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Abstract
Cognitive reserve is hypothesized to help people withstand greater brain pathology without
manifesting clinical symptoms, and may be regarded as a preventive factor of dementia. It is
unclear whether the effect of cognitive reserve is evident only among the older adults or after
conversion to dementia, or if it can also be seen earlier in life before the prominent effects of
cognitive aging become apparent. While finding a main effect of cognitive reserve on cognitive
outcome may be consistent with the reserve hypothesis, in our view, it is unnecessary to invoke
the idea of reserve if only a main effect is present. Rather, it is the interaction between a measure
of reserve and a brain measure on cognitive outcome that is key for confirming that the effects of
brain pathology affect people differently according to their cognitive reserve. We studied whether
general cognitive ability at an average age of 20 years, as a direct measure of cognitive reserve,
moderates the association between hippocampal volume and episodic memory performance in 494
middle-aged men ages 51 to 60. Whereas there was no statistically significant direct relationship
between hippocampal volume and episodic memory performance in middle age, we found a

© 2013 Elsevier Ltd. All rights reserved.
*Corresponding author: Eero Vuoksimaa, Department of Psychiatry, University of California, San Diego, 9500 Gilman Drive
(MC0738), La Jolla, CA, 92093, USA tel. + 1 858 534 8269, fax. + 1 858 822 5856, eero.vuoksimaa@helsinki.fi.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Neuropsychologia. Author manuscript; available in PMC 2014 May 01.

Published in final edited form as:
Neuropsychologia. 2013 May ; 51(6): 1124–1131. doi:10.1016/j.neuropsychologia.2013.02.022.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



statistically significant interaction such that there was a positive association between hippocampal
volume and episodic memory only among people with lower general cognitive ability at age 20,
i.e., lower levels of cognitive reserve. Our results provide support for the hypothesis that cognitive
reserve moderates the relationship between brain structure and cognition in middle age, well
before the onset of dementia.

Keywords
cognitive reserve; general cognitive ability; episodic memory; hippocampus; verbal learning

1. Introduction
Why can some individuals with noticeable brain pathology maintain a relatively high level
of cognitive performance while others with the same amount of brain damage have
remarkable deficits in cognitive performance? (see e.g., Stern, 2009). This question, along
with the observation that brain pathology and cognitive functioning do not always correlate
(see e.g. Katzman et al., 1988), has led to the development of the concepts of cognitive and
brain reserve. Cognitive and brain reserve may be viewed as buffers against the effects of
brain pathology and protective factors against Alzheimer’s disease (AD) or other forms of
dementia. Reserve may also explain individual differences in cognitive functioning in the
context of AD. While there is evidence for the effect of reserve in healthy older adults
(Brickman et al., 2011) and in context of AD (Stern, Albert, Tang, & Tsai, 1999) and other
dementia-causing conditions like vascular pathology (Zieren et al., 2013), it is not clear
whether the effect of reserve is present throughout adulthood or if it becomes apparent only
later in life.

According to Stern (2002; 2009), the concept of reserve can be divided into passive
(structural) and active (functional) models as represented by brain reserve and cognitive
reserve, respectively. The passive model refers to a threshold at which brain pathology starts
to affect cognition. An example of brain reserve would be the neuroanatomical measure of
overall brain size (e.g., brain or intracranial volume), the idea being that larger brains can
tolerate more pathology before the threshold where cognitive deficits start to occur is
reached. The active model refers to compensatory processes that are invoked in order to
tolerate or circumvent brain pathology. An example of cognitive reserve would be pre-
existing cognitive or compensatory abilities (e.g., higher general intelligence or ability to use
different cognitive strategies); in many studies these are approximated by the proxy measure
of educational level. In contrast to the passive model, there is no certain threshold of brain
pathology when cognition begins to be affected. Instead, higher cognitive reserve helps the
individual to compensate and thus maintain a certain level of cognitive functioning despite
brain pathology.

Two individuals can have the same amount of brain reserve (e.g., overall brain size), but can
still differ in how much they can tolerate brain pathology because they differ in their
cognitive reserve (e.g., premorbid general cognitive ability). Because cognitive functions do
not operate in isolation from brain anatomy and brain structures are plastic throughout
development, the distinction between active and passive models of reserve is not clear-cut.
In sum, the reserve hypothesis states that individuals with higher levels of reserve, compared
to individuals with lower levels of reserve, can better maintain cognitive functioning in the
presence of brain pathology.

