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Abstract.
Background: Recent global meta-analyses show that 40% of dementia cases can be attributed to twelve modifiable risk
factors.
Objective: To investigate how health promotion strategies may differ in specific populations, this study estimated population
attributable fractions (PAFs) of these risk factors for dementia in cognitively normal (CN) individuals and individuals with
mild cognitive impairment (MCI) in United States and Greek cohorts.
Methods: We re-analyzed data from the National Alzheimer’s Coordinating Centre (NACC, n = 16,147, mean age 75.2 ± 6.9
years, 59.0% female) and the Hellenic Longitudinal Investigation of Aging and Diet (HELIAD, n = 1,141, mean age 72.9 ± 5.0
years, 58.0% female). PAFs for the total samples and CN and MCI subgroups were calculated based on hazard ratios for the
risk of dementia and risk factor prevalence in NACC (9 risk factors) and HELIAD (10 risk factors).
Results: In NACC, 2,630 participants developed MCI (25.1%) and 3,333 developed dementia (20.7%) during a mean follow-
up of 4.9 ± 3.5 years. Weighted overall PAFs were 19.4% in the total sample, 15.9% in the CN subgroup, and 3.3% in the
MCI subgroup. In HELIAD, 131 participants developed MCI (11.2%) and 68 developed dementia (5.9%) during an average
follow-up of 3.1 ± 0.86 years. Weighted overall PAFs were 65.5% in the total sample, 65.8% in the CN subgroup and 64.6%
in the MCI subgroup.
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Conclusion: Translation of global meta-analysis data on modifiable risk factors should be carefully carried out per popula-
tion. The PAFs of risk factors differ substantially across populations, directing health policy making to tailored risk factor
modification plans.

Keywords: Dementia, mild cognitive impairment, prevention, risk factors

INTRODUCTION

Besides the burden of dementia on the individual
and their relatives, dementia has an enormous impact
on our healthcare system and health expenses [1].
Hence, given the increasing incidence of dementia,
there is growing awareness for the need for effec-
tive preventive interventions [1]. To develop such
interventions, an increasing number of studies have
assessed which risk factors should be targeted [2, 3].

Several risk factors have been identified that
individually contribute to a higher dementia risk,
including lifestyle and cardiovascular diseases. Many
of these factors are likely to have cumulative effects
on dementia risk, yet few studies have examined the
overall effect of multiple modifiable risk factors com-
bined [4].

Livingston et al. show that around 40% of demen-
tia incidence is attributable to twelve modifiable
risk factors, suggesting that eliminating these risk
factors could potentially prevent 40% of demen-
tia cases [5]. These data are primarily based on a
global literature review to identify the key factors and
meta-analytic calculations of Population Attributable
Fraction (PAF). The twelve risk factors are: low
levels of education, hearing loss, physical inac-
tivity, obesity, hypertension, diabetes, depression,
social isolation, smoking, air pollution, excessive
alcohol use, and traumatic brain injury (TBI) [5].
Furthermore, Mukadam et al. show that in low- and
middle-income countries the proportion of poten-
tially preventable dementia cases by nine of these
twelve risk factors is even higher; namely 40–60%
[6]. However, it is unclear whether such high per-
centages are generalizable to other countries.

Livingston et al. and Mukadam et al. [5, 6] com-
bined data from multiple countries and examined the
risk of dementia for the general community dwelling
population. This general population included individ-
uals with normal cognition as well as individuals with
mild cognitive impairment (MCI). However, nearly
half of people with MCI develop dementia within
three years, compared to 3.3% of the age-matched

population without cognitive impairment [7], sug-
gesting that these two populations are substantially
different. It is yet unclear if and how much these two
subgroups differ in terms of their modifiable factors’
attributable risk.

To optimize (cost-) effectiveness, should preven-
tive strategies target the general population, or be
tailored to level of risk or cognitive status? On the one
hand, considering that around 19% of people above
65 years are estimated to have MCI [8] and there-
fore are at much greater risk for developing dementia
[7–9], it may be more cost-effective to focus preven-
tive strategies on this high-risk subgroup. On the other
hand, as this MCI subgroup is already on a decline
trajectory, it may be too late for lifestyle-focused
strategies that require prolonged exposure to have a
measurable effect on brain health.

In this study, we assessed the PAFs between risk
factors and incident dementia in two independent
cohorts. In particular, we examined most of the twelve
modifiable risk factors identified by Livingston et al.
[5] in two distinct populations. The PAFs were calcu-
lated for the total samples as well as for cognitively
normal (CN) and MCI subgroups. We hypothesize
that the percentage of potentially preventable demen-
tia cases in the population of both cohorts lies
between 30% and 40% [5, 6, 10].

