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Introduction: Subjects with higher cognitive reserve (CR) may be at a lower risk for Alzheimer’s
disease (AD), but the neural mechanisms underlying this are not known. Hippocampal volume
loss is an early event in AD that triggers cognitive decline.

Materials and methods: Regression analyses of the effects of education on MRI-measured base-
line HV in 675 subjects (201 normal, 329 with mild cognitive impairment (MCl), and 146 subjects
with mild AD), adjusting for age, gender, APOE ¢4 status and intracranial volume (ICV). Subjects
were derived from the Alzheimer’s Disease Neuroimaging Initiative (ADNI), a large US national
biomarker study.

Results: The association between higher education and larger HV was significant in AD
(P=0.014) but not in cognitively normal or MCI subjects. In AD, HV was about 8% larger in
a person with 20 years of education relative to someone with 6 years of education. There
was also a trend for the interaction between education and APOE ¢4 to be significant in AD

(P=0.056).

Abbreviations: AD, Alzheimer’s disease; ADNI, Alzheimer’s disease neuroimaging initiative; APOE, Apolipoprotein E; CDR, Clinical demen-
tia rating; CR, Cognitive reserve; HV, Hippocampal volume; ICV, Intracranial volume; MMSE, Mini-mental state examination; MRI, Magnetic

resonance imaging; PET, Positron emission tomography; THV, Total hippocampal volume.
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Conclusion: A potential protective association between higher education and lower hippocam-
pal atrophy in patients with AD appears consistent with prior epidemiologic data linking higher
education levels with lower rates of incident dementia. Longitudinal studies are warranted to

confirm these findings.

© 2014 Elsevier Masson SAS. All rights reserved.

Introduction

The search for lifestyle factors that may prevent or delay the
onset of Alzheimer’s disease has sparked interest in under-
standing the influence of education and cognitive reserve
[1—28]. Epidemiologic studies nearly three decades ago first
noted a greater risk for dementia in individuals with very
low levels of education; though detection bias may have
played a role, these results were replicated [1,4—6]. Sim-
ilarly, studies have also linked higher 1Q, larger head size,
greater socio-occupational status or higher levels of men-
tal activity with lower prevalence of dementia [1—7]. More
recently, a review of 22 epidemiologic studies of effects
of education or higher levels of brain-stimulating activities
found a 46%-absolute-decrease in incident dementia risk [6].

The mechanisms underlying cognitive reserve and the
effects of education on dementia risk remain uncertain.
One theory is that education has a direct neuroprotective
effect on brain structure (e.g. slowing hippocampal atro-
phy) or pathology (e.g. less beta-amyloid deposition). This
is supported by animal studies that show that environmental
enrichment can directly stimulate hippocampal neurogen-
esis [8]. The adult human hippocampus is also capable
of neuroplasticity, and imaging studies before and after
intense brain training (e.g. juggling, playing video games,
cramming for medical exams) have documented changes
in volumes of specific brain regions in healthy volunteers
[9,10]. These data raise the possibility that some portion
of education-related CR in humans might be localized to
the hippocampus. However, neuropathological and imag-
ing studies of hippocampal changes in cognitively normal
subjects have yielded conflicting results with some studies
finding a direct relationship between education or socioeco-
nomic status and hippocampal volume [11,22] and others not
finding any links [19].

The alternate theory suggests that education only has
a compensatory effect. This theory emerged from autopsy
studies that found that some highly educated individuals
with abundant AD neuropathology remain non-demented (or
cognitively spared) [3,7,13—15]. Such cognitive sparing was
subsequently noticed in imaging studies and gave rise to the
theory that education-related CR might serve as a compen-
satory mechanism [3]. However, this theory is not supported
by some prior studies in normal subjects that reported a
direct positive correlation between hippocampal volume
and educational attainment status [11,22]. In summary, the
concept of ‘‘cognitive reserve’’ and the effect of education
on AD biomarkers remain incompletely understood [1].

