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In later adulthood brain pathology becomes common and trajectories of cognitive change are heterogeneous. Among the mul-

tiple determinants of late-life cognitive course, cognitive reserve has been proposed as an important factor that modifies or

buffers the impact of brain pathology on cognitive function. This article presents and investigates a novel method for measuring

and investigating such factors. The core concept is that in a population where pathology is common and variably present,

‘reserve’ may be defined as the difference between the cognitive performance predicted by an individual’s level of pathology and

that individual’s actual performance. By this definition, people whose measured cognitive performance is better than predicted

by pathology have high reserve, whereas those who perform worse than predicted have low reserve. To test this hypothesis, we

applied a latent variable model to data from a diverse ageing cohort and decomposed the variance in a measure of episodic

memory into three components, one predicted by demographics, one predicted by pathology as measured by structural MRI and

a ‘residual’ or ‘reserve’ term that included all remaining variance. To investigate the plausibility of this approach, we then tested

the residual component as an operational measure of reserve. Specific predictions about the effects of this putative reserve

measure were generated from a general conceptual model of reserve. Each was borne from the results. The results show that the

current level of reserve, as measured by this decomposition approach, modifies rates of conversion from mild cognitive impair-

ment to dementia, modifies rates of longitudinal decline in executive function and, most importantly, attenuates the effect of

brain atrophy on cognitive decline such that atrophy is more strongly associated with cognitive decline in subjects with low

reserve than in those with high reserve. Decomposing the variance in cognitive function scores offers a promising new approach

to the measure and study of cognitive reserve.
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Introduction
The later decades of life are characterized, at the population level,

by worsening cognitive decline (Salthouse, 2003). Individual tra-

jectories, however, are highly heterogeneous, with some people

declining rapidly and experiencing severe impairment and others

changing little or even improving (Zelinski et al., 1993; Albert

et al., 1995; Rubin et al., 1998; Wilson et al., 2002a). Brain path-

ology, including that of Alzheimer’s disease and other neurode-

generative processes, infarcts and other ischaemic damage, and

sometimes a cryptic loss of neurons and synapses (White et al.,

2005), accumulate to varying degrees in individuals and explain

some of the heterogeneity in cognitive ageing (Buckner, 2004).

The relationship between measured pathology and cognitive de-

cline, however, is only modest overall (Mungas et al., 2002; Chui

et al., 2006) and striking discrepancies are common. For example,

!20% of old people who are cognitively normal and stable prior

to death will be found to have sufficient Alzheimer’s disease path-

ology post-mortem to meet neuropathological criteria for

Alzheimer’s disease (Davis et al., 1999; Schmitt et al., 2000;

Bennett et al., 2006; Driscoll et al., 2006). Similarly, population-

based studies that use MRI to sensitively study brain structure find

that !20% of older adults have previously unsuspected infarcts

(Longstreth et al., 1998; DeCarli et al., 2005).

‘Reserve’ is the concept that there are characteristics of the

brain that buffer the impact of pathology on brain performance

(Satz, 1993; Stern, 2002). These characteristics may be structural,

e.g. ‘extra’ neurons and synapses, or may be functional: a degree

of excess capacity or compensatory mechanisms such that the

brain could continue to perform well despite damage (Stern,

2009). Reserve is postulated to differ between people and to be

determined by both biology and experience, with cognitively de-

manding activities playing a key role. It is an important concept in

theories of how the brain responds to insult and is frequently

invoked to explain discrepancies between the extent of brain path-

ology and the extent of cognitive impairment.

A critical question for the study of reserve is how to quantify

this abstract construct. The importance of how to measure reserve

seems self evident, but the issue has received little formal atten-

tion. The most common approach is to use other variables as

markers of, or proxies for, reserve; the most common such vari-

able being years of education. Thus, for example, multiple studies

have found that level of education is inversely correlated with risk

of prevalent (Zhang et al., 1990; Katzman, 1993; Canadian Study

of Health and Ageing Working Group, 1994; Ott et al., 1995,) or

incident (Cobb et al., 1995; Karp et al., 2004) dementia and have

concluded that cognitive reserve plays a role in protecting people

against dementing illness. However, education is a highly complex

variable with wide ranging effects on people’s lives, and thus edu-

cation may reduce the risk of dementia through mechanisms

having nothing to do with reserve. With a few exceptions,

higher education confers lower risk of disease (Grossman and

Kaestner, 1997). Education correlates with income, access to

health care, health promoting behaviours and many other vari-

ables that predict health outcome (Kaplan et al., 1987;

Grossman and Kaestner, 1997; Deaton and Paxson, 1999).

Lower education is associated with increased risk of heart disease,

stroke and diabetes (Liu et al., 1982; Wong et al., 2002; Borrell

et al., 2006), hypertension, smoking and obesity (Kaplan and Keil,

1993), each of which is associated with increased risk of dementia

in general and Alzheimer’s disease in particular. Education may

indeed correlate with reserve but it does not measure reserve dir-

ectly or exclusively.

Other variables have also been used as markers of reserve, for

example occupational complexity (Andel et al., 2006; Potter et al.,

2008) and extent of intellectual activities during leisure time

(Wilson et al., 2002b; Verghese et al., 2003). However, these

variables are themselves correlated with education and suffer

from the same fundamental problems of being measures of factors

thought to contribute to reserve as opposed to being direct meas-

ures of reserve itself and of introducing multiple potential con-

founds into any correlational analysis.

The aim of this article is to present an alternative approach to

the measurement of reserve along with a series of analyses that

support the utility of this approach. The rationale begins with the

premise that a simple way to define reserve is the difference be-

tween an individual’s expected cognitive performance, given a

particular level of brain pathology, and their actual cognitive per-

formance. So defined, a person whose observed cognitive

performance is better than predicted—given the extent of path-

ology present in his or her brain—has high reserve. Conversely, a

person with low reserve performs worse than expected.

The conceptual basis for our approach to quantify reserve

rests on the observation that cognition is determined by multiple

factors and the independent contributions of these determinants

can be estimated. One determinant is neuropathology.

Neuropsychological tests are sensitive to brain injury and dysfunc-

tion, although measures of brain injury or pathology usually leave

substantial test variance unexplained. The particular measures of

pathology used here are MRI-based measures of brain structure. A

second determinant is demographic variables, which typically have

strong relationships to cognitive test scores. Our approach to mea-

suring reserve involves an empirical decomposition of variance in a

cognitive variable (episodic memory in this case) into independent

components explained by measures of brain structure, demo-

graphic variables and a component that is independent of brain

structure and demographic effects. The latter, residual, component

captures individual differences in cognition that are not explained

by measured brain variables and provides our putative measure of

reserve. That is, individuals with high scores on this component

perform better than expected and those with low scores perform

worse than expected; this corresponds to the previously presented

definition of reserve. It is a measure of the current reserve of an

individual, as opposed to an estimate of peak reserve or some sort

of general adult level.

