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BACKGROUND: Dementia has a long prodromal stage with various pathophysiological manifestations; however, the progression of
pre-diagnostic changes remains unclear. We aimed to determine the evolutional trajectories of multiple-domain clinical
assessments and health conditions up to 15 years before the diagnosis of dementia.

METHODS: Data was extracted from the UK-Biobank, a longitudinal cohort that recruited over 500,000 participants from March
2006 to October 2010. Each demented subject was matched with 10 healthy controls. We performed logistic regressions on 400
predictors covering a comprehensive range of clinical assessments or health conditions. Their evolutional trajectories were
quantified using adjusted odds ratios (ORs) and FDR-corrected p-values under consecutive timeframes preceding the diagnosis of
dementia.

FINDINGS: During a median follow-up of 13.7 [Interquartile range, IQR 12.9-14.2] years until July 2022, 7620 subjects were
diagnosed with dementia. In general, upon approaching the diagnosis, demented subjects witnessed worse functional assessments
and a higher prevalence of health conditions. Associations up to 15 years preceding the diagnosis comprised declined physical
strength (hand grip strength, OR 0.65 [0.63-0.67]), lung dysfunction (peak expiratory flow, OR 0.78 [0.76-0.81]) and kidney
dysfunction (cystatin C, OR 1.13 [1.11-1.16]), comorbidities of coronary heart disease (OR 1.78 [1.67-1.91]), stroke (OR 2.34
[2.1-1.37]), diabetes (OR 2.03 [1.89-2.18]) and a series of mental disorders. Cognitive functions in multiple tests also demonstrate
decline over a decade before the diagnosis. Inadequate activity (3-5 year, overall time of activity, OR 0.82 [0.73-0.92]), drowsiness
(3-5 year, sleep duration, OR 1.13 [1.04-1.24]) and weight loss (0-5 year, weight, OR 0.9 [0.83-0.98]) only exhibited associations
within five years before the diagnosis. In addition, serum biomarkers of enriched endocrine, dysregulations of ketones, deficiency of
brand-chain amino acids and polyunsaturated fatty acids were found in a similar prodromal time window and can be witnessed as
the last pre-symptomatic conditions before the diagnosis.

INTERPRETATION: Our findings present a comprehensive temporal-diagnostic landscape preceding incident dementia, which
could improve selection for preventive and early disease-modifying treatment trials.
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INTRODUCTION

Dementia ranks seventh among the top ten global causes of
death, according to the World Health Organization’s 2020 report.
Over 55 million people worldwide suffer from dementia, and this
staggering number will continue to rise as the growth of aging
population and is expected to reach 152 million by 2050 [1].
Dementia imposes tremendous health and economic burden on
individuals, their families, and wider society, and has become a
global public health priority [2]. The neurodegenerative diseases
are progressive with a latency period of decades prior to the
diagnosis [3]. The long asymptomatic period, which provides a
substantial time window to facilitate access to disease prevention

and treatment, has gained growing attention, especially in the
current context where dementia is incurable.

Immense efforts have been devoted to detecting the patho-
physiological processes underlying dementia that precede the
onset of clinical symptoms [1, 2, 4]. However, the early
identification and labeling of biomarker-positive patients ahead
of symptom occurrence remains questionable due to the
uncertainty of progression to dementia [5]. Towards addressing
this issue, recent studies have anchored the pre-diagnostic period
and unveiled the associations of cognitive and functional
impairment [6], depressive symptoms [7], and comorbid condi-
tions [3, 8] with incident dementia. Yet, many other early features
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and risk factors have been overlooked. Pre-diagnostic changes in
daily activities, behaviors, psychological factors, and hematologic
measures remain poorly understood. These previous works have
narrowly focused on only single symptoms or certain domains of
dementia, while investigations designed to capture early systemic
signs and to understand the relative orderings of changes across
different domains are lacking. In addition, most existing studies
often paid attention to the relation of baseline features or factors
to dementia, whereas their dynamic progressions on specific
subtypes of dementia have been less studied. Although
population-based observational studies have illuminated many
factors that increase the risk of dementia [1, 2, 9, 10], it's unclear if
these features can be captured before symptoms appear and how
long before a diagnosis of dementia they are detectable.
Currently, well-characterized cohorts based on the general
population with long-term follow-up and extensive phenotypic
examinations are scarce as they are typically hard to collect.

