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Abstract
Objective
To investigate relationships of education and intracranial volume (ICV) (factors related to
cognitive and brain reserve, respectively) with cognitive trajectories and mortality in individuals
with biomarker-defined Alzheimer disease (AD).

Methods
We selected 1,298 β-amyloid–positive memory clinic patients with subjective cognitive decline
(SCD, n = 142), mild cognitive impairment (MCI, n = 274), or AD dementia (n = 882) from
the Amsterdam Dementia Cohort. All participants underwent baseline MRI and neuro-
psychological assessment, and 68% received cognitive follow-up (median 2.3 years, inter-
quartile range 2.4). Mortality data were collected from the Central Public Administration. In
the total sample and stratified by disease stage (i.e., SCD/MCI vs dementia), we examined
education and ICV as predictors of baseline and longitudinal cognitive performance on 5
cognitive domains (memory, attention, executive, language, and visuospatial functions; linear
mixed models) and time to death (Cox proportional hazard models). Analyses were adjusted
for age, sex, whole brain gray matter atrophy, and MRI field strength.

Results
Education and ICV showed consistent positive associations with baseline cognition across
disease stages. Longitudinally, we observed a relationship between higher education and faster
cognitive decline among patients with dementia on global cognition, memory, executive
function, and language (range β = −0.06 to −0.13; all p < 0.05). Furthermore, in the total
sample, both higher education and larger ICV were related to lower mortality risk (hazard ratio
0.84 and 0.82, respectively; p < 0.05).

Discussion
In this β-amyloid–positive memory clinic sample, both cognitive and brain reserve were pos-
itively associated with baseline cognition, whereas only education was related to longitudinal
cognition (i.e., accelerated decline among more highly educated patients with dementia).
Higher education and ICV both moderately attenuated overall mortality risk in AD.
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Alzheimer disease (AD) is associated with cognitive deterio-
ration and increased mortality risk.1-3 However, even among
patients with AD with comparable biomarker-defined neu-
rodegeneration, clinical trajectories are not uniform. To ex-
plain this heterogeneity, the concept of reserve has been
proposed. Cognitive reserve (CR) represents the brain’s
adaptive response to pathologic changes, which is generally
higher among persons with higher education.4,5 Brain reserve
(BR), in contrast, constitutes a more passive form of reserve,
which shows a well-established link with MRI-based in-
tracranial volume (ICV).4,6

In a previous cross-sectional study of individuals across the
AD spectrum, we demonstrated positive associations of ed-
ucation and ICV with cognitive performance after adjusting
for gray matter (GM) atrophy, providing support for the
notion of reserve.7 There is limited research, however, that
illustrates how CR and BR factors affect longitudinal cogni-
tion and mortality in AD. Therefore, our aim was to in-
vestigate these relationships among prospectively followed
β-amyloid (Aβ)+ memory clinic patients with subjective
cognitive decline (SCD), mild cognitive impairment (MCI),
or AD dementia.

According to existing theoretical frameworks,4 we hypothe-
sized that apart from better cognition at baseline, higher ed-
ucation would relate to attenuated cognitive decline in
individuals in the predementia stage and faster decline among
patients with dementia.8 Consequently, we expected this CR

factor to be adversely associated with mortality risk in the
dementia stage.9,10 Regarding ICV, we hypothesized that
besides positive associations with baseline cognitive perfor-
mance, this BR factor would show no relationships with
longitudinal cognition.11 We expected this pattern to result in
a prolonged clinical trajectory and thus a lower overall mor-
tality risk (see detailed hypotheses and rationale in Table 1).

Methods
Participants
We selected 1,298 Aβ+ participants from the Amsterdam De-
mentia Cohort, which consists of patients who visited the Alz-
heimer Center Amsterdam of the Amsterdam UMC between
2000 and 2019 and gave informed consent to use their medical
data for scientific purposes.12,13 As part of standardized dementia
screening, participants received MRI, neuropsychological assess-
ment, physical and neurologic examination, and an informant-
based interview on family andmedical history and interference in
activities of daily living. They also underwent a lumbar puncture
or PET scan to determine Aβ status. This diagnostic workup is
provided to all participants from the Amsterdam Dementia
Cohort and a high rate provide consent to use these data for
research purposes.13 The clinical diagnosis of MCI or AD de-
mentia was established by consensus in a multidisciplinary
meeting following conventional published criteria.14,15 Individ-
uals with cognitive complaints without detectable impairment on
neuropsychological tests were classified as SCD.16

Table 1 Study Hypotheses and Rationale

Cognition Mortality

Hypothesis Rationale Hypothesis Rationale

Education • Better cognition at
baseline across
disease stages

• Attenuated
cognitive decline in
predementia stage

• Faster decline in
dementia stage

The theoretical framework of CR
posits that higher CR is related to
better premorbid cognition as well
as to delayed onset of cognitive
decline, but, paradoxically, decline
shows a steeper slope
thereafter.4,5,8

• No effect on overall mortality risk
• Once in the dementia stage, time
until death is shorter for patients
with higher levels of education

When only the dementia stage is
considered, the adverse effect of CR
on decline manifests through a
shorter time between diagnosis and
death.9,10 Over the entire AD course,
however, protective and adverse
effects of CR are cancelled out against
each other.

