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Association of life course adiposity with risk of incident
dementia: a prospective cohort study of 322,336 participants
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Cohort studies report inconsistent associations between body mass index (BMI) and all-cause incident dementia. Furthermore,
evidence on fat distribution and body composition measures are scarce and few studies estimated the association between early life
adiposity and dementia risk. Here, we included 322,336 participants from UK biobank to investigate the longitudinal association
between life course adiposity and risk of all-cause incident dementia and to explore the underlying mechanisms driven by metabolites,
inflammatory cells and brain structures. Among the 322,336 individuals (mean (SD) age, 62.24 (5.41) years; 53.9% women) in the study,
during a median 8.74 years of follow-up, 5083 all-cause incident dementia events occurred. The risk of dementia was 22% higher with
plumper childhood body size (p < 0.001). A strong U-shaped association was observed between adult BMI and dementia. More fat and
less fat-free mass distribution on arms were associated with a higher risk of dementia. Interestingly, similar U-shaped associations were
found between BMI and four metabolites (i.e., 3-hydroxybutrate, acetone, citrate and polyunsaturated fatty acids), four inflammatory
cells (i.e,, neutrophil, lymphocyte, monocyte and leukocyte) and abnormalities in brain structure that were also related to dementia.
The findings that adiposity is associated with metabolites, inflammatory cells and abnormalities in brain structure that were related to
dementia risk might provide clues to underlying biological mechanisms. Interventions to prevent dementia should begin early in life
and include not only BMI control but fat distribution and body composition.

Molecular Psychiatry; https://doi.org/10.1038/s41380-022-01604-9

INTRODUCTION

Obesity, commonly defined by body mass index (BMI) =30 kg/m?,
is considered as a modifiable factor in preventing dementia [1, 2].
Excess weight has been reported to be detrimental to dementia,
while reversed risk associations between overweight or obesity
and dementia were observed in several studies, which was
hypothesized to result from reverse causality that subclinical
dementia causes the decrease in BMI [3, 4]. Such divergences raise
the need for estimating the associations in a life-course approach
covering a period preceding any preclinical neurodegenerative
changes, such as in childhood.

Broadly, BMI has low sensitivity to adiposity [5]. Large inter-
individual variability exists in body composition and fat distribu-
tion for those with a similar BMI [5]. Previous studies have
indicated that high fat mass as well as low muscle mass are
related to cognitive decline and mortality [6, 7], and that different
waist-to-hip ratio (WHR) levels with similar BMI are differently
linked to metabolic profiles [8] and brain volumes [9]. However,
objectively measured adiposity indicators such as arm fat mass
ratio (AFR) and arm fat-free mass ratio (AFFR), have not been
comprehensively investigated in previous dementia-related long-
itudinal studies.

To date, the mechanisms underlying associations of adiposity
with cognitive impairment or dementia are not fully understood.
Plasma metabolomics has been used to depicture alterations in
circulating metabolites that could reflect the interaction of genetic
and environmental factors, which benefits for understanding the
pathophysiology of dementia [10-12]. Adiposity alters the
systemic metabolism [13, 14], but studies on whether adiposity-
related metabolic change contributed to adiposity-dementia
associations are scarce. Thus, we included all metabolites detected
by untargeted high-throughput nuclear magnetic resonance
(NMR) spectroscopy, which could systematically investigate the
metabolic change underlying the adiposity-dementia associations.
Moreover, adiposity has been characterized as an inflammatory
state [15, 16], accompanied by infiltration and proliferation of cells
of the innate and the adaptive immune systems [17]. There are
evidence indicating that peripheral immunity associated with
incidence of dementia and shaped inflammatory responses in
dementia [18, 19]. Therefore, we assessed the effect of systematic
inflammation markers on adiposity-dementia association, which
included lymphocytes, neutrophils, monocytes, leukocytes and c
reactive protein (CRP) [20-23]. In addition, adiposity is associated
with brain morphometry including white matter hyperintensities
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and temporal lobe atrophy [24, 25], which are more pronounce in
dementia [26]. Understanding the impact of adiposity on these
biological factors may shed light on the mediators and pathways
between adiposity and dementia.

This study primarily aimed to investigate the association
between life course adiposity and the risk of all-cause incident
dementia. Second, to explore the underlying mechanisms, the
study investigated whether metabolites, inflammation and
structural brain abnormalities mediated the association between
adiposity and dementia.

METHODS

Data source and study population

This study is based on data from the UK Biobank (UKB) study that received
approval from the National Information Governance Board for Health and
Social Care and the National Health Service North West Multicenter
Research Ethics Committee. All participants provided informed consent
through electronic signature at baseline assessment. The UKB is a large-
scale cohort with over 500,000 participants aged 37 to 73 years at baseline
(2006-2010) [27]. The data cover detailed demographic, health, physical
measures and clinical outcomes at baseline and ongoing longitudinal
follow-up [28]. For the present study, the participants were recruited
between Jan 1, 2006 and Dec 31, 2010 (Field ID 53) and were followed up
until the date of earliest incident dementia diagnosis, the last time of
hospital inpatient admission, or the date of the last data collected by the
general practitioner, date of death or loss of follow-up, whichever came
first. After exclusion of participants with dementia at baseline or without
data of follow-up (N = 80,569), less than 50 years old (N = 84,355), or who
were non-white (N =15,233), 322,336 participants remained for the main
analysis in this study (Supplementary Fig. 1). The present analyses were
conducted under UKB application number 19542.