As suggested by Christensen et al. (2007), a full model to test the reserve hypothesis should
include: 1) a direct or proxy measure of reserve, 2) a measure of brain pathology, and 3) a
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cognitive outcome. Their review showed that most studies to date have failed to include all
of these measures when testing a reserve hypothesis. Instead, many studies have tested the
main effects of measures of reserve on cognitive functioning. Such studies have
demonstrated, for example, that higher education is related to better cognitive performance
at middle age and at old age. These kinds of studies only report the main effect of a measure
of reserve on later cognitive performance. Simply showing that more highly educated people
(e.g., Le Carret et al., 2003; Singh-Manoux et al., 2011) or those with higher general
cognitive ability (e.g., Corral et al. 2006) perform better on cognitive tests later in life does
not address the question of whether people with higher levels of cognitive reserve tolerate
brain pathology better than those with lower levels of reserve. Although this main effect is
consistent with the reserve hypothesis, we think it is unnecessary—and therefore less
parsimonious—to invoke the reserve hypothesis to account for this finding because those
with more education or higher general cognitive ability will perform better on cognitive tests
at any point in development, including childhood and young adulthood.

Some studies have suggested that the effect of reserve is supported by the findings that at
any level of cognitive performance, people with higher reserve exhibit more brain pathology
and will develop dementia later than people with lower levels of cognitive reserve. For
example, by studying the Alzheimer’s Disease Neuroimage Initiative sample, Vemuri et al.
(2011) found that the level of AD-related biomarkers (beta-amyloid, tau, and brain atrophy)
was more pronounced at any level of cognitive functioning among people with higher
cognitive reserve (based on the proxy measure of National Adult Reading Test [NART]
performance) compared to those with lower cognitive reserve. This finding is important as it
clearly shows that people with higher prior general cognitive ability develop dementia later
and thus require more brain pathology before clinical manifestation of dementia than people
with lower general cognitive ability. However, the effect of general cognitive ability was
only on the intercepts, not on the slopes (i.e. individuals with higher cognitive reserve
performed better at any level of pathology whereas the effect of pathology on cognition did
not differ as a function of cognitive reserve).

The simplest explanation is that people who started out with higher prior cognitive ability
will continue to have higher cognitive performance at any point before developing dementia.
Also, they develop dementia later simply because they have farther to fall before they reach
that threshold of cognitive impairment, just as an object dropped from the sixth floor will
take longer to reach the ground than one dropped from the third floor. We argue that it is not
necessary or particularly useful to invoke the reserve hypothesis to account for these
findings. Like the objects being dropped from different heights, the outcome is virtually
guaranteed. It is difficult, if not impossible, to conceive of a situation in which individuals
with higher pre-existing general cognitive capacity (cognitive reserve) would not have better
cognitive performance than those with lower reserve when they both have the same level of
current pathology. If one shifts the scale so that two individuals with different cognitive
reserve levels are equated on current cognitive performance, it is self-evident that the one
with higher reserve will have greater pathology.

What is more meaningful is to test the hypothesis of a moderating effect of cognitive
reserve, which means testing for the presence of a significant interaction between measures
of cognitive reserve and brain pathology in prediction of cognitive performance (as
suggested by Christensen et al., 2007; see also Stern, 2012). A significant interaction would
suggest that the association between a brain (or biomarker of dementia or age) and the
cognitive measure differs as a function of cognitive reserve. In terms of the cognitive reserve
hypothesis, one would expect that greater brain atrophy would be associated more strongly
with poorer cognitive performance among people with low levels of cognitive reserve
compared to people with high levels of cognitive reserve. If the effects of brain atrophy on
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cognitive functioning were less pronounced among people with high cognitive reserve, it
would suggest that individuals with high cognitive reserve can compensate more in the
presence of brain atrophy, thus resulting in a weaker or zero correlation between brain
atrophy and the cognitive measure.

