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Abstract.
Background: Cognitive reserve aims to explain individual differences in the susceptibility to the functional impact of
dementia in the presence of equal amount of neuropathological damage. It is thought to be shaped by a combination of innate
individual differences and lifetime exposures. Which determinants are associated with cognitive reserve remains unknown.
Objective: The objective of this study was to investigate the associations of sociodemographic, lifestyle, physical, and
psychosocial determinants with cognitive reserve, and potential sex differences.
Methods: This cross-sectional study included 4,309 participants from the Rotterdam Study (mean age 63.9 ± 10.7) between
2006–2016. Participants completed five cognitive tests and a brain MRI-scan. Cognitive reserve was defined as a latent
variable that captures variance common across five cognitive tests, while adjusting for demographic and MRI-inferred
neuropathological factors. The associations of potential determinants and cognitive reserve, adjusted for relevant confounders,
were assessed with structural equation models.
Results: Current smoking (adjusted mean difference: –0.31, 95% confidence interval –0.42; –0.19), diabetes mellitus (–0.25,
–0.40; –0.10) and depressive symptoms (–0.07/SD, –0.12; –0.03) were associated with a lower cognitive reserve whereas
alcohol use (0.07/SD, 0.03; 0.12) was associated with higher cognitive reserve. Only smoking was associated with cognitive
reserve in both men and women. Employment, alcohol use, diabetes, history of cancer, COPD, and depressive symptoms
were only associated with cognitive reserve in women.
Conclusion: Our study found that current smoking, diabetes mellitus, and depressive symptoms were associated with a
lower cognitive reserve, whereas more alcohol use was associated with a higher cognitive reserve, but with clear differences
between men and women.
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INTRODUCTION

Epidemiological studies show that 11% of the
world’s population is over 60 years of age, with a
projected increase to 22% of the population by 2050
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[1]. Advancing adult age is a major risk factor for
chronic neurodegenerative diseases such as demen-
tia [2]. It is estimated that by 2030, there will be 75
million people with dementia worldwide [3].

However, individual differences in the suscepti-
bility to the functional impact of dementia-related
neuropathological damage (e.g., different cognitive
impairments in patients with similar neuropathology)
have been described [4, 5]. The term cognitive reserve
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has been coined to capture the scientific paradigm that
refers to the adaptability that helps to explain differen-
tial susceptibility of cognitive abilities or day-to-day
function to brain aging, pathology, or insult, and has
been described in terms of both resilience and resis-
tance [6]. Indeed, a high cognitive reserve was found
to be related to a 47% reduced relative risk of mild
cognitive impairment or dementia [7].

The latent concept of cognitive reserve was first
described as a scientific paradigm in 1988 and has
since been operationalized in many different ways
[8]. Most previous studies have operationalized cog-
nitive reserve through proxies such as educational
or occupational attainment [9]. Educational attain-
ment as a proxy for cognitive reserve has however
several limitations as it might be particularly influ-
enced by sociodemographic and cultural factors [10,
11]. Also, the static concept of highest attained edu-
cational level may not capture the dynamic process
of cognitive reserve well. To circumvent these prob-
lems, recent studies have used the residual method
to estimate cognitive reserve [12, 13]. The residual
method quantifies cognitive reserve by calculating
the difference between actual and predicted cogni-
tive performance on neuropsychological tests, where
predicted performance is estimated relative to under-
lying neuropathology [7]. This method of estimating
cognitive reserve has been validated in the context
of Alzheimer’s disease in several cohorts [12–15],
including our cohort in which we conceptualize cog-
nitive reserve in terms of resilience [16]. Although the
model has been applied with alterations, for example
by a difference in cognitive tests used, the associa-
tions were consistent across cohorts.

By improving the indicators of cognitive reserve,
we might also be able to increase our understand-
ing of determinants related to cognitive reserve. To
date it remains unknown which determinants affect
or contribute to cognitive reserve, although some
hypotheses have been formed [4]. Previous literature
has, however, only identified these determinants to be
associated with cognitive impairment and dementia,
constructs related to cognitive reserve. These studies
show that a low lifetime occupational attainment is
associated with a greater risk of developing demen-
tia [17]. Additionally, cohabiting with a partner has
been suggested to have a beneficial effect on cog-
nition in old ages [18]. Social determinants, such as
network size for example, have also been suggested to
modify the association between brain pathology and
cognitive function [19]. Regular leisure-time physi-
cal activity has also been suggested to be associated

with a reduced risk as well as slower progression of
Alzheimer’s disease [20, 21].

Since the operationalization of cognitive impair-
ment and dementia is closely related to cognitive
reserve, similar determinants may play a role. Yet,
there might also be specific determinants as cogni-
tive reserve allows you to keep level of functioning
despite having pathology. If the determinants of cog-
nitive reserve were understood, we would be able to
determine intervention targets, in order to impact cog-
nitive reserve, slow age-related cognitive decline and
prolong healthy aging [4]. However, additional causal
research beyond this study is needed to exactly deter-
mine which determinants impact cognitive reserve.

