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Abstract.
Background: Individual differences in the risk to develop dementia remain poorly understood. These differences may partly
be explained through reserve, which is the ability to buffer cognitive decline due to neuropathology and age.
Objective: To determine how much early and late–life cognitive reserve (CR) and brain reserve (BR) contribute to the risk
of dementia.
Methods: 4,112 dementia-free participants (mean age = 66.3 years) from the Rotterdam Study were followed up for on
average 6.0 years. Early-life CR and BR were defined as attained education and intracranial volume, respectively. Late-life
CR was derived through variance decomposition based on cognition. Late-life BR was set as the total non-lesioned brain
volume divided by intracranial volume.
Results: Higher early-life CR (hazard ratio = 0.48, 95% CI = [0.21; 1.06]) but not early-life BR associated with a lower risk
of incident dementia. Higher late-life CR (hazard ratio = 0.57, 95% CI = [0.48; 0.68]) and late-life BR (hazard ratio = 0.54,
95% CI = [0.43; 0.68]) also showed lower levels of dementia. Combining all proxies into one model attenuated the associ-
ation between early-life CR and dementia (hazard ratio = 0.56, 95% CI = [0.25; 1.25]) whereas the other associations were
unaffected. These findings were stable upon stratification for sex, age, and APOE �4. Finally, high levels of late-life CR and
BR provided additive protection against dementia.
Conclusion: The findings illustrate the importance of late-life over early-life reserve in understanding the risk of dementia,
and show the need to study CR and BR conjointly.
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INTRODUCTION

Susceptibility to develop dementia varies greatly
across individuals and is thought to be influenced
by both early and late-life factors [1–10]. These fac-
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tors shape the risk of dementia through a mechanism
called reserve. Cognitive reserve (CR) buffers the
effects of dementia-related pathology through cog-
nitive flexibility or recruitment of alternative neural
networks, while brain reserve (BR) buffers pathology
through the structure of the brain [11, 12]. CR and BR
are generally estimated through proxies. Educational
attainment is the most commonly used proxy for the
maximum attained CR throughout early-life [5, 6].
BR is commonly estimated through intracranial
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volume (ICV) as it a strong proxy for maximal
brain volume early in life [11, 13]. However, reserve
changes as people grow older, and these fluctuations
cannot be captured with educational attainment and
ICV. Recently, a method was proposed to quantify CR
in late-life from cross-sectional data [14, 15]. It uses
structural equation modeling based on demograph-
ics, accumulated white matter lesions as a measure
of neuropathology and cognitive functioning. BR in
late-life can be estimated through brain volume [11,
16].

Against this background, several knowledge gaps
need to be addressed. First, both early-life and late-
life proxies of reserve have been associated with onset
of dementia. However, given that reserve builds up
and diminishes with age, it remains unclear whether
early-life or late-life reserve proxies are more relevant
to study for the risk of developing dementia. Second,
even though CR and BR are conceptually related, they
have generally been studied in isolation. It is unclear
whether they independently protect against dementia
or if one effect is confounded by the other. Finally,
most studies on CR and BR focused on patients with
memory complaints, mild cognitive impairment or
dementia at baseline [17]. The extent to which these
associations hold for dementia-free individuals in the
general population is unclear.

The present study aimed to elucidate the rela-
tive importance of early-life and late-life CR and
BR in the risk of developing dementia. The study
was performed as part of the Rotterdam Study, a
population-based prospective cohort.

MATERIALS AND METHODS

Study population

The Rotterdam Study is a prospective population-
based cohort in the Ommoord district of Rotterdam,
the Netherlands [18]. The study started in 1989 with
the RS-I cohort, and encompassed 7,983 participants
aged 55 years and older. In 2000, the study was
expanded with the RS-II cohort, which consisted of an
additional 3,011 individuals aged 55 years and older.
In 2006, the RS-III cohort started and included 3,932
participants aged 45 years and older. At study entry
and subsequent follow-up visits, the participants par-
took in a home visit as well as one or several visits to
a dedicated research center. MR neuroimaging was
included into the core protocol from 2005 onwards.
For the participants included in the current analysis,
we used their first MRI exam between 2005 and 2014

as the baseline [19]. Cognitive tests closest to the MRI
with respect to date of assessment were used.