Life course adiposity measures

The original adiposity measures used from the UKB dataset and the
calculation processes are detailed in Supplementary Table 1. Life course
overall adiposity was comprised of birth weight, childhood body size and
adulthood BMI. The information on birth weight was obtained by asking
participants to enter their own birth weight in verbal interview. Childhood
body size was measured by the participants’ answers to “When you were
10 years old, compared to average would you describe yourself as thinner,
plumper, or about average?”. Birth weight and BMI were also treated as
categorical variables as recommended by World Health Organization.
Central adiposity was measured through waist circumstance (WC), WHR
and waist-to-height ratio (WHtR).

The original data of the fat content of the whole body, trunk, arms and
legs were estimated by bio-electrical impedance analysis [29]. The body fat
distribution measures were interpreted as arm/leg/trunk fat (-free) mass
ratio (AFR, LFR, TFR, AFFR, LFFR and TFFR) [30], which represented fat (-free)
mass distribution in reference to the whole body. Specifically, they were
calculated with the formula: Arm fat mass ratio = [Arm fat mass-left + Arm
fat mass-rightl/Whole body fat mass (leg and fat-free mass in the same
way); Trunk fat mass ratio = Trunk fat mass/Whole body fat mass (fat-free
mass in the same way). Body composition was interpreted as whole body
fat mass (BFM), whole body fat-free mass (BFFM) and whole body/arm/leg/
trunk fat percentage (BFP, AFP, LFP and TFP). For limbs, we took the
average of right and left measures. Furthermore, to further confirm the
results of the above measures, we included fat mass and fat-free mass
(lean mass) index for arms, legs, trunk and whole body and Trunk/Limbs fat
mass ratio (TLiFR). They were calculated with the formula: Arm fat mass
index = [Arm fat mass-left + Arm fat mass-right]/[2*Height’] (leg and fat-
free mass in the same way); TLiFR = Trunk fat mass/([(Arm fat mass-left -+
Arm fat mass-right)/2 + (Leg fat mass-left + Leg fat mass-right)/2]/2).

Covariate
Covariates are described in the Supplementary Methods.

Dementia diagnosis

All-cause dementia was diagnosed according to the International
Classification of Diseases ICD-9 codes (290, 291.2, 294.1, 331.0-331.2,
331.5, 331.0 and 290.4) and ICD-10 codes (A81.0, FOO, FO1, F02, FO3, F05.1,
F10.6, G31.0, G31.1, and G31.8), if any of the above codes presented a
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primary or secondary diagnosis in the health records, or presented as a
potential cause of death in the death register. Additionally, dementia
diagnoses were also ascertained from primary care data using Read codes
(version 2 [Read v2] and version 3 [CTV3 or Read v3]). Alzheimer’s disease
(AD) and vascular dementia (VD) were diagnosed by ICD-9 codes (AD,
331.0; VD, 290.4) and ICD-10 codes (AD, F00, G30; VD, FO1, 167.3). The
incident dementia events were defined as diagnosis after recruitment.

Plasma metabolites and inflammatory markers

Data of plasma metabolites and inflammatory markers (inflammatory cells
and CRP) were obtained from baseline blood tests of UKB participants
taken at the initial assessment visit (https://biobank.ndph.ox.ac.uk/
showcase/label.cgi?id=100080). Details of data processing can be found
on the UKB website (http://biobank.ndph.ox.ac.uk/showcase/showcase/
docs/haematology.pdf and https://biobank.ndph.ox.ac.uk/showcase/ukb/
docs/nmrm_companion_doc.pdf). For metabolites, we included all meta-
bolites available in absolute levels (n=168) obtained with NMR, which
include detailed measures of cholesterol metabolism, fatty acids, and
various low-molecular weight metabolites. For inflammatory markers, we
extracted data of neutrophils, monocytes, lymphocytes, and platelets [19]
and level of CRP.

Brain imaging data

The imaging derived phenotypes used in this study included 68 cortical
regions, 40 subcortical regions and tract-specific fractional anisotropy (FA)
and mean diffusivity (MD) values of the 48 white matter tracts (N = 23,714).
Brain MRI data are described in detail in the Supplementary Methods.

Statistical analysis

Basic characteristics for participants were presented as mean (standard
deviation (SD)) for continuous variables and number (percentage) for
categorical variables. The study design is presented in Supplementary
Fig. 1. First, Cox-proportional hazard regression models were used to
estimate the linear and non-linear associations for each adiposity measure
with incident all-cause dementia. For the continuous variables, scaling was
done by dividing the variables by their SDs such that the hazard ratios
(HRs) represents the risk of per SD increment of the adiposity measures.
Model 1 was adjusted for age at baseline, sex, apolipoprotein E (ApoE) €4
carrier status, education, total physical activity, BMI (for variables other
than BMI, BFM and BFFM); and height (for BFM and BFFM only), and was
chosen as the priority model. Model 2 was additionally adjusted for
depression status, social-economic status, smoking and alcohol intake
status. To explore the potential non-linear effects, restricted cubic spline
(RCS) terms were introduced in the models. Bonferroni corrections were
conducted to correct for multiple comparisons. Then we calculated the
guantitative change in linearity below and above the change point of each
type of adiposity if non-linearity was detected. Subsequently, mediation
model analysis was conducted to investigate whether the association of
plumper childhood body size with dementia was mediated by adulthood
obesity. Second, two sensitivity analyses were conducted by excluding
participants with follow-up duration <8 years and by excluding
participants with non-dementia-related death. We utilized interaction
terms for age, sex, and ApoE-e4 to estimate whether the strata effect
existed (p < 0.1) in different subgroups. After that, three subgroup analyses
were performed through stratification of sex, age (i.e., 50-65 years and >65
years), and ApoE-e4 carrier status (carrier and non-carrier status). We also
investigated the associations of adiposity with early onset (age at
dementia onset <65) and late onset (age at dementia onset >65)
dementia, AD and VD.