This approach, in a sense, defines reserve as prediction error.

That is reserve is the sum of unmeasured sources of systematic

variance in cognition, which is not explained by a specific set of

known brain variables. A potential problem with this approach is

that the measure of reserve that is derived will be influenced by

the specific brain variables that are used and consequently, differ-

ent measures of reserve are possible for a person at a specific

time. The question is not so much whether this approach yields
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a singular measure of reserve, but rather whether it provides a

useful method for operationalizing reserve. There are several po-

tential benefits of this approach, which has the core advantage of

measuring reserve directly: (i) it provides an operational measure

of current reserve that is quantitative, continuous and individually

specific; (ii) it defines reserve a priori and concretely; (iii) it allows

for measurement of change in reserve in an individual over time;

and (iv) hypotheses regarding both the determinants and effects

of reserve can be tested without circularity. These are very useful

features and make it worth investigating as an approach to

reserve.

In order to investigate this idea empirically, we used a latent

variable modelling approach to decompose the variance of an epi-

sodic memory measure and to test relationships between those

variance components and several key outcomes that were defined

by the reserve hypothesis. For these initial analyses, we used epi-

sodic memory as the cognitive dependent measure. Other meas-

ures could have been used, but episodic memory changes

substantially with age, is strongly affected by multiple brain dis-

orders of ageing and is arguably the most sensitive cognitive in-

dicator in a variety of diseases of ageing that cause cognitive

decline. In order to determine whether the results hinged critically

on using episodic memory as the measure to decompose, we per-

formed a set of secondary analyses using a semantic memory

measure as the dependent cognitive measure. Semantic memory

can be conceptualized as a cumulative information store and can

thus be viewed as reflective of the intellectual resources accumu-

lated to that point in life. Therefore, one would predict that the

extent to which semantic memory performance differed from the

level predicted by brain pathology would be a measure of reserve.

The basic approach was to decompose the variance in episodic

memory into three components, specifically the portion associated

with demographic factors, the portion associated with MRI meas-

ures of brain structure and the residual or remaining portion; i.e.

each subject’s memory score was broken down into three scores—

a demographic memory score, an MRI memory score and a re-

sidual memory score. The residual memory score was defined as a

putative measure of reserve and tested using a set of a priori

hypotheses.

While the basic conceptualization of reserve refers to systematic

variance not explained by brain variables, we also incorporated

demographic variables into our empirical decomposition of episod-

ic memory. This has the practical result of removing demographic

influences from the reserve measure and specifically removes any

contributions of education. To the extent that education is central

to the development of reserve, this choice will degrade the ex-

planatory power of the reserve measure. Operationalizing reserve

in this way presents a stringent and conservative test of the feasi-

bility of this approach.

The general concept of reserve generates several specific

hypotheses, which we tested using longitudinal data from a demo-

graphically diverse longitudinal cohort of older adults. The first

two hypotheses reflect cross-sectional associations. The first is

that mean levels of current reserve will diminish with current

global cognitive status. Thus, normal4mild cognitive impairment

4 dementia, and continuous measures of global clinical status will

correlate positively with reserve. This reflects the assumption that

the amount of reserve that an individual has will decline as that

reserve is overwhelmed by pathology. The second hypothesis is

that reserve, as measured by this approach, will be positively

associated with other possible indices of reserve, even accounting

for education. Thus, for example, reading ability should be posi-

tively associated with the residual/reserve variable. The next three

hypotheses address the degree to which current reserve modifies

our predictions of future decline. The third is that reserve modifies

the risk of conversion from mild cognitive impairment to dementia;

individuals with more reserve will be less likely to convert than

those with lower reserve. Fourthly, we tested whether reserve

modifies rates of cognitive decline such that greater reserve is

associated with less longitudinal decline. The final hypothesis is

that reserve modifies the effect of brain atrophy on cognitive

function such that a given loss of brain volume will produce

more cognitive decline in individuals with low reserve compared

to those with higher reserve.

It should be noted that these hypotheses vary in the degree to

which they are substantive tests of the proposed measurement

approach to reserve. Hypothesis 1, in particular, is unlikely to be

false and might be viewed as simply descriptive. The proposed

reserve measure is a memory score adjusted for the effects of

MRI and demographics; memory declines markedly across the

cognitive syndromes of normal, mild cognitive impairment and

dementia and thus it is highly likely that the adjusted score will

too. Hypothesis 2 is also cross sectional and therefore less inform-

ative regarding reserve, which is fundamentally about change. The

remaining hypotheses, which all test reserve as a modifier of lon-

gitudinal course, are, however, more substantial and therefore

more crucial in testing conjectures about reserve.

Materials and methods

Participants
All 305 participants were evaluated by the University of California at

Davis Alzheimer’s Disease Centre as part of an ongoing longitudinal

study of cognitive impairment in an educationally and ethnically di-

verse sample of older adults. Participants are recruited into the study

through two routes: (i) memory clinic referrals and (ii) community

outreach. Approximately 74% of participants were recruited through

previously described community outreach protocols (Carter et al., in

press) designed to enhance both the racial and ethnic diversity and

spectrum of cognitive dysfunction of the sample. The remaining

participants were undergoing clinical evaluation at the University of

California at Davis Alzheimer’s Disease Centre and were recruited for

this study. The participant sample included 101 African Americans,

78 Hispanics (35 tested in English, 43 tested in Spanish) and 126

Caucasians. Table 1 shows characteristics of the study sample.

Regardless of recruitment source, the inclusion criterion was that

subjects were aged 460. Exclusion criteria included unstable major

medical illness, major primary psychiatric disorder (history of schizo-

phrenia, bipolar disorder or recurrent major depression) and substance

abuse or dependence in the last five years. Participants who could not

undergo MRI were excluded. All participants signed informed consent,

and all human subject involvement was overseen by Institutional

Review Boards at University of California at Davis, the Veterans
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Administration Northern California Health Care System and San

Joaquin General Hospital in Stockton, California.

Clinical evaluation
All participants received a multidisciplinary diagnostic evaluation

through the University of California at Davis Alzheimer’s Disease

Centre. These evaluations included detailed medical history, physical

and neurological examinations. A physician fluent in Spanish examined

subjects who spoke only Spanish. A family member or other informant

with close contact with the participant was interviewed to obtain in-

formation about level of independent functioning. Clinical neuropsy-

chological evaluation using standard neuropsychological tests was

given to each subject (these diagnostic tests are distinct from the out-

come measures used in analyses). Routine dementia work-up labora-

tory tests were obtained for all participants.

