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1 | BACKGROUND
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Nicole D. Anderson’?3 |

Abstract

Introduction: More women than men develop Alzheimer’s disease, yet women perform
better and show less decline on episodic memory measures, a contradiction that may
be accounted for by modifiable risk factors for dementia.

Methods: Associations among age, sex, modifiable dementia risk factors, and cognition
were measured in a cross-sectional online sample (n = 21,840, ages 18 to 89).

Results: Across four tests of associative memory and executive functions, only a Face-
Name Association task revealed sex differences in associative memory that varied by
age. Men had worse memory than women (the equivalent of performing similar to
someone 4 years older) across ages. Men had larger age differences than women (ie,
worse memory in older ages) among people with no to one risk factor, but not those
with multiple risk factors.

Discussion: Because the relationship between dementia risk factors and age-related
memory differences varies between men and women, sex-specific dementia preven-

tion approaches are warranted.

The memory advantage in women suggests that sex alone does not

account for the higher risk of dementia in women. Therefore, a crit-

There is a need to study sex differences in dementia risk, given find-
ings that women are more likely than men to develop Alzheimer’s
disease,1"% although these differences vary across populations.*° The
higher prevalence of Alzheimer’s disease in women is contradicted by
findings of better memory for events (episodic memory) in women
compared to men®” and less age-related memory decline,®~11 despite
greater episodic memory impairment than normal being a potential
precursor to and a defining feature of Alzheimer’s disease.'? By con-
trast, no consistent sex differences occur in the decline of other cogni-
tive abilities impacted by Alzheimer’s disease.1314 This female memory
advantage extends to mild cognitive impairment, a pre-clinical stage of
Alzheimer’s disease,'® but not to Alzheimer’s disease itself.'®

ical question toward understanding sex-based differences in demen-
tia etiology is the extent to which other risk factors interact with
sex to explain the difference in memory decline, and subsequently in
dementia. Accumulating evidence has established that several modifi-
able lifestyle behaviors are associated with greater cognitive decline
and the likelihood of dementia in later life, and collectively account for
40% of dementias worldwide.1”-1® Many of these modifiable risk fac-
tors vary by sex, leading to growing interest in how modifiable risk fac-
tors may explain sex differences in cognitive decline.

Past work shows that individual modifiable risk factors can dif-
ferentially influence cognitive decline and risk of dementia in men

and women. In women, hypertension® and low education!? are
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associated with greater episodic memory decline, and hypertension
increases the likelihood of dementia.2%-22 Diabetes is associated with
greater cognitive impairment in women,?® and smoking is associated
with greater episodic memory decline in men,®242> but both factors
have no sex-specific effects on general cognitive decline or dementia
likelihood.?22¢ Depression is associated with greater cognitive decline

2728 and in men in others.®

and dementia in women in some studies,
However, newer research increasingly recommends studying com-
bined rather than individual risk-factor effects, based on findings that
age-related disease works in a cumulative manner, such that each fac-
tor in the aggregate may be strongly associated with dementia even
when some individual factors do not have a significant effect on cog-
nitive decline.2-30

Studies of combined factors show that each additional modifiable

29-32 and episodic memory,33

risk factor lowers cognitive performance
regardless of the type of risk factor (a dose-response effect). A cumu-
lative approach also accounts for overlapping effects among individual
factors.17:18 Based on this evidence, in the current study, we explore
the novel interaction of sex and combined modifiable risk factors on
cognitive performance over the adult lifespan. Studies have confirmed
effects of both sex and modifiable risk factors on cognition over the
lifespan; what remains to be considered is the synergistic impact of
these factors.

We examine the interactive effects using an existing web-based data
set,3* collected using an online cognitive assessment designed for sen-
sitivity to aging and age-associated cognitive disorders.3> The assess-
ment was developed to be suitable for older adults, and was psycho-
metrically validated in clinical®® and non-clinical®> samples, showing
acceptable internal consistency, test-retest reliability, alternate ver-
sion reliability, convergent validity compared to traditional neuropsy-
chological tests of the same constructs, and diagnostic validity for mild
cognitive impairment.