METHOD

Study participants

This study uses data from two cohort studies
included in the Global Alzheimer’s Association Inter-
active Network (GAAIN) database [5, 6, 11]. The
GAAIN collects data of patients with dementia and
healthy adults via data partners. Three of the 46
GAAIN datasets fulfilled the following criteria: 1)
longitudinal information available on cognitive func-
tion, diagnosis of dementia and at least six out of
twelve risk factors; and 2) include more than 100
adults above 65 years with normal cognition at base-
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Fig. 1. Flow diagrams of participants in the NACC and HELIAD study.

line. Data from two of the three suitable datasets could
be obtained, namely form the National Alzheimer’s
Coordinating Centre (NACC) and Hellenic Longitu-
dinal Investigation of Aging and Diet (HELIAD).

In 2005, the NACC commenced a cohort study
with continuing recruitment of now 42,980 partici-
pants with normal cognition, MCI, or dementia in the
United States of America [12]. All participants are
annually followed, with a maximum of fifteen visits
to date. Data were collected by 39 Alzheimer’s dis-
ease Centers form September 2005 to May 2020, each
enrolled participants according to their own proto-
cols. Participants were enrolled via clinician referral,
self-referral, active recruitment by community orga-
nizations or on a voluntary basis [12]. Data were
collected by study clinicians and health profession-
als linked to the participants or their co-participants,
usually a close friend or family member of the par-
ticipant. All participants of the NACC were expected
to have a co-participant and only in very exceptional
cases a participant did not have a co-participant [12].
Information was collected via home visits, office vis-
its or via telephone calls. Milestone Forms were used
to document the death or drop-out of a participant
[12].

As determined by the University of Washing-
ton Human Subjects Division, the NACC database
is exempt from Institutional Review Board (IRB)
review and approval because it does not involve
human subjects, as defined by federal and state reg-
ulations. However, all Alzheimer’s disease Centers

have obtained informed consent from the partici-
pants and maintain their own separate IRB review
and approval from their institution before submitting
data to NACC [12].

Eligible for the current study were 16,147 partic-
ipants of 65 years and older, who were free from
dementia at the baseline and who had at least one
follow up visit (Fig. 1).

The HELIAD is a population-based study set up
to investigate the prevalence and incidence of MCI
and dementias in the Greek community dwelling
population above 65 years, and to examine the asso-
ciations between lifestyle risk factors and age-related
neuropsychiatric diseases [13]. The HELIAD was
conducted in the cities of Larissa and Marousi,
Greece, with respective populations of 145,000 and
72,000 inhabitants. Data from 2,062 participants have
been collected to date [13]. Of the 2,062 participants
who completed the initial evaluation of the HELIAD,
1,141 participants of 65 years and older, who were
free from dementia at baseline and who had at least
one follow up visit were included for analysis after
exclusions (Fig. 1). Information on clinical, lifestyle,
and demographic variables was collected [14]. Partic-
ipants were asked to bring a caregiver of informant,
but were not always accompanied by an informant
or caregiver [14]. Participants were followed up after
approximately three years to observe the incidence of
MCI or dementia. The assessments were conducted
at day care centers for older adults, the participants’
homes, the University of Thessaly Medical Centre, or



154 S.L. Wezeman et al. / PAFs for Modifiable Risk Factors of Dementia

municipal public health clinics. The HELIAD study
was approved by the local IRB.

Cognitive status

The subject’s cognitive status was determined
in both studies at every visit. The evaluations
at follow up were performed by neurologists
and neuropsychologists who administered question-
naires, conducted neuropsychological assessments
and reviewed all the information that was collected
at expert meetings [13]. Subjects who were deter-
mined by the clinician(s) to have normal cognition
and behavior were given the status cognitively nor-
mal. If the clinician(s) determined that the participant
had a clinically significant impairment in cognition
or behavior, the participant was either diagnosed with
MCI or dementia. In both studies the dementia diag-
noses were made by a multidisciplinary consensus
team based on application of the widely accepted
DSM-IV criteria [12, 13, 15]. The diagnosis of MCI
was made based on the presence of subjective mem-
ory complaints and objective cognitive impairment
in at least one cognitive domain, without significant
interference in daily functioning [12, 16]. At baseline,
participants were classified as either cognitively nor-
mal (no presence of MCI or dementia) or cognitively
impaired (presence of MCI) or dementia. Participants
with dementia were excluded from the analyses. Par-
ticipants with dementia at follow-up were classified
as incident dementia.

Risk factors

Data were available for nine of the twelve risk fac-
tors in NACC and for ten risk factors in HELIAD.
Supplementary Table 1 provides an overview of the
operational definitions of the risk factors. The data on
the risk factors were collected with questionnaires.
Participants were asked if a physician had given
them the diagnosis hypertension, diabetes, hearing
loss, TBI or depression. The participants were also
screened for neuropsychiatric conditions including
depression [14]. Depression was operationalized in
HELIAD as diagnosis at baseline and in NACC
as diagnosis at baseline or self-reported history of
depression. The diagnosis was made according to
DSM-IV criteria following a structured Geriatric
Mental State interview. Low education was defined
as having had less than twelve years of education or
less than four years of high school. Excessive alcohol
use was defined as alcoholism in the NACC dataset.