The UK Biobank cohort provides a unique platform to
characterize the pre-dementia phase with rich phenotypic
health-related assessments performed years before diagnosis.
Herein, we sought to illustrate the evolutionary trajectories of
multi-domain features preceding up to 15 years before the first
diagnosis of dementia. Further sensitive analysis for Alzheimer's
disease (AD) and vascular dementia (VD) was performed, as well.
Through this extensive survey, we attempt to validate some
established risk factors and early symptomatic manifestations of
dementia and to showcase novel candidates for consideration in
future anti-dementia strategies.

METHODS

Study design and participants

This study extracted data from the UK-Biobank, a longitudinal cohort with
over 500,000 individuals aged between 40 and 69 years at their baseline
assessment from March 2006 to October 2010. Participants in the cohort
were enrolled from 22 recruitment centers across the UK and underwent
multiple examinations. As shown in Fig. 1, participants were excluded if
they were: (1) without follow-up records (n = 1298); (2) with pre-existing
dementia (n = 250); (3) diagnosed with dementia over 15 years from their
baseline visits (n = 14). We performed a matched case-control analysis by
identifying ten healthy controls for each demented subject. The matching
scheme leveraged rigid criteria of age (2 years), gender, and longer
follow-up time, and any demented participants cannot match 10 controls
under rigid criteria were excluded (n=132); in addition, we adopted
several non-rigid criteria, including ethnicity, years of education (+ 1 year),
and socioeconomic status (Townsend deprivation index * 0.5). This study
finally included 7620 subjects diagnosed with dementia within 15 years
after their baseline visits and 76,200 healthy controls. The UK Biobank has
research tissue bank approval from the North West Multi-center Research
Ethics Committee and provided oversight for this study. Written informed
consent was obtained from all participants.

Target outcomes

The primary outcome was dementia, and its two common subtypes,
Alzheimer’s disease (AD) and vascular dementia (VD), were studied as the
secondary outcomes. The last recorded date was July 22nd, 2022. The
outcomes were ascertained and classified according to the ICD-10 codes
(Supplementary eTable 1), extracted from UKB clinical records using
algorithmically defined data (fields 42018-25), death register documenta-
tion (fields 40001-40002), and first occurrences data (fields 131036-37,
130836-43) that compiled from data sources of hospital inpatient, primary
care, death certificate and self-report. The date of any earliest recorded
diagnosis listed above was leveraged as a proxy for the actual date of
diagnosis. Abbreviation, ACD all-cause dementia; AD Alzheimer's dementia;
IQR interquartile range; VD vascular dementia.

Pre-diagnosis clinical assessments and health conditions

This study included all clinically relevant variables after excluding those
whose missing values were greater than 85%. A total of 400 assessments
categorized into eight groups were adopted: activity & sleep (n=26),
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cognitive functions (n=11), mental health (n=20), physical functions
(n = 84), self-reported health conditions (n = 18), metabolomic blood tests
(n =168), serum tests (n = 63), and comorbid conditions (n = 10). Please
refer to eMthods and Supplementary eTable 2 for detailed test procedures
of measurements.

Longitudinal data interpretation

Follow-up visits commenced from the date of attendance at the
assessment center (field 53), the time that a comprehensive list of clinical
assessments were collected. Longitudinal recorded diagnosis of dementia,
AD and VD was last updated until July 22nd, 2022. To interpret the
trajectories of clinical assessments, we reformatted the data using a nested
case-control study strategy. As illustrated in Fig. 2, the analysis was
designed by initially aligning the index date of all dementia subjects. Then
they can be stratified into different groups of timeframes preceding the
diagnosis date. For healthy controls, we assumed they had the same
durations from baseline to arbitrary “dementia index dates” as that of the
matched dementia subject. Thus, we had multiple groups of paired case-
control populations under consecutive time windows preceding the index
date of dementia, allowing further investigations at different timeframes.