Intracranial
volume

• Better cognition at
baseline across
disease stages

• No differences in
overall rate of
cognitive decline or
in any disease stage

The theoretical framework of BR
posits that BR confers a passive
(rather than active/compensatory)
response to pathology; therefore,
the cognitive advantage attributable
to BR likely results from an initial
cognitive benefit that continues to
exist over the course of AD.4,6,11

• Prolonged overall clinical trajectory
due to better baseline cognition (i.e.,
maintained over AD course)

• This prolonged clinical trajectory
results in attenuated overall
mortality risk (i.e., observed in the
total sample or individuals followed
since the predementia stage)

If persons with larger initial brain size
start their clinical trajectory at a higher
cognitive level and decline at the same
rate as other patients, they will reach
any level of clinical severity (including
time of death) at a later time point.

Abbreviations: AD = Alzheimer disease; BR = brain reserve; CR = cognitive reserve.

Glossary
Aβ = β-amyloid; AD = Alzheimer disease; BR = brain reserve; CR = cognitive reserve; GM = gray matter; HR = hazard ratio;
ICV = intracranial volume; MCI = mild cognitive impairment; MMSE = Mini-Mental State Examination; SCD = subjective
cognitive decline; TMT = Trail Making Test; WM = white matter.
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Participants were selected for this study if they had Aβ+
biomarkers (i.e., [drift-corrected] Aβ42 < 813 pg/L in CSF in
79% of cases, or a positive visual rating of a [18F]flutemeta-
mol, [11C]Pittsburgh compound B, [18F]florbetaben, or [18F]
florbetapir PET scan in the remaining part of the sample),17,18

a diagnosis of SCD, MCI, or AD dementia, and availability of
MRI and neuropsychological data at baseline. Most of the
participants (68%) also had neuropsychological follow-up
data available, with a median follow-up duration of 2.3 years
(interquartile range 2.4). We had access to mortality data for
all individuals (details are described in more detail in the
Mortality section) and the median follow-up duration was 5.5
years (interquartile range 4.9). Exclusion criteria were (1)
missing data for education, ICV, or mortality; (2) age <40
years; (3) meeting core clinical criteria for an atypical variant
of AD19-21; (4) significant cerebrovascular or posttraumatic
lesions; (5) history of severe epilepsy; (6) history of severe
substance abuse; (7) a time interval of >6 months between
baseline diagnosis andMRI; (8) a time interval of >36months
between baseline diagnosis or MRI and lumbar puncture or
PET (we accepted this large time interval by virtue of a rel-
atively slow progression of Aβ biomarkers over time). Our
final sample (n = 1,298) consisted of 142 SCD, 274 MCI, and
882 AD dementia cases (Figure 1). Among a total number of
participants in the current study, 564 (43%) were also in-
cluded in our previous cross-sectional study.7

Standard Protocol Approvals, Registrations,
and Patient Consents
Written informed consent was obtained for participation in
the Amsterdam Dementia Cohort and study procedures were
approved by the institutional review board of the Amster-
dam UMC.

MRI Acquisition and Preprocessing
We acquired T1-weighted images from 9 different MRI scan-
ners according to standardized acquisition protocols (as de-
scribed elsewhere).22 3T MRI scans were performed in the
majority of cases (71%) and the remaining individuals received
1.5T or 1T scans (29%). In accordance with previous work, we
included field strength as a covariate in our statistical models
(i.e., 3T vs <3T).23 We used statistical parametric mapping 12
software to segment T1-weighted images into GM, white
matter (WM), and CSF and carried out visual checks to ensure
data quality. ICV was quantified as the sum of GM, WM, and
CSF. We calculated whole-brain GM atrophy as the GM/ICV
ratio, with lower values reflecting greater atrophy.

Education and ICV
Education (a factor related to CR) was measured with a qual-
itative Dutch 7-item scale, ranging from “1 = primary school not
completed” to “7 = university degree” (see eTable 1, links.lww.
com/WNL/B852).24 Similar to our previous research, this

Figure 1 Flowchart of the Sample Selection

Aβ = β-amyloid; AD = Alzheimer disease; MCI =
mild cognitive impairment; SCD = subjective cog-
nitive decline.
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ordinal variable was binarized based on a median split, dividing
our sample into groups with lower education scores (1–5, n =
776) and higher education scores (6–7, n = 522).7 For ICV (a
BR factor), we used a mean split in our sample (1,487.6 cm3) to
create groups with lower (n = 662) and higher ICV (n = 636).
We chose to binarize both reserve factors as a harmonization
approach that would facilitate comparability between observed
effects of education (i.e., an ordinal variable) and ICV (i.e., a
continuous measure). These binarized measures were included
in the statistical analyses.