The objective of this study was to identify poten-
tial determinants for cognitive reserve in community
dwelling adults of the Rotterdam Study [22]. We
operationalized cognitive reserve using structural
equation models, for which we focus on resilience,
that is a better-than-expected cognitive performance,
relative to the degree of Alzheimer’s disease pathol-
ogy. We hypothesized that several sociodemographic,
lifestyle, physical, and psychosocial determinants
were associated with cognitive reserve and specifi-
cally included determinants in our study that have
potential to be intervened upon. Based on prior
research and the cognitive reserve hypothesis, our
hypothesis is stronger for determinants of cognitive
stimulation (occupational attainment), social stimu-
lation (marital status) and physical activity [4]. Other
hypotheses were less strong and based on narrative
reviews which suggested other lifestyle determi-
nants (alcohol consumption, substance abuse, dietary
habits) [9, 23] and medical conditions (depression,
hypertension, diabetes, and pulmonary disease) [9].
As there are several biological and lifestyle differ-
ences between men and women which contribute
differently to the vulnerability to neuropathology, we
also examined differences between men and women
[24].

METHODS

Study population

The present cross-sectional study was embed-
ded within the Rotterdam Study, a prospective
population-based cohort [22]. The study started in
1990 and has included approximately 14,926 resi-
dents of 45 years and older of the Ommoord district
in Rotterdam, the Netherlands. Every 3–6 years, at-
home interviews and examinations at a specially built



J.L. Zijlmans et al. / Determinants of Cognitive Reserve 703

research facility were conducted. Brain magnetic res-
onance imaging (MRI) was included in the protocol
from 2005 onwards [25].

A total of 6,557 participants were eligible for cog-
nitive testing between 2006 and 2016. Participants
were excluded when there was no complete data on
cognition (n = 876), educational attainment (n = 55),
no MRI-scan visit (n = 556), or an MRI scan of
insufficient quality (n = 500). Those with prevalent
dementia or stroke were also excluded (n = 261). In
total, 4,309 participants were included (Supplemen-
tary Figure 1).

The Rotterdam Study has been approved by
the Medical Ethics Committee of the Erasmus
MC (registration number MEC 02.1015) and by
the Dutch Ministry of Health, Welfare and Sport
(Population Screening Act WBO, license number
1071272-159521-PG). The Rotterdam Study has
been entered into the Netherlands National Trial
Register (NTR; www.trialregister.nl) and into the
WHO International Clinical Trials Registry Platform
(ICTRP; www.who.int/ictrp/network/primary/en/)
under shared catalogue number NTR6831. All
participants provided written informed consent to
participate in the study and to have their information
obtained from treating physicians.

Data can be obtained upon request. Requests
should be directed towards the management team
of the Rotterdam Study (secretariat.epi@erasmusmc.
nl), which has a protocol for approving data requests.
Because of restrictions based on privacy regulations
and informed consent of the participants, data cannot
be made freely available in a public repository.

Measurement of determinants

Sociodemographic variables
Data on sociodemographic variables were col-

lected during an interview at home. Marital status
was categorized in three groups: married or living
together (including divorced or widow/widower and
remarried), divorced or widow/widower, and never
married. Living alone was defined as living with-
out any other people in the household. Employment
status was defined as paid employment, retirement
(including early retirement and rentier), and no paid
employment.

Lifestyle variables
Body mass index (BMI) was calculated using

height (cm) and weight (kg) obtained on calibrated
scales at the research center. All other lifestyle vari-

ables were self-reported during the home interview.
Smoking was categorized as never, former, and cur-
rent. Alcohol use was measured by assessing the
consumption of beer, wine, liquor, and other alco-
hol types, and converting this to grams per day
[26]. As a measure of overall diet quality, a score
based on degree of adherence to the Dutch Dietary
Guidelines was developed [27]. Total adherence to
the guidelines was calculated as the sum of the
number of items adhered to, with a higher score
indicating a better adherence. Daily energy intake
(kcal/day) was measured with a food frequency ques-
tionnaire [28]. Physical activity was assessed using
the LASA Physical Activity Questionnaire (LAPAQ)
[29], and expressed in the Metabolic Equivalent of
Task per week (MET hours/week). The LAPAQ con-
tains questions regarding the frequency and duration
of walking, cycling, sports, gardening, and house-
work.

