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Abstract

INTRODUCTION: Early detection of both objective and subjective cognitive impair-
ment is important. Subjective complaints in healthy individuals can precede objective
deficits. However, the differential associations of objective and subjective cognition
with modifiable dementia risk factors are unclear.

METHODS: We gathered a large cross-sectional sample (N = 3327, age 18 to 84) via
a smartphone app and quantified the associations of 13 risk factors with subjective
memory problems and three objective measures of executive function (visual working
memory, cognitive flexibility, model-based planning).

RESULTS: Depression, socioeconomic status, hearing handicap, loneliness, education,
smoking, tinnitus, little exercise, small social network, stroke, diabetes, and hyperten-
sion were all associated with impairments in at least one cognitive measure. Subjective
memory had the strongest link to most factors; these associations persisted after
controlling for depression. Age mostly did not moderate these associations.
DISCUSSION: Subjective cognition was more sensitive to self-report risk factors
than objective cognition. Smartphones could facilitate detecting the earliest cognitive
impairments.
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Highlights

1 [ BACKGROUND

Cognitive impairments are linked to important brain health and well-
being outcomes, and thus their early detection and prevention have
become a major public health concern. One key area of focus has been
on the role of potentially modifiable social, health, and lifestyle fac-
tors in helping to maintain cognitive abilities as our populations age.2
Cognitive impairments can be objectively measured through standard-
ized cognitive tests, but also subjectively perceived, typically in the
form of subjective memory complaints. Understanding how to pre-
serve both objective and subjective cognition is important, as each has
been shown to have a major impact on wellbeing,® daily functioning,”
and serious brain health outcomes like dementia.”> For example, a
decline in performance on objective tests of memory and executive
function can precede dementia onset by up to a decade.’ Likewise,
even before cognitive impairments can be objectively measured, sub-
jective perceptions can reflect the earliest stages of cognitive decline,”
and objectively unimpaired older adults who have subjective cognitive
complaints are twice as likely to develop dementia than those who do
not.” However, neither is fully deterministic - not everyone with sub-
jective cognitive complaints will eventually develop an objective form
of cognitive decline,” and more advanced objective cognitive impair-
ment is typically accompanied by a lack of subjective insight into one’s
cognitive capacity, rendering subjective assessments less reliable.®
Thus, although objective and subjective cognitive assessments overlap
considerably in their functional significance, they have a surprisingly
low correlation on the individual level,” which can additionally depend
on age, gender, and culture.1° This low correlation may be because
each reflects different stages of cognitive decline; subjective cogni-
tive complaints could represent the earliest stages of cognitive decline
that anticipate more consolidated, objective deficits.>® By the time
objective deficits emerge, a deterioration in metacognitive processes
or other comorbidities like depression might affect the accuracy of
subjective assessments.t 112 Another possibility is that cross-sectional
objective assessments cannot distinguish low “premorbid” ability from
cognitive decline,” and so subjective cognitive complaints may be more
sensitive because they reflect within-person cognitive changes that
would go undetected by objective assessments administered at one
moment in time. 13

With the importance of these different facets of cognition in mind,
research has established robust associations between both objec-

* Smartphone assessments of cognition were sensitive to dementia risk factors.
* Subjective cognition had stronger links to most factors than did objective cognition.
* These associations were not fully explained by depression.

* These associations were largely consistent across the lifespan.

tive and subjective cognition and a variety of potentially modifiable
risk factors for dementia. Diabetes,’* history of stroke,'® hearing

18 social engagement,'? hypertension,2°

loss,® tinnitus,'” depression,
physical inactivity,2! smoking,2? socioeconomic status (SES),2®> and
educational attainment?* have all been linked to differences in per-
formance on objective tests of executive function. Similarly, subjective
cognitive complaints have also been linked to diabetes,2>2% history of
stroke,?’ hearing loss,28 tinnitus,2? depression,3° and reduced social
engagement.3132 However, the evidence is more mixed for other risk
factors like hypertension,2> physical inactivity,2832-34 smoking,34°3>
SES,3%37 and educational attainment.283136 Crucially, it is currently
unclear how these risk factors differentially impact objective versus
subjective cognition, if certain aspects of objective cognition (eg, work-
ing memory, cognitive flexibility, or planning) are more or less affected
by dementia risk factors than subjective cognition, and how these
relationships change across the lifespan.’2

To address this, we gathered a large multivariable, cross-sectional
dataset from thousands of so-called citizen scientists participating in
research via a smartphone app, Neureka. Smartphone-based remote
assessments such as these are becoming increasingly popular tools
for research and a promising way to detect both subjective and
objective cognitive impairments, as they can easily combine short
screening of subjective cognitive complaints with brief, gamified objec-
tive assessments of relevant aspects of cognition.1%383% A growing
body of research shows good validity and acceptability of smart-
phone assessments in the field of cognitive decline (see Whelan et al*°
for a review). The benefits of smartphone-based assessment include
low cost, low burden for examiners and examinees, scalability, acces-
sibility, and ease of repeated testing.*! Here, we leveraged these
features to gather rich data from a large, dementia-free sample span-
ning the entire adult age range. From each participant we acquired
information about previously established dementia risk factors, gam-
ified objective assessments of cognition, and subjective cognitive
complaints. Given the importance of objective executive function in
daily functioning® and early detection of dementia,® we focused on
multiple aspects of executive function, namely, working memory, cog-
nitive flexibility, and model-based planning. Secondary analyses also
tested whether the associations between risk factors and cognition
might be explained by individual differences in depression symp-
tom severity,2® one of the best-established correlates of subjective
complaints.3°
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2 | METHODS

2.1 | Participants

Between June 2020 and July 2023, N = 9918 members of the public
engaged with a module called “Risk Factors” in the smartphone app
Neureka, which contains a battery of self-report questionnaires and
gamified cognitive assessments. Among these participants, 66.31% had
missing data in at least one part of the battery. In the current study, we
only used data from the first fully completed “Risk Factors” attempt
linked to each participant’s app account, resulting in a total sample of
N = 3341 full completers. The full completers did not significantly dif-
fer from the remaining participants in either age (Mcomplete = 45.69,
Mincomplete = 45.62, t [6845] = 0.23, p = 0.819) or the prevalence of
self-reported memory problems (X2 [1, N = 9918] = 0.01, p = 0.998).
We further excluded participants with a self-reported diagnosis of
dementia (nh = 6) or those who preferred not to state their gender
(n = 8) as the sample size for those groups was too small to draw any
meaningful conclusions, resulting in the final N = 3327 participants.
The demographic characteristics of the final sample are summarized
in Table 1. A histogram showing the age distribution of the sample is
available in Supplement S1. Participants came from 54 different coun-
tries, whereby the most frequent countries were the United Kingdom
(n = 1650), the United States (n = 936), Ireland (n = 443), Canada
(n=57),and Germany (n=46). Of the final sample, 2986 (89.8%) partic-
ipants reported having English as their first language (see Supplement
S2 for sensitivity analyses with this reduced sample of native speakers).
The Neureka project was approved by the research ethics commit-
tee of the School of Psychology, Trinity College Dublin (approval
number: SPREC072019-01). Data collected through Neureka is

TABLE 1 Demographic characteristics of study participants
(N=3327).

Descriptive
Variable Details statistics
Age M (+SD) 45.74 (+ 14.55)
Range 18to 84
Gender Cisgender female 2160 (64.9%)
Cisgender male 1099 (33.0%)
Non-cisgender ? 68 (2.0%)
Education No formal education 135 (4.1%)
Lower secondary 639 (19.2%)
Upper secondary 1376 (41.4%)
University/college degree 894 (26.9%)
or equivalent
Master’s degree 243 (7.3%)
PhD 40(1.2%)

2The “non-cisgender” category includes participants who stated their gen-
der is “transgender male,” “transgender female,” or “non-binary.” Partici-
pants who preferred not to state their gender (ie, 0.4% of all sign-ups) were
not included in the current study.
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RESEARCH IN CONTEXT

1. Systematic review: The authors reviewed existing lit-
erature using primarily Google Scholar. Although many
potentially modifiable dementia risk factors have been
identified, there is a lack of comprehensive studies com-
paring their associations with different aspects of objec-
tive versus subjective cognition in healthy adults.

2. Interpretation: The findings show that smartphone-
based cognitive assessments, including gamified objec-
tive tests of executive functions and single-item subjec-
tive assessment of memory, are sensitive to a range of
established dementia risk factors. The pattern of associ-
ations was largely consistent across the lifespan, meaning
they did not match the sensitive windows proposed by
the life-course model of risk factors for dementia. Over-
all, subjective memory problems were more sensitive to
most risk factors compared to objective tests.

3. Future directions: Future studies should use longitudi-
nal and quasi-experimental designs to test for reverse
causation and to further inform personalized interven-
tion strategies. Extending focus to objectively assessed
risk factors would help explain the differences presented
here.

stored and processed in line with the EU General Data Protection

Regulations.

