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ABSTRACT

To explore associations of vestibular disorders with all-cause and cause-specific dementia and underlying biological mecha-
nisms/neuroimaging changes. A population-based cohort study of 406,348 UK Biobank participants was conducted. Inverse
probability of treatment weighting (IPTW) balanced baseline covariates, and Cox proportional hazards models estimated hazard
ratios (HRs) for dementia outcomes. Inflammatory markers, plasma metabolites, and brain structure changes were analyzed.
During 13.9 (SD 2.1) years of follow-up, 6702 dementia cases occurred. Vestibular disorders were linked to higher risks of all-
cause dementia (HR 1.86 and 95% CI 1.04-3.30), Alzheimer's disease (AD, 2.36, and 1.01-5.51), and vascular dementia (VD,
3.35, and 1.48-7.59). Eight metabolites (e.g., VLDL cholesterol, and histidine) mediated the vestibular disorder-dementia as-
sociation. Vestibular disorders also correlated with alterations in dementia-related brain structures (cortex, subcortical regions,
and white matter tracts). Vestibular disorders increase all-cause and cause-specific dementia risk. This modifiable factor should
be incorporated into dementia prevention initiatives.

Xiaofei Li, Fan Jiang and Qiuyue Dong contributed equally.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly

cited.

© 2026 The Author(s). Sensory Neuroscience published by John Wiley & Sons Australia, Ltd on behalf of Shandong Institute of Otorhinolaryngology.

Sensory Neuroscience, 2026; 00:70019 1of 13
https://doi.org/10.1002/sen2.70019


https://doi.org/10.1002/sen2.70019
https://orcid.org/0000-0001-6968-6256
https://orcid.org/0000-0003-0955-9532
mailto:whboto11@email.sdu.edu.cn
mailto:whboto11@163.com
mailto:zhangdaogong1978@163.com
mailto:shanquan.chen@hku.hk
mailto:lihongkaiyouxiang@163.com
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/sen2.70019

Highlights

e In this large prospective cohort, vestibular disorders
were associated with a significantly increased risk of all-
cause dementia, Alzheimer's disease, and vascular
dementia.

e The association between vestibular disorders and de-
mentia was partially mediated by specific plasma me-
tabolites, including VLDL cholesterol subclasses and
histidine.

Vestibular disorders were linked to structural changes
in dementia-related brain regions, such as the hippo-
campus, entorhinal cortex, and temporal lobe.

These findings identify vestibular disorders as a poten-
tially modifiable risk factor, suggesting a new target for
dementia prevention initiatives.

1 | Introduction

Dementia remains a serious challenge for healthcare systems
worldwide [1]. By the year 2050, dementia is predicted to affect
150 million people worldwide, contributing to 115.8 million
disability-adjusted life years [2]. Pharmaceutical approaches
that target neuropathological processes, such as Alzheimer's
disease (AD), offer limited benefits beyond symptom modifica-
tion [3]. Preventive strategy that reduces risk factors of dementia
may be more beneficial than pharmacologic therapy after clin-
ical expression of neuropathology changes [4]. Studies estimate
that more than one-third of dementia cases could be prevented
by taking precautionary measures that address modifiable risk
factors [2]. Recent research has suggested that vestibular dis-
orders, which affect the inner ear and balance system, may be
associated with an increased risk of cognitive decline and de-
mentia [5-7]. The lifetime prevalence of vestibular disorders is
approximately 7.4%, which increased with age from 6% in par-
ticipants of 18-29 years to 35% among adults 80 years or older
[8, 9]. Given their high prevalence, particularly among older
adults, vestibular disorders represent a potentially modifiable
risk factor for dementia [8, 9]. However, limited by the cross-
sectional design and relatively small samples of previous
studies, the association of vestibular disorders and dementia
remain unclear [10-16].

The mechanism through which vestibular disorders might
predispose an individual to dementia remain poorly understood.
Plasma metabolomics has been used to depicture alterations in
circulating metabolites that could reflect the interaction of ge-
netic and environmental factors, which benefits for under-
standing the pathophysiology of dementia [17-19]. Moreover,
evidence suggests that peripheral immunity and inflammatory
responses play significant roles in dementia onset. Given the
accumulating evidence that inflammation and circulating me-
tabolites are disturbed in people with vestibular disorders
[20-23], we included systematic inflammatory markers and all
metabolites detected by untargeted high-throughput nuclear
magnetic resonance (NMR) spectroscopy to investigate the
biological mechanism underlying the associations between
vestibular disorders and dementia. In addition, vestibular dis-
orders are likely to exacerbate brain atrophy, and even project

erroneous information to the hippocampus, retrosplenial cortex
and visual cortex, and thus may be one of the mechanisms
affecting dementia risks [24, 25]. However, current evidence on
the associations of vestibular disorders with brain structure is
sparse and inconclusive and are based on relatively small
numbers of participants. Benefitting from the collected large-
scale brain imaging data in UK Biobank (UKB), we are able to
investigate the neuroimaging alterations between vestibular
disorders and dementia.

