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Abstract

Background Midlife obesity is a well-established risk factor for dementia, whereas late-life obesity has been
associated with no increased risk, or even a reduced risk in some studies. However, the joint associations of obesity
(body mass index =30 kg/m?) and metabolic health phenotypes (defined by the presence of hyperglycemia,
hypertension and dyslipidemia) with dementia risk are less explored, particularly with regard to age- and sex-related
differences. Therefore, we investigated how obesity and metabolic health phenotypes jointly associate with dementia
risk and whether this risk differs between midlife (<65 years) and late-life (> 65 years), and sex.

Methods \We analysed data from 11,482 participants, aged 51 to 100 years, from the US Health and Retirement Study
(HRS), and 13,068 participants, aged 45 to 90 years, from the Swedish Twin Registry (STR). Cox regression models were
used to estimate dementia risk in relation to metabolically healthy obesity (MHO), metabolically unhealthy obesity
(MUO), and metabolically unhealthy no obesity (MUNO), relative to metabolically healthy no obesity (reference).
Models were adjusted for age, sex, smoking status, and education level. Analyses were stratified by midlife and late-life
and conducted in the entire sample and separately by sex.

Results Metabolically unhealthy status in midlife and late-life indicated increased dementia risk regardless of obesity
status, reaching statistical significance for midlife MUNO in females in HRS (Hazard ratio (HR): 1.62, 95% confidence
intervals (Cl): 1.05-2.49) and in late-life MUNO for the full sample in STR (HR: 1.13, Cl: 1.02-1.25) and males in the STR
(HR: 1.22, ClI: 1.04-1.42). The associations between MUO and dementia risk were not statistically significant, but trends
suggested midlife MUO was associated with higher dementia risk. The associations between mid and late-life MHO
with dementia risk were also not statistically significant, although the associations showed trends towards lower
dementia risk.

Conclusions Being metabolically unhealthy, especially in midlife, may be associated with increased dementia
risk, regardless of obesity status. Mid- and late-life MHO showed no increased risk and suggested potential inverse
associations. These findings underscore the importance of evaluating dementia risk in the context of obesity,
metabolic health, age and sex simultaneously.
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Background

Obesity in midlife is an established risk factor for demen-
tia [1]. However, the association between obesity in late-
life and dementia is inconclusive: some previous studies
found no association, others reported that late-life obe-
sity had an increased dementia risk, while some found a
reduced risk [2]. The latter suggests an “obesity paradox’,
whereby obesity in midlife is associated with an increased
risk of dementia, but a high body mass index (BMI) in
late-life is associated with no risk or even a reduced risk
[1,2].

The association between obesity and dementia risk is
nuanced and may differ across obesity phenotypes based
on metabolic profiles. While individuals with obesity
often present with metabolic dysfunction, some do not,
leading to the classification of the metabolically healthy
obesity (MHO) phenotype [3]. Individuals with MHO
have higher risks of adverse health outcomes compared
to metabolically healthy normal weight, but better health
outcomes compared to metabolically unhealthy obesity
(MUO) [4]. A recent systematic review and meta-anal-
ysis on MHO and dementia risk reported a lower risk
of dementia in MHO compared to individuals without
obesity who were metabolically healthy, whereas MUO
showed no clear association [5]. Importantly, individu-
als without obesity (BMI < 30 kg/m?) who were meta-
bolically unhealthy had the highest risk of dementia [5].
However, the three studies included in the meta-analysis
all used data from late-life samples, and the associations
may in part reflect the obesity paradox, with inverse asso-
ciations between late-life obesity and dementia risk [2,
5-8]. The relatively few studies based on midlife mea-
sures of obesity and metabolic health indicate a higher
risk of dementia for individuals who are metabolically
unhealthy, regardless of obesity status, and potentially,
also individuals with MHO [8-10]. One prospective
cohort study examined age-specific associations and
showed that individuals < 60 years old had a higher risk
of dementia if they had obesity, regardless of metabolic
health status, compared to being metabolically healthy
without obesity [9]. In addition, being metabolically
unhealthy was associated with higher dementia risk also
in the no obesity category. At higher ages, all associa-
tions were attenuated, but without indications of a lower
dementia risk in those with MHO, even at age 70 years or
above [9]. Taken together, differences in associations may
reflect the obesity paradox and highlight the importance
of accounting for age at the measurement of obesity and
metabolic health status when investigating the associa-
tion between MHO and dementia risk.