2.2 | Procedure

The Neureka app was developed in-house by our research team at
Trinity College Dublin, Ireland, with the aim of facilitating large-scale
online research on brain health. Prior to its public release, the app
had been focus-grouped, piloted, validated, and iteratively improved
in smaller paid research studies, and its validation continues as new
modules are added to the app on an ongoing basis. The app is cur-
rently free to download from Google Play Store (Android users) and
App Store (iOS users). Participants are recruited through a variety of
methods, including radio and television publicity, ads on the Google
Play Store, and organized efforts such as the SciStarter project. Some
participants are recruited as a part of smaller paid research stud-
ies at Trinity College Dublin, Ireland. All users of the Neureka app
read a common information sheet and provide digital consent to par-
ticipate in brain health and cognitive neuroscience research. During
registration, participants select their age, gender, education, and coun-
try. Participants must be at least 18 years old to participate in research
on the app. After registration, participants can complete a variety of
Science Challenge modules in the app at their own leisure, without

financial compensation. Data for this study come from the Risk Factors
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FIGURE 1 Screenshots from gamified cognitive assessments used in current study. (A) The game “Memory Match” assesses visual working
memory. Participants must recognize a set of previously presented shapes or letters and selected them from a grid. (B) The game “Star Racer”
assesses cognitive flexibility. Participants must tap stars in ascending order, alternating between numbers (1 to 13) and letters (ato l). (C) The game
“Cannon Blast” assesses model-based planning. Participants must pick one of two ball containers, aim a cannon, and shoot balls to collect
diamonds, but their success depends on their ability to adjust to changing probabilities and picking the right container.

Challenge, a module in the app that focuses on assessing dementia-
related risk factors and cognition. It includes three gamified cognitive
assessments that assess objective cognition (memory, cognitive flex-
ibility, and model-based planning; see Supplement S3A,B for more
details on task validation) and two sets of questionnaires that assess
subjective cognition together with a set of potentially modifiable risk
factors for dementia (more detail provided in the following sections).
The three gamified cognitive assessments and two sets of ques-
tionnaires are presented to participants in a semi-randomized order,
whereby a game is always delivered first, followed by a set of ques-
tionnaires, followed by a second game, followed by another set of
questionnaires, and ending with a final game. The module takes approx-
imately 45 minutes to complete in full and can be completed in one
sitting or with breaks, over an extended period of time.

2.3 | Measures

2.3.1 | Visual working memory

Visual working memory was assessed using a visual search game called
Memory Match (Figure 1A), which was loosely based on the Visual
Short-Term Memory Binding Task (VSMBT).*2 See Supplement S3A for
a validation study comparing the gamified task to a traditional binding
task. This game starts after a set of self-paced instruction screens (Sup-
plement S4A). In each trial, participants need to memorize an array of
symbols and then select the previously presented study symbols from
a 4 x 5 grid (Supplement S4B). Like the traditional binding task, this
task design incorporates non-binding (symbol memory only) conditions

as well as binding conditions, where both the color and the symbol

must be remembered. Memory Match additionally includes two stimu-
lus types (ie, letters vs abstract shapes) and three difficulty levels with a
varying study set size (ie, remembering two, three, or four symbols; see
Supplement S4C for an example of the stimuli used in each trial type).
These manipulations served to increase the task’s sensitivity at both
the low and high end of performance and to improve gameplay expe-
rience through variety. In line with gamification principles, participants
in Memory Match also receive immediate visual and sound feedback on
their performance, collect points throughout the task, and are given a
certain number of “lives” per trial that they can lose in case of a mis-
take. The smallest study set size trials (ie, two symbols to remember)
are presented first, and the set size increases sequentially throughout
the game. As more stimuli are to be remembered in the three- and four-
set rounds, more lives are granted in these levels (N lives = N targets).
Performance on this task is measured as the proportion of correctly
memorized symbols, given the number of guesses the participant has
made (ie, correct responses/correct responses + errors). Given that the
search grid remains at 4 x 5 even when the study set size increases
to four, random responding leads to different accuracy scores on each
level. Specifically, chance-level accuracy is 0.07,0.12, and 0.17 for the
two-, three-, and four-set size levels, respectively. No symbol or color
is repeated within any given study array, but they do repeat within
the test displays of the binding condition, as “lures,” that is, symbols
that match the target in one dimension (color or shape) but not both.
The trial ends when participants select all the correct symbols or lose
all their lives for the given trial, whichever comes first. There are two
repeats of every trial type (2 binding conditions x 2 stimulus types x 3
study set sizes) totaling 24 trials per participant. Mean accuracy at the
task was 80% (standard deviation [SD] = 8%) in the total sample, with a
range of 25% to 100%.
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2.3.2 | Cognitive flexibility

Cognitive flexibility was assessed through the game Star Racer
(Figure 1B), which is a gamified and extended version of the Trail-
Making Test (TMT).*3 See Supplement S3A for a validation study
comparing it to the traditional TMT. Like the traditional TMT, Star
Racer is divided into forms A and B but contains multiple “runs” of each
form. The task begins with a set of self-paced tutorial screens and prac-
tice runs of each version (Supplement S5A), which are then followed
by three runs of each version (always ordered A-B-A-B-A-B; Supple-
ment S5B). In the A version of the game, participants are presented
with a screen of 25 blue stars with numbers and are required to tap
them in ascending order as quickly as possible. In the B version, the
screen contains 25 stars labeled with either letters or numbers and
participants must alternate between them as they ascend. Each run
starts with a 3 second countdown. Participants earn points through-
out the task for each correct selection (indicated by the star turning
pink) and lose points for elapsed time and an incorrect selection (indi-
cated by the star turning red, shaking, and then reverting to blue again),
with their score displayed on screen throughout and summarized at the
end of each run. Participants cannot progress unless they correct any
erroneous selections. Performance is calculated for versions A and B
separately as mean time to complete all runs of the given type, resulting
in two separate outcome variables (A: processing speed and B: cogni-
tive flexibility). However, these two variables are strongly correlated
(here, r[3325] = 0.77, p < 0.001). In the current study, we focused on
cognitive flexibility as a measure of executive function. We did not use
a B—A difference score to ensure adequate measure reliability, which
tends to be problematic for difference scores.** Additionally, to iden-
tify inattentive players in this remotely administered task, we applied
conservative time cut-offs: Individual runs with completion times of
100 or more seconds (A version) or 300 or more seconds (B version)
were excluded; in such cases, task performance was calculated as a
mean time to complete the remaining trials. These cut-offs were based
on approximately double the median completion times for the old-
est and least educated group in a normative study of the traditional
task.*> The original mean time to complete Star Racer B was 64.31 s
(SD = 24.56) with a range of 19.27 to 381.87 s, and following applica-
tion of the cut-offs, this changed to the final 63.28 s (SD = 21.73) with
arange of 19.27 to 204.37 s.

2.3.3 | Model-based planning

Model-based (also known as goal-directed) planning was assessed
through a game called Cannon Blast (Figure 1C), which is a gamified
version of the Two-Step Reinforcement Learning Task with a recent
extensive validation.3%4¢ See Supplement S3B for a detailed descrip-
tion of the outcome measure and the task. In brief, the game requires
participants to aim and shoot balls from a cannon to hit diamonds,
for which they earn reward points. Sometimes the balls are “bad” and
explode before hitting the target and participants can use statistical
features of the task to avoid receiving these balls. Specifically, they can
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keep a basic model-free policy that encourages them to repeat actions
that lead to good balls and switch from actions that lead to bad ones.
Alternatively, they can incorporate higher-order knowledge of the task
structure to refine this as a model-based policy. The outcome measure
of Cannon Blast is the model-based index, which is an output of a hier-
archical logistic regression analysis calculated across all 200 trials of
the game available in risk factors.3? In this analysis, we measured how
much the choice to repeat the action of a given trial is influenced by (i)
whether that choice resulted in a good ball on the last trial (model-free)
and (ii) whether it is qualified by the task structure. The mean model-
based index value in the current sample was 0.27 (SD = 0.33) with a
range of 0.46 to 2.22.

2.3.4 | Subjective memory problems

Subjective memory problems were assessed with one questionnaire
item within the Risk Factors Challenge. Participants could respond
“Yes” or “No” to the question “Do you currently experience memory
problems?” This single-item screener was the same as that used in the
PREVENT study.*” In the current sample, 1,348 (40.5%) individuals

reported subjective memory complaints.

2.3.5 | Risk factors for dementia

A set of social, health, and lifestyle factors, based on the risk factors
for brain health identified previously,»1748-50 was assessed via ques-
tionnaires in the “Risk Factors” challenge. Specifically, we measured
educational attainment, SES, depression, loneliness, social network
size, hearing handicap, tinnitus, stroke, diabetes, hypertension, smok-
ing, exercise, and family history of dementia. Details on the risk factor

measures are summarized in Table 2.