Statistical analysis

We hypothesized that individuals have relatively worse functional
measurements and more health conditions when getting closer to their
diagnosis date. Thus, to determine the independent contributions of each
predictor to the diagnosis of dementia, we leveraged the population
within a five-year time window before their diagnosis. We performed
multivariate logistic regressions with adjusted covariates of age at the
baseline visit, gender, ethnicity, years of education, Townsend deprivation
index, and baseline to index years. P values were corrected for multiple
comparisons using the false discovery rate (FDR). Predictors with FDR-
corrected p < 0.05 were adopted for further analysis.

To find trajectories of different assessments before the diagnosis, we
considered ten timeframes preceding the dementia index date (Years 0-3,
3-5, 5-6, 6-7, ..., 11-12, 12-15); specifically, timeframes of 0-3, 3-5 and
12-15 years were grouped due to insufficient numbers of dementia
subjects. We repeated the regression analyses under each timeframe. Thus,
for each assessment, we obtained a series of odds ratios with
corresponding two-sided p-values and tried to determine the time window
of significance by using a backward screening strategy on the FDR-
corrected p-values starting from 3-5 years to 12-15 years before the
dementia index. Such a scheme stopped if two of three consecutive
timeframes became insignificant (FDR-corrected p >0.05), and we then
took the stopping timeframe as the time point of appearing significance
between dementia subjects and controls. Noted, all predictors have
surpassed the selection criteria under the 0-5 years’ timeframe; thus, for
any case that happened not significant under 0-3 years, we reported the
statistics of 0-5 years.

To have an overview of trajectories of health conditions preceding
diagnosis of dementia, Alzheimer’s disease, and vascular dementia, stacked
additional incidence plots were drawn. The additional incidence was defined
as the incidence rates of case group over healthy controls. Health conditions
were selected from representative assessments or comorbid or self-reported
conditions that were significantly associated with target outcomes.
Specifically, clinical assessments of continuous variables were binarized to
calculate the incidence. This was performed by setting either 0.95 quantiles
(assessments with odds ratios>1) or 0.05 quantiles (assessments with odds
ratios <1) from the healthy control group as the cut-off of abnormality. The
cut-off was sex-based that derived from male and female populations
separately. All health conditions reported in the results were quoted with the
derived clinical assessments along with its corresponding odds ratios and
95% confidence intervals. See detailed matching in Supplementary
eTables 17, 32 and 45 for dementia, AD and VD, respectively.

Ethnicity was grouped as White, Asian, Black, and others (e.g., mixed or
other ethnic groups), where individuals were coded as others if their
ethnicity information was missing. We used simple imputation of mode to
impute the Townsend deprivation index and years of education whose
missingness was less than 3%. Individuals with missing values within the
variable of interest were dropped. Odds ratios (OR) reported used
normalized statistics if they were continuous variables. Individuals were
removed if the predictor of interest was missing during association
analysis. We report 0-15 year OR for assessments that are significant over
all preceding timeframes, and for other predictors we report the OR of the
timeframe starting to become significant.
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Flowchart of the case-control participants’ selection. A Flowchart of the case-control participants’ selection. B Histogram of follow-up

years (baseline visits to last observation date was July 22", 2022). C Histogram of the duration of years from baseline visits to the date of
dementia index. ACD all-cause dementia, AD Alzheimer’s disease, IQR Interquartile range, VD vascular dementia.

RESULTS

Population characteristics

During a median follow-up of 13.7 [Interquartile range, IQR
12.9-14.2] years, we identified 7620 subjects diagnosed with
dementia, of whom the diagnosed years were at a median of 9.5
[IQR 7.2-11.3] years after their baseline visits. Among these
demented participants, 52.0% were males, and they were mainly
comprised of white ethnicity (95.3%) with a mean age of 64.2
[95% Cl 64.1-64.3] years at baseline visits. Among the demented
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individuals, 3220 and 1749 were diagnosed with AD and VD,
respectively. Comparable statistics were observed with healthy
controls since they were selected based on matched demographic
information (Table 1).

