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Abstract
Background and Objectives
The association between vascular risk factors and dementia varies with age, making general-
izability of dementia risk prediction rules to individuals of different ages challenging. We
determined the most important vascular risk factors for inclusion in age-specific dementia risk
scores.

Methods
Framingham Heart Study Original and Offspring cohort participants with available data on the
Framingham Stroke Risk Profile (FSRP) at midlife (age 55; n = 4,899, 57% women), late life
(ages 65 or 70), or later life (ages 75 or 80 [n = 2,386, 62% women]) were followed for 10-year
incident dementia risk from ages 65, 70, 75, and 80.

Results
Age- and sex-adjusted midlife risk factors associated with 10-year risk of dementia from age 65
included FSRP (hazard ratio [HR] 1.16, 95% CI 1.06–1.26, per 1 SD increment in log-
transformed score), diabetes mellitus (DM; HR 4.31, 95% CI 1.97–9.43), and systolic blood
pressure (SBP; HR 1.12, 95% CI 1.02–1.24, per 10 mm Hg increment). Late-life risk factors
associated with 10-year incident dementia from ages 65 or 70 included FSRP (age 65 only: HR
1.06, 95% CI 1.02–1.10), antihypertensive use (age 65 reported: HR 1.66, 95% CI 1.12–2.46),
DM (age 65 reported: HR 1.96, 95% CI 1.09–3.52), atrial fibrillation (age 65 reported: HR
2.30, 95% CI 1.00–5.27), nonstroke cardiovascular disease (nsCVD; age 65 reported: HR 1.95,
95% CI 1.24–3.07), and stroke (age 70 only: HR 3.61, 95% CI 2.21–5.92). Later-life risk factors
associated with 10-year incident dementia from ages 75 or 80 included antihypertensive use
(age 80 only: HR 0.74, 95% CI 0.62–0.89), DM (age 80 reported: HR 1.40, 95% CI 1.04–1.89),
atrial fibrillation (age 80 reported: HR 1.43, 95% CI 1.07–1.92), and stroke (age 80 reported:
HR 1.63, 95%CI 1.13–2.35). In stepwise models, SBP andDM at age 55, nsCVD at age 65, DM
and stroke at ages 70 and 75, and DM, stroke, and use of antihypertensives (protective) at age
80 were the most important vascular risk factors for dementia.

Discussion
Our findings support the use of age-specific dementia risk scores, which should prioritize
including, at age 55, SBP and DM; at age 65, nsCVD; at ages 70 and 75, DM and stroke; and at
age 80, DM, stroke, and antihypertensive use.
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Accurately predicting an individual’s future risk of dementia
can inform individual approaches to risk factor and lifestyle
modification to help reduce disease risk. Vascular risk factors,
such as hypertension and diabetes mellitus (DM), are im-
portant modifiable determinants of dementia and a core
component of dementia risk prediction rules.1-4 However, the
association between vascular risk factors and dementia is often
complex, nonlinear, and can vary with age, making the de-
velopment of generalizable dementia risk prediction rules for
individuals of differing ages challenging. For example, al-
though early to midlife obesity has been associated with in-
creased late-life dementia risk, lower body mass index in later
life is a marker of increased dementia risk, likely due to reverse
causality.5 Moreover, elevated blood pressure in mid- and
early late life has been associated with increased dementia risk,
but lower blood pressures in later life appear to be harmful to
cognition.6 Current dementia risk prediction rules1-3 typically
have been developed within narrowly defined age ranges and
resultant risk estimates may not be generalizable to individuals
outside of these ranges. In order to develop simple and ac-
curate age-specific clinical prediction rules for dementia, we
require a better understanding of the association between
vascular risk factors and dementia across mid- to later life.

The Framingham Stroke Risk Profile (FSRP) was developed
and validated for predicting 10-year stroke risk among indi-
viduals ≥55 years of age.7 The FSRP has also been associated
with brain atrophy and cognitive decline in a community-
based setting.8-10 However, it is unknown whether the FSRP
is predictive of dementia risk across mid- to later life or if the
association between component vascular risk factors and in-
cident dementia varies with age. We determined the associa-
tion between the FSRP and its components at 5 time points
across mid- to later life and 10-year risk of incident dementia
and identified the most important vascular predictors for in-
clusion in age-specific dementia risk scores.

Methods
Study Sample
We included Framingham Heart Study (FHS) Original (en-
rolled in 1948) and Offspring cohort (enrolled in 1971)
participants who have been longitudinally followed for the
development of vascular risk factors, stroke, and dementia.11

Participants are examined biennially to quadrennially from
the time of cohort enrollment. In the present investigation, we
included participants with available data on dementia status
on follow-up and risk factor data at any of 5 a priori defined

timepoints across midlife (designated as age 55), late life (ages
65 or 70), and later life (ages 75 or 80 years). Individuals were
eligible for inclusion at the index age if they attended an FHS
examination within 2.5 years of the index age.We commenced
10-year dementia follow-up from each of the index ages, with
the exception of age 55, fromwhich we commenced follow-up
from age 65 due to the negligible number of dementia cases
prior to age 65 in our cohort (eFigure 1, links.lww.com/
WNL/B986, participant flow diagram).

