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Abstract

Objective: White matter hyperintensities (WMH), visualized on T2-weighted MRI, are thought to reflect small-vessel vascular disease. Much
like other markers of brain disease, the association between WMH and cognition is imperfect. The concept of reserve may account for this
imperfect relationship. The purpose of this study was to test the reserve hypothesis in the association between WMH severity and cognition.
We hypothesized that individuals with higher amounts of reserve would be able to tolerate greater amounts of pathology than those with lower
reserve.

Methods: Neurologically healthy older adults (n=717) from a community-based study received structural MRI, neuropsychological
assessment, and evaluation of reserve. WMH volume was quantified algorithmically. We derived latent constructs representing four neu-
ropsychological domains, a measure of cognitive reserve, and a measure of brain reserve. Measures of cognitive and brain reserve consisted
of psychosocial (e.g., education) and anthropometric (e.g., craniometry) variables, respectively.

Results: Increased WMH volume was associated with poorer cognition and higher cognitive and brain reserve were associated with better
cognition. Controlling for speed/executive function or for language function, those with higher estimates of cognitive reserve had significantly
greater degrees of WMH volume, particularly among women. Controlling for cognitive functioning across all domains, individuals with higher
estimates of brain reserve had significantly greater WMH volume.

Conclusions: For any given level of cognitive function, those with higher reserve had more pathology in the form of WMH, suggesting that
they are better able to cope with pathology than those with lower reserve. Both brain reserve and cognitive reserve appear to mitigate the
impact of pathology on cognition.

© 2009 Elsevier Inc. All rights reserved.
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1. Introduction

White matter hyperintensities (WMH) are areas of focal
and diffuse increased lucency visualized radiologically on
T2-weighted magnetic resonance imaging (MRI). They are
among the most ubiquitous findings in older adults. Until
recently, WMH were thought to be idiopathic and lack clini-
cal significance unless they occupied a large proportion of the
brain. A number of studies, however, have established that
WMH burden (i.e., volume or severity) is negatively asso-
ciated with performance across a range of cognitive tests,
particularly those involving executive functioning, process-
ing speed, and attention (Brickman and Buchsbaum, 2008;
Gunning-Dixon et al., 2008; Gunning-Dixon and Raz, 2000;
Gunning-Dixon and Raz, 2003; Raz et al., 1998; Raz and
Rodrigue, 2006). The relationship between increased WMH
burden and poorer cognitive performance has been estab-
lished in samples of well-screened neurologically healthy
older adults as well as in large-scale, community-based epi-
demiological studies of aging.

Despite these fairly consistent findings, the associations
between age and WMH volume and between WMH and
cognitive function are imperfect — the severity of WMH
varies widely in older adults as does the amount of cog-
nitive dysfunction associated with degree of WMH. The
identification of the sources of individual differences in
these relationships is critical in order to develop preventative
strategies for decline and to maximize successful cognitive
aging.

The concept of reserve has been proposed to help account
for the apparent discrepancy between some pathogenic fac-
tor (e.g., age) and measurable pathology (e.g., WMH) and
between the pathology and its clinical manifestations (e.g.,
cognition). In our conceptualization, reserve takes two forms:
brain reserve and cognitive reserve. Brain reserve or brain
reserve capacity (Brickman et al., 2009b; Satz, 1993; Stern,
2002, 2003, 2009) postulates that the brain must sustain a
certain amount of pathological change before the clinical
symptoms associated with the pathology emerge. Those with
higher brain reserve can “afford” to sustain more pathological
damage than others and it is the individual differences in the
brain itself that allow for some people to cope with pathology
better than others. The brain reserve hypothesis would argue
that factors that contribute to the development of the brain’s
structural integrity, such genetic contributions, nutritional
quality, and access to health care during early childhood,
may be most important in providing reserve or may promote
resistance against the development of brain pathology, such
as WMH. On the other hand, the idea of cognitive reserve
posits that individuals with higher reserve are able to cope
with brain pathology, through some form of active compen-
satory strategy, better than those with lower reserve. In the
case of cognitive reserve, reserve does not “protect” the brain
against the development of brain pathology, but rather it mod-
erates the association between pathology and the expression
of that pathology.