Hippocampal damage (atrophy) is a key event in AD
and has been reported to potentially have diagnostic value
[29—33]. Moreover, MRI-measured hippocampal volumes
are predictive of future cognitive loss in mildly impaired
subjects [29—33]. The aim of this study was to use data

from a national biomarker study to test the effect of educa-
tion on HV at study entry across all three diagnostic stages
of cognitive functioning (from cognitively normal to MCI to
AD). Secondarily, we also examined whether the effect of
education differed by APOE £4 genotype.

Materials and methods

ADNI design and database

ADNI is a large-scale collaborative effort aimed at under-
standing, treatment, and prevention of AD. Additionally,
up-to-date information can be found at www.adni-info.org.
ADNI stems from the collaboration and participation of over
50 sites within the US and Canada. Each site’s institutional
review board approved all ADNI protocols. Prior to any
testing, written, informed consent was obtained from all
subjects and their legal representatives, when necessary.

Subject characteristics

Those subjects in the ADNI-1 classified as normal controls
were required to have normal memory function, an MMSE
score between 24 and 30, and a CDR of 0. MCI subjects
were required to have abnormal memory function, an MMSE
score from 24 to 30, and a CDR of 0.5. AD subjects met the
‘‘probable AD’’ criteria of the NINCDS/ADRDA, had a CDR of
1.0 or 0.5, and had an MMSE score between 20 and 26 (with
some exceptions if the subject had less than 8 years of
education). All subjects were between the ages of 55 and 90
and were not depressed, with a geriatric depression scale
score of less than 6 required for inclusion. Additional inclu-
sion and exclusion criteria for the ADNI-1 can be found at
http://www.adni-info.org/scientists/proceduresmanuals.
aspx#.

Inclusion criteria for this analysis

All subjects included in our analyses were required to have
a diagnosis (according to the criteria listed above) and have
baseline demographic information (gender, race, education,
and age), APOE genotype, a baseline MMSE score, analysis
of a 1.5T MRI scan via FreeSurfer v. 4.4, and an estimated
intracranial volume derived from the 1.5 T MRI scan. A total
of 201 normal control, 329 MCI, and 146 AD subjects were
included.

Educational achievement

Education was a self-reported measure collected from sub-
jects themselves and verified by a caregiver (for dementia
subjects) as appropriate. We analyzed education both as a
continuous and categorical (12 years or less, 13 to 16 years,
17 to 20 years) variable. We report here only the results
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of models testing education as a continuous measure, since
it offered greater power and models testing education as a
categorical measure showed essentially similar findings.

MR imaging acquisition

The ADNI used 1.5T MP-RAGE T1-weighted MR images. All
scans were performed using a standardized protocol specif-
ically developed for ADNI, and which was tailored for use
with each make and model of scanner used at the dif-
ferent data collection sites. More detailed information for
the specific MR acquisition protocols and quality control
methods for each type of scanner used can be found at
http://adni.loni.ucla.edu.

MR volumetric methods

Hippocampal volumes were derived from volumetric seg-
mentation of subject MR scans, performed with the
Freesurfer image analysis suit. Total hippocampal volumes
were computed as the sum of the right and left sides.
Freesurfer morphometric procedures have been demon-
strated to show good test-retest reliability across scanner
manufacturers and across field strength [34,35]. Intracra-
nial volumes were derived using standard methods from MRI
scans (see adni.loni.ucla.edu and refer to the detailed ADNI-
1 MRI Protocols for sequences and processing steps).

Statistical analysis

All statistical analysis was set two-tailed, P<0.05 a priori
for terms in the multivariate model. We first examined the
effect of education on ICV after adjusting for effects of age,
gender and APOE &4 (similar to model (0.0)). We then exam-
ined education effects on baseline HV in all three groups. No
statistical comparisons between diagnoses were done since
the intent of the paper was to look at education effects
within diagnosis.

The data consists of hippocampal volume measurements
yi, measured on the i-th subject, i=1...678, from three
groups, control, MCI, and AD.