The current study aimed to improve our understanding
of how both obesity and metabolic health are associated
with dementia risk, and whether these associations dif-
fer depending on whether measurements were taken in
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midlife or late-life. As few previous studies have investi-
gated sex differences in the association between MHO
and dementia, we additionally aimed to test the associa-
tions separately in males and females. To do so, we used
data from the Health and Retirement Study (HRS) in the
United States, and the Swedish Twin Registry (STR), with
objectively measured obesity and metabolic health mark-
ers and prospective dementia information. We hypoth-
esized that in midlife, a metabolically unhealthy status
regardless of obesity status, as well as MHO, would be
associated with a higher risk of dementia, reflecting the
adverse health effects of midlife obesity and metabolically
unhealthy status. In late-life, we hypothesized that being
metabolically unhealthy would remain associated with
higher risk of dementia regardless of obesity status, while
MHO would be associated with a lower risk, reflecting
the obesity paradox while also considering adverse effects
of metabolic dysfunction.

Methods

This prospective cohort study is based on two popula-
tion-based longitudinal cohorts: HRS [11] and the STR
[12]. The HRS is a cohort of individuals aged 50 and
above from the United States, along with their spouses,
with biennial follow-up since 1992 [11]. HRS conducted
extensive interviews with study participants, covering
topics such as demographics, socioeconomic circum-
stances, work life, environment, and lifestyle [11]. Until
2004, interviews were conducted mainly by telephone.
Since 2006, half of the participants have been interviewed
by phone and the other half by face-to-face interviews,
with alternating waves such that participants undergo
face-to-face interviews every 4 years [11]. The face-to-
face interviews included the same information as the tele-
phone interviews, as well as the collection of additional
blood samples and physical measurements [11]. The HRS
consists of 43,695 individuals, of whom 22,377 partici-
pated in at least one face-to-face interview between 2006
and 2016 and were included in the current study.

The STR was established in the 1960s and contains
information on approximately 87,000 twin pairs born
in Sweden between 1886 and 2008 [12]. For the current
study, we included data from four sub-studies within
the STR: The Swedish Adoption/Twin Study of Aging
(SATSA), Aging in Women and Men (GENDER), Ori-
gins of Variance in the Oldest Old: Octogenarian Twins
(OCTO-Twin), and TwinGene. SATSA was a longitudi-
nal study of 859 individuals from same-sex twin pairs,
with up to 10 in-person assessments over a period of
approximately 30 years (1986—-2014) [13]. GENDER was
initiated in 1995 and involved 248 pairs of opposite-sex
twins who participated in up to three in-person assess-
ments on a 4-year rolling schedule [14]. OCTO-twin
included twins aged 80 and older, with 351 same-sex twin
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pairs participating in up to five assessments at 2-year
intervals, starting in the year 1991 [15]. TwinGene was a
cross-sectional study in which 12,630 twins born before
1959 completed a questionnaire and participated in a
health examination between 2004 and 2008 [12]. The
sample stems from the Screening Across the Lifespan
Twin Study (SALT), an extensive telephone interview
aimed at all Swedish twins conducted 1998-2002 from
where survey data were available [12]. In total, 13,712
individuals participated in at least one of the four sub-
studies and were included in the current study. Figures
1 and 2 present flow charts of individuals from the HRS
and STR included in the analyses.

Outcome: dementia

Individuals with dementia at baseline were excluded. In
the HRS, dementia was classified according to the Langa-
Weir Classification of Cognitive Function, validated for
observational studies [16]. In the interviews, all HRS
respondents were asked a series of questions, and scored
on a 27-point (range 0-27) scale used to determine total
cognitive functioning [16]. This scale measures: (1) mem-
ory by immediate and delayed 10-noun free recall test
(0 to 20 points); (2) working memory by a serial sevens
subtraction test (0 to 5 points); and (3) speed of mental
processing by a counting backwards test (0 to 2 points)
[16]. The cut-points of the 27-point scale were: Nor-
mal cognition, 12-27 points; Cognitive Impairment but
no Dementia (CIND), 7-11 points; and Dementia, 0-6
points [16]. Individuals categorized as CIND but never
as dementia were included in the analyses, but were cen-
sored when categorized as CIND.