Diagnosis of cognitive syndrome (normal, mild cognitive impair-

ment, dementia) and, for individuals with dementia, underlying aeti-

ology was made according to standardized criteria and methods. Each

case was initially diagnosed at a consensus conference by the clinical

team evaluating the participant. Those appearing likely to be eligible

for this study were then reviewed at a second, multidisciplinary

University of California at Davis Alzheimer’s Disease Centre-wide

case adjudication conference. Dementia was diagnosed using

Diagnostic and Statistical Manual of Mental Disorders-III R

(American Psychiatric Association, 1987) criteria for dementia modified

to exclude the requirement of memory impairment. Mild cognitive

impairment was diagnosed according to standard clinical criteria, mod-

ified to include the four different subtypes (Petersen, 2004). Normal

cognitive function was diagnosed if there was no clinically significant

cognitive or functional impairment. All subject diagnoses were made

blind to research neuropsychological testing and quantitative brain

image analysis. Of the 43 demented cases, 33 were diagnosed with

Alzheimer’s disease and five had mixed Alzheimer’s and cerebrovascu-

lar disease; the others had vascular or other degenerative conditions.

None had large cortical strokes or lobar atrophies.

The Clinical Diagnostic Rating (CDR) (Morris, 1993) was completed

on the basis of a standardized interview with the identified participant

and an informant; the sum of individual items or boxes (CDRSum) was

used as a continuous measure of clinical status.

Research neuropsychological tests
All participants were administered the Spanish and English

Neuropsychological Assessment Scale (SENAS), which is a comprehen-

sive neuropsychological test battery that has undergone extensive de-

velopment (Mungas et al., 2000, 2004, 2005b, c; Gonzalez et al.,

2001, 2002). The SENAS was developed to be a battery of cognitive

tests relevant to diseases of ageing that were psychometrically

matched across sub-scales and across English and Spanish versions.

Psychometric properties of the resulting scales have been published

(Mungas et al., 2004). This study used a subset of SENAS tests that

were averaged within domains to create composite measures of

Episodic Memory (Word List Learning I and Word List Learning II)

and Executive Function (Category Fluency, Phonemic Fluency,

Working Memory). The SENAS Episodic Memory composite was

used in the decomposition. Secondary analyses were performed

using a Semantic Memory composite from the SENAS as the cognitive

variable for decomposition. This measure is a composite of an Object

Naming task and a non-verbal, Picture Association task that is highly

correlated with Object Naming (Mungas et al., 2004). The correlation

of Semantic Memory with Episodic Memory in this data set is 0.47.

Because cognitive decline was of particular interest and memory

scores were used in the decomposition, a cognitive measure distinct

from memory, the Executive Function composite, was used as the

outcome. Other outcomes could have been used but executive func-

tion is an important indicator of brain changes and diseases of ageing,

and is also closely tied to clinically relevant real world daily function

(Royall et al., 1998, 2004; Cahn-Weiner et al., 2002, 2007;

Tomaszewski Farias et al., 2009). In order to test whether the results

were critically dependent on using executive function as the outcome

measure, a secondary analysis was performed using the CDRSum as

the longitudinal outcome.

Table 1 Sample characteristics according to baseline diagnosis

Normal (n = 162) Mild cognitive
impairment (n = 100)

Demented (n =43) All (n = 305)

Gender

n (%) female 111 (69) 57 (57) 25 (58) 193 (63)

Education (years)

mean (SD) 12.8 (4.4) 13.1 (4.6) 11.3 (4.6) 12.7 (4.5)

Age (years)***

mean (SD) 73.1 (7.1) 75.1 (6.6) 78.1 (7.4) 74.5 (7.2)

Ethnicity*

n (%) African American 58 (36) 33 (33) 10 (23) 101 (33)

n (%) Hispanic 49 (30) 17 (17) 12 (28) 78 (26)

n (%) Caucasian 55 (34) 50 (50) 21 (49) 126 (41)

Follow-up time (years) mean (SD)** 3.5 (1.3) 3.2 (1.4) 2.8 (1.4) 3.0 (1.3)

Number of evaluations

n (%) 2 evaluations 28 (17) 24 (24) 13 (30) 65 (21)

n (%) 3 evaluations 41 (25) 29 (29) 12 (28) 82 (27)

n (%) 4 evaluations 46 (29) 17 (17) 10 (23) 73 (24)

n (%)"5 evaluations 47 (29) 30 (30) 8 (19) 85 (28)

Note that diagnostic groups differ. *P=0.03; **P=0.01; ***P50.001.
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A subgroup of participants was tested with measures of word read-

ing ability. Reading measures have been shown to be strong indicators

of premorbid cognitive ability and appear to be proxy measures for

quality of educational experience (Manly et al., 2002, 2003, 2004)

and have also been shown to be indicators of cognitive reserve

(Manly et al., 2005). Individuals tested in English were administered

the American version of the National Adult Reading Test (Grober and

Sliwinski, 1991). Those tested in Spanish were administered the Word

Accentuation Test (Del Ser et al., 1997). Using methods previously

described, a composite reading measure was constructed by convert-

ing American version of the National Adult Reading Test scores of

those tested in English and Word Accentuation Test scores of those

tested in Spanish to z-scores (Cosentino et al., 2007).

Magnetic resonance imaging
MRI was used to measure volumes of brain matter, white matter

hyperintensities and hippocampus. While brain atrophy and white

matter hyperintensities increase with age (Jack et al., 1997; Liao

et al., 1997; DeCarli et al., 2005), these are not benign changes

and represent a variety of pathological effects (DeCarli et al., 1995;

Mungas et al., 2001, 2005a; Kramer et al., 2007). Alzheimer’s disease

is the single greatest cause of cognitive impairment in the aged, fol-

lowed by cerebrovascular disease (Lim et al., 1999; Fitzpatrick et al.,

2004). Both cause cortical atrophy (Whitwell et al., 2007; Jagust et al.,

2008) and both are associated with increased volume of white matter

hyperintensity (Jellinger, 2005; Yoshita et al., 2006; Jagust et al.,

2008). Hippocampal volume is markedly reduced in Alzheimer’s dis-

ease and also in hippocampal sclerosis, a condition associated with

several aetiologies, including cerebrovascular disease (Jack et al.,

2002; Zarow et al., 2005; Chui et al., 2006). Each of these structural

brain measures is associated with cognitive loss (Mungas et al., 2001,

2002; Adak et al., 2004; Tullberg et al., 2004; Brickman et al., 2008)

and we used them together to estimate brain pathology. Infarcts are

another type of brain pathology that is sensitively revealed by MRI.

They were not included in initial models because previous analyses had

shown their effects to be weak. The core latent variable model was

built as described below. The addition of infarcts did not have any

effect (independent of the other MRI variables) on episodic memory

and therefore was not added to the model.

Research brain imaging was obtained at the University of California

at Davis MRI research centre on a 1.5 T GE Signa Horizon LX

Echospeed system or the Veterans Administration at Martinez on a

1.5 T Marconi system. The scan parameters and comparability of

images from the two sites has been previously detailed (DeCarli

et al., 2008). Image quantification was performed by a rater who

was blind to age, gender, race, educational achievement, ethnicity

and diagnostic status.

