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Abstract

Background Little is known regarding the leading risk factors for dementia/Alzheimer’s disease (AD) in individuals
with and without APOE4. The identification of key risk factors for dementia/Alzheimer’s disease (AD) in individuals
with and without the APOE4 gene is of significant importance in global health.

Methods Our analysis included 110,354 APOE4 carriers and 220,708 age- and sex-matched controls aged

40-73 years at baseline (between 2006-2010) from UK Biobank. Incident dementia was ascertained using hospital
inpatient, or death records until January 2021. Individuals of non-European ancestry were excluded. Furthermore,
individuals without medical record linkage were excluded from the analysis. Moderation analysis was tested for 134
individual factors.

Results During a median follow-up of 11.9 years, 4,764 cases of incident all-cause dementia and 2065 incident

AD cases were documented. Hazard ratios (95% Cls) for all-cause dementia and AD associated with APOE4 were
2.70(2.55-2.85) and 3.72(3.40-4.07), respectively. In APOE4 carriers, the leading risk factors for all-cause dementia
included low self-rated overall health, low household income, high multimorbidity risk score, long-term illness, high
neutrophil percentage, and high nitrogen dioxide air pollution. In non-APOE4 carriers, the leading risk factors included
high multimorbidity risk score, low overall self-rated health, low household income, long-term illness, high microal-
bumin in urine, high neutrophil count, and low greenspace percentage. Population attributable risk for these indi-
vidual risk factors combined was 65.1%, and 85.8% in APOE4 and non-APOE4 carriers, respectively. For 20 risk factors
including multimorbidity risk score, unhealthy lifestyle habits, and particulate matter air pollutants, their associations
with incident dementia were stronger in non-APOE4 carriers. For only 2 risk factors (mother’s history of dementia, low
C-reactive protein), their associations with incident all-cause dementia were stronger in APOE4 carriers.

*Correspondence:

Honghua Yu

yuhonghua@gdph.org.cn

Mingguang He

mingguang_he@yahoo.com

Xianwen Shang

xianwen.shang@unimelb.edu.au

Full list of author information is available at the end of the article

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit

line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://
creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line
to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12883-024-03557-8&domain=pdf

Ye et al. BMC Neurology (2024) 24:71

Page 2 of 13

Conclusions Our findings provide evidence for personalized preventative approaches to dementia/AD in APOE4
and non-APOE4 carriers. A mother’s history of dementia and low levels of C-reactive protein were more important risk
factors of dementia in APOE4 carriers whereas leading risk factors including unhealthy lifestyle habits, multimorbidity
risk score, inflammation and immune-related markers were more predictive of dementia in non-APOE4 carriers.

Keywords Dementia, Alzheimer disease, Apolipoproteins E, Life style, Multimorbidity risk score, Biomarker

Introduction
Dementia was the fifth leading cause of death account-
ing for 2.4 million deaths globally in 2016 [1]. Age is the
greatest risk factor for dementia with a prevalence of
5.0%, 13.1%, and 33.2%, respectively, among people aged
65-74, 75-84, and > 85 years [2]. Given the increasing
ageing population worldwide, the number of people with
dementia is estimated to grow substantially in the future
[3, 4]. As there are no effective ways to prevent or delay
symptom progression yet, it is critical to identify impor-
tant modifiable determinants for dementia [4—6].
Therapeutic options remain to target the symptoms
of dementia/Alzheimer’s disease (AD), while no drugs
have been approved for stopping the progression or even
reversal of the disease [7]. The APOE gene has been con-
vinced with high association with AD. The APOE gene
has three common alleles: APOE2, APOE3, and APOE4.
These alleles determine the structure of the apolipopro-
tein E protein, which plays a role in lipid metabolism
and transportation in the body. Apolipoprotein E &4
(APOE4) is the strongest single genetic risk factor for
the development of AD. On the other hand, the APOE2
allele has been associated with a potentially protec-
tive effect against AD [8]. Research suggests that indi-
viduals with the APOE?2 allele may have a reduced risk
of developing the disease compared to those with the
APOE3 or APOE4 alleles [9]. The APOE3 allele is the
most common variant of the APOE gene. In the context
of dementia, particularly AD, the APOE3 allele is consid-
ered the neutral or average risk allele. Unlike the APOE4
allele, which is a well-established genetic risk factor for
AD, the APOES3 allele does not significantly increase or
decrease the risk of developing dementia. It is estimated
that APOE4 accounted for 53% (population attributable
risk [PAR]) of AD overall with 70% among individuals
aged 65-70 years [10]. Subsequently, APOE4 has been
thought to be an emerging therapeutic target for AD
[11]. Dementia is now recognized as a complex inter-
play between genetic and environmental factors [12].
Therefore, investigating the association between environ-
mental factors, such as risk factors and lifestyle, with gen-
otype has become a matter of utmost importance [13].
Testing gene-environment interactions in dementia pro-
vides the potential to explore more personalized preven-
tative approaches for dementia among at-risk individuals

[7]. Several cohort studies have shown that the associa-
tion between higher physical activity and better sleep
consolidation and lower risk of dementia was stronger
among APOE4-carriers [14, 15]. Another cohort study
has demonstrated that exposure to air pollution may have
a greater potential impact on pathological brain aging
in APOE4 carriers than in non-APOE4 carriers [16]. An
interplay between APOE4 and plasma markers in AD has
also been examined in a previous study [17]. However,
it is unclear whether associations between a wide range
of determinants and incident dementia differ between
APOE4 and non-APOE4 carriers.

Although numerous risk factors have been linked to
dementia [4, 18], little is known regarding the leading
determinants in individuals with different genetic risks.
It is important to test the interaction between indi-
vidual determinants and APOE4 in the development of
dementia/AD for designing personalized preventative
strategies. Using the UK Biobank, we sought to exam-
ine associations between a wide range of risk factors and
incident all-cause dementia/AD in individuals with and
without APOE4, and whether APOE4 modified these
associations.

Methods
The workflow of this study has been presented in Fig. 1.

Study population

This analysis was based on the UK Biobank, which is a
population-based cohort of more than 500,000 partici-
pants aged 40-73 years old with baseline data collected
between 2006-2010 [19]. We included all the partici-
pants with complete health records. We excluded indi-
viduals of non-European ancestry, those who couldn’t
be linked to inpatient data, those with prevalent demen-
tia, cognitive impairment, and those who developed
dementia within the first year of follow-up. Among the
initial 459,199 participants with complete APOE4 data,
we further excluded 128,137 participants who couldn’t
be matched in pairs. The final analysis included 331,062
participants (110,354 APOE4 carriers and 220,708 age-
and sex-matched non-APOE4 carriers) with a gender
distribution of 54.8% females. The age range of the par-
ticipants was 40—73 years (mean + SD: 56.8 + 8.0). These
individuals attended 22 assessment centers across the
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Fig. 1 Workflow for this study

United Kingdom to collect their body index, encompass-
ing a range of diverse settings to ensure socioeconomic
and ethnic diversity, as well as a blend of urban and rural
environments. In order to ensure comparability of life-
style factors and biomarkers across genders, individuals
of non-European ancestry were excluded. Furthermore,
individuals without medical record linkage were excluded
from the analysis. Baseline assessment was conducted
among 502,505 out of approximately 9.2 million people
invited. In our analysis, two non-APOE4 carriers for each
APOE4 carrier were matched by age (+1 year) and sex.
Our study adhered to the AGReMA guidelines.

Ascertainment of incident dementia

Dementia/AD was defined using hospital inpatient
records and mortality register data with a primary/sec-
ondary diagnosis based on the international classification
diseases codes (Table S1) [20]. Dementia was identified
as an underlying or contributory cause of death by link-
ing to data from the death register. Dementia diagnosed
before the age of 65 was classified as young-onset demen-
tia, while diagnoses at or after 65 years were considered
late-onset dementia. The onset date of dementia refers
to the earliest recorded date. Person-years were calcu-
lated from baseline assessment date to the date of onset
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of dementia, date of death, or the end of follow-up (31
December 2020 for England and Wales and 31 January
2021 for Scotland), whichever came first.

Genetic data

BiLEVE Axiom array, or the UK Biobank Axiom array
was used for genotyping by Affymetrix. Before the data
release, genotype imputation using the Haplotype Ref-
erence Consortium reference panel was conducted by
the UK Biobank team. APOE4 genotype was directly
genotyped using two single-nucleotide polymorphisms
(rs7412/rs429358). APOE4+ dominant model of E3/E4
or E4/E4 was used to define APOEA4.

Sociodemographic data

Age, sex, ethnicity, education, and income were self-
reported. Townsend index of material deprivation was
used to assess neighbourhood-level socioeconomic
status.

