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A B S T R A C T

Background: Prior studies on vitamin D and dementia outcomes yielded mixed results and had several important limitations.
Objectives: We aimed to assess the associations of both serum vitamin D status and supplementation with all-cause dementia, Alzheimer’s disease (AD),
and vascular dementia (VD) incidence.
Methods: With a prospective cohort study design, we comprehensively assessed the associations of vitamin D and multivitamin supplementation, as well
as vitamin D deficiency {25-hydroxyvitamin D [25(OH)D] <30 nmol/L}, and insufficiency [25(OH)D 30 to <50 nmol/L], with the 14-year incidence of
all-cause dementia, AD, and VD in 269,229 participants, aged 55 to 69, from the UK Biobank.
Results: Although 5.0% reported regular vitamin D use and 19.8% reported multivitamin use, the majority of participants exhibited either vitamin
D deficiency (18.3%) or insufficiency (34.0%). However, vitamin D deficiency was less prevalent among users of vitamin D (6.9%) or multivitamin
preparations (9.5%) than among nonusers (21.5%). Adjusted Cox regression models demonstrated 19% to 25% increased risk of all 3 dementia outcomes
for those with vitamin D deficiency [hazard ratio (HR) 95% confidence interval (CI)]: 1.25 (1.16, 1.34) for all-cause dementia; 1.19 (1.07–1.31) for AD;
1.24 (1.08–1.43) for VD] and 10% to 15% increased risk of those with vitamin D insufficiency [HR (95% CI): 1.11 (1.05, 1.18) for all-cause dementia;
1.10 (1.02–1.19) for AD; 1.15 (1.03–1.29) for VD]. Regular users of vitamin D and multivitamins had 17% and 14% lower risk of AD [HR (95% CI):
0.83 (0.71, 0.98)] and VD [HR (95% CI): 0.86 (0.75, 0.98)] incidence, respectively.
Conclusions: Although our findings indicate the potential benefits of vitamin D supplementation for dementia prevention, randomized controlled trials
are essential for definitive evidence.
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Introduction

Dementia affects over 55 million people worldwide, and this
number is predicted to triple by 2050 [1,2]. As a result, the search for
effective treatments has led to an explosion of research. Yet, despite
these efforts, effective therapeutics for all-cause dementia that can halt
or reverse its progression remain elusive [3,4]. Therefore, the impor-
tance of preventing dementia through the control of modifiable risk
factors is imperative [5].
Abbreviations: 25(OH)D, 25-hydroxyvitamin D; AD, Alzheimer’s disease; Aβ, amyloid b
confidence interval; HR, hazard ratio; MI, multiple imputation; NCT, National Center for T
Committee; SD, standard deviation; VD, vascular dementia.
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Research into the role of vitamin D in Alzheimer’s disease (AD)
suggests a potential involvement in the modulation of amyloid beta
(Aβ) plaques, a key factor in AD pathology [6]. Moreover, evidence
indicates that vitamin D might provide neuroprotection against
Aβ-induced tau hyperphosphorylation [7].

Vitamin D deficiency and insufficiency, typically defined by serum
25-hydroxyvitamin D (25(OH)D) levels of<30 nmol/L and<50 nmol/
L respectively [8], have high prevalence rates—40% in Europe, 24% in
the United States, and 37% in Canada [9]. A recent meta-analysis of
eta; APOE, Apolipoprotein E; BMI, body mass index; BMD, bone mineral density; CI,
umor; OTC, over-the-counter; RCT, randomized controlled trial; REC, Research Ethics
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observational studies suggests that 25(OH)D levels <50 nmol/L may
be a risk factor for dementia, specifically for AD [10]. Addressing this
may positively influence dementia prevention, especially since dietary
supplements can safely and affordably manage it [11]. However, it is
essential to mention that many of the included observational studies
omitted to consider pivotal confounders, such as outdoor activity
duration, seasonal variations in 25(OH)D levels, body mass index
(BMI), dietary habits, and smoking status [12,13].

The results from past clinical trials on vitamin D supplementation
vary considerably. Some have shown cognitive improvements
following vitamin D supplementation, whereas others have found no
significant benefits [14–20]. The disparities in findings could be
attributed to factors like dosing differences, small sample sizes, and,
notably, insufficient follow-up durations—vital for preventive de-
mentia research. Although extended follow-up periods are more
feasible in observational studies on vitamin D supplementation, their
results have been similarly inconsistent. For instance, one study re-
ported a reduced incidence of dementia linked to vitamin D [11],
contrasting another that found an increased risk [21].

With data from the large UK Biobank cohort study with a median
follow-up of 13.6 years, we aimed to assess the associations of serum
vitamin D status and supplementation with all-cause dementia, AD,
and vascular dementia (VD) incidence. Our analysis is the first to adjust
for a wide range of potential confounders, encompassing demographic,
socioeconomic, lifestyle, biomarker, healthcare-related, and genetic
factors. Furthermore, the size of our data set permitted stratified ana-
lyses by age, sex, skin pigmentation, and Apolipoprotein E (APOE) ε4
allele status, helping to identify potential subgroups that might benefit
most from vitamin D supplementation.

Methods

Data source and study population
In this study, data were sourced from a prospective cohort, the UK

Biobank from the United Kingdom. The UK Biobank stands as an
expansive, large-scale longitudinal study that took shape by enlisting
over half a million study participants, aged between 40 and 69 y, with a
few outliers of the predetermined age range, aged 37 to 40 y or 70 to 73
y. Although we did not exclude the outliers, we used the aspired
minimum and maximum age in texts and tables. Recruitment spanned
the years between 2006 and 2010, encompassing 22 study assessment
centers strategically positioned across the United Kingdom [22]. At the
baseline assessment visit, participants completed an electronically
signed consent, a touch-screen questionnaire, a brief computer-assisted
interview, physical and functional measures, and a collection of bio-
logical samples, including blood, urine, and saliva [23]. Follow-up for
health-related outcomes was carried out mainly through linkages to
routinely available data from the UK National Health Service (e.g.,
death registrations, cancer registrations, hospital inpatient/outpatient
records, and primary care data) [23].