Neuropsychological Assessment
Participants completed a standard neuropsychological test
battery at baseline and follow-up visits. We assessed global
cognition with theMini-Mental State Examination (MMSE)25

and performance across 5 cognitive domains: memory (Rey
Auditory Verbal Learning Test immediate and delayed recall;
total recall on condition A of the Visual Association Test),
attention (Trail Making Test [TMT] part A; Digit Span
Forward; Stroop test form I and II), executive function (Digit
Span Backward; Frontal Assessment Battery; TMT part B;
Stroop test form III; Letter Fluency), language (Category
Fluency Test [animal naming]; short version of the Boston
Naming Test; naming condition of the Visual Association
Test), and visuospatial ability (Dot Counting; Number Lo-
cation; Fragmented Letters).7 All test scores were converted
into z scores based on the mean and SD of the total sample.
The TMT and Stroop tests were subsequently inverted to
ensure that lower scores reflected worse performance. Com-
posite scores were calculated by averaging the standardized
tests across domains only if data were available on at least 2
tests within each domain.

There was variability between tests in data availability, in-
cluding the number of participants per cognitive domain
(range n = 941 to n = 1,290) and the total number of ob-
servations per test (range n = 1,688 to n = 3,777). In addition,
interindividual differences existed in the total number of
follow-upmeasurements (eTable 2, links.lww.com/WNL/B852),
as well as the length of the time intervals between them. We did
not conduct multiple imputation, as the linear mixed models
described in our Statistical Analysis are capable of handling these
types of variability.26,27

Mortality
We collected information on mortality from the Central
Public Administration (i.e., dead/alive and date of death28).
Data from this register were collected for all participants in
our sample on April 1, 2020. Follow-up duration was defined
as the time between the date of diagnosis and the date of death
or April 1, 2020 (if still alive).

Data Availability
Derived data that support the findings of this study are
available from the corresponding author upon reasonable
request. The data are not publicly available due to privacy
restrictions.

Statistical Analysis
Statistical analyses were carried out in SPSS 26.0 and R v4.0.
We conducted t tests, Mann-Whitney U tests, and χ2 (for
continuous, ordinal, and nominal variables, respectively) to
compare individuals in the predementia stage (i.e., SCD and
MCI) vs participants with dementia on baseline characteris-
tics. In the total sample, we determined the correlation be-
tween education and ICV, as well as their associations with
whole-brain GM atrophy and global cognition.

To evaluate relationships of education and ICV with cogni-
tion, we performed linear mixed models with time (years),
education, or ICV, and their interaction term (i.e., education/
ICV × time), as predictors of performance on each cognitive
domain. All models contained random intercepts and slopes
per participant and were corrected for age, sex, whole brain
GM atrophy, and MRI field strength. First, we carried
out univariate analyses for education and ICV separately and
examined their relationships with both cognition at baseline
(i.e., simple main effects) and cognitive changes (i.e., inter-
actions with time). Next, we combined education and ICV as
predictors into multivariate models to evaluate their in-
dependent effects on cognition. We repeated these models
after stratification by disease stage (i.e., predementia vs de-
mentia). Results were considered disease stage–specific when
the effect sizes of education and ICV among participants in
the predementia stage fell outside the 95% CI of these effect
sizes in the dementia group and vice versa.29

To examine associations between education and ICV with
mortality, we applied Cox proportional hazard models in
which these factors predicted time (years) from baseline di-
agnosis to death. We used lower education and lower ICV as
reference categories, such that the reported hazard ratios
(HRs) reflected how mortality risk was affected by higher
reserve. Similar to the linear mixed models, we first ran 2
univariate models and then combined education and ICV into
a multivariate model. In addition, the models were repeated
after stratification by disease stage. Again, all analyses were
corrected for age, sex, whole brain GM atrophy, andMRI field
strength. Statistical significance was set at p < 0.05. We applied
a correction for multiple comparisons using the Benjamini-
Hochberg procedure with a false discovery rate Q value of 5%
for the linear mixed models and report both corrected and
uncorrected levels of significance.

In sensitivity analyses, we further stratified the predementia
sample into SCD andMCI, repeating all the analyses to check
whether clinical stage had an effect on the results. Similarly,
we reran all models adjusting for whole brain atrophy oper-
ationalized as GM residualized by ICV (instead of the GM/
ICV ratio used in the main analyses). To investigate a po-
tential confounding effect of sex on the relationship between
ICV and education with mortality, we assessed the interaction
term between sex and ICV/education in additional Cox
models in the total sample.
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Results
Clinical Characteristics
Table 2 and eTable 3 (links.lww.com/WNL/B852) provide a
description of the study sample at baseline. Comparisons be-
tween disease stages indicated that participants in the pre-
dementia stage (i.e.,MCI and SCD)weremore highly educated
than persons with dementia (which has also been reported in
previous studies).30,31 As expected, whole brain GM atrophy,

CSF biomarkers, and cognitive performance were more ab-
normal in the dementia group. Of those individuals who en-
tered the sample in predementia stages, 31% died during
follow-up, compared to 60% of persons diagnosed with de-
mentia at baseline.