Third, we performed metabolic and inflammatory mechanism analyses.
First, a linear regression was used to assess the associations between
adiposity and metabolites or inflammatory cells and a non-linear
regression (y = Bx* 4 ax + ¢) was used to examine the non-linear relation-
ships of BMI and these markers. Each regression was adjusted for the
covariates in Model 1. For each type of metabolites or inflammatory
markers, adjusted SD differences and 95% confidence intervals (Cls)
associated with 1-SD higher adiposity were estimated. Second, the
associations of metabolites and inflammatory markers (survived Bonferroni
correction in the above analysis) with incident dementia were analyzed
using Cox-proportional hazard regression adjusting for covariates in Model
1. HRs were computed for 1 SD higher metabolite or cell level. Last, we
performed mediation analyses for those variables significantly and
consistently related to all adiposity measures and risk of dementia, aiming
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to investigate to what degree these metabolites or inflammatory cells
contributed to the adiposity-dementia association.

Lastly, a linear regression model was used to investigate the association
of adiposity measures and dementia with brain morphometric measures,
and a non-linear regression model (y = Bx* +ax +c) was used for BMI,
whole BFM and AFP, adjusting for covariates in Model 2 as well as the
scanning site of the imaging. An F-statistic was obtained for these
associations and Bonferroni corrections were conducted to correct for
multiple comparisons.

We report in the Supplementary Methods: (1) adiposity measures,
covariates and brain imaging data, and (2) mediation analyses in detail. All
analyses were conducted using R version 4.0.3. The significance threshold
is a two-sided p < 0.05 after adjustment.

RESULTS

Among the 322,336 individuals (mean (SD) age, 62.24 (5.41) years;
53.9% women) in the study, during an average 8.74 years of
follow-up, 5038 all-cause incident dementia events occurred.
Supplementary Table 2 shows the baseline demographic and
health characteristics of participants by incident all-cause demen-
tia status.

Life course adiposity was associated with incident dementia
In the prospective longitudinal analysis, overall life course adiposity
showed a significant association with all-cause dementia (Figs. 1A and
2, Table 1 and Supplementary Figs. 2 and 3). Birth weight was
negatively related to dementia risk (Djinear = 0.001, Proninear = 0.038)
and compared with a normal birth weight, a 128% higher risk
was found with the extremely low birth weight (p = 0.002). Compared
with an average body size, the risk of dementia was 22% higher
for plumper body size in childhood (p <0.001) and 7% higher for
thinner body size (p=0.054). The association between adult BMI
and dementia was U-shaped (Ppon-inear < 0.001). Specifically, dose-
response relationship analysis revealed that dementia risk significantly
decreased when BMI was below the break points (i.e., 29.2 kg/m? for
males and 28.5 kg/m? for females; HR per 1kg/m? (95% Cl) = 0.94
(0.92-0.96) for males and 0.95 (0.93-0.98) for females; Fig. 2 and
Supplementary Table 3), but increased overall when BMI exceeded
the break points. Furthermore, in relative to normal weight, 19% and
14% lower risk were found for overweight and class | obesity,
respectively (terms defined in Table 1). The mediation analysis
showed that adulthood obesity significantly mediated the association
between plumper childhood body size and dementia (Mediation
proportion = 17.40%, p < 0.001), as detailed in Fig. 1B.

Both RCS models and Cox-proportional regression models were
applied to estimate associations between other adiposity mea-
sures and incident dementia. Central adiposity was detrimental to
dementia (WC, HR (95% Cl) =1.01 (1.00-1.02), Pron-inear < 0.001;
WHR, HR (95% CI) = 4.44 (2.61-7.56), Pron-linear < 0.001; and WHIR,
6.71 (4.65-9.68), Pnon-iinear < 0.001); Table 1 and Supplementary
Fig. 2). The risk of WC, per 5cm increase, to dementia was
significantly increased when WC was above the cutoff, a result
that was similarly observed for WHR (Fig. 2). Fat mass and fat-free
mass distribution also had significant but complex correlations
with dementia risk (Table 1, Supplementary Figs. 2 and 3 and
Supplementary Table 4). Specifically, more fat mass distribution on
limbs and less on trunk were related to higher incidence of
dementia (TLiFR, 0.94 (0.91-0.98)). Less fat-free mass distribution
on arms and more on legs were associated with higher incidence
of dementia. For fat composition, the association between BFM
and dementia was U-shaped (Table 1 and Supplementary Fig. 2),
while no significant association was observed for BFFM. Consis-
tently, FMI for arms, legs and trunk have U-shaped association
with dementia, while associations for LMI did not pass multiple
test except for LLMI (Supplementary Fig. 3). Fat percentage of
whole body, legs and trunk were protective for incident dementia
when the values are below the break points (Fig. 2, Supplementary
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Fig. 2 and Supplementary Table 3), while the association for AFP
was U-shaped (Supplementary Fig. 2). Lastly, BMR had a beneficial
effect on dementia risk. The break points for each measures that
determine the changes in HR trend and the quantitative HRs are
presented in Fig. 2 and Supplementary Table 3.