In this study, we used the inverse probability of treatment
weighting (IPTW) and propensity score matching to explore the
associations between vestibular disorders with the risk of all-
cause dementia and its subtypes, including AD, vascular de-
mentia (VD), and non-AD non-VD (NAVD), using longitudinal
data from the UK Biobank. Furthermore, we explored the po-
tential mediation effect of inflammation and metabolites be-
tween vestibular disorders and all-cause dementia. Last,
neuroimaging findings support the hypothesis that vestibular
disorders and dementia share an overlapping neurobiological
basis.

2 | Methods

2.1 | Study Design and Participants

The UKB is a longitudinal population-based cohort, recruited
over 500,000 volunteers aged 40-69 years between 2006 and
2010. Individuals were invited to attend one of the 22 centers
across England, Scotland, and Wales for baseline assessment.
Written informed consent was obtained for collection of ques-
tionnaire and biological data. Since 2014, a subsample of par-
ticipants was invited back for imaging assessment. UKB was
undertaken with ethical approval from the North West Multi-
Center Research Ethics Committee of the UK (refl1l/NW/
0382). This research was conducted under UKB application
number 107217. We excluded those with missing data on
vestibular disorders status or covariates, a prior diagnosis of
dementia at baseline, resulting in 406,348 participants in formal
analyses. All participants were followed until the date of first
reported dementia diagnosis censored at date of death or lost to
follow-up. Supporting Information S1: Table S1 presents a
comparison of baseline characteristics between enrolled partic-
ipants and excluded individuals. The detailed participant se-
lection process is displayed in Supporting Information S1:
Figure S1. This study is reported as per the Strengthening the
Reporting of Observational Studies in Epidemiology (STROBE)
guidelines (Supporting Information S1: Appendix 1). Figure 1
shows an overview of analyses performed in the current study.

2.2 | Assessment of Exposure, Outcome, and
Covariates

Vestibular disorders cases were defined using hospital inpatient
recorders (Hospital Episode Statistics for England, Morbidity
Record for Scotland, and Patient Episode Database for Wales).
International Classification of Diseases-10th (ICD-10) codes
H81.0, H81.1, H81.2, H81.3, H81.4, H81.8, H81.9, H83.0, H83.1,
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Overview of analyses performed in the current study. Leveraging data from the UK Biobank, this study investigates the longitudinal

association of vestibular disorders and all-cause and cause-specific dementia and the possible biological mechanisms and neuroimaging changes

underlying these associations. First, Cox proportional hazards models adjusted for inverse probability of treatment weighting (IPTW) to estimate

the hazard ratios and 95% confidence intervals between vestibular disorders at baseline and the risks of all-cause dementia and its subtypes.

These analyses are subsequently replicated used traditional multivariable Cox regression models and based on matched vestibular disorders and

nonvestibular disorders samples using a propensity score matching procedure to validate the main results. Second, the study investigated the
mediating effects of inflammatory markers and plasma metabolites on the association between vestibular disorders and dementia in IPTW-
adjusted cohort. Finally, the changed of brain structures were also analyzed in IPTW-adjusted cohort.

and H83. Two were used to identify participants with vestibular
disorders if one or more of these codes were recorded as a pri-
mary or secondary diagnosis in the health records.

Dementia diagnoses were ascertained using hospital inpatient
recorders and death register data (NHS Digital, NHS Central
Register, and National Records). Hospital inpatient data were
censored on 30 October 2022 (England), 31 August 2022 (Scot-
land), and 31 May 2022 (Wales). ICD-10 codes F00, F01, F02,
F03, G30, G31.0, G31.1, and G31.8 were used to identify par-
ticipants with all-cause dementia if one or more of these codes
were recorded as a primary or secondary diagnosis in the health
records. Incident AD was defined by ICD-10 codes FOO and G30.
Incident VD was defined by ICD-10 code FO1. Incident NAVD
was defined by ICD-10 codes F02, F03, G31.0, G31.1, and G31.8.
As AD is the most common type of dementia, in the present
study, mixed dementia ss atypical AD were classified in to AD.
Outcome adjudication for incident dementia was conducted by
the UKB Outcome Adjudication team.