In the total sample, there was an association between education
and ICV, such that 67% of individuals with lower ICV also had
lower education (χ2 = 32.4; p < 0.001). This percentage was

Table 2 Description of the Study Sample

Participant characteristicsa Total (n = 1,298) Predementia (n = 416) Dementia (n = 882)

Diagnosis (n) SCD (142), MCI (274) AD dementia (882)

Age, y 65.6 ± 7.6 66.0 ± 7.7 65.4 ± 7.6

Sex, % female 52.4 49.3 53.9

Education (Verhage scale)b 5 (2) 6 (1) 5 (2)

APOE «4, % positivec 68.8 69.5 68.5

Brain measuresa

Intracranial volume, cm3 1,487.6 ± 155.2 1,496.3 ± 151.8 1,483.5 ± 156.8

Whole brain GM atrophyd 0.38 ± 0.05 0.40 ± 0.05 0.37 ± 0.05

Baseline cognitiona

MMSE (global cognition)c 22.6 ± 5.3 26.9 ± 2.4 20.5 ± 5.1

Memorye,i 0.03 ± 0.86 0.73 ± 0.77 −0.36 ± 0.62

Attentionf,i −0.04 ± 0.85 0.43 ± 0.43 −0.29 ± 0.91

Executive functionf,i −0.06 ± 0.83 0.56 ± 0.51 −0.38 ± 0.78

Languagef,i −0.00 ± 0.81 0.52 ± 0.48 −0.26 ± 0.81

Visuospatial abilityg,i −0.01 ± 0.80 0.43 ± 0.27 −0.25 ± 0.89

Annual cognitive declineh

MMSE (global cognition)c −0.28 ± 0.01 −0.16 ± 0.01 −0.39 ± 0.02

Memorye −0.17 ± 0.01 −0.16 ± 0.01 −0.19 ± 0.01

Attentionf −0.19 ± 0.02 −0.06 ± 0.01 −0.34 ± 0.03

Executive functionf −0.14 ± 0.01 −0.08 ± 0.01 −0.21 ± 0.02

Languagef −0.14 ± 0.01 −0.08 ± 0.01 −0.24 ± 0.02

Visuospatial abilityg −0.19 ± 0.02 −0.07 ± 0.01 −0.31 ± 0.03

Mortality

Deceased during follow up, n (%) 657 (50.6) 129 (31.0) 528 (59.9)

Abbreviations: AD = Alzheimer disease; GM = gray matter; MCI = mild cognitive impairment; MMSE = Mini-Mental State Examination; SCD = subjective
cognitive decline.
Data are presented as mean ± SD unless indicated otherwise. There were significant differences between the predementia and dementia group for all
variables except age, sex, APOE e4, and intracranial volume.
a These data represent characteristics of the sample at baseline.
b Median (interquartile range).
c These data were available for >95% of the sample.
d This measure was operationalized as the GM/intracranial volume ratio (lower scores reflect greater atrophy).
e These data were available for >75% of the sample.
f These data were available for >85% of the sample.
g These data were available for >60% of the sample.
h These data reflect β (SE) as obtained from unadjusted linear mixed models.
i z scores calculated using the mean and SD of the whole sample at baseline.
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even higher (73%) in the dementia group, whereas participants
in the predementia stage demonstrated a more even distribu-
tion of education levels across ICV groups (53% of individuals
with lower ICV also had lower education). Moreover, partici-
pants in the higher education or higher ICV group showed
higher MMSE scores (education: t = 10.0; p < 0.001; ICV: t =
4.2; p < 0.001). Whole brain GM atrophy was more pro-
nounced in participants with lower compared to higher edu-
cation (t = 2.2; p < 0.05) and in individuals with higher
compared to lower ICV (t = −8.2; p < 0.001; note that this is an
inherent consequence of our methodologic decision to calcu-
late whole brain GM atrophy as the GM/ICV ratio).

Relationships of Education and ICV
With Cognition

Total Sample
Univariate linear mixed models showed that higher education
was associated with better cognitive performance on all cognitive
domains at baseline (range β = 0.19–0.50; all p< 0.001; Table 3),
and the same pattern was found for ICV (range β = 0.22–0.46;
all p< 0.001). Both reserve factors were unrelated to longitudinal
cognition in the total sample (Figure 2). Similar findings were
observed in multivariate models, which included education and
ICV simultaneously (eTable 4, links.lww.com/WNL/B852).
When using residualized atrophy, results remained essentially the
same for education; for ICV, associations with baseline cognition
were attenuated compared to the analyses that included the
GM/ICV ratio to adjust for atrophy (eFigure 1).