Standard Protocol Approvals, Registrations,
and Patient Consents
All participants provided written informed consent before
taking part in this study and the study protocols and consent
forms were approved by the Boston University Medical
Center Institutional Review Board (H-33395).

Outcome Measure
The primary outcome was incident all-cause dementia, di-
agnosed in accordance with DSM-IV criteria.12 The Original
cohort participants were initially screened with a cognitive
battery in 1975 and were subsequently screened for dementia
at every examination visit from 1981 via the Mini-Mental State
Examination (MMSE). Any participant with a score below
prespecified education-based cutoffs, 3 points lower than the
preceding examination, or 5 points lower than the participant’s
previous highest recorded score is flagged for more compre-
hensive neuropsychological testing. In addition to this, if con-
cern for cognitive impairment was raised by a participant, by a
participant’s family member (e.g., concern for cognitive decline
or functional decline potentially related to cognitive impair-
ment), or by the FHS physician completing the examination
visit, regardless of theMMSE score, the participant was referred
for more comprehensive neuropsychological testing.13 The
Offspring cohort participants have undergone similar moni-
toring at each examination visit via the MMSE since 1991, as
well as undergoing a more extensive neuropsychological test
battery at every examination visit since 1999. Participants with
suspected cognitive impairment who do not meet diagnostic
criteria for dementia undergo additional annual neuro-
psychological assessments between the scheduled examina-
tions. Participants flagged for possible cognitive impairment or
dementia on this testing are subsequently evaluated by a neu-
rologist. A diagnosis of dementia is based on a review of all
available neurologic examination records, neuropsychological
assessments, neuroimaging investigations, hospital/nursing
home/outpatient clinic records, family interviews, and au-
topsy results (when available) by a dementia review committee
that includes a minimum of one neuropsychologist and a

Glossary
AF = atrial fibrillation; AUC = area under the curve; CVD = cardiovascular disease; DM = diabetes mellitus; DSM-IV =
Diagnostic and Statistical Manual of Mental Disorders, 4th edition; FDR = false discovery rate; FHS = Framingham Heart
Study; FSRP = Framingham Stroke Risk Profile; HR = hazard ratio; MMSE = Mini-Mental State Examination; nsCVD =
nonstroke cardiovascular disease; PGRS = polygenic risk score; SBP = systolic blood pressure.

Neurology.org/N Neurology | Volume 99, Number 2 | July 12, 2022 e143

Copyright © 2022 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

http://links.lww.com/WNL/B986
http://links.lww.com/WNL/B986
http://neurology.org/n


neurologist. If a participant dies or does not attend further
follow-up, the dementia review committee reviews medical
records up to the time of death/loss to follow-up, to ascertain if
the participant may have developed interval cognitive
impairment/dementia since the last study examination. Further
details on surveillance procedures have been published.14,15

Covariates
We measured individual FSRP components, namely age, sex,
systolic blood pressure (SBP), antihypertensive use, prevalent
cardiovascular disease (CVD), current smoking, history of
atrial fibrillation (AF), and DM, and calculated the FSRP
score at each index age. We included a polygenic risk score
(PGRS) for dementia based on important risk loci for Alz-
heimer disease dementia.16 Risk factors were measured at
midlife (age 55) and at each of ages 65, 70, 75, and 80 years.
SBP was defined as the mean of 2 physician-recorded mea-
surements performed in the seated position from the partic-
ipant’s left arm. Antihypertensive medication use was self-
reported and verified using prescription data and pill bottles
when available. CVD included peripheral vascular disease
(including intermittent claudication), coronary artery disease
(including coronary insufficiency, angina pectoris, and myo-
cardial infarction), cerebrovascular disease (including stroke),
and congestive heart failure. We separated CVD into stroke
and nonstroke CVD (nsCVD) to determine their individual
contributions to dementia. Current smoking was defined as
participant self-reported smoking within the previous 12
months at the time of risk factor measurement. AF was di-
agnosed via ECG by an FHS cardiologist. DMwas defined as a
fasting blood glucose ≥7 mmol/L, random blood glucose

≥11.1 mmol/L, or use of insulin or oral hypoglycemic
medications.

Statistical Analysis
For our primary analysis, we included individuals with data
available for any of the listed vascular risk factors at each index
age and used age- and sex-adjusted Cox proportional hazards
models to estimate the association between the FSRP and its
individual components and 10-year risk of incident dementia
starting from age 65. We completed a sensitivity analysis using
a false discovery rate (FDR) correction of 35 accounting for 7
individual predictor variables for one outcome measured at 5
time points. We also completed a sensitivity analysis addi-
tionally adjusting for level of education (self-reported by
participants and categorized as no high school degree, high
school degree but no college degree, and college degree or
higher).