A flow chart of the inclusion process is presented in
Fig. 1. A total of 4,888 participants had complete data
on both the MRI and the cognitive test battery. We
excluded all participants below the age of 55 years old
(n = 553) as none of them developed dementia during
follow-up. Furthermore, we excluded all individuals
who were diagnosed with stroke (n = 119), demen-
tia (n = 25), or both (n = 2) before follow-up started.
Finally, participants were excluded if no information
on follow-up was available (n = 77). The final sample
used in the analyses included 4,112 participants.

Standard protocol approvals, registrations, and
patient consents

The Rotterdam Study has been approved by the
Medical Ethics Committee of the Erasmus MC
and by the Dutch Ministry of Health, Welfare and
Sport (Population Screening Act WBO, license num-
ber 1071272-159521-PG). All participants provided
written informed consent to participate in the study
and to have their information obtained from their
treating physicians.

Operationalization of reserve

The primary aim of this study was to investigate
the role of early-life and late-life reserve in the inci-
dence of dementia. As participants were included
during middle and late adulthood, proxies were used
for early-life CR and BR. Educational attainment
was used as a proxy for early-life CR and ICV as
a proxy for early-life BR. Late-life CR was esti-
mated using a structural equation model similar to
the model used in the study by Petkus and colleagues
[15]. For late-life BR, measurements were chosen
that closely related to early-life BR, i.e., ICV. Hence,
late-life BR was defined as the proportion of MRI-
based normal appearing brain tissue. Non-lesioned
brain volume is conceptually close to ICV as a proxy
for early-life BR, as both describe the total neu-
ral capacity. Late-life BR was calculated according
to the equation: [total brain volume – white matter
lesion volume]/ICV. The white matter lesion vol-
ume was removed from the total brain volume as BR
denotes the neural capacity to buffer neuropathology,
and white matter lesions are a type of neuropathol-
ogy and should thus not be counted toward BR. The
metric was divided by ICV for two reasons. First,
this proportional metric has been shown to have a
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Fig. 1. Flowchart of the selection process.

stronger association with dementia than brain vol-
ume by itself [20]. Second, the strong correlation
between brain volume and ICV (Pearson’s r = 0.90)
introduced unwanted multicollinearity in the models
that contained both ICV and late-life BR.

Educational attainment and cognitive function

Education level was assessed at baseline and
classified into four categories according to the
UNESCO classification. The levels used were
primary education (“primary”), lower/intermediate
general education or lower vocational education
(“low”), intermediate vocational education or higher
education (“intermediate”), and higher vocational
education or university (“high”). Primary education
was used as the reference class. This was because
previous studies have indicated that educational
attainment particularly reduces the risk of incident
dementia at lower levels of educational attainment
[21].

To assess cognitive function all participants under-
went a cognitive test battery. The protocol has
been described elsewhere [22]. In brief, the battery

consisted of a 15-word verbal learning test [23], the
Stroop test [24], the letter-digit substitution test [25],
a verbal fluency task [26], and the Purdue pegboard
Test [27].

Late-life CR

Late-life CR was estimated using a structural equa-
tion model (Fig. 2), which was based on a previous
study [15]. In brief, CR can be described as the level
of cognitive function when considering the degree of
neuropathology and age-related decline. The struc-
tural equation model therefore defined late-life CR
as a latent variable that is calculated by control-
ling the cognitive scores for demographic factors and
brain-related factors including neuropathology. This
approach is known as variance decomposition and
has been validated as an appropriate method to assess
late-life CR [14, 15, 28].

The full model was designed as follows. Scores
were obtained for the five cognitive tests and for each
we regressed out the effects of age, sex, educational
attainment, the natural log of the white matter lesion
volume, and the volume of normal appearing brain
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Fig. 2. Structural equation to estimate late-life cognitive reserve. Comparative Fit Index = 0.991; Tucker-Lewis Index = 0.965; root mean
square error of approximation = 0.050 [95% CI = 0.043; 0.056].

matter. Normal appearing brain matter and the log of
the white matter lesions were adjusted for intracranial
volume, age, sex, and educational attainment. Late-
life CR was defined as a latent variable on which all
cognitive test scores loaded. Thus, CR was the differ-
ence between the actual cognitive functioning and the
predicted level of cognition based on demographic
factors and brain structure. The distribution of the
Stroop test times had a strong positive skew, which
led to violation of the normality assumption of the
residuals in the structural equation model. This was
amended by log transforming the Stroop test time
distribution. The model fit was evaluated using the
comparative fit index (CFI) >0.95, the Tucker Lewis
Index (TLI) >0.95 and the root-mean-squared error of
approximation (RMSEA) <0.06, in accordance with
commonly used criteria [29].