These associations were statistically significant and robust after
inclusion of non-white participants (Supplementary Table 5) and
applying the fully-adjusted model (Model 2, Table 1 and
Supplementary Fig. 3), as well as when excluding participants
with follow-up duration <8 years (Supplementary Fig. 4 and
Supplementary Table 6). As expected by the interaction effects by
age, sex, and ApoE-g4 (Supplementary Table 7), we performed
three subgroup analyses. First, when stratifying participants by
age (50-65 years and >65 years, Supplementary Fig. 5 and
Supplementary Table 8), we found that the linear association
between birth weight and risk of dementia remained significant in
younger participants while disappeared in older individuals. Other
associations were still statistically significant in both age groups.
Second, we stratified the participants by sex (Supplementary Fig. 6
and Supplementary Table 9). The associations between birth
weight, waist circumference, LFR, TFR and risk of dementia were
more significant in female while the association of TFFR and risk of
dementia was significant in male only. Third, there was some
evidence of heterogeneity by ApoE-&4 carrier status (Supplemen-
tary Fig. 7 and Supplementary Table 10). The protective effects of
overweight and obesity were more significant in individuals who
are ApoE-4 carriers while the adverse effect of underweight was
only significant in people who are not. Moreover, the association
between birth weight and risk of dementia was only significant in
ApoE-e4 non-carrier group while the association of BFFM was only
significant in ApoE-e4 carrier group. As for the associations with
subtypes of dementia, there was an indication that the adiposity
measures-dementia associations were attributable to late-onset
dementia rather than to early onset dementia, especially for BMI,
waist circumference, trunk fat-free mass ratio, whole BFM, body fat
percentage and trunk fat percentage (Supplementary Fig. 8 and
Supplementary Table 11). Finally, thinner or plumper childhood
body size were significantly related to VD risk only. Overweight
was protective for both AD and VD, while obesity was protective
for AD but detrimental to VD (Supplementary Figs. 9 and 10 and
Supplementary Tables 12 and 13).

Metabolites and inflammatory cells mediated the adiposity-
dementia association

After correction for multiple testing, many metabolites and
inflammatory cells showed significant association with adiposity
measures (Supplementary Tables 14 and 15). Interestingly, four
metabolites and eight inflammatory cell percentages or counts
had U-shaped associations with BMI (Supplementary Tables 16
and 17). Next, we performed Cox regression analyses to
investigate the associations between those metabolites and
inflammatory cells with risk of dementia. Only six metabolites
and five inflammatory cell counts or percentages were found to
be significantly associated with risk of dementia (i.e.,, 3-hydro-
xybutyrate, acetone, acetoacetate, citrate, polyunsaturated fatty
acids, glucose; the percentages of neutrophil, lymphocyte, and
monocytes and the counts of neutrophil and leukocyte) (Supple-
mentary Tables 18 and 19).

For each adiposity measures, mediation analysis was performed
for the metabolites and inflammatory cells that showed significant
associations with both the adiposity measure and risk of dementia
with consistent directions. We found that the relation between
BMI and dementia was significantly mediated by those five
metabolites and five inflammatory cells (Supplementary Table 20).
Glucose, neutrophil, lymphocyte percentage partly mediated the
association between central adiposity and dementia. Polyunsatu-
rated fatty acids and neutrophil percentage mediated the effect of
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Fig. 1 Associations between life course adiposity and all-cause incident dementia. A Non-linear relationships were estimated using
restricted cubic splines and linear relationships were estimated using Cox-proportional hazards regression analysis. The p values for non-linear
and linear associations are listed in the figures for all outcomes. Estimates adjusted for age at baseline, sex, ApoE-€4 carrier status, education,
total physical activity, BMI for variables except for BMI, body fat mass and body fat-free mass and height for body fat mass and body fat-free
mass (model 1). Dashed vertical lines in the right-hand panel represent WHO BMI category thresholds of 18.5 kg/m? (underweight to normal
weight), 25 kg/m? (normal weight to overweight), 30 kg/m2 (overweight to class | obesity), 35 kg/m?2 (class | obesity to class Il obesity) and
40 kg/m2 (class Il obesity to class Ill obesity). B Mediation analysis: the mediation implemented by adulthood obesity from childhood plumper
body size to dementia was significant (Proportion of mediation = 17.40%). Path A: effect of the independent variable, childhood plumper
body size, on the mediator, adulthood obesity. Path B: effect of the mediator (adulthood obesity) on the outcome (dementia). Path C indicates
the direct effect of the childhood plumper body size on the outcome (dementia) controlling for the mediator (adulthood obesity). The indirect
path AB shows that the adulthood obesity mediates part of the effect of childhood plumper body size on dementia (8= —188, p <2x 107 '°).

fat distribution and body composition (Fig. 3 and Supplementary
Table 20). The mediation effects remained after inclusion of non-
white participants. Full results can be found in Supplementary
Table 20.

Associations between adiposity measures and brain structure
The results revealed significantly non-linear associations between
BMI and mean thickness of dementia-related cortical regions,
including superior frontal cortex (left hemisphere, ppementia < 0.001,
pemi < 0.001, right hemisphere, ppementia < 0.001, pgy < 0.001) and
middle temporal cortex; and subcortical gray matter volume,
including hippocampus (left hemisphere, ppementia < 0.001, pgm; <
0.001, right hemisphere, ppementia < 0.001, pgp; < 0.001) and amygdala
(Fig. 4A and Supplementary Tables 21-24). Furthermore, BMI and
mean cortical thickness and subcortical volume demonstrated
an inverted U-shaped association, with BMI at about 30kg/m?
corresponding to the largest cortical thickness and subcortical gray
volume (Fig. 4A), which was consistent with the result of the Cox
regression for least risk of incident dementia (Fig. 1). Significantly
non-linear associations were found between BMI and FA and MD
values in the majority of the white matter tracts (Supplementary
Table 25), including fornix, left superior longitudinal fasciculus (SLF)
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and cingulum cingulate gyrus (CG). Similarly, we also observed
significant associations between other adiposity measures and
dementia-related brain regions, with the full results in Supplementary
Table 24. Briefly, 9 of 18 other adiposity measures were significantly
associated with middle temporal cortical thickness in the left
hemisphere, eight with superior temporal cortical thickness in the
right hemisphere, seven with left amygdala, six with right amygdala
and 11 with bilateral hippocampus (Fig. 4B, with all mentioned
regions Bonferroni-corrected p < 0.05).