Brain and white matter
hyperintensities volumes
Analysis of brain and white matter hyperintensities volumes was based

on a fluid attenuated inversion recovery sequence designed to enhance

white matter hyperintensity segmentation (Jack et al., 2001). Images

were oriented parallel to a hypothetical line connecting the anterior

commissure and posterior commissure. Brain and white matter hyper-

intensity segmentation was performed in a two-step process according

to previously reported methods (DeCarli et al., 1992, 1999). In brief,

non-brain elements were manually removed from the image by oper-

ator guided tracing of the dura matter within the cranial vault,

including the middle cranial fossa, but excluding the posterior fossa

and cerebellum. The resulting measure of the cranial vault was defined

as the intracranial volume. Image intensity nonuniformities (DeCarli

et al., 1996) were then removed from the image and the resulting

corrected image was modelled as a mixture of two Gaussian probabil-

ity functions with the segmentation threshold determined at the min-

imum probability between these two distributions (DeCarli et al.,

1992). This resulted in a quantitation of total brain matter. Once

brain matter segmentation was achieved, a single Gaussian distribution

was fitted to the image data and a segmentation threshold for white

matter hyperintensities was a priori determined at 3.5 SDs in pixel

intensity above the mean of the fitted distribution of brain paren-

chyma. Morphometric erosion of two exterior image pixels was also

applied to the brain matter image before modelling to remove the

effects of partial volume CSF pixels and ventricular ependyma on

white matter hyperintensity determination. Intra- and inter-rater reli-

ability for these methods was high and has been published previously

(DeCarli et al., 2005).

Hippocampal volumes
Boundaries for the hippocampus were manually traced from the cor-

onal 3D-T1-weighted images after reorientation along the axis of the

left hippocampus. While the borders were traced on the coronal slices,

corresponding sagittal and axial views were simultaneously presented

to the operator in separate viewing windows in order to verify hippo-

campal boundaries. The rostral end of the hippocampus was identified

using the sagittal view to distinguish between amygdala and the head

of the hippocampus. The axial view was used as a separate check. In

anterior sections, the superior boundary of the hippocampus was the

amygdala. In sections in which the uncus lies ventral to caudal amyg-

dala, the uncus was included in the hippocampus. In more posterior

sections that do not contain amygdala, the hippocampal (choroid)

fissure and the superior portion of the inferior horn of the lateral

ventricle formed the superior boundary. The fimbria were excluded

from the superior boundary of the hippocampus. The inferior bound-

ary of the hippocampus was the white matter of the parahippocampal

gyrus. The lateral boundary was the inferior (temporal) horn of the

lateral ventricle, taking care in posterior sections to exclude the tail of

the caudate nucleus. The posterior boundary of the hippocampus was

the first slice in which the fornices were completely distinct from any

grey/white matter of the thalamus. Intrarater reliability determined for

both right and left hippocampus volumes was good with intraclass

correlation coefficients of 0.98 for right hippocampus and 0.96 for

left hippocampus.

Statistical analysis

Overview
Data were analysed in two phases. In the first phase, a latent variable

model was developed to decompose baseline episodic memory into

three person-specific components: brain pathology, demographic vari-

ables and a latent (unmeasured) person-specific factor that captures

difference from the baseline test performance predicted for an average

person with similar brain pathology and demographics. We conceptua-

lized this latent variable as cognitive reserve; the features that enable

individuals to perform better (or worse) than the brain structure should

allow. In the second phase, the latent variable model was expanded to

test the five specific predictions, listed in the introduction, about how

the latent variable for cognitive reserve should behave.
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Latent variable model
A latent variable modelling framework was used to decompose the

baseline SENAS episodic memory measure into components corres-

ponding to demographics, MRI variables and a residual. These ana-

lyses were implemented with the Mplus application (Muthén and

Muthén, 2007). Figure 1 shows the general analytic model.

Rectangles refer to observed variables and ovals represent latent vari-

ables. The values for fixed model parameters are presented in Fig. 1

and freely estimated parameters are indicated by asterisks (*).

Observed demographic variables included in the model, shown at

the bottom of Fig. 1, were years of formal education (quantitative)

and indicators for gender (female as reference) and Hispanic or African

American ethnicity (Caucasian as reference). Age was not included in

the model as a predictor because prior work with this cohort indicated

that the effects of age on cognition are entirely mediated through

changes in brain volume (Mungas et al., 2009). To verify that this

assumption was correct, we examined the correlation of age with

the residual term resulting from the model described and found it to

be very small and statistically non-significant. Thus age does not con-

tribute to the residual term. Observed MRI variables are shown at the

top of Fig. 1. Raw brain matter and hippocampus volumes were re-

gressed on total intracranial volume (intracranial volume) to obtain

latent variables (brain matter and hippocampus volume) that are ad-

justed for intracranial volume and inversely correspond to degree of

atrophy of these brain components. White matter hyperintensity was

log transformed to normalize its distribution. It was also modelled

through a latent variable, but was not adjusted for intracranial

volume. Residual variances of brain matter, hippocampus volume

and white matter hyperintensity were fixed at 0.10 times the sample

variances for these variables to correspond to conservatively estimated

reliability of 0.90.

The centre of Fig. 1 shows three latent variables that represent

person-specific characteristics assumed to account independently for

episodic memory: Mem-B, Mem-D and Mem-R. A formative model

(Bollen and Lennox, 1991; Edwards and Bagozzi, 2000) was used for

Mem-B and Mem-D; these latent variables are essentially linear com-

binations of their observed indicators and conceptually, are considered

to be formed or caused by their indicators. Mem-B in this formulation

is a linear combination of the three MRI variables, with parameters

representing regression coefficients of Mem-B on the three indicators.

Mem-D is analogously related to the observed demographic variables.

The observed variable, memory, in turn, is a reflective indicator of

component of episodic memory related to MRI variables (Mem-B),

component of episodic memory related to demographic variables

(Mem-D) and component of episodic memory unrelated to demo-

graphic and MRI variables (Mem-R). Identification of this model was

achieved by constraining the residual variances of Mem-B and Mem-D

to 0.0, fixing the variance of Mem-R to 1.0 and by fixing the regres-

sion coefficient of Mem-B on one MRI variable and fixing the regres-

sion coefficient of Mem-D on one demographic variable. The specific

values for the fixed regression coefficients for Mem-B and Mem-D were

chosen to establish the variances of these latent variables at 1.0 to fa-

cilitate direct comparison of effects of the Mem-B, Mem-D and Mem-R

variables in subsequent analyses. The residual variance of memory was

Figure 1 Analytic model for decomposing episodic memory into independent components and relating these components to external
variables. Rectangles represent observed variables and ovals represent latent variables. Observed demographic and MRI variables were
allowed to correlate freely (paths not shown). Freely estimated parameters are indicated by ‘asterisk’. S2 refers to sample variance. c1 and
c2 are scaling constants selected to set variances at 1.0 for the MemB and MemD latent variables.
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set at 0.15 times the sample variance, to account for measurement error

and within-person variation, and to correspond to previously estimated

reliability of 0.85 for this measure (Mungas et al., 2004).