In secondary analyses, we included individuals with data
available for all listed vascular risk factors at the relevant index
age and excluded individuals with missing data for any of the
listed risk factors at that index age. To minimize the risk of
sampling bias, we did not require individuals to have risk
factor data available at every index age. We used multivariable
adjusted Cox proportional hazards models to estimate the
association between the FSRP component risk factors and 10-
year risk of incident dementia starting from age 65, adjusting
for (1) age, sex, and the remaining FSRP components; and
(2) age, sex, the remaining FSRP components, and a PGRS
for dementia in those with available genetic risk score data.
We assessed model discrimination using area under the curve

Table 1 Prevalence of Vascular Risk Factors at Midlife (Age 55), Late Life (Ages 65 and 70), and Later Life (Ages 75 and 80)

Age 55 (n = 4,899) Age 65 (n = 5,511) Age 70 (n = 4,588) Age 75 (n = 3,496) Age 80 (n = 2,386)

Women 2,801/4,899 (57.17) 3,136/5,511 (56.90) 2,638/4,588 (57.50) 2044/3,496 (58.47) 1,482/2,386 (62.11)

FSRP, n 3,735 4,865 4,114 3,112 1993

Mean (SD) 1.64 (1.72) 4.46 (3.81) 7.35 (4.50) 10.81 (6.18) 15.76 (8.62)

Antihypertensives 597/4,288 (13.92) 1703/5,382 (31.64) 1777/4,521 (39.31) 1,623/3,437 (47.22) 1,205/2,351 (51.25)

SBP, n 4,898 5,506 4,582 3,490 2,359

Mean (SD), mm Hg 131.03 (18.98) 135.81 (20.01) 138.31 (20.35) 141.05 (20.73) 142.61 (21.38)

Smoking 1,387/4,392 (31.58) 1,031/5,274 (19.55) 632/4,424 (14.29) 334/3,395 (9.84) 170/2,325 (7.31)

Diabetes mellitus 151/4,282 (3.53) 426/5,069 (8.40) 462/4,265 (10.83) 351/3,217 (10.91) 258/2056 (12.55)

Atrial fibrillation 30/4,899 (0.61) 171/5,511 (3.10) 240/4,588 (5.23) 275/3,496 (7.87) 268/2,386 (11.23)

Stroke 30/4,899 (0.61) 91/5,511 (1.65) 121/4,588 (2.64) 147/3,496 (4.20) 143/2,386 (5.99)

CVD (nonstroke) 251/4,899 (5.12) 810/5,511 (14.70) 925/4,588 (20.16) 871/3,496 (24.91) 751/2,386 (31.48)

Dementia 92/4,899 (1.9) 106/5,511 (1.9) 244/4,588 (5.3) 393/3,496 (11.2) 480/2,386 (20.1)

Abbreviations: CVD = cardiovascular disease; FSRP = Framingham Stroke Risk Profile; SBP = systolic blood pressure.
Values are presented as n/N (%) unless otherwise specified. Individuals with available dementia status on follow-up and any available risk factor data at any of
ages 55, 65, 70, 75, or 80 years were included in this sample. Individuals were eligible for inclusion at each index age if they attended a biennial/quadrennial
examination within 2.5 years of the specified index age; for example, formidlife (age 55), dementia-free individuals whowere aged 52.5–57.5 years at an FHS
examination were eligible for inclusion.
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(AUC) and calculated the change in AUC on addition of the
genetic risk score to the model. We completed additional
(exploratory) analyses stratified by sex. We estimated stepwise
Cox models to identify the most important risk factors for
incident dementia at mid, late, and later life for inclusion in age-
specific dementia risk scores. Participants were followed from
the time of risk factor measurement to the time of incident
dementia, death, or date last confirmed to be dementia free.
Results are reported as hazard ratios (HR) with corresponding
95% CI. p < 0.05 was considered statistically significant.
Analyses were completed using SAS v9.4 (SAS Institute Inc.).

Data Availability
The de-identified data used in these analyses can be obtained
from the NHLBI database and the NCBI dbGaP.

Results
Risk factor data were available for 4,899 individuals (57.2%
women) at age 55 and 2,386 (62.1% women) at age 80. The
proportion of individuals with new-onset vascular risk factors
progressively increased with age (Table 1 and Figure 1).

Midlife (Age 55) Risk Factors
Following adjustment for age and sex, midlife FSRP score
(HR 1.16, 95% CI 1.06–1.26; p < 0.001, per SDU increment
in log-transformed FSRP score), SBP (HR 1.12, 95% CI
1.02–1.24; p = 0.02, per 10 mmHg increment), and prevalent
DM (HR 4.31, 95% CI 1.97–9.43; p < 0.001) were associated
with an increased 10-year risk of incident dementia from age
65 (Table 2). A multivariable Cox model incorporating all
midlife risk factors predicted 10-year incident dementia risk
from age 65 with an AUC ± SE of 0.61 ± 0.04 (Table 3).
Addition of a PGRS marginally improved model discrimina-
tive performance (AUC increased from 0.64 ± 0.06 to 0.69 ±
0.05 in those with available genetic risk score data) (Table 4).

Late Life (Ages 65 and 70) Risk Factors
A higher FSRP score at age 65 (but not 70) (HR 1.06, 95% CI
1.02–1.10; p = 0.004, per SDU increment in log-transformed
FSRP score) and antihypertensive medication use at ages 65