DISCUSSION

In this study, we aimed to investigate the associations between life
course adiposity and risk of incident all-cause dementia. We found
that a plumper body size in childhood was detrimental to
dementia prevalence. Adulthood (50-73 years old) BMI had a
U-shaped association with risk of dementia, and partly mediated
the childhood body size-dementia association. Fat distribution on
the abdomen, arms, legs and trunk were all significantly related to
dementia risk. These findings are consistent with the hypothesis
that adiposity has an impact on dementia risk, starting decades
before a clinically-diagnosed event and covering a wide range of
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Risk factor Male Female
HR (95% CI) P Value HR (95% Cl) P Value
Overall adiposity
Birth weight (per 0.1 kg increase)
<= 3.6kg (male), 3.5kg (female) ] 0.82(0.70-0.97) 0.018 L 0.81(0.70-0.93)  0.004
> 3.6kg (male), 3.5kg (female) 1.00 (0.81-1.25)  0.967 1.00 (0.75-1.34)  0.983
BMI (per 1 kg/m2 increase)
<= 29.20kg/m2 (male), 28.50kg/m2 (female) - 0.94 (0.92-0.96) <0.001 - 0.95(0.93-0.98) <0.001
> 29.20kg/m2 (male), 28.50kg/m2 (female) L 1.03(1.01-1.05) 0.013 - 1.02(1.00-1.04) 0.036
Central adiposity
WC (per 5cm increase)
<= 95¢m (male), 85cm (female) - 1.02 (0.94-1.10) 0.617 . 1.01(0.93-1.08) 0.884
> 95cm (male), 85cm (female) ] 1.05(0.99-1.11)  0.124 L] 1.13 (1.07-1.20) <0.001
WHR (per 0.02 increase)
<=0.93 (male), 0.81 (female) L 0.99 (0.95-1.03) 0.725 L] 0.98 (0.94-1.03) 0.410
> 0.93 (male), 0.81 (female) - 1.04 (1.01-1.06)  0.003 L 1.06 (1.03-1.08) <0.001
WHTR (per 0.02 increase)
<=1.60 (male), 1.60 (female) '] 1.04 (1.02-1.05) <0.001 ] 1.03 (1.02-1.04) <0.001
> 1.60 (male), 1.60 (female) ] 1.05(1.02-1.08)  0.001 ] 1.05(1.02-1.08) <0.001
Fat (free) mass distribution
Arm fat mass ratio (per 0.02 increase)
<=0.09 (male), 0.1 (female) ] 0.82(0.61-1.08) 0.161 = 0.98 (0.81-1.20)  0.881
>0.09 (male), 0.1 (female) - 1.15(1.09-1.20) <0.001 ®1.40 (1.23-1.60) <0.001
Leg fat mass ratio (per 0.02 increase)
<=0.29 (male), 0.39 (female) L] 0.91 (0.86-0.96)  0.001 L 0.99 (0.92-1.07) 0.784
> 0.29 (male), 0.39 (female) ] 1.04 (1.00-1.09)  0.048 . 1.07 (1.04-1.11)  <0.001
Trunk fat mass ratio (per 0.02 increase)
<= 0.62 (male), 0.51 (female) . 0.96 (0.92-0.99) 0.012 '] 0.93 (0.90-0.96) <0.001
> 0.62 (male), 0.51 (female) - 1.08 (1.02-1.15)  0.009 = 1.03 (0.96-1.10) 0.463
Arm fat free mass ratio (per 0.02 increase)
<= 0.114 (male), 0.102 (female) 0.56 (0.43-0.74) <0.001 0.54 (0.35-0.84)  0.007
>0.114 (male), 0.102 (female) 0.38 (0.24-0.61) <0.001 L 1.11(0.97-1.26) 0.134
Leg fat free mass ratio (per 0.02 increase)
<= 0.334 (male), 0.334 (female) L] 1.03 (0.86-1.24) 0.750 L 0.76 (0.64-0.91)  0.002
> 0.334 (male), 0.334 (female) - 112 (1.04-1.21)  0.004 - 1.19 (1.10-1.30) <0.001
Trunk fat free mass ratio (per 0.02 increase)
<= 0.562 (male), 0.564 (female) - 0.87 (0.81-0.92) <0.001 . 0.85 (0.79-0.92) <0.001
> 0.562 (male), 0.564 (female) L] 1.30 (1.03-1.64)  0.026 L] 1.29 (1.09-1.54)  0.004
Body fat composition
Whole body fat mass (per 5 kg increase)
<= 25kg (male), 30kg (female) ] 0.94 (0.90-0.98)  0.002 - 0.97 (0.94-1.00)  0.032
> 25kg (male),30kg (female) o 0.99 (0.95-1.04) 0.8 '] 0.96 (0.91-1.01)  0.110
Whole body fat free mass (per 5 kg increase)
<= 65kg (male), 47kg (female) o 0.99 (0.95-1.03)  0.553 1.00 (0.91-1.09) 0.966
> 65kg (male), 47kg (female) . 0.98 (0.90-1.07)  0.651 '] 0.94 (0.88-1.02) 0.121
Whole body fat percentage (per 5% increase) |
<=27% (male), 35% (female) - 0.83 (0.76-0.91) <0.001 - 0.78 (0.70-0.88) <0.001
> 27% (male), 35% (female) . 1.13 (0.99-1.30) 0.077 . 0.92 (0.82-1.03) 0.155
Arm fat percentage (per 5% increase)
<=22.5% (male), 37% (female) - 0.88 (0.74-1.03)  0.117 - 0.92 (0.84-1.01)  0.095
> 22.5% (male), 37% (female) ] 1.15 (1.04-1.27)  0.005 L] 0.98 (0.82-1.17)  0.833
Leg fat percentage (per 5% increase)
<=25% (male), 43% (female) - 0.70 (0.63-0.77) <0.001 - 0.79 (0.70-0.88) <0.001
> 25% (male), 43% (female) - 1.02 (0.90-1.17) 0.748 . 0.97 (0.75-1.25)  0.802
Trunk fat percentage (per 5% increase)
<= 28% (male), 38.5% (female) - 0.88 (0.82-0.96)  0.002 » 0.88 (0.82-0.93) <0.001
> 28% (male), 38.5% (female) - 1.13(1.01- 1.26) 0.033 L 0.98 (0.86-1.11)  0.725
Basal metabolic rate (per 300KJ increase)
<= 8010KJ (male), 5100KJ (female) '] 0.91(0.89-0.94) <0.001 L] 0.97 (0.85-1.11)  0.631
> 8010KJ (male), 5100KJ (female) L 0.99 (0.95-1.03)  0.556 - 0.94 (0.90-0.99)  0.011
T T T 1 I T T 1
0.6 0.8 1 1.2 14 0.6 0.8 1 1.2 14