Out of the initial cohort of 502,366 participants enlisted in the UK
Biobank, n ¼ 194,109 individuals below the age of 55 were excluded.
This decision was based on the significantly lower dementia prevalence
at baseline age<55 vs.�55 y (0.2% vs. 2.6%) and the distinct etiology
of early-onset dementia with predominantly AD cases caused by mu-
tations in the presenilin 1, presenilin 2, or the amyloid precursor
protein gene [24]. Furthermore, those who lacked essential baseline
data concerning vitamin D usage and serum 25(OH)D concentration or
with pre-existing dementia at baseline were excluded (refer to
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Supplemental Figure 1 for a flow-chart of the selection of the study
population). Consequently, a refined cohort of 269,229 participants
remained as the focal point for the analysis of dementia outcomes in
this study.

Exposure variables
The predictors enlisted in this study encompassed measured vitamin

D status, coupled with the self-reported utilization of vitamin D and/or
multivitamin supplements during the baseline visit. Vitamin D defi-
ciency was defined as serum 25(OH)D levels <30 nmol/L, whereas
insufficiency was characterized by levels<50 nmol/L, but�30 nmol/L
[8]. The quantification of serum 25(OH)D concentrations employed the
Chemiluminescent Immunoassay technique, a direct competitive
method executed using the DiaSorin Liaison XL system (manufactured
by Diasorin S.p.A). Furthermore, to ensure rigorous accuracy, the
method underwent external validation via participation in the RIQAS
Immunoassay Speciality I scheme, attaining an impeccable quality
assurance rating of 100% [25,26].

Essential insights concerning the habitual consumption of vitamin
D and multivitamin supplements were drawn from the comprehensive
UK Biobank baseline questionnaire. The question inquired, “Do you
regularly take any of the following (you can select more than one
answer)?” offering a spectrum of answer categories: “Vitamin A/
Vitamin B/Vitamin C/Vitamin D/Vitamin E/Folic acid or Folate/Mul-
tivitamins � minerals/None of the above/Prefer not to answer.”

For classification, participants indicating “Vitamin D” were cate-
gorized as vitamin D users. These participants included those who
obtained vitamin D through over-the-counter (OTC) sources (83.7%)
and those with prescribed vitamin D medications (16.3%). Those
selecting “Multivitamins�minerals”were categorized as multivitamin
users and considered separate because most multivitamin preparations
contain low-dose vitamin D (usually the daily recommended intake of
400 IU per tablet or capsule). Few participants reported using vitamin
D and multivitamin products, and these individuals were included in
the vitamin D user category. Those selecting “None of the above” or
“Other specific vitamin products than vitamin D or multivitamins”
were classified as nonusers [12].

Assessment of covariates
The selection of covariates for this study was primarily informed by

a prior research project conducted within the UK Biobank by our
group, which identified 49 determinants of vitamin D deficiency and 49
determinants of vitamin D supplementation [12]. These determinants
were used as covariates and extended by the APOE ε4 genotype, given
its significance as a specific risk factor for dementia. The covariates
spanned diverse domains, including demographic, socioeconomic,
lifestyle, biomarker, healthcare-related, and genetic dimensions, and
their assessments and categorizations are described in more detail in
Supplemental Text 1 and Supplemental Table 1.

Ascertainment of incident dementia outcomes
Within the scope of the UK Biobank, occurrences of incident all-

cause dementia, AD, and VD were acquired through algorithmic
amalgamations of interlinked data derived from hospital admission
records and death registries [27]. The minimum and maximum
follow-up time were 12.7 and 16.2 years, respectively, counted either
from March 3, 2006 (first recruited participant) or October 1, 2010 (last
recruited participant) to November 30, 2022 (end of data collection by
the UK Biobank at the time of analysis).
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Statistical analyses

General remarks.
We utilized SAS statistical software to execute all statistical ana-

lyses (version 9.4; SAS Institute, Inc, Cary, NC, USA). Descriptive
statistics stood as our foundation for comprehending the demographics
and baseline characteristics of the cohort. Person-time calculations
commenced from the enrollment date and continued until the onset of
dementia, death, date of loss of follow-up, or the end of the last follow-
up on November 30, 2022. Considering missing values, a rigorous
approach of multiple imputation (MI) was embraced, generating 5
imputed data sets. The highest missingness was observed for physical
activity (24.2%), followed by income (16.9%), APOE ε4 status
(16.6%), and the forced expiratory volume in one second (10.0%). All
other variables had below 10% of missingness. Although there is no
established guideline for an acceptable percentage of missing data for
MI, 50% of missingness is frequently suggested, which would be far
above the missingness rates of all variables used in this study [28]. Of
note, the MI excluded exposure and outcome variables, which needed
completion. This preparation paved the way for subsequent regression
analyses [29]. The SAS program PROCMIANALYZE took the role of
orchestrating the analysis and harmonizing outcomes stemming from
the corresponding imputed data sets. A significance threshold of 0.05
was employed for all analyses.

Associations of vitamin D deficiency and insufficiency with dementia
outcomes.

Cox proportional hazards regression models were conducted to
explore potential associations of vitamin D deficiency and insufficiency
with dementia outcomes. To effectively mitigate confounding, a
comprehensive set of determinants for vitamin D deficiency and de-
mentia was integrated. To facilitate this endeavor, the selected variables
were partitioned across 5 distinct models, each progressively
enhancing the degree of adjustment. Model 1 encapsulated quintes-
sential factors, including age, sex, skin color, the geographical latitude
of the assessment center, and the specific calendar month of attendance
at the assessment center. Model 2 expanded its adjustment by incor-
porating socioeconomic dimensions. Model 3 additionally integrated
lifestyle attributes and factors specific to vitamin D. Model 4 included
parameters associated with weight measurements, and model 5
encompassed a comprehensive spectrum of factors, spanning diseases,
manifestations of diseases, biomarkers, variables providing insight into
overall health status, and the APOE genotype. A detailed listing of the
covariates adjusted for in the various models is provided in the foot-
notes of pertinent tables.

Associations of vitamin D supplementation with dementia outcomes.
Drawing a parallel from the analyses conducted for vitamin D defi-

ciency and insufficiency, a similar approach was adopted. In this context,
we again employed 5 Cox proportional hazards regression models to
investigate the plausible associations between the utilization of vitamin D
and multivitamin supplements and the occurrence of all-cause dementia,
AD, andVD. Employing the same variable categories utilized for vitamin
Ddeficiency and insufficiency, the individual variables partly differed (for
details, see the footnotes of pertinent tables).