Physical disease
Blood pressure was measured twice with a sphyg-

momanometer, and the mean was taken as the
participant’s reading. Hypertension was defined as
the use of antihypertensive medication, or a sys-
tolic blood pressure of > 140 mmHg or a diastolic
blood pressure of > 90 mmHg. Diabetes was defined
as use of antidiabetic medication, a fasting serum
glucose level ≥7.1 mmol/L, or a non-fasting serum
glucose level ≥11.1 mmol/L[30]. History of cardio-
vascular disease was defined as a history of coronary
heart diseases (i.e., myocardial infarction, revascu-
larization, coronary artery bypass graft surgery or
percutaneous coronary intervention) and collected
from medical records of the general practitioner [31].
Cancer diagnoses during participation in the Rot-
terdam Study were based on medical records of
the general practitioner and through linkage with
the national hospital discharge registry. All types
of cancer were included except for non-melanoma
skin cancer. Chronic obstructive pulmonary disease
(COPD) was diagnosed according to the Global
Initiative for Chronic Obstructive Lung Disease
(GOLD) guidelines by spirometry performed at the
research center [32] or via medical records if there
was no interpretable study-acquired spirometry.

Psychosocial variables
In all participants we assessed depressive symp-

toms with the Center for Epidemiological Studies-
Depression (CES-D) scale which ranges from 0 to
60 [33, 34]. CES-D sum scores were weighted for
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missing items; scores with more than 25% missing
items were considered missing. A higher CES-D sum
score indicates more depressive symptoms. Sleep
quality was measured with the Pittsburgh Sleep Qual-
ity Index (PSQI) which measures seven sleep quality
components [35]. PSQI sum scores were weighted
for missing items; scores with more than one com-
ponent missing were considered missing. A higher
PSQI score indicates a worse sleep quality. Quality
of life was measured with EuroQol-5D-3L question-
naire containing five questions [36]. Participants with
one or more missing question were considered as
missing. The scores of each question were weighted
for Dutch preferences and converted into an overall
index score ranging from 0 to 1, with a higher score
indicating a better quality of life [37].

Measurement of cognitive reserve

Cognitive testing
All participants completed a neurocognitive test

battery at the research center. Cognitive tests included
the 15-word verbal learning test (WLT) [38], mea-
suring verbal learning and memory, the Stroop task
(Stroop) [39], measuring processing and attention,
the word fluency test (WFT) [40], measuring effi-
ciency of searching long term memory, the letter-digit
substitution task (LDST) [41], measuring processing
speed and executive function, and the Purdue peg-
board test (PPB) [42], measuring dexterity and fine
motor speed [43].

Educational attainment
Educational attainment was classified in four cat-

egories according to the UNESCO classification:
primary education (primary), lower/intermediate
general education or lower vocational education
(low), intermediate vocational education or higher
education (intermediate), and higher vocational edu-
cation or university (high).

Image acquisition and processing
Neuroimaging was performed using a 1.5 Tesla

MRI scanner with an eight-channel head coil (GE
Signa Excite, General Electric Healthcare, Milwau-
kee, USA). The scan and image processing protocol
have been described extensively elsewhere [25].
Brain tissue segmentation was conducted through
a k nearest neighbor classifier, extended with an
in-house developed white matter lesion segmenta-
tion algorithm [44]. The brain measures used in this
study include total brain volume, total white mat-

ter hyper intensities volume and intracranial volume.
Total brain volume was calculated by summing total
grey plus white matter.

Statistical analyses

Estimation of cognitive reserve
Cognitive reserve was estimated using a structural

equation model (SEM), which is displayed in Fig. 1A.
We used the model of Petkus et al. [13] for estimat-
ing general cognitive reserve as a guideline for our
analyses. The SEM to estimate cognitive reserve we
use in this study has been previously validated in our
cohort with regard to the incidence Alzheimer’s dis-
ease [16]. All variables included in the SEM were
checked for normality and Z-score standardized. We
log-transformed the Stroop task and the white matter
hyperintensity volume due to a skewed distribution.
The score from each cognitive test (WLT, Stroop,
WFT, LDST, PPB) was adjusted for sex, age, educa-
tional status, total brain volume, and log-transformed
white matter hyperintensity volume to account for
variance explained by these factors. The structural
brain MRI measures were additionally adjusted for
intracranial volume, sex, and age. Cognitive reserve
was estimated as a quantitative continuous latent
variable that captures the variance among the five
cognitive tests, for which higher scores indicated bet-
ter performance. A higher cognitive reserve score can
therefore be interpreted as a better cognitive reserve
than would have been expected based on the cog-
nitive testing, age, sex, educational attainment, and
structural brain factors. This cognitive reserve vari-
able was standardized, extracted from the SEM, and
used in the second stage as dependent variable in
the regression models. Multiple indices were used
to evaluate model fit: the comparative fit index (CFI),
the Tucker Lewis Index (TLI), the root-mean-squared
error of approximation (RMSEA) with 90% confi-
dence interval (CI), and the chi square statistics by
degrees of freedom. Standard criteria of CFI > 0.95,
TLI > 0.95, and RMSEA < 0.06 were used to assess
the model fit [45].