Pre-diagnostic clinical assessments and health conditions in
dementia

Among 400 available assessments and health conditions, 119
predictors have surpassed the FDR correction within a five-year
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Fig.2 Study design illustration. Solid horizontal bars represent proxy observational processes of dementia subjects from their baseline visits
(green dots) to the dates of dementia index (red dots). We aligned their dementia index dates and stratified the participants based on the
duration between their baseline visits to the index dates, from 0 to 15 years (coded with gradient color from dark blue to light blue). A case-
control matching was performed under multiple criteria based on the baseline demographic information. For healthy controls, we set an
arbitrary date as the proxy date of the “dementia index” (red circles), allowing an equal duration from baseline to “index” to their matched
demented subjects.

Table 1. The characteristics of UK-Biobank participants with dementia and healthy controls.

All-cause dementia Alzheimer’s disease Vascular dementia

demented Healthy controls AD subjects Healthy controls VD subjects Healthy controls
subjects (n =76,200) (n=3220) (n=32,200) (n=1749) (n =17,490)
(n=7620)

Age at baseline
(years)

Gender (male, %)

Townsend
deprivation index

Ethnicity

White

Asian

Black

Others
Education (years)

<10

10-15

>15

64.2 [64.1, 64.3]

3960 [52.0%]
—0.9 [-1.0, —0.8]

7260 [95.3%]
119 [1.6%]
118 [1.5%]
123 [1.6%]

2607 [34.2%]
2666 [35.0%]
2347 [30.8%]

63.4 [63.4, 63.4]

39,600 [52.0%]
—0.9 [-0.9, —0.9]

73,007 [95.8%)]
1115 [1.5%]
959 [1.3%]
1119 [1.5%]

23,373 [30.7%]
28,959 [38.0%]
23,868 [31.3%]

Number of individuals (years preceding diagnosis)

0-3
3-6
6-9
9-12
12-15

326 [4.3%)]
953 [12.5%]
2062 [27.1%]
3172 [41.6%]
1107 [14.5%]

3260 [4.3%]
9530 [12.5%]
20,620 [27.1%]
31,720 [41.6%]
11,070 [14.5%]

64.7 [64.6, 64.8]

1534 [47.6%]
—1.1[-1.2, —1.0]

3087 [95.9%]
45 [1.4%)]
45 [1.4%]
43 [1.3%]

1121 [34.8%]
1125 [34.9%]
974 [30.2%]

79 [2.5%]
371 [11.5%]
866 [26.9%]
1412 [43.9%]
492 [15.3%]

63.8 [63.8, 63.8]

15,340 [47.6%]
—1.1[-1.1, —1.1]

31,026 [96.4%]
434 [1.3%]
364 [1.1%)]
376 [1.2%)]

10,141 [31.5%]
12,172 [37.8%]
9887 [30.7%]

790 [2.5%)]
3710 [11.5%]
8660 [26.9%]
14,120 [43.9%]
4920 [15.3%]

64.8 [64.6, 65.0]

1010 [57.7%]
—0.7 [-0.9, —0.5]

64.0 [63.9, 64.1]

10,100 [57.7%]
—0.8 [-0.8, —0.8]

1672 [95.6%] 16,808 [96.1%]

26 [1.5%] 247 [1.4%)]
30 [1.7%] 231 [1.3%]
21 [1.2%] 204 [1.2%]

669 [38.3%]
590 [33.7%)]
490 [28.0%]

5883 [33.6%)]
6626 [37.9%]
4981 [28.5%]

76 [4.3%]

223 [13.3%]
445 [25.4%]
729 [41.7%]
266 [15.2%]

760 [4.3%)]

2230 [13.3%]
4450 [25.4%]
7290 [41.7%)]
2660 [15.2%]

Data presented as mean [95% confidence interval] for continuous variables and number (%) for categorical variables.
AD Alzheimer’s disease, VD vascular dementia.
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time window before dementia diagnosis. The complete list of
significant assessments and their detailed statistics were reported
in the appendix for dementia (Supplementary eTables 3-16). We
picked up the most representative assessments under each
category and plotted their OR trajectories along the longitudinal
timeframes preceding the diagnosis (Fig. 3). In general, as the time
gets closer to the index date, dementia subjects witnessed worse
functional performance or higher prevalence of health conditions
since the fitted lines of OR gradually moved away from the
reference level of 1.