In the STR, dementia diagnoses were identified through
linkages to national healthcare registers and assessments
part of the longitudinal sub-studies, as described in
detail elsewhere [17]. Briefly, using the unique personal
identification number assigned to all Swedish residents,
diagnoses were obtained from the National Patient Reg-
ister (NPR) and the Cause of Death Register (CDR) [18].
Prescribed dementia medication from the Prescribed
Drug Register was used as a proxy for the diagnoses [17].
Data from all three registers were available with linkage
through 2023. Diagnostic and therapeutic codes used to
define dementia are provided in Additional file 1: Tables
S1 and S2 [17, 18]. In addition, dementia was assessed
during in-person testing in the SATSA, GENDER and
OCTO-Twin studies [17]. This included a comprehen-
sive cognitive test battery, with suspicion of dementia
followed by review of medical records and final diagno-
sis set through multidisciplinary consensus conferences
[17].
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Exposure: obesity and metabolic health

Obesity was defined based on BMI, calculated as a per-
son’s weight in kilograms divided by the square of height
in meters. A BMI of > 30 kg/m2 was considered obesity,
and a BMI of < 30 kg/m2 was considered no obesity.
While no consensus exists, MHO is typically defined
based on the definition of metabolic syndrome, which is
to not have more than one of four criteria: hyperglyce-
mia, hypertension, dyslipidemia based on high-density
lipoprotein cholesterol (HDL-C), and dyslipidemia based
on triglycerides (TG) [3]. Since TG was not measured in
the HRS, a metabolically unhealthy status was defined as
having at least two of the other three metabolic health
variables: hyperglycemia, hypertension, or dyslipidemia
based on HDL-C levels in HRS. In STR, a metabolically
unhealthy status was defined as having at least two of
the four aforementioned metabolic health variables. For
comparability with the HRS, sensitivity analyses defined
metabolic health based on hyperglycemia, hypertension,
and dyslipidemia based on HDL-C in the STR (excluding
TG). In addition, a stricter criterion was tested in sensi-
tivity analyses, defining unhealthy status as only having
one of the criteria in both cohorts. The diagnostic criteria
for the metabolic health variables are presented in Addi-
tional file 1: Table S3.

Obesity and metabolic health phenotypes were cat-
egorized as follows: (1) metabolically healthy no obesity
(MHNO), reference category, with a BMI of < 30 kg/
m2 and being metabolically healthy; (2) metabolically
unhealthy no obesity (MUNO), with a BMI of < 30 kg/m2
and being metabolically unhealthy; (3) MHO, with a BMI
of > 30 kg/m2 and being metabolically healthy; and (4)
MUGO, with a BMI of = 30 kg/m?2 and being metabolically
unhealthy.

Covariates

For the HRS data, covariates were retrieved from the
HRS core data and the RAND HRS Longitudinal File
2022 (V1), an easy-to-use dataset based on the HRS
core data. In the STR, covariates were retrieved from the
respective study, alternatively from the SALT interview.
We included the following covariates: age in years at mea-
surement, sex (male or female), smoking status (currently
smoking or not smoking), and education level. In the
HRS, education level was categorized into five categories:
less than a high school education, general educational
development (GED), high school graduate, some college,
and college and above. In the STR, education level was
categorized into basic education (< 7 years) or higher
education (> 7 years). In the HRS, ethnicity was also con-
sidered, categorized as White/Caucasian, Black/African
American or other. In the STR, sub-study was considered
(SATSA, OCTO-twin, GENDER or TwinGene).
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N=22,377
participants in face-to-face mterview.

N=3,253 excluded due to:

Missing height and/or weight (N=1,834).
Body Mass Index <18.5 kg/m? (N=159).
Missing information about covariates (N=158).
Missing metabolic health information (N=1,102).

N=19,124
participants.

N=6,482
aged <65 years at the last follow-up.

N=12,642
participants.

N=1,160
with dementia at baseline.

Fig. 1 Flow chart of the Health and Retirement Study sample. The flow chart s
and Retirement Study included in the current study

Additionally, sensitivity analyses further adjusted for
physical activity, alcohol consumption, depressive symp-
toms, and Apolipoprotein E (APOE) €4 genotype. In the
HRS, physical activity was assessed as vigorous (such as
running or jogging, swimming, cycling, aerobics or gym

N=11,482
participants included in the analyses.

hows the exclusion criteria and the number of individuals from the Health

workout, tennis, or digging with a spade or shovel) and
moderate-intensity (gardening, cleaning the car, walk-
ing at a moderate pace, dancing, floor or stretching exer-
cises) physical activity, both categorized into five levels:

» o« » o«

“never’, “1-3 times per month’, “once per week’, “more
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N=13,712
participants in one of the sub-studies.