Assessment of intracranial volume and brain
volume

Neuroimaging was performed on a 1.5 Tesla MRI
scanner with an eight-channel head coil (GE Signa
Excite, General Electric Healthcare, Milwaukee,
USA). The imaging sequence and processing details
have been described extensively elsewhere [19]. In

brief, images from three sequences were utilized, i.e.,
a T1-weighted sequence, a proton density-weighted
sequence, and a fluid-attenuated inversion recovery
(FLAIR) sequence.

The images were segmented into grey matter, cere-
brospinal fluid, and white matter using an automated
processing algorithm based on a k-nearest-neighbor
classifier, which has been described previously [30].
In brief, the classifier automatically registers six man-
ually segmented atlases non-rigidly to the images. By
considering the k nearest voxels, voxel-wise tissue
class probabilities can be calculated, which are then
used to classify the voxel to a tissue type. All seg-
mentations were visually inspected and corrections
were applied where necessary. Total brain volume
was estimated by summing total gray and white mat-
ter volumes. ICV was calculated as the sum of the
total brain volume and the cerebrospinal fluid volume.

White matter lesions were quantified through an
automated method [31]. In brief, white matter lesions
are typically detected on FLAIR images as hyper-
intense regions in the white matter. The automated
method utilized the gray matter classification to deter-
mine the optimal intensity threshold for the white
matter lesions on the FLAIR images, thus enabling
automated segmentation [31].
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Assessment of incident dementia

Participants were screened for dementia at study
entry and subsequent center visits with the Mini-
Mental State Examination [32] and the Geriatric
Mental Schedule organic level [33]. Those with a
Mini-Mental State Examination score below 26 or
Geriatric Mental Schedule score above 0 under-
went a physician interview and additional testing
using the Cambridge examination for mental dis-
orders in the elderly (CAMDEX) [34]. In addition,
the entire cohort was continuously under surveillance
for dementia through electronic linkage of the study
database with medical records from general practi-
tioners and the regional institute for outpatient mental
health care. Study physicians biannually evaluate
all records, and combine information from medical
records with in-person screening to draw up indi-
vidual case reports. In these reports, the physicians
covered all gathered relevant information to establish
the presence, probability and subtype of dementia.
A consensus panel led by a consultant neurologist
established the final diagnosis according to standard
criteria for dementia using the revised third edition
of the Diagnostic and Statistical Manual of Mental
Disorders version III (DSM-III-R) [35].

Stroke

Participants were excluded if they had prevalent
stroke, i.e., if they were diagnosed with stroke before
the start of follow-up (see “Study Population”). The
stroke ascertainment has been described previously
[36]. In brief, during the baseline interview partici-
pants were asked whether they had suffered a stroke,
as diagnosed by a physician. These answers were then
verified through medical records. After the baseline
interview, participants were continuously monitored
for the occurrence of events through automatic link-
age with the files of the general practitioners. If an
event occurred, a consensus panel would consider the
event based on information from the general prac-
titioner and hospital discharge records if available.
The event was defined as a probable stroke if typical
clinical symptoms were present but no clinical infor-
mation on neuroimaging was available. MRI scans
obtained as part of the Rotterdam Study were not
used in the consensus panel to maintain consistency
of ascertainment among those that did and did not par-
ticipate in the MRI scanning. For the current paper,
all participants with definite or probable stroke before
the start of follow-up were excluded.

Covariates

Hypertension was defined as a resting blood pres-
sure exceeding 140/90 mmHg or the use of blood
pressure lowering medication. Blood pressure was
measured twice with a sphygmomanometer after 5
minutes of rest, and the mean was taken as the par-
ticipant’s reading. Use of blood pressure lowering
medication was derived from information collected
at the home interview. Alcohol use was assessed dur-
ing the home interview, and assessed consumption of
beer, wine, liquor, and other alcohol types. To define
the total alcohol intake, the number of each beverage
consumed was converted to alcohol intake in grams
per day and then summed up. The algorithm to calcu-
late alcohol in grams per day is described elsewhere
[37]. Smoking status was obtained during home inter-
views and defined as never, former, and current. Body
mass index (BMI) was calculating using the height
and weight obtained with calibrated scales during the
research center visit. The number of APOE �4 alle-
les was determined by DNA sequencing procedures
which have been described elsewhere [38].