Lifestyle factors

A questionnaire on a touch-screen computer about life-
style factors including diet, smoking, sleep duration, and
frequency of alcohol consumption was completed. A
short form of the International Physical Activity Ques-
tionnaire was used to estimate excess metabolic equiva-
lent (MET)-hours/week of physical activity during work
and leisure time. A healthy diet score was calculated
based on seven commonly eaten food groups and a
higher score is associated with a lower risk of dementia
[20]. Participants were asked to report their average sleep
duration per day over the past 4 weeks using the survey
question, “About how many hours of sleep do you get
in every 24 h?” Alcohol consumption and supplement
intake, including vitamins, folate, glucosamine, calcium,
zing, iron, and selenium, were self-reported on a weekly
basis over the past year.

Blood tests

Lipids including total cholesterol, high-density lipo-
protein cholesterol (HDL-C), low-density lipoprotein
cholesterol (LDL-C), and triglycerides were tested by
direct enzymatic methods (Konelab, Thermo Fisher
Scientific, Waltham, Massachusetts). Glycated hae-
moglobin (HbAlc) was measured using high-perfor-
mance liquid chromatography on a Bio-Rad Variant
II Turbo. Other plasma biomarkers were also meas-
ured (https://biobank.ctsu.ox.ac.uk/crystal/ukb/docs/
serum_biochemistry.pdf).

Urinary biomarker data
Sodium, potassium, microalbumin, and creatinine in
urine were measured by an ion-selective electrode
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analysis on a Beckman Coulter AU5400 (https://biobank.
ndph.ox.ac.uk/showcase/ukb/docs/urine_assay.pdf).

Health-related conditions and risk score
Long-standing illness, disability, or infirmity, and overall
health were self-reported (poor, fair, good, excellent).
Chronic conditions including hypertension, depres-
sion, heart disease, and stroke at baseline were defined
using self-reported data or interviews. Additional cases
of these conditions at baseline were defined using inpa-
tient data (initial diagnosis date before baseline interview
date). Body mass index (BMI) was computed based on
measured weight and height, and obesity was defined as
BMI>30 kg/m2. A multimorbidity score was calculated
based on these 61 major diseases (Table S2) [21]. Cardio-
vascular Risk Factors, Aging, and Incidence of Dementia
(CAIDE) risk score [22], and Framingham Heart Study
(ERS) score [23] for dementia with good prediction per-
formance were also calculated.

Familial medical history

The family history (father, mother, and siblings) of eight
medical conditions including heart disease, stroke,
hypertension, diabetes, dementia, Parkinson’s dis-
ease, and depression was collected using a touchscreen
computer.

Environment measures

Air pollution and local environment measured by the
Small Area Health Statistics Unit (http://www.sahsu.org/)
were linked centrally to UK Biobank data. Air pollutants
including particulate matter, nitrogen dioxide, and total
nitrogen oxides as annual average values in pg/m> were
measured. Road traffic measures to the local road net-
work were estimated based on surrounding monitored
links. Data on noise pollution, such as daytime, evening,
and night-time average level of noise pollution (dB) were
also available.

Statistical analysis

Baseline characteristics by APOE4 were expressed as
frequency (percentage) and means +standard deviations
(SDs). T-test for continuous variables and Chi-square test
for categorical variables were used to examine the differ-
ence between APOE4 and non-APOE4 carriers.

APOE4 effects on the incidence of all-cause demen-
tia/AD were estimated using Cox proportional hazards
regression models. Whether APOE4 modified asso-
ciations between a wide range of individual factors and
incident all-cause dementia/AD was tested using Cox
proportional hazards regression models. We tested two
models: (1) Model 1 was adjusted for age and sex; (2)
Model 2 was adjusted for age, sex, education, household
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income, BMI, smoking, physical activity, diet score,
alcohol consumption, and sleep duration. Moderation
analysis included socioeconomic factors (n=3), lifestyle
factors (n=19), risk scores (n=3), health-related con-
ditions (n=2), familial history of medical conditions
(n=24), blood biomarkers (n=49), urinary biomarkers
(n=4), and pollution measures (n=30, Table S3).

Population attributable risk (PAR) for each risk factor
was computed using the formula:

P, x (HR—-1)

PAR =
1+ P, x (HR — 1)

where P, refers to the prevalence of the risk factor and
HR refers to the adjusted HR for incident dementia asso-
ciated with the corresponding risk factor in Model 2. We
also calculated a combined PAR using the formula: com-
bined PAR=1 — (1 -PAR;) X (1 —PAR,) X (1 —PAR;) [24].
Covariates in Model 2 and all other leading risk factors
were adjusted for to estimate the HR for dementia associ-
ated with each risk factor in this analysis.

A sensitivity analysis was conducted to examine
whether APOE4 modified the association between
the important determinants and incident dementia by
excluding those dementia cases developed in the first 5
years of follow-up. Another sensitivity analysis was con-
ducted to test moderation associations among individu-
als with complete data.

Multiple imputations for missing data were conducted,
and age, sex, and all covariates were included in the
imputation models to create 5 imputed datasets.

Data analyses were conducted using SAS 9.4 for Win-
dows (SAS Institute Inc.) and all P values were two-sided
with statistical significance set at < 0.05.

Results

Population selection

We excluded participants of non-European ancestry
(n=30,380), those who could not be linked to inpatient
data (n=27), those with prevalent dementia (n=345),
or cognitive impairment (n=232), or those who devel-
oped dementia in the first year of follow-up (n=36).
Among 459,199 participants with complete APOE4 data,
128,137 participants who were not matched in pairs were
excluded. We included 331,062 (110,354 APOE4 carriers,
220,708 age- and sex-matched non-APOE4 carriers) par-
ticipants (54.8% females) aged 40-73 years (mean+ SD:
56.8 £ 8.0) in the final analysis (Fig. S1).

Baseline characteristics

APOE4 carriers were more likely to be non-current
smokers, be physically inactive and have higher diet
score compared with age- and sex-matched controls.
APOE4 presence was associated with a higher level
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of triglycerides (P value<0.0001), total cholesterol (P
value <0.0001), and LDL-C (P value <0.0001), and lower
HDL-C (P value<0.0001) (Table 1). The father, mother,
and sibling of the APOE4 carriers had a higher preva-
lence of dementia than those of the non-APOE4 carri-
ers. APOE4 carriers had lower creatinine, potassium,
and sodium in urine than non-APOE4 carriers (Table
S4). The proportion of participants with missing values
in each variable and values in imputed and non-imputed
data are listed in Tables S5 and S6.

Incidence of dementia

During a median follow-up of 11.9 years (interquar-
tile range: 11.2-12.6), 4764 incident all-cause dementia
cases and 2065 incident AD cases were documented.
The adjusted hazard ratios ([HRs] 95% ClIs) for all-
cause dementia and AD associated with APOE4 were
2.70 (2.55-2.85) and 3.72 (3.40-4.07), respectively. The
association between sex and all-cause dementia was
stronger in non-APOE4 carriers (HR (95% CI) for women
versus men: 1.44 (1.33-1.57)) than in APOE4 carri-
ers (1.16 (1.07-1.25), P-value for interaction<0.0001).
The HR (95% CI) for all-cause dementia associated with
older age was larger in APOE4 carriers (HR (95% CI)
for > 60 years versus <60 years: 3.92 (3.57-4.31)) than in
non-APOE4 carriers (2.22 (1.67-2.97), P-value for inter-
action=0.0003). Similar results were seen for AD (Fig. 2).

Leading determinants for dementia

As shown in Fig. 3, the five leading risk factors for all-
cause dementia included low household income, high
multimorbidity risk score, high CAIDE risk score, low
overall self-rated health, and long-term illness. We cal-
culated a multimorbidity risk score for dementia by con-
sidering the statistically significant associations between
individual diseases and dementia. The score was com-
puted using the formula: le Bi, where Bi represents the
coeflicient (log (hazard ratio [HR])) for incident dementia
associated with the i disease. Additionally, we also com-
puted a multimorbidity risk score that incorporated age/
APOE4. Low greenspace percentage, low natural envi-
ronment percentage, or high nitrogen dioxide air pol-
lution 2010 were also among the leading risk factors for
dementia. The CAIDE risk score was not a significant
risk factor for dementia in either APOE4 carriers or non-
APOEA4 carriers possibly because CAIDE risk score was
calculated based on APOE4, age, and sex.