We included the following factors in the analyses as covariates
according to evidence from previous studies: age at baseline,
sex, ethnicity, Townsend index of deprivation, smoking status,
alcohol intakes, BMI, hypertension status, cardiovascular dis-
eases (CVD) status, hearing loss status, tinnitus, depressive
symptoms, apolipoprotein E (APOE) allele status, and family
history of dementia [8, 13]. Detailed information on covariates
was presented in Supporting Information S1: Appendix 2.

Supporting Information S1: Table S2 provided the field ID of
vestibular disorders, dementia outcome, and covariates above.

2.3 | Assessment of Plasma Metabolites and
Inflammatory Markers

Inflammatory biomarkers included leukocyte count, neutrophil
count and percentage, monocyte count and percentage,
lymphocyte count and percentage, platelet count, and C reactive
protein (CRP). For metabolites, we included all metabolites
available in absolute levels (n = 168) obtained with NMR. The
mean concentration for inflammatory markers and plasma
metabolites can be seen in Supporting Information S1: Tables S3
and S4. More detailed information of the assessment of blood
biomarkers was provided in Supporting Information S1: Ap-
pendix 3.

2.4 | Assessment of Brain Imaging Data

Brain magnetic resonance imaging (MRI) data were acquired
and processed by the UK Biobank team and made available to
approved researchers as image-derived phenotypes (IDP). IDPs
used in this study included volume, area, and thickness of 66
cortical regions, volume and intensity of 20 subcortical regions,
and tract-specific fractional anisotropy (FA) and mean
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diffusivity (MD) values of 48 white matter tracts. Detailed var-
iable IDs and parameter meanings of brain imaging data were
described in Supporting Information S1: Appendix 4 and Tables
S5-S7.

2.5 | Statistical Analysis
2,51 | Longitudinal Association Between Vestibular
Disorders and Dementia

Baseline summary statistics are presented as proportions for
categorical data and means with standard deviations (SDs) for
continuous variables. The inverse probability of treatment
weighting (IPTW) was adopted to balance baseline participant
characteristics. All the baseline variables presented in Table 1
were included in calculating the weights for IPTW and Cox
proportional hazards regression models with robust standard
error. After IPTW, covariates that were considered prognosti-
cally significant as well as those that might have influenced
differences between exposure groups were considered insignif-
icant if the standard mean difference (SMD) < 0.2 [26]. The Cox
models were used to estimate the hazard ratios (HRs) and 95%
confidence intervals (CIs) between baseline vestibular disorders
status and the risk of all-cause dementia, followed by separate
analyses with dementia subtypes of AD, VD, and NAVD. In-
dividuals with normal vestibular function were used as the
reference group. The proportional hazards (pH) assumption was
tested graphically using a plot of the log cumulative hazard,
where the logarithm of time is plotted against the estimated log
cumulative hazard. The curves for compared groups were
approximately parallel; thus, the pH assumption was deemed
reasonable. We estimated the 13.9-year cumulative incidence
adjusted for IPTW.

Subgroup analyses were conducted by sex, age, Townsend
deprivation index, smoking status, alcohol status, physical ac-
tivity level, BMI, CVD status, hearing loss status, depression
symptoms, and APOE allele status to assess potential effect
modification. The interactions of vestibular disorders and
stratification factors on dementia risk were assessed by adding
product terms to the Cox models and tested using likelihood
ratio tests.

We also conducted several sensitivity analyses to assess the
robustness of the findings, including:(i) a traditional multivari-
able Cox proportional hazards regression model without ac-
counting for IPTW; (ii) an alternative 1:3 propensity score
matching instead of IPTW; (iii) excluding those who occurred
dementia within 5 years of follow-up to minimize potential
reverse causation; (iv) performing competing risk analysis with
all-cause mortality defined as the competing event; and (v)
covariates with missing values were imputed using the multiple
imputations by the chained equations method (“mice” package
in R software).

All analyses were performed using SAS (version 9.4; Institution
Inc., Cary, NC) and R (version 4.1.2). A two-tailed p < 0.05 was
regarded as statistically significant.

2.5.2 | Biological Mediators and Neuroimaging
Analyses Between Vestibular Disorders and Dementia

We performed metabolic and inflammatory mechanism ana-
lyses based on IPTW-adjusted cohort. First, linear regression
models were applied to evaluate the association of vestibular
disorders with inflammatory markers or metabolites, with in-
flammatory markers or metabolites as dependent variable.
Second, Cox regression models were implemented to examine
the relationship between vestibular disorders, inflammatory
markers/metabolites, and dementia, with the dementia as the
outcome and inflammatory markers or metabolites as the in-
dependent variables. Biomarkers that simultaneously exhibited
significance in the aforementioned steps would be considered as
potential mediators for subsequent mediation analyses. All an-
alyses were corrected using the Benjamini-Hochberg false dis-
covery rate (FDR) method. The proportion mediated (PM) was
estimated via the “mediation” package in R, and the nonpara-
metric bootstrap method (1000 sampling) was used to calculate
95% CIs of the mediation effect. Inflammatory markers or me-
tabolites were standardized (Z-score).