Statistical analysis

The primary aim of the study was to examine
the associations of early-life and late-life CR and
BR with the risk of developing dementia. To do so,
Cox regression models were constructed. The begin-
ning of follow-up time was defined as the moment
of completion of the cognitive measures or the MRI
visit, whichever occurred last. The censor date was
based on the date of dementia diagnosis, date of
loss to follow-up, date of death, or January 1, 2016,
whichever came first. All analyses were performed
with age as the time scale. All reserve proxies but
educational attainment were standardized.

To adjust for potential confounding, the mod-
els included the following covariates: Cohort (RS-I,
RS-II or RS-III), sex, age difference between cog-
nitive testing and MRI scan (years), hypertension
(yes/no), alcohol intake (g/day), smoking status
(never/past/current), BMI (kg/m2), and APOE �4
allele count. Given the strong correlation between
ICV and body height, body height was also consid-
ered as a confounder. However, adjusting for body
height may lead to overadjustment and thus an under-
estimation of the association between ICV and the
incidence of dementia [13]. Furthermore, the results
were unattenuated when body height was included
as a covariate (data not shown). Therefore, only the
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findings from the models that were not adjusted for
body height were reported.

To study the relative contribution of all factors in
the incidence of dementia, three different types of
Cox regression models were constructed. In Model
1, to examine the effect of each proxy in isolation,
each reserve proxy was examined in a separate Cox
regression model:

• Early-life CR: ln
(

h1(t)
h0(t)

)
= βeducation ·

education + βcovariates · covariates

• Early-life BR: ln
(

h1(t)
h0(t)

)
= βICV · ICV +

βcovariates · covariates

• Late-life CR: ln
(

h1(t)
h0(t)

)
= βllCR · llCR +

βcovariates · covariates

• Late-life BR: ln
(

h1(t)
h0(t)

)
= βllBR · llBR +

βcovariates · covariates

where h1(t)
h0(t) is the hazard ratio, ln is the natural

log, the �s are the regression coefficients, llCR is the
late-life CR and llBR is the late-life BR. In Model 2,
the CR proxies were combined into one model and
the BR proxies into another to consider the relative
importance of early-life and late-life proxies:

• CR: ln
(

h1(t)
h0(t)

)
= βeducation · education +

βllCR · llCR + βcovariates · covariates

• BR: ln
(

h1(t)
h0(t)

)
= βICV · ICV + βllBR · llBR +

βcovariates · covariates

In Model 3, all four reserve proxies were combined
into a single model to see whether CR and BR exert
independent effects on the risk of dementia:

ln

(
h1 (t)

h0 (t)

)
= βeducation · education + βICV · ICV

+ βllCR · llCR + βllBR · llBR + βcvrariates · covariates

For each model, the hazard ratios, 95% confidence
intervals (95% CI) and p-values are reported.

To see how CR and BR interact in their protective
effects, two new models were created: one contain-
ing early-life CR and BR, and one containing late-life
CR and BR. In both models, both variables were
dichotomized along their mean values and created
four groups of individuals based on their levels of
CR and BR. We consequently looked at whether these
groups differed in their risk of dementia.

To see how stable the findings were, the anal-
yses were stratified by for sex, age at baseline
(below or equal and above 77 years of age) and

APOE �4 carriership to see how stable the associa-
tions were. Missing data were imputed twenty times
using chained equations and the estimates from the
models were pooled subsequently [39–41]. All sta-
tistical analyses were performed in R 3.4.2 using the
‘survival’ package [42, 43]. The structural equation
model was built with the ‘lavaan’ package [44].

Data availability statement

The datasets for this manuscript are not automat-
ically publicly available due to legal and informed
consent restrictions. Reasonable requests to access
the datasets should be directed to the management
team of the Rotterdam Study ( E-mail: secretariat.
epi@erasmusmc.nl.), which has a protocol for
approving data requests.