Stratified by Disease Stage
Similar to results reported in the total sample, univariate
models demonstrated that in the predementia group, educa-
tion was positively related to baseline cognition on most
cognitive domains (range β = 0.18–0.44; all p < 0.001;
Table 3). Again, we generally found no relationships between
education and longitudinal cognition (except for MMSE and
visuospatial ability, for which we observed slower cognitive
decline with higher education, β = 0.05–0.07; p < 0.05).
Whereas higher ICV was associated with better cognition in
the total sample, this pattern largely disappeared in the pre-
dementia group. Moreover, ICV among participants in the
predementia stage was unrelated to longitudinal cognition.

In the dementia group, most positive associations of educa-
tion with baseline cognition that were observed in the total
sample remained significant (range β = 0.16–0.43; all p < 0.01;
Table 3). In addition, a pronounced disease stage–specific
negative relationship with longitudinal cognition emerged:
patients with dementia with higher education showed faster
cognitive decline on the majority of domains (i.e., MMSE,
memory, executive function, and language; range β = −0.06 to
−0.13; all p < 0.05), which is in contrast to our findings
observed in the predementia group. Regarding ICV, patients
with dementia demonstrated positive relationships with
baseline cognition that were comparable to results in the total
sample (range β = 0.16–0.45; all p < 0.01). The same was true

for longitudinal cognition (with the exception of executive
functioning, which showed faster decline among patients with
dementia with higher ICV, β = −0.06; p < 0.05; Figure 3).
Further stratifying the predementia group into SCD andMCI
groups revealed that associations of education and ICV with
cognition were comparable in these 2 diagnostic groups
(eFigure 2). Nearly all stratified findings from our univariate
models were replicated in multivariate models, which simul-
taneously included education and ICV to assess their in-
dependent effects (eTable 4, links.lww.com/WNL/B852).

Relationships of Education and ICV
With Mortality

Total Sample
Univariate Cox proportional hazard models indicated that
higher education (HR 0.84, 95% CI 0.72–0.99; p < 0.05) and
higher ICV (HR 0.82, 95% CI 0.67–0.99; p < 0.05; Figure 4)
were both related to lower mortality risk. In multivariate
models, these effects fell above the significance threshold,
although effect sizes remained in the same order of magnitude
(education: HR 0.86, 95% CI 0.73–1.01; ICV: HR 0.83, 95%
CI 0.68–1.00; both p = 0.06). Similarly, when using the
residualized atrophy measure, neither education (HR 0.86,
95% CI 0.73–1.00; p = 0.06) nor ICV (HR 0.92, 95% CI
0.76–1.11; p = 0.40) was significantly associated with mor-
tality (eFigure 3, links.lww.com/WNL/B852). Sex did not
moderate the associations between education (pinteraction =
0.889) or ICV (pinteraction = 0.721) and mortality (eFigure 4).

Stratified by Disease Stage
There were no significant associations of education (pre-
dementia: HR 0.76, 95%CI 0.53–1.09; p = 0.14; dementia: HR
0.95, 95% CI 0.79–1.13; p = 0.54) and ICV (predementia: HR
1.10, 95% CI 0.71–1.69; p = 0.67; dementia: HR 0.85, 95% CI
0.69–1.06; p = 0.15) with mortality risk after stratification,
although some findings were in the same direction and similar
in magnitude as effects reported in the total sample. Further
stratifying the predementia group into SCD and MCI groups
revealed that associations of education and ICV with mortality
were comparable in these 2 diagnostic groups (eFigure 5).
Stratified results were comparable between univariate and
multivariate models (eTable 5, links.lww.com/WNL/B852).

Discussion
In this study, we investigated relationships of education and
ICV (factors related to CR vs BR, respectively) with cognitive
trajectories and mortality in memory clinic patients with
biomarker-defined AD. We found that both participants with
higher education and higher ICV showed better baseline
neuropsychological test performance across cognitive do-
mains. Furthermore, while ICV was generally unrelated to
longitudinal cognition, education was associated with the rate
of cognitive decline. This effect was disease stage–specific,
such that higher education related to faster cognitive decline
among patients with dementia, whereas this relationship was
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Table 3 Relationships of Education and Intracranial Volume With Baseline and Longitudinal Cognition in Univariate
Models

Education

Total sample Predementia Dementia

Baseline cognitiona

MMSE (global cognition) 0.44 (0.34 to 0.54)‡,§ 0.18 (0.10 to 0.27)‡,§ 0.43 (0.31 to 0.55)‡,§

Memory 0.26 (0.16 to 0.35)‡,§ 0.13 (−0.02 to 0.28) 0.16 (0.07 to 0.25)‡,§

Attention 0.40 (0.30 to 0.49)‡,§ 0.27 (0.19 to 0.35)‡,§ 0.39 (0.26 to 0.52)‡,§

Executive function 0.50 (0.42 to 0.59)‡,§ 0.44 (0.35 to 0.53)‡,§ 0.43 (0.33 to 0.54)‡,§