Mean MD in superior fronto-occipital fasciculus on FA skeleton
was log-transformed due to its skewness. All brain morpho-
metric measures were standardized (Z-score) prior to the anal-
ysis. Linear-mixed effect model was applied to investigate the
association of vestibular disorders and dementia with brain
morphometric measures. Vestibular disorders (dementia) were
fitted as a fixed effect, UK Biobank assessment center as a
random effect, and each of the brain morphometric measures
was set as the dependent variable in separate models. All ana-
lyses were corrected using the Benjamini-Hochberg FDR
method.

All analyses were performed using R (version 4.1.2) and an FDR
adjusted p < 0.05 was regarded as statistically significant.

2.5.3 | Patient and Public Involvement

It was not appropriate or possible to involve patients or the
public in the design, conduct, reporting, or dissemination plans
of this study.

3 | Results

3.1 | Study Participants

A total of 406,348 participants with a mean (SD) age of 56.4 (8.1)
years were included, of which 53.3% were female, the majority
(95.2%) were white, and 725 (0.2%) had vestibular disorders.
Prevalence of vestibular disorders increased with age and was
more common in females. Participants with vestibular disorders
were more likely to have lower socioeconomic status and
unhealthier lifestyle behaviors, including less physical activity,
have obesity and depressive symptoms, and have comorbidities
such as hearing loss, hypertension, and CVD (Table 1). After
IPTW, covariates were generally well-balanced with SMD < 0.2,
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TABLE 1 | Characteristics of participants by vestibular disorders and dementia status, n (%).

Vestibular disorders (%)

All No Yes SMD before SMD after
Characteristics (N = 406,348) (N = 405,623) (N = 725) IPTW IPTW
Age at baseline 0.378 0.075
<50 96,093 96,007 (23.7) 86 (11.9)
50-60 156,082 155,833 (38.4) 249 (34.3)
> 60 154,173 153,783 (37.9) 390 (53.8)
Sex 0.002 0.053
Female 216,554 216,167 (53.3) 387 (53.4)
Male 189,794 189,456 (46.7) 338 (46.6)
Ethnicity 0.043 0.051
White 386,895 386,203 (95.2) 692 (95.5)
Asian or Asian British 7562 7547 (1.9) 15 (2.1)
Black or Black British 5527 5517 (1.4) 10 (1.4)
Other 6364 6356 (1.6) 8 (1.1)
Townsend deprivation index 0.056 0.038
(quartiles)
Q1: Least deprived 105,338 105,160 (25.9) 178 (24.6)
Q2 102,631 102,453 (25.3) 178 (24.6)
Q3 101,869 101,689 (25.1) 180 (24.8)
Q4: Most deprived 96,510 96,321 (23.8) 189 (26.1)
Body mass index (kg/mz) 0.283 0.014
< 25 kg/m? 137,539 137,373 (33.9) 166 (22.9)
25-29.9 kg/m2 174,067 173,750 (42.8) 317 (43.7)
> 30 kg/m? 94,742 94,500 (23.3) 242 (33.4)
Smoking status 0.087 0.044
Never 163,513 163,209 (40.2) 304 (41.9)
Past 202,174 201,808 (49.8) 366 (50.5)
Current 40,661 40,606 (10.0) 55 (7.6)
Alcohol intake 0.293 0.156
Daily or almost daily 86,028 85,912 (21.2) 116 (16.0)
3-4 times a week 97,275 97,126 (23.9) 149 (20.6)
1-2 times a week 105,281 105,119 (25.9) 162 (22.3)
Occasionally 88,242 88,050 (21.7) 192 (26.5)
Never 29,522 29,416 (7.3) 106 (14.6)
Physical activity level 0.086 0.039
Low 27,922 27,856 (6.9) 66 (9.1)
Moderate 238,761 238,337 (58.8) 424 (58.5)
High 139,665 139,430 (34.4) 235 (32.4)
Hypertension 0.188 0.076
No 307,320 306,833 (75.6) 487 (67.2)
Yes 99,028 98,790 (24.4) 238 (32.8)
Hearing loss 0.561 0.014
No 303,238 302,887 (74.7) 351 (48.4)
Yes 103,110 102,736 (25.3) 374 (51.6)
(Continues)
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TABLE 1 | (Continued)