Syndrome-related changes can be found over a decade preceding
the diagnosis of dementia. According to the association results
(Supplementary eTables 3-17, Fig. 3), cognitive functions witnessed
significant declines in logical thinking (results score of the fluid
intelligent test in 10-11 year OR: 0.79, 95% confidence interval
[0.69-0.90], p < 0.01), pairs matching test (number of correct matches
in 0-15 year OR: 0.84 [0.83-0.86], p <0.01), prospective memory
(results score in 11-12 year OR: 0.80 [0.71-0.89], p <0.01), and
reaction speed (time of correctly identifying matches in 11-12 year
OR: 114 [1.08-1.21], p<001) (Fig. 3A, Supplementary
eTables 4 and 11). Physical measurements included declined
strength in hand grip (0-15 year OR: 0.65 [0.63-0.67], p < 0.01), lung
dysfunction (forced expiratory volume in 1-second, FEV1, in 0-15
year OR: 0.78 [0.76-0.81], p <0.01), hearing impairment (speech-
reception-threshold, SRT, in 10-11 year OR 1.18 [1.04-1.33], p = 0.03)
(Fig. 3C, Supplementary eTables 8 and 15). Serum biomarkers of renal
disorders (cystatin C in 0-15 year OR: 1.13 [1.11-1.16], p <0.01),
anemia (hemoglobin concentration in 10-11 year OR: 0.88
([0.81-0.94], p<0.01), and vitamin D deficiency (10-11 year OR:
0.88 ([0.81-0.94], p < 0.01) also emerged over 10 years before the
dementia onset (Fig. 3E, Supplementary eTables 7 and 14). Complex
mental disorders of long-term feelings and short-term mood
fluctuations (Fig. 3D, Supplementary eTables 5 and 12), comorbidities
of coronary heart disease (CHD), stroke, diabetes, depression, vision
impairment (Fig. 3G, Supplementary eTables 9 and 16), as well as self-
reported conditions of chest pain, falls in the last year and long-
standing illness (Fig. 3H, Supplementary eTables 9 and 16) all
exhibited higher prevalence over 10 years preceding the diagnosis of
dementia.

Several associations exhibited short-term impact within six years
preceding the dementia diagnosis. Such as inadequate activity
(overall time of activity 3-5 year OR of 0.82 ([0.73-0.92], p =0.01),
drowsiness (sleep durations 3-5 year OR 1.13 [1.04-1.24], p = 0.03)
(Fig. 3B, Supplementary eTables 3 and 10) and weight loss (weight in
0-5 year OR: 0.9 [0.83-0.98], p = 0.02) (Fig. 3C). Serum biomarkers of
enriched endocrine (sex hormone-binding globulin, SHBG, 3-5 year
OR: 1.20 ([1.09-1.31], p<0.01), liver dysfunction (aspartate-amino
transferase, AST, 3-5 year OR: 1.13 ([1.05-1.21], p < 0.01), infection risk
(neutrophil percentage, 3-5 year OR: 1.30 ([1.18-1.43], p < 0.01) were
found significant associations within 3-5 years (Fig. 3E, Supplemen-
tary eTables 7 and 14). Lipoprotein of small HDL concentration (6-7
years: OR 0.68 [0.55-0.85], p < 0.01) and large HDL concentration (0-5
years: OR 1.22 [1.06-1.41], p = 0.02) witnessed an opposite trend. In
addition, enriched blood ketones of acetone (3-5 years: OR 1.24
[1.08-1.43], p=0.02) and deficiency of brand-chain amino acids
(BCAA) (0-5 years: OR 0.71 ([0.60-0.84], p < 0.01) and polyunsaturated
fatty acids (PUFA) (0-5 years: OR 0.83 ([0.71-0.97], p =0.04) were
found associations within five years before the index date of
dementia (Fig. 3F, Supplementary eTables 6 and 13). Comorbidities of
hypertension, hearing loss, COPD, and arthritis demonstrated
significantly higher prevalence in demented individuals in the similar
prodromal time window (Fig. 3G, Supplementary eTables 9 and 16).