We use a lifespan sample, as emerging consensus recommends a
life-course perspective for modifiable risk factors, based on evidence
that modifiable risk factors accumulate over life to influence likelihood
of dementia later in life.1”-18 Similarly, the negative dose-response
association between combined modifiable risk factors and cognition
increases over the adult lifespan.32 A life-course perspective is espe-
cially relevant to the interaction between sex and modifiable risk fac-
tors, as sex differences in risk-factor prevalence vary with age (eg, dia-
betes and hypertension are more common in men in mid-adulthood,
but equal or more common in women after menopause or in older
adulthood?>:37:38) | as does the interaction between sex and individual
risk factors on cognition.37:2°

Our aims were to (1) characterize sex differences in the number and
type of modifiable risk factors at different age periods and (2) test if sex,
the number of modifiable risk factors, and cross-sectional age differ-
ences interact to influence cognitive abilities impacted in Alzheimer’s
disease (specifically, interference control, set shifting, working mem-
ory, and associative memory). We predicted that sex and modifiable
risk factors would interact to influence cognitive performance between

ages, specifically on associative memory.

RESEARCH IN CONTEXT

1. Systematic review: Online databases were searched
for articles on sex differences, (cumulative) modifiable
risk factors for dementia, or their interaction, on cog-
nition/memory or age-related/lifespan cognitive decline.
Articles were reviewed to gain insights into independent
and synergistic effects of sex and modifiable risk factors
on cognition and cognitive decline.

2. Interpretation: Our findings indicate an interaction
between previously demonstrated sex differences and
modifiable risk factor cumulative effects on cognition,
indicating a higher vulnerability in women than men to
the adverse cognitive impact of accumulating risk factors.

3. Future directions: The findings can be used toward sex-
related precision targeting of modifiable risk factors.
This research highlights the need to integrate previ-
ously independent fields of sex differences and modifi-
able risk factors to understand the progression of prodro-
mal Alzheimer’s disease and promote healthy brain aging.
Future work is needed on (1) objectively measured mod-
ifiable risk factors, (2) longitudinal effects of sex, modi-
fiable risk factors, and age, and (3) mechanisms for the
interaction between sex and modifiable risk factors.

2 | METHODS

2.1 | Participants

We used data collected from 2016 to 2019 in an existing web-based
sample.3* Refer to Figure 1 for data exclusions and cleaning. Data were
cleaned with between-subject iterative trimming per age, sex, and cog-
nitive task, using a recursive moving criterion for the standard devia-
tion (SD) based on the sample size.3? Extensive data cleaning is needed
for online data, especially when not directly collected for a study, to
account for low quality or inaccurate recordings.*® The final sample
was n = 21,840 (age range = 18 to 89, mean = 64 years, SD = 12; 6620
male, mean age = 64, SD = 13; 15,220 female, mean age = 65,SD = 12).

2.2 | Online assessment

Participants completed a free web-based assessment in their homes
(Cogniciti’s Brain Health Assessment, www.cogniciti.com). The assess-
ment consists of a background questionnaire (self-reported age, sex,
level of education, and specific health conditions) and four cogni-
tive tasks administered in the following order: (1) a Spatial Working
Memory task, measured as the number of clicks to recall locations

of six shape pairs over two trials; (2) a Face-Name Association task,
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Online test completions (7 = 93,363)
Excluded (n=55,544)
» - Subsequent completions by same person (1 = 20,687)
- Refreshed page during task (= 113)
- Incomplete data or technical issues during data
recording (n = 15,541)
- Unclassifiable demographic information (n = 26)
- Health conditions that influence cognition (n = 6,442)
- Outside age range of 18-90 (n = 564)
- Seemingly inaccurate age reported (n=12,171)
A 4
Eligible participants (» = 37,819)
»| Excluded (n=15,979)
- Outliers during cognitive data cleaning (» = 15,979)
Final sample for
analysis (n =21,840)
FIGURE 1 Flowchart showing exclusions and data cleaning

measured as correctly recognized face and name pairs; (3) a number-
word Stroop task of processing speed and interference control, mea-
sured as the response time when counting words for incongruent stim-
uli (eg, “three three”); and (4) a Letter-Number Alternation task, an
online version of the Trails B set shifting task, measured as the total
completion time to click alternating numbers and letters in ascend-
ing order (details on task development and validation are provided
elsewhere®?).