All variables were dichotomized. The cut-off points
were chosen based on risk-factor definitions used in
Livingston et al., Mukadam et al. [5, 6, 10] and the
available data.

Analysis

Competing risk analyses were conducted to exam-
ine the associations between each of the risk factors
and time to incident dementia. These models were
based on a sub-distribution hazard risk function with
incident dementia as the outcome of interest and death
as the competing risk. Time was measured as the time
in years from baseline to date of dementia diagnosis,
death or drop-out, whichever occurred first. Analy-
ses were conducted separately for three subgroups:
participants with normal cognition at baseline, par-
ticipants diagnosed with MCI at baseline and all
participants combined. Our intention was to include
the same risk factors in the calculation of the PAFs
as previously reported in the literature [5, 6, 10], and
to adjust for confounders and other (modifiable) risk
factors for dementia. We adjusted for several addi-
tional lifestyle factors, reasoning that in a population
without dementia these factors are more likely con-
founders (common causes) than colliders (common
effects). However, as some of these variables were
not available in either of the cohorts, the analyti-
cal models differed across the cohorts. In NACC,
PAFs were calculated for low education, hearing loss,
obesity, hypertension, diabetes, depression, smoking,
excessive alcohol use, and TBI with adjustment for
the confounders age, sex, race, and APOE �4. In
HELIAD, PAFs were calculated for low education,
hearing loss, physical inactivity, obesity, hyperten-
sion, diabetes, depression, social isolation, smoking,
and TBI with adjustment for the confounders age,
sex, sleep disorder, alcohol use, cognitive activity and
adherence to a Mediterranean diet pattern [17, 18].
Confounding variables were measured as described
in Supplementary Table 2.

The hazard ratios (HRs) for each risk factor for
dementia from the competing risk analyses were used
to calculate PAFs using formula P(HR - 1) / (1 + P(HR
- 1)) [19]. P is the prevalence of the risk factor in the
datasets of this study. Negative PAFs were omitted
in the calculation of the overall PAF such that this
value represents the potential effect of risk factors
with positive PAFs. See the Supplementary Material
for more information.

While the results based on competing risk anal-
ysis are presented as our main analyses (to account
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for study discontinuation), we also computed odds
ratios based on logistic regression to facilitate direct
comparison of our results to Livingston et al. [5].
To account for potential selection bias in the NACC
cohort (which is not population-based), sensitivity
analyses were done in which odds ratios were derived
from logistic regression models weighted for sex and
education using the U.S. Census data of 2006 as ref-
erence [20].

Overall, 3.2% (NACC) and 1.3% (HELIAD) of
the data were missing and 24.8% (NACC) and 9.7%
(HELIAD) of the participants had missing data on at
least one variable. Comparison of participants with
missing data with participants with complete data
showed no substantial differences in characteristics,
risk factors and dementia risk between the subgroups
(Supplementary Tables 3 and 4). Missing data were
thus imputed using multiple imputation by chained
equations (MICE) [21], which, in order to account
for the uncertainty in the imputed values, created fif-
teen imputed data sets. The pooled results of these
data sets are presented. To examine the influence of
imputation, sensitivity analyses were done using par-
ticipants with complete data only. The analyses were
performed in IBM SPSS Statistics 26 and Stata 16.

RESULTS

NACC

The participants of the NACC had a mean (SD)
age of 75.2 (6.9) years old and 59.0% were female
(Table 1). Most participants (94.7%) were highly
educated with an average of 15.8 (5.7) years of edu-
cation. Of the 16,147 participants, 2,630 developed
MCI (25.1%) and 3,333 developed dementia (20.7%)
during a median follow-up of 4.9 (3.5) years. The
characteristics of participants, for both the CN and
MCI subgroups, are presented in Table 2.

In the total sample, low education, diabetes, exces-
sive alcohol use and depression were significantly
associated with a higher risk of dementia (Table 3).
In contrast, obesity and smoking were significantly
associated with a lower risk of dementia.

In the CN subgroup, low education and depression
were significantly associated with a higher risk of
dementia (Table 3).

In the MCI subgroup, obesity was significantly
associated with a lower risk of dementia (Table 3).
In the analysis of the NACC datasets before imputa-
tion, the HRs were in the same range as the analyses
in the imputed dataset (Supplementary Table 5).

PAFs in the total sample added up to an overall
weighted PAF of 19.4% (12.6–28.2) for the nine risk
factors (Table 4; Supplementary Figure 1). In the CN
subgroup, the PAFs added up to 15.9% (5.1–34.5).
In the MCI subgroup, the PAFs added up to 3.3%
(0–13.7). The PAFs of the NACC dataset before
imputation are presented in Supplementary Table 6.