N=392 excluded due to:
Body Mass Index <18.5 kg/m?* (N=169).
Missing information about covariates (N=24).
Missing metabolic health information (N=199).

N=13,320
participants.
N=100
aged <65 years at the last follow-up.
N=13,220
participants.
N=152
with dementia at baseline.
N=13,068

participants included in the analyses.

Fig. 2 Flow chart of the Swedish Twin Registry sample. The flow chart shows the exclusion criteria and the number of individuals from the Swedish Twin
Registry included in the current study

than once per week’; and “every day” A summary score of as drinks per week, based on questions on the average
the two was included in the analyses. In the STR, a three-  number of days per week the respondent had any alcohol
level variable was created based on questions in SATSA, to drink, and about how many drinks they had on those
GENDER, and SALT (as described in Additional File 1:  days. In the STR, we used a harmonized variable avail-
Table S4). In the HRS, alcohol consumption was assessed  able through the Interplay of Genes and Environment
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across Multiple Studies (IGEMS) consortium, measur-
ing grams of alcohol per week [19, 20]. Depressive symp-
toms were assessed using the Center for Epidemiologic
Studies Depression (CES-D) scale in all studies. In the
HRS, a revised summary score was constructed to reflect
respondents’ feelings during the week prior to the inter-
view, comprising a summary score of binary responses
to six negative indicators and the inverse of two posi-
tive indicators [21]. In the STR, the CES-D was admin-
istered in SATSA, OCTO-Twin, and GENDER and the
shortened 11-item CES-D scale in SALT, and we used a
depressive symptoms score harmonized by the IGEMS
consortium [20, 22, 23]. APOE &4 was directly genotyped
in the HRS (TagMan allelic discrimination assays) and
in SATSA and GENDER (Illumina GoldenGate assays)
[24, 25]. For TwinGene participants, genome-wide geno-
typing data were available from the Human OmniEx-
press array, and APOE €4 genotype inferred from 1000
genomes imputed data, using established protocols [12,
26]. Individuals were categorized into carriers and non-
carriers of the APOE ¢4 allele.

Statistical analyses

Descriptive statistics were performed on the midlife and
late-life sample of both cohorts, and presented for the
total analytical samples and by dementia status. Mean
and standard deviation were calculated for continuous
variables and frequency and percentage for categorical
variables.

In primary analyses, Cox proportional hazard regres-
sion was applied to model the risk of dementia in relation
to MHO, MUO, and MUNO, compared to the reference
category MHNO [27]. Age was used as the underly-
ing timescale, and individuals were followed from age at
first available measure of obesity and metabolic health to
either age at dementia (first wave classified as dementia
in the HRS, age at onset or diagnosis in the STR), death,
or end of follow-up (last wave of participation for the
HRS (year 2020), end of register follow-up for the STR
(year 2023)), whichever occurred first. In the HRS, con-
trols were further censored at the first wave categorized
as CIND (those later categorized as having dementia
were not censored at CIND, as CIND is considered part
of the progression to dementia). To account for non-
independence in the data, we used robust standard errors
to adjust for clustering at the twin-pair level in the STR
and at the household level in the HRS. All models were
adjusted for sex, education level, and smoking status. To
allow for differences in the baseline hazard, stratified Cox
models were applied, stratifying by ethnicity in the HRS
and by sub-study in the STR.

Models were applied separately for BMI and meta-
bolic health measures taken in midlife, ages < 65 years,
or late-life, ages > 65 years, to the total analytical sample,
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and separately to the male and female analytical sample.
The assumption of proportional hazards was examined
through Schoenfeld’s residuals [28], which did not indi-
cate any violations, with the exception of the late-life
sample in the HRS where the education variable indi-
cated non-proportional hazards and was included in the
strata statement.

In secondary analyses, we repeated the analyses mod-
elling obesity and metabolic health separately, to better
understand their respective associations with demen-
tia. We modeled (1) only obesity, (2) only metabolic
health, (3) obesity and metabolic health jointly (mutually
adjusted for), and (4) an interaction between obesity and
metabolic health.