Associative recognition memory was calculated from accuracy data
on the Face-Name Association task. Process dissociation logic*! was
used to parse memory for individual items (item recognition memory)
from memory for items and their associations (associative recognition
memory), by comparing hits for intact face-name pairs to recombined
pairs (for details on this procedure®?).

2.3 | Modifiable risk factors
Eight self-reported modifiable risk factors were measured: low edu-
cation, hearing loss, traumatic brain injury (TBI), alcohol or substance
abuse, hypertension, smoking, diabetes, and depression. Based on pre-
vious research,® low education was classified as less than completion
of high school, and smoking was classified as being a smoker currently
orinthe past 1to 4 years.

Composite risk scores were calculated as the total number of risk
factors a person reported (O to 8) and a risk amount adjusted for vari-

ance shared among risk factors (range O to 1). Adjusted risk amount was

calculated by multiplying the relative effect of each risk factor (the pop-
ulation attributable fraction for each risk factor from the life-course
model?8), divided by the total population attributable fraction.

2.4 | Statistical analyses

Analyses were conducted with the R language and environment for
statistical computing. Statistical test results were interpreted along-
side effect sizes, because large sample sizes can produce low p-values
regardless of their theoretical or practical importance.

Prevalence was measured as the percentage of each risk factor and
the total risk factors per age period. For prevalence estimates, ages
were grouped into young adults (ages 18 to 44, n = 1448), middle-
aged adults (ages 45 to 65, n = 8737), and older adults (ages 66 to
89, n = 11,655), based on the life-course model for modifiable risk
factors.!® Chi-square tests were used to test for sex differences in the
frequency of each risk factor per sex and age period.

The interaction of sex and modifiable risk factors on cognition with
age was measured using quadratic regression models regressing cogni-
tive performance for each task on age (linear and polynomial terms),
sex, and composite risk score (either total risk factors or adjusted
risk amount) on cognitive performance. Polynomial models were used
because our previous analysis of this data set indicated curvature in
the relationship between age and cognition over the adult lifespan.3*
Continuous predictors (age and total risk) were mean-centered so that

coefficient estimates could be meaningfully interpreted.1? All variables
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FIGURE 2 Prevalence (% frequency) of total risk factors per age

period per sex

of interest were included in the final model to estimate the unique
effect of each variable after accounting for any correlations among
variables. To account for uneven sample sizes across ages, sex, and risk
factors, regression analyses were weighted by an inverse of the sam-

ple size per age, sex, and risk amount. To ensure reliability of obtained

results, risk amounts were also removed from regression analyses if
there were fewer than 25 people for that amount per age decade, sex,
and number of risk factors (ie, over four risk factors for all ages, over
two risk factors for ages 18 to 50, and over three risk factors for ages
80to89;n=94).

3 | RESULTS

3.1 | Prevalence of risk factors by sex

The number of risk factors increased with age. Women had fewer
risk factors than men for all age periods (Figure 2). Chi-square tests
revealed significant differences and medium effect sizes*? in the dis-
tribution of individual risk factors between sexes for young adults,
){2(7, N = 1448) = 24.3, p = 0.001, ¢.= 0.33, middle aged adults,
){2(7, N = 8737) = 136.1, p < 0.0001, .= 0.33, and older adults,
X2(7, N = 11,665) = 198.9, p < 0.0001, ¢.= 0.34 (Figure 3). Post
hoc Pearson residual analyses revealed that significant differences
were driven by different risk factors per age group (all p's < 0.05).
In young adults, smoking was more common in men. In middle-aged
adults, hearing loss and substance abuse were more common in
men. In older adults, diabetes, hearing loss, smoking, and substance
abuse were more common in men, and hypertension was more com-
mon in women. Depression was more common in women at all age

periods.