Vestibular disorders (%)

All No Yes SMD before SMD after
Characteristics (N = 406,348) (N = 405,623) (N = 725) IPTW IPTW
Depressive symptoms 0.104 0.043
Several days or not at all 387,725 387,048 (95.4) 677 (93.4)
More than half the days 11,512 11,488 (2.8) 24 (3.3)
Nearly every day 7111 7087 (1.8) 24 (3.3)
Tinnitus 0.361 0.082
No 382,774 382,173 (94.2) 601 (82.9)
Yes 23,574 23,450 (5.8) 124 (17.1)
APOE e4 0.016 0.070
No APOE e4 308,228 307,677 (75.9) 551 (76.0)
One APOE e4 89,947 89,786 (22.1) 161 (22.2)
Two APOE e4 8173 8160 (2.0) 13 (1.8)
Family history of dementia 0.026 0.006
No 358,846 358,212 (88.3) 634 (87.5)
Yes 47,502 47,411 (11.7) 91 (12.6)

Abbreviations: APOE, apolipoprotein E; IPTW, inverse probability of treatment weighting; SMD, standard mean difference.

although participants with vestibular disorders still had a higher
propensity for alcohol intake. The baseline characteristics of the
weighted cohort were described in Supporting Information S1:
Table S8. After 13.9 (SD 2.1) years of follow-up, 6702 study
participants were diagnosed with dementia, including 3059
cases of AD, 1426 VD, and 4075 NAVD.

3.2 | Longitudinal Associations Between
Vestibular Disorders and All-Cause and Cause-
Specific Dementia

The 13.9-year cumulative incidence of all-cause dementia was
2.9% in participants with normal vestibular function and 5.8% in
participants with vestibular disorders. Participants with vestib-
ular disorders had 1.86-times higher risk of all-cause dementia
(HR 1.86 and 95% CI 1.04-3.30) than participants with normal
vestibular function (Figure 2A). Regarding subtypes of demen-
tia, participants with vestibular disorders consistently increased
the risk of AD and VD. For AD, the 13.9-year cumulative inci-
dence was 1.3% among participants with normal vestibular
function and 2.9% among participants with vestibular disorders.
Participants with vestibular disorders had a 2.36-times increased
risk of AD than health control (HR 2.36 and 95% CI 1.01-5.51).
The 13.9-year cumulative incidence of VD was 0.6% among
participants with normal vestibular function and 2.0% among
participants with vestibular disorders. Participants with vestib-
ular disorders had a 3.35-times increased risk of VD than par-
ticipants without vestibular disorders (HR 3.35 and 95% CI
1.48-7.59) (Figure 2A).

No interaction effect between vestibular disorders and cova-
riates on the risk of all cause dementia, AD, and VD were
observed (Supporting Information S1: Tables S9-S11). Several

sensitivity analyses did not affect the robustness of the findings
(Figure 2B,C, Supporting Information S1: Table S12).

3.3 | The Mediation Analysis of Vestibular
Disorders and Dementia Based on Metabolites and
Inflammatory Cells

After correcting for multiplicity, most inflammatory cells were
significantly associated vestibular disorders but none with de-
mentia (Supporting Information S1: Table S13). Therefore, no
inflammatory cells were available as potential mediators of the
association between vestibular disorders and dementia.
Although all selected metabolites except total fatty acids,
glycine, valine, glucose, and lactate were significant associated
with vestibular disorders, only 46 were predictors of dementia
risk (FDR < 0.05) (Supporting Information S1: Table S14).
Figure 3 exhibits the PM of these potential metabolites that were
simultaneously associated with both vestibular disorders and
dementia. We found that the relationship between vestibular
disorders and dementia was mediated by VLDL cholesterol,
cholesteryl esters in VLDL, histidine, concentration of medium
VLDL particles, cholesterol in small VLDL, cholesteryl esters in
small VLDL, cholesterol in very small VLDL, and free choles-
terol in very small VLDL. Full results can be found in Sup-
porting Information S1: Table S15.