(HR 1.66, 95% CI 1.12–2.46; p = 0.01) and 70 (HR 1.53, 95%
CI 1.18–1.97; p = 0.001) were associated with an increased
10-year incident dementia risk. A history of DM at ages 65
(HR 1.96, 95% CI 1.09–3.52; p = 0.02) and 70 (HR 2.10, 95%
CI 1.48–2.99; p < 0.001), AF at ages 65 (HR 2.30, 95%
CI 1.00–5.27; p = 0.05) and 70 (HR 1.86, 95% CI 1.13–3.05;
p = 0.02), nsCVD at ages 65 (HR 1.95, 95% CI 1.24–3.07;
p = 0.004) and 70 (HR 1.63, 95% CI 1.22–2.17; p < 0.001)
and stroke at age 70 only (HR3.61, 95%CI 2.21–5.92; p< 0.001),
were each associated with an increased 10-year risk of incident
dementia (Table 2). AmultivariableCoxmodel incorporating all 9
risk factors predicted 10-year risk of incident dementia from ages
65 and 70 years with AUCs of 0.63 ± 0.03 and 0.59 ± 0.02,
respectively (Table 3). Addition of the PGRS improved model
discriminative performance at age 70 (AUC increased from 0.58 ±
0.03–0.65 ± 0.03), with negligible change at age 65 (themean age
of the population in whom the genetic risk score was developed
was 70) (Table 4).

Later Life (Ages 75 and 80) Risk Factors
In later life, FSRP score, SBP, and prevalent nsCVD were no
longer associated with 10-year incident dementia risk. Anti-
hypertensive use at age 80 was associated with a reduced 10-
year risk of incident dementia (HR 0.74, 95% CI 0.62–0.89;
p = 0.001). A history of DM at ages 75 (HR 1.64, 95% CI
1.20–2.23; p = 0.002) and 80 (HR 1.40, 95% CI 1.04–1.89;
p = 0.03), AF at ages 75 (HR 1.57, 95% CI 1.09–2.26; p =
0.02) and 80 (HR 1.43, 95% CI 1.07–1.92; p = 0.02), and
stroke at ages 75 (HR 2.05, 95% CI 1.34–3.12; p < 0.001) and
80 (HR 1.63, 95% CI 1.13–2.35; p = 0.009) were each asso-
ciated with an increased 10-year incident dementia risk
(Table 2). In sensitivity analyses with FDR correction and
accounting for education status, results were not materially
altered (eTable 1 and eTable 2, links.lww.com/WNL/B986).

Vascular Risk Factors for Inclusion in Age-
Specific Dementia Risk Scores
In stepwise Cox models, elevated SBP (HR 1.17, 95% CI
1.05–1.32; p = 0.006) and DM (HR 3.35, 95% CI 1.52–7.36;
p = 0.003) were identified as the 2 most important midlife
vascular predictors of 10-year incident dementia risk. At age

Figure 1 Cumulative Frequency of New-Onset Vascular Risk Factors Among Dementia-Free Survivors by Age

AF = atrial fibrillation; CVD = cardiovascular disease; DM =
diabetes mellitus.
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Table 2 Primary Analysis: 10-Year Risk of Incident Dementia According to Vascular Risk Factor Profile at Mid, Late, and Later Life

10-year risk of incident dementia
from age 65, risk factor measured
at midlife (age 55)

10-year risk of incident dementia
fromage 65, risk factormeasured at
late life (age 65)

10-year risk of incident dementia
fromage 70, risk factormeasured at
late life (age 70)

10-year risk of incident dementia
fromage 75, risk factormeasured at
later life (age 75)

10-year risk of incident dementia
fromage 80, risk factormeasured at
later life (age 80)

HR (95% CI) p Value HR (95% CI) p Value HR (95% CI) p Value HR (95% CI) p Value HR (95% CI) p Value

Dementia cases/N 92/4,899 106/5,511 244/4,588 393/3,496 480/2,386

FSRP 1.16 (1.06, 1.26) <0.001 1.06 (1.02, 1.10) 0.004 1.03 (1.00, 1.06) 0.10 1.00 (0.98, 1.02) 0.95 1.00 (0.99, 1.01) 0.76

Antihypertensives 1.56 (0.89, 2.72) 0.12 1.66 (1.12, 2.46) 0.01 1.53 (1.18, 1.97) 0.001 0.99 (0.81, 1.21) 0.90 0.74 (0.62, 0.89) 0.001

SBP 1.12 (1.02, 1.24) 0.02 1.04 (0.94, 1.14) 0.47 0.96 (0.90, 1.02) 0.18 0.97 (0.92, 1.02) 0.17 0.97 (0.93, 1.01) 0.18

Smoking 1.19 (0.76, 1.85) 0.46 1.38 (0.89, 2.15) 0.16 1.08 (0.75, 1.56) 0.67 1.27 (0.93, 1.75) 0.13 1.28 (0.91, 1.80) 0.16

Diabetes mellitus 4.31 (1.97, 9.43) <0.001 1.96 (1.09, 3.52) 0.02 2.10 (1.48, 2.99) <0.001 1.64 (1.20, 2.23) 0.002 1.40 (1.04, 1.89) 0.03

Atrial fibrillation NEa 2.30 (1.00, 5.27) 0.05 1.86 (1.13, 3.05) 0.02 1.57 (1.09, 2.26) 0.02 1.43 (1.07, 1.92) 0.02

Stroke NEa 1.49 (0.37, 6.05) 0.57 3.61 (2.21, 5.92) <0.001 2.05 (1.34, 3.12) <0.001 1.63 (1.13, 2.35) 0.009

CVD (nonstroke) 1.82 (0.84, 3.94) 0.13 1.95 (1.24, 3.07) 0.004 1.63 (1.22, 2.17) <0.001 0.87 (0.67, 1.11) 0.25 0.82 (0.66, 1.00) 0.06