An interaction between education and white matter pathology on cognitive functions has
been reported among older adults. A significant relationship between white matter
hyperintensities and cognition has been reported to be stronger in individuals with low levels
of education compared to those with higher levels of education (Dufouil, Alperovitch, &
Tzourio, 2003: Nebes et al., 2006). Similarly, senile plaques have been reported to be more
strongly associated with poorer cognitive functioning among those with lower education
levels (Bennet et al., 2003). These findings support the cognitive reserve hypothesis because
the brain pathology and cognition relationships were more pronounced among people with
lower cognitive reserve. However, a longitudinal study found no significant interaction
between brain atrophy/white matter hyperintensities and education on cognitive functioning,
either at baseline (60 – 64 years) or at follow up after four years (Christensen et al., 2007;
Christensen et al., 2009). One important reason for the conflicting reports on the effects of
cognitive reserve may be the use of education, which may be too crude an estimate,
particularly in relatively younger adults who have less brain atrophy and greater ability to
compensate than their older counterparts.

As noted, relatively few studies have tested the interaction model. To our knowledge, no
studies have tested whether cognitive reserve moderates the more specific relationship
between hippocampal volume and episodic memory performance, despite the well known
importance of these measures in the context of aging and AD. Impaired episodic memory
performance is characteristic of AD and common in persons with mild cognitive impairment
(MCI) (Petersen et al. 1999). Age has been shown to affect episodic memory performance
among healthy individuals (Kramer et al., 2003), but there are large individual differences in
episodic memory performance change in older adults (Christensen et al., 1999).
Hippocampal structure and function are both crucial to episodic memory. People with AD
show hippocampal atrophy and there is also evidence of hippocampal atrophy in normal
aging (Jack et al., 2000; Jernigan et al., 2001). Individuals with MCI have also been reported
to have smaller hippocampal volume compared to cognitively healthy older adults (Wolf et
al., 2004). A study by Petersen et al. (2000) suggested that smaller hippocampal volume is
related to poorer episodic memory performance in persons with AD, but not among non-AD
individuals. On the other hand, Kramer et al. (2007) found that decrease in hippocampal
volume was related to decrease in episodic memory among healthy older adults.

Although among all reviewed brain-behavior relationships in healthy older adults, the
association of hippocampal volume and memory was one of the more consistent findings
(Kaup, Mirzakhanian, Jeste, & Eyler, 2011), a meta-analysis of these studies suggested that
the relationship between hippocampal volume and episodic memory performance among
healthy older adults is weak and there is variability in findings (Van Petten, 2004).
Cognitive reserve could account for the increased individual differences in episodic memory
at older ages and explain the inconsistent results regarding relationship between
hippocampal volume and episodic memory among non-demented individuals. In the context
of cognitive aging, it is important to detect subgroups that might be more vulnerable to brain
pathology such as hippocampal atrophy. Indeed, cognitive reserve-based subgrouping might
allow detection of individuals whose cognition will be affected by brain pathology before
clinical signs of dementia.

Here we investigate the association between hippocampal volume and episodic memory
performance among middle-aged men in the context of cognitive reserve. We examined the
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possible moderating effect of cognitive reserve on the hippocampal volume-episodic
memory relationship. In line with the cognitive reserve hypothesis, we hypothesized that
smaller hippocampal volume would be more strongly associated with poorer episodic
memory performance among individuals with low cognitive reserve relative to those with
higher cognitive reserve, or that the hippocampal volume-episodic memory relationship
would be evident only among those with lower levels of cognitive reserve. In the context of
a full model of reserve (Christensen et al., 2007) we assessed general cognitive ability,
hippocampal volume, and episodic memory as measures of cognitive reserve, brain
anatomy, and cognitive outcome, respectively. In order to relate our results specifically to
cognitive reserve independent of brain reserve, we used total intracranial volume—a
measure of brain reserve—as a covariate. Importantly, our study used a direct measure of
cognitive reserve in the form of a measure of general cognitive ability administered at an
average age of 20 years rather than indirect proxies such as education or the NART. In
contrast to previous cognitive reserve studies using relatively general measures, we used
specific brain and cognitive measures (hippocampal volume and episodic memory) that are
particularly relevant to age-related cognitive decline and progression to dementia, and we
tested for moderation effects of cognitive reserve in a middle-aged sample in which early
detection and intervention is most relevant.