RESULTS

Table 1 shows the baseline characteristics of
the 4,112 participants. The mean age at baseline
was 66.3 years (standard deviation = 8.7), and 2,278
(55.4%) were women. The median duration between
the cognitive testing and the MRI scanning was
0.13 years (interquartile range: 0.26; from 0.08 to
0.34). Most participants achieved low to intermediate
education (primary = 8.1%, low = 39.3%, interme-
diate = 29.5%, high = 23.1%). The mean ICV was
1,139.4 cm3 (standard deviation = 115.9 cm3). Both
late-life CR and BR were standardized and had
a mean of 0 (standard deviation = 1). The struc-
tural equation for late-life CR had a satisfactory
fit (CFI = 0.991, TLI = 0.965, RMSEA = 0.050 [95%
CI = 0.043; 0.056]).

Incidence of dementia and separate models of the
reserve proxies

During 24,631 person-years of follow-up (mean
follow-up time = 6.0 years, SD = 2.8), a total of 110
participants developed dementia. As expected, the
incidence rate increased with age (0.09% at 70 years,
0.80% at 80 years and 3.91% at 90 years).

Table 2 shows the results of the Cox regres-
sions for the risk of dementia associated with each
reserve proxy. In Model 1, compared to those with
only a primary education, the risk of dementia was
lower in those with low education (hazard ratio
(HR) = 0.68 [95% CI = 0.38; 1.24], p = 0.20), inter-
mediate education (HR = 0.59 [0.31; 1.12], p = 0.11),
and high education (HR = 0.48 [0.21; 1.06], p = 0.07),
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Table 1
Baseline characteristics of the study population (N = 4,112)

Characteristics M ± SD

N (%)
RS cohort

RS-I 806 (19.6%)
RS-II 1,134 (27.6%)
RS-III 2,172 (52.8%)

Sex, female 2,278 (55.4%)
Age at start of follow-up in years 66.3 ± 8.7
Years difference between cognitive

testing and MRI scan (median; IQR)
0.13 ± 0.26

Hypertension, yesa 2,696 (65.7%)
Alcohol in g/daya 9.7 ± 10.6
Smoking statusa

Never 1,277 (31.2%)
Past 2,096 (51.1%)
Current 722 (17.6%)

Body mass index in kg/m2a 27.4 ± 4.1
APOE �4 number of allelesa

0 2,850 (71.3%)
1 1,053 (26.4%)
2 92 (2.3%)

Education level
Primary 333 (8.1%)
Low 1,617 (39.3%)
Medium 1,215 (29.5%)
High 947 (23.0%)

ICV in cm3 1,139.4 ± 115.9
Late-life BR ((BV – WMHV) / ICV) 0.82 ± 0.04

RS, Rotterdam Study; ICV, intracranial volume; BV, brain volume;
WMHV, white matter hyperintensity volume; IQR, interquartile
range. aMissingness was present in the variables hypertension
(0.2%), alcohol intake (6.3%), smoking status (0.4%), body mass
index (0.2%) and APOE �4 allele count (2.8%).

although none of these associations reached statis-
tical significance. Similarly, higher ICV associated
with a reduced risk of dementia (HR = 0.94 [0.74;
1.19], p = 0.62), but this also did not reach statisti-
cal significance. Both late-life CR (HR = 0.57 [0.48;
0.68], p < 0.0001) and late-life BR (HR = 0.54 [0.43;

0.68], p < 0.0001) associated with a lower risk of
dementia.

Incidence of dementia and combined models of
the reserve proxies

In Model 2, the CR proxies were com-
bined into one model and the BR proxies into
another model. The effect for educational attain-
ment was attenuated (HRprimary-vs-low = 0.77 [0.42;
1.39], p = 0.38; HRprimary-vs-intermediate = 0.73 [0.38;
1.40], p = 0.34; HRprimary-vs-high = 0.56 [0.25; 1.25],
p = 0.15), whereas late-life CR remained strongly
associated with a lower risk of dementia (HR = 0.58
[0.48; 0.68], p < 0.0001). The combined model for
the BR proxies did not change the results compared
to the separate models. In Model 3, all proxies were
combined into a single model. The results of Model
2 and Model 3 were very similar, with both late-life
CR (HR = 0.62 [0.52; 0.74], p < 0.0001) and late-life
BR (HR = 0.59 [0.46; 0.75], p < 0.0001) associating
with a lower risk of dementia.