HELIAD

The participants enrolled in the HELIAD were
on average (SD) 72.9 (5.0) years old and had 8.2
(5.0) years of education (Table 1). Of the 1,141 par-
ticipants, 58.0% were female, 131 developed MCI
(11.2%), and 68 participants developed dementia
(5.9%) during follow-up of on average 3.10 (0.86)
years.

In the total sample, physical inactivity was sig-
nificantly associated with a higher risk of dementia
(Table 5).

In the MCI subgroup, social isolation was sig-
nificantly associated with a lower risk of dementia
(Table 5). In the analysis of the HELIAD datasets
before imputation, the HRs were in the same range
as the analyses in the imputed dataset (Supplementary
Table 7).

PAFs in the total sample added up to an overall
weighted PAF of 65.5% (0–65.4) for the ten risk fac-
tors (Table 6; Supplementary Figure 2). In the CN
subgroup, the PAFs added up to 65.8% (0–66.1).
In the MCI subgroup, the PAFs added up to 63.4%
(0–66.2). The PAFs of the HELIAD dataset before
imputation are presented in Supplementary Table 8.

DISCUSSION

This study estimated PAFs for nine (NACC) and
ten (HELIAD) modifiable risk factors with dementia
in cognitively normal and declining adults aged ≥65
years for two cohort studies, one from the US (NACC)
and one from Greece (HELIAD). We hypothesized
that the percentage of potentially preventable demen-
tia cases in the US and Greek cohorts lies between
30% and 40%. Surprisingly, we found a higher over-
all PAF in the HELIAD compared to previously
reported PAFs for other countries [5, 6]. However,
the overall PAF in the NACC study is lower than
expected, which may be due to several risk factors
being associated with a lower risk of dementia (e.g.,
obesity and smoking), resulting in negative PAFs for
2/10 (HELIAD) and 3/9 (NACC) risk factors. For
some of these risk factors, negative associations have
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Table 1
Characteristics of participants enrolled by the HELIAD or NACC study

Characteristic HELIAD Missing NACC Missing

N 1,141 16,147
Age, mean ± SD y 72.9 ± 5.01 0 75.2 ± 6.88 0
Sex, N (%) woman 662 (58.0) 0 9527 (59.0) 0
Education, mean ± SD y 8.20 ± 4.98 39 15.8 ± 5.72 0
Low education, N (%) 739 (67.1) 39 859 (5.3) 0
Race, N (%) Caucasian 1,141 (100) 12,952 (80.2) 159

N (%) African 2,152 (13.3)
N (%) Asian 394 (2.4)
N (%) multiracial 422 (2.6)
N (%) unknown or ambiguous 227 (1.5)

Number of APOE �4 alleles,
N (%) 0 626 (84.1) 397 9,234 (66.3) 2,229
N (%) 1 112 (15.1) 4,155 (29.9)

Drinking alcohol, N (%) 502 (44.8) 20 2,134 (70.1) 13,092
Sleep disorder, N (%) 391 (34.6) 11 1,247 (37.9) 12,854
Cognitive activity, N (%) 840 (73.9) 5 NA
Mediterranean diet, mean ± SD score 33.55 ± 4.55 31 NA
Follow-up time, mean ± SD y 3.10 ± 0.860 4.89 ± 3.48
Cognitive status at baseline,

N (%) MCI 127 (11.2) 3 5,304 (32.8) 3
N (%) Normal cognition 1,011 (88.8) 9,836 (60.9)
N (%) Impaired not MCI NA 1,007 (6.2)

Incidence dementia, N (%) 63 (5.9) 68 3,333 (20.7) 0
Incidence MCI, N (%) 206 (20.4) 131 2,630 (25.1)
Hypertension, N (%) 729 (65) 19 9,212 (57.7) 174
Diabetes, N (%) 190 (17.0) 21 2,138 (13.5) 354
Obesity, N (%) 406 (36.1) 16 3,542 (24.0) 1,370
Hearing loss, N (%) 108 (9.5) 10 3,908 (25.1) 562
TBI, N (%) 128 (11.4) 20 1,724 (11.0) 522
Excessive alcohol use, N (%) 9 (0.8) 6 633 (4.0) 383
Depression, N (%) 140 (12.3) 4 4,506 (28.7) 552
Smoking, N (%) 443 (39.5) 20 7,402 (47.2) 393
Social isolation, N (%) 445 (39.2) 5 NA
Physical inactivity, N (%) 963 (84.4) 0 NA

SD, standard deviation; NA, not applicable; MCI, mild cognitive impairment; TBI, traumatic brain injury.