In APOE4 carriers, the leading risk factors for all-
cause dementia included low self-rated overall health
(PAR (95% CI): 24.2% (11.2-28.7%)), low household
income (22.3% (6-37.2%)), high multimorbidity risk
score (19.5% (13.6-25.6%), long-term illness (15.7%
(13.1-18.5%)), high neutrophil percentage (12.4%
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Table 1 Baseline characteristics by APOE4

Non-APOE4 carrier APOE4 carrier P-value*

Age (years) 56.88+8.02 56.67+8.04 <0.0001
Sex 1.00

Women 120,856 (54.8) 60,428 (54.8)

Men 99,852 (45.2) 49,926 (45.2)
Education 0.59

College/university degree 70,807 (32.1) 36,464 (33.0)

Upper secondary 25,104 (11.4) 12,691 (11.5)

Final stage of secondary education 48,144 (21.8) 23,993 (21.7)

Lower secondary 11,908 (5.4) 5921 (54)

First stage of secondary education 14,379 (6.5) 7025 (6.4)

Vocational qualifications 11,425 (5.2) 5650 (5.1)

None of above 38,941 (17.6) 18,610 (16.9)
Household income (pounds) <0.0001

< 18,000 49,911 (22.6) 23,979 (21.7)

18,000-30,999 60,963 (27.6) 30,298 (27.5)

31,000-51,999 58,030 (26.3) 29,470 (26.7)

52,000-100,000 411(18.8) 21,344 (19.3)

>100,000 10,393 (4.7) 5263 (4.8)
Townsend index -144+£3.00 -1.52£295 <0.0001
Alcohol consumption 0.0003

Never 7314 (3.3) 3474 (3.1)

Previous 7873 (3.6) 3745 (3.4)

Current 205,521 (93.1) 103,135 (93.5)
Smoking <0.0001

Never 119,090 (54.0) 60,292 (54.6)

Former 78,030 (35.4) 39,831 (36.1)

Current 23,588 (10.7) 10,231 (9.3)
Physical activity (MET-minutes/week) 2659+ 2441 2683 +2448 0.0074
Diet score® 387+143 3.92+143 <0.0001
Sleep duration (hours) 717£1.10 7.16+1.08 0.0153
BMI (kg/mz) 2745+4.74 27.26+467 <0.0001
Overall health rating <0.0001

Excellent 36,703 (16.6) 18,687 (16.9)

Good 128,531 (58.2) 65,068 (59.0)

Fair 45,994 (20.8) 22,101 (20.0)

Poor 9480 (4.3) 4498 (4.1)
Long-standing illness, disability or infirmity <0.0001

No 148,184 (67.1) 75,033 (68.0)

Yes 72,524 (32.9) 35,321 (32.0)
Multimorbidity risk score 0.27+0.29 0.26+0.29 0.0835
Trunk fat percentage 31.23+800 30.96+7.99 <0.0001
Whole body fat percentage 3151+852 31.25+850 <0.0001
HbA1c (mmol/mol) 14.19+1.22 14.17+1.22 0.0001
Triglycerides (mmol/L) 1.74£098 1.79£1.04 <0.0001
Total cholesterol (mmol/L) 567+1.13 586+1.17 <0.0001
HDL-C (mmol/L) 146+0.36 144+035 <0.0001
LDL-C (mmol/L) 3.53+0.84 3.69+0.87 <0.0001

Data are means *standard deviations, or N (%)

APOE4 Apolipoprotein E4, BMI Body mass index, HbA1c Glycated haemoglobin, HDL-C High-density lipoprotein cholesterol, LDL-C Low-density lipoprotein cholesterol,
MET Metabolic equivalent

“T-test for continuous variables and Chi-square for categorical variables were used to test the difference between APOE4 and non-APOE4 carriers. APOE4+ dominant
model of E3/E4 and E4/E4 was used to define the presence of APOE4

2 Diet score was computed based on seven commonly eaten food groups following recommendations on dietary priorities for cardiometabolic health with a higher
score representing a healthier diet
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Fig. 2 Incidence of dementia and Alzheimer’s disease in individuals with and without APOE4. AD, Alzheimer’s disease; APOE4, apolipoprotein

E 4. Panel A shows the incidence of all-cause dementia in individuals with and without APOE4; Panel B shows the incidence of Alzheimer’s
disease in individuals with and without APOE4; Panel C shows the incidence of all-cause dementia in women and men by APOE4; Panel D shows
the incidence of Alzheimer’s disease in women and men by APOE4; Panel E shows the incidence of all-cause dementia in younger and older
individuals by APOE4; Panel F shows the incidence of Alzheimer’s disease in younger and older individuals by APOE4. Younger age was defined

as <60 years and older age as > 60 years

(5.1-19.2%)), high nitrogen dioxide air pollution
2010 (11 (3.8-17.8)), and high neutrophil count (10.3
(3-17.2)).

In non-APOE4 carriers, the leading risk factors for
all-cause dementia included high multimorbidity risk
score (PAR (95% CI): 47.1% (37.3—-55.6%)), low overall
self-rated health (40.3% (23.9-43.0%)), low household
income (37.6% (18.5-53.9%)), long-term illness (25.8%
(22.6—29.3%)), high microalbumin in urine (19.5% (9.1-
28.9%)), high neutrophil count (18.6% (10.1-26.7%)),
low greenspace percentage (17.0% (6.7-26.6%)), and
high creatinine in urine (17.0% (6.9-26.3%)).

PAR for these individual risk factors combined was
77.5%, 65.1%, and 85.8% in the whole population, APOE
carriers, and non-APOE4 carriers, respectively.

Moderation analysis for all-cause dementia
APOE4 was a significant moderator for the association
between 22 individual risk factors and incident dementia.

For 20 risk factors, associations with incident dementia
were stronger in non-APOE4 carriers than in APOE4
carriers. For example, the HR (95% CI) for incident all-
cause dementia associated with multimorbidity risk score
was larger in non-APOE4 carriers (quintile 5 versus quin-
tile 1: 3.60 (3.00—4.33)) than in APOE4-carriers ((2.02
(1.76-2.33), P-value for interaction <0.0001). The corre-
sponding number for self-rated overall health (poor ver-
sus excellent) was 4.81 (3.95-5.86) and 2.61 (2.18-3.13),
respectively. Smoking and low diet quality were risk fac-
tors for all-cause dementia in non-APOE4 carriers (HR
(95% CI): 1.50 (1.31-1.72) for smoking, 1.18 (1.05-1.32)
for low diet quality) but not in APOE4 carriers (1.05
(0.91-1.22) for smoking, 1.04 (0.94-1.15) for low diet
quality, P-values for interaction<0.05). The association
between particulate matter air pollutants and incident
dementia was stronger in non-APOE4 carriers (quintile
5 versus quintile 1: 1.41 (1.22-1.61)) than in APOE4 car-
riers (1.17 (1.03—1.32), P-value for interaction=0.0141).
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Leading risk factors All participants APOE4 carriers Non-APOEA4 carriers
PAR (95% CI) Ranking PAR (95% CI) Ranking PAR (95% CI) Ranking

Low household income | —_— 28.9 (16.7-40.4) 1 | —_— 22.3(6-37.2) 2 | —————8——— 37.6(18.5-53.9) 3
High multimorbidity risk score : —-— 28.7 (24-33.3) 2 : o= 19.5 (13.6-25.6) 3 : ——=—— 47.1(37.3-55.6) 1
High CAIDE risk score ' —a 26.7 (20.3-32.9) E X