Sensitivity analyses

To evaluate the robustness of the findings, several sen-
sitivity analyses were performed. First, individuals aged
63—67 years were excluded to assess potential bias from
misclassification around age cutoffs, leading to obscured
results reflecting the obesity paradox. Second, since there
is no agreement what constitutes metabolic health, the
definition of metabolically unhealthy status was modi-
fied so that having one (instead of two) of the metabolic
health variables was enough to be considered metaboli-
cally unhealthy [4]. Third, as metabolic health criteria
differed between the STR and the HRS, we defined meta-
bolic health based on only three criteria also in the STR,
excluding TG (hyperglycemia, hypertension, and dyslip-
idemia based on HDL-C). Fourth, to examine overweight
as well as obesity, the exposure variable was catego-
rized into six metabolic health and body weight groups:
metabolically healthy normal weight and metabolically
unhealthy normal weight, with a BMI between > 18.5 kg/
m? and < 25 kg/m?% metabolically healthy overweight and
metabolically unhealthy overweight, with a BMI between
> 25 kg/m?* and < 30 kg/m% and metabolically healthy
obesity and metabolically unhealthy obesity, with a BMI
of > 30 kg/m? Fifth, we further adjusted the models for
lifestyle factors, specifically physical activity and alcohol
consumption, then additionally for depressive symp-
toms, and finally for APOE €4 genotype. Sixth, we applied
Fine-Gray subdistribution hazards regression to examine
the associations, with dementia as the main outcome of
interest and death as the competing event in the midlife
and late-life group. Age was used as the underlying as the
underlying timescale and adjusted as in the primary Cox
analyses, with the exception that ethnicity (in the HRS)
and study (in the STR) were included as covariates and
not as stratification variables. The statistical analyses in
this study were conducted in R 4.3.2 through the software
RStudio 2023.09.0 [29] using the following key pack-
ages: survival [30], multiwayvcov [31], and sandwich [32].
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This study was approved by the Swedish Ethical Review
Authority in Stockholm (2024-03706-01).

Results

Descriptive characteristics of the study population
Descriptive characteristics of the midlife and late-life
study populations, both the total analytical sample and
stratified by dementia status, are presented in Table 1 for
the HRS, and in Table 2 for the STR.

In the HRS sample, 4,233 individuals had BMI and
metabolic health measures taken in midlife, and 8,841
individuals had measures taken in late-life. The mean fol-
low-up time was 9.7 years for the midlife sample, during
which 8.6% developed dementia. The late-life sample had
a mean follow-up time of 7.5 years, during which 24.4%
developed dementia. In the STR sample, 5,856 individu-
als had BMI and metabolic health measures taken in
midlife, out of whom 5.6% were diagnosed with dementia
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during a mean follow-up time of 16.6 years. BMI and
metabolic health measures taken in late-life were avail-
able for 7,212 individuals, out of whom 23.1% were diag-
nosed with dementia during a mean follow-up time of
12.6 years.

Risk of dementia in relation to obesity and metabolic
health status measured in midlife

Figure 3a presents results from the primary analyses,
showing the risk of dementia in relation to obesity and
metabolic health phenotypes in midlife, for the total
analytical sample and stratified by sex (hazard ratio
[HR] and 95% confidence interval [CI], along with the
number of individuals and events for each exposure
category, are presented in Additional file 1: Table S5a).
None of the estimates reached statistical significance,
except for MUNO in females in the HRS sample, where
midlife MUNO was associated with a higher dementia

Table 1 Descriptive characteristics of the Health and Retirement Study sample

Midlife study population (< 65)

Late-life study population (>65)