Interaction between CR and BR

Participants were divided into four groups: high
CR with high BR, high CR with low BR, low CR
with high BR, and low CR with low BR. This was
done for both early-life and late-life reserve prox-
ies separately. The survival curves for each early-life
group are shown in Fig. 3A, and for each late-life
group in Fig. 3B. No statistically significant differ-
ences were found between the early-life groups (all
p > 0.05). In contrast, differences between the groups
were present in the late-life proxies. Compared to the
high CR high BR group, the high CR low BR group

Table 2
Hazard ratios of incident dementia related to early and late-life proxies of reserve

Life phase Domain Measure Model 1a Model 2b Model 3c

HR (95% CI) HR (95% CI) HR (95% CI)
Early-life CR Education

Primary (reference) (reference) (reference)
Low 0.68 (0.38; 1.24) 0.77 (0.42; 1.39) 0.82 (0.45; 1.49)
Intermediate 0.59 (0.31; 1.12) 0.73 (0.38; 1.40) 0.80 (0.41; 1.56)
High 0.48 (0.21; 1.06) 0.56 (0.25; 1.25) 0.56 (0.24; 1.28)

Early-life BR ICV, per SD 0.94 (0.74; 1.19) 0.85 (0.67; 1.07) 0.89 (0.70; 1.12)
Late-life CR Predicted CR, per SD 0.57 (0.48; 0.68) 0.58 (0.48; 0.68) 0.62 (0.52; 0.74)
Late-life BR Proportion of healthy brain tissue, per SD 0.54 (0.43; 0.68) 0.52 (0.41; 0.66) 0.59 (0.46; 0.75)

A total of 110 events occurred during a mean follow-up time of 6.0 years (SD: 2.8). ICV, late-life CR and late-life BR were standardized.
Included covariates were cohort, sex, age difference between cognitive testing and MRI scan (years), hypertension (yes/no), alcohol intake
(g/day), smoking status (never/past/current), BMI (kg/m2), and APOE �4 allele count. HR, hazard ratio; CR, cognitive reserve; BR, brain
reserve; ICV, intracranial volume. aSeparate models for each of the four proxies. bSeparate models for the CR proxies and the BR proxies.
cCombination of all four proxies into a single model.
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did not differ in incidence of dementia (HR = 1.14
[0.58; 2.25], p = 0.70), whereas both the low CR with
high BR group (HR = 2.24 [1.21; 4.13], p = 0.01) and
the low CR with low CR group (HR = 3.93 [2.24;
6.87], p < 0.0001) had higher rates of dementia.

Sensitivity analyses

Within model 3, the effect of stratification on age,
sex, and APOE �4 carriership was further assessed.
All HRs for these sensitivity analyses are displayed
in Fig. 4. The proxies for reserve did not show
statistically significant differences in their associa-
tions with incident dementia for those aged below
77 years old versus those 77 years and older (all
p > 0.05). Moreover, no differences were found when
comparing the associations in men and women (all
p > 0.05). For APOE �4 carriership we found that
carriers showed a weaker association between the
late-life CR and incidence of dementia (HR = 0.86
[0.63; 1.16], p = 0.32) than non-carriers (HR = 0.52
[0.41; 0.66], p < 0.0001), although in the same direc-
tion.

DISCUSSION

Late-life constructs of reserve—both CR and
BR—related more strongly to incidence of dementia
than early-life constructs. Furthermore, while early-
life CR reduced the risk of dementia, this effect was
attenuated when considering late-life CR simultane-
ously. Finally, late-life CR and late-life BR protected
both independently and interactively against the inci-
dence of dementia.

Previous literature on reserve has mostly focused
on proxies that are relatively constant throughout life,
such as educational attainment and ICV [11, 13]. Edu-
cational attainment has been extensively studied in
both patients and dementia-free populations, and it is
an integral part of most theories related to resilience
towards dementia. For example, higher levels of edu-
cation could lead to healthier lifestyle choices and
therefore better cardiovascular and brain health [45].
Still, in a systematic review of 88 population-based
studies only 51 studies found a statistically significant
association between education and the prevalence or
incidence of dementia [21]. Our findings also showed
a protective effect of education on dementia, but the
association did not reach statistical significance. The
practical utility of educational attainment as a proxy
for CR should therefore be examined more critically,
especially considering the existence of latent variable

methods to estimate CR from a wider range of vari-
ables.