2.4 | Data analysis

2.4.1 | Data preparation

All analyses were conducted using R Statistical Software version
4.3.1.58 Code to reproduce the findings and figures is available at
https://osf.io/vqéfa/, alongside more details on how to request data.
Prior to analyses, variables were reverse-coded when necessary, so
that in all cases higher values indicate worse cognition or higher risk.
Furthermore, all continuous variables (both independent and depen-
dent) were scaled by mean-centering and dividing by their SD within
each sample. To ensure the estimates for continuous and binary cat-
egorical predictors in our models are directly comparable to each
other (see Gelman®? for a discussion of the problem), we scaled binary
variables (history of hypertension, smoking, stroke, diabetes, tinnitus,
family history of dementia, or subjective memory problems) to have a
SD of 1 by coding them as 0/2. Gender was contrast-coded with “cis-

gender male” as the reference category. We assessed the effects of
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TABLE 2 Description of risk factor measures.

Measure Description/question(s) Descriptive statistics® Reference
Education 0 = No formal education M=282 N/A
1= Lower secondary education SD=1.00
2 = Upper secondary education Range=0to5
3 =University/College degree or equivalent
4 = Master’s degree or equivalent
5=PhD or equivalent
Socioeconomic The Subjective SES scale: Participants were asked to place themselves M=5.95 il
status (SES) on a ladder representing where people stand (in the country they live SD=1.77
in) with respect to money, education, and respected jobs Range=1to 10
Depression Center for Epidemiologic Studies Depression (CES-D) scale: a 20-item M=17.96 52
self-report scale for measuring depressive symptoms in the general SD=13.59
population, which asks about the frequency of symptoms over the Range =0to 60
past week
Loneliness UCLA Loneliness Scale: a 20-item self-report scale for measuring M=21.10 23
general loneliness SD =15.54
Range =0to 60
Social network Lubben Social Network Scale: a 6-item self-report measure of social M=15.96 54
engagement with family and friends SD=6.46
Range =0to 30
Hearing handicap Hearing Handicap Inventory for the Elderly-Screening version M =5.60 *
(HHIE-S): a 10-item self-report scale measuring emotional and social SD=7.47
consequences of hearing impairment in adults Range =0to 40
Tinnitus “In the past year have you had buzzing, ringing, or noise (tinnitus) in Yes, in the past week/ 56
your ears that lasts longer than 5 minutes?” (No/Yes, in the past Yes, not in the past week:
week/Yes, not in the past week/Do not know) 992 (29.8%)
No/do not know:
2335(70.2%)
History of stroke “Have you ever had a stroke?” (Yes/No) Yes: 45 (1.4%) N/A
No: 3282 (98.6%)
Diabetes “Have you been diagnosed with diabetes by a doctor?” (Yes/No) Yes: 174 (5.2%) N/A
No: 3153 (94.8%)
Hypertension “Have you been diagnosed with high blood pressure (hypertension) by Yes: 511 (15.4%) N/A
adoctor?” (Yes/No) No: 2816 (84.6%)
Smoking history “Please indicate which of the following best describes you:” (1. Current smoker/Ex-smoker: Based on
Non-smoker/ 2. Ex-smoker/ 3. Current smoker/ 4. Unknown) 1134 (34.1%) PREVENT
Non-smoker/Unknown: 2193 study”
(65.9%)
Exercise Godin-Shephard Leisure-Time Physical Activity Questionnaire: a M= 3270 24
self-report measure of physical activity that asks about the frequency SD=25.48
of strenuous, moderate, and mild exercise per week Range=0to 119
Family history of “Was your biological mother ever diagnosed with dementia?” (Yes/No) Yes (either parent or both): 560 Based on
dementia “Was your biological father ever diagnosed with dementia?” (Yes/No) (16.8%) PREVENT
No: 271 (83.2%) study?’

2By design, there were no missing data for either measure in the total sample.

age and gender on each objective cognitive measure using a series of
linear regressions and on subjective memory problems using logistic
regression. For age, we included both a linear and a quadratic term
(ie, age squared) to capture potential non-linear effects of chronolog-
ical age across the wide age span in our sample. Effect sizes were
reported as standardized betas and odds ratios (ORs) with associated
confidence intervals (Cls). Associations between cognitive outcomes
(ie, visual working memory, cognitive flexibility, model-based planning,
and subjective memory problems) were assessed using point-biserial

correlation with a two-step estimate for pairs of numeric and ordi-

nal variables and Pearson product-moment correlation for continuous

variables.

2.4.2 | Primary analysis

To test the differential cognitive correlates of previously established
risk factors for dementia, we ran a series of linear, respective logis-
tic regressions, predicting objective, respective subjective cognition

from each risk factor individually, controlling for gender and age. We
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calculated standardized betas and respective ORs with appropriate
Cls for each association. Because of their different interpretation
(increase in y per SD change in x vs increase in log odds of y per
SD change in x), standardized betas in linear and logistic regression
are not directly comparable. Therefore, to be able also to directly
compare the magnitude of the risk factor effects on the continuous
and categorical dependent variables, we additionally transformed the
continuous dependent variables to dichotomous, resulting in new cat-
egorical measures of worse versus better cognitive flexibility, visual
working memory, and model-based planning. To ensure the group sizes
(worse vs better cognition) were comparable between all cognitive
measures, we used the ratio of subjective memory problems as a quan-
tile cut-off. That is, subjective memory problems were present in 40.5%
of the sample, and so our binarization of objective cognitive scores
returned 40.5% classified as having poor objective performance on
visual working memory, cognitive flexibility, and model-based plan-
ning. We then ran an additional series of logistic regressions predicting
each binarized objective cognitive outcome from each risk factor indi-
vidually, controlling for gender and age, and calculated ORs for each
association. For each cognitive outcome, Bonferroni correction was
applied to correct for multiple comparisons, dividing &« = 0.05 by the
number of risk factors (ie, each independent variable was understood

as one comparison).

24.3 | Secondary analyses

First, we tested whether the associations between risk factors and
objective and subjective cognition change after controlling for depres-
sion. We ran the same series of analyses as described in the primary
analysis section, this time additionally controlling for depression as
measured by the CES-D scale. This was done for 12 of the 13 original
risk factors, excluding depression itself.

Next, we tested whether the associations between all 13 risk fac-
tors and cognition differed by age. This subgroup analysis was only
tested on those combinations of independent and dependent vari-
ables whose associations were previously significant. We ran the same
series of regressions as in the primary analysis, predicting objec-
tive respectively subjective cognition from each of this reduced set
of risk factors, controlling for gender and age, this time with an
added interaction term (ie, age x risk factor). Bonferroni correction
was applied to correct for multiple comparisons, dividing « = 0.05
by the number of interaction terms of interest (ie, each combina-
tion of independent and dependent variables was understood as one

comparison).

3 | RESULTS
3.1 | Descriptive and demographic analyses

As has been consistently reported in the literature, objective and sub-

jective cognition were only weakly correlated (r = 0.06 to 0.16; see
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TABLE 3 Correlations between cognitive measures.

Subjective

memory Model-based Cognitive

problems planning flexibility
Visual working 0.09 0.26 0.45
memory
Cognitive flexibility 0.16 0.15

Model-based planning 0.06

Note: Numbers represent Pearson product-moment correlation coefficients
for pairs of continuous variables and polyserial correlations for pairs of con-
tinuous and categorical variables. All coefficients are significant at p < .05
or lower.

Table 3 for correlations between all cognitive measures). The correla-
tion matrix of all self-reported risk factors is presented in Supplement
Sé.

The older the participants, the worse their objective cognitive per-
formance across domains (standardized 8 [95% Cl] = 0.20 [0.16, 0.23]
for visual working memory, 8[95% Cl] = 0.34 [0.30, 0.37] for cognitive
flexibility, and 8[95% Cl] = 0.09 [0.05, 0.12] for model-based planning,
all p < 0.001; see Figure 2A-C). We also found a significant quadratic
effect of age on all three objective cognitive measures: The older the
participants, the stronger the association between age and visual work-
ing memory (8 [95% CI] = 0.07 [0.04, 0.11], p < 0.001), cognitive
flexibility (8 [95% Cl] = 0.13 [0.10, 0.17], p < 0.001), and model-based
planning (3[95% CI] = 0.07 [0.03, 0.10], p < 0.001), indicating a steeper
curve in older age groups. This quadratic effect was significant, even
though the raw cognitive scores plateaued in the oldest age groups (ie,
around 70 to 75 years), as shown in Figure 2A-C, which could suggest
evidence for selection bias in the oldest participants. Of note, very few
participants reported being 75 and older (n = 30, ie, 0.9% of the sam-
ple; see Supplement S1 for illustration). Subjective memory problems
were significantly more likely in older participants (OR [95% Cl] = 1.04
[1.01, 1.07],p = 0.021; see Figure 2D). However, unlike in the objective
measures, there was no significant quadratic effect of age on subjec-
tive memory problems (OR [95% CI] = 1.00 [1.00, 1.00], p = .122). To
ensure similarity between models of objective and subjective cogni-
tion, the main covariate-adjusted analyses (see next section) included
age as a simple linear term.