3.4 | Associations Between Vestibular Disorders
and Dementia-Related Brain Structure

The results revealed significant associations between
vestibular disorders and dementia-related cortical regions
(FDRdementia < 0.05 and FDRvestbular disorders < O~05)’ inCIUding
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FIGURE 2 |

The longitudinal associations between vestibular disorders and dementia. Panel (A) shows the results of Cox proportional hazards

models adjusted for inverse probability of treatment weighting (IPTW); panel (B) shows the results based on traditional multivariable Cox
proportional regression models which adjusted covariates step by step. In model 1, age was adjusted; in model 2, sex, ethnicity, and Townsend

index of deprivation were further adjusted based on model 1; in model 3, smoking status, alcohol intake, physical activity level, and BMI were
further adjusted based on model 2; and in model 4, diseases histories of hypertension status, hearing loss status, depression symptoms, APOE
allele status, and family history of dementia were further adjusted based on model 3; panel (C) shows the results based on matched vestibular

disorders and nonvestibular disorders samples using a propensity score matching procedure. The propensity score matching procedure generated
two groups of 3625 vestibular impaired and nonvestibular impaired participants who were matched on all covariates. AD, Alzheimer; APOE,
apolipoprotein E; NAVD, non-AD-non-VD; VD, vascular dementia. Lcons were made from https://www.logosc.cn/make.com/.

volume of superior, middle, and inferior temporal cortex (left
hemisphere and right hemisphere), superior and inferior pari-
etal cortex (left hemisphere and right hemisphere), superior
frontal cortex (left hemisphere and right hemisphere), and
entorhinal cortex (left hemisphere) (Figure 4, Supporting
Information S1: Table S16). Dementia-related subcortical re-
gions demonstrating significant associations with vestibular
disorders (FDRdementia < 0.05 and FDRvestbular disorders < 005)
included the hippocampus (left hemisphere and right hemi-
sphere), amygdala (left hemisphere and right hemisphere),
accumbens area (left hemisphere and right hemisphere), cer-
ebellum (left hemisphere and right hemisphere), pallidum (left
hemisphere), and thalamus (left hemisphere and right hemi-
sphere) (Figure 4, Supporting Information S1: Table S17).
Significantly associations were found between vestibular dis-
orders and FA and MD values in the majority of the white
matter tracts, including superior fronto-occipital fasciculus,
fornix, fornix cres and stria terminalis, corpus callosum,
cingulum cingulate gyrus, and superior longitudinal fasciculus
(Supporting Information S1: Table S18).

4 | Discussion

This study systematically explored the association between
vestibular disorders and dementia in a large longitudinal cohort
for the first time. Our findings indicated that vestibular disor-
ders were associated with 1.86-times, 2.36-times, and 3.35-times
increased risk of all-cause dementia, AD, and VD, respectively.
In subsequent mediation analysis of metabolic and inflamma-
tory analyses, we identified eight metabolites that mediated
vestibular disorders and dementia, providing clues to underly-
ing biological mechanisms. Moreover, vestibular disorders were
strongly associated with alterations in brain structure that has
also been observed in dementia pathophysiology, giving a hint
of underlying brain structure changes. This suggests that there
may be underlying brain structural changes associated with
vestibular disorders that increase the risk of dementia.

Previous studies mainly focus on the association between
vestibular function and cognitive function of specific domains
(e.g., executive function, visual-spatial abilities, attention, and
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FIGURE 3 |
analyses were based the IPTW-adjusted cohort; panel (B) shows significant differences between vestibular impaired and nonvestibular impaired
individuals in 8 metabolites (two-sided t-test); VLDL_C, VLDL cholesterol; VLDL_CE, cholesteryl esters in VLDL; M_VLDL_P, concentration of
medium VLDL Particles; S_VLDL_C, cholesterol in small VLD, S_VLDL_CE, cholesteryl esters in small VLDL; XS_VLDL_C, cholesterol in very
small VLDL; and XS_VLDL_FC, free cholesterol in very small VLDL; panel (C) shows 8 metabolites significantly mediated the longitudinal
association between vestibular disorders and dementia. Path thickness indicates the strength of associations, and numerical values for the largest

Mediation analysis with plasma metabolites between the association of vestibular disorders and dementia. Panel (A) shows all

and smallest effect sizes are provided for reference; panel (D) shows the proportion mediated of each significant plasma metabolites. The
nonparametric bootstrap method (1000 draws) was used to calculate 95% CIs of the proportion mediated; dots, mean HRs; horizontal line, 95%

CI; HR, hazard ratios; and Lcons were made from https://www.logosc.cn/make.com/.

