examination (MMSE) score of between
20 and 26 and a Clinical Dementia Rating (CDR) scale score
of 0.5 or 1 at the baseline visit. For a diagnosis of aMCI, sub-
jects showed MMSE scores of between 24 and 30, a global
CDR score of 0.5, had memory complaints but no significant
functional impairment, and objective memory impairment
on the Wechsler Memory Scale—logical memory II. CON
hadMMSE scores of between 24 and 30, a global CDR score
of 0, no evidence of depression, and no subjective memory
complaints. After the baseline visit, subsequent visits were
conducted at 6- or 12-month intervals until a maximum
follow-up period of 60 months. The data used in this study
were obtained from www.loni.ucla.edu/ADNI on October
20, 2011; all available subjects were included if cerebral
magnetic resonance imaging (MRI) scans and follow-up
data beyond the 6-month visit after baseline were available,
resulting in a total of 674 subjects, including 204 CON, 144
AD dementia, and 326 aMCI, with a mean follow-up of
31.42 months (SD 13.12). The full list of inclusion/exclusion
criteria can be accessed through the online ADNI
protocol (pages 23–29) at www.adni-info.org/Scientists/
ADNIScientistsHome.aspx.
2.2. MRI acquisition and apolipoprotein E genotyping

StructuralMRI scanswere acquired from 1.5-TMRI scan-
ners with three-dimensional (3D) T1-weighted sequences ac-
cording to individualized protocols for each scanner, as
defined at www.loni.ucla.edu/ADNI/Research/Cores/index.
shtml. Two high-resolution T1-weighted volumetric 3D sag-
ittal magnetization prepared rapid gradient-echo (MPRAGE)
scans were collected for each subject at baseline and follow-
up visits. MRI measures of total ICVand total brain volume
(TBV) were reconstructed using FreeSurfer software at the
Multi-Modal Imaging Laboratory at University of California,
San Diego, as described previously [19]. The TBV/ICV ratio
was calculated as an estimate of brain atrophy (in the follow-
ing referred to as atrophy) [20]. The apolipoprotein E (APOE)
genotype was determined through analysis of blood samples
using standard polymerase chain reaction methods.
2.3. Outcome measures and predictor variables

All subjects received a standardized psychometric test bat-
tery at baseline and all available follow-up visits. For the pur-
poses of the present study, deterioration rates per year were
calculated for two different cognitive measures, the MMSE
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and the AD Assessment Scale—cognitive subscale (ADAS-
cog), and for one global clinical rating, the CDR—sum of
boxes (CDR-sb). The rates of change on these three clinical
measureswere used as primary outcomemeasures (dependent
variables). Atrophy was also considered as a dependent vari-
able in additional models. The primary predictor variable
(independent variable) was ICV. All models were adjusted
for age, gender, years of education, APOE ε4 carrier status,
and history of cardiovascular disease, stroke, or diabetes mel-
litus. Atrophy was considered as a further predictor variable
except in the models using atrophy as the dependent variable.
Table 1

Baseline characteristics of the study sample

CON aMCI AD dementia

N 204 326 144

Age 75.9 (5.11) 74.37 (7.39) 74.78 (7.65)

Education (years) 16.07 (2.85) 15.66 (3.00)* 14.90 (3.14)*

MMSE score 29.10 (1.02) 27.06 (1.75)* 23.43 (1.96)*

ADAS-cog score 9.32 (4.21) 18.51 (6.50)* 27.94 (8.81)*

CDR-sb score 0.29 (0.18) 1.58 (0.88)* 4.14 (1.54)*

Gender (N/% men) 106/51.96 218/66.88* 74/51.39

APOE ε4

(N/% carriers)

57/27.94 176/53.99* 97/67.36*

ICV (cm3) 1464.47 (133.27) 1475.12 (150.88) 1436.46 (147.58)

TBV (cm3) 1001.29 (94.62) 992.96 (110.75) 947.53 (101.64)*

TVB/ICV ratio

(atrophy)y
0.68 (0.03) 0.67 (0.03)* 0.66 (0.02)*

Abbreviations: CON, cognitively normal controls; aMCI, amnestic mild

cognitive impairment; AD, Alzheimer’s disease; MMSE,Mini-Mental State

Examination; ADAS-cog, Alzheimer’s Disease Assessment Scale—cogni-

tive subscale; APOE, apolipoprotein E; ICV, intracranial volume; TBV, total

brain volume.

NOTE. Data presented as mean (SD) unless indicated otherwise.