Regression analyses
We analyzed associations of sociodemographic,

psychosocial, lifestyle, and physical health deter-
minants with cognitive reserve, as summarized in
Fig. 1B. All continuous variables in the SEM model
were standardized. Due to non-normality in the data,
we used the robust maximum likelihood estimator. In
all analyses, the diet quality score was adjusted for
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Fig. 1. The multivariate structural equations model used to quantify cognitive reserve and assessed associations of determinants with cognitive
reserve. Rectangles are observed variables and ovals are latent variables. Panel A depicts the definition of cognitive reserve as the residual
variance of the regressions of five cognitive tests on MRI-scan inferred brain pathology and demographics. For simplicity, the model does
not show the correlations among the observed variables. Panel B depicts the variables investigated in relation to cognitive reserve. Note that
all cognitive, MRI and demographic variables listed in Panel A are included in the model, but not depicted in Panel B. 15WLT, the 15-word
verbal learning test; STROOP, Stroop task; WFT, word fluency test; LDST, letter-digit substitution task; PPB, Purdue pegboard test; WMH,
white matter hyperintensities; HT, hypertension; CVD, cardiovascular disease; COPD, chronic obstructive pulmonary disease.
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daily energy intake (kcal/day) to reduce measurement
error. The associations were assessed in three models.
In Model 1, univariate associations between all deter-
minants and cognitive reserve were tested. In Model
2, we adjusted each variable within a domain for the
variables of the other domains (e.g., depressive symp-
toms adjusted for all sociodemographic, lifestyle,
and physical health determinants). In Model 3, all
variables were combined in one mutually adjusted
multivariate model.

In order to investigate possible differences between
men and women, we stratified the analyses of Model
3 based on sex. To test for significant differences, we
included the sex*variable product term and the sex
variable in the analyses of the full sample. To investi-
gate whether different determinants were associated
with cognitive reserve for participants with differ-
ent genetic risk profiles, we stratified Model 3 for
APOE �4 status (presence or absence) in all partic-
ipants with available APOE �4 status (n = 4011). To
test for significant differences, we included the APOE
�4 status*variable product term and the APOE �4
status variable in the analyses of the full sample.

Missing variables were imputed using full infor-
mation maximum likelihood (FIML). The structural
equations model was fitted using the ‘lavaan’ pack-
age in R 4.0.4. All standardized path coefficients
are described as the mean difference (mean dif.) or
adjusted mean difference (adj. mean dif.). A correc-
tion for multiple testing was performed per model
(assuming 19 independent hypotheses) using the false
discovery rate with �=0.05 [46].

RESULTS

Main results

Table 1 shows the characteristics of the study pop-
ulation and differences between men and women.
The mean age of the study population was 63.9 (SD:
10.7) years and 56.0% were women. All models in
our study had good model fit indices (CFI > 0.95,
TLI > 0.95, and RMSEA < 0.06) [45]. The cognitive
reserve variable had a mean of 0 (SD: 1) because
it was standardized. Age and body mass index were
similar between men and women, for all other vari-
ables there were significant differences (Table 1).

Sociodemographic determinants
Being widowed or divorced (mean dif. –0.15,

95%CI –0.25; –0.05) or never married (mean dif.
–0.27, 95%CI –0.47; –0.08) was associated with a

lower cognitive reserve when compared to being
(re)married or living together (Table 2, Model 1).
Additionally, living alone (mean dif. –0.16, 95%CI
–0.27; –0.06) compared to living with at least
one other person in the household, and no paid
employment (mean dif. –0.19, 95%CI –0.31; –0.07)
compared to having paid employment were associ-
ated with a lower cognitive reserve (Table 2, Model
1). However, when adjusting for variables from other
domains, i.e., lifestyle, physical and psychosocial
health, (Table 2, Model 2) and mutually adjusting for
the sociodemographic variables (Table 2, Model 3),
no sociodemographic variables remained associated
with cognitive reserve.

Lifestyle determinants
Current smoking compared with never smoking

(adj. mean dif. –0.31, 95%CI –0.42; –0.19) and
more alcohol use (adj. mean dif. 0.07/SD, 95%CI
0.03;0.12) were both significantly but inversely asso-
ciated with cognitive reserve, also after adjusting for
covariates (Table 2, Model 3).

Physical disease
Having diabetes mellitus (mean dif. –0.31, 95%CI

–0.45; –0.17) and chronic obstructive pulmonary dis-
ease (mean dif. –0.22, 95%CI –0.35; –0.09) were
associated with a lower cognitive reserve (Table 2,
Model 1). However, when adjusting for all other
variables (Table 2, Model 3), only having dia-
betes mellitus (adj. mean dif. –0.25, 95%CI –0.40;
–0.10) remained associated with a lower cognitive
reserve.