2. Methods
2.1. Participants

Participants were 534 middle-aged males (at the time of recruitment from 51 to 59 years)
from the ongoing Vietnam Era Twin Study of Aging (VETSA; Kremen et al., 2006; Kremen
et al., 2010). The VETSA participants served in the military but are representative of men of
similar age in US (Lyons et al., 2006). The mean level of education in years was 13.8 (SD
2.1). Participants traveled to University of California, San Diego or Boston University for an
extensive laboratory study protocol that included cognitive testing and magnetic resonance
imaging (MRI) of the brain. MRIs for the Boston participants were administered at
Massachusetts General Hospital. The study protocol was approved by the institutional
review boards at each site. All participants gave written informed consent before
participation. The MRI study sample size has been increased since the report of Kremen et
al. (2010). Of the 534 participants for whom data were available, we excluded 32 scans due
to technical errors in scan acquisition or image processing, yielding 502 participants with
adequate hippocampal volume data. Of these, 494 participants had available cognitive
reserve data for the present study (age M = 55.67, SD = 2.62). The MRI study was started in
the third year of data collection of the VETSA study. Approximately 95% of those invited
agreed to undergo the MRI and about 80% met the inclusion criteria for MRI safety.

2.2. Cognitive reserve measure
General cognitive ability in young adulthood (average age of 20 years) was measured with
the Armed Forces Qualification Test (AFQT20), a 100-item multiple-choice paper-and-
pencil test administered just before military induction (Bayroff & Anderson, 1963). The
AFQT has a high correlation of 0.84 with Wechsler Adult Intelligence Scale (McGrevy,
Knouse, & Thompson, 1974; Lyons et al., 2009). The test consists of items that cover
domains of vocabulary, arithmetical ability, tool/mechanical knowledge and reasoning, and
visual-spatial ability. Military policy excluded everyone who scored in the bottom 10th
percentile. In addition, the highest end of the cognitive ability scale has traditionally been
slightly under-represented in the military. As a result, the AFQT20 scores approximate a
truncated normal distribution (Lyons et al., 2009).
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The total score on the AFQT20 was used as a continuous measure of cognitive reserve. In
addition to the continuous measure we used an extreme groups approach that categorized
individuals into low (n=131) and high (n=114) cognitive reserve groups. As such, we
contrasted individuals in lowest and highest quartiles according to the AFQT20 score (see
characteristics of low and high reserve groups in Table 1). We used both the continuous and
categorical measures of AFQT20 because effects might be subtle in this relatively young
sample, which might mean that the effects would be observable only in a comparison of
extreme groups.

2.3. Episodic memory measures
Episodic memory at middle age was measured with the second edition of the California
Verbal Learning Test (CVLT-2) (Delis, Kramer, Kaplan, & Ober, 2000). In this test, there
are five trials with immediate recall after every trial. Each trial consists of a 16-item list that
is read to participants, and each time they are asked to recall as many items as they can. In
the next phase participants are asked to recall all items from a single presentation of a
different 16-item list (distraction stimuli). After that participants are asked to recall all the
items from the first list that was presented five times, but this time the list is not presented
(short delay free recall). Further, participants are asked to recall all the items from this list
again after 20 minutes (long delay free recall). We used three CVLT-2 measures. Total
number of recalled words in trials 1 – 5 was used as a verbal learning measure. This measure
captures both acquisition and retrieval components of episodic memory performance. We
also used number of recalled words in the short and long delay free recall. These measures
have only the retrieval component because the word list was not presented before the recall
in these conditions.

2.4. Image acquisition and processing of hippocampus volume measure
Detailed description of magnetic resonance imaging (MRI) data collection, acquisition and
processing in VETSA has been previously described in Kremen et al. (2010). In short, brain
images were acquired with Siemens 1.5 Tesla scanners (sagittal T1-weighted MPRAGE
sequences with a TI=1000 ms, TE=3.31 ms, TR=2730 ms, flip angle=7 degrees, slice
thickness=1.33mm, and voxel size=1.3×1.0×1.3mm). Image analysis based on the publicly
available FreeSurfer software was used for volumetric segmentation (Fischl et al., 2002).
We used left and right hippocampus volumes and a total hippocampus volume (left + right).
Estimated total intracranial volume (eTIV) was used as a covariate to control for individual
differences in head size.