Low overall self-rated health : - 23 (19.4-26.7) 4 : —_— 24.2(11.2-28.7) 1 : —_— 40.3 (23.9-43) 2
Long-term illness | - 19.8 (17.7-22.1) 5 | - 15.7 (13.1-18.5) 4 1 - 25.8(22.6-29.3) 4
Low greenspace percentage (buffer 1000m) : — 12.4 (5.5-19) 6 : — 9.7(2.3-16.6) 8 : —_— 17(6.7-26.6) 7
Low greenspace percentage (buffer 300m) : — 11.5 (4.4-18.2) 7 : - 4(1.4-6.9) 22 : —_— 15.4 (5.1-25.2) 9
High neutrophil count : - 10.8 (6.9-14.8) 8 : —. 10.3 (3-17.2) 7 : — 18.6 (10.1-26.7) 6
Low red blood cell count I —.-— 10.1 (6.2-13.8) 9 [ 6.8 (4.1-9.8) 16 | —-— 8.7(3.7-13.7) 17
High neutrophil percentage : - 9.8 (5.9-13.7) 10 : —. 12.4(5.1-19.2) 5 : —.— 9.8 (4.1-15.6) 15
Low natural environment percentage (buffer 1000m) : —— 9.7 (4.2-15) 11 : —— 8.2(3.3-13.4) 10 : —_— 12.3 (4.4-20.6) 12
Low natural environment percentage (buffer 300m) : —a 9.3 (2-15.8) 12 :+ 3.1(0.6:5.9) 2 : — 14(3.7-23.8) 11
High nitrogen dioxide air pollution 2010 | —-— 8.6 (3.1-13.8) 13 | —— 11(3.8-17.8) 6 La 3.5(0.4-6.6) 25
Low lymphocyte percentage : - 8.6 (4.9-12.4) 14 : —-— 7.7(2.9-13) 1 : - 7.8(4.811.2) 19
High haematocrit percentage : - 8.6 (4.9-12.3) 15 : B 8.7(3.7-13.7) 9 : - 53(2.382) 2
Low physical activity : —— 8.5 (4.2-12.6) 16 :+ 7(1.4-12.3) 12 : —_— 14.9(6.2-23) 10
Glucosamine supplement I 7.3 (0-13.6) 17 | - 12.3(0.9-21.9) 13
Low haemoglobin : - 6.8 (4.8-9.1) 18 : - 6.7 (3.9-9.6) 18 : - 6.6(3.7-9.9) 20
High particulate matter air pollution 2007 : —— 6.4 (2.5-10.1) 19 :+ 3.2(0.6-5.9) 24 : — 11.3(5.4-16.8) 14
High particulate matter air pollution absorbance 2010 : —-— X 20 : —-— 6.9(2-12.1) 15 : - 4.8(1.6-8) 23
High microalbumin in urine I 6.2(2.3-10.1) 21w 3.7(1.2:6.5) pE T 19.5(9.1-28.9) 5
Low alanine aminotransferase : - 5.9(3.7-7.9) 22 : - 5.8(2.8-9) 21 :_._ 3.6(0.86.8) 2
High FRS risk score :—l— 5.7(1.3-10.5) 23 : 7.0 (1.0-13.9) 13 :

Mother's history of dementia : . 5.7 (4.7-6.7) 24 : - 6.7(5.2-8.3) 19 :. 2.1(0.9-3.4) 2
High nitrogen oxides air pollution 2010 : —-— 5.7(2-9.4) 25 : —.— 6.8(1.8-11.7) 17 :_._ 6.2(0.6-12.2) 21
Smoking | - 5.6 (2.1-8.9) 26 - 3.1(0-6.1) 26 [ ——— 8.5(3.5-13.4) 18
High particulate matter air pollution 2010 : - 5.5(1.8-9.3) 27 :+ 6.2(1.2-11.2) 20 :_._ 9.1(1-17.2) 16
Low urea |- 53(3.3-7.3) 3| - 7(4.2-0.9) u

High creatinine in urine :-_ 5.3(1.6-9.3) 29 : : — 17 (6.9-26.3) 8

0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60

Fig. 3 Leading risk factors for all-cause dementia in the whole population, APOE4 carriers, and non-APOE4 carriers. APOE4, apolipoprotein E €4;
CAIDE, Cardiovascular Risk Factors, Aging, and Incidence of Dementia; Cl, confidence interval; PAR, population attributable risk. PAR was calculated
based on the hazard ratio for dementia adjusted for age, sex, education, household income, BMI, smoking, physical activity, diet score, alcohol

consumption, and sleep duration

For only 2 risk factors, their associations with incident
all-cause dementia were stronger in APOE4 carriers than
in non-APOE4 carriers. The HR (95% CI) for dementia
associated with mother’s history of dementia was 1.31
(1.14-1.51) in non-APOE4 carriers and 1.63 (1.48-1.79)
in APOEA4 carriers (P-value for interaction=0.0046). The
HR (95% CI) for dementia associated with C-reactive
protein (quintile 1 versus quintile 5) was 1.02 (0.88—1.18)
in non-APOE4 carriers and 1.39 (1.23-1.57) in APOE4
carriers (P-value for interaction =0.0001, Fig. 4).

For other important risk factors including household income,
greenspace percentage, and natural environment percentage,
their associations with dementia did not differ between indi-
viduals with and without APOE4 (Figs. S2 and S3).

Moderation analysis for Alzheimer’s disease

The association between multimorbidity risk score,
self-rated overall health, and long-term illness and inci-
dent AD was stronger among non-APOE4 carriers than
in APOE4 carriers. Smoking was associated with an
increased risk of incident AD in non-APOE4 carriers
(HR (95% CI): 1.39 (1.10-1.76)) but not in APOE4 car-
riers (0.88 (0.70—1.09), P-value for interaction =0.0070).
Lower C-reactive protein was associated with a higher
risk of incident AD in APOE4 carriers (HR (95% CI) for

quintile 1 versus quintile 5: 1.52(1.28-1.81)) but not in
non-APOE4 carriers (1.16 (0.91-1.47), P-value for inter-
action=0.0071, Fig. 5).

Sensitivity analysis

When moderation analysis was conducted in individuals
aged > 60 years, the association with incident dementia or
AD was stronger for most risk factors in non-APOE4 car-
riers than in APOE4 carriers but weaker for a mother’s his-
tory of dementia and C-reactive protein (Figs. S4 and S5).
Similar results were seen when the moderation analysis was
conducted among individuals by excluding dementia cases
developed in the first 5 years of follow-up (Figs. S6 and S7)
or those with complete data (Figs. S8 and S9).