Table 2
Prevalence of risk factors in the CN and MCI subgroups enrolled in HELIAD and NACC

HELIAD NACC
CN (%) MCI (%) CN (%) MCI (%)

Low education 66.2 75.0 4.2 6.7
Hypertension 65.1 64.8 56.1 59.6
Diabetes 16.8 18.4 12.3 15.6
Obesity 35.8 38.6 25.2 21.7
Hearing loss 8.3 19.8 23.2 28.2
TBI 10.9 16.0 10.3 11.8
Excessive alcohol use NA NA 3.1 5.2
Depression 10.8 24.4 23.6 36.3
Smoking 39.4 40.0 46.9 47.1
Social isolation 38.6 44.4 NA NA
Physical inactivity 84.4 85.8 NA NA

CN, cognitively normal; MCI, mild cognitive impairment; TBI, traumatic brain injury; NA, not
applicable.

been described previously, such as reverse causality
in obesity [22] and blood pressure [23]. For oth-
ers, these negative associations may be explained by
biases, such as healthy survivor bias. For instance,

smoking participants often pass away earlier than
non-smoking participants, resulting in a lower chance
to develop dementia [24]. Indeed, in the NACC data,
a slightly higher percentage of smokers died during
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Table 3
Competing risk analyses of dementia of the total sample, CN subgroup, and MCI subgroup of the NACC

NACC HR total sample HR CN HR MCI
(95% CI) (95% CI) (95% CI)

Low education 1.32 (1.12–1.55)∗∗ 1.62 (1.17–2.24)∗∗ 0.94 (0.77–1.15)
Hypertension 1.05 (0.97–1.13) 1.08 (0.93–1.26) 0.94 (0.85–1.02)
Diabetes 1.19 (1.06–1.32)∗∗ 1.12 (0.88–1.41) 1.02 (0.90–1.16)
Obesity 0.81 (0.73–0.90)∗∗∗ 0.90 (0.73–1.09) 0.77 (0.68–0.87)∗∗∗
Hearing loss 0.99 (0.91–1.08) 0.95 (0.80–1.13) 0.93 (0.84–1.03)
TBI 1.01 (0.89–1.14) 1.04 (0.80–1.34) 0.94 (0.82–1.09)
Excessive alcohol use 1.20 (1.00–1.43)∗ 1.01 (0.66–1.57) 1.03 (0.84–1.26)
Depression 1.57 (1.45–1.70)∗∗∗ 1.42 (1.20–1.68)∗∗∗ 1.08 (0.98–1.19)
Smoking 0.91 (0.85–0.98)∗ 0.93 (0.80–1.08) 0.93 (0.85–1.02)

HR, hazard ratio; CI, confidence interval; CN, cognitively normal; MCI, mild cognitive impairment; TBI,
traumatic brain injury. Multivariable models adjusted for age, sex, race, and APOE �4. ∗p ≤ 0.05, ∗∗p ≤ 0.01,
∗∗∗p ≤ 0.001.

Table 4
PAFs for dementia risk for the total sample, CN and MCI subgroup of the NACC

NACC PAF total group PAF CN PAF MCI
(95% CI) (95% CI) (95% CI)

Low education 1.68 (0.66–2.86) 2.54 (0.72–4.94) –0.40 (–1.56–0.98)
Hypertension 2.70 (–1.64–6.99) 4.52 (–3.87–12.71) –3.98 (–9.46–1.42)
Diabetes 2.44 (0.82–4.19) 1.40 (–1.46–4.79) 0.34 (–1.63–2.49)
Obesity –4.79 (–6.91–-2.54) –2.69 (–7.19–2.31) –5.31 (–7.56–-2.88)
Hearing loss –0.16 (–2.24–2.02) –1.10 (–4.79–2.97) –2.07 (–4.81–0.80)
TBI 0.08 (–1.20–1.48) 0.36 (–2.11–3.39) –0.70 (–2.22–1.01)
Excessive alcohol use 0.78 (0.01–1.69) 0.04 (–1.08–1.73) 0.14 (–0.84–1.31)
Depression 14.09 (11.47–16.76) 8.97 (4.46–13.79) 2.84 (–0.60–6.36)
Smoking –4.34 (–7.80–-0.86) –3.48 (–10.29–3.43) –3.23 (–7.37–0.95)
Overall∗ 20.51 (12.78–31.62) 16.82 (5.15–40.82) 3.30 (0–14.44)
Overall weighted∗ 19.39 (12.61–28.22) 15.91 (5.12–34.54) 3.29 (0–13.66)

PAF, population attributable fraction; CI, confidence interval; CN, cognitively normal; MCI, mild cog-
nitive impairment; TBI, traumatic brain injury. ∗Negative PAFs were omitted in the calculation of the
overall PAF.