Subgroup and sensitivity analyses.
Subgroup analyses were carried out by sex (female/male), age (55 to

<65 or �65 to 69 y), skin color (non-black and non-brown/black or
brown), APOE ε4 allele status (APOE ε4 noncarrier or APOE ε4 carrier),
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and BMI of <30 or �30 kg/m2. Furthermore, to address potential con-
cerns of reverse causation in the analysis of vitamin D status and proto-
pathic bias in the analysis of vitamin D supplementation, we performed
sensitivity analyses. In these analyses, subjects who developed dementia
in the first 5 years of follow-up were excluded [30,31].

Results

Characteristics of the study population
The cohort for the dementia outcomes analysis comprised a total of

269,229 participants (as depicted in Supplemental Figure 1). The mean
age of the participants included in the study was 62.1 years, with an
IQR of 59 to 65 y at the baseline assessment. Among these participants,
140,857 (52.3%) were female. Notably, a significant proportion of the
cohort fell within the categories of overweight (BMI: 25 to<30 kg/m2;
44.1%) or obese (BMI: �30 kg/m2; 25.2%). Within the cohort, current
smokers constituted 8.8%, whereas 12.0% reported high alcohol con-
sumption. Furthermore, almost one-fifth of the participants reported
low levels of physical activity. The prevalence for hypertension, dia-
betes mellitus, and coronary artery disease was 35.5%, 6.3%, and
8.3%, respectively. The median count of chronic diseases was 2, with
an IQR spanning from 1 to 3. In terms of vitamin D status, the majority
of study participants demonstrated either vitamin D deficiency (18.3%)
or insufficiency (34.0%). Only a small subset, specifically 5.0%, re-
ported regular consumption of vitamin D, whereas an additional 19.8%
revealed regular usage of a multivitamin (� minerals) preparations.
Further baseline characteristics of the study population are presented in
Table 1.

Baseline characteristics varied across serum vitamin D status
(Supplemental Table 1) and vitamin D supplementation groups (Sup-
plemental Table 2). Just to name a few, the vitamin D deficiency group,
compared to the group with sufficient levels, had more frequently
brown or black skin color and were more frequently obese (BMI: �30
kg/m2), regularly smoking, and engaged in low amounts of physical
activity. Vitamin D users, in contrast to nonusers, were more frequently
female, more often had a higher education level (�12 years of school),
and were less frequently regular smokers. Of note, the 25(OH)D levels
were higher among vitamin D users (59.3 nmol/L) and multivitamin
users (56.0 nmol/L) than nonusers (47.9 nmol/L). Consequently, the
prevalence of vitamin D deficiency was much lower among subjects
using vitamin D supplements (6.9%) or multivitamin supplements
(9.5%) than among nonusers (21.3%).

Associations of vitamin D deficiency and insufficiency
with dementia outcomes

Within the entire cohort, a total of 7087 participants (2.6%) expe-
rienced all-cause dementia over a median follow-up period of 13.6 y
(IQR: 12.7–14.3 y). Among these, 3616 participants were diagnosed
with AD, whereas 1815 had a diagnosis of VD. As portrayed in
Table 2, both vitamin D deficiency and insufficiency exhibited statis-
tically significant associations with all-cause dementia, AD, and VD
across all levels of covariate adjustments. Of note, the hazard ratios
(HRs) demonstrated attenuation as adjustments progressed from model
1 to model 5. Within model 5, compared to individuals with sufficient
25(OH)D levels, a 25% and 11% increased risk of all-cause dementia
were observed for individuals with vitamin D deficiency {HR [95%
confidence interval (CI)]: 1.25 [1.16, 1.34]} and individuals with
vitamin D insufficiency [1.11 (1.05–1.18)], respectively. The
augmented risk associated with vitamin D deficiency and insufficiency



TABLE 1
Baseline characteristics of the study population (N ¼ 269,229)

Baseline characteristics Ntotal (%)1 unless
otherwise specified

25(OH)D levels (nmol/L), mean (SD) 50.1 (20.8)
Vitamin D status
Vitamin D deficiency (25(OH)D <30 nmol/L) 49,210 (18.3)
Vitamin D insufficiency (25(OH)D 30–<50 nmol/L) 91,463 (34.0)
Vitamin D sufficiency (25(OH)D �50 nmol/L) 128,556 (47.8)

Vitamin D / multivitamin supplements use
No 202,532 (75.2)
Yes, vitamin D preparations regularly 13,372 (5.0)
Yes, multivitamin (� minerals) preparations regularly 53,325 (19.8)

Sex
Female 140,857 (52.3)
Male 128,372 (47.7)

Age (y), mean (SD) 62.1 (4.1)
Skin color
Very fair 19,492 (7.4)
Fair 187,908 (70.8)
Light olive 46,621 (17.6)
Dark olive 4633 (1.8)
Brown 5446 (2.0)
Black 1236 (0.5)

Y of education
�9 78,795 (29.7)
10–11 69,570 (26.2)
�12 117,037 (44.1)

Indices of multiple deprivation, mean (SD) �0.06 (0.96)
Average household income (£)
<18,000 64,525 (28.8)
18,000–30,999 66,834 (29.9)
31,000–51,999 52,203 (23.3)
52,000–100,000 32,243 (14.4)
>100,000 7934 (3.6)

Disability2 18,885 (7.1)
BMI (kg/m2)
<18.5 1233 (0.5)
18.5–<25 81,210 (30.3)
25–<30 118,276 (44.1)
30–<35 49,168 (18.3)
35–<40 13,551 (5.1)
�40 4751 (1.8)

Waist circumference (cm), mean (SD) 91.4 (13.3)
Smoking status
Never smoker 138,192 (51.3)
Former smoker, occasionally 32,823 (12.2)
Former smoker, regularly 74,514 (27.7)
Current smoker, occasionally 5926 (2.2)
Current smoker, regularly 17,698 (6.6)

Alcohol consumption3

Abstainer 82,012 (30.5)
Low 109,576 (40.7)
Moderate 45,334 (16.8)
High 32,307 (12.0)

Physical activity4

Low 36,420 (17.9)
Moderate 84,558 (41.5)
High 83,038 (40.7)

Visiting friends/family
Almost daily 35,931 (13.4)
2–4 times/wk 89,563 (33.5)
Once/wk 89,846 (33.6)
Once every few months/rare 52,333 (19.6)

Oily fish consumption
Never/less than once a week 104,915 (39.2)
At least once a week 162,962 (60.8)

TABLE 1 (continued )