Discussion

In this large cohort study, we found APOE4 carriers
had a higher risk of all-cause dementia and AD than
age- and sex-matched non-APOE4 carriers. The lead-
ing determinants for all-cause dementia/AD differed
between APOE4 and non-APOE4 carriers. For most
factors including multimorbidity risk score, self-rated
overall health, smoking, physical activity, diet quality,
HDL-C, neutrophil count, vitamin D, and particulate
matter air pollutants, their associations were stronger in
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Subgroup Cases/person-years Incidence of i Age- and sex-adjusted model Multivariable-adjusted model
Favourable  Unfavourable Favourable Unfavourable Hazard ratio (95% CI) i;::l::‘i?: Hazard ratio (95% CI) l_)-‘ alue ,for
Multimorbidity risk score (quintile 5 VS quintile 1) <0.0001 <0.0001
Non-APOE4 carrier 134/576116 1031/524360 0.23 1.97 —a— 4.29(3.57-5.14) 3.60(3.00-4.33)
APOE4 carrier 253/292229 1156/259131 0.87 4.46 & o 2.29(1.99-2.63) 2.02(1.76-2.33)
Self-rated overall health (excellent VS poor) <0.0001 <0.0001
Non-APOE4 carrier 169/440516 647/546007 0.38 267 —8—6.71(5.56-8.11) 4.81(3.95-5.86)
APOE4 carrier 281/224014 767/261069 1.25 427 —— 3.31(2.78-3.94) 2.61(2.18-3.13)
Long-term illness (yes VS no) <0.0001 <0.0001
Non-APOE4 carrier 859/1767968 1238/862202 0.49 1.44 - 2.34(2.14-2.55) 2.06(1.89-2.26)
APOE4 carrier 1309/893530 1358/417740 146 3.25 1.72(1.59-1.86) 1.58(1.47-1.71)
Mother's history of dementia (yes VS no) 0.0044 0.00456
Non-APOE4 carrier 1880/2453980 217/176190 0.77 123 1.27(1.10-1.46) 1.31(1.14-1.51)
APOE4 carrier 2130/1163574  537/147697 1.83 3.64 1.58(1.44-1.74) 1.63(1.48-1.79)
Sibling's history of depression (yes VS no) 0.0094 0.01295
Non-APOE4 carrier 1974/2480945  123/149225 0.8 0.82 1.31(1.09-1.57) 1.27(1.06-1.53)
APOE4 carrier 2553/1236773  114/74497 2.06 1.53 0.93(0.77-1.12) 0.93(0.77-1.13)
CAIDE risk score (quintile 5 VS quintile 1) 0.0242 0.11408
Non-APOE4 carrier 210/826426 860/612359 0.25 14 1.44(1.23-1.69) 0.96(0.76-1.20)
APOE4 carrier 21/205270 1951/614473 0.1 3.18 0.95(0.60-1.50) 0.76(0.47-1.23)
Smoking (current VS never) 0.0001 0.00012
Non-APOE4 carrier 917/1419932  284/282023 0.65 101 - 1.76(1.54-2.02) 1.50(1.31-1.72)
APOE4 carrier 1256/717114  219/122247 175 179 1.18(1.02-1.37) 1.05(0.91-1.22)
Physical activity (quintile 1 VS quintile 5) 0.0181 0.02314
Non-APOE4 carrier 364/522644 454/531305 0.7 0.85 1.37(1.19-1.57) 1.38(1.20-1.58)
APOE4 carrier 524/264454 499/259438 1.98 192 1.16(1.02-1.31) 1.17(1.03-1.32)
Diet score (quintile 1 VS quintile §) 0.0076 0.01279
Non-APOE4 carrier 636/923746 622/727041 0.69 0.86 1.39(1.24-1.55) 1.18(1.05-1.32)
APOE4 carrier 976/482324 677/344093 2.02 1.97 1.15(1.04-1.26) 1.04(0.94-1.15)
Glucosamine supplement (no VS yes) 0.0388 0.03596
Non-APOE4 carrier 262/320570 1835/2309599 0.82 0.79 1.28(1.12-1.46) 1.16(1.01-1.32)
APOE4 carrier 396/162691 2271/1148579 243 1.98 1.13(1.01-1.25) 1.05(0.95-1.17)
Apolipoprotein A (quintile 1 VS quintile 5) 0.0013 0.00172978
Non-APOEA4 carrier 422/548704 450/500070 0.77 0.9 1.39(1.22-1.59) 1.17(1.02-1.34)
APOE4 carrier 546/237278 569/295295 23 1.93 1.05(0.93-1.18) 0.93(0.82-1.05)
HDL-C (quintile 1 VS quintile 5) 0.0085 0.0103
Non-APOE4 carrier 404/540854 499/510220 0.75 0.98 1.36(1.19-1.55) 1.12(0.98-1.28)
APOE4 carrier 516/245468 621/283901 21 2.19 1.10(0.98-1.24) 0.96(0.85-1.08)
Neutrophil count (quintile 5 VS quintile 1) 0.0009 0.00124
Non-APOE4 carrier 275/530427 596/535492 0.52 L11 - 1.85(1.61-2.14) 1.54(1.33-1.79)
APOE4 carrier 408/274191 613/251816 149 243 1.37(1.21-1.55) 1.24(1.10-1.41)
Reticulocyte percentage (quintile 5 VS quintile 1) 0.0392 0.04338
Non-APOEA carrier 415/528316 504/528424 0.79 0.95 1.18(1.03-1.34) 1.10(0.97-1.26)
APOE4 carrier 528/265110 523/263557 1.99 1.98 1.00(0.89-1.13) 0.95(0.84-1.07)
High light scatter reticulocyte percentage (quintile 5 VS quintile 1) 0.0115 0.01288
Non-APOE4 carrier 401/522406 518/532534 0.77 0.97 1.15(1.01-1.31) 1.05(0.92-1.20)
APOE4 carrier 538/265642 524/260445 2.03 2.01 0.92(0.82-1.04) 0.86(0.76-0.97)
High light scatter reticulocyte count (quintile 5 VS quintile 1) 0.0092 0.01017
Non-APOE4 carrier 469/600257 533/572130 0.78 0.93 1.09(0.96-1.24) 1.01(0.89-1.14)
APOE4 carrier 634/305716 538/278489 2.07 1.93 0.88(0.78-0.98) 0.82(0.73-0.92)
Gamma glutamyltransferase (quintile 5 VS quintile 1) 0.0030 0.00495
Non-APOE4 carrier 319/524972 531/537917 0.61 0.99 1.35(1.17-1.55) 1.28(1.11-1.47)
APOE4 carrier 498/272630 568/254079 1.83 224 1.01(0.89-1.14) 0.97(0.86-1.10)
Vitamin D (quintile 1 VS quintile 5) 0.0306 0.03996
Non-APOE4 carrier 385/532265 496/529898 0.72 0.94 1.64(1.44-1.88) 1.46(1.27-1.67)
APOE4 carrier 503/257157 572/263248 1.96 2.17 1.45(1.29-1.64) 1.37(1.22-1.55)
C-reactive protein (quintile 1 VS quintile 5) 0.0001 0.00006
Non-APOE4 carrier 607/589028 271/451312 1.03 0.6 0.85(0.74-0.98) 1.02(0.88-1.18)
APOE4 carrier 455/200465 689/348453 227 1.98 1.22(1.08-1.38) 1.39(1.23-1.57)
Microalbumin in urine (quintile 5 VS quintile 1) 0.0288 0.03245
Non-APOE4 carrier 303/524484 454/524844 0.58 0.87 1.40(1.21-1.62) 1.33(1.15-1.54)
APOE4 carrier 453/264442 545/263016 171 2.07 1.12(0.99-1.27) 1.09(0.96-1.24)
Creatinine in urine (quintile 5 VS quintile 1) 0.0260 0.0242
Non-APOE4 carrier 352/521699 434/532973 0.67 0.81 1.39(1.21-1.60) 1.35(1.17-1.55)
APOE4 carrier 543/265304 502/260652 2.05 193 u 1.12(0.99-1.27) 1.09(0.96-1.23)
Particulate matter air pollution 2007 (quintile 5 VS quintile 1) H 0.0098 ' 0.01411
Non-APOE4 carrier 376/532548 458/521641 0.71 0.88 E - 1.51(1.32-1.73) E - 1.41(1.22-1.61)
APOE4 carrier 557/274468 494/251109 2.03 1.97 i-.— 1.20(1.06-1.35) 3_._ 1.17(1.03-1.32)
L |
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Fig. 4 The association between leading risk factors and incident all-cause dementia stratified by APOE4. APOE4, apolipoprotein E €4; CAIDE,
Cardiovascular Risk Factors, Aging, and Incidence of Dementia; HDL-C, high-density lipoprotein cholesterol. Cox proportional hazards regression
models were used to test whether APOE4 modified associations between leading risk factors and incident dementia. Multivariable model

was adjusted for age, sex, education, household income, BMI, smoking, physical activity, diet score, alcohol consumption, and sleep duration