Table 5
Competing risk analyses of dementia in the total sample, CN and MCI subgroup of the HELIAD

HELIAD HR total sample HR CN HR MCI
(95% CI) (95% CI) (95% CI)

Low education 1.58 (0.82–3.06) 2.13 (0.93–4.88) 1.03 (0.40–2.62)
Hypertension 0.91 (0.53–1.57) 0.71 (0.34–1.44) 1.55 (0.70–3.43)
Diabetes 1.09 (0.58–2.05) 0.74 (0.32–1.71) 2.38 (0.98–5.78)
Obesity 1.17 (0.68–2.01) 1.88 (0.93–3.81) 0.74 (0.31–1.74)
Hearing loss 1.09 (0.51–2.33) 0.32 (0.13–1.46) 2.19 (0.83–5.71)
TBI 1.64 (0.71–3.76) 1.61 (0.54–4.81) 1.33 (0.38–4.62)
Depression 1.49 (0.77–2.88) 1.84 (0.76–4.46) 0.70 (0.26–1.93)
Smoking 0.94 (0.50–1.76) 1.30 (0.60–2.82) 0.38 (0.14–1.04)
Social isolation 1.01 (0.60–1.70) 1.63 (0.78–3.43) 0.40 (0.17–0.95)∗
Physical inactivity 4.17 (0.98–17.84)∗ 4.68 (0.59–37.42) 3.94 (0.59–26.39)

HR, hazard ratio, CI, confidence interval; CN, cognitively normal; MCI, mild cognitive impairment;
TBI, traumatic brain injury. Multivariable models adjusted for age, sex, sleep disorder, alcohol use,
cog activity, and diet. ∗p ≤ 0.05, ∗∗p ≤ 0.01, ∗∗∗p ≤ 0.001.

follow-up than non-smokers. To mitigate the impact
of these negative associations to the overall PAF, risk
factors with negative PAFs were omitted in our cal-
culations. These negative PAFs partly explain the
low overall PAFs in NACC as they were calculated
over six risk factors or even only three in the MCI

subgroup. In addition, although the depression PAF
was higher than expected in NACC (4.1%), the other
PAFs, such as traumatic brain injury (0.08%), were
relatively low. Conversely, the relatively high over-
all PAF in HELIAD, can be largely explained by the
PAFs of physical inactivity (72.8%) and low educa-
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Table 6
PAFs for dementia risk for the total sample, CN, and MCI subgroup of the HELIAD

HELIAD PAF total sample PAF CN PAF MCI
(95% CI) (95% CI) (95% CI)

Low education 28.15 (–13.74–58.01) 42.74 (–5.08–71.99) 2.19 (–80.67–14.21)
Hypertension –5.85 (–43.54–27.02) –23.74 (–74.35–22.34) 26.22 (–24.22–15.84)
Diabetes 1.57 (–7.60–15.10) –4.65 (–12.99–10.69) 20.27 (–0.34–12.12)
Obesity 5.79 (–13.00–26.72) 24.06 (–2.47–50.14) –11.21 (–36.07–5.77)
Hearing loss 0.83 (–4.91–11.24) –6.00 (–7.82–3.72) 19.03 (–3.33–12.50)
TBI 6.76 (–3.39–23.92) 6.19 (–5.33–29.35) 4.97 (–10.99–9.49)
Depression 5.67 (–2.91–18.77) 8.31 (–2.68–27.19) –7.79 (–22.16–4.80)
Smoking –2.50 (–24.54–23.01) 10.55 (–18.76–41.74) –32.67 (–52.27–0.43)
Social isolation 0.31 (–18.66–21.45) 19.64 (–9.44–48.45) –36.07 (–58.18–-2.43)
Physical inactivity 72.80 (–2.11–75.20) 75.67 (–53.61–96.85) 71.60 (–54.74–24.76)
Overall∗ 84.24 (0–98.43) 93.46 (0–99.95) 87.43 (0–99.92)
Overall weighted∗ 65.47 (0–65.44) 65.83 (0–66.10) 64.64 (0–66.23)

PAF, population attributable fraction; CI, confidence interval; CN, cognitively normal; MCI, mild cognitive
impairment; TBI, traumatic brain injury. ∗Negative PAFs were omitted in the calculation of the overall PAF.

tion (28.2%), which were substantially higher than in
other samples [5] and low education in NACC (1.7%).
The disparate results of the NACC and HELIAD data
demonstrate the large influence of the sample char-
acteristics in estimating PAFs, which supports the
notion that they cannot be easily generalized across
countries [6, 25] and replicated in other data sets.
Based on our results, we explicitly emphasize that
generalization of results from meta-analyses on mod-
ifiable risk factors should be approached with caution.

Within the two cohorts, the CN and MCI subgroups
differ substantially. Firstly, in both studies some of
the PAFs change sign between the subgroups. For
example, low education, hypertension and TBI have a
negative PAF in the MCI subgroup of the NACC but a
positive PAF in the CN subgroup. Remarkably, in the
HELIAD, hypertension has a positive PAF in the MCI
subgroup, while the CN subgroup has a negative PAF.
Furthermore, the PAF for low education in the MCI
subgroup of the HELIAD is low (2.2%), while the
CN subgroup has a large positive PAF (42.7%). High
education is thought to increase cognitive reserve
allowing cognitive function to be maintained in late
life and delay the onset of dementia [7]. A possible
explanation for the relatively lower PAF in the MCI
subgroup could be survivor bias, leaving fewer people
with lower education, who mostly also have higher
risk for cardiovascular disease and mortality. Fur-
thermore, according to the cognitive reserve theory,
higher educated participants may also decline faster
after a belated onset of cognitive impairment [26].
In the NACC and the HELIAD, the MCI subgroup
had more negative PAFs than the CN subgroup. This
change of sign may be explained by reverse causality
starting at incident cognitive decline and the reduced