Baseline characteristics Ntotal (%)1 unless
otherwise specified

Cereal consumption (bowls/wk)
Never 42,428 (15.8)
<7 109,613 (40.8)
�7 116,485 (43.4)

Processed meat intake
Never/less than once a week 108,204 (40.3)
At least once a week 160,538 (59.7)

Milk consumption
Never/rarely 8536 (3.17)
Occasionally/regularly 260,530 (96.8)

Spread consumption
Never/rarely 28,264 (10.5)
Butter 93,719 (34.9)
Margarine/others 146,900 (54.6)

Preferred bread type
White 64,733 (24.9)
Wholemeal/wholegrain/brown 184,663 (70.9)
Other 11,040 (4.2)

eGFR (mL/min/1.73 m2)
�90 131,857 (49.0)
<90 137,040 (51.0)

HbA1c (%)
<6 228,987 (89.7)
6–<6.5 13,957 (5.5)
6.5–<7 4879 (1.9)
7–<8 4613 (1.8)
�8 2957 (1.2)

HDL cholesterol (mg/dL)
<40 30,538 (12.4)
�40 215,789 (87.6)

SBP (mmHg)
<140 116,744 (43.4)
140–<160 97,036 (36.1)
160–<180 43,122 (16.0)
�180 12,049 (4.5)

DBP (mmHg)
<60 2792 (1.0)
60–<100 250,602 (93.2)
�100 15,564 (5.8)

C-reactive protein (mg/L)
<3 203,202 (75.7)
3–<10 53,217 (19.8)
�10 12,052 (4.5)

FEV1 (L), mean (SD) 2.65 (0.75)
Hand grip strength (kg), mean (SD) 31.5 (11.0)
APOE e4 status -

ε2/ε2, ε2/ε3, ε3/ε3 161,912 (72.1)
ε2/ε4 5745 (2.6)
ε3/ε4 51,681 (23.0)
ε4/ε4 5142 (2.3)

No. of comorbidities, median (IQR) 2 (1–3)
History of any cancer excl. nonmelanoma skin cancer 35,965 (13.4)
Hypertension 95,642 (35.5)
Type 2 diabetes mellitus 16,952 (6.3)
History of stroke 9720 (3.6)
Coronary artery disease 22,435 (8.3)
COPD 14,115 (5.2)
Asthma 29,240 (10.9)
Osteoporosis 8500 (3.2)
Fracture in last 5 years 25,843 (9.6)
Arthritis 54,587 (20.3)
Gout 5614 (2.1)
Parkinson 819 (0.3)
Depressed mood in last 2 wks 10,038 (3.9)

(continued on next page)
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TABLE 1 (continued )

Baseline characteristics Ntotal (%)1 unless
otherwise specified

Tiredness/lethargy in last 2 wks 27,789 (10.7)
Chronic fatigue syndrome 1036 (0.4)
Hypothyroidism 17,179 (6.4)
No. of drugs, median (IQR) 2 (1–4)

Abbreviations: 25(OH)D: 25-hydroxyvitamin D; APOE, Apolipoprotein
E; BMI, body mass index; COPD, chronic obstructive pulmonary disease;
DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate;
FEV1, Forced expiratory volume in 1-second; HbA1c, hemoglobin A1c; HDL,
high-density lipoprotein; IPAQ, International Physical Activity Question-
naire; SBP, systolic blood pressure; SD, standard deviation.
1 Data are based on unimputed data set.
2 Disability is defined as having attendance allowance, disability living

allowance, or blue badge.
3 Alcohol consumption levels: low (females: 0–19.99 g/d, males: 0–39.99 g/

d); medium (females: 20–39.99 g/d, males: 40–59.99 g/d); high (females:�40
g/d, males: �60 g/d).
4 IPAQ activity levels: low (not meeting the criteria for medium and high

levels of IPAQ activity); medium (�0.5 h/d of moderate-intensity activity on
most days); high (�1 h/d of moderate-intensity activity).
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exhibited a consistent pattern for AD [HRs (95% CI): 1.19 (1.07, 1.31)
and 1.10 (1.02, 1.19), respectively] and for VD [HRs (95% CI): 1.24
(1.08, 1.43) and 1.15 (1.03, 1.29), respectively].

In dose-response analyses, we extended our investigations. Among
individuals with 25(OH)D levels <50 nmol/L, there appeared to be an
inverse dose-response relationship with all-cause dementia, whereas
there was no association in subjects with higher 25(OH)D levels
(Figure 1). The latter was the same for AD and VD, but the curve
plateaued at 25(OH)D levels <30 nmol/L.

In a sensitivity analysis, excluding dementia events in the first 5
years, the HRs for both vitamin D deficiency and insufficiency
demonstrated a slight decrease or remained comparable to the HRs in
the main analysis. Importantly, the statistically significant associations
with dementia outcomes persisted (Supplemental Table 3).
Subgroup analyses on the associations of vitamin D
deficiency and insufficiency with dementia outcomes

The results of subgroup analyses, stratified by sex, age, APOE ε4
allele status, and BMI, did not unveil substantial differences in the
associations between vitamin D status and dementia outcomes
(Figure 2, Supplemental Tables 4, 5, 7, and 8). However, a particularly
intriguing pattern emerged from our subgroup analysis based on skin
color. It appeared that neither vitamin D deficiency nor vitamin D
insufficiency were associated with the dementia outcomes in study
participants with darker skin tones (Supplemental Table 6). For VD, the
association of vitamin D deficiency was even reversed compared to the
main analysis, but this analysis must be considered with caution
because it is only based on 17 VD events among 2711 subjects with
vitamin D deficiency. The effect modification by skin color was sub-
stantiated by statistically significant interaction effects for the associ-
ations of vitamin D deficiency with all-cause dementia (pinteraction ¼
0.030) and VD (pinteraction ¼ 0.010) (Figure 2, Supplemental Table 6).
Associations of vitamin D supplementation with dementia
outcomes

Table 3 presents the association between the utilization of vitamin D
and multivitamin supplements and all-cause dementia, AD, and VD.
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For vitamin D use, the associations gained strength from models 1 to 5,
and in the most comprehensively adjusted model 5, a statistically
significant inverse association between vitamin D use and AD became
apparent [HR (95% CI): 0.83 (0.71, 0.98)]. The HR point estimates
(95% CI) for all-cause dementia [0.90 (0.81, 1.01)] and VD [0.90 (0.72,
1.12)] were quite close to the one of AD but were not statistically
significant.