Hazard Ratio (95% Cl)

Hazard Ratio (95% Cl)

Fig. 2 Sex-specific estimated cutoffs in the adiposity-dementia association, and associations with dementia below and above cutoffs.
Black squares represent hazard ratios, gray horizontal lines indicate corresponding 95% confidence intervals around hazard ratios. Hazard
ratios were calculated using Cox-proportional hazards regression analysis after adjustments for age at baseline, sex, ApoE-€4 carrier status,
education, total physical activity, BMI for variables except for BMI, body fat mass and body fat-free mass and height for body fat mass and
body fat-free mass. HR hazard ratio, Cl confidence interval, BMI body mass index, WC waist circumference, WHR waist-to-hip ratio, WHtR waist-

to-height ratio.

adiposity measures besides the typically-focused BMI. In subse-
quent metabolic and inflammatory analyses we identified five
metabolites and five inflammatory cells linked to both BMI in
adulthood and dementia, providing clues to underlying biological
mechanisms. Moreover, adiposity was negatively associated with
abnormalities in brain structure that has also been observed in
dementia pathophysiology [31, 32], giving a hint of the underlying
brain mechanisms of adiposity on dementia risk.

This study contributes to a sparse literature comprehensively
estimating the influence of life course general adiposity on
dementia. One recent study examined the relationship between
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BMI in early adulthood and dementia using a pooled cohort
spanning the life course and found that higher BMI early in the
life course increased dementia risk [33]. Although we did not
study the early adulthood BMI, we observed that childhood
plumper body size is detrimental, resulting in an increased risk
of dementia, thus extending the previous studies and further
verifying the life course consecutive risk of adiposity. A
Mendelian randomization (MR) study demonstrated that the
associations between childhood body size and risk of cardio-
vascular disease and type 2 diabetes in adulthood can be
attributed to individuals remaining large into later life [34].
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Table 1.

Adiposity measures

Hazard ratios for adiposity and all-cause incident dementia.

All-cause dementia

Model 1?
HR (95% CI) P_linear?
Overall adiposity
Birth weight (kg) 0.69 (0.55-0.86) 0.001
Birth weight categories
Extremely low (<1.0) 2.28 (1.37-3.80) 0.002
Very low (1.0-1.5) 1.23 (0.83-1.82) 0.312
Low (1.5-2.5) 1.09 (0.93-1.27) 0.279
Normal (2.5-4.0) 1 [Reference]
High (>4.0) 0.96 (0.84-1.10) 0.546
Early life body size
Thinner 1.07 (1.00-1.15) 0.054
About average 1 [Reference]
Plumper 1.22 (1.11-1.34) <0.001
Body mass index (kg/mz) 0.85 (0.70-1.04) 0.113
Body mass index categories
Underweight (<18.5) 1.46 (1.00-2.14) 0.050
Normal weight (18.5-24.9) 1 [Reference]
Overweight (25.0-29.9) 0.81 (0.75-0.87) <0.001
Class | obesity (30.0-34.9) 0.86 (0.79-0.94) 0.001
Class Il obesity (35.0-39.9) 0.99 (0.86-1.13) 0.851
Class Il obesity (>40.0) 1.13 (0.91-1.41) 0.271
Central adiposity
Waist circumference 2.53 (1.54-4.15) <0.001
Waist-to-hip ratio 3.73 (2.33-5.97) <0.001
Waist-to-height ratio 14.15 (8.49-23.59) <0.001
Fat (-free) mass distribution
Arm fat mass ratio 1.98 (1.62-2.42) <0.001
Leg fat mass ratio 1.61 (1.19-2.19) 0.002
Trunk fat mass ratio 0.34 (0.21-0.54) <0.001
Arm fat-free mass ratio 0.04 (0.02-0.08) <0.001
Leg fat-free mass ratio 8.00 (3.89-16.45) <0.001
Trunk fat-free mass ratio 0.11 (0.03-0.42) 0.001
Fat composition
Whole body fat mass 0.82 (0.74-0.91) <0.001
Whole body fat-free mass 0.81 (0.58-1.13) 0.214
Whole body fat percentage 0.40 (0.30-0.54) <0.001
Arm fat percentage 0.92 (0.67-1.25) 0.580
Leg fat percentage 0.29 (0.20-0.41) <0.001
Trunk fat percentage 0.53 (0.43-0.67) <0.001
Basal metabolic rate 0.29 (0.20-0.42) <0.001