2.5. Statistical analysis
Although we have a twin sample, the analyses for this article were not twin-based. That is,
the unit of analysis was the individual rather than the twin pair. Linear mixed-effects models
(Proc Mixed, SAS version 9.3) were used to test the main and interaction effects of
cognitive reserve and brain measures on episodic memory performance at middle age. The
moderator effect is supported if the interaction term is significant (see Baron and Kenny,
1986). In other words, the relationship between predictor (hippocampal volume) and
outcome variable (episodic memory) differs as a function of the moderator variable
(AFQT20). The moderator effect can be present in the absence of significant main effects. In
this study, we hypothesized that the association between hippocampal volume and episodic
memory would be stronger or would be evident only among those with lower levels of
cognitive reserve. These models controlled for the nested family data (twins within
families), age, and eTIV. Both study sites used only one MRI scanner; because there was no
scanner effect on hippocampal volume measures, we did not use scanner variable as a
covariate in these analyses (see Panizzon et al., 2012). Because the mixed models controlled
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for the twin relatedness, the degrees of freedom in these models refer to number of families
(twin pairs).

We first separately tested the main effects of bilateral hippocampal volume and continuous
AFQT20 on CVLT measures. The effect of age on CVLT measures was reported based on
these models. Next we ran the same models by adding the AFQT20 x hippocampal volume
interaction term in order to see whether the hippocampal volume-episodic memory
relationship was more prominent among people with lower cognitive reserve. For all
interaction analyses both continuous and categorical measures of AFQT20 were used.
Finally, we tested the interaction terms separately for left and right hippocampal volumes
and included APOE genotype (ε4 carrier vs. ε4 non-carrier) as an additional covariate in the
models with the interaction terms. Total hippocampal volume and left and right volumes
separately as well as eTIV were centered to mean values. Likewise, AFQT20 and age were
centered at mean.

3. Results
As expected, years of education correlated positively with the continuous AFQT20 measure
(r = .35, p <.0001). Continuous AFQT20 measure was not significantly related to
hippocampal volume when adjusted for age and eTIV (F(1,209) = 0.01, p = .92). The APOE
ε4+ genotype did not have an effect on continuous AFQT20 measure (F(1,199) = 0.05, p = .
82). The categorical AFQT20 measure had a significant association with education, showing
that those with higher cognitive reserve had higher education compared to those with lower
cognitive reserve. Individuals with low and high cognitive reserve, as categorized by the
categorical AFQT20 measure, did not differ in the prevalence of APOE ε4 carriers or in
hippocampal volume. The means for demographic and hippocampal volume variables and
the prevalence of APOE ε4+/ε4− genotypes among individuals with low and high cognitive
reserve by the categorical AFQT20 measure can be seen from Table 1. The prevalence of
ε4+ genotypes was consistent with the general population prevalence (Blair et al., 2005;
Ghebranious, Ivacic, Mallum, & Dokken, 2005). Participants with one or two ε4+ alleles
were grouped together because there were too few homozygous ε4+ participants to analyze
them separately.

3.1. Verbal learning
There was no significant main effect of hippocampal volume on CVLT total recalled words
in trials 1-5 (F(1,205) = 0.27, p = .6037). The main effect of the continuous AFQT20
measure on CVLT total recalled words in trials 1-5 was significant (F(1,205) = 41.82, p < .
0001), showing that better AFQT20 performance was related to better CVLT total recalled
words in trials 1-5 performance (see also Table 2 for similar categorical AFQT20 result).
Age was a significant predictor of CVLT total recalled words in trials 1 – 5 (F(1,205) =
14.80, p < .001), indicating that the number of total recalled words was reduced by 0.62 per
year.

As presented in Table 3, there was a significant AFQT20 x hippocampal volume interaction
on CVLT total recalled words in trials 1-5 with the continuous AFQT20 measure (F(1,204)
= 7.47, p < .01). Similarly, there was a statistically significant AFQT20 x hippocampal
volume interaction (F(1,59) = 4.63, p < .05) when we used categorical AFQT20 measure
(Model 1 in Table 3).