Mem-D was regressed on demographic variables and was con-

strained to have no residual correlation with MRI variables, thus it

captures aspects of demographic variables that predict memory inde-

pendent of brain pathology. Mem-B was linked to MRI variables but

constrained to have no residual correlation with demographic vari-

ables. Residual correlations of memory with observed demographic

and MRI variables were constrained to be zero, so that all relationships

with these variables were incorporated into the paths through Mem-D

and Mem-B. Correlations of demographic and MRI variables were

freely estimated to reflect the natural correlation of these variables

within the study sample. Consequently, Mem-D and Mem-B were

not strictly orthogonal because of their relationships with potentially

correlated MRI and demographic observed variables. Finally, Mem-R,

our putative measure of reserve, was constrained to be uncorrelated

with observed demographic and MRI variables, so that it accounts for

otherwise unexplained systematic deviations of the memory scores.

This variable was orthogonal to both Mem-D and Mem-B.

A preliminary set of analyses examined relationships among

observed demographic and MRI variables. When variables were sig-

nificantly related in preliminary analyses, non-zero paths for these vari-

ables were freely estimated in subsequent analyses (not shown in

Fig. 1) but paths for variables that were not significantly related

were constrained to zero.

The Mplus input file used to generate the decomposition of episodic

memory into Mem-B, Mem-D and Mem-R is included in the

Supplementary material.

Tests of reserve hypotheses
To test each of the five conceptual hypotheses regarding cognitive

reserve, additional variables were incorporated into the measurement

model presented in Fig. 1 and their relationships to Mem-R, Mem-B

and Mem-D were assessed. The criterion variables used in testing

these hypotheses are labelled ‘Outcomes’ in Fig. 1. In general, rela-

tionships of the three memory components with the outcomes were

tested in expanded models that estimated these relationships while

simultaneously estimating the other free parameters noted in Fig. 1.

Mplus supports a variety of analytic approaches for evaluating struc-

tural relationships of latent variables with external variables, including

linear regression, ordinal logistic regression and Cox proportional

hazard modelling (Muthén and Muthén, 2007).

Ordinal logistic regression was used to model baseline clinical diag-

nosis (normal, mild cognitive impairment, dementia) as a function of

the three memory components (Hypothesis 1). Logistic regression,

with a dichotomous dependent variable, models the probability of a

specific outcome in terms of the odds, defined as the ratio (probability

of the outcome)/(1#probability of the outcome). The regression co-

efficient for a specific independent variable is the estimated effect of a

one-unit increase in that predictor, assumed to be a fixed change in

the log odds, that is, a fixed percent change in the odds of the out-

come. In ordinal logistic regression, the response levels are ordered

and the model assumes that the effect of the predictor on the odds

would be the same for any cut-point dividing the responses into two

groups (normal versus mild cognitive impairment and dementia, or

normal and mild cognitive impairment versus dementia). The model

estimates separate intercepts corresponding to the reference odds for

each possible cut-point.

Associations with CDR Sum of Boxes (Hypothesis 1) and Reading

(Hypothesis 2) were evaluated in linear regression models. A Cox pro-

portional hazards model was used to assess conversion to dementia,

excluding baseline demented cases (Hypothesis 3). Latent growth

modelling (Meredith and Tisak, 1990; Muthén and Muthén, 2007;

McArdle, 2009) was used to assess the relationship of the latent

memory variables to longitudinal change in Executive Function

(Hypothesis 4), estimating random effects for baseline performance

and rate of change (Muthén and Muthén, 2007). A second model

added terms for the interaction of Mem-B and Mem-R on baseline

status and change (Hypothesis 5).

Since there were few cases with more than five evaluations, just the

first five evaluations were used in the latent growth modelling for

those cases. Missing values analyses were performed. Mplus uses full

information maximum likelihood estimation with missing data and this

provides unbiased estimation if data are missing completely, at random

or missing at random. Missing data were primarily due to the study

design issue of rolling enrolment of participants.

Model fit and significance testing
A maximum likelihood estimator was applied to a mean and variance–

covariance data structure for all analyses except the ordinal logistic

regression, where a mean and variance adjusted weighted least

squares estimator was used. Latent variable modelling traditionally

uses an overall chi square test of model fit, often supplemented by

a number of fit indices to characterize model fit better. Commonly

used fit indices include the comparative fit index (Bentler, 1990), the

Tucker–Lewis index (Tucker and Lewis, 1973), the root mean square

error of approximation (Browne and Cudek, 1993) and the standar-

dized root mean squared residual (Bentler, 1995). The measurement

model that decomposes memory in Fig. 1 into Mem-B, Mem-D and

Mem-R is a just identified model when observed demographic and

MRI variables are allowed to correlate freely. That is, the number of

parameters in the model is the same as the number of elements in the

variance covariance matrix that are being modelled and fit would be

expected to be perfect. Constraining some of the correlations among

observed demographic and MRI variables to zero results in an

over-identified model, but fit should still be near perfect because

these constraints were applied to pairs of variables whose empirical

correlations were not significant. The structural part of the model in

Fig. 1 that relates Mem-B, Mem-D and Mem-R to external outcomes

adds regression paths from the three memory components to the out-

comes. Statistical significance of these paths was evaluated by dividing

a coefficient by its standard error (SE) to obtain a statistic that can be

compared to the standard normal distribution to determine statistical

significance.

Results
As expected, the measurement part of latent variable that decom-

posed episodic memory into the three components fit very well

[!2(11) = 14.3, P=0.21; comparative fit index = 0.995, Tucker–

Lewis index = 0.987, root mean square error of approxima-

tion = 0.032 (95% confidence interval = 0.000–0.072), standar-

dized root mean squared residual = 0.030]. Brain pathology,

measured through Mem-B, accounted for about 20–25% of vari-

ation in episodic memory, while demographics (education, gender

and ethnicity) accounted for another 20%. The latent variable

Mem-R, hypothesized to represent cognitive reserve, independ-

ently accounted for about 50% of the variance. Mem-R was

uncorrelated by design with Mem-D and Mem-B. The correlation

between Mem-D and Mem-B was –0.16. Intracranial volume was
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not significantly correlated with Mem-R or either of the other two

component terms. The maximum likelihood estimated mean and

variance–covariance data structure for this analysis is presented in

the Supplementary material. Results of tests of specific hypotheses

were as follows.