Abbreviations: CVD = cardiovascular disease; FSRP = Framingham Stroke Risk Profile; HR = hazard ratio; SBP = systolic blood pressure.
Individuals with any available risk factor data at any of ages 55, 65, 70, 75, or 80 years were included in this sample. We commenced 10-year dementia follow-up from each of the index ages, with the exception of age 55, from
which we commenced follow-up from age 65 due to the negligible number of dementia cases prior to age 65 in our cohort.
All estimates are adjusted for age and sex.
a Not estimated (NE): exposure uncommon (<1%) in this age group.
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Table 3 10-Year Risk of Incident Dementia (Multivariable Models Adjusted for Age, Sex, and Other Vascular Risk Factors)

10-year risk of incident dementia
from age 65, risk factor measured at
midlife (age 55)

10-year risk of incident dementia
from age 65, risk factor measured at
late life (age 65)

10-year risk of incident dementia
from age 70, risk factor measured at
late life (age 70)

10-year risk of incident dementia
from age 75, risk factor measured at
later life (age 75)

10-year risk of incident
dementia from age 80, risk
factor measured at later life
(age 80)

HR (95% CI) p Value HR (95% CI) p Value HR (95% CI) p Value HR (95% CI) p Value HR (95% CI) p Value

Dementia cases/N 72/3,735 101/4,865 213/4,114 346/3,112 400/1993

Agea 1.24 (0.98, 1.57) 0.08 1.17 (0.96, 1.44) 0.12 1.20 (1.04, 1.38) 0.01 1.03 (0.92, 1.15) 0.65 1.12 (1.01, 1.24) 0.04

Male 0.88 (0.55, 1.42) 0.61 1.00 (0.67, 1.50) 0.99 0.92 (0.70, 1.22) 0.58 0.87 (0.70, 1.09) 0.23 0.83 (0.67, 1.03) 0.09

Antihypertensives 0.94 (0.48, 1.83) 0.85 1.41 (0.93, 2.15) 0.10 1.27 (0.96, 1.69) 0.10 0.89 (0.71, 1.11) 0.29 0.69 (0.56, 0.85) <0.001

SBP 1.18 (1.05, 1.32) 0.005 1.03 (0.94, 1.14) 0.54 0.94 (0.88, 1.01) 0.10 0.97 (0.92, 1.02) 0.26 0.98 (0.93, 1.03) 0.43

Smoking 1.35 (0.83, 2.19) 0.23 1.55 (0.98, 2.45) 0.06 1.10 (0.74, 1.63) 0.65 1.26 (0.89, 1.76) 0.19 1.12 (0.75, 1.65) 0.59

Diabetes mellitus 3.65 (1.64, 8.11) 0.002 1.63 (0.90, 2.97) 0.11 1.78 (1.22, 2.60) 0.003 1.67 (1.21, 2.30) 0.002 1.48 (1.08, 2.02) 0.01

Atrial fibrillation NEb 1.78 (0.75, 4.20) 0.19 1.06 (0.58, 1.95) 0.84 1.51 (1.01, 2.26) 0.05 1.48 (1.06, 2.07) 0.02

Stroke NEb 1.05 (0.26, 4.33) 0.95 2.19 (1.15, 4.16) 0.02 1.88 (1.18, 3.02) 0.009 1.63 (1.09, 2.46) 0.02

CVD (nonstroke) 1.45 (0.57, 3.65) 0.44 1.75 (1.08, 2.83) 0.02 1.33 (0.96, 1.84) 0.09 0.89 (0.68, 1.17) 0.39 0.80 (0.63, 1.01) 0.06

AUC ± SE 0.61 ± 0.04 0.63 ± 0.03 0.59 ± 0.02 0.55 ± 0.02 0.59 ± 0.02

Abbreviations: AUC = area under the curve; CVD = cardiovascular disease; FSRP = Framingham Stroke Risk Profile; HR = hazard ratio; SBP = systolic blood pressure.
Only participants with available data for all listed risk factors at the index age were included in the analysis; for example, only those with data available on all listed risk factors at age 70 were included in the incident dementia
analysis from age 70, and so forth. However, individuals were not required to have data available at every index age for inclusion at a specific index age. All estimates are adjusted for age, sex, and the remaining FSRP
components.
a Age refers to an individual’s actual age (e.g., age 63) within the specified age range (e.g., for age 65 risk factors, individuals within 2.5 years of age 65 [i.e., 62.5–67.5 years] were included, with 10 years follow-up also
commencing from that specific age).
b Not estimated (NE): exposure uncommon (<1%) in this age group.
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Table 4 10-Year Risk of Incident Dementia in Those With Available Genetic Risk Score Data (Multivariable Models Adjusted for Age, Sex, and Other Vascular Risk Factors)

10-year risk of incident dementia
from age 65, risk factor at midlife
(age 55)

10-year risk of incident dementia
from age 65, risk factor at late life
(age 65)

10-year risk of incident dementia
from age 70, risk factor at late life
(age 70)

10-year risk of incident dementia
from age 75, risk factor at later life
(age 75)

10-year risk of incident dementia
from age 80, risk factor at later life
(age 80)