How is reserve operationally defined? From a develop-
mental, life-course perspective, reserve can be thought of as
an accumulation of several differing experiences and abil-
ities that may positively impact brain growth, resilience,
or compensatory flexibility. For example, higher educa-
tion, occupational attainment, and engagement in cognitively
stimulating leisure activities may independently or synergis-
tically contribute to or reflect cognitive reserve (Richards and
Sacker, 2003; Stern et al., 1994, 1995). Furthermore, anthro-
pometric measurements, such as cranial volume and stature,
may capture brain reserve parametrically because they reflect
the quality of development in early life (Little et al., 2006;
Wadsworth et al., 2002). For the current study, we considered
both psychosocial and anthropometric measures, which we
believe may reflect reserve due to the culmination of engage-
ment in cognitively stimulating activities and the quality of
early life developmental factors, respectively.

The purpose of this study was to use structural equa-
tion modeling to determine whether the reserve hypothesis
is operative in the associations between WMH volume and
cognition among neurologically healthy older adults from a
large community-based study of aging. If the reserve hypoth-
esis were operative, we would expect the reserve variables to
moderate the relationship between WMH severity and cog-
nition; by holding cognitive function constant statistically,
those with higher estimates of reserve would have more
WMH volume, reflecting the idea that those with higher
reserve can tolerate a greater amount of pathology than those
with lower amounts of reserve. Given consistent observations
of associations between WMH and executive/speeded abili-
ties, we hypothesized that the reserve hypotheses would be
most applicable to this cognitive domain.

2. Methods
2.1. Participants

Participants came from the Washington Heights/Hamilton
Heights Inwood Columbia Aging Project (WHICAP), a
prospective, community-based study of aging and dementia
in Medicare-eligible northern Manhattan residents. The cur-
rent cohort (n = 2776) represents a combination of continuing
members recruited in 1992 (n=602), and members of a new
cohort recruited between 1999 and 2001 (n=2174). Recruit-
ment and sampling strategies for these cohorts have been
described in detail elsewhere (Tang et al., 2001). The com-
munity from which the WHICAP sample is drawn comprises
individuals from three broadly defined ethnic groups, includ-
ing Hispanic, African American, and non-Hispanic white
(Census, 1991). This research was approved by the institu-
tional review boards of Columbia University Medical Center
and New York State Psychiatric Institute, New York.

In 2003, we began to acquire high resolution structural
magnetic resonance imaging (MRI) on active participants in
the ongoing WHICAP cohort who were not demented at their
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previous follow up visit, as described in greater detail else-
where (Brickman et al., 2008b). A total of 769 participants
successfully received MRI. Fifty-two of these subjects were
excluded from the current analyses because they met criteria
for dementia at the follow up visit that was contemporaneous
with the MRI scan visit. Thirteen subjects did not receive
a neuropsychological examination at the time of MRI scan.
The remaining 704 comprise the study sample for the current
report. Those who received MRI scans were 1 year younger
than those who refused but were otherwise eligible and had
similar demographic characteristics (Brickman et al., 2008b).

2.2. Magnetic resonance imaging

Scan acquisition took place on a 1.5 T Philips Intera scan-
ner at Columbia University and the data were transferred to
the Imaging of Dementia and Aging Laboratory at the Uni-
versity of California at Davis for determination of WMH,
total brain volume, and total intracranial volume. Fluid
attenuated inverse recovery (FLAIR) T2-weighted images
(TR=11,000 ms, TE =144.0 ms, 2800 inversion time, FOV
25cm, 2 nex, 256 x 192 matrix with 3 mm slice thickness)
were acquired in the axial orientation and used for these
measurements. Total brain, cranial, and WMH volumes were
derived using manual and semi-automated procedures that
have been previously described in detail (Brickman et al.,
2008b; DeCarli et al., 1992, 1996, 1995). Total WMH vol-
umes were log-transformed because their distribution was
positively skewed.

2.3. Clinical evaluation

Participants in the WHICAP study are followed up every
18-24 months with identical diagnostic and evaluation pro-
cedures. These procedures include in-person interview and
semistructured standardized assessment, including general
health and functional ability, medical history, physical and
neurological examination, and neuropsychological test bat-
tery (Stern et al., 1992). Participants are evaluated in their
stated language of preference, English or Spanish, with
the exception of the WRAT reading test, a test of English
language reading ability, which was always administered
in English. Independent of education, performance on the
WRAT among Spanish-speakers reflects the degree of bilin-
gualism achieved and could be viewed as an index of
increased mental stimulation due to exposure to a new lan-
guage.