These analyses reflect the fact that there was a positive relationship between hippocampal
volume and total words recalled in trials 1-5 only among individuals with low cognitive
reserve, while no association was evident among those with high cognitive reserve (Fig 1).
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In other words, AFQT20 moderated this relationship. In the low reserve group, number of
total words recalled increased 2.16 words per cubic centimeter of hippocampal volume.

The significant interaction effect between AFQT20 and hippocampal volume on CVLT total
recalled words in trials 1-5 remained when we used APOE genotype as an additional
covariate (both with continuous and categorical AFQT measures, model 2 in Table 3). When
we tested left and right hippocampal volumes separately, the interactions were significant
with the exception of categorical AFQT20 measure x right hippocampal volume in model
where APOE genotype was used as an additional covariate (see Table 3).

3.2. Free recall
As in trials 1-5, there was a significant main effect of the continuous AFQT20 measure on
CVLT short-delay free recall (F(1,205) = 32.34, p <.0001), showing that better AFQT20
performance was related to better CVLT short-delay free recall performance (see also Table
2 for similar categorical AFQT20 results). Hippocampal volume had no significant main
effect on CVLT short-delay free recall (F(1,205) = 0.01, p = .9831). Age was a significant
predictor of CVLT short-delay free recall (F(1,205) = 6.03, p = .0149), indicating that the
number of total recalled words was reduced by 0.13 per year. There was no significant
interaction between AFQT20 and hippocampal volume on CVLT short-delay free recall,
either for the continuous (F(1,204) = 0.54, p = .4623) or categorical (F(1,59) = 0.09, p = .
7634) AFQT20 measure.

The results for CVLT long-delay free recall were similar to those for CVLT short-delay free
recall. There was a significant main effect of the continuous AFQT20 measure on CVLT
long-delay free recall (F(1,205) = 41.51, p < .0001), showing that better AFQT20
performance was related to better CVLT long-delay free recall performance (see also Table
2 for categorical AFQT20 results). There was no significant main effect of hippocampal
volume on CVLT long-delay free recall (F(1,205) = 0.13, p = .7181). Age was a significant
predictor of CVLT long-delay free recall (F(1,205) = 5.07, p = .0254), indicating that the
number of total recalled words was reduced by 0.13 per year. Finally, there was no
significant AFQT20 x hippocampal volume interaction on CVLT long-delay free recall,
with the continuous (F(1,204) = 0.66, p = .4182) or categorical (F(1,59) = 0.52, p = .4721)
AFQT20 measures.

4. Discussion
Individuals with more cognitive reserve, based on higher general cognitive ability in young
adulthood, had better memory performance at middle age. This result demonstrates the
expected main effect of a measure of cognitive reserve on cognitive outcome. Also, age was
a significant predictor of all episodic memory measures even in our narrow age range with
older individuals performing more poorly than younger individuals. More importantly, we
tested whether cognitive reserve moderates the association between hippocampal volume
and memory. The main finding of this study was a significant interaction between general
cognitive ability at age 20 and midlife hippocampal volume on the learning component of
episodic memory showing that smaller hippocampal volume was related to poorer midlife
episodic memory performance only among individuals with lower levels of cognitive
reserve. We controlled for estimated total intracranial volume, a commonly used proxy
measure of brain reserve, which suggests that the effect of cognitive reserve is evident when
the level of brain reserve is held constant across individuals. This is important because
individuals who have the same level of brain reserve might still differ in their level of
cognitive reserve. More efficient neural networks and use of different brain structures and
networks have been suggested as underlying brain mechanisms for high cognitive reserve
(Stern, 2009). It is possible that individuals who have a small hippocampus but high
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cognitive reserve can compensate by utilizing other brain areas (e.g. more frontal control) to
improve or maintain performance on episodic memory tests. Those with small hippocampus
and lower levels of cognitive reserve may be more dependent on their hippocampal size
alone because they may have less ability to invoke other networks.