HR (95% CI) p Value HR (95% CI) p Value HR (95% CI) p Value HR (95% CI) p Value HR (95% CI) p Value

Dementia cases/N 33/2,536 50/3,068 113/2,532 167/1876 212/1,163

Age 1.32 (0.95, 1.84) 0.09 1.30 (0.99, 1.70) 0.06 1.17 (0.98, 1.29) 0.08 1.02 (0.87, 1.18) 0.85 1.12 (0.98, 1.29) 0.09

Male 0.81 (0.40, 1.64) 0.57 1.01 (0.57, 1.79) 0.97 0.88 (0.60, 1.29) 0.50 0.97 (0.70, 1.33) 0.83 0.79 (0.59, 1.06) 0.11

Antihypertensives 0.94 (0.36, 2.45) 0.89 1.45 (0.81, 2.60) 0.21 1.16 (0.78, 1.71) 0.46 0.80 (0.58, 1.10) 0.16 0.63 (0.48, 0.84) 0.001

SBP 1.13 (0.94, 1.36) 0.20 1.05 (0.91, 1.22) 0.52 0.99 (0.90, 1.09) 0.84 0.99 (0.91, 1.07) 0.80 0.96 (0.90, 1.03) 0.30

Smoking 1.33 (0.63, 2.81) 0.46 2.13 (1.10, 4.11) 0.02 1.01 (0.54, 1.90) 0.97 1.31 (0.77, 2.24) 0.33 0.85 (0.44, 1.61) 0.61

Diabetes mellitus 6.28 (2.40, 16.40) <0.001 2.27 (1.08, 4.79) 0.03 2.28 (1.42, 3.67) <0.001 2.23 (1.46, 3.40) <0.001 1.82 (1.22, 2.71) 0.004

Atrial fibrillation NEa 2.02 (0.61, 6.75) 0.25 1.25 (0.59, 2.67) 0.56 1.67 (0.98, 2.87) 0.06 1.81 (1.20, 2.72) 0.004

Stroke NEa 1.15 (0.15, 8.58) 0.89 1.96 (0.71, 5.43) 0.20 1.87 (0.86, 4.03) 0.11 1.48 (0.78, 2.82) 0.23

CVD (nonstroke) 1.37 (0.36, 5.26) 0.65 1.19 (0.56, 2.53) 0.66 1.39 (0.89, 2.17) 0.15 0.78 (0.53, 1.17) 0.23 0.79 (0.57, 1.10) 0.16

PGRS 1.41 (1.06, 1.86) 0.02 1.22 (0.95, 1.57) 0.12 1.46 (1.26, 1.69) <0.001 1.36 (1.20, 1.55) <0.001 1.35 (1.18, 1.54) <0.001

AUC ± SE (model with
PGRS)b

0.69 ± 0.05 0.66 ± 0.04 0.65 ± 0.03 0.63 ± 0.02 0.62 ± 0.02

AUC ± SE (model
without PGRS)b

0.64 ± 0.06 0.65 ± 0.04 0.58 ± 0.03 0.59 ± 0.02 0.59 ± 0.02

Abbreviations: AUC = area under the curve; CVD = cardiovascular disease; HR = hazard ratio; SBP = systolic blood pressure.
Only participants with available data on all listed risk factors at a particular age, including the polygenic risk score (PGRS), were included in this analysis. PGRS data were available for 2,536 (67.9%) individuals with available risk
factor data at age 55, 3,068 (63.1%) at age 65, 2,532 (61.6%) at age 70, 1,876 at age 75 (60.3%), and 1,163 (58.4%) at age 80.
a AUC ± SE data are presented for the model with the PGRS (participants with available data on all listed risk factors at a particular age, including the PGRS).
b AUC ± SE data are presented for the model without the PGRS (participants with available data on all listed risk factors at a particular age, including the PGRS).
aNot estimated (NE): that is, exposure uncommon (<1%) at this age range.
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65, nsCVDwas the most important predictor (HR 2.12, 95% CI
1.35–3.32; p = 0.001); at ages 70 and 75, DM and stroke were
the 2 most important predictors; at age 80, DM (HR 1.45, 95%
CI 1.06–1.97; p= 0.02), stroke (HR 1.57, 95%CI 1.04–2.35; p =
0.03), and antihypertensive use (HR0.68, 95%CI 0.55–0.83; p<
0.001) were the most important vascular predictors of 10-year
incident dementia risk (Figure 2 and Table 5).

Exploratory Analysis: Vascular Risk Factors
Stratified by Sex
At age 65, current smoking (HR 2.28, 95% CI 1.29–4.04; p =
0.005), use of antihypertensives (HR 1.82, 95% CI 1.04–3.18;
p = 0.04), and prevalent DM (HR 2.90, 95% CI 1.39–6.03; p =
0.004) were associated with incident dementia risk in women
but not in men. No significant risk factors were identified in
men at either ages 65 or 70. At age 70, DM (HR 2.32, 95%
CI 1.41–3.82; p = 0.001), and at age 75, DM (HR 1.86 95%
CI 1.23–2.83; p = 0.004) and stroke (HR 2.08, 95% CI
1.12–3.86; p = 0.02) were associated with 10-year risk of in-
cident dementia in women; AF at age 75 was the only signifi-
cant risk factor identified in men (HR 1.91, 95% CI 1.15–3.18;
p = 0.01). At age 80, prevalent DM (HR 1.51, 95%
CI 1.02–2.24; p = 0.04), AF (HR 1.67, 95% CI 1.08–2.58; p =
0.02), and use of antihypertensives (HR 0.64, 95% CI
0.50–0.82; p < 0.001) were associated with risk of dementia in
women only; SBP (HR 0.90, 95% CI 0.82–0.99; p = 0.04),
stroke (HR 1.89, 95% CI 1.04–3.44; p = 0.04), and nsCVD
(HR 0.65, 95%CI 0.43–0.96; p = 0.03) were significant in men
only (eTable 3, links.lww.com/WNL/B986).