Psychosocial health determinants
More depressive symptoms (mean dif. –0.11/SD,

95%CI –0.15; –0.07) and a worse sleep quality (mean
dif. –0.06/SD, 95%CI –0.10; –0.02) were associ-
ated with a lower cognitive reserve (Table 2, Model
1). A higher quality of life (mean dif. 0.08/SD,
95%CI 0.04; 0.12) was associated with a higher
cognitive reserve (Table 2, Model 1). These vari-
ables remained associated with cognitive reserve after
adjusting for variables from other domains (Table 2,
Model 2). However, after mutually adjusting for the
other psychosocial determinants, only more depres-
sive symptoms (adj. mean dif. –0.07/SD, 95%CI
–0.12; –0.03) remained associated with a lower cog-
nitive reserve (Table 2, Model 3).
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Table 1
Characteristics of the study population

Characteristic Total Women Men p*
n = 4,309 n = 2,411 n = 1,898

Demographics
Sex, female, n (%) 2,411 (56.0)
Age, mean (SD) 63.88 (10.7) 63.96 (10.7) 63.79 (10.7) 0.601
Educational attainment, n (%) < 0.001

–Primary 337 (7.8) 205 (8.5) 132 (7.0)
–Low 1,623 (37.7) 1,159 (48.1) 464 (24.4)
–Intermediate 1,302 (30.2) 603 (25.0) 699 (36.8)
–High 1,047 (24.3) 444 (18.4) 603 (31.8)

Marital status, n, (%) < 0.001
–(re)Married or living together 3,209 (74.5) 1,573 (65.2) 1,636 (86.3)
–Widowed or divorced 908 (21.1) 709 (29.4) 199 (10.5)
–Never married 190 (4.4) 129 (5.4) 61 (3.2)

Living alone, n (%) 973 (22.6) 744 (30.9) 229 (12.1) < 0.001
Paid employment status, n (%) < 0.001

–Employed 1,755 (41.5) 845 (35.0) 910 (48.6)
–Retired 1,719 (40.6) 850 (35.3) 869 (46.5)
–No paid employment 759 (17.9) 668 (27.7) 91 (4.9)

Lifestyle
Body mass index, mean (SD) 27.39 (4.20) 27.34 (4.63) 27.44 (3.49) 0.453
Smoking, n (%) < 0.001

–Never 1,370 (31.8) 969 (40.2) 401 (21.2)
–Former 2,087 (48.5) 1,048 (43.5) 1,039 (54.8)
–Current 848 (19.7) 393 (16.3) 455 (24.0)

Alcohol, gr/day, mean (SD) 8.04 (8.75) 5.97 (6.65) 10.65 (10.25) < 0.001
Diet quality score, mean (SD) 6.95 (1.85) 7.22 (1.82) 6.59 (1.83) < 0.001
Physical activity, MET/h/week, mean (SD) 55.42 (47.57) 59.90 (49.61) 49.52 (44.08) < 0.001
Physical health
Hypertension, n (%) 2,665 (62.2) 1,431 (59.6) 1234 (65.5) < 0.001
Diabetes mellitus, (%) 344 (8.8) 156 (7.2) 188 (10.9) < 0.001
Cardiovascular disease, n (%) 219 (5.1) 76 (3.2) 143 (7.6) < 0.001
Cancer, n (%) 164 (3.9) 69 (2.9) 95 (5.0) < 0.001
Chronic obstructive pulmonary disease, n (%) 424 (9.8) 198 (8.2) 226 (11.9) < 0.001
Psychosocial health
Depressive symptoms, CES-D, mean SD 5.31 (7.02) 6.46 (7.77) 3.85 (5.61) < 0.001
Sleep quality, PSQI, mean (SD) 3.96 (3.37) 4.71 (3.64) 3.02 (2.72) < 0.001
Quality of life, EQ-5d index, mean (SD) 0.89 (0.16) 0.86 (0.17) 0.92 (0.13) < 0.001
Cognitive reserve
Cognitive reserve, mean (SD) 0 (1) 0 (1.03) 0 (0.96) 1.00

*Differences between men and women were calculated using a Pearsons Chi-square test for discrete data and a Welch two sample t-test for
continuous data. Percentages and means are calculated in participants with available data. SD, standard deviation; MET, metabolic equivalent
of task; CES-D, Center for Epidemiological Studies-Depression; PSQI, the Pittsburgh Sleep Quality Index; EQ-5d, EuroQol questionnaire.
Missing: Marital status n = 2, living situation n = 2, employment status n = 76, body mass index n = 65, smoking n = 4, alcohol n = 72, diet
quality score n = 815, MET n = 854, hypertension n = 22, diabetes mellitus n = 404, cardiovascular disease n = 53, cancer n = 62, CES-D
n = 12, PSQI n = 154, QOL n = 4.