These results are important in several ways. First, they stress the importance of detecting
subgroups that might be more vulnerable to the cognitive and functional effects of brain
pathology. If we had only looked at the brain-cognition association in the whole sample, we
would have simply concluded that there is no relationship between hippocampal volume and
episodic memory performance among non-demented middle-aged adults. A meta-analysis of
studies on healthy individuals (Van Petten, 2004) has indicated variability in findings on the
association between hippocampal volume and episodic memory among healthy older adults.
Our results indicate that cognitive reserve can be a useful way of elucidating heterogeneity
in the context of cognitive aging, and that the lack of overall association between a brain
measure and cognitive performance can mask important subgroup differences. Early
predictors of cognitive decline and AD may not show any association with cognitive
functioning in the population as a whole, but may do so in some subgroups.

Second, our results show that the effect of cognitive reserve may already be evident in non-
demented individuals and before they reach old age. Although there is evidence of the effect
of cognitive reserve among younger adults with conditions that affect cognition, like human
immunodeficiency virus (Stern et al., 1996) and traumatic brain injury (Kesler et al., 2003),
our results demonstrate that the effect of cognitive reserve can be seen among healthy
individuals as well. Given the age range of 51 – 60, our results are unlikely to be
complicated by brain diseases that become increasingly common in older samples (e.g., AD
or cerebrovascular disease). While an earlier study did not detect a significant interaction
between measures of brain pathology and education on early old-age cognition (Christensen
et al., 2007 & Christensen et al., 2009), we note that that study differed from our study in
several ways. They used a nonstandard administration of CVLT as their immediate and
delayed CVLT recall measures were based on presenting only the first trial of the CVLT.
They also examined white matter pathology and estimated total brain volume atrophy rather
than targeting specific gray matter structures. No earlier studies have used hippocampal
volume as a brain measure when testing the interaction approach in the context of the
reserve hypothesis, although hippocampal volume is especially relevant when the cognitive
outcome is memory.

Further, Christensen et al. used education as a proxy measure of cognitive reserve. It is
possible that proxy measures such as educational level are not sensitive enough for detecting
significant interaction effects with brain measures among middle-aged non-demented
individuals. For example, there were 195 VETSA participants (39% of the sample of this
study) who all had 12 years of education. Despite the absence of educational variability,
there was considerable variability (covering virtually the full range [11th–99th percentiles])
of AFQT scores.

It is noteworthy that we detected the interaction between general cognitive ability and
hippocampal volume only for one of the three episodic memory measures in our study. The
interaction was significant only for CVLT-2 total recalled words in trials 1 – 5. Like the
Christensen et al. studies, we did not find the effect for short- or long-delay free recall.
These measures differ in which memory processes are required to perform them. They all
require retrieval of material from memory, whereas total words recalled in trials 1 – 5 also
has an acquisition component as this measure requires learning of new words. Similar to our
results, Reitz et al. (2009) reported that hippocampal volume predicted total, but not
delayed, recall in the Selective Reminding Test, although this finding was nonsignificant
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when individuals with dementia were excluded. However, by using the CVLT, Genon et al.
(2013) concluded that acquisition deficits are evident already at the predementia stage of
AD.

Earlier results from the VETSA sample indicate that CVLT-2 performance in trials 1 – 5
total words recalled is influenced by some unique genetic effects that are not shared with the
genetic effects acting on short- and long-delay free recall performance (Panizzon et al.,
2011). Together with our current results, these findings emphasize the specificity of these
different memory measures and stress the importance of studying different components of
episodic memory in the context of aging. The learning measures can also be valuable
predictors of AD. Indeed, some recent findings suggest that learning measures of episodic
memory may be better than recall measures at predicting conversion to AD from MCI
(Chang et al., 2010) or from questionable AD to AD (Lekeu et al., 2010). Further, it is
possible that encoding and acquisition are affected earlier than ability to retrieve material in
persons with low cognitive reserve.

Our study had some limitations. First, because the sample included only men, we do not
know if these results can be generalized to women (CVLT is a cognitive measure with
reported sex difference showing that women perform on average slightly better than men;
Kramer, Yaffe, Lengenfelder, & Delis, 2003). Second, as noted, this sample is slightly
under-represented at both the lowest and highest extremes of AFQT scores. However, it
seems likely that, if anything, the lack of the most extreme groups would attenuate the
interaction effects. Therefore, our results demonstrating the reserve effect may well be
somewhat conservative. The cross-sectional nature of these analyses is also a limitation, but
this work is part of a longitudinal study with follow-up assessments being conducted at the
time of this writing.