The risk estimates remained relatively stable for multivitamin use
from models 1 to 5. In the most comprehensively adjusted model
(model 5), a statistically significant inverse association was observed
between multivitamin use and VD, reflecting a 14% reduction in risk
[HR (95% CI): 0.86 (0.75, 0.98)]. The HR point estimates (95% CI) for
the association of multivitamin use with all-cause dementia [0.98 (0.92,
1.04)] and AD [1.05 (0.97, 1.14)] were not statistically significant and
closer to the null effect value of HR¼1.0 than to the HR point estimate
observed for VD.

The sensitivity analysis excluding events from the first 5 y did not
result in substantially different results (Supplemental Table 9). Of note,
the association between vitamin D use and all-cause dementia became
statistically significant [HR (95% CI): 0.89 (0.79, 0.99); P ¼ 0.041].
Subgroup analyses on the associations of vitamin D
supplementation with dementia outcomes

In subgroup analyses, no differences were observed regarding sex
and APOE ε4 allele status (Figure 3, Supplemental Tables 10 and 13).
However, the inverse association of vitamin D use and AD was
stronger among individuals aged 55–64 y [HR (95% CI): 0.69 (0.52,
0.93)] than among individuals aged 65–69 y (0.91 [0.75, 1.10]), but the
interaction test results were not statistically significant (P ¼ 0.179)
(Figure 3, Supplemental Table 11). Furthermore, this association was
absent among people with black or brown skin color [HR (95% CI):
1.10 (0.55, 2.20)] and only observed among subjects with lighter skin
colors [HR (95% CI): 0.83 (0.70, 0.98)]. However, the interaction test
was not statistically significant (P ¼ 0.456) (Figure 3, Supplemental
Table 12). The latter pattern for skin color was also observed for the
association of multivitamin use and VD; however, there was no
detectable age difference for this association (Figure 3, Supplemental
Table 12). Furthermore, the inverse associations of vitamin D supple-
ment use with all-cause dementia, AD, and VD were more pronounced
in individuals with a BMI �30 kg/m2 [HRs (95% CI): 0.79 (0.62,
1.02), 0.70 (0.47, 1.03), and 0.72 (0.46, 1.14), respectively] compared
to those with a BMI <30 kg/m2 [0.94 (0.83, 1.06), 0.88 (0.74, 1.04),
and 0.96 (0.74, 1.24), respectively], but interaction tests were not
statistically significant (Figure 3, Supplemental Table 14). Interest-
ingly, similar patterns were observed for multivitamin supplement use
and its associations with all-cause dementia, AD, and VD (Supple-
mental Table 14), with all interaction tests showing statistical signifi-
cance (P ¼ 0.024, P ¼ 0.013, and P ¼ 0.032, respectively).

Discussion

Summary of the findings
Utilizing data from 55- to 69-year-old study participants of the

population-based UK Biobank with 14 years of follow-up, our study
revealed consistent associations between objectively measured vitamin
D deficiency and insufficiency (via serum samples), as well as self-
reported regular use of vitamin D supplements, with all-cause, AD,
and VD dementia, although some results for vitamin D supplements
use did not reach statistical significance. A 25(OH)D level cut-off of 50



TABLE 2
Associations of vitamin D deficiency and insufficiency with all-cause dementia, Alzheimer’s disease, and vascular dementia in 269,229 UK Biobank participants

Dementia outcomes Vitamin D deficiency (n ¼ 49,210) Vitamin D insufficiency (n ¼ 91,463) Vitamin D sufficiency (n ¼ 128,556)

Ncases (%) HR (95% CI)6 Ncases (%) HR (95% CI)6 Ncases (%) HR (95% CI)

All-cause dementia 1538 (3.1) 2422 (2.7) 3127 (2.4)
Model 11 1.58 (1.48, 1.68) 1.18 (1.12, 1.25) Ref
Model 22 1.49 (1.39, 1.59) 1.16 (1.10, 1.23) Ref
Model 33 1.37 (1.28, 1.47) 1.12 (1.06, 1.19) Ref
Model 44 1.36 (1.26, 1.46) 1.12 (1.06, 1.18) Ref
Model 55 1.25 (1.16, 1.34) 1.11 (1.05, 1.18) Ref

Alzheimer’s disease 726 (1.5) 1237 (1.4) 1653 (1.3)
Model 11 1.24 (1.13, 1.36) 1.09 (1.01, 1.17) Ref
Model 22 1.21 (1.10, 1.33) 1.08 (1.00, 1.17) Ref
Model 33 1.23 (1.11, 1.35) 1.09 (1.01, 1.18) Ref
Model 44 1.25 (1.13, 1.39) 1.11 (1.03, 1.20) Ref
Model 55 1.19 (1.07, 1.31) 1.10 (1.02, 1.19) Ref

Vascular dementia 413 (0.8) 633 (0.7) 769 (0.6)
Model 11 1.68 (1.47, 1.91) 1.26 (1.13, 1.40) Ref
Model 22 1.56 (1.36, 1.77) 1.24 (1.11, 1.38) Ref
Model 33 1.44 (1.26, 1.66) 1.20 (1.07, 1.34) Ref
Model 44 1.37 (1.19, 1.57) 1.16 (1.04, 1.30) Ref
Model 55 1.24 (1.08, 1.43) 1.15 (1.03, 1.29) Ref

The covariates were modeled as continuous or categorical variables as shown in Supplemental Table 1, which displays their distributions according to the vitamin
D status groups. 6 HRs with 95% CIs were derived from Cox proportional hazards models.
Abbreviations: CI: confidence interval, HR: hazard ratio, Ref: reference
1 Cox proportional hazards model 1: Age, sex, skin color, latitude of study center and calendar month of attending the assessment center.
2 Cox proportional hazards model 2: Model 1 variables plus socioeconomic factors (education, indices of multiple deprivation, no of individuals in household,

and household income).
3 Cox proportional hazards model 3: Model 2 variables plus lifestyle factors (smoking, alcohol consumption, physical activity, frequency of visiting friends/

family and consumption of oily fish, cereal, processed meat, milk, bread, and spread), and vitamin D specific factors (time spent outdoors in summer and winter,
ease of skin tanning, use of sunscreen/UV protection, and solarium/sunlamp use).
4 Cox proportional hazards model 4: Model 3 variables plus weight variables (body mass index and waist circumference).
5 Cox proportional hazards model 5: Model 4 variables plus diseases and disease symptoms (diabetes, stroke, coronary artery disease, chronic obstructive