*Significant differences compared with the CON group at P , .05.
yHigher values indicate less atrophy.
2.4. Statistical analysis

All statistical analyses were performed using SPSS, ver-
sion 19.0 (IBMCorp., Somers, NY), and R software (version
2.13.0) with the Q-Value package (http://genomics.
princeton.edu/storeylab/qvalue/). All tests were two-sided
with P , .05 considered significant. One-way analyses of
variance (ANOVAs) or Kruskal-Wallis tests and c2 tests
were used to compare the baseline demographic, clinical,
andMRI variables between study groups. Longitudinal anal-
yses were conducted by applying generalized estimating
equations (GEEs) to examine the influence of ICVon clinical
deterioration and atrophy progression. By treating each pa-
tient’s repeated measures as a cluster, GEE accounts for
the possible correlation of variables measured in the same in-
dividual over time; furthermore, GEE allows for missing
variables within one cluster and violations of the normality
assumption [21]. Separate multivariate-adjusted models
were constructed for each of the three study groups (CON,
aMCI, and AD dementia). Two different sets of GEE models
were constructed, the first set using one of the three clinical
measures (MMSE, ADAS-cog, and CDR-sb) as the depen-
dent variable and the second set using atrophy as the depen-
dent variable. Independent variables were ICV and time
(years from baseline); in addition, models were adjusted
for possible confounding factors as specified previously (ex-
cluding atrophy as an independent variable from models in
which atrophy was the dependent variable). The following
interaction terms were tested in separate models (interaction
terms including atrophy were not tested for models with at-
rophy as the dependent variable): (1) atrophy ! time; (2)
APOE ! time; (3) ICV ! time (all other bivariate interac-
tions were tested but are not reported here because of lacking
significance); (4) atrophy! ICV! time; and (5) APOE!
ICV! time. A significant ICVeffect would suggest a differ-
ence in the dependent variable at baseline, whereas a signif-
icant time effect would suggest a change in the dependent
variable over time. For models with one of the clinical mea-
sures as the dependent variable, a significant bivariate inter-
action term would suggest differential rates of clinical
deterioration as a function of APOE, ICV, or atrophy. A sig-
nificant interaction between three variables would suggest
differential effects of atrophy or APOE on clinical deteriora-
tion in relation to ICV. For models with atrophy as the
dependent variable, significant bivariate interactions would
suggest differential atrophy progression rates as a function
of APOE or ICV, whereas a significant interaction between
three variables would suggest a differential effect of APOE
on atrophy progression as a function of ICV. Quadratic terms
of the interaction ICV ! time were added to the GEE
models to test the hypothesis that patients with higher brain
reserve experience faster cognitive decline than those with
lower brain reserve [7]. Last, separate GEE models stratified
according to gender were constructed to explore differential
effects in women and in men.
3. Results

Baseline characteristics of the study sample are presented
in Table 1. Compared with the CON group, the aMCI and
AD dementia groups were characterized by a higher propor-
tion of APOE ε4 allele carriers, lower MMSE scores, higher
ADAS-cog scores, higher CDR-sb ratings, lower educa-
tional attainment, as well as lower Ab(1-42) and higher t-
tau as well p-tau181 CSF concentrations (all P , .01). ICV
did not significantly differ between the three diagnostic
groups (P5 .23). Baseline atrophy was significantly greater
in aMCI and AD dementia compared with CON (P, .0001).

The GEE models showed that time had a negative effect
on clinical status and atrophy over time in the aMCI and AD
groups (P , .0001). No association was observed between
ICVand any of the dependent variables and no significant in-
teraction effect between ICV and time, indicating that ICV
per se has no impact on clinical deterioration or atrophy pro-
gression. A significant effect of APOE on clinical deteriora-
tion was observed in the aMCI group (P, .01), but not in the
AD dementia and CON groups. A significant interactive ef-
fect between atrophy and time on all three clinical outcome
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Table 2

Adjusted GEE models examining the interactive effects of time, atrophy, apolipoprotein E genotype, and brain atrophy on cognitive decline