discriminative value of individual risk factors due to
the high overall level of risk of conversion to demen-
tia. Accordingly, the overall PAF of the NACC was
smaller in the MCI subgroup (3.3%) than in the CN
subgroup (15.9%). Overall this is in line with MCI
often being a prodromal phase of dementia [8, 27],
leaving a lower potential to increase (or decrease) the
risk of dementia [7, 8].

The CN and MCI subgroups also differ in mag-
nitude of PAFs. Remarkably, the PAFs for diabetes
and hearing loss are close to zero for the CN sub-
group but relatively large for the MCI subgroup in the
HELIAD. These findings point toward an interaction
effect. Diabetes or hearing loss in the general popula-
tion may only yield a small increase in dementia risk,
but if people with these risk factors develop MCI,
then there is a high likelihood that they will go on to
develop dementia. The higher PAF for hearing loss in
the MCI subgroup may also be explained by greater
difficultly with compensating for a loss of hearing,
by a decreased reserve capacity or decreased mental
stimulation [28]. The two subgroups may also differ
in the degree to which hearing loss is diagnosed and
treated. This is suggested by the relative difference in
hearing loss incidence, which, in the CN subgroup of
the HELIAD, is about half (8.3%) of that in the MCI
subgroup (19.8%). Likewise, for diabetes, the differ-
ence in PAFs is also partly explained by the relative
difference in incidence. In HELIAD, the incidence of
diabetes is greater in the MCI subgroup (18.4%) than
in the CN subgroup (16.8%). However, differences in
incidence do not fully explain the differences between
the MCI and CN subgroups as there is a significantly
greater HR for both hearing loss and diabetes in the
MCI subgroup of HELIAD (respectively 2.19, 2.38)
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compared to the CN subgroup (0.32, 0.74), without
relevant differences in prevalence of these risk factors
(Table 2).

In summary, this study shows differences in risk
factor PAFs between two cohorts and MCI and CN
subgroups. The higher overall PAFs in the CN sub-
group of the NACC study suggest that targeting the
modifiable risk factors of CN older adults may be
most effective. However, in HELIAD the overall
PAFs were in the same range for the CN and MCI
subgroup. This suggests that, although less time is left
for dementia prevention in persons with MCI, elimi-
nation of risk factors may still be important. Given the
contrasting findings in the NACC and HELIAD stud-
ies, further research is needed to determine whether
the potential to prevent dementia by controlling risk
factors differs between the MCI and CN subgroups.

Strengths and limitations

A strength of this study is the use of two different
cohorts, which provides insight into the robustness
of the findings across study populations. Another
strength is the use of competing risk analyses, which
correct for time until dementia diagnosis, discon-
tinuation, death, or most recent visit, and thereby
minimize potential bias (e.g., attrition bias). To com-
pare our results to previous research [5, 6, 10],
we also ran logistic regression models but did not
observe substantially different results (Supplemen-
tary Table 9). Livingston et al. [5, 10] calculated
PAFs based on pooled data from systematic reviews.
Hence, the PAFs were calculated separately for each
risk factor and communality across risk factors had
to be accounted for using an extra step that required
additional data. In this study all risk factors and
confounders were included in the same model so
communality was accounted for implicitly. More-
over, we adjusted our models for several potentially
confounding lifestyle factors, such as sleep, cogni-
tive activity, alcohol use and dietary habits, as well as
age, sex, APOE �4, and race. Nevertheless, it remains
possible that other factors confound the identified
associations, which limits the interpretation of the
corresponding PAFs. Sleep disorder and cognitive
activity may be signs or symptoms of MCI or demen-
tia so sensitivity analyses in which sleep and cognitive
activity were not included as confounders were per-
formed. The analyses showed minimal differences in
results (Supplementary Table 10). A fourth strength is
the large sample of participants in NACC, which was
maximized by multiple imputation of missing val-

ues. Unfortunately, the sample size of HELIAD was
smaller than the NACC database, but this dataset was
very interesting because of the large differences in
socio-economic and lifestyle environment. Another
strength of HELIAD is that it is population-based,
resulting in a representative study population with a
relatively high external validity in the Greek popula-
tion. However, there were insufficient data available
on APOE �4 in the HELIAD dataset to adjust for it
in the analyses. A final strength of our study is that
we included nine (NACC) and ten (HELIAD) of the
twelve modifiable risk factors identified in the land-
mark study by Livingston et al. [5]. Unfortunately,
insufficient information was available about physi-
cal or social activity (NACC) and air pollution (both
studies). Hence, we were unable to include all rel-
evant risk factors, which may have contributed to
underestimation of the overall PAFs.