pulmonary disease, osteoporosis, arthritis, gout, Parkinson, depressed mood, and tiredness/lethargy), biomarkers (estimated glomerular filtration rate, HbA1c,
HDL cholesterol, systolic blood pressure, diastolic blood pressure, C-reactive protein, forced expiratory volume in 1 s, and hand grip strength), general health
status (no. of drugs, no. of chronic diseases, disability, and general self-rated health), and Apolipoprotein E ε4 status.
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nmol/L appeared appropriate for predicting dementia outcomes, but the
dementia risk was particularly pronounced in individuals with 25(OH)
D level cut-off below 30 nmol/L (e.g., 25% increased all-cause de-
mentia risk). No or even reversed associations of vitamin D deficiency,
vitamin D insufficiency, and vitamin D supplementation with dementia
outcomes were observed for individuals with darker skin tones.
Furthermore, vitamin D users of younger age (55–64 y) had more
robust risk reduction for AD than older individuals (65–69 y), which
was consistent with a higher AD risk of subjects with vitamin D
deficiency in the younger than in the older age group. In addition,
vitamin D supplement use was strongly associated with all dementia
outcomes among participants with and without obesity. Lastly, it is
worth noting that we observed a statistically significant association
between multivitamin supplement use and reduced VD risk—again,
especially among subjects with obesity.

Associations of vitamin D deficiency and insufficiency
with dementia outcomes

The associations between vitamin D status and dementia outcomes
have been subject to extensive investigation over the past decade [10,
13,32–34]. However, these studies have yielded inconsistent results. In
the most recent systematic review and meta-analysis conducted by
Chai et al. [10], a total of 12 prospective cohort studies and 4
cross-sectional studies were included. The pooled HRs (95% CI) for
all-cause dementia and AD were reported as 1.48 (1.19–1.85) and 1.51
(1.04–2.18), respectively, for severe vitamin D deficiency, which they
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defined as a level <25 nmol/L. Additionally, they observed the pooled
HRs (95% CI) for moderate vitamin D deficiency, which they defined
as 25 to 50 nmol/L, to be 1.20 (0.99–1.44) for all-cause dementia and
1.36 (1.01–1.84) for AD. These estimates are much higher than those
observed in our study. Although the disparity in the applied cut-off for
severe vitamin D deficiency does not likely explain this divergence, the
inclusion of cross-sectional studies, studies with a short follow-up time,
and/or a much older population in the meta-analysis may have led to
more substantial effect estimates. In the cross-sectional studies, prev-
alent dementia may have caused vitamin D deficiency, and in studies
with short follow-up time or an old population, undiagnosed dementia
or its precursors already prevalent at baseline could be the reason for
the lower 25(OH)D levels.

Additionally, an important distinction arises from the comprehen-
sive adjustment for potential confounders in several models. This facet
was more rigorously undertaken in our analysis, leading to progres-
sively lower effect estimates. Among the studies included in the sys-
tematic review and meta-analysis, 2 studies—Licher et al. [35] and
Afzal et al. [36]—adjusted for various confounders, including socio-
economic status, biomarkers, lifestyle factors, and disease-related
factors. Notably, these studies reported similar increases in the risk
of all-cause dementia [HR (95% CI): 1.22 (0.97, 1.52) for 25(OH)D
<25 nmol/L] [35], AD [1.25 (0.95, 1.64) for 25(OH)D <25 nmol/L]
[36], and VD [1.22 (0.77, 1.91) for 25(OH)D <50 nmol/L] [36] as
compared to our study’s findings. Hence, we are confident that asso-
ciations of vitamin D deficiency with dementia outcomes in the 19%- to



FIGURE 1. Dose-response curves illustrating the relationship between 25-
hydroxyvitamin D levels and dementia outcomes in 269,229 UK Biobank
participants. Dose-response curves were generated from the imputation data
set 1.
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25%-risk increase are closer to the actual effect than the more signif-
icant estimates reported by other studies.

Subgroup analyses on the associations of vitamin D
deficiency and insufficiency with dementia outcomes

Prior research has indicated a higher prevalence of vitamin D
deficiency and insufficiency among people with black when compared
to those with white skin color [37,38], and has shown associations of
vitamin D deficiency and insufficiency with poor cognitive perfor-
mance only in subjects with black skin color [38,39]. However, in
longitudinal analysis, vitamin D insufficiency was not associated with
poor cognitive performance in older black adults [38].

Our study is the first prospective study on dementia outcomes with a
subgroup analysis among people with darker skin tones with
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a sufficient sample size (n ¼ 6682) [40]. In line with earlier in-
vestigations, our study revealed that participants with darker skin tones
had a lower mean 25(OH)D level (38.1 nmol/L) when compared to
other participants (50.4 nmol/L). In contrast to the cross-sectional
study’s results on cognitive performance and our findings for sub-
jects with lighter skin tones [38], vitamin D deficiency and insuffi-
ciency were not associated with all-cause dementia and AD in
individuals with black or brown skin color and even a risk factor for
VD in the latter. However, this finding should be interpreted with
caution due to the small case numbers in this analysis. Nevertheless, the
statistically significant interaction tests of skin color and vitamin D
deficiency in the analyses regarding all-cause dementia and VD support
the observation that skin color might be an effect modifier.

The same phenomenon has been identified previously in the context
of the association between vitamin D deficiency and bone mineral
density (BMD) as well as the risk of fragility fractures [41–43]. Despite
having lower 25(OH)D levels, individuals with black skin tones tend to
exhibit higher BMD and a lower risk of fractures. A polymorphism in
the vitamin D–binding protein gene, which is more prevalent among
blacks and is associated with lower levels of the vitamin D–binding
protein, might be an explanation [44]. Consequently, when vitamin
D–binding protein levels are low, a lower total 25(OH)D level is
required for a sufficient level of the bio-available pharmacologically
active metabolite 1,25-dihydroxyvitamin D. Thus, low total 25(OH)D
levels may not necessarily indicate true vitamin D deficiency when
vitamin D–binding protein levels are concurrently low.