non-APOE4 carriers than in APOE4 carriers. For only 2 The importance of socioeconomic status in the devel-
risk factors (mother’s history of dementia and C-reactive = opment of dementia has been highlighted in previous
protein), their associations with incident dementia were  studies [4, 25, 26]. We found household income, edu-
stronger in APOE4 carriers than in non-APOE4 carriers.  cation, and Townsend index were all associated with
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Subgroup Cases/person-years Incidence of i Age- and sex-adjusted model Multivariable-adjusted model
Favourable  Unfavourable Favourable Unfavourable Hazard ratio (95% CI) i;::l::‘i?: Hazard ratio (95% CI) l_)-‘ alue ,for
Multimorbidity risk score (quintile 5 VS quintile 1) 0 0.0030 3 0.0033
Non-APOE4 carrier 57/576333 327/526793 0.10 0.62 —— 2.97(2.23-3.94) E —— 2.55(1.92-3.41)
APOE4 carrier 155/292522 514/261265 0.53 1.97 —— 1.58(1.32-1.89) E —— 1.42(1.18-1.70)
Self-rated overall health (excellent VS poor) 0.0037 0 0.0048
Non-APOE4 carrier 76/440773 221/547438 0.17 0.68 —&—— 3.83(2.79-5.25) E —&—  2.80(2.01-3.90)
APOE4 carrier 150/224360 344/262399 0.67 1.69 — 2.42(1.86-3.14) 0 —— 1.96(1.50-2.57)
Long-term illness (yes VS no) 0.0007 0.0009
Non-APOE4 carrier 343/1769418  400/865056 0.19 0.46 —— 1.87(1.62-2.16) : —-— 1.68(1.45-1.95)
APOE4 carrier 722/895177 600/420230 0.81 143 - 1.36(1.22-1.52) i - 1.27(1.14-1.42)
Mother's history of dementia (yes VS no) 0.29 i 0.29
Non-APOE4 carrier 645/2457933  98/176541 0.26 0.56 —a— 1.65(1.33-2.04) e 1.70(1.37-2.10)
APOE4 carrier 1019/1167016  303/148391 0.87 2.04 == 1.86(1.63-2.11) E - 1.91(1.68-2.17)
Sibling's history of depression (yes VS no) 0.0029 3 0.0034
Non-APOE4 carrier 694/2484971 49/149503 0.28 0.33 1.48(1.11-1.98) E —— 1.46(1.09-1.95)
APOE4 carrier 1273/1240719  49/74688 1.03 0.66 0.80(0.60-1.06) —a 0.81(0.61-1.07)
CAIDE risk score (quintile 5 VS quintile 1) 0.0039 E 0.0065
Non-APOE4 carrier 81/826848 286/614095 0.10 0.47 1.10(0.86-1.42) —a— 0.64(0.44-0.93)
APOE4 carrier 54/295723 999/617421 0.18 1.62 1.52(1.15-2.00) —q‘— 0.97(0.68-1.39)
Smoking (current VS never) 0.0053 E 0.0070
Non-APOE4 carrier 340/1421750  92/282682 0.24 0.33 1.59(1.26-2.01) | —— 1.39(1.10-1.76)
APOE4 carrier 653/718876 92/122667 0.91 0.75 0.98(0.79-1.22) —I+ 0.88(0.70-1.09)
Physical activity (quintile 1 VS quintile 5) 0.99 | 0.95
Non-APOE4 carrier 152/523234  135/532359 029 025 0.98(0.78-1.24) —a 0.99(0.78-1.24)
APOE4 carrier 275/265170  222/260314 1.04 0.85 0.99(0.83-1.18) —— 1.01(0.84-1.20)
Diet score (quintile 1 VS quintile 5) 0.12 0 0.14
Non-APOE4 carrier 243/924949 208/728414 0.26 0.29 1.24(1.03-1.49) +— 1.07(0.89-1.30)
APOE4 carrier 508/483646 312/345243 1.05 0.90 1.03(0.89-1.18) -=- 0.93(0.80-1.07)
Glucosamine supplement (no VS yes) 0.0051 E 0.0047
Non-APOE4 carrier 91/321111 652/2313363 0.28 0.28 1.35(1.08-1.68) —.— 1.24(0.99-1.55)
APOE4 carrier 227/163227 1095/1152180 139 0.95 0.96(0.83-1.11) —IJ:- 0.91(0.79-1.05)
Apolipoprotein A (quintile 1 VS quintile 5) 0.0684 H 0.0745
Non-APOE4 carrier 156/538007 148/501084 0.28 0.30 1.24(0.99-1.56) —Ih— 1.06(0.85-1.34)
APOE4 carrier 308/238121 273/296180 1.29 0.92 0.89(0.76-1.05) +E 0.81(0.68-0.95)
HDL-C (quintile 1 VS quintile 5) 0.0875 ! 0.0946
Non-APOEA carrier 148/541733 161/511351 0.27 0.31 1.18(0.95-1.48) —I:— 1.00(0.79-1.25)
APOE4 carrier 286/246233 284/284891 116 1.00 0.91(0.77-1.07) - 0.80(0.68-0.94)
Neutrophil count (quintile 5 VS quintile 1) 0.51 : 0.0013
Non-APOE4 carrier 98/530967 201/536811 0.18 0.37 1.34(1.06-1.69) E —— 1.49(1.17-1.91)
APOE4 carrier 226/274746 280/252832 0.82 111 1.22(1.03-1.44) —— 1.04(0.87-1.24)
Reticulocyte percentage (quintile 5 VS quintile 1) 0.0111 E 0.0117
Non-APOEA carrier 138/529181 177/529472 0.26 033 1.24(0.99-1.55) —.— 1.17(0.94-1.46)
APOE4 carrier 277/265918 244/264394 1.04 0.92 0.89(0.75-1.05) —.—é 0.84(0.70-0.99)
High light scatter reticulocyte percentage (quintile 5 VS quintile 1) 0.0060 : 0.0064
Non-APOE4 carrier 130/523284 171/533667 0.25 032 1.16(0.92-1.45) ‘_E'— 1.08(0.86-1.35)
APOE4 carrier 282/266464 231/261339 1.06 0.88 0.77(0.65-0.92) —-— E 0.72(0.61-0.86)
High light scatter reticulocyte count (quintile 5 VS quintile 1) 0.0018 H 0.0020
Non-APOE4 carrier 158/601251 180/573287 0.26 0.31 1.09(0.88-1.35) —:.— 1.02(0.82-1.27)
APOE4 carrier 340/306670 245/279316 111 0.88 0.74(0.63-0.88) —- 0.70(0.59-0.82)
Gamma glutamyltransferase (quintile 5 VS quintile 1) 0.35 E 0.39
Non-APOE4 carrier 124/525576 167/539135 0.24 031 1.06(0.84-1.34) —a 1.01(0.80-1.28)
APOE4 carrier 266/273336 266/255035 0.97 1.04 0.87(0.73-1.03) _1_5 0.84(0.70-0.99)
Vitamin D (quintile 1 VS quintile 5) 0.11 E 0.12
Non-APOE4 carrier 148/532978 167/531033 0.28 0.31 1.43(1.14-1.78) —a— 1.29(1.03-1.62)
APOE4 carrier 263/257882 271/264247 1.02 1.03 1.31(1.11-1.56) E —-— 1.28(1.08-1.52)
C-reactive protein (quintile 1 VS quintile 5) 0.0064 ! 0.0071
Non-APOE4 carrier 211/590291 106/451857 0.36 0.23 0.99(0.79-1.25) %._ 1.16(0.91-1.47)
APOE4 carrier 212/201242 350/349510 1.05 1.00 1.36(1.14-1.61) [— 1.52(1.28-1.81)
Microalbumin in urine (quintile 5 VS quintile 1) 0.0612 i 0.0648
Non-APOE4 carrier 106/525112 157/525837 0.20 0.30 1.38(1.08-1.76) —.— 1.32(1.03-1.69)
APOE4 carrier 229/265108 259/263905 0.86 0.98 1.05(0.88-1.26) _'b_ 1.03(0.86-1.23)
Creatinine in urine (quintile 5 VS quintile 1) 0.34 : 0.34
Non-APOE4 carrier 135/522374 134/533908 0.26 0.25 1.12(0.88-1.42) e 1.09(0.85-1.38)
APOE4 carrier 279/266088 218/261582 1.05 0.83 0.94(0.79-1.12) _.i_ 0.91(0.76-1.09)
Particulate matter air pollution 2007 (quintile 5 VS quintile 1) 0.40 | 043
Non-APOE4 carrier 156/533211 152/522623 0.29 0.29 1.23(0.98-1.54) _5_._ 1.16(0.92-1.45)
APOE4 carrier 285/275354 235/251898 1.04 0.93 1.12(0.94-1.33) 4:.._ 1.11(0.93-1.32)
I
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Fig. 5 The association between leading risk factors and incident Alzheimer’s disease stratified by APOE4. APOE4, apolipoprotein E €4; CAIDE,
Cardiovascular Risk Factors, Aging, and Incidence of Dementia; HDL-C, high-density lipoprotein cholesterol. Cox proportional hazards regression
models were used to test whether APOE4 modified associations between leading risk factors and incident Alzheimer’s disease. Multivariable model
was adjusted for age, sex, education, household income, BMI, smoking, physical activity, diet score, alcohol consumption, and sleep duration

incident dementia, but only low household income was  was associated with an increased risk of dementia inde-
among the leading risk factors. This is consistent with a  pendent of education [25]. As a measure of socioeco-
recent cohort study showing that low household income  nomic inequality, self-rated overall health should not be



Ye et al. BMC Neurology (2024) 24:71

overlooked. Self-rated overall health reflects the percep-
tion of the biological and psychological status of indi-
viduals in given cultural and social circumstances [27].
Self-rated overall health was among the five leading risk
factors in individuals with and without APOE4 in our
study. Chronic conditions such as hearing impairment,
diabetes, hypertension, obesity, and depression have been
demonstrated to be important contributors to demen-
tia [4]. In our analysis, multimorbidity risk score created
based on these chronic conditions was the leading con-
tributor among non-APOE4 carriers and the third lead-
ing contributor among APOE4 carriers. Recent evidence
has demonstrated the important role of environmental
measures in mental health [28, 29]. Nine environmental
measures including greenspace, natural environment,
and air pollution were among the leading determinants
for dementia in our study. Inflammation and immune-
related markers have been linked to dementia in previ-
ous studies [30, 31]. Likely, we found high neutrophil
count and low lymphocyte percentage with PAR>5.0%
were among the leading risk factors. CAIDE risk score
was the third leading risk factor for dementia among the
whole population but not a significant risk factor among
APOE4 carriers or non-APOE4 carriers. This may be
because APOE4 was involved in the calculation of the
CAIDE risk score.

Evidence has shown that more than half of AD is attrib-
utable to APOE4 [10], thus it is imperative to identify
leading risk factors for APOE4 carriers. Our moderation
analysis demonstrated that a mother’s history of demen-
tia and low levels of C-reactive protein were more impor-
tant risk factors of dementia in APOE4 carriers than in
non-APOE4 carriers. Family history represents a combi-
nation of both genetic factors and shared environmental
factors including lifestyle habits and socioeconomic sta-
tus among family members. Although interaction analy-
sis was not conducted, a population study showed that
family history of AD only and family history and APOE4
combined may potentially result in functional differences
in episodic memory-related regions [32]. In line with our
study, a cross-sectional analysis found that APOE4 was
associated with lower paired-associates learning scores
in individuals with family history of dementia [33]. We
also found that the association between fathers’ or sib-
lings’ history of dementia and incident dementia did not
significantly differ between individuals with and with-
out APOE4. This suggests that the mother might have a
higher impact on the lifestyle habits and other environ-
ments of the family and mothers with dementia than
other family members with dementia were more likely
to bright out unhealthy environments in the family thus
resulting in a higher risk of dementia, especially among
APOE4 carriers. Inconsistent findings from previous
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studies regarding the association between circulating
C-reactive protein and AD are observed. Data from Nor-
way’s Nord-Trendelag Health Study showed that higher
C-reactive protein was associated with an increased risk
of AD (odds ratio (95% CI): 2.37 (1.01-5.58)) in individu-
als aged 60-70.5 years and a decreased risk in those aged
70.6—94 years (0.39 (0.19-0.84)) [34]. A Mendelian Ran-
domization study revealed that higher C-reactive pro-
tein was a causal risk factor for schizophrenia, coronary
artery disease, and inflammatory bowel disease which are
well-known risk factors for dementia [35]. The rise in lev-
els of C-reactive protein may be a response to the disease
process rather than a cause for dementia/AD. Recent
research has shown that APOE4 carriers had lower lev-
els of C-reactive protein than non-APOE4 carriers [36].
However, it is unclear why the association between
C-reactive protein and incident dementia was stronger in
APOE4 carriers than in non-APOE4 carriers.