Hypothesis 1 (current reserve is
associated with baseline clinical status)
All three latent variables were related to clinical diagnosis

(Table 2). Mem-B had the strongest relationship; a 1 SD increase

in Mem-B would reduce the odds of mild cognitive impairment or

dementia versus normal by 57% and similarly would reduce the

odds of dementia versus mild cognitive impairment or normal by

57%. A SD increase of 1 in Mem-R was associated with a 47%

decrease, while a similar increase in Mem-D was associated with

only a 19% decrease. Results were similar for the CDR Sum of

Boxes (Table 3), a continuous measure of clinical status. Mem-B

and Mem-R were independently related to this variable, with simi-

lar strengths of effects, while Mem-D was weakly related to it.

Hypothesis 2 (memory components will
differentially relate to word reading)
As hypothesized, the reading measure was independently and

positively related to Mem-D and Mem-R (Table 3). The relation-

ship with Mem-D was strongest, as would be expected.

Hypothesis 3 (reserve modifies the risk
of conversion to dementia)
Forty of 262 non-demented cases at baseline converted to a diag-

nosis of dementia over the course of follow-up, with an average

of !5% per year. The results in Table 4 show that a baseline

Mem-B score that was 1.0 SD higher was associated with a

!80% reduced risk of converting to dementia, while a 1.0 SD

difference in Mem-R was associated with a 65% reduced risk of

converting, supporting the independent protective effects of

greater brain volumes and increased reserve. Mem-D was not

associated with conversion to dementia.

Hypothesis 4 (reserve affects
longitudinal decline)
An initial random effects model included baseline Mem-D, Mem-B

and Mem-R as independent variables and evaluated their effects

on baseline executive function and change in executive function.

Table 5 shows results from this analysis. All three components

were strongly related to the estimated baseline executive function.

Change in executive function was independently related to both

Mem-B and Mem-R such that higher scores on these components

at baseline predicted slower decline.

Hypothesis 5 (the association between
brain atrophy and cognitive decline
will be stronger in persons with low
reserve than in persons with high
reserve)
A second random effects model was estimated to address whether

Mem-R moderated the effect of baseline Mem-B on longitudinal

change in executive function. This model included baseline Mem-B

and Mem-R as independent variables explaining baseline status

and change, and also included terms representing the effects of

the interaction of these two variables on baseline and change. The

effects on longitudinal change were of primary interest. Mem-B

("=0.072, SE = 0.015, P50.001) and Mem-R ("=0.068,

SE = 0.011, P50.001) were independently related to change, but

in addition, there was a significant interaction effect of these two

variables on longitudinal change ("= –0.091, SE = 0.018,

P50.001). Mem-B had a stronger effect on executive function

change in individuals with low Mem-R scores. Figure 2 shows

Table 3 Relationship of memory components with baseline
Reading and CDR Sum of Boxes (CDRSum)

Dependent
variable

Memory
component

Standardized
coefficient

P-value

Reading Mem-D 0.42 0.001

Mem-B 0.15 NS

Mem-R 0.20 0.01

CDRSum Mem-D #0.12 0.05

Mem-B #0.46 0.001

Mem-R #0.42 0.001

Tabled values are standardized regression coefficients from regressions of Reading
and CDRSum on memory components. Results can be interpreted as correlations
with the dependent variable independent of the other memory components.
NS, not significant.

Table 2 Relationships of memory components with
baseline clinical diagnosis

Memory
component

Odds ratio 95% confidence
interval

P-value

Mem-D 0.81 0.66–0.99 0.04

Mem-B 0.43 0.27–0.68 0.001

Mem-R 0.53 0.46–0.62 0.001

Tabled values are odds ratios from ordinal logistic regression of baseline diagnosis
(0 = normal; 1 =mild cognitive impairment; 2 = demented) on memory compo-
nents and represent the change in odds of a worse clinical diagnosis (e.g. a
diagnosis reflecting greater cognitive impairment) associated with a one SD
difference in the memory component.

Table 4 Relative risk of converting to dementia associated
with a 1.0 SD higher score for baseline episodic memory
components, entered jointly as predictors

Memory component Relative risk (confidence interval)

Mem-D 1.09 (0.74–1.59)

Mem-B 0.21 (0.13–0.36)

Mem-R 0.35 (0.25–0.49)

Results are statistically significant for Mem-B and Mem-R.
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model derived linear relationships between Mem-B and executive

function change for selected values of Mem-R, and illustrates how

Mem-B is a more important determinant of executive function

change in individuals with low Mem-R than in persons with high

Mem-R.

A final model examined whether the interaction of Mem-B and

Mem-R on executive function change would still be present after

controlling for clinical diagnosis at baseline (normal, mild cognitive

impairment, demented). Terms were added to the model to ac-

count for baseline diagnosis effects on executive function baseline

and change. Mean estimated baseline executive function was sig-

nificantly related to diagnosis, independent of the memory com-

ponents and Mem-B by Mem-R interaction, but diagnosis was not

independently related to change (not shown). The Mem-B by

Mem-R interaction effect on executive function was unchanged

("= –0.093, SE = 0.018, P50.001).

Secondary analyses were performed decomposing the SENAS

semantic memory composite score into Sem-D, Sem-B and

Sem-R components, using the same basic model applied to epi-

sodic memory in the primary analyses. The Sem-D and Sem-R

components each accounted for 40–45% of the semantic

memory variance, while Sem-B was smaller, accounting for

about 10%. Results with respect to Hypotheses 1–5 were virtually

identical in pattern and significance. However, the relationships of

Sem-R with diagnosis, CDR and conversion to dementia, while

statistically significant, were weaker than for Mem-R (not

shown). The most critical test of whether the residual term has

the effects predicted for a measure of reserve is Hypothesis 5

(reserve will modify the effect of brain atrophy on longitudinal

change). For that reason, results from that analysis are presented

in Fig. 3, which shows model-derived linear relationships between

Sem-B and change in executive function for selected values of

Sem-R. Executive function change was significantly related to

Sem-B ("=0.055, SE = 0.013, P50.001), Sem-R ("=0.027,

SE = 0.012, P=0.02) and the interaction of these two variables

("= –0.047, SE = 0.016, P50.002). The Sem-R and

Sem-R$ Sem-B interaction effects were weaker than for Mem-R

and Mem-R$Mem-B.

An additional secondary analysis used the CDR sum of boxes as

the longitudinal outcome measure in the model for Hypothesis 5.

Results showed that CDR change was associated with Mem-B

("= –0.245, SE = 0.033, P50.001), Mem-R ("= –0.457,

SE = 0.055, P=0.02) and the Mem-B$Mem-R interaction

("=0.361, SE = 0.046, P50.001). These results show that

Mem-R moderates the effect of Mem-B on CDR sum of boxes;

CDR scores are more strongly related to Mem-B in individuals with

low Mem-R.