Vi = ag + amci + oapi + BIICV + ogai + ami + PaAge;
+ BeEdUC; + apcrgai + ap:gai + Bmcr:lCVi + Bap:ICV;
+ BuciaAS€;i + Bap:aAgei + BucreEAUC;
+ omcimi + cap:mi + €i (0.0)

In model (0.0), «p (intercept) denotes the baseline level
of thickness/volume for a female subject in the control
group of age 75 with 6 years of education and having the
3/3 APOE allele. The terms ayc; and asp; denote the aver-
age difference by diagnostic group, ag; denote the baseline
effect of allele £4 of the APOE gene when it is present in sub-
ject i. The term «ay; denotes the additional effect of gender
(Male) in the control group. The terms B,, Be and B, denote
the effects of age, years of education and ICV on baseline
hippocampal volume. The terms Buc; and Bap; denote the
additional effects of ICV in the MCl and AD groups, while the
terms Bucr.a and Bap: denote the additional effects of age
in the MCI and AD groups, the terms Bycr.e and Bap.e denote
the additional effects of education in the MCI and AD groups

and the terms ayc.» and asp.n denote the additional effects
of gender (Male) in the MCI and AD groups.

Finally &; is measurement error, assumed to be indepen-
dent with a zero mean Gaussian distribution. The model fits
the data moderately (R? = 0.47). We also examined the inter-
action between APOE ¢4 and education in each diagnostic
group in an extended model (model not shown). To examine
the appropriateness of the linearity assumptions inherent in
model (0.0), we also fitted a more general additive model
of the form:

Vi = ao + Qi + ami + fa(Age;) + fe(Educ) + fi(ICV) + &
(0.1

The coefficients g (intercept, aq4i and ay;) in model (0.1)
are the same as in model (0.0). The functions f,, fg, and f;
denote arbitrary (but smooth) functions of age, education
and ICV. These functions are estimated (under smoothness
constraints) to minimize the least squares fit of model to
hippocampal volume measurements y;. Fitting was done
using an iterative backfitting algorithm implemented in the
mgcv package in the R platform (Wood, S.N. (2006) Gener-
alized Additive Models: An Introduction with R. Chapman
and Hall/CRC). For ease of interpretation, model (0.1) was
fitted separately for each diagnostic group.

Results

Subject demographics and characteristics

Subject demographics by diagnoses are depicted in Table 1.
The mean age for all three groups was in the seventies,
reflecting the overall ADNI sample. The percent of ¢4 car-
riers was highest in AD group and lowest in controls, as
expected. Likewise HV and MMSE scores were lowest in AD
and highest in controls. The AD group was less well educated
than the other groups with the lowest proportion of those
with less than high school educational attainment.

Effect of education level on ICV

The effect of education on ICV was not significant in controls
(P=0.24), MCI (P=0.22) or AD (P=0.34). APOE &4 genotype
also did not have an effect on ICV in any group (P> 0.60).
The effect of gender was significant in all groups (P <0.05)
with males having bigger ICV.

Effect of education level on HV

As shown in Table 2, the effect of education on HV was not
significant in the Control or MCI groups, but there was a
significant association between higher HV and higher edu-
cational level in AD (P=0.014), relative to the effect in
controls. This amounts to about an 8% increase for some-
one with 20 years of education relative to someone with 6
years of education, in the AD group. Estimated regression
functions from additive model (Figs. 1—3b) suggest that the
dependence of HV on education is indeed approximately lin-
ear. The direction of the effects from additive modelling is
similar to those estimated by the linear model. There was
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Table 1 ADNI subject characteristics by diagnostic group.

Variable Control MCI AD

n 201 329 146

Male proportion 54% 64% 51%

APOE g4+ proportion 27% 54% 66%

Age 76.01 (5.04) 74.85 (7.23) 75.23 (7.54)
Education 16.10 (2.77) 15.76 (2.95) 14.82 (3.08)
Education <13 (%) 10% 18% 28%

Education > 16 (%) 42% 38% 26%

MMSE 29.15 (0.99) 27.05 (1.76) 23.48 (1.94)
Hippocampal volume (mm?3) 6553.99 (826.05) 5806.23 (1027.52) 5178.83 (1003.86)
ICV (mm?) 1,465,025 (132,345) 1,477,082 (150,694) 1,439,452 (159,338)

Mean (SD) values are shown for control, MCI, and AD subjects.

a trend to a significant interaction between education and
APOE &4 in the AD group (P=0.059) but this was not seen in
MCI or normal group.