Pre-diagnostic functional changes in AD and VD

Compared to dementia, fewer assessments and health conditions
were identified, 50 and 53 have surpassed the FDR correction, for
AD and VD, respectively. Most selected predictors were pre-
identified in the analyses of dementia; however, their year of
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significance preceding the index date varied (Supplementary
eTables 18-31 for AD, Supplementary eTables 33-44 for VD,
Fig. 4B, Q). In general, fewer pre-diagnostic syndromes witnessed
long-term associations over 10 years preceding the diagnosis of AD.

Specifically, predictors selected by both AD and VD included
cognitive deficits in fluid intelligence (results score: 5-6 year in AD,
3-5 year in VD), pairs matching (number of correct matches: 8-9
year in AD, 3-5 year in VD), and reaction time (time to identify
matches correctly: 9-10 year in AD; 12-15 year in VD)
(Supplementary eTables 19, 26, 34 and 40); physical measure-
ments of lung dysfunction (peak expiratory flow, PEF: 9-10 in year
AD, 11-12 in year VD) and declined strength (11-12 year in AD,
11-12 year in VD) (Supplementary eTables 23, 30, 37 and 43);
health conditions of CHD (3-5 year in AD; 12-15 year in VD) and
self-reported falls in the last year (7-8 in AD, 6-7 in VD)
(Supplementary eTables 24, 31, 38 and 44). In addition, mental
disorders of nervous feelings and short-term mood fluctuations of
depressed mood, tenseness, and unenthusiasm were also found
with higher prevalence for both AD and VD individuals within five
years before the diagnosis (Supplementary eTables 20,
27, 35 and 41). Noted, comorbid conditions of stroke, diabetes,
hypertension, and self-reported chest pain, which were significant
in VD, indicated no strong associations with AD (Supplementary
eTables 24, 31, 38 and 44). Moreover, serum biomarkers of
Apolipoprotein B, IGF-1, LDL direct were additionally found to
have significant associations that emerged within the five years
before the VD diagnosis, which were not pre-identified in the
analysis of dementia (Supplementary eTables 22, 29, 36 and 42).

DISCUSSION

It was demonstrated in this large agnostic study that a broad
range of clinical phenotypes were markedly associated with
subsequent dementia in the years thereafter and could be
considered as potential pre-diagnostic features. Associations
noted that over a decade preceding dementia diagnosis
comprised cognitive deficits, declined physical strength, increased
falls, lung dysfunction, and complex mental problems. Comorbid-
ities of CHD, stroke, diabetes, depression, vision impairment as
well as serum biomarkers of renal disorders, anemia, and vitamin
D deficiency also witness higher prevalence at similar times. This is
followed by changes in body fat and lipoprotein metabolism as
early as six to ten years prior to the onset of dementia. Within
three to six years before dementia is diagnosed, activity
inadequacy, sleep disturbances, hypertension, hearing loss,
infection, endocrine and liver disorders, and dysregulations of
ketone bodies started to manifest. Significant associations of
deficiency in fatty acids and amino acids, COPD and arthritis were
witnessed in the last stage before the index (Fig. 4A). All of these
associations remained significant until the time of dementia
diagnosis.

Traditional studies usually focused on exploring neuropathologi-
cal hallmarks for the early detection of disease [1, 2, 11]; however,
health-related changes in the pre-symptomatic phase may be
underrecognized and underreported. We investigated an abun-
dance of phenotypes on subsequent dementia risk, filling the gap in
this field. In line with former findings [4, 6], cognitive decline
emerged over a decade before the diagnosis of dementia.
Specifically, memory loss came first, followed by prolonged reaction
time, and declined logical thinking. In routine clinical practice, it's
time-consuming to perform thorough and detailed cognitive
testing. Our findings call for general practitioners to prioritize
screening for these specific domains over general cognitive testing,
where abnormalities tend to foreshadow possible disease progres-
sion to a comparatively advanced stage [4].