Discussion
In the current investigation, midlife FSRP score, SBP, and
DM were each associated with an increased 10-year incident
dementia risk from age 65. In late life, FSRP score (age 65

only), DM, AF, nsCVD, stroke (age 70 only), and antihy-
pertensive use, and in later life, DM, AF, stroke, and nonuse of
antihypertensives (age 80 only), were each associated with
increased 10-year incident dementia risk. The most important
risk factors identified for inclusion in age-specific dementia
risk scores were, at age 55, SBP and DM; at age 65, nsCVD; at
ages 70 and 75, DM and stroke; and at age 80, DM, stroke and
use of antihypertensives (protective).

For every SD unit increase in age 55 FSRP score (a metric of
cumulative vascular risk), there was an approximate 1.2-fold
increase in subsequent 10-year dementia risk from age 65.
Our findings highlight the detrimental effects of a high midlife
vascular risk factor burden on a person’s future risk of de-
veloping dementia commencing from the average age of re-
tirement (65 years). A recent study reported a greater white
matter hyperintensity burden on MRI brain in those with
higher vascular risk scores in early adulthood compared with
in later life.17

DM was the strongest midlife vascular predictor of 10-year
incident dementia risk, associated with a more than 4-fold
increase in risk. DM in late and later life remained important
for future dementia risk, with a 2-fold increased risk of de-
mentia from ages 65 and 70, and a 1.5-fold increased risk from
ages 75 and 80. The decreasing magnitude of association with
increasing age may also reflect selective attrition of those with
chronic, severe DM from our sample at younger ages
(i.e., competing risk of mortality). Our results are consistent
with other studies18 that suggest that presence of DM at an
earlier, compared with later, age may be a key factor in the
strength of its association with dementia. A recent study
reported progressively increasing dementia risk for every
5-year reduction in age at onset of DM.19 A longer duration of
disease likely predisposes to greater end-organ damage (e.g.,

Figure 2 Most Important Vascular Risk Factors for Dementia Across Mid- to Later Life

BP = blood pressure; CVD = cardiovascular
disease.
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Table 5 Stepwise Cox Proportional Hazards Analysis Identifying the More Important Risk Factors for Inclusion in Age-Specific Dementia Risk Scores

10-year risk of incident dementia
from age 65, risk factor measured
at midlife (age 55)

10-year risk of incident dementia
from age 65, risk factor measured
at late life (age 65)

10-year risk of incident dementia
from age 70, risk factor measured
at late life (age 70)

10-year risk of incident dementia
fromage 75, risk factormeasured at
later life (age 75)

10-year risk of incident dementia
fromage 80, risk factormeasured at
later life (age 80)

HR (95% CI) p Value HR (95% CI) p Value HR (95% CI) p Value HR (95% CI) p Value HR (95% CI) p Value

Dementia cases/N 72/3,725 101/4,865 213/4,114 346/3,112 400/1993

Age NAb NAb 1.21 (1.05, 1.40) 0.007 NAb 1.12 (1.01, 1.24) 0.03

Male NAb NAb NAb NAb NAb

Antihypertensives NAb NAb NAb NAb 0.68 (0.55, 0.83) <0.001

SBP 1.17 (1.05, 1.32) 0.006 NAb NAb NAb NAb

Smoking NAb NAb NAb NAb NAb

Diabetes mellitus 3.35 (1.52, 7.36) 0.003 NAb 1.97 (1.37, 2.83) <0.001 1.56 (1.14, 2.15) 0.006 1.45 (1.06, 1.97) 0.02

Atrial fibrillation NAb NAb NAb NAb NAb

Stroke NAb NAb 2.43 (1.29, 4.59) 0.006 1.78 (1.12, 2.83) 0.01 1.57 (1.04, 2.35) 0.03

CVD (nonstroke) NAb 2.12 (1.35, 3.32) 0.001 NAb NAb NAb

Abbreviations: CVD = cardiovascular disease; HR = hazard ratio; SBP = systolic blood pressure.
Only participants with available data on all listed risk factors at a particular index age were included in this analysis.
Cells with estimates indicate risk factors that were identified as the most important predictors of dementia risk in stepwise selection models.
a Cells without estimates (designated NA) indicate those risk factors that were not identified as the most important predictors of dementia in stepwise models.
b All risk factorsmeasured at each agewere included in this analysis, with the exception of atrial fibrillation and stroke at age 55, which were not included due to the negligible number of individuals with these risk factors at age
55.
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stroke, nsCVD, chronic renal insufficiency, and AF) and
subsequently increased dementia risk. In our stepwise models,
DM was consistently identified as a key risk factor for in-
clusion in age-specific dementia risk scores across midlife into
later life. DM has been identified as 1 of 7 risk factors re-
sponsible for up to one-third of cases of Alzheimer disease
dementia20 and represents an important modifiable target for
dementia prevention at a population level.