As for gender, we focused only on cisgender men and women for our
main analyses due to sample size. We found that cisgender women did
not significantly differ from cisgender men on visual working memory
(B[95% CI]1=0.00[-0.03,0.04]; p = .915; Figure 2A), but they had sig-
nificantly worse model-based planning (3[95% Cl] = 0.05 [0.01, 0.08];
p=0.010; Figure 2C) and were more likely to report subjective memory
problems (OR [95% CI] = 1.24 [1.15, 1.34], p < 0.001; Figure 2D). Cis-
gender women showed higher cognitive flexibility than men, indexed
by faster game completion times (8 [95% Cl] = —0.04 [-0.08, —-0.01];
p=0.012; Figure 2B). Comparisons of the cognition of transgender and
non-binary participants are difficult to make due to the very small sam-
ple size of these groups (n = 68, ie, 2% of the sample), but they are
described in Supplement S7.
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FIGURE 2 Associations of cognitive measures with age and gender. Points correspond to mean raw scores on (A) visual working memory, (B)
cognitive flexibility, (C) model-based planning, and (D) mean proportion of participants with memory problems. The means were calculated for
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3.2 | Risk factors and cognition

After applying Bonferroni correction per each dependent measure,
we set our alpha level to a = 0.05/13 = 0.0038. The associations
between risk factors and visual working memory, cognitive flexibility,
model-based planning, and subjective memory problems, controlling
for age and gender, are visualized in Figure 3, and detailed results are
presented in Table 4.

All three objective cognitive outcomes had significant associations
with education, depression, and SES (ordered from largest to small-
est effect size), in that worse cognition was associated with higher
risk (Figure 3A). Model-based planning had no other significant asso-
ciations with any other risk factor. Both visual working memory and
cognitive flexibility, however, were significantly associated with history
of stroke and hypertension, followed by loneliness, smoking history,
social network size, and hypertension, in that worse cognition was
associated with higher risk. Additionally, visual working memory was
significantly linked to diabetes and cognitive flexibility to hearing hand-
icap. None of the objective cognitive measures assessed here had
significant associations with tinnitus, exercise, or family history of
dementia. Overall, the effect sizes were comparable for visual working
memory and cognitive flexibility.

Subjective memory complaints were significantly associated with
10/13 risk factors (Figure 3B), namely, depression, SES, hearing
handicap, loneliness, education, exercise, smoking history, tinnitus,
social network size, and history of stroke (ordered from largest to
smallest effect size). Subjective memory complaints were not sig-
nificantly associated with family history of dementia, diabetes, or
hypertension.

3.3 | Comparison of effect magnitude for
subjective versus objective cognition

Next, we compared the magnitude of the risk factor effects (expressed
as ORs) on all cognitive outcomes, using a binarized version of the
three objective cognitive measures as dependent variables in a series
of logistic regressions. As illustrated in Figure 3C, objective and subjec-
tive cognitive measures differed in the strength of their associations
with risk factors. Compared to the objective cognitive measures, sub-
jective memory problems were more strongly associated with eight
of 13 of the risk factors studied, namely, depression, SES, hearing
handicap, loneliness, exercise, smoking, tinnitus, and social network. In

case of higher risk on each of these eight factors, the odds of having
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lines represent (A) standardized beta estimates with 95% confidence intervals (Cls) or (B and C) odds ratios with 95% Cls. In (C), objective
cognitive scores were binarized to enable direct comparison of odds ratios with subjective memory problems.

subjective memory problems were increased by 27% to 82%, whereas
the odds of having worse visual working memory or lower cogni-
tive flexibility were increased only by 0% to 28% (Supplement S8).
Objective and subjective cognition had equivalent associations with
education, history of stroke, family history of dementia, hypertension,
and diabetes, as indicated by overlapping Cls for the ORs express-
ing these effects. For example, in contrast to SES, which had about
50% higher OR for subjective versus objective cognitive measures,
objective and subjective cognitive outcomes were comparably sensi-
tive to education, a highly related construct. Of note, although the
Cls of all measures were overlapping for hypertension, only the bina-
rized objective measure of visual working memory was significantly
associated to it, making it the only case where an objective measure
outperformed subjective measures in sensitivity to risk factors when
put on the same binarized scale. Detailed results are presented in
Supplement S8.

3.4 | Depression-adjusted analyses
To test whether depression symptoms might explain the stronger asso-
ciations between subjective memory complaints and self-report risk
factors, we repeated our primary analyses controlling for depression.
This was done for 12 of the 13 original analyses, excluding the analysis
of depression itself. As seen in Figure 4, in general, adding depres-
sion as a covariate nominally decreased the magnitude of associations
between most risk factors and subjective memory problems. However,
it did not render them non-significant, in most cases: The total num-
ber of significant associations decreased from nine out of 12 to six out
of 12 risk factors. The associations with loneliness, social network, and
history of stroke were no longer statistically significant at p < 0.0038
after adjusting for depression. The full results are presented in Table 4.
For objective cognitive outcomes, where the effects were more

modest to begin with, the number of significant associations with risk
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factors reduced substantially when controlling for depression, here
from eight out of 12 to two out of 12 for visual working memory, from
eight out of 12 to four out of 12 for cognitive flexibility, and from two
out of 12 to one out of 12 for model-based planning. Of note, adjust-
ing for depression removed the associations of all objective cognitive
outcomes with SES, whereas the associations between all objective
cognitive outcomes and education held. See Table 4 for detailed results.

3.5 | Interactions between age and risk factors

In the regression models described in the primary analysis, 31 risk
factors showed a significant association with cognitive outcome. For
these 31 combinations of risk factors and cognitive outcomes, we ran

an additional series of models with the added term of the risk factor’s

interaction with age, setting a new alpha level to o = 0.05/31 = 0.0016
to control for multiple comparisons. Broadly, we observed that almost
none of these effects were moderated by age. Only one factor showed
a significant interaction with age: Smoking history differed in its asso-
ciation with subjective memory problems by age (OR [95% CI] = 0.87
[0.81, 0.94], p < 0.001), showing stronger associations in younger
adults than older adults (Supplement S9). No other risk factor showed
a significant interaction with age (see Supplement S10 for a complete
list of interaction terms of these 31 models).

4 | DISCUSSION

Objective and subjective cognitive impairments are independent pre-

dictors of dementia, yet their differential sensitivity to previously
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established risk factors is little understood. Here, we estimated the
pattern and magnitude of associations between potentially modifi-
able dementia risk factors and subjective memory problems compared
to multiple aspects of objective cognition using large-scale cross-
sectional data (N = 3327) gathered across the adult lifespan via
smartphone. Consistent with previous findings,” objective cognitive
measures were only weakly correlated with subjective memory prob-
lems. Both were more frequent in older participants, but women
exhibited a higher frequency of subjective, but not objective, cogni-
tive impairments, in line with prior research.’2 Both objective and
subjective cognition were associated with depression, SES, and educa-
tion, and, with the exception of the objective measure of model-based
planning, all measures were additionally associated with loneliness,
social network size, history of smoking and stroke, and hypertension.
Interestingly, several risk factors were selectively linked with objective
or subjective cognition; only working memory or cognitive flexibility
were associated with hypertension and diabetes, whereas only sub-
jective impairments were associated with less exercise and tinnitus.
Crucially, our findings suggest that across the adult lifespan, subjec-
tive memory complaints are considerably more related to self-reported
risk factors for dementia than objective differences in cognitive abil-
ity assessed via smartphone. When put on the same binarized scale,
subjective memory was more strongly associated than any objective
test with eight out of 13 factors, namely, depression, SES, hearing
handicap, loneliness, tinnitus, exercise, and social network, and the
magnitude of associations was up to 50% stronger for subjective mem-
ory. It was outperformed by an objective cognitive measure (visual
working memory) only in the case of hypertension. This implies high
sensitivity of subjective cognitive assessment to dementia risk factors
inhealthy individuals, possibly reflecting relatively higher usefulness of
subjective assessments in the earliest stage of cognitive decline before
impairments can be objectively detected, a finding further supported
by prior evidence.>’

One possible explanation for the current findings is that the dis-
crepancy between objective and subjective cognition could be driven
by negative interpretive bias. That is, those who view the world and
themselves more negatively might be more likely to respond nega-
tively on subjective scales, biasing the measurement of risk factors
and cognitive impairments alike. We repeated our analyses control-
ling for depression and found that magnitudes of effects decreased
across the board when depression was included in the model. How-
ever, despite this reduction in magnitude, associations between most
risk factors and subjective memory remained significant, whereas most
associations with objective cognitive measures were rendered non-
significant. The two factors that changed most substantially when
depressionwas included were loneliness and social network size, which
no longer showed associations with either objective or subjective cog-
nition after controlling for depression. This suggests that the link
between these measures of social engagement and both objective and
subjective brain health may be mediated by depression, consistent
with prior research.69-62 Qverall, the impact of depression on these
models was marked, but not complete, suggesting that depression

may be an important element of the causal path between self-report

risk factors and objective cognitive impairments, but longitudinal or
quasi-experimental studies are needed to understand how these are
precisely related.