Table 2 also shows that, as expected, MCl and AD subjects
had significantly smaller HV than controls (P<0.0001) and
this effect was substantially larger than the effect of edu-
cation. Increasing age causes a highly significant reduction
(about 0.7%/year) in HV (P<0.0001) and this effect is simi-
lar in all diagnostic groups. Additive modelling suggests that
in the control group, the decrease appears to level off at
age 80 and higher (Fig. 1a) but the rate of decrease appears
to be maintained at higher ages in the MCI and AD groups
(Figs. 2 and 3a). Conversely, increasing ICV has a significant
positive effect on HV (P<0.0001) and the effect is similar in
all three groups. There are no significant differences due to
gender (P<0.81).

Table 2  Effect of education on HV in AD, MCI and controls.

Discussion

While the mechanisms of cognitive reserve are still not
well understood, educational attainment is viewed as an
important surrogate marker of CR. Higher early life educa-
tion usually leads to lifelong higher occupational attainment
and a greater likelihood of pursuing mentally stimulating
activities and a healthier lifestyle throughout life [1,11,12].
Likewise, lower educational attainment is predictive of
higher childhood social stress and lower socioeconomic
attainment in life [11,12]. Thus, early life education is
accepted as one of the surrogate markers for CR and socio-
economic attainment [1,5—7,18,20]. Although the positive
influence of CR (such as higher education) on lowering
AD risk and on postponing cognitive decline is relatively
consistent in the epidemiologic literature [1—6], there is

Estimate Std. error t value Pr (> |t])
Baseline 7129.6730 229.0073 31.13 <0.0001
AD —2021.2266 336.3117 —6.01 <0.0001
MCI —972.3168 286.3019 —3.40 0.0007
APOE g4+ —102.4151 126.3811 —0.81 0.4180
ICV 0.0028 0.0005 5.25 <0.0001
Age —56.0511 11.3999 —4.92 <0.0001
CN: education —38.1314 21.8003 —1.75 0.0807
Male —34.7337 144.3540 —0.24 0.8099
AD: APOE g4+ —176.4713 191.6569 —0.92 0.3575
MCI: APOE &4+ —310.8509 155.3819 —2.00 0.0459
AD: ICV —0.0001 0.0008 —0.11 0.9155
MCI: ICV —0.0005 0.0007 —0.83 0.4085
AD: age 9.5969 14.5368 0.66 0.5094
MCI: age 8.4721 13.1547 0.64 0.5198
AD: education 77.0546 31.4433 2.45 0.0145
MCI: education 12.6967 26.6395 0.48 0.6338
AD: male —6.1461 228.3077 —0.03 0.9785
MCI: male 146.8606 187.1522 0.78 0.4329

P values and t values from the model examining effects of education on HV in each diagnostic group, adjusting for age, gender, ICV
and APOE &4 effects. Please see Methods for details of model. The comparison is against a female subject in the control group, of
age 75, with 6 years of education and having the APOE £3/3 genotype. The effect of education on HV was significant in the AD group
(P<0.015) but not in controls (P<0.081) or MCI (P<0.64). The effects of diagnosis, age and ICV on HV were significant.
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a discrepancy in literature over whether education has a
direct effect on hippocampal atrophy in both normal aging
and in AD [1]. Two lines of findings from autopsy and imag-
ing studies have emerged — one suggesting education has a
direct neuroprotective effect and the other suggesting that
education allows people to compensate (i.e. for a given level
of pathology performance is higher). Our study attempted
to shed further light on the first question.