For other risk factors, their associations with dementia/
AD were stronger in non-APOE4 carriers than in APOE4
carriers in our analysis. We found smoking, unhealthy
diet, and physical inactivity were associated with an
increased risk of dementia in non-APOE4 carriers but
not in APOE4 carriers suggesting modification of these
lifestyle factors may be more effective for the preven-
tion of dementia in non-APOE4 carriers. Health-related
conditions including multimorbidity risk score, self-rated
overall health, and long-term illness were more predic-
tive of dementia in non-APOE4 carriers than in APOE4
carriers. A recent cohort study did not find a significant
interaction between cardiometabolic multimorbidity and
genetic risk score for incident dementia [37], however,
APOE4 was not tested in the interaction analysis. No sig-
nificant interaction between APOE4 and multimorbidity
for dementia was observed in another cohort study [38],
probably because of the small sample size. We also found
biomarkers including neutrophil count, lymphocyte per-
centage, vitamin D, and microalbumin in urine as well
as air pollution were stronger predictors of dementia in
non-APOE4 carriers than in APOE4 carriers. Thus, the
management of these risk factors may be more favorable
for non-APOE4 carriers. Our findings provide new evi-
dence on prevention and screening strategies for demen-
tia in individuals with and without APOE4.

To our knowledge, this is the first study to investigate
the leading risk factors for dementia in individuals with
and without APOE4 and whether APOE4 modified asso-
ciations between a wide range of risk factors and incident
dementia. The study has several potential limitations.
Firstly, the definition of dementia may have underesti-
mated the incidence as the medical records or death reg-
isters may fail to identify all cases. However, it has shown
that there is good agreement between case ascertainment



Ye et al. BMC Neurology (2024) 24:71

and primary care records [39]. Secondly, given the pro-
dromal period of dementia can last decades [40], some
cases might have occurred years before the diagnosis.
However, similar results between sensitivity analysis by
excluding dementia cases diagnosed in the first 5 years
of follow-up and the main findings were seen, which
may have reduced the possibility of reverse relation-
ships. Finally, the analysis was restricted to individuals of
European ancestry in the UK Biobank cohort, which may
reduce the generalizability of our findings to other ethnic
groups.

In conclusion, leading risk factors for dementia/AD
differed between individuals with and without APOE4.
The leading determinants for all-cause dementia/AD
differed between APOE4 and non-APOE4 carriers. For
most factors including multimorbidity risk score, self-
rated overall health, smoking, physical activity, diet qual-
ity, HDL-C, neutrophil count, vitamin D, and particulate
matter air pollutants, their associations were stronger in
non-APOE4 carriers than in APOE4 carriers. For only 2
risk factors (mother’s history of dementia and C-reactive
protein), their associations with incident dementia were
stronger in APOE4 carriers than in non-APOE4 carriers..
Our findings provide evidence for more personalized
preventative approaches to dementia in APOE4 and non-
APQOEA4 carriers.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512883-024-03557-8.

Additional file 1: Figure S1. Population selection from the UK Biobank
cohort. Figure S2. The association between other leading risk factors
with contribution >5% and incident all-cause dementia stratified by
APOEA4. Figure S3. The association between risk factors with contribution
< 5% and incident all-cause dementia stratified by APOE4. Figure S4. The
association between leading risk factors and incident all-cause dementia
stratified by APOE4 in individuals aged 60 years older. Figure S5. The
association between leading risk factors and incident Alzheimer’s disease
stratified by APOE4 in individuals aged 60 years older. Figure S6. The
association between leading risk factors and incident all-cause dementia
stratified by APOE4 by excluding dementia cases developed in the first
five years of follow-up. Figure S7. The association between leading risk
factors and incident Alzheimer’s disease stratified by APOE4 by excluding
dementia cases developed in the first five years of follow-up. Figure

S$8. The association between leading risk factors and incident all-cause
dementia stratified by APOE4 in individuals with complete data. Figure
S9. The association between leading risk factors and incident Alzheimer's
disease stratified by APOE4 in individuals with complete data. Table S1.
Codes for international classification disease and self-reported fields for
dementia. Table S2. Chronic conditions used to create the multimor-
bidity score for dementia. Table S3. Factors tested in the moderation
test. Table S4. Other baseline characteristics in APOE4 and non-APOE4
carriers. Table S5. Categorical variables in imputed and non-imputed
data. Table S6. Continuous variables in imputed and non-imputed data.

Acknowledgements
This research was conducted using the UK Biobank resource. We thank the
participants of the UK Biobank.

Page 12 of 13

Authors’ contributions

XS, MH conceived and designed the study. SY, ZZ, WW performed data cura-
tion. XS conducted data analysis and drafted the initial manuscript. XS, ER, ZZ,
KK, WW, YH, XLZ, XYZ, JL, ST, YH, HY, ZG, and MH made a critical revision to the
manuscript for important intellectual content. All authors read the manuscript
and approved the final draft.

Funding

This work was supported by the National Natural Science Foundation of China
(grant number 32200545), the GDPH Supporting Fund for Talent Program
(grant numbers KJ012020633, KJ012019530) from Guangdong Provincial
People’s Hospital. Science and technology research projec of Guangdong
Provincial Hospital of Chinese Medicinet(grant number: YN2022GK04).

Availability of data and materials

Data are available in a public, open access repository (https://www.ukbiobank.
ac.uk/). All methods carried out in the study were performed in accordance
with relevant guidelines and regulations.

Declarations

Ethics approval and consent to participate

The UK Biobank Study’s ethical approval has been granted by the National
Information Governance Board for Health and Social Care and the NHS North
West Multicenter Research Ethics Committee (REC reference: 16/NW/0274).

Consent for publication
Not Applicable.

Competing interests
The authors declare no competing interests.

Author details

'The Second Clinical College of Guangzhou University of Chinese Medicine,
Guangzhou 510405, China. 2Department of Ultrasound, The Second Affiliated
Hospital of Guangzhou University of Chinese Medicine, Guangzhou 510120,
China. *Guangdong Eye Institute, Department of Ophthalmology, Guangdong
Provincial People’s Hospital (Guangdong Academy of Medical Sciences), South-
ern Medical University, Guangzhou 510080, China. “Guangdong Cardiovascular
Institute, Guangdong Provincial People’s Hospital, Guangdong Academy of Medi-
cal Sciences, Guangzhou 510080, China. *Centre for Eye Research Australia,
Melbourne, VIC 3002, Australia. 6Depar‘[ment of Medicine (Royal Melbourne
Hospital), University of Melbourne, Melbourne, VIC 3050, Australia. "Wicking
Dementia Research and Education Centre, University of Tasmania, Hobart, TAS
7001, Australia. ®State Key Laboratory of Ophthalmology, Zhongshan Ophthalmic
Center, Sun Yat-Sen University, Guangzhou 510060, China. “Monash e-Research
Center, Faculty of Engineering, Airdoc Research, Nvidia Al Technology Research
Center, Monash University, Melbourne, VIC 3800, Australia.

Received: 3 November 2023 Accepted: 30 January 2024
Published online: 20 February 2024

References

1. Nichols E, Szoeke CEl, Vollset SE, et al. Global, regional, and national bur-
den of Alzheimer’s disease and other dementias, 1990-2016: a systematic
analysis for the Global Burden of Disease Study 2016. Lancet Neurol.
2019;18:88-106.

2. Alzheimer’s Association. 2022 Alzheimer’s disease facts and figures.
Alzheimers Dement. 2022;18:700-89.

3. Ahmadi-Abhari S, Guzman-Castillo M, Bandosz P, et al. Temporal trend
in dementia incidence since 2002 and projections for prevalence in
England and Wales to 2040: modelling study. BMJ. 2017,358:j2856.