The comparison between reserve proxies from dif-
ferent life phases has been studied previously [5, 6].
One study analyzed data from 7,574 individuals on
primary school grades, educational attainment, and
occupational complexity [6]. The analyses showed
that high levels of these factors independently low-
ered the risk of dementia to a comparable degree.
These findings were extended by a similar study
in 602 participants of the Kungsholmen Project, a
prospective longitudinal cohort [5]. Late-life CR was
defined as a latent variable based on physical, social,
and mental activity during late life. They found that
early-life, mid-life, and late-life CR related to the
incidence of dementia. More importantly, when all
CR measures were combined into a single model
the early-life and mid-life CR effects were atten-
uated. The present study extended these findings
by using a more direct measure of late-life CR,
i.e., structural equation modeling that incorporates
sociodemographic and brain factors.

A recent meta-analysis showed that a larger ICV
tends to correlate with better cognitive function after
adjusting for pathology [13]. Several other studies
have suggested that individuals with a larger ICV
show slower rates of cognitive decline [46, 47].
Still, ICV does not seem to differ between dementia
patients and healthy controls [48–51]. The present
study also did not yield support for a link between
ICV and dementia. Rather, we found that late-life
BR, which was defined as the amount of healthy
brain tissue, protects against incident dementia with
a comparable effect as late-life CR. Moreover, the
effects for CR and BR seemed to be additive, where
higher levels of reserve in either decreased the risk
for dementia. These findings emphasize the need to
reconsider the role of ICV as the most appropriate
proxy for BR [13], especially when more dynamic
measures likely have greater clinical relevance.

The present study had several limitations. First,
education and ICV are commonly used proxies
for early-life CR and BR, but they arguably do
not reflect early-life reserve accurately. For exam-
ple, educational attainment is strongly influenced by
sociodemographic and cultural factors. During the
1950s and 1960s, women did not necessarily have
equal access to education as men did [52], regardless
of their cognitive and academic functioning, which
may compromise the value of education as a CR
proxy. A second limitation of the study is the lim-
ited number of cases within the study. While the
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Fig. 3. Dementia survival curves for the low and high CR and BR strata. Panel A displays the curves for early-life reserve, and Panel B for
late-life reserve. The variables were dichotomized along the mean. CR, cognitive reserve; BR, brain reserve.

Fig. 4. Hazard ratios for incident dementia and their 95% CIs, stratified for age, sex, and APOE �4 carriership.

Rotterdam Study included 1,741 incident dementia
cases by the end of 2016, most of these occurred
before brain MRI scanning was introduced into the
Rotterdam Study. A third limitation is that no infor-
mation was available on earlier phases of cognitive
decline, such as mild cognitive impairment. Reserve
likely plays a role during those phases too, and the
effects of BR and CR may differ from those observed
in this study. Finally, the ascertainment of dementia
relied on the DSM-III-R criteria rather than newer
guidelines such as those proposed by the NIA-AA
[53]. The reason for relying on the DSM-III-R criteria

is because they have been in place since the begin-
ning of the Rotterdam Study in 1989. By maintaining
the same standards and using the same screening
tools over the last 30 years, the Rotterdam Study
data have been instrumental in understanding how the
incidence of dementia develops over time. However,
this does mean that the findings should be interpreted
in the context of the DSM-III-R criteria.

The study also had several strengths. The dementia
ascertainment procedures were extensive, with con-
tinuous screening of medical records and follow-up
based on research center results. In addition, loss to
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follow-up was low in participants who partook in both
cognitive testing and the brain MRI scan. The num-
ber of missed dementia cases was therefore likely low.
Finally, we were able to correct for a wide range of
factors that may have confounded the associations.

Conclusion

Late-life reserve proxies are relatively more impor-
tant than early-life reserve proxies in the incidence
of dementia. Additionally, late-life CR and late-life
BR have independent and additive protective effects
against incidence of dementia. This study emphasizes
the need to consider CR and BR simultaneously to
further elucidate the etiology of dementia.
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