short-term memory) [14, 16]. A previous study, including 33
adults aged > 50 years older, showed that participants with
chronic vestibular failure performed worse than the health
control on tests of visuospatial abilities, rapid processing,
memory, and executive function [15]. In another study
involving 1303 participants from 1999 to 2002 National Health
and Nutrition Examination Surveys, Yevgenty R. Semenov et al.
found vestibular dysfunction was associated with a significant
lower score of digit symbol substitution score test [27]. Giving
growing evidence that vestibular function contributes to cogni-
tive function, researches have investigated whether vestibular
loss increases the odds of clinical syndromes of cognitive
impairment, notably mild cognitive impairment (MCI) and AD
[11, 28]. Aisha Harun et al. used data from the Baltimore
Longitudinal Study of Aging to explore the prevalence of
vestibular impairment in 47 patients with AD or MCI and found
that vestibular impairment was two-fold more common in AD
patients (~50% prevalence) relative to cognitively-normal age-
matched controls (~25%) [29]. However, another study in 97
participants from the same dataset did not find a significant
association between vestibular function and Af deposition [30].
The inconsistent results might be due to the limited sample size
and misclassification of vestibular disorders [30]. A recent study
using the South Korean National Health Information Database
found that vestibular loss increases the risk of developing de-
mentia (HR 1.084 and 95% CI 1.059-1.110). However, according
to the retrospective cross-sectional design of this study, the
relationship between vestibular disorders and dementia has not
yet been validated [10].

In contrast to previous studies, which were carried out in cross-
sectional design or had limited samples, we used the UKB
cohort, with its large sample size (n > 400,000), prolonged follow-
up (mean duration of 13.9 years, with specific event dates), and
precise diagnosis of vestibular disorders and all-cause and cause-
specific dementia (relying on inpatient hospital records and death
registers), substantially reinforced the validity of our findings. In
particular, we included in our analyses genetic susceptibility
factors, a critical determinant of dementia incidence that will
limit inference, which most previous studies have not considered
[2]. Importantly, our findings were independent of hearing loss, a
major known risk factor for dementia. Statistical adjustment for
hearing loss, as well as tinnitus, did not attenuate the association,
suggesting that the vestibular system's contribution to dementia
risk is distinct from that of hearing and tinnitus. Additionally, a
key concern in studies that investigate risk factors for dementia is
reverse causation bias. Dementia pathology progresses several
years prior to a formal dementia diagnosis, and this progression
can affect other behavioral and physical measure [31]. It is also
well established that neurodegeneration caused by the patho-
physiological progression of AD occurs several years prior to
clinical manifestation of the disease [32, 33]. In the context of the
current study, preclinical dementia could adversely affect per-
formance on a sensory processing, which in turn would be asso-
ciated with a future diagnosis of dementia [34]. To address this,
we investigated whether associations differed by length of follow-
up period in our sensitivity analyses. We found that the associa-
tions remained similar to the main findings when restricting to
cases that occurred over longer follow-up periods.
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FIGURE 4 | Associations between vestibular disorders and brain structure. Panel (A) shows vestibular disorders was significantly associated with

the volume of dementia related cortical and subcortical areas (FDR < 0.05); here, we colored the areas of the brain associated with both dementia and
vestibular disease. L, left and R, right. Panels (B and C) show the FDR values for the associations between dementia and vestibular disorders with
brain structures. FDR, Benjamini-Hochberg false discovery rate and VES, vestibular disorders.

The precise mechanisms underlying the vestibular disorders
and cognitive impairment or dementia are not yet fully under-
stood. A cognitive load hypothesis theorizes that increased gaze
and postural instability associated with vestibular loss may
require increased attentional resources allocated to maintaining
balance and decreased resources available for cognitive tasks
[14]. Additionally, a common cause hypothesis states that the
high comorbidity of affective disorders in individuals with
vestibular impairment may also contribute to cognitive
dysfunction [35]. To our knowledge, few studies have estab-
lished a molecular hypothesis between the possible relationship
between vestibular disorders and cognitive impairment. Our
exploratory analysis examined potential metabolite and in-
flammatory mediators that could help us gain a deeper under-
standing of the increased risk of dementia associated with
vestibular disorders. We observed cholesteryl esters, cholesterol,

cholesterol in VLDL subclasses, and concentration of medium
VLDL particles as well as VLDL cholesterol were inversely
associated with future risk of dementia. These findings are
aligned with some previous studies [36, 37], although it has
been historically conflicting [38-41]. The specific mechanisms
by which these lipoprotein subclasses and cholesterol mediate
the vestibular disease and risk of dementia have not been fully
elucidated as they do not appear to directly penetrate the
blood-brain barrier. That means, the lipid environment in the
brain and the periphery may be very different. Further research
is needed to fully understand the role of lipoproteins in these
conditions. Nevertheless, the amino acid metabolites we iden-
tified are beneficial in shedding light on the mediating role of
vestibular disorders and dementia risk. Histidine have been
verified to play an important role in protein aggregation,
inhibiting a-synuclein and Tau protein aggregation [42-44].
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Both proteins are known to form abnormal clumps in the brain,
which can disrupt normal cellular function and contribute to
neurodegeneration, including dementia [45]. Thus, vestibular
disorders could increase dementia risk by downregulating
histidine.