4. Livingston G, Huntley J, Sommerlad A, et al. Dementia prevention,
intervention, and care: 2020 report of the Lancet Commission. Lancet.
2020,396:P413-446.

5. Baumgart M, Snyder HM, Carrillo MC, Fazio S, Kim H, Johns H. Sum-
mary of the evidence on modifiable risk factors for cognitive decline


https://doi.org/10.1186/s12883-024-03557-8
https://doi.org/10.1186/s12883-024-03557-8
https://www.ukbiobank.ac.uk/
https://www.ukbiobank.ac.uk/

Ye et al. BMC Neurology

20.

21.

22.

23.

24.

25.

26.

27.

28.

(2024) 24:71

and dementia: a population-based perspective. Alzheimers Dement.
2015;11:718-26.

Kuller LH, Lopez OL, Jagust WJ, et al. Determinants of vascular

dementia in the Cardiovascular Health Cognition Study. Neurology.
2005;64:1548-52.

Eid A, Mhatre |, Richardson JR. Gene-environment interactions in Alzhei-
mer’s disease: a potential path to precision medicine. Pharmacol Ther.
2019;199:173-87.

Pawel S, Malgorzata Z, Dorota S, et al. Air pollution: a silent key driver of
dementia. Biomedicines. 2023;11:1477-82.

Ana CR, Sydney V, Doss ZA, et al. ApoE in Alzheimer’s disease: pathophysi-
ology and therapeutic strategies. Mol Neurodegener. 2022;17:72.
Saddiki H, Fayosse A, Cognat E, et al. Age and the association between
apolipoprotein E genotype and Alzheimer disease: a cerebrospinal fluid
biomarker-based case-control study. PLoS Med. 2020;17:21003289.

. Safieh M, Korczyn AD, Michaelson DM. ApoE4: an emerging therapeutic

target for Alzheimer’s disease. BMC Med. 2019;17:64.

Jordi C, Sonia MG, Laura CC, et al. Genetic architecture of neurodegenera-
tive dementias. Neuropharmacology. 2020;168:108014.

Silvan L, Shahzad A, Hata KC, et al. Genetic predisposition, modifiable-risk-
factor profile and long-term dementia risk in the general population. Nat
Med. 2019;25:1364-9.

Lim AS, Yu L, Kowgier M, Schneider JA, Buchman AS, Bennett DA. Modi-
fication of the relationship of the apolipoprotein E €4 allele to the risk

of Alzheimer disease and neurofibrillary tangle density by sleep. JAMA
Neurol. 2013;70:1544-51.

Shih IF, Paul K, Haan M, Yu Y, Ritz B. Physical activity modifies the influence
of apolipoprotein E €4 allele and type 2 diabetes on dementia and cogni-
tive impairment among older Mexican Americans. Alzheimers Dement.
2018;14:1-9.

Cacciottolo M, Wang X, Driscoll |, et al. Particulate air pollutants, APOE
alleles and their contributions to cognitive impairment in older women
and to amyloidogenesis in experimental models. Trans| Psychiatry.
2017;7:e1022.

Zverova M, Kitzlerova E, Fisar Z, et al. Interplay between the APOE
genotype and possible plasma biomarkers in Alzheimer’s disease. Curr
Alzheimer Res. 2018;15:938-50.

Loeffler DA. Modifiable, non-modifiable, and clinical factors associated
with progression of Alzheimer's disease. J Alzheimers Dis. 2021;80:1-27.
Sudlow C, Gallacher J, Allen N, et al. UK biobank: an open access resource
for identifying the causes of a wide range of complex diseases of middle
and old age. PLoS Med. 2015;12:¢1001779.

Lourida I, Hannon E, Littlejohns TJ, et al. Association of lifestyle and
genetic risk with incidence of dementia. JAMA. 2019,322:430-7.

Shang X, Zhu Z, Zhang X, et al. Association of a wide range of chronic dis-
eases and apolipoprotein E4 genotype with subsequent risk of dementia
in community-dwelling adults: a retrospective cohort study. EClinical-
Medicine. 2022;45:101335.

Kivipelto M, Ngandu T, Laatikainen T, Winblad B, Soininen H, Tuomilehto
J. Risk score for the prediction of dementia risk in 20 years among middle
aged people: a longitudinal, population-based study. Lancet Neurol.
2006;5:735-41.

D’Agostino RB Sr, Vasan RS, Pencina MJ, et al. General cardiovascular risk
profile for use in primary care: the Framingham Heart Study. Circulation.
2008;117:743-53.

Barnes DE, Yaffe K. The projected effect of risk factor reduction on Alzhei-
mer’s disease prevalence. Lancet Neurol. 2011;10:819-28.

Petersen JD, Wehberg S, Packness A, et al. Association of socioeconomic
status with dementia diagnosis among older adults in Denmark. JAMA
Netw Open. 2021;4:e2110432.

Cadar D, Lassale C, Davies H, Llewellyn DJ, Batty GD, Steptoe A. Individual
and area-based socioeconomic factors associated with dementia
incidence in England: evidence from a 12-year follow-up in the English
longitudinal study of ageing. JAMA Psychiatry. 2018;75:723-32.

Jylhd M. What is self-rated health and why does it predict mortality?
Towards a unified conceptual model. Soc Sci Med. 2009;69:307-16.
Keswani A, Akselrod H, Anenberg SC. Health and clinical impacts

of air pollution and linkages with climate change. NEJM Evid.
2022;1(7):EVIDra2200068.

30.

32.

33

34.

35.

36.

37.

38.

39.

40.

Page 13 of 13

Astell-Burt T, Navakatikyan MA, Feng X. Urban green space, tree canopy
and 11-year risk of dementia in a cohort of 109,688 Australians. Environ
Int. 2020;145:106102.

Huang LT, Zhang CP, Wang YB, Wang JH. Association of peripheral blood
cell profile with Alzheimer’s disease: a meta-analysis. Front Aging Neuro-
sci. 2022;14:888946.

. DongY, Lagarde J, Xicota L, et al. Neutrophil hyperactivation correlates

with Alzheimer’s disease progression. Ann Neurol. 2018;83:387-405.
Rajah MN, Wallace LMK, Ankudowich E, et al. Family history and APOE4
risk for Alzheimer's disease impact the neural correlates of episodic
memory by early midlife. Neuroimage Clin. 2017;14:760-74.

Talboom JS, Haberg A, De Both MD, et al. Family history of Alzheimer’s
disease alters cognition and is modified by medical and genetic factors.
elLife. 2019;8:e46179.

Gabin JM, Saltvedt |, Tambs K, Holmen J. The association of high sensitiv-
ity C-reactive protein and incident Alzheimer disease in patients 60 years
and older: the HUNT study. Norway Immun Ageing. 2018;15:4.

Prins BP, Abbasi A, Wong A, et al. Investigating the causal relationship of
C-reactive protein with 32 complex somatic and psychiatric outcomes: a
large-scale cross-consortium Mendelian randomization study. PLoS Med.
2016;13:21001976.

Wang Y, Grydeland H, Roe JM, et al. Associations of circulating C-reactive
proteins, APOE €4, and brain markers for Alzheimer’s disease in healthy
samples across the lifespan. Brain Behav Immun. 2022;100:243-53.

Tai XY, Veldsman M, Lyall DM, et al. Cardiometabolic multimorbidity,
genetic risk, and dementia: a prospective cohort study. Lancet Healthy
Longev. 2022;3:e428-36.

Grande G, Marengoni A, Vetrano DL, et al. Multimorbidity burden and
dementia risk in older adults: the role of inflammation and genetics.
Alzheimers Dement. 2021;17:768-76.

Sibbett RA, Russ TC, Deary 1J, Starr JM. Dementia ascertainment using
existing data in UK longitudinal and cohort studies: a systematic review
of methodology. BMC Psychiatry. 2017;17:239.

Alzheimer's Association. 2020 Alzheimer’s disease facts and figures.
Alzheimers Dement. 2020;16:391-460.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Leading determinants of incident dementia among individuals with and without the apolipoprotein E ε4 genotype: a retrospective cohort study
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Study population
	Ascertainment of incident dementia
	Genetic data
	Sociodemographic data
	Lifestyle factors
	Blood tests
	Urinary biomarker data
	Health-related conditions and risk score
	Familial medical history
	Environment measures
	Statistical analysis

	Results
	Population selection
	Baseline characteristics
	Incidence of dementia
	Leading determinants for dementia
	Moderation analysis for all-cause dementia
	Moderation analysis for Alzheimer’s disease
	Sensitivity analysis

	Discussion
	Acknowledgements
	References