Language 0.26 (0.17 to 0.35)‡,§ 0.21 (0.12 to 0.30)‡,§ 0.19 (0.07 to 0.30)†,§

Visuospatial ability 0.19 (0.09 to 0.30)‡,§ 0.02 (−0.04 to 0.08) 0.21 (0.06 to 0.37)†,§

Longitudinal cognitionb

MMSE (global cognition) 0.00 (−0.05 to 0.05) 0.05 (0.01 to 0.10)* −0.12 (−0.19 to −0.05)†,§

Memory 0.01 (−0.03 to 0.05) 0.04 (−0.02 to 0.09) −0.06 (−0.11 to −0.01)* §

Attention 0.04 (−0.03 to 0.10) 0.00 (−0.04 to 0.04) −0.02 (−0.15 to 0.12)

Executive function −0.02 (−0.06 to 0.01) 0.00 (−0.04 to 0.04) −0.11 (−0.17 to −0.04)‡,§

Language −0.02 (−0.06 to 0.02) 0.01 (−0.03 to 0.04) −0.13 (−0.21 to −0.04)†,§

Visuospatial ability 0.05 (−0.02 to 0.12) 0.07 (0.01 to 0.13)* −0.03 (−0.15 to 0.10)

Intracranial volume

Total sample Predementia Dementia

Baseline cognitiona

MMSE (global cognition) 0.46 (0.34 to 0.58)‡,§ 0.09 (−0.02 to 0.20) 0.45 (0.30 to 0.60)‡,§

Memory 0.27 (0.15 to 0.39)‡,§ 0.19 (0.00 to 0.38) 0.16 (0.04 to 0.27)†,§

Attention 0.35 (0.24 to 0.47)‡,§ 0.13 (0.02 to 0.23)* 0.36 (0.21 to 0.52)‡,§

Executive function 0.34 (0.23 to 0.45)‡,§ 0.12 (0.00 to 0.25)* 0.31 (0.18 to 0.44)‡,§

Language 0.22 (0.12 to 0.33)‡,§ 0.01 (−0.10 to 0.13) 0.21 (0.07 to 0.35)†,§

Visuospatial ability 0.30 (0.16 to 0.43)‡,§ −0.02 (−0.09 to 0.06) 0.37 (0.18 to 0.56)‡,§

Longitudinal cognitionb

MMSE (global cognition) −0.02 (−0.07 to 0.03) 0.00 (−0.05 to 0.05) −0.02 (−0.09 to 0.04)

Memory 0.01 (−0.03 to 0.04) −0.02 (−0.07 to 0.04) 0.03 (−0.02 to 0.08)

Attention −0.06 (−0.12 to 0.01) −0.02 (−0.05 to 0.02) −0.07 (−0.20 to 0.06)

Executive function −0.03 (−0.06 to 0.01) 0.02 (−0.02 to 0.06) −0.06 (−0.12 to 0.00)

Language −0.03 (−0.07 to 0.02) 0.03 (−0.01 to 0.06) −0.07 (−0.15 to 0.01)

Visuospatial ability 0.00 (−0.07 to 0.07) 0.03 (−0.03 to 0.09) −0.01 (−0.13 to 0.11)

Abbreviation: MMSE = Mini-Mental State Examination.
Data are displayed as β (95% CI) as obtained from our univariate linear mixed models (including either education or intracranial volume as a predictor). All
models contained random intercepts and slopes per participant and were corrected for age, sex, whole brain gray matter atrophy, and MRI field strength.
a Results reflect simple main effects.
b Results reflect interaction effects with time.
* p < 0.05 after correction for multiple comparisons using the false discovery rate.
† p < 0.01 after correction for multiple comparisons using the false discovery rate.
‡ p < 0.001 after correction for multiple comparisons using the false discovery rate.
§ p < 0.05 after correction for multiple comparisons using the false discovery rate.
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absent (or, in the case ofMMSE and visuospatial ability, in the
opposite direction) in the predementia group. Finally, in the
total sample, we demonstrated that higher education and
larger ICV were both associated with a lower mortality risk.
Our study thus suggests that although education and ICV
differentially affect the cognitive trajectory of AD, both re-
serve factors are protective against mortality.