We did not observe associations between most risk factors and
model-based planning, which is to our knowledge the first time this
question has been posed. We were interested in addressing this as
previous research suggested that model-based planning declined in
older age®® but also critically relied on the healthy functioning of
the hippocampus.®* However, contrary to our prediction, model-based
planning was only associated with education, depression, and SES. It
is unlikely these null effects can be attributed to a lack of sensitiv-
ity of our smartphone task, as a recent paper showed it is sensitive
to individual differences in compulsivity,3? replicating work with the
classic task.> Nonetheless, it must be acknowledged that all four cog-
nitive assessments used in this study differed in not just their degree
of objectivity but also their duration and psychometric properties,
and direct comparisons are subject to those caveats. Despite this, it
is striking that the largest correlates were observed for subjective
memory, which was assessed using a single-item self-report assess-
ment. All three cognitive tests, in contrast, were validated against
traditional benchmarks, aggregated across many trials, and included
several features to improve their performance over traditional versions
(eg, reducing ceiling effects, increasing reaction time measurement
precision).

This study raises the general question of whether objective assess-
ments of cognition or its subjective perceptions should be prioritized
as outcomes in research and public interventions. Objective mea-
sures gathered at a single time point cannot identify cognitive decline
because of premorbid differences in ability; this might explain the over-
all reduced signal observed here for objective cognitive tests. However,
it is notable that objective assessments of cognitive flexibility and
working memory were nonetheless both sensitive to hypertension
and only the latter to diabetes, while subjective cognition was not.
This could be because cardiovascular factors and associated structural
changes to brain health affect cognitive abilities more directly,? while
causal paths for lifestyle, sociodemographic, and social factors might
be more complex. Although cross-sectional, these findings may provide
a useful starting point for thinking about such paths. For example, our
findings with respect to depression support the idea that the associa-
tion between low social involvement and both objective and subjective
cognition could be explained by depression.t¢

The association of cognition with most risk factors in the current
study did not differ by age, except for subjective memory problems and
smoking. This finding contrasts with the life-course model of risk fac-
tors for dementia,’2 which posits that different periods of life might
provide “sensitive windows” during which various factors might come
into play. Furthermore, the only interaction effect observed in the cur-
rent study was opposite to those posited by the prevailing life-course
model: We found that the association between smoking and subjective
memory problems was strongest in the youngest participants, whereas

previous meta-analytical work!?2

placed smoking as a risk factor for
later life. However, another recent study using large cross-sectional

data (N > 40,000) collected across the lifespan found that risk factor
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prevalence or associations with cognition did not match the prevail-
ing life-course model, suggesting the mapping of “sensitive windows”
might be inaccurate.®” Longitudinal studies using dementia incidence
as an outcome could elucidate whether this mismatch generalizes
beyond cognition.

This study has several limitations. First, due to its cross-sectional
nature, the risk factor variables described here could be under-

»68 ”69 rather than true

stood as “diagnostic factors”®® or “risk markers
risk factors. This precludes us from drawing causal inferences about
the etiology of memory impairment from this dataset alone. That
said, prior work using a suite of methodologies has converged on a
likely causal role for many of these risk factors in brain health and
dementia.270.71butct 7273 Second, the current assessment of subjective
memory problems could be improved. We relied on a common sin-
gle item, binary measure of subjective memory problems without any
anchor, whereas previous research showed that age-anchored com-
parisons and self-comparisons (ie, comparing own memory to that of
individuals of the same age respectively to one’s own memory 5 years
ago) differed in their associations with depression and age.”*7° Third,
the methods of recruitment (ie, online) and data collection (ie, smart-
phone assessment) were likely to introduce selection bias, especially in
older participants as they both require digital literacy and are proba-
bly more appealing to individuals of higher SES.”¢ The presence of such
selection bias could be indicated by a biologically implausible inflection
point in cognitive abilities across the adult lifespan. This was reported
for another smartphone study,”” where cognitive performance was
found to markedly rise in adults over the age of 75. In the present
study, very few participants were over 70, so this bias was not very
apparent. We showed an average decrease in cognitive performance
even in older participants up until a plateau around 70 to 75 years of
age. Nevertheless, a more subtle selection bias might exist that raises
important issues for the representativeness of smartphone research in
older adults. However, the remote, self-paced nature of smartphone-
based research can make it more representative in other respects,
compared to in-person lab-based studies.”® Therefore, convergence
across a variety of research methods is key. Fourth, we cannot exclude
the possibility that domain differences contributed to the differences
between subjective and objective assessment. We focused on tasks
with a strong executive function component based on prior work link-
ing executive function to healthy brain aging,®’? but it is possible that
an objective test of episodic verbal memory could have shown even
stronger effects.® Episodic memory might have also been more salient
for the current participants’ self-evaluations, possibly contributing to
the discrepancy. Finally, we assessed risk factors using self-report due
to the remote nature of the study. Other research has shown differ-
ent associations of objectively and subjectively measured factors with
brain health outcomes. For example, informant-based subjective hear-
ing impairment but not objectively measured hearing loss predicted
incident dementia.&°

Despite these limitations, this study shows the respective value of
objective and subjective cognitive assessment and is the first, to our
knowledge, to directly compare these types of assessment on associ-

ations with previously established risk factors for dementia. This study

THE JOURNAL OF THE ALZHEIMER'S ASSOCIATION

also highlights the potential of self-administered, smartphone-based
assessments to detect early cognitive impairment and its meaningful
associations with established risk factors for dementia. This may be
particularly valuable for studying how risk factors impact cognition in
low- and middle-income countries where access to cognitive assess-
ment is more difficult’® and the relative importance of risk factors
for dementia differs.8? Future randomized controlled trials of preven-
tion interventions should consider including brief subjective memory

assessments as cognitive outcomes, alongside objective measures.

ACKNOWLEDGMENTS

AMR, AP, CMG, Al, VT, BL, and CMC contributed to study con-
ception and design. Material preparation and data collection were
performed by AP, AKH, EG, and NC. Data analyses were per-
formed and the first draft of the manuscript was written by AMR.
All authors commented on previous versions of the manuscript, as
well as read and approved the final manuscript. This project was
funded by a project grant from the Global Brain Health Institute
(18GPAO02) and a Frontiers for the Future Award from Science Foun-
dation Ireland (19/FFP/6418) awarded to CMG. VT received support
from the Irish Research Council, grant GOIPD/2023/1238. SF is
an Atlantic Fellow for Equity in Brain Health at the Global Brain
Health Institute (GBHI) and is supported with funding from GBHI,
Alzheimer’s Association, and Alzheimer’s Society [GBHI ALZ UK-24-
1068607]. Al is partially supported by grants from ANID/FONDECYT
Regular (1210195 and 1210176 and 1220995), ANID/PIA/ANILLOS
ACT210096, ANID/FONDAP 15150012, and the MULTI-PARTNER
CONSORTIUM TO EXPAND DEMENTIA RESEARCH IN LATIN AMER-
ICA (ReDLat, supported by Fogarty International Center and National
Institutes of Health, National Institutes of Aging [RO1 AG057234,
RO1 AG075775,R01 AG21051, CARDS-NIH], Alzheimer’s Association
[SG-20-725707], Rainwater Charitable Foundation - Tau Consortium,
the Bluefield Project to Cure Frontotemporal Dementia, and Global
Brain Health Institute]). The contents of this publication are solely
the responsibility of the authors and do not represent the official
views of these institutions. The funders had no role in study design,
data collection and analysis, decision to publish, or preparation of the
manuscript.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflicts of interest. Author disclosures are

available in the Supporting information.

CONSENT STATEMENT
All human subjects provided informed consent.

ORCID
Anna Marie Rosickd "= https://orcid.org/0000-0001-9857-8705
REFERENCES

1. Livingston G, Sommerlad A, Orgeta V, et al. Dementia prevention,
intervention, and care. Lancet North Am Ed. 2017;390(10113):2673-
2734.d0i:10.1016/50140-6736(17)31363-6


https://orcid.org/0000-0001-9857-8705
https://orcid.org/0000-0001-9857-8705
https://doi.org/10.1016/S0140-6736(17)31363-6

a5 | Alzheimer’s &Dementia

2.

10.
11.
12.