Male [|

Female

Low education
Hypertension -
Hearing loss -
Substance abuse
TBI

Smoking
Depression
Diabetes

Low education
Hypertension 1
Hearing loss -
Substance abuse A
TBIA

Smoking
Depression
Diabetes 1

Risk Factor

Low education
Hypertension 1
Hearing loss T
Substance abuse 1
TBIT

Smoking 1
Depression -
Diabetes

Young
adults
(18-44)

Sex

. Male

. Female

Middle-aged
adults
(45-65)

Older
adults
(66-89)

10 20 30 40 O

o 4

10 20 30 40

Percentage (%)

FIGURE 3 Prevalence (% frequency) of individual risk factors per age period per sex
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TABLE 1 Regression estimates for age, sex, and total risk factors
on the Face-Name Association task

B SE t p

Age -0.88 002 -600 <0.0001***
Age? -0.01 0.0005 -25.9 <0.0001***
Total risk factors -332 021 —-160  <0.0001***
Sex 3.64 044 845 <0.0001***
Age x Sex 0.09 0.02 449 <0.0001***
Age x Total risk factors 0.06 0.01 4.64 <0.0001***
Sex x Total risk factors 045 0.28 1.60 0.11

Age X Sex x Total risk factors —0.06 0.02 -3.75 0.0002**

***p<0.0001,**p<0.001,*p <0.05.

3.2 | Effect of total risk factors and sex on
age-related decline in cognition

The effects of age and risk factors were present on all cognitive tasks
(Details are provided elsewhere3?). Likewise, sex differences in cogni-
tive performance and age by sex differences in cognitive performance
were found for all tasks, all p’'s < 0.0001. However, effect sizes were
minimal for all tasks except Face-Name Association, R? = 0.01 (a small
effect size**).

Quadratic regression revealed that age, sex, total risk factors, and
their interactions explained a significant amount of the variance in the
associative recognition rate on the Face-Name Association task, F(8,
21697) = 775.9, p < 0.0001, with a medium effect size, R2 =0.22
(Table 1 and Figure 4). The complete model had main effects of age,
sex, and total risk factors. Across participants, each year of age was
associated with a drop in associative recognition rates (b = -0.9). Each
additional risk factor was associated with a lowering in associative
recognition rates equivalent to three and half years of aging (the main
effect of total risk factors, b = -3.3, is over three and half times larger
than the main effect of age, b = -0.9). Being male was also associ-
ated with lower associative recognition rates equivalent to 4 years of
aging.

Main effects were qualified by significant two-way interactions of
age and sex (worse performance in men as age increased), and of age
and total risk factors (worse performance for each additional risk fac-
tor as age increased), although both of these were qualified by a three-
way interaction between age, sex, and total risk factors. Post hoc simple
slopes analyses revealed a stronger negative effect of age on perfor-
mance in men (8 =-0.9, SE = 0.02) than in woman (8 = -0.8, SE = 0.02),
p < 0.0001, but these sex differences were moderated by the num-
ber of risk factors. Among those with no or one risk factor, men had
a significantly stronger negative effect of age on performance com-
pared to women (8 = -0.6, SE = 0.03 for men, and 8 = -0.5, SE = 0.02
for women, p < 0.001; and 8 = -0.5, SE = 0.03 for men, and 8 = -0.9,
SE =0.03for women, p < 0.001; respectively). By contrast,among those
with two, three, or four modifiable risk factors, the negative effect of
age on performance did not differ between men and women (8 = -0.5,
SE = 0.03 for men, and 8 = -0.5, SE = 0.03 for women, p > 0.05; 8 = -

Disease Monitoring

Male Female

N
(6]

Associative Recognition Rate (%)
(6]
o

20 30 40 50 60 70 80 90 20 30 40 50 60 70 80 90

Age
Total risk factors Total risk factors
- 0 - 0
- 1 - 1
B 2 - 2
- 3 = 3
4 4

FIGURE 4 Dose-response association of total risk factors and age
per sex on a face-name associative recognition task. Note. Each dot
shows the mean performance per number of risk factors. The lines
show fitted polynomial curves. The gray shading around the curves
indicates a 95% confidence interval envelope. Smaller scores indicate
worse performance on the Face-Name Association task