Sex stratified analyses

Several determinants were related to cognitive
reserve in women only (Table 3). Only current
smoking was associated with a lower cognitive
reserve in both women and men (adj. mean dif.
–0.30, 95%CI –0.46; –0.14 and –0.34, 95%CI –0.52;
–0.16, respectively) when compared to never smok-
ing. Determinants associated with a lower cognitive
reserve in women included no paid employment (adj.
mean dif. –0.22, 95%CI –0.36; –0.08, sex*no paid

employment p = 0.06), diabetes mellitus (adj. mean
dif. –0.39, 95%CI –0.62; –0.15, sex*diabetes melli-
tus p = 0.02), history of cancer (adj. mean dif. –0.43,
95%CI –0.73; –0.12, sex*history of cancer p = 0.02),
COPD (adj. mean dif. –0.26, 95%CI –0.45; –0.07,
sex*COPD p = 0.08) and more depressive symp-
toms (adj. mean dif. –0.07/SD, 95%CI –0.12; –0.02,
sex*depressive symptoms p = 0.70). More alcohol
use was associated with a higher cognitive reserve
only in women (adj. mean dif. 0.18/SD, 95%CI 0.11;
0.25, sex*alcohol use p < 0.001).
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Table 2
Associations of demographic, lifestyle, physical health, and psychosocial determinants with cognitive reserve in the total population

Domain and characteristic Model 1: Univariate
Mean dif. (95%CI)

Model 2:
Multivariate*
Mean dif. (95%CI)

Model 3:
Multivariate†
Mean dif. (95%CI)

Demographics
Marital status

–(re)Married/living together Ref Ref Ref
–Widowed or divorced –0.15 (–0.25; –0.05) –0.08 (–0.18; 0.02) –0.07 (–0.26; 0.11)
–Never married –0.27 (–0.47; –0.08) –0.22 (–0.42; –0.02) –0.23 (–0.48; 0.02)

Living alone –0.16 (–0.27; –0.06) –0.10 (–0.21; 0.00) –0.01 (–0.21; 0.19)
Paid employment status

–Employed Ref Ref Ref
–Retired 0.07 (–0.06; 0.20) 0.08 (–0.05; 0.21) 0.08 (–0.06; 0.21)
–No paid employment –0.19 (–0.31; –0.07) –0.13 (–0.26; –0.01) –0.15 (–0.27; –0.02)

Lifestyle
Body mass index, per SD –0.03 (–0.07; 0.00) –0.02 (–0.06; 0.02) –0.03 (–0.07; 0.01)
Smoking

–Never Ref Ref Ref
–Former 0.08 (–0.00; 0.17) 0.08 (–0.01;0.17) 0.06 (–0.03; 0.15)
–Current –0.30 (–0.41; –0.19) –0.27 (–0.38; –0.15) –0.31 (–0.42; –0.19)

Alcohol, per SD 0.06 (0.02; 0.10) 0.06 (0.02; 0.10) 0.07 (0.03; 0.12)
Diet Quality Score, per SD‡ 0.01 (–0.03; 0.06) 0.01 (–0.03; 0.05) 0.01 (–0.04; 0.05)
Physical activity, per SD 0.01 (–0.04; 0.05) –0.01 (–0.06; 0.03) –0.02 (–0.06; 0.03)
Physical health
Hypertension –0.02 (–0.10; 0.07) –0.02 (–0.11; 0.07) –0.00 (–0.09; 0.09)
Diabetes mellitus –0.31 (–0.45; –0.17) –0.25 (–0.40; –0.10) –0.25 (–0.40; –0.10)
Cardiovascular disease –0.06 (–0.22; 0.11) –0.04 (–0.21; 0.13) 0.01 (–0.18; 0.17)
Cancer –0.17 (–0.38; 0.03) –0.16 (–0.36; 0.05) –0.17 (–0.38; 0.03)
COPD –0.22 (–0.35; –0.09) –0.16 (–0.29; –0.03) –0.15 (–0.28; –0.02)
Psychosocial health
Depressive symptoms, per SD –0.11 (–0.15; –0.07) –0.09 (–0.13; –0.05) –0.07 (–0.12; –0.03)
Sleep quality, per SD –0.06 (–0.10; –0.02) –0.05 (–0.09; –0.01) –0.02 (–0.06; 0.02)
Quality of life, per SD 0.08 (0.04; 0.12) 0.05 (0.01; 0.09) 0.01 (–0.03; 0.06)

*Adjusted for all variables within other domains (e.g., depressive symptoms adjusted for all sociodemographic, lifestyle and physical
health determinants); †Adjusted for all variables across domains, ‡adjusted for daily energy intake (kcal/day) in all models Estimates in
bold = significant after adjusting for the false discovery rate.