The reported associations between education and cognition
support a previously postulated theoretical framework of
CR.4,8 CR may exert an “active response” (e.g., increased
functional connectivity or network reorganization) to path-
ologic changes, such that cognition is initially protected
against impairment. However, when pathology surpasses a
certain threshold, this protective mechanism is no longer
sufficient and consequently, cognitive performance decreases
at an accelerated rate.8 Evidence for this manifestation of CR
is supported by extensive literature showing that higher ed-
ucational attainment is associated with an accelerated decline
in cognitive performance in the dementia stage.32-40

Furthermore, in a sample of 312 individuals with incident
dementia at follow-up, the accelerated decline in memory and
executive function (but not in other domains) in more highly
educated individuals was already present in the years prior to
diagnosis.35 However, the relationship between education and
decline rates in earlier (predementia) stages is largely debat-
able. While several studies have reported no association be-
tween education level and change in cognition over
time,31,39,41-43 others reported attenuated decline in global
cognition, as measured with MMSE44,46 or a composite
score.47 These latter results, however, are generally associated
with small effect sizes, are not transferable to other domains,45

and vary across cohorts.45,46 The initial protective effect that
education confers is thought to occur through a delayed onset
of decline, i.e., offsetting the deleterious effect of neuropath-
ologic changes and therefore the emergence of clinical
symptoms, rather than through differential rates of decline
before onset.36,37,40 Our results are in line with the literature,
as we comprehensively demonstrated the stage-specific effects
of education on cognitive decline among an AD biomarker-

Figure 2 Relationships of Education and Intracranial VolumeWith Baseline and Longitudinal Cognition in the Total Sample

Results are based on univariate linear
mixed models and reflect effects that
were estimated after correction for all
covariates. *p < 0.05, **p < 0.01, ***p <
0.001. ICV = intracranial volume; MMSE
= Mini-Mental State Examination.
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defined sample. We speculate that the weak empirical support
for the protective effect of education in the predementia stage
could be due to a timing issue. That is, if participants had been
included in the Amsterdam Dementia Cohort earlier
(i.e., prior to any subtle cognitive changes that motivated their
memory clinic visit), we might have been better able to cap-
ture the initial phase of CR, when cognition is still optimally
protected despite accumulating pathology. The observed re-
lationship between ICV and (baseline) cognition is in ac-
cordance with the concept of BR.4,6,11 BR has been described
as a passive model, in which persons with more neurobio-
logical capital (e.g., brain size, neuronal count) can undergo
greater neurodegeneration before it results in (detectable)
cognitive impairment. Theoretically, their clinical trajectory is
characterized by a higher premorbid cognitive level, with no
distinct differences in the rate of cognitive decline. The rela-
tive absence of a relationship between ICV and longitudinal

cognition in the current study supports this idea. In our
sample, associations between ICV and baseline cognitive
performance were mainly driven by the dementia group. We
speculate that (subtle) effects among participants in the pre-
dementia stage less often reached significance because this
group was considerably smaller (n = 416) compared to the
number of individuals with dementia (n = 882).

With respect to education and mortality, results differed from
our hypotheses. Based on a theoretical framework of CR, we
expected education to be unrelated to mortality risk in the
total sample (i.e., before stratification by disease stage),
whereas our results indicated a modest protective effect. This
suggests that the overall duration between the first memory
clinic visit and death was longer for individuals with higher
education. Comparable findings have been reported in a
previous study.49 Our results disappeared after stratification,

Figure 3 Relationships of Education and Intracranial VolumeWith Baseline and Longitudinal Cognition After Stratification
by Disease Stage

Results are based on univariate linear mixed models and reflect effects that were estimated after correction for all covariates. *p < 0.05, **p < 0.01, ***p <
0.001. ICV = intracranial volume; MMSE = Mini-Mental State Examination.
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which may be explained by a reduction in sample size and thus
statistical power. Alternatively, it is possible that disease stage
itself was a confounding factor in the relationship between
education and mortality. In our sample, participants with
higher education were more often in predementia stages of
AD, which may directly explain why mortality rates were
lower in this (clinically less advanced) group. However, it is
important to note that this unequal distribution of educational
levels across disease stages might actually be reserve-related,
as described in the next section.

Our hypothesis that mortality risk would be increased with
higher education in the dementia stage was also not con-
firmed. This seems somewhat counterintuitive given the ob-
served accelerated cognitive decline among participants with
dementia. However, the procedure by which diagnostic status
was determined in the AmsterdamDementia Cohort provides
a reasonable explanation. In multidisciplinary meetings of the
Alzheimer Center Amsterdam, dementia diagnoses were

established based on all available clinical and demographic
information, including education. Because premorbid cogni-
tive function is expected to differ according to a patient’s
educational level, the same neuropsychological test profile
could have been sufficient to provide an AD dementia di-
agnosis to a highly educated individual, whereas it may have
resulted in a predementia diagnosis (e.g., MCI) in a lower-
educated person. Hence, participants in the higher education
group were assigned to the dementia group at clinically less
advanced levels, which likely prolonged their overall duration
of this disease stage. This, in turn, could have undermined the
hypothesized compressing effect of education on the interval
between dementia onset and death.