0.8, SE = 0.06 for men, and 8 = -1.0, SE = 0.06 for women, p > 0.05;
and 8 = -1.0, SE = 0.1 for men, and § = -1.0, SE = 0.1 for women,
p > 0.05; respectively). Thus, the cumulative effect of multiple modi-
fiable risk factors on age-related cognitive decline, compared to none
or one, was significantly larger in women (A = 0.5, SE = 0.11) than
men (AB = 0.4, SE = 0.11), p < 0.0001. Similar results were found on
the Face-Name Association task for the adjusted risk amount, indi-
cating that the relationship persists after controlling for shared vari-
ance among risk factors (Figure S1). Quadratic regression revealed that
age (with linear and polynomial terms), sex, adjusted risk amount, and
their interactions, explained a significant amount of the variance in the
associative recognition rate on the Face-Name Association task, F(8,
21755) = 660.6, p < 0.0001, with a medium effect size, RZ2 = 0.20
(Table 2).

4 | DISCUSSION

Using an online adult lifespan sample, we found lower associative
recognition in older ages, with larger cross-sectional age differences in
men than women (the equivalent of performing similar to someone 3.5
years older), and in people with more modifiable risk factors (the equiv-
alent of performing similar to someone 4 years older). We also found a
novel small synergistic association between combined modifiable risk
factors and sex. Among those with no to one risk factor, men show
larger age differences in associative memory than women, but among

those with multiple risk factors, both men and women show the same
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TABLE 2 Regression estimates for age, sex, and adjusted risk
amount on the Face-Name Association task

B SE t p
Age -0.93 0.02 —-44.1  <0.0001***
Age? -0.01 0.0006 -215 <0.0001***
Adjusted risk amount -0.24 1.56 -15.1  <0.0001***
Sex 3.60 0.47 7.60 <0.0001***
Age x Sex 0.10 0.02 4.23 <0.0001***
Age x Adjusted risk amount 0.58 0.11 5.32 <0.0001**
Sex x Adjusted risk amount 7.27 2.07 3.52 0.0004**
Age X Sex x Adjusted risk —0.33 0.14 -239 0.017*
amount

***p < 0.0001, **p < 0.001, *p < 0.05.

age differences. Thus, although women have better memory than men
across all ages, and a smaller difference in associative memory in older
versus younger adults than men, the female memory advantage is not
found in individuals with multiple modifiable risk factors. This finding
was also evident after controlling for communality among risk factors.

The elimination of the female memory advantage is particularly
striking, as a larger than average episodic memory decline is a sign
of Alzheimer’s disease,'? and women are more likely than men to
have Alzheimer’s disease.!3 The higher rates of Alzheimer’s disease
in women were previously contradicted by the finding of less episodic
memory decline in women than men.®~1:25 We speculate that account-
ing for modifiable risk factors clarifies this contradiction. There is a
greater decrease in recognition rates across age from no to many risk
factors in women than men. The observed sex and modifiable risk fac-
torsinteraction may be at least partially explained by shifts in hormonal
levels with age (such as estrogen loss in menopause) possibly interact-
ing with modifiable risk factors.#>4¢

The interaction of sex with age was of a smaller magnitude than the
interaction of modifiable risk factors with age, which is encouraging,
because modifiable risk factors are changeable by definition, whereas
sex is not. People with many risk factors show the same negative asso-
ciation between age and associative memory regardless of sex. Thus,
modifiable risk factors must be studied in men and women alike, as both
sexes have an increased risk for developing Alzheimer’s disease as age
increases.*’

We found sex differences across age for associative recognition,
but not for interference control, set shifting, or spatial working mem-
ory. Our findings align with past observations of women outperform-
ing men and showing less age-related decline on episodic memory, but
not other cognitive abilities.’>1* Further work is needed to confirm our
findings using several cognitive measures per ability.