2.4. Neuropsychological outcomes

The neuropsychological battery was a focused evaluation
of several cognitive domains. Memory was assessed with sub-
scores of the Selective Reminding Test (SRT; Buschke and
Fuld, 1974), including SRT total recall, SRT delayed recall,
and SRT delayed recognition.

The Benton Visual Retention Test (BVRT; Benton, 1955)
recognition and matching subtests, the Rosen Drawing test
(Rosen, 1981), and the Identities and Oddities subtest of Mat-
tis Dementia Rating Scale (Mattis, 1988) were administered
as measures of visual-spatial ability. Executive function-
ing/speed was assessed the Color Trails test (D’Elia et al.,
1994), which requires participants to connect numbers (Color
Trails 1) or numbers alternating in color (Color Trails 2) in
the appropriate order as quickly as possible. The times taken
to complete the tasks were used as the dependent measures.
Language was evaluated with a modified version of Boston
Naming Test (BNT; Kaplan et al., 1983); Letter Fluency Test,
on which participants are given three letters (i.e., C, F, L)
and asked to generate as many words as possible that begin
with each letter in a 60 s time frame; the Category Fluency
test, on which participants are required to generate as many
items from a specific semantic category (i.e., animals) within
a 60 s interval; the Similarities subtest of the Wechsler Adult
Intelligence Test-Revised (Wechsler, 1987); and the Repeti-
tion and Comprehension subtests of the Boston Diagnostic
Aphasia Examination (Goodglass and Kaplan, 1983).

2.5. Defining reserve

We were interested in examining two operational defi-
nitions of reserve, cognitive reserve and brain reserve. The
first (i.e., cognitive reserve) considered psychosocial factors
and included variables that reflect exposure to or correlates
of engagement in cognitively stimulating activity throughout
the lifespan. It was estimated with years of education and
performance on the Wide Range Achievement Test (WRAT;
Wilkenson, 1993) reading subtest.

The second (i.e., brain reserve) focused on physical
variables and incorporated anthropometric estimates of
development that might directly reflect the quality of phys-
ical development (Abbott et al., 1998; Graves et al., 1996;
Little et al., 2006; Schofield et al., 1995). It was assessed with
height or stature, in inches, total cranial volume (Brickman
et al., 2008b), and cranial length (i.e., the distance between
the glabella and the opisthocranion), which we derived with
in-house developed software applied to the FLAIR images.

2.6. Modeling procedure

Fig. 1 graphically displays the modeling procedures
employed in the current study. We used path analysis to test
relationships among WMH volume, cognition, and reserve,
with the latter two variables defined as latent constructs.
The use of latent constructs in the evaluation of the rela-
tionships among different variables has several advantages
over the use of composite scores or other data reduction tech-
niques. First, latent constructs comprise two or more observed
variables, and represent the common variance among the
observed variables. Because only systematic variance can
be shared, the latent constructs are, in theory, perfectly reli-
able. Second, because latent variables represent the shared
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Fig. 1. General structural equation model. Latent constructs are represented
by ovals. Observed (measured) variables are represented by rectangles. The
latent variables labeled “e” represent the unique and error variance associated
with each observed variable, which are assumed to be uncorrelated with each
other.

or common variance among a set of observed variables, the
identified processes, or constructs, are relatively general and
not specific to one particular task. To that end, a majority of
the variables in our analyses were modeled with latent con-
structs. We defined two reserve factors: cognitive reserve,
represented by psychosocial variables, and brain reserve, rep-
resented by anthropometric variables. The cognitive reserve
construct included scores from the WRAT and the number
of years of formal education. The brain reserve construct
included the height, total cranial volume, and cranial length
variables. Each of the cognition variables loaded on to their
respective latent cognitive constructs. That is, the memory
construct included the three SRT subscores; the visual-spatial
construct comprised the BVRT recognition and matching
subtests, the Rosen Drawing test, and the Identities and Odd-
ities subtest; the executive/speed construct comprised Color
Trails 1 and 2 variables; and the language construct included
scores from the BNT, verbal fluencies, Similarities, Repeti-
tion, and Comprehension tests. The loadings of each of the
observed variables on to their respective construct were sig-
nificant at the p <.001 level, thereby providing evidence of
convergent validity. In order to provide a scale, or metric,
for the latent variables, variance of each construct was set
to 1.0. Our decision to use path analysis instead of a mul-
tiple regression analysis (i.e., in which WMH would be the
dependent variable, and the reserve and cognition variables
would be predictors) was to take full advantage of the abil-
ity to operationalize the constructs of interest (i.e., cognition
and reserve) as the shared variance or latent structure among
a number of measured variables.