Associations of vitamin D supplementation with dementia
outcomes

Vitamin D supplementation can effectively counteract vitamin D
deficiency and insufficiency. In this study, the prevalence of vitamin D
deficiency was much lower among subjects using vitamin D supple-
ments (6.9%) or multivitamin supplements (9.5%) than among nonusers
(21.3%). Moreover, it is highly likely that a potential effect of vitamin D
supplementation and dementia outcomes is mediated by an increase of
various vitamin D metabolites, of which 25(OH)D is by far the most
abundant, in the blood circulation as well as in storage depots in fat
tissue. Given the previous research establishing an association between
vitamin D deficiency and an elevated risk of dementia outcomes, there
has been a recent surge in investigating whether vitamin D supple-
mentation could serve as a potential preventive measure against this
significant challenge [11,14,21,45]. However, these studies have pre-
sented conflicting results. Lai et al. [21] not only observed increased Aβ
deposition and exacerbated AD in mice due to vitamin D supplemen-
tation but also found that dementia-free older adults taking vitamin D
supplements were 1.8 times more likely to develop dementia than those
not taking the supplements. Conversely, Ghahremani et al. [11] observed
that vitamin D supplementation was associated with a 40% lower de-
mentia incidence, and females and APOE ε4 noncarriers significantly
benefited more from vitamin D supplementation. However, both studies
had certain limitations. Important confounders, such as sun exposure and
socioeconomic status, were not adjusted for in both studies, and
adjustment for diseases was limited. Our study comprehensively
considered a wide range of confounders in 5 different models. A
comprehensive adjustment for the diseases and the general health status
was primarily shown to be essential to detect an inverse association
between vitamin D supplement use and dementia outcomes because
people with poor health have a higher tendency to be vitamin D users.

Interestingly, effect modification by age was suggested in the UK
Biobank regarding the association between vitamin D use and AD. The



FIGURE 2. Forest plots presenting subgroup analyses investigating the associations of vitamin D deficiency with incident all-cause dementia (A), Alzheimer’s
disease (B), and vascular dementia (C) in 269,229 UK Biobank participants. HRs with 95% CIs were derived from Cox proportional hazards models. APOE,
Apolipoprotein E; BMI, body mass index; CI, confidence interval; HR, hazard ratio.
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effect estimate was more pronounced in individuals aged 55–64 than
those aged 65–69 y. One potential explanation for this discrepancy might
be the competing risk of death—older participants had a higher likelihood
of death, which could attenuate the effect estimates. Additionally, we
speculate that the younger age group took vitamin D for a longer time
before they reached the age of potential dementia onset. It might be
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important to start vitamin D supplementation inmiddle age to prevent Aß
plaques from forming years before dementia symptoms are evident.

Our study observed that participants with obesity (BMI�30 kg/m2)
showed a more pronounced risk reduction for all-cause dementia, AD,
and VD, which is biologically plausible. Obesity is a strong risk factor
for a low vitamin D status [46]. In the analyzed UK Biobank sample,



TABLE 3
Associations of vitamin D supplement use and multivitamin use with all-cause dementia, Alzheimer’s disease, and vascular dementia in 269,229 UK Biobank
participants

Dementia outcomes Vitamin D users (n ¼ 13,372) Multivitamin users (n ¼ 53,325) Nonusers (n ¼ 202,532)

Ncases (%) HR (95% CI)6 Ncases (%) HR (95% CI)6 Ncases (%) HR (95% CI)

All-cause dementia 353 (2.6) 1314 (2.5) 5420 (2.7)
Model 11 0.97 (0.87, 1.08) 0.96 (0.90, 1.02) Ref
Model 22 0.97 (0.87, 1.08) 0.96 (0.90, 1.02) Ref
Model 33 1.00 (0.90, 1.11) 0.98 (0.93, 1.05) Ref
Model 44 0.99 (0.89, 1.11) 0.99 (0.93, 1.05) Ref
Model 55 0.90 (0.81, 1.01) 0.98 (0.92, 1.04) Ref

Alzheimer’s disease 170 (1.3) 729 (1.4) 2717 (1.3)
Model 11 0.90 (0.77, 1.05) 1.05 (0.97, 1.14) Ref
Model 22 0.90 (0.77, 1.05) 1.06 (0.98, 1.15) Ref
Model 33 0.91 (0.78, 1.06) 1.07 (0.98, 1.16) Ref
Model 44 0.89 (0.76, 1.04) 1.06 (0.98, 1.15) Ref
Model 55 0.83 (0.71, 0.98) 1.05 (0.97, 1.14) Ref

Vascular dementia 88 (0.7) 290 (0.5) 1437 (0.7)
Model 11 0.96 (0.77, 1.19) 0.82 (0.73, 0.94) Ref
Model 22 0.97 (0.78, 1.20) 0.83 (0.73, 0.95) Ref
Model 33 0.99 (0.80, 1.24) 0.86 (0.76, 0.98) Ref
Model 44 1.02 (0.82, 1.27) 0.87 (0.76, 0.99) Ref
Model 55 0.90 (0.72, 1.12) 0.86 (0.75, 0.98) Ref

The covariates were modeled as continuous or categorical variables as shown in Supplemental Table 2, which displays their distributions according to the vitamin
D status groups. 6 HRs with 95% CIs were derived from Cox proportional hazards models.
Abbreviations: CI: confidence interval, HR: hazard ratio, Ref: reference
1 Cox proportional hazards model 1: Age, sex, skin color, latitude of study center and calendar month of attending the assessment center.
2 Cox proportional hazards model 2: Model 1 variables plus socioeconomic factors (indices of multiple deprivation, no of individuals in household, and

household income).
3 Cox proportional hazards model 3: Model 2 variables plus lifestyle factors (smoking, alcohol consumption, physical activity, venturesome personality,

frequency of visiting friends/family) and vitamin D specific factors (consumption of oily fish, processed meat, milk, bread, spread, time spent outdoors in summer,
ease of skin tanning, use of sunscreen/UV protection, and solarium/sunlamp use).
4 Cox proportional hazards model 4: Model 3 variables plus weight variables (body mass index and waist circumference).
5 Cox proportional hazards model 5: Model 4 variables plus diseases & disease symptoms (cancer, hypertension, stroke, coronary artery disease, chronic

obstructive pulmonary disease, asthma, osteoporosis, fractured in last 5 years, arthritis, gout, diabetes, hypothyroidism, chronic fatigue syndrome, tiredness/
lethargy in last 2 wks, Parkinson, and depressed mood), biomarkers (estimated glomerular filtration rate, C-reactive protein), general health status (disability,
general self-rated health and no. of drugs), and medication intake (low-dose aspirin, lipid-lowering drugs, and anti-depression drugs), and Apolipoprotein E ε4
status.
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the prevalence of obesity was 34.7%, 28.4%, and 19.2% among sub-
jects with vitamin D deficiency, insufficiency, and a sufficient vitamin
D status, respectively. This difference can be attributed to the seques-
tration of vitamin D metabolites into adipose tissue [46]. Therefore,
subjects with obesity have a higher need for vitamin D supplementation
to maintain adequate 25(OH)D levels and might profit more from this
intervention [47].