Model 2°
P_non-linear® HR (95% CI)© P_linear? P_non-linear®
0.038 0.70 (0.55-0.88) 0.003 0.081
2.18 (1.26-3.77) 0.005
1.23 (0.81-1.86) 0.324
1.08 (0.91-1.27) 0.368
1 [Reference]
0.95 (0.82-1.10) 0.481
1.04 (0.96-1.12) 0.323
1 [Reference]
1.18 (1.07-1.30) 0.001
<0.001 0.72 (0.58-0.88) 0.002 <0.001
1.35 (0.90-2.02) 0.151
1 [Reference]
0.80 (0.74-0.86) <0.001
0.81 (0.73-0.89) <0.001
0.89 (0.77-1.04) 0.147
1.02 (0.80-1.28) 0.896
<0.001 2.21 (1.31-3.74) 0.003 <0.001
0.061 3.24 (1.96-5.34) <0.001 0.062
<0.001 10.76 (6.23-18.59) <0.001 <0.001
0.044 1.80 (1.44-2.26) <0.001 0.007
<0.001 1.67 (1.21-2.31) 0.002 <0.001
<0.001 0.34 (0.21-0.56) <0.001 0.001
0.699 0.07 (0.03-0.14) <0.001 0.869
0.001 6.90 (3.19-14.90) <0.001 <0.001
<0.001 0.10 (0.02-0.44) 0.002 <0.001
<0.001 0.76 (0.68-0.84) <0.001 <0.001
0.719 0.70 (0.49-0.99) 0.048 0.038
0.022 0.37 (0.27-0.51) <0.001 0.071
0.014 0.74 (0.53-1.02) 0.071 0.028
0.162 0.28 (0.19-0.41) <0.001 0.311
<0.001 0.52 (0.41-0.65) <0.001 <0.001
<0.001 0.36 (0.24-0.53) <0.001 <0.001

HR hazard ratio, Cl confidence interval.

®Model 1: adjusted for age, sex, ApoE €4 carrier status, education, physical activity, BMI (except for BMI, whole body fat mass and whole body fat-free mass),

height (for whole body fat mass and whole body fat-free mass).

PModel 2: additionally adjusted for Townsend index, depression status, smoking status, alcohol consumption status.

“HR of all-cause dementia per 1 SD higher adiposity measures.
9p_linear was estimated by Cox-proportional hazard regression models.
®P_non-linear was estimated by restricted cubic spline models.

We observed similar phenomenon in incident dementia via
mediation analysis, although not with as large an effect size as this
MR study. Of note, in this study, compared with normal weight, both
overweight and class | obesity were protective for dementia in
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participants over 50 years old. These protective effects are
controversial in previous epidemic studies [35, 36], and were mostly
explained by reverse causation [3, 37]. However, the significant
U-shaped relationships in our main analysis and age stratification
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Fig. 3 The relationship between adiposity, metabolites, inflammatory cells and dementia. A The results of mediation analysis between
adiposity, metabolites and dementia. Standardized coefficients are presented in the figure. 5 indicates the effect of the independent variable,

adiposity measure, on the mediator, metabolite. g indicates the effect of the mediator (metabolite) on the outcome (dementia). e indicates
the indirect effect of adiposity on dementia. fpg indicates the direct effect of adiposity on dementia. B The results of mediation analysis
between adiposity, inflammatory cells and dementia. Standardized coefficients were presented in the figure. ***indicates a p value <0.001.
**indicates a p value <0.01. *indicates a p value <0.05. IE indirect effect, DE direct effect, Prop proportion of mediation, PUFA polyunsaturated

fatty acid, BMI body mass index, WC waist circumference, AFR arm fat mass ratio, LFR leg fat mass ratio, TFR trunk fat mass ratio, AFFR arm fat-
free mass, LFFR leg fat-free mass ratio, TFFR trunk fat-free mass ratio, BFP body fat percentage, AFP arm fat percentage, LFP leg fat percentage,
Furthermore, to our knowledge, this is the first and largest study
to investigate the longitudinal associations between fat distribu-
tion, body composition and risk of dementia. Only a few studies
have investigated central adiposity and body composition [38-42].
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TFP trunk fat percentage.

analysis revealed that the cutoffs of BMI were located in the

overweight category, which, to some degree, explained the
apparently protective effects of overweight and clarified the

substantially detrimental effects of obesity.
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Fig. 4 Associations between adiposity and brain structure. A Left panel, cortical and subcortical regions and white matter tracts with their
thickness, volume or FA and MD values significantly and nonlinearly associated with BMI (Bonferroni-corrected, p < 0.005); Right panel,
significant non-linear associations of BMI with global mean of thickness and subcortical gray volumes. Here, we only show the regions with F
value >20. B The heatmap shows the Bonferroni-corrected p values for the associations between dementia and adiposity measures with brain

structure.