Several fit statistics were evaluated in determining the fit of
the models (Hu and Bentler, 1998). Chi-square ( x2), critical

ratio (x2/d.f.), and the root mean square error of approx-
imation (RMSEA) are all indicators of model misfit, and
therefore values closer to zero are indicative of better fit.
Root mean square error of approximation values <.08 are
typically considered to be indicative of a good fit, and values
between .08 and .10 are generally suggestive of an adequate
fit (MacCallum et al., 1996). The comparative fit index (CFI)
was also evaluated and the closer the values are to 1.0, the
better the fit of the data to the model. Models with CFI values
>.95 are typically considered to be good-fitting models (Hu
and Bentler, 1999). Amos 5.0 (Arbuckle, 2003) was used for
all SEM analyses, utilizing maximum likelihood estimation
for missing data.

A series of structural models was evaluated for both
reserve constructs (i.e., cognitive and brain) across each
cognition construct (i.e., visual-spatial, memory, execu-
tive/speed, and language), thereby resulting in eight separate
models. As can be seen in Fig. 1, a latent construct of reserve
was used to predict both WMH volume and each latent cog-
nition construct. In addition, each cognition construct was
used to predict WMH volume.

3. Results

Analyses were run separately for men and women because
anthropometric measures (i.e., height, cranial size) are con-
founded by sex. That is, the brain reserve construct is
bimodally distributed due gross differences between sex in
anthropometry.

Table 1 displays demographic, reserve, and neuropsy-
chological descriptive statistics for men and women in the
sample. As expected, men had larger anthropometric fac-
tors that reflect brain reserve than women, including cranial
length, total cranial volume, and height. Men also obtained
lower scores on tests of learning and memory, but other-
wise performed similarly in other cognitive domains. Table 2
displays the standardized path coefficients of each observed
variable on its respective latent construct. Each loading was
significant at the p <.001 level suggesting that the constructs
exhibited convergent validity.

The direct relationships between the construct reflect-
ing cognitive reserve and WMH and between the construct
reflecting brain reserve and WMH were evaluated first, with
age included as a covariate. The path coefficient from cogni-
tive reserve to WMH was —0.05 (ns) for women and —0.09
(ns) for men. The path coefficient from brain reserve to
WMH was 0.17 (p<.01) for women and 0.18 (p <.05) for
men. Thus, when considered in isolation, higher cognitive
reserve was related to lower WMH volume, although not
significantly. On the other hand, higher brain reserve was
related to greater WMH volume; as brain reserve measures
generally reflect body and head size, this latter finding could
simply reflect larger brain size (i.e., those with larger brains
are most likely to have more amounts of absolute pathol-

0gy).
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Table 1
Demographic characteristics and means and standard deviations for reserve and neuropsychological variables.
Variable Group
Men Women Total
M SD M SD M SD
N 232 472 704
Age™ 79.12 5.11 80.46 572 80.02 5.56
Log-transformed WMH 2.24 0.91 2.26 0.87 2.26 0.88
Cognitive reserve
Education” 11.29 4.83 10.49 4.76 10.75 4.795
WRAT 43.98 11.74 43.73 10.76 43.81 11.11
Brain reserve
Cranial length™™” 188.42 6.55 180.06 6.87 182.78 7.82
Total cranial volume (mm?)*** 1233.22 120.74 1084.75 91.05 1133.96 123.48
Height™ 169.97 9.03 157.11 7.54 161.37 10.08
Memory
SRT total ™" 34.16 10.32 37.27 10.37 36.24 10.45
SRT delayed recall™ 4.39 248 5.04 2.68 4.83 2.63
SRT delayed recog 10.64 1.62 10.83 1.60 10.77 1.61
Speed
Color Trails A 102.27 57.85 99.81 57.29 100.64 57.45
Color Trails B 177.60 70.58 180.78 76.33 179.70 74.38
Visual-spatial
BVRT recognition 6.65 2.57 6.37 2.64 6.46 2.62
BVRT matching 8.31 2.55 8.01 2.46 8.11 2.50
Rosen Drawing test 249 1.14 241 1.07 243 1.10
Identities and Oddities 14.29 3.11 14.42 2.84 14.38 2.93
Language
BNT spontaneous 13.62 1.72 13.61 1.71 13.61 1.71
Similarities” 12.89 7.57 11.62 7.49 12.04 7.54
Letter fluency 10.14 6.74 9.67 4.79 9.82 5.51
Category fluency 13.70 4.09 13.94 4.18 13.86 4.15
Repetition 7.51 1.15 7.64 0.80 7.60 0.93
Comprehension 5.28 1.09 5.14 1.14 5.18 1.12
* p<.05.
™ p<.01.
* p<.0l.