CON aMCI AD dementia

b SE P-value b SE P-value b SE P-value

MMSE

Time ! APOE 20.10 0.07 0.17 20.57 0.17 0.001 20.09 0.78 0.91

Time ! ICV ,0.001 ,0.001 0.69 ,0.001 0.001 0.78 ,0.001 ,0.01 0.99

Time ! atrophy 0.79 1.62 0.62 18.28 4.18 ,0.001 31.49 9.02 ,0.001

Time ! ICV ! APOE ,20.001 ,0.001 0.23 ,0.001 ,0.001 0.02 ,0.001 ,0.001 0.35

Time ! ICV ! atrophy 0.20 0.26 0.43 20.23 0.08 0.02 20.27 0.30 0.37

ADAS-cog

Time ! APOE 0.05 0.17 0.77 1.06 0.36 ,0.01 0.67 1.69 0.69

Time ! ICV 20.001 0.001 0.35 0.002 0.001 0.21 ,0.01 ,0.01 0.62

Time ! atrophy 26.43 4.52 0.16 242.08 9.22 ,0.001 245.77 17.61 ,0.001

Time ! ICV ! APOE ,20.001 ,0.001 0.80 –0.001 ,0.001 0.03 ,20.001 0.001 0.58

Time ! ICV ! atrophy ,20.001 ,0.001 0.11 0.19 0.15 0.05 ,20.001 0.001 0.31

CDR-sb

Time ! APOE 0.03 0.03 0.34 0.40 0.11 ,0.001 0.64 0.46 0.16

Time ! ICV ,0.001 ,0.001 0.15 ,20.001 ,0.001 0.33 20.001 0.001 0.53

Time ! atrophy 21.25 0.49 0.01 211.90 2.16 ,0.001 220.57 5.06 ,0.001

Time ! ICV ! APOE ,0.001 ,0.001 0.47 ,0.001 ,0.001 0.01 ,0.001 ,0.001 0.53

Time ! ICV ! atrophy ,20.001 ,0.001 0.75 0.001 ,0.001 ,0.01 0.002 0.002 0.22

Atrophy

Time ! APOE ,0.001 0.001 0.82 ,0.001 0.001 0.06 ,20.01 ,0.01 0.17

Time !ICV ,0.001 ,0.001 0.46 ,20.001 ,0.001 0.06 ,0.001 ,0.001 0.35

Time ! ICV ! APOE ,20.001 ,0.001 0.78 ,20.001 ,0.001 0.33 ,20.001 ,0.001 0.48

Abbreviations: GEE, generalized estimating equation; b, linear regression coefficient; SE, standard error; CON, cognitively normal controls; aMCI, amnestic

mild cognitive impairment; AD, Alzheimer’s disease; MMSE, Mini-Mental State Examination; ADAS-cog, Alzheimer’s Disease Assessment Scale–cognitive

subscale; CDR-sb, Clinical Dementia Rating scale—sum of boxes. Significant findings (P , .05) are indicated in bold.

NOTE. The CON group was used as the reference group. All models included as the independent variables ICV, atrophy; APOE, time, age, gender, education,

cardiovascular disease, stroke, and diabetes. Significant findings (P , .05) are indicated in bold.
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measures was detected in the aMCI and AD groups, indicat-
ing an increasing negative impact of atrophy on clinical sta-
tus over time. All other independent variables (age, gender,
and years of education, and history of cardiovascular dis-
ease, stroke, or diabetes mellitus) were not significant.

In the GEEmodel including themultivariate interactions at-
rophy! ICV! time orAPOE! ICV! time, the interaction
terms were significant for all three clinical measures as the de-
pendent variable in the aMCIgroup, but not in theADdementia
or CON groups. The multivariate interaction APOE! ICV!
timewas not significant in themodelwith atrophy as the depen-
dent variable in any of three study groups (Table 2). These re-
sults indicate that atrophy and APOE had less impact on
clinical deterioration in aMCI patients with larger ICV. How-
ever, ICV did not affect the impact of APOE on atrophy pro-
gression (see also Figure 1). The quadratic terms of the
interaction ICV ! time were not significant in any of the
GEEmodels. All other independent variables (age, years of ed-
ucation, and a history of cardiovascular disease, stroke, or dia-
betes mellitus) were also not significant. Stratifying the GEE
models according to gender did not affect the findings.
4. Discussion

A protective effect of brain size against the expression of
AD symptoms has been suggested by previous epidemiologic
and clinical research. We aimed to extend the existing litera-
ture by exploring the association between ICV, atrophy or the
APOE ε4 allele and cognitive decline. Our results show that
greater premorbid brain size attenuates the negative impact
of AD pathology, as represented by brain atrophy and the
APOE ε4 allele in this case, on clinical disease progression,
although no direct relation between ICVand cognitive perfor-
mancewas observed. Brain atrophy rates were not affected by
ICV, which points to a compensatory rather than a neuropro-
tective effect of brain reserve.Our findings are in linewith pre-
vious cross-sectional observations reporting that greater
maximal adult brain size reduces the effects of atrophy and
APOE ε4 on cognition [11,12]. Our study also supports
reports on a lower incidence [22] and prevalence [23] of cog-
nitive impairment and AD dementia in individuals with larger
head circumference and also a recent meta-analysis suggest-
ing different cognitive trajectories in relation to biographic re-
serve variables [6].