Apart from previously reported grip strength, increased falls,
and weight change [6], we present evidences for pre-diagnostic
changes in body fat, hearing tests, and lung function, which have
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Fig. 3 Odds ratio trajectories of clinical assessments and health conditions of dementia. The trajectory lines of multi-domain clinical
assessments and health conditions from (A) cognitive functions, (B) activity and sleep, (C) physical measurements, (D) mental health factors,
(E) serum tests, (F) metabolomic blood tests, (G) comorbid conditions and (H) self-reported health conditions. The trajectory lines were fitted
with linear regression models on odds ratios across time preceding the diagnosis of dementia. Odds ratios under each timeframe were
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durations from baseline to dementia index. Clinical assessments of continuous variables were normalized. Dotted lines indicate the
assessments or health conditions were insignificant under specific timeframes. BCAA brand-chain amino acids, HDL high-density lipoprotein.

been continuously revealed [1, 9, 10, 12-15]. Metabolism,
inflammation, and brain structures may contribute to explaining
the relationship between body fat and dementia [12]. Hearing
impairment is linked to greater temporal lobe atrophy [16]. No
causal relationship was demonstrated between declined lung
function and cognitive deficits, and the observed associations may
be partially ascribed to their shared etiological factors [15, 17-19].

The development of dementia may also be related to physical
inactivity and sleep disturbances, in agreement with the current
consensus [1, 9, 10]. The pre-diagnostic linear risk changes in
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physical and behavioral measures support that they represent an
early progressive loss of function rather than a low functional
baseline. People may have impaired physical function and
disrupted behaviors due to prodromal dementia, and these
changes can be either a consequence or a cause of dementia,
or both [1]. Maintaining physical function, enhancing exercise, and
improving sleep should be sustained and continue nearer the
time of risk.

Hearing loss was among the greatest risk factors for dementia
[1]. It is worth noting that hearing tests became abnormal 11-12
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years before dementia diagnosis, whereas hearing loss was seen
3-5 years prior to the index, with obviously elevated risks
compared to the former. Similar patterns were also found for
lung function and COPD. The long-time interval provides critical
early prevention opportunities for using hearing aids, which is
proven to be protective for cognitive preservation [1]. None-
theless, whether improvements in lung function mitigate the risk
of dementia remains open [1, 9, 10]. Moreover, growing studies
have linked visual impairment to dementia risk and treated it as a
viable target for intervention [20, 21]. We reinforced this idea by
finding that it could consistently increase dementia risk from 12 to
15 years before diagnosis.

Multimorbidity occurring before dementia was observed
recently [8], and we went on to refine the prior findings by
examining specific disease conditions. CHD, stroke, hypertension,
and diabetes have been repeatedly proposed as potentially
modifiable risk factors for dementia [1, 9, 10]. Consistent with this,
our analysis further delineated their pre-diagnostic trajectories. We
unraveled a novel relationship between arthritis and subsequent
dementia, whereas a recent study suggested no association [8].
Different age ranges, study designs, and sample sizes may help
explain the divergence. As for depression, whether it is a risk factor
for dementia [1], a precursor or prodromal symptom of dementia
[7], or both [3], remains a matter of debate. Future in-depth
exploration of its role in dementia is necessary.

To our best knowledge, the pre-diagnostic trajectories of
biochemical and metabolic factors have not been well-studied
so far. Despite this, our results gain support from former studies
showing associations between dementia and these broad blood
indexes [22-25]. Biochemical markers reflecting systemic disorders
became abnormal years before diagnosis and may be early
warning signs of dementia. They could participate in the
pathogenesis of dementia by affecting oxidative stress, inflam-
matory response, autophagy, and clearance of pathological
hallmarks [22]. Regarding vitamin D supplementation, its benefits
for dementia remain controversial [26]. This study, for the first
time, disclosed several novel relationships before dementia
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diagnosis, such as the protective effect of small HDL-C but the
inverse effect of large HDL-C. Individuals with higher BCAA or
PUFA were protected against dementia, in line with former
findings [24, 27]. Randomized clinical trials, however, negated the
effect of PUFA on neurocognitive outcomes [28]. Our Findings on
ketone bodies disagreed with the cognitive protective effects of
ketogenic diets [29, 30]. Whether the mechanisms involved in the
development of dementia differ between a passive high ketone
state and active ketogenesis requires future exploration.