We next examined the relationship the reserve variables
and WMH while statistically controlling for cognitive func-
tion. This approach allowed us to test whether those with
higher estimates of reserve have more associated pathol-
ogy (i.e., WMH) for any given level of cognitive function.
The four different constructs of cognition were consid-
ered in separate mediational models. As described above,
eight models were evaluated each for women and for
men.

Path coefficients for the eight mediation models evaluated
for women are presented in Fig. 2. Of primary interest in these
analyses is the relationship between the reserve constructs
and WMH. As reported above the direct relation between
cognitive reserve and WMH was —0.04 (ns). By including
the executive/speed cognitive variable or the language vari-
able in the model, the path coefficient between cognitive
reserve and WMH volume changed from negative to sig-
nificantly positive (0.24 and 0.46, respectively; see Fig. 2).
The same pattern existed for memory and visual-spatial func-

tioning, although the relationships remained non-statistically
significant. These findings demonstrate that when cogni-
tive function, particularly speed/executive functioning and
language, is statistically controlled, women with higher mea-
sures of cognitive reserve have more severe WMH pathology.
Although the relationship between brain reserve and WMH
volume was positive in the uncontrolled models, this rela-
tionship was strengthened when performance across the three
cognitive domains was controlled (see Fig. 2). Formal statis-
tics evaluating model fit indicated that the models provided
good fit to the data (see Table 3).

Other findings emerged from the path analysis among
women. First, measures of cognitive and brain reserve were
associated with better cognitive test performance. Second,
as expected, increased WMH volume was associated with
poorer cognitive functioning.

Path coefficients for the eight mediation models evaluated
in men are presented in Fig. 2. When examined in isola-
tion, the relationship between cognitive reserve and WMH
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Fig. 2. Structural model with path coefficients for cognitive reserve (top two) and brain reserve (bottom two) across the three cognition constructs in the female
and male subgroups, respectively. Note. The first path coefficients correspond to the values when visual-spatial ability is included as the latent cognition construct
in the model. The second set of path coefficients correspond to the values when memory is included as the latent cognition construct in the model; the third
numbers are when in executive/speed construct is included; the fourth number is when language is included as the latent cognition construct; i.e. visual-spatial
ability/memory/executive-speed/language. The variables “Cognition a, b, and c” refer to the measured variables that comprise each of the cognitive domains
(e.g., Color Trails 1 and 2 for speed/executive). Note that higher scores in the executive/speed domain correspond to poorer performance, whereas higher scores
in all other domains correspond to better performance. Also note that although error terms were estimated in the models, they are excluded from the path
diagrams in order to simplify the figures. *p <.05. **p <.01. ***p <.001.

was —0.09 (ns), as noted above. Unlike in women, when the
cognitive factors were included in the model, the relation-
ship between cognitive reserve and WMH remained negative
and non-significant, except of the language factor, which
increased the path coefficient to 0.21 (ns). But similar to
women, the relationship between brain reserve and WMH
volume became more positive with all cognitive constructs
included in the model. The fit statistics for the eight mod-
els among men indicate that the models with the cognitive
reserve construct fit the data as well as those with the brain
reserve construct (see Table 4).

Associations of both cognitive and brain reserve with cog-
nition among men were of similar magnitude as women (see
Fig. 2). However, unlike in women, increased WMH vol-
ume was associated only with poorer performance on tasks
of speed/executive function and language among men.