Limitations of our study include possible selection
bias (NACC) and healthy survivor bias (NACC and
HELIAD) and reporting bias (NACC and HELIAD).
The NACC study population was recruited via
clinician referral, self-referral, and by community
organizations [12]. Therefore, selection bias may be
present, and results may not generalize to the overall
US population. For example, the enrolled volunteers
with normal cognition, appeared to have an above
average level of education [12], which may lead to
false-negative diagnoses [29]. The sensitivity anal-
yses in which models were weighted by sex and
education, showed similar results to the unweighted
models (Supplementary Table 9), which makes it
less likely that deviations in the distribution of sex
and education from the general population explained
some of the unexpected findings. However, selection
bias may still be present based on other factors that we
were unable to weigh for, e.g., age and higher preva-
lence of risk factors. Selection bias may also have
been introduced by excluding participants without
follow-up data on dementia. However, comparison of
the prevalence of risk factors in the analysis sample
with the total sample at baseline showed no marked
differences. As described earlier in the discussion,
healthy survivor bias likely explains the negative
associations for, for example, smoking and obesity
in survival analysis. Nevertheless, the used method
in this study, competing risk analysis, aims to cor-
rectly estimate marginal probability of an event in
the presence of competing events, such as death from
cardiovascular disease, which reduces the chance of
healthy survivor bias [30]. As most risk factors were
measured using self-report, the negative associations
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may also be explained by reporting bias. However,
the negative associations were also found for obe-
sity, which was based on objective measurement
of height and weight, which makes reporting bias
less likely. As the risk factors with negative asso-
ciations were excluded from calculating the PAFs,
the PAFs likely underestimate the true risk asso-
ciated with the modifiable factors. Reporting bias
may have been an issue particularly in the MCI
group, as their declined cognitive functions may have
hindered reliable self-report of risk factors. How-
ever, the influence of reporting bias was minimized
by having each participant be accompanied by an
informant or caregiver who could confirm or com-
plement the participant during their assessments [12,
14]. Another potential limitation is reverse causation.
However, sensitivity analyses excluding participants
who developed dementia in the first two years of
follow-up showed minimal differences in the findings
(Supplementary Table 11). Furthermore, because this
study uses observational data, caution has to be taken
when causally interpreting our results. Finally, the
relatively small sample size and short follow-up in
HELIAD may have resulted in underestimation of
some risks and subsequently PAFs, due to a relatively
low number of dementia cases at follow-up. A limita-
tion in calculating PAFs based on individual studies
is that these studies often have insufficient power
which increases the risk of spurious associations [31].
The limited statistical power, particularly in the sub-
groups by cognitive status, may also affect the current
findings. However, a limitation of PAFs calculated
from data pooled in meta-analyses is that the spe-
cific characteristics of the individual studies are lost,
and the results may not accurately reflect the situa-
tion in the region where the individual studies were
conducted. Regional PAFs are important to inform
local policy. When interpreting the PAFs, policy mak-
ers should consider the limitations of these metrics.
The accuracy of the PAFs highly depends on the rep-
resentativeness of the population-based sample. For
conditions with long lead times, better metrics are
needed that are capable of maintaining their relevance
for both risk and protective factors.

Future work

Due to the contrasting findings between HELIAD
and NACC, further research is needed to examine
whether elimination of risk factors may have the
same potential to prevent dementia in MCI as in
CN subgroups. Given our results it is likely that

similar prevention programs would result in, highly
different prevention effects on dementia incidence in
ethnically, genetically, socially, or culturally differ-
ent populations. Additionally, future research should
differentiate between different subtypes of dementia,
such as Alzheimer’s disease and vascular demen-
tia. In this study, any cause dementia was taken as
outcome, but risk factors and their associated PAFs
likely differ per dementia subtype. Furthermore, the
PAFs of other risk factors, such as air pollution to
dementia, should be included in follow-up studies in
different cohorts. Future studies could also investi-
gate interactions between risk factors. Such studies
require ‘big data’, both rich in terms of participants
as well as in measured variables. Hence, we encour-
age to widely utilize available dementia data sets that
can be accessed using platforms like GAAIN [11].

Conclusion

In conclusion, the overall PAF in HELIAD of the
known risk factors for dementia was higher than
expected, while the overall PAF in the NACC was
lower than expected based on previously reported
PAFs in other studies. This was explained by dif-
ferences between cohorts in risk factor prevalence
and the strength of their relation to dementia. These
differences suggest that translation of the valuable
global meta-analysis data on modifiable risk factors
should be carefully carried out per country to tailor
preventive public health strategies and optimize their
effectiveness [6]. Finally, the high overall PAF in the
MCI subgroup of the HELIAD data suggests that pre-
ventive interventions continue to be relevant in people
with MCI.
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