Discussion
The basic hypothesis of this investigation was that statistically

decomposing scores on a test of episodic memory into

Table 5 Effects of baseline memory components on baseline and longitudinal change in executive function, expressed in SD
units, based on random effects models for repeated measures

Effect estimated by model Coefficient SE P-value

Mean at baseline for average person #0.600 0.141 0.001

Effect at baseline of 1 SD increase in:

Mem-D 0.418 0.070 0.001

Mem-B 0.352 0.079 0.001

Mem-R 0.287 0.038 0.001

Mean change/year for average person #0.062 0.014 0.001

Effect on change/year of 1 SD increase in:

Mem-D #0.010 0.011 NS

Mem-B 0.067 0.016 0.001

Mem-R 0.049 0.011 0.001

Results show the expected difference in the executive function baseline score and annual change associated with a 1.0 unit difference in memory components.
NS, not significant.

Figure 2 Relationship of baseline Mem-B to longitudinal
change in executive function as a function of different levels of
Mem-R. Mem-B scores reflect brain status as measured by
structural MRI measures of brain matter, hippocampal volume
and white matter hyperintensity. Positive Mem-R scores indicate
that episodic memory performance was better than expected on
the basis of demographic and MRI variables (high reserve),
negative scores indicate worse than expected performance (low
reserve). Mem-B was a stronger determinant of executive
function change in individuals with lower Mem-R.
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uncorrelated component scores could be used to create a useful

measure of cognitive reserve. Baseline data from a diverse longi-

tudinal ageing cohort were used to generate three component

scores: Mem-D, the component score determined by demographic

variables; Mem-B, the component score determined by basic brain

volumes; and Mem-R, the component determined by all other

factors and which we tested as a potential measure of current

reserve. The analyses showed that the latter component, which

accounted for the largest proportion of episodic memory perform-

ance, captured clinically meaningful person-specific deviations

from predicted memory performance that correlate with a previ-

ously proposed indicator of reserve and that help to explain im-

portant longitudinal clinical outcomes consistent with the concept

of cognitive reserve. Thus the results support treating the residual

component as a substantive and useful, if imprecise and impure,

measure of cognitive reserve.

Reserve is generally conceptualized as a capacity that is built

through cognitively demanding and stimulating experiences, the

chief example of which is education. Here, the residual component

Mem-R was calculated in a way that made it statistically inde-

pendent of the variable years of education. Word recognition abil-

ity correlates strongly with education but also adds important

information about quality of education (Manly et al., 2002,

2004) and is commonly used as an estimate of ‘premorbid’ cog-

nitive ability (Grober and Sliwinski, 1991; Crawford et al., 2001).

Word recognition itself has been used as an indicator of cognitive

reserve (Schmand et al., 1997; Manly et al., 2003; Richards et al.,

2004). However, education’s effects on episodic memory are gen-

erally weak (e.g. 10% of variance) even when range of education

in the study sample is wide (Mungas et al., 2005b). Thus, the

finding that the residual measure of reserve correlates with reading

ability is not simply a matter of correlation between highly related

cognitive domains but can be reasonably interpreted as a correl-

ation between different indicators of reserve. In contrast, Mem-B,

determined by brain pathology, was not associated with reading

measures.

The core of the reserve concept is that reserve modifies the

impact of acquired pathology. The common age-related brain

pathologies are cumulative and thus reserve ought to modify

rates of change. For this reason, longitudinal tests of the hypoth-

esis are especially critical. We performed three such tests. The

reserve concept predicts that persons with higher reserve have a

lower risk of incident dementia; here, the residual term was shown

to modify the risk of converting from non-demented to demented

such that those with higher residual values had a lower risk of

converting. In addition, we found that the reserve/residual term

modified rates of decline in executive function, such that higher

Mem-R was associated with less decline in this important, second

cognitive domain. Finally, the analyses show that brain status

(Mem-B) had less of an effect on decline in executive function

in individuals with high reserve (high Mem-R) than in subjects

with low reserve (Fig. 2). The latter finding was replicated in an

analysis that used global cognitive status, as measured by the CDR

sum of boxes, as the outcome measure. Thus, in this series of

analyses, the variable Mem-R showed the same pattern and dir-

ection of significant effects on a variety of clinically relevant out-

comes as would be expected of a direct measure of reserve.

The fact that the residual component is rather strongly related

to cross-sectional indicators of clinical status (diagnosis, CDR) is

not surprising given that it is residual variance in episodic memory.

However, the finding does illustrate an interesting property of this

measure, which is that it is dynamic. Reserve is conceptualized as a

capacity that is eroded by brain pathology; pathology tends to

impair cognition and thus, people who are more impaired should

average less reserve than people less impaired. The residual term

behaves in this way.

While each of the a priori hypotheses was confirmed, one might

question how strongly they support labelling the residual term

‘reserve’. The residual term can be accurately described as a meas-

ure of episodic memory that has been statistically adjusted for the

effect of MRI and demographics. This restatement makes it clear

that some of the results are nearly a foregone conclusion. This is

most true of Hypothesis 1; we hypothesized that reserve would

correlate with diminished global cognitive status and it would be

remarkable if an adjusted measure of episodic memory did not do

so. Whilst Hypotheses 3 and 4, where the residual term will

modify conversion and clinical course, are not self-fulfilling in

this same way, the results are not surprising given that baseline

episodic memory has previously been shown to predict conversion

to dementia from mild cognitive impairment (Tabert et al., 2006;

Albert et al., 2007; Dickerson et al., 2007), even controlling for

MRI measured brain volumes (Decarli et al., 2004). If these results

are unsurprising for an adjusted measure of episodic memory, why

call it ‘reserve’?

Parameterizing the unexplained variance in episodic memory

facilitates asking what the effects of this unexplained variance

are and challenges us to investigate its determinants. Those ad-

vantages are also some of the reasons that theoretical constructs

are useful. The residual term has an almost literal, and perhaps

Figure 3 Relationship of baseline Sem-B to longitudinal change
in executive function as a function of different levels of Sem-R.
Sem-B scores reflect brain status as measured by structural MRI
measures of brain matter, hippocampal volume and white
matter hyperintensity. Positive Sem-R scores indicate that se-
mantic memory performance was better than expected on the
basis of demographic and MRI variables (high reserve), negative
scores indicate worse than expected performance (low reserve).
Sem-B was a stronger determinant of executive function change
in individuals with lower Sem-R.

10 | Brain 2010: Page 10 of 14 B. R. Reed et al.

 by on July 1, 2010 
http://brain.oxfordjournals.org

D
ow

nloaded from
 



deceptively simple, correspondence to the concept of reserve.

However, framing the residual term in the theoretical context fa-

cilitates investigation of reserve, a construct that is thought to be

useful but which is difficult to measure and hence to study.

The results of the present analyses illustrate the advantages of

mapping this variable to the construct of reserve. Hypotheses 3

and 4 (regarding conversion and rates of decline in executive abil-

ity) in a sense replicate prior reports that episodic memory is a

predictor of decline. However, viewing the outcomes as an effect

of reserve leads to additional predictions, such as Hypothesis 5.