4. Discussion

Imperfect associations among age, WMH severity, and
cognitive functioning suggest that there are modifiers and
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Table 2 Table 4
Standardized path coefficients of each observed variable on its respective Fit statistics for each mediation model for the male subgroup.
latent construct. The latent construct (e.g., CR) is listed first with associated Model fit
observed variable beneath (e.g., Education, WRAT) Amount of variance in
the observed variables accounted for by the latent construct is equal to the %2 df.  x*df. RMSEA CFI
path coefficient squared. Cognitive reserve construct
Path coefficients Visual-spatial model 2693 12 2.24 0.073 0.97
Memory model 20.17 7 2.88 0.090 0.97
Females Males Speed/executive model* 343 4 086 0.000 1.00
CR Language model 62.20 25 2.49 0.080 0.94
SSQCA%?OH 8;2 gz? Brain reserve construct
o ’ Visual-spatial model 37.56 18 2.09 0.069 0.95
BR Memory model 3039 12 2.53 0.081 0.95
Cranial length 0.69 0.82 Speed/executive model 18.11 7 2.59 0.083 0.96
Total cranial volume 0.60 0.53 Language model 4572 33 1.39 0.041 0.97
Height 0.34 0.45 Note. RMSEA =root mean square error of approximation. Three measures of
Memory model mis-fit are provided, including Chi-square ( Xz), critical ratio ( Xz/d.f.),
SRT total 0.87 0.84 and the RMSEA. Values closer to zero are indicative of better fit. Root mean
SRT delayed recall 0.90 0.90 square error of approximation values <.08 are typically considered to be
SRT delayed recognition 0.62 0.62 indicative of a good fit, and values between .08 and .10 are generally sug-
. gestive of an adequate fit. The comparative fit index (CFI) was also evaluated
Executlve/speed and the closer the values are to 1.0, the better the fit of the data to the model.
Color Tra}ls A 0.82 0.89 Models with CFI values >.95 are typically considered to be good-fitting
Color Trails B 0.95 0.90 models. Note that x> may be inflated due to non-normality of the data.
Visual-spatial 2 Error variance on education set to .02 in the model.
BVRT recognition 0.85 0.77
BVRT matching 0.90 0.87 mediators of these relationships. In the current study, we oper-
Rosen Drawing test 0.61 062 ationally defined two aspects of reserve — cognitive and brain
Identities/Oddities 0.61 0.64 . . .
—and examined whether they operated in a manner consistent
L&g‘?\‘;,'l‘fge . 0.58 073 with the reserve hypothesis.
Simil:ﬁzr;:neous 0.85 076 As expected, increased severity of WMH was associated
Letter fluency 0.76 0.58 with poorer performance across cognitive domains, particu-
Category fluency 0.74 0.64 larly on executive/speed tasks. To test the reserve hypothesis,
Repetition 027 0.40 we used path analysis to examine the association between
Comprehension 0.64 0.58

Note. All coefficients are significant as the p <.001 level. BR=Brain Reserve.

Table 3
Fit statistics for each mediation model for the female subgroup.
Model fit
¥ df.  x%/df. RMSEA CFI
Cognitive reserve construct
Visual-spatial model 20.13 12 1.68 0.038 0.99
Memory model 13.11 7 1.87 0.043 0.99
Speed/executive model 1.32 3 0.44 0.000 1.00
Language model 81.65 25 3.27 0.069 0.96
Brain reserve construct
Visual-spatial model 41.44 18 2.30 0.053 0.98
Memory model 49.35 12 4.11 0.081 0.96
Speed/executive model 15.41 7 2.20 0.051 0.98
Language model 82.54 33 2.50 0.056 0.96

Note. RMSEA = root mean square error of approximation. Three measures of
model mis-fit are provided, including Chi-square ( x2), critical ratio (x2/d.f.),
and the RMSEA. Values closer to zero are indicative of better fit. Root mean
square error of approximation values <.08 are typically considered to be
indicative of a good fit, and values between .08 and .10 are generally sug-
gestive of an adequate fit. The comparative fit index (CFI) was also evaluated
and the closer the values are to 1.0, the better the fit of the data to the model.
Models with CFI values >.95 are typically considered to be good-fitting
models. Note that x> may be inflated due to non-normality of the data.