This study revealed significant associations between vestibular
disorders and a number of dementia-related brain regions,
including entorhinal cortex, temporal cortex, superior frontal
cortex, hippocampus, thalamus, and amygdala. Our findings
were in accordance with previous studies, which demonstrated
the importance of these brain regions in dementia pathology
[46-48]. The pathological changes of temporal cortex involved
in impaired memory and cognitive decline [49]. Changes of
superior frontal cortex contribute to cognitive deficits in atten-
tion, and executive function, which are common symptoms of
dementia [50]. Previous studies have shown that vestibular
stimulation activates a large multisensory cortex and subcortical
network, including insula, temporoparietal junction, somato-
sensory cortex, hippocampus, medial entorhinal cortex, and
thalamus [51], suggesting that vestibular projection to the cortex
and subcortex is extensive, and vestibular diseases can affect
cognition through these broad pathways. Notably, vestibular
disorders significantly affected the hippocampus and entorhinal
cortex, which are markers of AD [52-55]. Additionally, our
finding indicated that the white matter tracts were widely
affected by vestibular disorders and involve various functions
including emotion and memory (e.g., cingulum cingulate gyrus,
fornix cres/stria terminalis, tapetum, and uncinate fasciculus),
perception (e.g., medial lemniscus, posterior thalamic radiation,
and posterior limb of internal capsule), motor control
(e.g., corticospinal tract, anterior limb of internal capsule, and
superior and inferior cerebellar peduncle), and information
processing (e.g., corona radiate, corpus callosum, superior lon-
gitudinal fasciculus, and sagittal stratum). These widespread
impairments may partially mediate the pathway of vestibular
disorders to dementia [56, 57]. Overall, our findings provide
evidence for how vestibular disorders may mediate the risk of
dementia through structural changes in the brain.

The identification of metabolic abnormalities (e.g., histidine
downregulation) and brain structural changes in this study
provides dual targets for early intervention. Going forward, the
development of screening tools based on blood metabolomic
profiles, combined with neuroimaging assessments, will enable
stratified management of individuals with vestibular disorders.
High-risk individuals should be prioritized for balance training
or pharmacological interventions (e.g., therapies regulating
cholesterol metabolism) to interrupt or delay dementia pro-
gression. These findings provide new evidence for clinical
guidelines, recommending the integration of vestibular function
assessments into routine health checks for older adults, with
subsequent metabolomic and neuroimaging monitoring for
those with abnormalities.

Strengths of the present study include the large sample size,
long follow-up, and extensive measurement of covariates as well
as the available biological markers and brain imaging data,
which allow us examining the distant effect of vestibular dis-
orders on dementia and exploring underlying mechanisms.
Also, this is the first study to examine the association of

vestibular disorders and dementia in a large longitudinal cohort.
The study also has several limitations. First, it was an obser-
vational study, therefore, reverse causality might exist. Howev-
er, the study rigorously adjusted for confounding factors and
performed sensitivity analysis, thereby addressing this issue to
the best extent possible. Second, information on date of onset
and severity of vestibular disorders were unavailable. Thus,
some quantitative relationships between vestibular disorders
and risk of dementia could not be analyzed. In addition, we did
not take into account possible changes in vestibular disorders
over time. Although we consider the found associations valid
and reliable, we cannot completely rule out undiscovered
mechanisms between increasingly declining vestibular perfor-
mance and longitudinal dementia. Third, although the UKB has
strict quality control measures in place for data collection and
measurements, some measurement errors are inevitable,
particularly for fluctuating biological indicators. In addition, our
study grouped various vestibular disorders into a single expo-
sure category due to the small number of incident dementia
cases within each specific subtype, which precluded a statisti-
cally powered stratified analysis. These conditions have
different pathophysiological mechanisms, and future research,
perhaps through large-scale meta-analyses or in cohorts with
higher prevalence of specific vestibular diagnoses, is needed to
disentangle their individual contributions to dementia risk. Last,
the majority of UK Biobank participants are white, which may
limit the generalizability of the findings to other races.

5 | Conclusion

In conclusion, this large population-based cohort study found
that vestibular disorders are associated with an increased risk of
all-cause and cause-specific dementia, and that abnormalities in
brain structure and metabolites may play a key role in this
relationship. Early intervention targeting individuals with
vestibular disorders, particularly before significant cognitive
decline, may be more effective for reducing dementia risk.
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