The observed higher prevalence of complex mental disorders
characterized by long-term feelings and short-term mood
fluctuations preceding dementia diagnosis prompts a critical
examination of mental health factors within the context of
Minimal Behavioral Impairment (MBI). In future observational
cohorts, employing a structured approach like the MBI checklist
for assessing mood and behavioral symptoms would be prudent.
This systematic tool enables the comprehensive evaluation of
subtle behavioral changes associated with dementia risk, facilitat-
ing early detection and intervention. By standardizing assessment
processes and quantifying symptoms, researchers can better
understand the progression of cognitive decline and inform
targeted interventions to improve patient outcomes.

When comparing the pre-diagnostic functional changes
between AD and VD, our findings reveal both expected
commonalities and notable distinctions. As AD constitutes the
majority of dementia [31], it is unsurprising that pre-diagnostic
functional changes in AD and dementia largely overlap. Cognitive
deficits in fluid intelligence, pairs matching, and reaction time
were identified as shared predictors, albeit with variations in the
timing of their significance preceding the index date. However,
our comparison with VD revealed distinct patterns. Pre-diagnostic
functional changes in VD predominantly manifested as vascular
comorbidities, aligning with the close association between
vascular pathology and VD [32]. This finding is substantiated by
the distinct etiological pathways underlying AD and VD [33]. While
shared predictors such as cognitive deficits and physical
measurements were identified for both AD and VD, their temporal

SPRINGER NATURE



J. You et al.

significance varied, suggesting nuanced disease progression
trajectories. Notably, mental disorders exhibited higher prevalence
in the pre-diagnostic phase for both AD and VD, suggesting
potential shared mechanisms in disease manifestation. Conver-
sely, certain comorbid conditions and serum biomarkers, sig-
nificant in VD, showed no strong associations with AD,
underscoring differential disease pathophysiology. These findings
underscore the complex interplay between different factors in the
pre-diagnostic phase of AD and VD, offering insights into potential
avenues for early detection and intervention tailored to the
specific pathology of each condition [32].

Collecting data on all antecedent characteristics is not feasible
in real-world clinical practice. Our findings lend vital evidence to
the priority screening that primary care physicians ought to
undertake and the opportunity to resolve patient concerns in the
early pre-diagnostic phase. Rather than identifying asymptomatic
patients, this is about accurately pinpointing the potential cause
of patients exhibiting symptoms or signs and then seeking
prompt referrals. Otherwise, patients may have to wait many years
or even decades for their symptoms to be explained. By then, the
optimal time to slow or halt disease progression has perhaps been
missed. Current strategies targeted at improving cognition might
have been initiated too late relative to disease progression, and a
wide scope of early interventions and treatments is critical and
necessary.

The strength of this study lies in the comprehensive and in-depth
investigations of health-related phenotypes through a large-scale,
exploratory, data-driven approach. Besides, the prolonged follow-up
allowed us to track trajectories for up to 15 years prior to dementia
diagnosis. Some caveats should also be acknowledged. First, the UK
Biobank is skewed toward those at lower risk of disease and lacks
representativeness of racial and socioeconomic diversity; thus,
conclusions drawn in our analysis still require further validation.
Second, this study used longitudinal measure of dementia diagnosis
while the clinical assessments were collected at baseline; therefore,
we performed a nested case-control strategy to reform the data
structure for longitudinal interpretation of clinical trajectories.
However, further studies utilizing longitudinal measures of clinical
variables are necessary to confirm and validate our findings. Third, the
age range of the population recruited to the UK Biobank was 40 to 90
years, potentially ruling out the age at which some factors play the
strongest role. Fourth, the absence of detailed diagnostic methods,
such as lumbar punctures or imaging techniques employed by
doctors, prevents the direct alignment of UK Biobank data with the
current ATN biological definition of AD and updates on VD. This
impedes a comprehensive understanding of the biological under-
pinnings of these conditions within the context of the database.

This is the first study to examine such a wide range of potential
risk factors and early manifestations of dementia and its subtypes
of AD and VD. The study determines when these factors appear in
the disease process up to 15 years before the first diagnosis. Our
findings present a comprehensive temporal-diagnostic landscape
preceding incident dementia, offering novel insights into early
prevention and disease-modifying therapies.
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