The strengths of our study were the use of a direct measure of cognitive reserve and a large
sample of individuals within a narrow age range. As already indicated by the range of scores
among those with 12 years of education, by using education as a measure of reserve, there
will be great heterogeneity in general cognitive ability within low and high reserve groups.
Another reason for some studies’ failure to detect effects of reserve might be their wide age
range. For example level of education among 49 – 82 year olds or baseline cognitive ability
among 18 – 97 year olds did not affect the rate of cognitive change in studies of Van
Gerven, Van Boxtel, Ausems, Bekers, & Jolles (2012) and Salthouse (2012), respectively.
The narrow age range in our study has the advantage that the sample is more homogeneous.
If, for example, MCI is due to a different set of factors at 50 than at 70, detecting either set
of factors could prove difficult in a sample with a wide age range. Finally, our design avoids
the difficulty of equating educational attainment in different age cohorts. For example, 80
year olds with 12 years of education will have more education relative to their age peers
than would 40 year olds with the same level of education. Christensen et al. (2007; 2009)
also had a narrow age range (60–64 years at baseline), but, as noted, they did not have a
direct index of cognitive reserve and they did not examine specific gray matter structures.

The current results show that even if there is no association in the whole sample, there may
well be subgroups where significant brain-cognition relationships can be detected. As
demonstrated here, cognitive reserve can be one very useful approach to subgrouping.
Studies on the effects of cognitive reserve should test for interaction effects in addition to
testing for main effects. Whenever possible, direct measures of cognitive reserve should be
used in favor of proxies. Finally, we cannot know precisely when in the aging process an
interaction effect as function of cognitive reserve may manifest itself. Therefore, continued
longitudinal assessment will be essential for elucidating the reserve phenomenon.
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• Hippocampal volume is related to memory in those with low cognitive reserve

• Hippocampal volume is not related to memory in those with high cognitive
reserve

• Reserve effects can be seen in midlife if a direct measure of reserve is used
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Fig. 1.
Relationship between California Verbal Learning Test (CVLT) total number of words in
trials 1 – 5 and bilateral hippocampal volume (in cubic centimeters, adjusted for age and
estimated total intracranial volume) among individuals with high (blue circles and solid line)
and low (red crosses and dotted line) cognitive reserve. High and low reserve individuals are
those in the upper and lower quartiles according to their age 20 general cognitive ability,
respectively. The slope estimates denote the change in CVLT score as a function of one cm3

increase in hippocampal volume.
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Table 1

Characteristics of low (lowest 25%) and high (highest 25%) cognitive reserve (CR) groups according to their
age 20 general cognitive ability as measured with Armed Forces Qualification Test (AFQT20).

Low CR (n=131) High CR (n=114)

M (SD) M (SD) F p

Age 55.34 (2.60) 55.82 (2.59) 0.08 0.78

Years of education 12.91 (1.92) 14.89 (2.17) 44.81 <.001

APOE ε4+/ε4− (% of ε4+)a 33/95 (26%) 36/73 (33%) 1.13 0.29

Hippocampus volume (mm3)aa 8096 (852) 8282 (759) 0.01 0.99

Note. Comparisons based on mixed models, except APOE ε4+ prevalence comparison based on Rao-Scott chi-square test. Twin relatedness
controlled in all comparisons.

a
number of individuals with and without APOE ε4 allele and the prevalence of APOE ε4 carriers in parentheses among low (n=128) and high

(n=109) CR individuals.

aa
controlled also for estimated total intracranial volume.
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Table 2

California Verbal Learning Test (CVLT) performance among low (lowest 25%) and high (highest 25%)
cognitive reserve (CR) groups according to their age 20 general cognitive ability as measured with Armed
Forces Qualification Test (AFQT20).

Low CR (n=131) High CR (n=114)

M (SD) M (SD) F p

CVLT Total words trials 1-5 39.68 (8.48) 44.81 (9.24) 16.37 <.001

CVLT Short delay free recall 7.73 (2.75) 9.21 (2.99) 12.65 <.001

CVLT Long delay free recall 8.05 (2.93) 9.89 (3.10) 15.75 <.001

Note. Comparisons based on mixed models. Twin relatedness controlled in all comparisons.
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