Future work could provide insights into Alzheimer’s disease preven-
tion by examining if sex also has protective effects with measured mod-
ifiable risk factors. For example, although low education and excess
alcohol consumption are risk factors for dementia,'® high education
and moderate alcohol consumption are more common in older adult
women who perform above normal cognitive performance for their

age.”

A limitation of the current study is the use of cross-sectional data.
Cohort effects may impact the observed effects, as age differences are
also confounded by different life experiences and exposure to risk fac-
tors between participants.*8-°0 Cross-sectional data can also overesti-
mate cognitive decline in women but not men when compared to lon-
gitudinal data.”® These sex differences have been attributed to possi-
ble cohort differences in risk factors such as education.*® Accounting
for these risk factors in our study may help control for some cohort
effects. Indeed, our findings extend past results by showing that sex dif-
ferences in memory depend on the presence of modifiable risk factors.
In addition to cohort effects, aging effects from cross-sectional lifes-
pan studies are not always found in longitudinal lifespan comparison
studies from ages 20 to 60, but effects after age 60 are similar for both
approaches.*? Thus, our findings are more likely to generalize for indi-
viduals older than age 60.

Using a self-administered online assessment enabled the collection
of a large sample of different ages. However, the sample is limited
to people who had web literacy and access to a computer and Inter-
net connection. On the other hand, online testing is more accessible
than in-person testing, and thus may have recruited lower function-
ing individuals who lack the capability to visit a testing location, as
well as higher functioning individuals who are too busy to visit a test-
ing location.*8*? The sample was mostly North American (37% from
Canada, 20% United States of America, 2% United Kingdom, 2% Other,
and 39% not reported); hence results may not generalize outside of this
continent.

In addition, a representative population sample is needed to con-
firm the sex differences in prevalence of individual modifiable risk fac-
tors. However, our findings align with published work on depression
and late-life hypertension being more common in women, and smok-
ing and substance abuse being more common in men.232037 The differ-
ent prevalence of factors in men versus women suggests that primary
prevention messages could be tailored towards sex-specific common
factors.

The prevalence of modifiable risk factors is independent of their
influence on cognitive decline. Men had more risk factors than women
(a large effect size), but the association among risk factors, age, and
memory was larger in women (a small effect size). Similarly, past work
shows a factor could occur more frequently in men but have a larger
impact in women (eg, midlife hypertension?1), or a factor could occur
with equal frequency in men and women but have a stronger effect
in women (such as apolipoprotein E [APOE] genotype, or amyloid beta
burden [AB]*).

A limitation was that modifiable risk factors were self-reported,
although the obtained prevalence estimates align with previously pub-
lished work of low risk factor prevalence in healthy adults.?! The
sample had few risk factors, so it is notable that these findings are
demonstrated even in a relatively healthy sample. The current correla-
tional findings do not allow us to determine the direction of the effect
between modifiable risk factors and cognition. Although a review of
past longitudinal work has confirmed causal effects between combined
risk factors and cognitive impacts,2? similar work would be needed to

draw causal conclusions regarding the present findings. Longitudinal
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studies also have limitations, such as attrition and practice effects; thus
acombination of both approaches is ideal.

Modifiable risk factors in the current study were selected using an
evidence-based model of dementia risk factors.'® Several other risk
factors have been linked to dementia, such as diet and sleep distur-
bances, but these were not included in the model as they lack strong or
consistent evidence.!® The life-course model also includes other con-
tributing factors such as physical and social isolation, but data on these
factors were not acquired in the current investigation.

Sex is a key variable in explaining the heterogeneity of Alzheimer*s
disease and developing a precision medicine approach.?” Because sex
is not modifiable, considering how it interacts with modifiable risk fac-
tors will help target early prevention and treatment of Alzheimer’s dis-
ease. Our findings align with existing recommendations to keep risk
factors to a minimum, and avoid accumulation of new risk factors.2%:30
The observed novel synergistic association of sex differences and mod-
ifiable risk factors on age-related decline in associative memory under-
scores the preventative importance of modifying lifestyle behaviors

linked to dementia in both women and men.
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