the reserve constructs and WMH severity while controlling
for level of cognitive performance. This approach yielded a
significant positive relationship between the variables rep-
resenting reserve and WMH severity. That is, for any given
level of cognitive function, those with higher reserve had
more severe brain pathology in the form of WMH than those
with lower reserve. When examining cognitive reserve, this
association was most consistent among women and in the
executive/speed and language domains. For brain reserve,
this relationship was observed in all cognitive domains among
both men and women. The findings suggest that those with
greater amounts of reserve are able to tolerate more pathol-
ogy than those with lesser amounts, and that both cognitive
and brain reserve mitigate the impact of WMH on cognitive
function.

From a lifespan perspective, reserve can be thought of
as an accumulation of experiences and exposures that may
moderate the relationship between brain damage and its clin-
ical expression. In the current study we estimated early life
exposures and experiences by focusing on psychosocial vari-
ables that reflect the amount and quality of education or
intellectual functioning and on physical markers of opti-
mum early growth and development. Our findings are in line
with other studies of reserve that have shown that early life
experiences and the degree of participation in cognitively
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stimulating activities in adult life moderate the association
between pathology and clinical expression across a num-
ber of clinical disorders (Elkins et al., 2006; Farmer et
al., 2002; Stern, 2006; Sumowski et al., 2009). Few pre-
vious studies to our knowledge have tested the reserve
hypothesis in the context of WMH and normal aging. One
study that showed that presence of severe WMH was asso-
ciated with poorer cognitive function among those with
low education, but not among those with higher educa-
tion (Dufouil et al., 2003). Deary et al. (2003) showed
that independent of mental function in early life, WMH
severity predicted cognitive function among 83 healthy, non-
demented older adults. However, they did not explicitly
examine the association of early life mental function with
WMH severity while controlling for cognitive function in
late life.

In the current study, we operationally defined brain reserve
as a composite measure of various anthropometric charac-
teristics that reflect growth and development early in life.
One possibility would be that increased brain reserve might
provide some resilience against the development of brain
pathology (Stern, 2009), which might manifest as a nega-
tive association between brain reserve and WMH volume
when cognitive function is unconstrained. We found that esti-
mates of brain reserve were positively associated with WMH
volume in the unconstrained model. This finding is most
likely simply a reflection of larger head and brain volume
among those with higher brain reserve but does not necessar-
ily obviate the possibility that the brain reserve hypothesis
is operative. That is, even if individuals with larger brains
have proportionately more WMH, they likely still possess
more brain reserve than those with smaller brains. It is note-
worthy that brain reserve was directly related to cognitive
functioning; that is, those with lower estimates of physi-
cal growth and development performed worse on cognitive
tests than those with higher estimates, suggesting that that
these measurements do indeed relate to cognitive function-
ing in later life but perhaps through a different pathway
than their effect on development of white matter pathol-
ogy. Future work should investigate the mechanism through
which factors reflecting early life growth and development
impact later life cognition. Further, while cranial anthropom-
etry is an estimate of maximal brain growth (Gale et al.,
2006; Schofield et al., 1995) and height provides an index
of early life body growth (Abbott et al., 1998), more precise
anthropometric measurements and detailed historical infor-
mation may be necessary to better capture the quality of early
life physical development and its impact on later life brain
pathology.

The observation that higher estimates of cognitive reserve
were significantly associated with greater WMH volume
when controlling for cognitive function was most apparent
among women. Furthermore, while all measured cognitive
domains were associated with WMH volume in women,
only the executive/speed and language constructs were asso-
ciated with WMH volume in men. With the exception of

memory, men and women had similar performance on most
cognitive tasks and did not differ in the degree of WMH
pathology (Table 1). Lower memory performance in men
raises the possibility that some men had early changes due to
Alzheimer’s disease, which may interfere with the ability to
compensate for WMH pathology, although no participants
in the current study met diagnostic criteria for dementia.
Further, men generally perform worse than women on tests
of verbal memory, including the SRT (Bishop et al., 1990;
Larrabee et al., 1988). The finding that WMH volume was
associated with all aspects of cognition in women but not
men is consistent with the idea of more diffuse cognitive
representation in women (Hiscock et al., 1995; Witelson,
1976), which might be more globally impacted by distributed
pathological change. That cognitive reserve in the current
study appeared to be more operative among women than
men could reflect that, among this age cohort, educational
opportunities that contribute to reserve may have been more
difficult to pursue for women than for men. Thus, engage-
ment in educational activities could provide or reflect greater
amounts reserve among women than among men. This pos-
sibility is perhaps reflected in the finding that the strengths of
the associations between reserve and cognition were gener-
ally greater for women than for men, particularly for tasks
of executive functioning/speed. Further work needs to be
conducted to elucidate more fully the sources of gender
differences.