The fact that brain reserve effects on clinical disease ex-
pression were limited to the aMCI group in our study is an
interesting but not entirely unexpected finding. aMCI often
represents a transitional stage between normal cognitive ag-
ing and AD dementia [24]. Several lines of evidence indicate
that neuronal impairment and compensation coexist in this
stage. For example, functional connectivity deficits between
posterior cingulate cortex and regions within the default
mode network are accompanied by increased connectivity
between posterior cingulate cortex, medial prefrontal cortex,



Fig. 1. Predicted Mini-Mental-State Examination score decline in the amnestic mild cognitive impairment group in: (A) patients with large intracranial volume

and severe atrophy versus patients with small intracranial volume andmild atrophy; and (B) patients with large intracranial volume carrying the apolipoprotein E

ε4 allele versus patients with small intracranial volume not carrying the ε4 allele. APOE, apolipoprotein E; ICV, intracranial volume. Models adjusted for co-

variates as specified. ICVand brain atrophy were dichotomized for illustrative purposes. Small ICV was defined as the first tertile of the distribution, whereas

large ICV was defined as the third tertile. Severe atrophy was defined using a cut-off �0.66 derived from an ROC analysis comparing the Alzheimer’s disease

dementia group with the healthy control group. It can be seen clearly that patients with large intracranial volume experienced slower cognitive deterioration as

compared with patients with small intracranial volume despite having more severe brain atrophy or carrying the APOE ε4 allele.

Fig. 2. A theoretical model of brain reserve. Theoretical illustration of how

brain reserve may offset the negative impact of brain atrophy on cognitive per-

formanceover time.Ourmodel predicts that brain atrophy increases at the same

rate over time in individuals with high andwith low brain reserve (estimated by

intracranial volume in our study). In the mild cognitive impairment stage, cog-

nitive declinewill be faster in individuals with low reserve, but individuals with

high reservewill have a similar rate of deterioration in theAD stage. Therefore,

cognitive performancewill be better in the high brain reserve group at any given

level of brain atrophy than in the low brain reserve group.
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and anterior cingulate cortex [25]. Blood flow increases in
brain regions including the medial temporal lobe have also
been observed alongside flow decreases in other AD-
typical regions in MCI [26]. These compensatory mecha-
nisms seem less relevant in further advanced clinical stages
of AD. In line with these observations, our results may sug-
gest that a larger premorbid brain helps to offset the impact
of AD on cognition during the transitional stage of aMCI;
the protective effect, however, is outweighed by the neurode-
generative burden in more advanced AD. The concept of
faster cognitive deterioration in patients with higher brain re-
serve compared to those with lower reserve is not supported
by our findings (Figure 2 depicts the theoretical model).

We hypothesized that ICV is a proxy of structural reserve
components. At 6 years of age, brain growth is largely com-
plete [27]; indices such as adult ICV or head circumference
therefore mainly reflect cerebral development during early
childhood. Hence, our results may suggest that one basis for
high brain reserve is provided by an optimal brain growth
[28], which is determined by a mixture of genetic factors
[29,30] and external influences, including infections,
inflammations [31], nutrition [32], and perinatal injury [33].
Larger brains may offer protection by providing quantitative
and/or qualitative advantages such as high synapse/neuron
count [34] or better connectivity. Regardless of the underlying
mechanisms, improving prenatal and early life conditions
could significantly increase brain reserve in the population,
which in turn may have an impact on the prevention of AD.

Limitations of our study include the recruitment of partic-
ipants at specialized memory clinics, which restricts extrap-
olation of the findings to the general population. No
neuropathologic data were available but the reliability of
clinical diagnoses established at specialized centers is usu-
ally very good [35]. ICV is only an approximation of the
real premorbid brain size, but this baseline information is
rarely available in clinical cohorts. Strengths of the study
are the longitudinal design and the inclusion of a large num-
ber of individuals with normal and impaired cognition. The
use of automated procedures to measure atrophy and ICV
provided data that was not affected by rater-dependent vari-
ability. Furthermore, ICV is a closer approximation to max-
imal adult brain size than head circumference [36], which
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was often used in previous studies [11]. There is some dis-
agreement whether ICV should be corrected for body size,
but previous research shows that the association between
ICV, brain volume, and cognition in old age was actually
not affected by adjusting for height [37].

In conclusion, our study suggests that premorbid brain size
protects against clinical deterioration in the face ofAD-related
brain atrophy in aMCI.The results support the theory of a com-
pensatory role of brain reserve in contrast to a neuroprotective
role. The protective effects ofmorphologic brain reserve seem
to be limited to early clinical AD; once a certain threshold of
neurodegenerative burden is passed, larger premorbid brains
no longer offer an advantage in this context. Although these
observations strongly support the hypothesis of a structural
component of reserve, the issueof the exact neurobiologic sub-
strates still needs to be resolved. A complex interplay between
brain functional and structural factors most likely determines
the individual level of brain reserve [38].
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