Studies that test reserve by analysing cognitive change in relation

to measured pathology are rare, and have not always shown sup-

portive results (Del Ser et al., 1999). Thus, the finding that the

residual modifies the impact of brain atrophy on cognition is a

strong test of the reserve hypothesis and is an analysis that results

from viewing the residual as a measure of reserve.

It should also be noted that each of the three component meas-

ures created in this model are derived from and correlated with

episodic memory, yet these components have differential relation-

ships with external variables that have theoretical, practical and

prognostic significance. The demographic component was strongly

related to concurrent cognitive variables (Reading and Executive

Function), but was weakly or not related to cross-sectional clinical

variables (clinical diagnosis, CDR Sum) or to longitudinal outcomes

(conversion to dementia, change in executive function). The com-

ponent related to brain structure, not surprisingly, was most

strongly related to clinical status and longitudinal change.

However, the residual component still had important relations

with these outcomes. These differential patterns of statistical as-

sociation suggest that the three should also be differentiated

conceptually.

The Mem-R component undoubtedly represents factors other

than reserve. While we explicitly modelled measurement error,

the Mem-R component is influenced by systematic sources of

variance that are unmeasured by the variables that were incorpo-

rated in these statistical models. For instance, many aspects of

brain pathology are not captured by the volumetric MRI variables

used in this study. These could include different structural meas-

ures (e.g. regional volumes, cortical thickness, hippocampal shape

measures, alternative measures of white matter integrity), as well

as measures of functional networks and molecular markers of

pathology. It is also true that certain brain volumes may capture

part of what reserve is. As such variables are identified and incor-

porated into models to explain cognitive function, one would

expect that the pathology-related component would become

larger and a more powerful determinant of clinical outcomes.

However, it is unlikely that any set of pathology measures, no

matter how inclusive and refined, will fully predict the changes

in cognitive function that occur as a consequence of that path-

ology. That, at least, is the concept of reserve.

The finding that analyses using the residual term Sem-R, derived

from a semantic memory measure, replicate but are weaker than

those obtained with Mem-R makes two points. First, the findings

are not highly sensitive to the particular cognitive measure that is

decomposed to estimate reserve. Presumably, there is a degree of

generality to cognitive reserve that is captured in a variety

of cognitive measures. Secondly, there may also be a degree of

domain specificity to reserve and people may differ in the extent

to which they have reserve with respect to different cognitive

functions. For example, one could imagine that artistic and

verbal abilities could be maintained to very different degrees in

the face of dementia (Soricelli, 2006).

The demographic component, Mem-D was derived from models

using only sex, ethnicity and education to predict baseline per-

formance. Obviously other variables might be added, and as this

component explains more variance, Mem-R would explain less.

However, determining which variables to use as indicators of

Mem-D requires careful thought. The point of Mem-R is to cap-

ture variance that modifies rates of change in cognitive function. If

variables that determine reserve are incorporated into Mem-D the

explanatory value of Mem-R is diminished.

We chose to use education as a demographic factor in Mem-D

to separate education effects from Mem-R as a matter of proof of

principle. Moreover, that Mem-D did not affect longitudinal

change or clinical outcomes while Mem-R was associated with

these outcomes is interesting with respect to the role of education

in reserve. It may be that education contributes to reserve, but

that those effects are entirely mediated by brain volumes. It could

also be that certain aspects of education’s effects on cognition

raise a person’s level of cognitive performance but do not protect

against pathology-induced decline. It also invites the question of

what factors, associated with education (e.g. lifetime cognitive

activity), might relate to reserve. Finally, it suggests that reserve

is more than a protective factor that simply provides higher base-

line function.

Whether or not the residual episodic memory component would

continue to behave as a measure of cognitive reserve as additional

variables are identified and incorporated into the basic model to

explain memory function is ultimately an empirical question. But

the major importance of this study is not that it provides an in-

disputable measure of cognitive reserve, but rather, that it dem-

onstrates an approach that can be used to measure cognitive

reserve and to study how it interacts with brain disease and

injury to determine extent of cognitive impairment. This approach

offers an operational measure of reserve that is explicit, quantita-

tive and individually specific. Such measures are convenient as

dependent variables. This approach also permits measuring

change in reserve over time, something that is nearly impossible

when demographic covariates are used as markers of reserve. One

of the appealing features of Mem-R is that once defined, it is

relatively easy to test whether or not other ostensible determinants

of reserve are related to it. While it is important to avoid being

overly literal about the label applied to the residual component, it

appears to provide an operational measure that is clearly defined,

relatively simple to derive, and that can then be used to test

hypotheses about numerous factors that potentially modify the

impact of brain pathology on cognitive performance.

A notable strength of this study is the wide range of education,

ethnicity, life experience and cognitive performance of the partici-

pants, suggesting that there is probably substantially more vari-

ation in cognitive reserve than in a typical research clinic

population. The participants were well characterized by uniform

ascertainment of clinical diagnosis and use of cognitive measures

that have excellent psychometric properties across the full
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spectrum of performance, education and ethnic backgrounds.

Nonetheless, replication of our basic findings in independent

data sets is needed. The methods used for analysis do not

depend on a pre-specified set of proxy measures, but rather par-

ameterize unexplained variance and then attempt to determine its

potential impact independent of pathology and demographics.

Future work, therefore, will attempt to identify personal or

life-style characteristics associated with this residual variance and

incorporate these findings into a more complete model to explain

cognitive function thereby extending our knowledge of the role

played by these factors.

Decomposing the variance in cognitive test scores appears to be

a useful approach to investigating the complex determinants of

cognitive function in older adults. Demographic variables have

strong effects on cross-sectional cognitive test scores but are less

important as determinants of longitudinal change. Diseases of

ageing like Alzheimer’s disease are strong determinants of changes

in brain structure and consequently, volumetric brain measures

have major effects on both cross sectional cognition and on

rates of change. Even when combined, however, these classes

of variables still leave considerable variance in the cognitive func-

tion of older adults unexplained. Explicitly defining a latent vari-

able accounting for residual, or otherwise unexplained differences

in episodic memory performance appears to be a useful strategy

for investigating this unexplained variance. Because this variable

behaves as a measure of reserve might be expected to, most

critically because it modifies the effect of brain pathology on cog-

nitive decline, we believe it is reasonable to treat this residual term

as a measure of reserve.

Whatever the measure is named, however, is much less import-

ant than the empirical outcomes that may result from its use. In

studying cognitive ageing the most useful constructs are those

that offer new ways to explain variability in change. Reserve is

often viewed as such a construct. However useful it may be, it is

desirable to eventually dispense with it in large measure, and in-

stead to replace it with a set of empirically based understandings

of what specific factors—at what point in life, and by what mech-

anisms—increase the individual’s capacity to mitigate the effects

of brain disease. Parameterizing residual variance in episodic

memory performance appears to be a useful strategy for investi-

gating this unexplained variance, its determinants, and how it

modifies the impact of disease on cognition.
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