APOE �4 carriership stratified analyses

We found no significant differences between
APOE �4 carriers and non-carriers for any of the vari-
ables associated with cognitive reserve (n = 4,011;
Supplementary Table 1).

DISCUSSION

In this cohort of community dwelling adults, we
found that current smoking, diabetes mellitus, and
depressive symptoms were associated with a lower
cognitive reserve, whereas more alcohol use was
associated with a higher cognitive reserve, but with
clear differences between men and women. Only
smoking was associated with cognitive reserve in
both men and women; no paid employment, alco-
hol use, diabetes mellitus, history of cancer, COPD,
and depressive symptoms were only associated with
cognitive reserve in women. This suggests that there

could be biological or lifestyle differences between
men and women that contribute to which determi-
nants are associated with cognitive reserve.

Domains of determinants

Sociodemographic determinants
Previous literature identified occupational attain-

ment as one of the main determinants suggested
to contribute to cognitive reserve [4]. This was
partly based on a relatively small study (n = 593),
which found an association between low occupa-
tional attainment and an increased risk of dementia in
women [17]. This study excluded housewives from
their analysis and defined low and high occupation
based on the nature of the job. The association we
found between no paid employment and lower cogni-
tive reserve in women might be explained by different
underlying reasons for not having paid employment
in men and women. Most men were having no paid
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Table 3
Associations of demographic, lifestyle, physical health, and psychosocial determinants with cognitive reserve in men and women

Domain and characteristic Model: Men
Mean dif. (95%CI)

Model: Women
Mean dif. (95%CI)

p-product term

Demographics
Marital status

–(re)Married/living together Ref Ref
–Widowed or divorced 0.02 (–0.40; 0.37) –0.07 (–0.28; 0.13)
–Never married –0.27 (–0.75; 0.20) –0.15 (–0.44; 0.14)

Living alone –0.16 (–0.56; 0.25) 0.04 (–0.18; 0.26)
Paid employment status

–Employed Ref Ref
–Retired –0.16 (–0.05; 0.37) –0.01 (–0.18; 0.17)
–No paid employment 0.12 (–0.22; 0.45) –0.22 (–0.36; –0.08) 0.064

Lifestyle
Body mass index, per SD –0.05 (–0.13; 0.02) 0.01 (–0.04; 0.06)
Smoking

–Never Ref Ref
–Former 0.05 (–0.01; 0.21) 0.04 (–0.07; 0.15)
–Current –0.34 (–0.52; –0.16) –0.30 (–0.46; –0.14)

Alcohol, per SD 0.02 (–0.04; 0.07) 0.18 (0.11; 0.25) < 0.001*
Diet Quality Score, per SD –0.02 (–0.09; 0.05) 0.03 (–0.03; 0.09)
Physical activity, per SD –0.07 (–0.15; 0.00) 0.02 (–0.03; 0.08)
Physical health
Hypertension 0.05 (–0.09; 0.19) –0.03 (–0.15; 0.09)
Diabetes mellitus –0.12 (–0.31; 0.07) –0.39 (–0.62; –0.15) 0.019*
Cardiovascular disease 0.02 (–0.18; 0.22) –0.08 (–0.42; 0.25)
Cancer 0.05 (–0.23; 0.33) –0.43 (–0.73; –0.12) 0.022*
COPD –0.04 (–0.23; 0.15) –0.26 (–0.45; –0.07) 0.079
Psychosocial health
Depressive symptoms, per SD –0.08 (–0.16; 0.00) –0.07 (–0.12; –0.02) 0.705
Sleep quality, per SD –0.01 (–0.09; 0.07) –0.02 (–0.07; 0.03)
Quality of life, per SD 0.01 (–0.07; 0.09) 0.01 (–0.04; 0.07)

All variables are combined in one mutually adjusted multivariate model. Estimates in bold = significant after false discovery rate adjustment.
p-product term, p-value for the product term tested in the not-stratified model, *p < 0.05.

employment or receiving state pension, whereas most
women were housewives. Possibly, the men without
paid employment in our study were able to increase
their cognitive reserve during previous employment.
Mechanisms underlying employment status and cog-
nitive reserve remain unknown. However, it has been
suggested that an acquired set of skills or repertoires
could allow an individual to better cope with brain
pathology, or possibly that increased synaptic density
in neocortical association cortex acquired on the basis
of stimulation contributes to cognitive reserve [17].