White matter hyperintensities are increasingly recog-
nized as important contributors to cognitive function in
late life. Our study is consistent with earlier reports from
community-based and referral-based samples in showing a
strong association between the severity of WMH and poorer
cognitive function across a number of domains, but particu-
larly on speeded/executive tasks (Gunning-Dixon et al., 2008;
Gunning-Dixon and Raz, 2000). By examining the path coef-
ficients between WMH severity and cognition, we see that up
to about 15% of the variance in the latter is accounted for by
the former. These figures are very similar to earlier studies
of community dwelling individuals of similar age and high-
light the considerable contribution WMH make to cognitive
function in the elderly.

The exact pathology underlying WMH is not entirely clear.
A few neuropathological studies examining postmortem cor-
relates suggest that tissue classified as WMH on antemortem
or postmortem MRI is marred by small-vessel ischemic
changes, rarefaction of myelin, and disruption of subependy-
mal lining (Fazekas et al., 1993; Pantoni and Garcia, 1997;
Thomas et al., 2002). In addition to age, which is the
most prominent predictor of WMH severity, risk factors
for their presence and severity include hypertension, hyper-
cholesteronemia, elevated and fluctuating blood pressure,
increased internal carotid artery thickness, and cardiac dis-
ease (Brickman et al., in press, 2008b; de Leeuw et al., 2001;
DeCarli et al., 1999; Liao et al., 1997, 1996; Manolio et al.,
1994) further suggesting a vascular origin. Recent work also
implicates arole of WMH in the development and progression
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of Alzheimer’s disease (AD). That is, patients with prevalent
AD and a form of mild cognitive impairment most consistent
with early AD have more severe WMH than neurologically
healthy controls (Brickman et al., 2009a; Luchsinger et al.,
2009). Increased WMH volume is also a risk factor for the
later development of AD (Prins et al., 2004; Vermeer et al.,
2003) and for more rapid cognitive progression of the disease
(Brickman et al., 2008a). The exact nature of the relationship
between WMH and AD is unclear, but it could reflect a syn-
ergistic interaction between two pathologies (i.e., vascular
and Alzheimer’s-related), increased deposition of (3-amyloid
in the vascular architecture of the brain (i.e., cerebral amy-
loid angiopathy) among patients with AD (Greenberg et al.,
2008; Gurol et al., 2006), or the contribution of two inde-
pendent processes to a dementia syndrome. Thus, given their
potential role in normal and pathological cognitive aging,
future work should continue to focus on identifying eti-
ological factors, modifiable risk factors, and modifiers of
WMH.

This study has a number of strengths that should be
noted. First, the large, community-based nature of the sam-
ple provides increased precision, but the findings would
need to be confirmed in an independent before generaliz-
ing fully to the population. Second, the WHICAP cohort
is diverse across a number of dimensions, including health
status, socioeconomic status, ethnicity, educational and occu-
pational background, and degree of brain pathology, allowing
for the study of the full range of these factors. Third, we
employed highly standardized neuropsychological evalua-
tion and quantitative analysis of white matter pathology.
Despite these strengths, the study could have been strength-
ened by the availability of more comprehensive measures of
early life developmental factors and longitudinal neuroimag-
ing.

In conclusion, results from the current study highlight
the impact of WMH volume on cognitive function among
non-demented older adults. Our findings support the reserve
hypothesis and demonstrate that older adults with greater
reserve are able to compensate for greater amounts of WMH
than those with less reserve. From a lifespan perspective,
our findings suggest that the degree of WMH pathology is
not a result of developmental issues early in life, but rather
developmental experiences and exposures may provide com-
pensatory mechanisms to protect against the expression of
pathology once it emerges in later life.
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