13.

14.
15.
16.
17.

18.

19.

ROSICKAET AL.

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

Livingston G, Huntley J, Sommerlad A, et al. Dementia prevention,
intervention, and care: 2020 report of the Lancet Commission. Lancet.
2020;396(10248):413-446.d0i:10.1016/S0140-6736(20)30367-6

. Yates JA, Clare L, Woods RT. Subjective memory complaints, mood

and MCI: a follow-up study. Aging Ment Health. 2017;21(3):313-321.
doi:10.1080/13607863.2015.1081150

. Farias ST, Mungas D, Reed BR, Harvey D, Cahn-Weiner D, DeCarli C.

MCl is associated with deficits in everyday functioning. Alzheimer Dis
Assoc Disord. 2006;20(4):217-223. doi:10.1097/01.wad.0000213849.
51495.d9

. Jessen F. Subjective and objective cognitive decline at the pre-

dementia stage of Alzheimer’s disease. Eur Arch Psychiatry Clin Neu-
rosci. 2014;264(1):3-7.doi:10.1007/s00406-014-0539-z

. Mortamais M, Ash JA, Harrison J, et al. Detecting cognitive changes

in preclinical Alzheimer’s disease: a review of its feasibility. Alzheimer
Dement. 2017;13(4):468-492. doi:10.1016/j.jalz.2016.06.2365

. Mitchell AJ, Beaumont H, Ferguson D, Yadegarfar M, Stubbs B. Risk

of dementia and mild cognitive impairment in older people with
subjective memory complaints: meta-analysis. Acta Psychiatr Scand.
2014;130(6):439-451.doi:10.1111/acps.12336

. Cacciamani F, Houot M, Gagliardi G, et al. Awareness of cognitive

decline in patients with alzheimer’s disease: a systematic review and
meta-analysis. Front Aging Neurosci. 2021;13:697234. doi:10.3389/
fnagi.2021.697234

. Burmester B, Leathem J, Merrick P. Subjective cognitive complaints

and objective cognitive function in aging: a systematic review and
meta-analysis of recent cross-sectional findings. Neuropsychol Rev.
2016;26(4):376-393.d0i:10.1007/511065-016-9332-2

Walkowiak S, Coutrot A, Hegarty M, et al. Cultural determinants of the
gap between self-estimated navigation ability and wayfinding perfor-
mance: evidence from 46 countries. Sci Rep. 2023;13(1):10844. doi:10.
1038/s41598-023-30937-w

Cherry KE, Lyon BA, Boudreaux EO, et al. Memory self-efficacy and
beliefs about memory and aging in oldest-old adults in the louisiana
healthy aging study (LHAS). Exp Aging Res. 2019;45(1):28-40. doi:10.
1080/0361073X.2018.1560107

Rouault M, Seow T, Gillan CM, Fleming SM. Psychiatric symptom
dimensions are associated with dissociable shifts in metacognition
but not task performance. Biol Psychiatry. 2018;84(6):443-451. doi:10.
1016/j.biopsych.2017.12.017

Martin M, Zimprich D. Are changes in cognitive functioning in older
adults related to changes in subjective complaints? Exp Aging Res.
2003;29(3):335-352.d0i:10.1080/03610730303722

Broadley MM, White MJ, Andrew B. A systematic review and
meta-analysis of executive function performance in type 1 dia-
betes mellitus. Psychosom Med. 2017;79(6):684. doi:10.1097/PSY.
0000000000000460

Lugtmeijer S, Schneegans S, Lammers NA, et al. Consequence of stroke
for feature recall and binding in visual working memory. Neurobiol
Learn Mem. 2021;179:107387.d0i:10.1016/j.nIm.2021.107387
Loughrey DG, Kelly ME, Kelley GA, Brennan S, Lawlor BA. Association
of age-related hearing loss with cognitive function, cognitive impair-
ment, and dementia: a systematic review and meta-analysis. JAMA
Otolaryngol Head Neck Surg. 2018;144(2):115. doi:10.1001/jamaoto.
2017.2513

Jafari Z, Kolb BE, Mohajerani MH. Age-related hearing loss and tin-
nitus, dementia risk, and auditory amplification outcomes. Ageing Res
Rev.2019;56:100963.doi:10.1016/j.arr.2019.100963

Gallagher D, Kiss A, Lanctot K, Herrmann N. Depressive symptoms
and cognitive decline: a longitudinal analysis of potentially modifi-
able risk factors in community dwelling older adults. J Affect Disord.
2016;190:235-240.d0i:10.1016/j.jad.2015.09.046

Boss L, Kang DH, Branson S. Loneliness and cognitive function in the
older adult: a systematic review. Int Psychogeriatr. 2015;27(4):541-
553.d0i:10.1017/51041610214002749

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

Veldsman M, Tai XY, Nichols T, et al. Cerebrovascular risk factors
impact frontoparietal network integrity and executive function in
healthy ageing. Nat Commun. 2020;11(1):4340. doi:10.1038/s41467-
020-18201-5

Colcombe S, Kramer AF. Fitness effects on the cognitive function of
older adults: a meta-analytic study. Psychol Sci. 2003;14(2):125-130.
doi:10.1111/1467-9280.t01-1-01430

Conti AA, McLean L, Tolomeo S, Steele JD, Baldacchino A. Chronic
tobacco smoking and neuropsychological impairments: a systematic
review and meta-analysis. Neurosci Biobehav Rev. 2019;96:143-154.
doi:10.1016/j.neubiorev.2018.11.017

Muhammad T, Sekher TV, Srivastava S. Association of objective and
subjective socioeconomic markers with cognitive impairment among
older adults: cross-sectional evidence from a developing country. BMJ
Open. 2022;12(8):e052501. doi:10.1136/bmjopen-2021-052501
Brockmole J, Logie R. Age-related change in visual working memory:
a study of 55,753 participants aged 8-75. Front Psychol . 2013;4:12.
doi:10.3389/fpsyg.2013.00012

Hill NL, Bhargava S, Brown MJ, et al. Cognitive complaints in
age-related chronic conditions: a systematic review. PLoS One.
2021;16(7):e0253795. doi:10.1371/journal.pone.0253795

Johar H, Schaefer A, Su TT. Depressive symptoms mediate the longi-
tudinal association between diabetes and subjective cognitive decline.
Findings from a semirural multi-ethnic older population in Malaysia.
Prev Med. 2023;167:107390.doi:10.1016/j.ypmed.2022.107390

van Rijsbergen MWA, Mark RE, de Kort PLM, Sitskoorn
MM. Subjective cognitive complaints after stroke: a system-
atic review. J Stroke Cerebrovasc Dis 2014;23(3):408-420.
doi:10.1016/j.jstrokecerebrovasdis.2013.05.003

Borelli WV, Zimmer ER, Bieger A, et al. Subjective cognitive
decline in Brazil: prevalence and association with dementia modi-
fiable risk factors in a population-based study. Alzheimer’s Dement.
2022;14(1):e12368.d0i:10.1002/dad2.12368

Trevis KJ, McLachlan NM, Wilson SJ. Cognitive mechanisms in chronic
tinnitus: psychological markers of a failure to switch attention. Front
Psychol. 2016;7:1262. doi:10.3389/fpsyg.2016.01262

Hill NL, Mogle J, Wion R, et al. Subjective cognitive impair-
ment and affective symptoms: a systematic review. Gerontologist.
2016;56(6):€109-e127.d0i:10.1093/geront/gnw091

Cheng GR, Liu D, Huang LY, et al. Prevalence and risk factors
for subjective cognitive decline and the correlation with objective
cognition among community-dwelling older adults in China: results
from the Hubei memory and aging cohort study. Alzheimers Dement.
2023;19(11):5074-5085. doi:10.1002/alz.13047

Lee PL, Hsiao CH, Wang CL. Physical activity and memory com-
plaints in middle-age americans: results from the MIDUS study.
Am J Alzheimers Dis Other Demen. 2013;28(6):600-605. doi:10.1177/
1533317513494744

Wen C, Hu H, Ou YN, et al. Risk factors for subjective cognitive
decline: the CABLE study. Transl Psychiatry. 2021;11(1):1-9. doi:10.
1038/s41398-021-01711-1

Mascherek A, Werkle N, Goritz AS, Kiihn S, Moritz S. Lifestyle vari-
ables do not predict subjective memory performance over and above
depression and anxiety. Front Psychol. 2020;11:484. doi:10.3389/
fpsyg.2020.00484

Paradise MB, Glozier NS, Naismith SL, Davenport TA, Hickie IB. Sub-
jective memory complaints, vascular risk factors and psychological
distress in the middle-aged: a cross-sectional study. BMC Psychiatry.
2011;11(1):108.d0i:10.1186/1471-244X-11-108