Lifestyle determinants
Previous studies found negative effects of smoking

on cognition and Alzheimer’s disease [47, 48], we
now additionally show that this is also the case for
cognitive reserve. Smoking could possibly influence
cognitive reserve via vascular pathways. Underly-
ing mechanisms remain unclear, but previous studies
suggested that the progression of periventricular and
subcortical white matter lesions is associated with

cognitive decline independent of other cardiovascular
risk factors [49]. We also found a positive association
between alcohol use and cognitive reserve in women.
A recent review suggested that moderate alcohol con-
sumption may slow the rate of cognitive decline and
reduce the risk of Alzheimer’s disease [50]. Possi-
ble underlying mechanisms include a reduction of
white matter lesions and brain infarcts, the release of
acetylcholine, a reduced risk of microvascular com-
plications, increased levels of HDL cholesterol and
antioxidants [51]. Yet, it might also indicate unre-
solved confounding and health selection, for instance,
alcohol consumption might reflect a better health as
when becoming ill the use of alcohol is often advised
against [52]. Factors such as patterns of consump-
tion, differences in body composition, and rates of
alcohol metabolism are may contribute to the found
sex difference [51]. Lastly, our study did not suggest
that physical activity is related to cognitive reserve, in
contrast to previous research that found that physical
activity reduced the risk of dementia [20, 21].
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Physical health determinants
Previous studies have suggested that mid-life

hypertension is an important risk factor for on
Alzheimer’s disease and dementia [48]. Possibly, our
study did not find an association of cognitive reserve
with hypertension because we measured hyperten-
sion in a slightly older population. Diabetes mellitus
was associated with a lower cognitive reserve, but
only in women. Previous studies have also identified
diabetes mellitus to be associated with an increased
risk dementia and cognitive decline [48, 53]. Factors
which might play a role include higher A1C levels,
hypoglycemic episodes, vascular disease and risk fac-
tors, insulin resistance, inflammation, and depression
[54]. It was also suggested that adverse consequences
of diabetes on vascular dementia risk are stronger in
women than in men [55], potentially this is also the
case for cognitive reserve. Exposure to endogenous
estradiol in women may contribute to this differ-
ence [55]. History of cancer was also associated with
cognitive reserve in women. Chemotherapy is sug-
gested to be the cause of cognitive problems in cancer
patients, but more recent studies have suggested that
cancer patients may already have altered brain struc-
tures before chemotherapy [56]. The sex difference
we found may be explained by the nature and dif-
ferent treatment strategies (e.g., breast cancer versus
prostate cancer).

Psychosocial health determinants
Although not previously linked to cognitive

reserve, depression is previously identified as a pre-
ventable risk factor for dementia and associated with
cognitive impairment [48]. Our findings suggest that
depressive symptoms are also associated with cogni-
tive reserve in women, although causality remains to
be determined. Explanatory biological factors could
be differences in the endocrine and neurotransmit-
ter systems, reactivity of the hypothalamic pituitary
adrenal axis and structural brain changes [57]. We
found no association between sleep quality and cog-
nitive reserve in our study. Previous literature mainly
found a positive association between sleep and inci-
dent dementia, but no associations are also reported
[58].

Limitations and strengths

Our study has several limitations. First, our
conceptualization of cognitive reserve comes with
several limitations: there are only a few studies
available who have used this conceptualization of

cognitive reserve in longitudinal studies, the con-
cept originated in highly educated people, and the
model might lack as of yet unknown brain variables
or unknown nonlinear associations and interactions
[13]. Additionally, we used different cognitive tests
than the Petkus et al. [13] to estimate cognitive
reserve. Therefore, comparisons with other studies
using SEM to estimate cognitive reserve may be chal-
lenging in part because different studies use different
methods or variables within their SEM (e.g., different
neurocognitive tests). However, these different SEMs
to estimate cognitive reserve have been consistently
related to the incidence of dementia [7], suggesting
a robustness of the model and that this method may
not be dependent on type of cognitive test. Neverthe-
less, replication of our results is needed, also because
this study was cross-sectional and was a rather highly
educated sample. Moreover, the residual method of
neuropsychological tests is a psychological construct
and might not be easy to apply in clinical practice. We
aimed to contribute to the understanding and clini-
cal use of this measurement of cognitive reserve by
studying its determinants. Second, we were unable
to investigate and adjust for other socially and cog-
nitively stimulating factors, such as leisure activities
and engagement in social activities. And lastly, as this
is a cross-sectional study, causal relationships can-
not be determined. Strengths of our study include the
prospective data collection, making it less prone to
selection and information bias, and the larger sam-
ple size which allowed us to include a wide range
of possible determinants and confounders. Also, our
study is based on the general population whereas
most previous studies included participants with mild
cognitive impairment or dementia.

CONCLUSION

Our study extends previous research on cognitive
reserve by investigating how several determinants
and sex differences play a role in this construct. In our
study, depressive symptoms, current smoking, alco-
hol use and diabetes mellitus were associated with
cognitive reserve. We found that for women, signif-
icantly more than for men, other sociodemographic,
lifestyle, and physical determinants were associated
with cognitive reserve. These determinants should
be investigated causally, to determine whether they
could be of use in developing future interventions.
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