In our study, elevated midlife SBP was associated with an in-
creased 10-year dementia risk from age 65, andwas identified as
1 of 2 important risk factors for inclusion in midlife dementia
risk scores. Previous studies have reported similar associations
between elevated SBP at midlife and late life and increased
dementia risk.6,21,22 Later-life antihypertensive use was associ-
ated with a reduced 10-year dementia risk in our sample,
consistent with findings from a recent meta-analysis of anti-
hypertensive trials.23 Antihypertensive therapy may exert pro-
tective effects on cognition in older patients by reducing the
risk of large and small vessel disease.24 Alternatively, the ben-
eficial effect of antihypertensive therapy in this age group may
be due to confounding by indication, given that lower blood
pressures in later life (≥75 years) have been associated with
increased dementia risk25,26 and those prescribed antihyper-
tensives at this age presumably have more robust (elevated)
blood pressures, which may be protective for dementia.

With increasing age, the end-organ sequelae of cumulative
vascular risk, namely stroke, AF, and nsCVD, became in-
creasingly important predictors of future dementia risk.
Stroke at age 70 was associated with a >3.5-fold increased 10-
year risk of dementia, with the association persisting into later
life. A history of stroke was identified as a key risk factor for
inclusion in dementia risk scores specific to individuals aged
70–80.

Diagnosis of AF at ages 65 and older was associated with an
increased 10-year incident dementia risk, with earlier, rather
than later, onset of AF showing stronger associations. Our
findings highlight the potential for modifying future dementia
risk through early detection and treatment of AF. In late life,
nsCVD was associated with an increased 10-year incident
dementia risk and was identified as the most important risk
factor for inclusion in dementia risk scores specific to age 65.
We found no association between nsCVD at age 75 and in-
cident dementia, and a trend towards a reduced risk of de-
mentia with nsCVD at age 80, likely due to selective attrition
of those with more severe nsCVD from the sample at younger
ages (i.e., effect of nsCVD on dementia risk likely occurs
early on).

We identified some notable differences in the association of
vascular risk factors with dementia between women and men.
At age 65, smoking, use of antihypertensives, and prevalent
DM were associated with incident dementia risk in women,
but not in men. At age 75, DM and prevalent stroke were
associated with incident dementia risk in women; only AF was

significantly associated with dementia risk in men. At age 80,
DM, AF, and antihypertensive use (protective) were associ-
ated with risk of dementia in women; SBP (protective),
stroke, and nsCVD (protective) were significant in men.
These observed differences highlight a potential need for sex-
specific as well as age-specific dementia risk scores. However,
given the small sample sizes in our sex-stratified analyses, we
caution that these results are purely exploratory in nature and
require further investigation in larger cohorts.

Our study has a number of limitations. Our sample was pre-
dominantly White, limiting generalizability of our findings to
other ethnicities. We included dementia-free survivors at
5-yearly intervals in our analyses; however, individuals with
more severe vascular risk factor profiles between examinations
may have died prior to a diagnosis of dementia, under-
estimating the strength of association between vascular risk
factors and dementia. For some variables, data were missing in
a substantial proportion of participants; for example, PGRS
data were available for only 68% of individuals at age 55 and
58% at age 80. Our analysis did not include neuroimaging
markers of dementia pathology, such as white matter hyper-
intensity volume, free water, or hippocampal or total brain
volume. We also did not include intermediary markers of
vascular disease, such as carotid intima–media thickness, left
ventricular hypertrophy, or renal function. However, our aim
was to identify important vascular risk factors for inclusion in
age-specific dementia risk scores that can be easily measured
in routine clinical practice and do not require additional in-
vestigations or neuroimaging data. Dementia was diagnosed
using clinical rather than biomarker-based (CSF or PET
β-amyloid and tau) research criteria27 and we did not have
sufficient power to explore dementia subtypes in our study.
Notable strengths include our sample of clinically confirmed
dementia-free individuals at baseline for each index age, me-
ticulous surveillance procedures for incident dementia, in-
depth phenotyping and measurement of vascular risk factors
across multiple lifespan points, and our relatively long dura-
tion of follow-up spanning from midlife into later life. FDR
correction of our primary analysis did not materially alter our
findings, with the exception of AF at age 65 and DM at age 80,
which were no longer significant, likely due to sample size
limitations.

Dementia is a heterogeneous disease and risk prediction
scores for dementia need to be tailored towards the individual,
taking age, sex, vascular risk burden, and end-organ damage
into account. Our findings support the use of age-specific
dementia risk scores in preference to a one-size-fits-all ap-
proach to dementia risk prediction. We suggest that age-
specific dementia risk scores should prioritize including, at age
55, SBP and DM; at age 65, nsCVD; at ages 70 and 75, DM
and stroke; and at age 80, DM, stroke, and use of antihyper-
tensives. However, we acknowledge the utility of a single,
broadly generalizable dementia risk prediction score at a
population level, for example, in selecting participants for
enrollment in large, simple trials for dementia prevention,28 in
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informing public health policy, and in developing population-
level interventions for optimizing and preserving brain health.
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