Zullo L, Clark C, Gholam M, et al. Factors associated with subjective
cognitive decline in dementia-free older adults—a population-based
study. Int J Geriatr Psychiatry. 2021;36(8):1188-1196. doi:10.1002/
gps.5509

Simons RL, Ong ML, Beach SRH, Lei MK, Philibert R, Mielke MM. Direct
and indirect effects of socioeconomic status and discrimination on


https://doi.org/10.1016/S0140-6736(20)30367-6
https://doi.org/10.1080/13607863.2015.1081150
https://doi.org/10.1097/01.wad.0000213849.51495.d9
https://doi.org/10.1097/01.wad.0000213849.51495.d9
https://doi.org/10.1007/s00406-014-0539-z
https://doi.org/10.1016/j.jalz.2016.06.2365
https://doi.org/10.1111/acps.12336
https://doi.org/10.3389/fnagi.2021.697234
https://doi.org/10.3389/fnagi.2021.697234
https://doi.org/10.1007/s11065-016-9332-2
https://doi.org/10.1038/s41598-023-30937-w
https://doi.org/10.1038/s41598-023-30937-w
https://doi.org/10.1080/0361073X.2018.1560107
https://doi.org/10.1080/0361073X.2018.1560107
https://doi.org/10.1016/j.biopsych.2017.12.017
https://doi.org/10.1016/j.biopsych.2017.12.017
https://doi.org/10.1080/03610730303722
https://doi.org/10.1097/PSY.0000000000000460
https://doi.org/10.1097/PSY.0000000000000460
https://doi.org/10.1016/j.nlm.2021.107387
https://doi.org/10.1001/jamaoto.2017.2513
https://doi.org/10.1001/jamaoto.2017.2513
https://doi.org/10.1016/j.arr.2019.100963
https://doi.org/10.1016/j.jad.2015.09.046
https://doi.org/10.1017/S1041610214002749
https://doi.org/10.1038/s41467-020-18201-5
https://doi.org/10.1038/s41467-020-18201-5
https://doi.org/10.1111/1467-9280.t01-1-01430
https://doi.org/10.1016/j.neubiorev.2018.11.017
https://doi.org/10.1136/bmjopen-2021-052501
https://doi.org/10.3389/fpsyg.2013.00012
https://doi.org/10.1371/journal.pone.0253795
https://doi.org/10.1016/j.ypmed.2022.107390
https://doi.org/10.1016/j.jstrokecerebrovasdis.2013.05.003
https://doi.org/10.1002/dad2.12368
https://doi.org/10.3389/fpsyg.2016.01262
https://doi.org/10.1093/geront/gnw091
https://doi.org/10.1002/alz.13047
https://doi.org/10.1177/1533317513494744
https://doi.org/10.1177/1533317513494744
https://doi.org/10.1038/s41398-021-01711-1
https://doi.org/10.1038/s41398-021-01711-1
https://doi.org/10.3389/fpsyg.2020.00484
https://doi.org/10.3389/fpsyg.2020.00484
https://doi.org/10.1186/1471-244X-11-108
https://doi.org/10.1002/gps.5509
https://doi.org/10.1002/gps.5509

ROSICKAET AL.

Alzheimer’s &Dementia® | 7as1

38.

39.

40.

41.

42.

43.

a4,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

subjective cognitive decline: a longitudinal study of African American
women. J Gerontol Ser B. 2023;78(5):799-808. doi:10.1093/geronb/
gbad029

QOjakaar T, Koychev I. Secondary prevention of dementia: combining
risk factors and scalable screening technology. Frontiers in Neurology.
2021;12:2004. doi:10.3389/fneur.2021.772836

Donegan KR, Brown VM, Price RB, et al. Using smartphones to opti-
mise and scale-up the assessment of model-based planning. Commun
Psychol. 2023;1(1):1-15. doi:10.1038/s44271-023-00031-y

Whelan R, Barbey FM, Cominetti MR, Gillan CM, Rosicka AM. Devel-
opments in scalable strategies for detecting early markers of cognitive
decline. Transl Psychiatry. 2022;12(1):1-11. doi:10.1038/s41398-022-
02237-w

Van Patten R. Introduction to the Special Issue—Neuropsychology
from a distance: psychometric properties and clinical utility of remote
neurocognitive tests. J Clin Exp Neuropsychol. 2021;43(8):767-773.
doi:10.1080/13803395.2021.2021645

Parra MA, Abrahams S, Logie RH, Méndez LG, Lopera F, Della Sala
S. Visual short-term memory binding deficits in familial Alzheimer’s
disease. Brain. 2010;133(9):2702-2713. doi:10.1093/brain/awq 148
Bowie CR, Harvey PD. Administration and interpretation of the Trail
Making Test. Nat Protoc. 2006;1(5):2277-2281. doi:10.1038/nprot.
2006.390

Kopp B. Neuropsychologists must keep their eyes on the reliability
of difference measures. J Int Neuropsychol Soc. 2011;17(3):562-563.
doi:10.1017/51355617711000361

Tombaugh TN. Trail Making Test A and B: normative data stratified
by age and education. Arch Clin Neuropsychol. 2004;19(2):203-214.
doi:10.1016/50887-6177(03)00039-8

Daw ND, Gershman SJ, Seymour B, Dayan P, dolan rj. model-based
influences on humans’ choices and striatal prediction errors. Neuron.
2011;69(6):1204-1215.doi:10.1016/j.neuron.2011.02.027

Ritchie CW, Ritchie K. The PREVENT study: a prospective cohort study
to identify mid-life biomarkers of late-onset Alzheimer’s disease. BMJ
Open. 2012;2(6):e001893. doi:10.1136/bmjopen-2012-001893
Kuzma E, Lourida |, Moore SF, Levine DA, Ukoumunne OC, Llewellyn
DJ. Stroke and dementia risk: a systematic review and meta-analysis.
Alzheimers Dement. 2018;14(11):1416-1426. doi:10.1016/j.jalz.2018.
06.3061

Wang AY,Hu HY, Ou YN, et al. Socioeconomic status and risks of cogni-
tive impairment and dementia: a systematic review and meta-analysis
of 39 prospective studies. J Prev Alzheimers Dis. 2023;10(1):83-94.
doi:10.14283/jpad.2022.81

Scarabino D, Gambina G, Broggio E, Pelliccia F, Corbo RM. Influence
of family history of dementia in the development and progression of
late-onset Alzheimer’s disease. Am J Med Genet B Neuropsychiatr Genet.
2016;171B(2):250-256.d0i:10.1002/ajmg.b.32399

Adler NE, Epel ES, Castellazzo G, Ickovics JR. Relationship of subjec-
tive and objective social status with psychological and physiological
functioning: preliminary data in healthy, White women. Health Psychol.
2000;19(6):586.d0i:10.1037/0278-6133.19.6.586

Radloff LS. A self-report depression scale for research in the general
population. Appl Psychol Measure. 1977;1(3):385-401. doi:10.1177/
014662167700100306

Russell D, Peplau LA, Ferguson ML. Developing a measure
of loneliness. J Pers Assess. 1978;42(3):290-294. doi:10.1207/
s15327752jpa4203_11

Lubben JE. Assessing social networks among elderly populations.
Fam Community Health. 1988;11(3):42. doi:10.1097/00003727-
198811000-00008

Ventry IM, Weinstein BE. Identification of elderly people with hearing
problems. ASHA. 1983;25(7):37-42.

Arnold ML, Dhar S, Lee DJ, et al. Sex-specific prevalence, demographic
characteristics, and risk factors of tinnitus in the Hispanic community

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

THE JOURNAL OF THE ALZHEIMER'S ASSOCIATION

health study/study of Latinos. Am J Audiol. 2022;31(1):78-90. doi:10.
1044/2021_AJA-21-00138

Godin G. The Godin-Shephard leisure-time physical activity question-
naire. Health Fit J. 2011;4(1):18-22. doi:10.14288/hfjc.v4i1.82

R Core Team. R: A Language and Environment for Statistical Com-
puting [Computer Software]. Version 4.3.1. Published online; 2023.
https://www.R-project.org/

Gelman A. Scaling regression inputs by dividing by two standard
deviations. Stat Med. 2008;27(15):2865-2873. d0i:10.1002/sim.3107
Cacioppo JT,Hawkley LC, Thisted RA. Perceived social isolation makes
me sad: 5-year cross-lagged analyses of loneliness and depressive
symptomatology in the Chicago Health, Aging, and Social Relations
Study. Psychol Aging. 2010;25(2):453-463.d0i:10.1037/a0017216
Franco-O’Byrne D, Gonzalez-Gomez R, Morales Sepulveda JP,
Vergara M, Ibafez A, Huepe D. The impact of loneliness and social
adaptation on depressive symptoms: behavioral and brain mea-
sures evidence from a brain health perspective. Front Psychol .
2023;14:1096178.doi:10.3389/fpsyg.2023.1096178