In the realm of multivitamin supplementation, an intriguing dis-
covery surfaced: the utilization of multivitamin supplements was
linked to a reduced risk of VD, and obesity was an effect modifier, with
substantially stronger results among individuals with obesity. This
phenomenon could potentially be ascribed to the beneficial effects of
vitamin D supplementation, as previously discussed, or it might stem
from the influence of other components within the multivitamins.
Notably, the supplementation of folic acid, vitamin B12, vitamin C, and
vitamin E has been associated with cognitive enhancement in existing
literature [45,48,49]. Future investigations should delve into the rela-
tionship between multivitamin supplementation and the risk of VD to
gain a more comprehensive understanding, with a particular focus on
exploring potential interactions with cardiovascular disease [50,51].

Potential role of vitamin D in dementia pathogenesis
Multiple potential mechanisms linking vitamin D deficiency to

dementia development have been suggested in previous studies.
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Vitamin D might promote the clearance and breakdown of amyloid
plaques [6], mitigate amyloid-induced cytotoxicity and apoptosis in
primary cortical neurons [52], and potentially participate in the
Aβ-triggered induction of nitric oxide synthase, a component of AD’s
inflammatory process [53]. Moreover, vitamin D deficiency has been
associated with cerebrovascular pathology, including an increased risk
of stroke, particularly ischemic stroke [54], and a higher occurrence of
white matter hyperintensities or large vessel infarcts [55,56]. Addi-
tionally, links between vitamin D deficiency and vascular risk factors,
such as hypertension and diabetes mellitus [57,58], both of which are
associated with dementia, point to a complex, multifaceted mechanism
of action.

Future analyses of the UK Biobank’s wealth of data could explore
these potential mechanisms. In addition to a comprehensive assessment
of diseases and lifestyle factors, magnetic resonance imaging images of
the brain have been made, and blood samples are available for
measuring AD-specific biomarkers (eg, Aβ, glial fibrillary acidic pro-
tein, and phosphorylated protein tau).

Strengths and limitations
Our study benefits from a substantial sample size and comprehen-

sive coverage of serum 25(OH)D levels, vitamin D supplement usage,
and potential confounders. Nonetheless, several limitations deserve
attention. Although our analysis accounted for a broad range of



FIGURE 3. Forest plots illustrating subgroup analyses exploring the associations of vitamin D supplementation with incident all-cause dementia (A), Alz-
heimer’s disease (B), and vascular dementia (C) in 269,229 UK Biobank participants. HRs with 95% CIs were derived from Cox proportional hazards models.
APOE, Apolipoprotein E; BMI, body mass index; CI, confidence interval; HR: hazard ratio.
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confounding factors, it is essential to acknowledge the persistent lim-
itations of residual confounding inherent in observational studies. The
UK Biobank sample might not fully represent the broader UK popu-
lation due to a potential “healthy volunteer” bias. Additionally, par-
ticipants were recruited primarily from areas proximate to study centers
and marked by a low response rate [59]. However, the UK Biobank’s
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relative associations between exposures and disease outcomes are
reliable, providing a basis for some extrapolation [60].

Dementia diagnoses were derived from hospital and death records
within the UKBiobank, leading to potential issues of underdiagnosis and
misdiagnosis. Yet, the extensive scope of the UK Biobank may mitigate
someof this bias. Furthermore, vitaminD supplement usewas ascertained
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only at the baseline visit for all UK Biobank study participants, leaving a
gap of uncertainty about vitamin D supplement use during follow-up.
Another notable limitation is the absence of data on medication adher-
ence and the reliance on self-reported information regarding regular
intake of vitamin D and multivitamin supplements, gathered only at
baseline. Nonadherence, changes of exposure during follow-up and an
underdiagnosis of dementia in theUKBiobank could have been causes of
an underestimation of the true effect estimates by our study. Moreover,
specific information on the vitamin D dosages was not available.

The generalizability of our findings is limited to the age range 55 to
69 y (median: 62 y). The average study participant reached an age of 74
y because the median follow-up time was 13.6 y. This is below the age
at which the most dementia diagnoses are made because most affected
individuals get diagnosed in their 80s or 90s. A longer follow-up time
would have been desirable also because of the long latency period for
dementia development [61]. Thus, reverse causation cannot be
excluded despite the long follow-up time in this study and the robust
results after excluding early events in the first 5 y.

Need for further research
The ideal cohort study would need to assess the average daily vitamin

D intake by supplements, which would sum up vitamin D intake from
vitamin D specific products (purchased as OTC or as a prescription drug
for daily, weekly, monthly, or other frequency of use) and multivitamin
products. Furthermore, it should include study participants in mid-life
(40–59 y) because lifestyle factors are best addressed in this age group
for dementia prevention [61]. However, such a study would need to have
�30 years of follow-up becausemost people get diagnosedwith dementia
at the age of �80 y and would need to have repeated 25(OH)D mea-
surements and assessments of vitaminD intake by supplements because it
is unlikely that the exposures at baseline are constant over such a long
time. A randomized controlled trial (RCT) would be even better than a
cohort study,whichwould avoid problematic confounding and establish a
causal relationship. However, it is uncertain whether such an elaborate
study (either RCTor cohort study) with decades of follow-up will ever be
conducted.

Conclusion
Our study illuminates consistent associations between various fac-

ets of vitamin D and multivitamin intake, objectively measured vitamin
D deficiency and insufficiency from blood samples, and 14-y dementia
incidence in a study population aged 55 to 69 y at baseline. Subgroup
analyses revealed effect modification by skin color with associations
only observed in the non-brown/non-black skin color group and
stronger effect estimates for vitamin D supplementation in younger
compared to older study participants.

Although our results are encouraging and suggest a potential role for
vitamin D supplementation in dementia prevention, particularly for those
with vitamin D deficiency, we advocate caution due to the observational
nature of this study. RCTs with long follow-up periods are indispensable
to establishing the efficacy of dementia prevention strategies.
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