Previous body fat distribution research on central adiposity
showed that WC and WHR increased dementia risk [38, 39], which
aligns closely with our results. Abdominal visceral fat accumula-
tion is related to higher levels of blood adipocytokines that are
detrimental to the brain [43, 44], and also affects metabolic status
as metabolically favorable adiposity was defined as decreased
WHR with increasing BMI [45]. In aspects of general body
composition, our study provided new insights into the observed
U-shaped association between BMI and dementia that it may
largely be attributed to BFM, while no significant association was
observed between BFFM and dementia. Previous studies reported
either negative results for both BFM and BFFM [40, 41] or reverse
results [42]. However, these studies were restricted to an older
population with a comparatively smaller sample size, and did not
go further into the fat or lean mass composition in different
regions of whole body. Our further analyses of the arms, legs and
trunk were consistent with that of whole body, which also
indicated a more significant non-linear relationship in FMI rather
than LMI. Specifically, significant non-linear relationship between
FMI of arms, legs, and trunk and risk of dementia were observed
while significant non-linear association was only presented in LMI
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of legs. Furthermore, our study evaluated the associations
between the fat distribution on major compartments of human
body and incident dementia. We found that compared to trunk,
more fat mass distribution on limbs were related to higher risk of
dementia, and compared to arms, more fat-free mass distribution
on legs were associated with higher incidence of dementia.
However, studies on fat or fat-free mass distribution on limbs are
scarce, future research are needed for confirmation and inter-
pretation of our results. In our subsequent analyses, we tried to
explain the possible mechanisms in aspect of metabolism,
inflammation and brain structure.

As mentioned above, since the underlying mechanisms of the
complicated relationship between adiposity and dementia have
been infrequently investigated, we performed exploratory ana-
lyses to study whether plasma metabolite and inflammatory cells
play a role. First, we identified three metabolites (i.e, 3-
hydroxybutyrate, acetone, and citrate) in plasma whose higher
concentration were associated with higher risk of dementia had
U-shaped association with BMI and partially mediate the BMI-
dementia association. In our study, ketone bodies (i.e.,
3-hydroxybutyrate and acetone) were detrimental to dementia
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risk, which is consistent with a previous study that reported that
elevated plasma 3-hydroxybutyrate resulted in lower levels of
cognitive function among boys [46]. Previous studies have argued
that it may be neuroprotective through possible mechanisms of
anti-oxidative stress, and maintaining energy supply [47, 48].
Second, an inverted U-shaped association was observed between
polyunsaturated fatty acids and BMI and the polyunsaturated fatty
acids were protective for dementia. Moreover, polyunsaturated
fatty acid mediated the association between most of the fat
distribution and body composition measures and risk of dementia.
The polyunsaturated fatty acids could lower inflammatory
molecules [49]. An animal experiment study found that dietary
docosahexaenoic acid enrichment resulted in higher level of
polyunsaturated fatty acid and could diminish endocannabinoid
system activation which is related to increased adiposity [50].
Third, the percentages of the four inflammatory cells (i.e,
neutrophil, lymphocyte, eosinophil and monocyte) had
U-shaped association with BMI, with neutrophil percentage being
detrimental and the other three being protective for dementia.
Neutrophil percentage mediated the association between fat
mass distribution measures and risk of dementia. Neutrophil-
lymphocyte ratio is a reliable measure of systemic inflammation,
which is positively associated with risk of cognitive dysfunction
and mild cognitive impairment [51, 52]. Our observations on
metabolites and inflammatory cells are consistent with the
hypothesis that metabolic disturbance and inflammation mediate
the U-shape association between BMI and dementia. Confirmatory
research in independent samples is recommended.

Strong associations between adiposity and brain structure were
revealed in this study involving several dementia-related brain
regions, which included middle temporal and superior temporal
gyri, hippocampus, amygdala and FA and MD values of the fornix,
SLF and CG. Our finding of significant correlation between
adiposity and these brain regions is in accordance with previous
studies [53, 54], which demonstrated the importance of temporal
cortex and hippocampus in dementia pathology. Middle and
superior temporal regions are involved in cognitive functions such
as episodic memory [55], speech perception [56] and motion
processing [57]. Hippocampus and amygdala are crucial to
cognition processing [58-60]. Previous study found that higher
total fat mass was associated with better brain connectivity [61].
Consequently, adiposity may result in an increased dementia risk
via structural abnormalities of these regions, while whether other
brain regions mediated the adiposity-dementia association and
the exact mechanisms need further investigation. Generally,
adiposity could influence cognitive function via some indepen-
dent biologic mechanisms such as the fat-brain axis [62]. The
compounds secreted by adipose tissues such as peripheral leptin,
TNF-q, IL-6 are able to cross the blood-brain barrier and affect
brain function [63]. Directly administrating leptin into the
hippocampus of mice improves memory processing and could
shape the hypothalamus during the earliest stages [64]. Moreover,
the non-linear association between BMI and cortical thickness and
subcortical volumes further emphasizes the importance of
maintaining a proper BMI for brain and cognitive health, instead
of pursuing simply a loss or gain of fat.

The strengths of this study include the large sample size,
prospective design, assessment of not only overall but also
regional-specific adiposity measures, coverage of a wide range of
blood-based metabolites, inflammatory cells and brain morpho-
metric measures to investigate the underlying biological mechan-
isms. We also acknowledge some limitations. First, participants
were restricted to the “White” population, consequently, our
results maybe not generalizable to other ethnicities or popula-
tions. Second, we excluded participants younger than 50 years
old; thus, the associations between adiposity measures and all-
cause incident dementia maybe not applicable to people in other
age groups, such as early adulthood and older populations.
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Third, since 15 years is the longest follow-up duration in UKB cohort,
there exists the possibility of reverse causation since previous studies
considered that over 30 years follow-up can mitigate reverse
causation bias. Last, for systematic infllmmation, we lack of cytokine
data, which are also important inflammatory markers.

In conclusion, adiposity in both childhood and adulthood was
significantly associated with risk of dementia, and fat distribution
on specific regions were related to dementia independent of BMI.
A possible mechanism for the associations is the finding that
adiposity is associated with metabolites, inflammatory cells and
abnormalities in brain structure that were related to dementia risk.
Interventions to prevent dementia should begin early in life and
include not only BMI control but fat distribution and body
composition.
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