Uchida Y, Sugiura S, Nishita Y, Saji N, Sone M, Ueda H. Age-related
hearing loss and cognitive decline — the potential mechanisms linking
the two. Auris Nasus Larynx. 2019;46(1):1-9. doi:10.1016/j.anl.2018.
08.010

Eppinger B, Walter M, Heekeren H, Li SC. Of goals and habits: age-
related and individual differences in goal-directed decision-making.
Front Neurosci. 2013;7:253. doi:10.3389/fnins.2013.00253

Vikbladh OM, Meager MR, King J, et al. Hippocampal contributions to
model-based planning and spatial memory. Neuron. 2019;102(3):683-
693.d0i:10.1016/j.neuron.2019.02.014. .e4

Gillan CM, Kosinski M, Whelan R, Phelps EA, Daw ND. Characterizing
a psychiatric symptom dimension related to deficits in goal-directed
control. eLife. 2016;5:e11305. doi:10.7554/eLife.11305

Cardona M, Andrés P. Are social isolation and loneliness asso-
ciated with cognitive decline in ageing? Front Aging Neurosci.
2023;15:1075563.doi:10.3389/fnagi.2023.1075563

LaPlume AA, Anderson ND, McKetton L, Levine B, Troyer AK. When
I'm 64: age-related variability in over 40,000 online cognitive test
takers. J Gerontol Ser B. 2022;77(1):104-117. doi:10.1093/geronb/
ghab143

Huitfeldt A. Is caviar a risk factor for being a millionaire? BMJ.
2016;355:i6536.d0oi:10.1136/bmj.i6536

Capron L. What's in a risk factor? “He who strikes the ball.”. Diabetes
Metab. 2003;29(1):6-13.d0i:10.1016/51262-3636(07)70001-0
Courtin E, Nafilyan V, Glymour M, et al. Long-term effects of com-
pulsory schooling on physical, mental and cognitive ageing: a natu-
ral experiment. J Epidemiol Community Health. 2019;73(4):370-376.
doi:10.1136/jech-2018-211746

Kuzma E, Hannon E, Zhou A, et al. Which risk factors causally influence
dementia? A systematic review of mendelian randomization studies. J
Alzheimer’s Dis . 2018;64(1):181-193. doi: 10.3233/JAD- 180013

Desai R, John A, Saunders R, et al. Examining the Lancet Commission
risk factors for dementia using Mendelian randomisation. BMJ Ment
Health. 2023;26(1):e300555. doi:10.1136/bmjment-2022-300555
Seblova D, Fischer M, Fors S, et al. Does prolonged education causally
affect dementia risk when adult socioeconomic status is not altered? A
Swedish natural experiment in 1.3 million individuals. Am J Epidemiol.
2021;190(5):817-826.doi:10.1093/aje/kwaa255

Mogle JA, Hill N, McDermott C. Subjective memory in a national sam-
ple: predicting psychological well-being. Gerontology. 2017;63(5):460-
468.doi:10.1159/000466691

Ponds RW, Van Boxtel M, Jolles J. Age-related changes in subjective
cognitive functioning. Educ Gerontol . 2010;26(1):67-81. doi:10.1080/
036012700267402

Stone AA, Schneider S, Smyth JM, et al. A population-based inves-
tigation of participation rate and self-selection bias in momentary


https://doi.org/10.1093/geronb/gbad029
https://doi.org/10.1093/geronb/gbad029
https://doi.org/10.3389/fneur.2021.772836
https://doi.org/10.1038/s44271-023-00031-y
https://doi.org/10.1038/s41398-022-02237-w
https://doi.org/10.1038/s41398-022-02237-w
https://doi.org/10.1080/13803395.2021.2021645
https://doi.org/10.1093/brain/awq148
https://doi.org/10.1038/nprot.2006.390
https://doi.org/10.1038/nprot.2006.390
https://doi.org/10.1017/S1355617711000361
https://doi.org/10.1016/S0887-6177(03)00039-8
https://doi.org/10.1016/j.neuron.2011.02.027
https://doi.org/10.1136/bmjopen-2012-001893
https://doi.org/10.1016/j.jalz.2018.06.3061
https://doi.org/10.1016/j.jalz.2018.06.3061
https://doi.org/10.14283/jpad.2022.81
https://doi.org/10.1002/ajmg.b.32399
https://doi.org/10.1037/0278-6133.19.6.586
https://doi.org/10.1177/014662167700100306
https://doi.org/10.1177/014662167700100306
https://doi.org/10.1207/s15327752jpa4203_11
https://doi.org/10.1207/s15327752jpa4203_11
https://doi.org/10.1097/00003727-198811000-00008
https://doi.org/10.1097/00003727-198811000-00008
https://doi.org/10.1044/2021_AJA-21-00138
https://doi.org/10.1044/2021_AJA-21-00138
https://doi.org/10.14288/hfjc.v4i1.82
https://www.R-project.org/
https://doi.org/10.1002/sim.3107
https://doi.org/10.1037/a0017216
https://doi.org/10.3389/fpsyg.2023.1096178
https://doi.org/10.1016/j.anl.2018.08.010
https://doi.org/10.1016/j.anl.2018.08.010
https://doi.org/10.3389/fnins.2013.00253
https://doi.org/10.1016/j.neuron.2019.02.014
https://doi.org/10.7554/eLife.11305
https://doi.org/10.3389/fnagi.2023.1075563
https://doi.org/10.1093/geronb/gbab143
https://doi.org/10.1093/geronb/gbab143
https://doi.org/10.1136/bmj.i6536
https://doi.org/10.1016/S1262-3636(07)70001-0
https://doi.org/10.1136/jech-2018-211746
https://doi.org/10.3233/JAD-180013
https://doi.org/10.1136/bmjment-2022-300555
https://doi.org/10.1093/aje/kwaa255
https://doi.org/10.1159/000466691
https://doi.org/10.1080/036012700267402
https://doi.org/10.1080/036012700267402

as2 | Alzheimer’s & Dementia

77.

78.

79.

80.

ROSICKAET AL.

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

data capture and survey studies. Curr Psychol. 2024,;43(3):2074-2090.
doi:10.1007/512144-023-04426-2

Coutrot A, Silva R, Manley E, et al. Global determinants of navigation
ability. Curr Biol. 2018;28(17):2861-2866. doi:10.1016/j.cub.2018.06.
009..e4

Muniz-Terrera G, Watermeyer T, Danso S, Ritchie C. Mobile cogni-
tive testing: opportunities for aging and neurodegeneration research
in low- and middle-income countries. J Glob Health. 2019;9(2):020313.
doi:10.7189/jogh.09.020313

Park DC, Lautenschlager G, Hedden T, Davidson NS, Smith AD, Smith
PK. Models of visuospatial and verbal memory across the adult life
span. Psychol Aging. 2002;17(2):299-320.

Marinelli JP, Lohse CM, Fussell WL, et al. Association between hearing
loss and development of dementia using formal behavioural audiomet-
ric testing within the Mayo Clinic Study of Aging (MCSA): a prospec-
tive population-based study. Lancet Healthy Longev. 2022;3(12):e817-
€824.doi:10.1016/52666-7568(22)00241-0

81. Santamaria-Garcia H, Sainz-Ballesteros A, Hernandez H, et al. Factors
associated with healthy aging in Latin American populations. Nat Med.
2023;29(9):2248-2258.d0i:10.1038/541591-023-02495-1

SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Rosicka AM, Teckentrup V, Fittipaldi
S, et al. Modifiable dementia risk factors associated with
objective and subjective cognition. Alzheimer’s Dement.
2024;20:7437-7452. https://doi.org/10.1002/alz.13885


https://doi.org/10.1007/s12144-023-04426-2
https://doi.org/10.1016/j.cub.2018.06.009
https://doi.org/10.1016/j.cub.2018.06.009
https://doi.org/10.7189/jogh.09.020313
https://doi.org/10.1016/S2666-7568(22)00241-0
https://doi.org/10.1038/s41591-023-02495-1
https://doi.org/10.1002/alz.13885

	Modifiable dementia risk factors associated with objective and subjective cognition
	Abstract
	1 | BACKGROUND
	2 | METHODS
	2.1 | Participants
	2.2 | Procedure
	2.3 | Measures
	2.3.1 | Visual working memory
	2.3.2 | Cognitive flexibility
	2.3.3 | Model-based planning
	2.3.4 | Subjective memory problems
	2.3.5 | Risk factors for dementia

	2.4 | Data analysis
	2.4.1 | Data preparation
	2.4.2 | Primary analysis
	2.4.3 | Secondary analyses


	3 | RESULTS
	3.1 | Descriptive and demographic analyses
	3.2 | Risk factors and cognition
	3.3 | Comparison of effect magnitude for subjective versus objective cognition
	3.4 | Depression-adjusted analyses
	3.5 | Interactions between age and risk factors

	4 | DISCUSSION
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	CONSENT STATEMENT
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