Regarding ICV, we confirmed our hypothesis that higher ICV
was associated with lower mortality risk in the total sample. In
agreement with our findings for cognition, we argue that BR is
related to a higher cognitive level that is maintained across the
AD spectrum, which results in a longer clinical trajectory and

Figure 4 Survival of Participants in Higher and Lower Education and Intracranial Volume Groups

Results are based on univariate Cox proportional hazard
models and reflect survival curves that were estimated after
correction for all covariates. ICV = intracranial volume.
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thereby a lower overall mortality risk. To our knowledge, no
previous literature exists on the relationship between ICV and
mortality. Our study thus takes an important step towards a
better understanding of the manifestation of BR at the final
endpoint of AD.

Strengths of this study include the large sample size (n = 1,298),
availability of AD biomarkers in all participants, the assessment
of different disease stages across the AD spectrum, and avail-
ability of longitudinal neuropsychological data on multiple cog-
nitive domains over a reasonably extended follow-up period.

There are also several limitations. First, the Amsterdam De-
mentia Cohort comprises relatively highly educated partici-
pants. In terms of generalizability and the evaluation of CR
across the full range, it would have been desirable if a larger
proportion of our sample had consisted of individuals with
lower education. Moreover, education was unequally distrib-
uted across disease stages, such that the predementia group was
more highly educated than the dementia group. While this adds
complexity to the interpretation of our findings, this pattern has
been observed in previous studies30,31 andmay in fact be a direct
consequence of CR. According to a theoretical framework, in-
dividuals with higher CR have a prolonged predementia stage of
AD, which may in some cases lead to the dementia stage never
being reached during life.46,50 This creates an unavoidable se-
lection bias in which highly educated Aβ+ individuals will more
often enter a research sample in predementia stages as opposed
to the dementia stage of AD.

Second, as this study was memory clinic–based, our results
cannot be directly translated to the general AD population.
Participants became part of the AmsterdamDementia Cohort in
different disease stages, and there was no information available
to estimate the actual onset of their symptoms. In case of the
mortality results, for example, we cannot adjudicate whether
individuals with higher education or ICV actually live longer
with AD or simply get diagnosed sooner (potentially due to
individual differences in health care behavior). Similarly, a
number of potential confounding factors related to socioeco-
nomic status (e.g., a healthier lifestyle or better access to health
care) that are known to relate to our reserve factors and out-
comes were not accounted for in our analyses as they were not
available in this dataset. Either way, our results have clinical
relevance as they contribute to an improved prognostic accuracy
for patients with AD once they enter the health care system.

Third, most participants had a large time interval between the
last cognitive assessment (follow-up duration: median 2.3
years) and the moment at which mortality information (me-
dian 5.5 years) was obtained. Hence, although we measured
longitudinal cognition across a major part of the AD spectrum,
the final stages of each individual’s cognitive trajectory were
often not captured. Whereas cognitive impairment inevitably
becomes too severe to allow neuropsychological assessment
near the endpoint of AD, this is presumably not the only reason
for loss to follow-up (especially among participants who were

in predementia stages of AD at baseline). Nonetheless, a
sample selection bias (which is inevitable in longitudinal studies
of aging and dementia) is likely present as only 68% of partici-
pants had longitudinal cognitive assessments available on at least
1 cognitive domain and, as expected, the group of participants
lost to follow-up included a larger proportion of individuals in
dementia stages (eTable 6, links.lww.com/WNL/B852).

Fourth, our mortality data did not include information on the
cause of death, which implies that among the deceased par-
ticipants, not all necessarily died as a clinical consequence of
AD. Similar to the intention-to-treat principle in clinical tri-
als,51 however, one could argue that it is clinically most
meaningful to take into account all-cause mortality in statis-
tical analyses, which would justify our approach.

Fifth, we chose to dichotomize the 2 reserve measures for
harmonization and interpretability purposes, as well as to
account for the ordinal and skewed nature of the education
variable available in our dataset. Nonetheless, when an ordinal
or continuous measure is transformed into a 2-category var-
iable (i.e., higher vs lower), more subtle within-category var-
iability between individuals is lost, leading to a decrease in
precision. This might have reduced the statistical power to
detect effects of education and ICV on cognition. Nonethe-
less, we argue that in this particular case, the potential costs of
dichotomization do not outweigh the benefits of increased
interpretability and harmonization (i.e., between our variables
of interest and between the current study and previous work
in which education and ICV were also dichotomized).7

Finally, the results varied slightly according to the method
used to operationalize atrophy (i.e., whole brain GM volume
residualized for ICV vs the GM/ICV ratio). This might be due
to the differential associations of each atrophy measure with
ICV (i.e., the residualized variable is orthogonal to ICV,
whereas the ratio variable is negatively correlated with ICV).
However, the relationship between ICV as a measure of brain
reserve with mortality was not confounded by sex.

We demonstrated that education and ICV are related to in-
dividual differences in cognitive trajectories and mortality in
AD. Our results could enhance prognostic accuracy in a
clinical setting and provide novel insights to refine theoretical
frameworks of CR and BR. Future research in community-
dwelling cohorts could complement this work by capturing
Aβ+ individuals in prediagnostic disease stages to enable the
assessment of the earliest effects of reserve.
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