We used a large national sample to test the asso-
ciation between education and baseline HV in three
groups — cognitively normal elders, MCI subjects at risk for
AD, and those with mild AD. We found a significant pos-
itive association between education and HV in AD after
stringently controlling for common factors known to affect
HV. Speculatively, this could be interpreted as supporting a
neuroprotective effect of education, consistent with exper-
imental studies of the effects of environmental enrichment
on neurogenesis [8—10]. The linearity of the effect poten-
tially implies that the protective effect of an additional year
of education may apply throughout the education range.
Further, we also find a potential weak (non-significant) inter-
action effect between education and APOE genotype on HV
in AD. This is also of interest since some prior data suggests

that the effects of lifestyle variables on dementia risk may
vary by genotype [36]. There are no prior imaging or autopsy
studies to our knowledge, that have tested an education
and APOE &4 interaction effect on HV in AD subjects; hence,
we cannot directly compare this to prior studies. The weak
effect would suggest caution in interpretation until further
replication.

The lack of an association between education and HV in
cognitively normal and MCI subjects does not seem consis-
tent with the neurogenesis literature but is consistent with
prior autopsy studies. Speculatively, the lack of an effect
of education on HV in our sample of cognitively healthy
or mildly impaired subjects, could be due to three pos-
sibilities—a true lack of an effect, a limited power for
detecting slower or more heterogeneous rates of atrophy in
such subjects, or a different mechanism such as education
providing a compensatory rather than direct neuroprotec-
tive effect. Controls had a more limited MMSE range, a lower
prevalence of APOE &4, and were three times as likely to
have greater than high school education, compared to AD
subjects.

However, our findings in non-demented subjects are con-
sistent with prior autopsy studies. For example, Brayne et al.
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found that neurodegenerative pathologies did not vary by
education in a sample of 872 people who came to autopsy
in a large epidemiologic study although dementia onset was
delayed by higher education [24]. In a study of 13,004 elderly
individuals followed for 14 years, Valenzuela et al. noted no
relationship between a cognitively active lifestyle and hip-
pocampal neuronal density among the subset of 329 subjects
who came to autopsy [19].

Prior MRI studies of non-demented subjects have also
mostly been consistent with our findings. Liu et al. [20],
after adjusting for age, gender, cognitive status and
intracranial volume, found no correlation between years of
education and HV in controls or MCI. They found an inverse
effect in AD but did not adjust for 4 status. Noble et al. [26]
studied 275 cognitively healthy subjects between the ages of
17—87 years and found that the main effects of education on
HV did not reach significance after adjusting for age, gender
and brain volume. Piras et al. [27], in a study of 150 nor-
mal subjects, noted no effect of education on HV. Although
one study by Staff et al. [25] found a positive correlation
between education and HV, they did not adjust for any con-
founding variables so it is unclear if their effect would have
survived such corrections. Thus, our findings taken together
with much of the prior literature suggests that education is
unlikely to have an effect on HV in normal elderly, though

findings might be analyses specific depending on what con-
founding factors are co-varied for.

There are some strengths and limitations of our study.
The use of a carefully selected national sample and con-
trol for multiple common confounding factors are relative
strengths over prior studies. We employed a cross-sectional
design since we wanted to examine the baseline effect,
which captures lifelong nature-nurture changes prior to
study entry. However, such a design has other biases and can-
not study within subject changes over time, explore effects
of MCI converters versus non-converters, or make inferences
about causality. Early life education is simply one measure
of CR and events happening later in life, which we did not
control for, can also influence HV. Likewise, there are many
genes beyond APOE ¢4 that might have an effect on HV, and
to our knowledge no prior study has reported on any other
genes (e.g. BDNF) that interact with education effects on
HV in the setting of AD. We did not examine other patho-
logic markers such as plaques or tangles. Although ADNI is
a national study, it’s entry criteria may have selected for
older subjects interested in memory research at academic
settings. Hence, our findings should be viewed as hypothesis
generating and may not be generalizable to the population.

Longitudinal studies combining functional MRI, molecular
PET imaging, structural MR imaging and genomics data might
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help us better elucidate the neural basis of CR and potential
effects of educational attainment on the aging brain.

Conclusion

Our study of a national sample finds a significant positive
correlation between education and HV in AD subjects as well
as a potential interaction effect of education and APOE ¢4 on
HV. These data may support a protective effect of cognitive
reserve on HV but longitudinal studies are needed to provide
additional insights into the mechanisms.
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