Total analyti- Dementia No dementia  Total analyti- Dementia No

cal sample cal sample dementia
Incidence rate, cases per 1000 person-years 8.8 33.0
N (%) 4,233 362 (8.6) 3,871 (914) 8,841 2,078 (235) 6,763 (76.5)
Female sex, N (%) 2,518 (59.5) 201 (55.5) 2,317 (59.9) 5,082 (57.5) 1,231 (59.2) 3,851 (56.9)
Age in years at baseline, mean, (SD) 59.7 (3.3) 60.8 (3.0) 596 (3.3) 73.2(6.6) 76.5(7.2) 723 (6.1)
Age in years at last follow-up (mean, (SD)) 69.4 (3.5) 69.5 (3.5) 69.4 (3.5) 804 (7.0) 835(73) 794(6.6)
Ethnicity N (%)
White/Caucasian 3,030(71.6) 175 (48.3) 2,855 (73.8) 7,363 (83.3) 1,509 (72 6) 5854 (86.6)
Black/African American 802 (18.9) 125 (34.5) 677 (17.5) 1,151 (13.0) 1(22.7) 680 (10.1)
Other 401 (9.5) 62 (17.1) 39(8.8) 327 (3.7) 98 (4.7) 229 (3.4)
Current smoker N (%) 710 (16.8) 104 (28.7) 606 (15.7) 862 (9.8) 195 (94) 667 (9.9)
Education level N (%)
Less than high school 573 (13.5) 170 (47.0) 403 (104) 1,735 (19.6) 839 (40.4) 896 (13.2)
GED 203 (4.8) 20 (5.5) 183 (4.7) 403 (4.6) 100 (4.8) 303 (4.5)
High school graduate 1,067 (25.2) 86 (23.8) 981 (25.3) 2,834 (32.1) 584 (28.1) 2,250 (33.3)
Some college 1,190 (28.1) 63 (17.4) 27 (29.1) 1,915 (21.7) 21 (15.4) 1,594 (23.6)
College and above 1,200 (28.3) 23(6.3) 7 (30.4) 1,954 (22.1) 4(11.3) 1,720 (25.4)
BMI and metabolic health measures
BMI in kg/m? (mean, (SD)) 30.5(6.0) 30.7 (6.0) 30.5(6.0) 29.5(5.6) 290(56) 297 (5.6)
Systolic BP (mean, (SD)) 127.7 (18.8) 131.7 (20.7) 127.3(186) 132.7 (20.4) 1356(21.9) 131.8(19.8)
Diastolic BP (mean, (SD)) 81.3(11.1) 82.7 (12.5) 1(11.0) 786(114) 783(120) 787(11.2)
HbA1c in % (mean, (SD)) 59(1.1) 2(1. ) 58(1.1) 59(09) 6.0(1.0) 5.8(0.9)
HDL-C level in mg/dL (mean, (SD)) 55.2 (16.5) 520(1 55.5(16.5) 54.4(16.1) 53.6(159) 54.7(16.1)
Metabolic health and weight phenotypes N (%)
MHNO 1,480 (35.0) 86 (23.8) 1,394 (36.0) 2,702 (30.6) 586 (28.2) 2,116 (31.3)
MHO 839 (19.8) 57 (15.7) 782 (20.2) 1,134 (12.8) 213(10.3) 921(13.6)
MUNO 726 (17.2) 90 (24.9) 636 (16.4) 2,463 (27.9) 700 (33.7) 1,763 (26.1)
MUO 1,188 (28.0) 129 (35.6) 1,059 (27.4) 2,542 (28.8) 579 (27.9) 1,963 (29.0)

Descriptive statistics for the Health and Retirement Study sample with measures taken in midlife (ages <65 years) or late-life (ages > 65 years), for the total analytical
sample and by dementia status. Numbers are presented as mean and standard deviation of continuous variables and numbers and percentages of categorical

variables

Abbreviations: BMI - Body mass index, BP — Blood pressure, GED - General Educational Development, HbAlc - Hemoglobin Alc, HDL-C - High-Density Lipoprotein
Cholesterol, MHNO - Metabolically healthy no obesity, MHO - Metabolically healthy obesity, MUNO - Metabolically unhealthy no obesity, MUO - Metabolically

unhealthy obesity, N - Number of individuals, SD - Standard deviation
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risk (HRygg = 1.62 (95% CI: 1.05-2.49)). In the total
sample, the HRs were indicative that being metaboli-
cally unhealthy, with or without obesity was associated
with higher dementia risk compared to MHNO: (1)
MUO HRyzg = 1.08 (95% CI: 0.81-1.43); MUO HRgpp
= 1.19 (95% CI 0.81-1.75); (2) MUNO HRyzs = 1.33
(95% CI: 0.98-1.79); HRgrr = 1.03 (95% CI: 0.80-1.32).
Associations were generally stronger in females than in
males in the HRS sample, but not in the STR (Fig. 3a and
Additional file 1: Table S5a). In the total sample, MHO
indicated lower dementia risk (HRypg= 0.96 (95% CI:
0.68—1.35); HR¢rg = 0.70 (95% CI: 0.38—1.30) compared
to MHNO, with a potentially stronger association in
males than in females (Fig. 3a and Additional file 1: Table
S5a).

Secondary analyses were in line with the primary anal-
yses and indicated higher risk of dementia in relation to
being metabolically unhealthy (HRpyg = 1.19 (95% CI
0.96-1.48); HRgr = 1.09 (95% CI: 0.87—1.37)), but not
in relation to obesity (HRyrg = 0.91 (95% CI 0.73-1.12);
HRgrg = 0.99 (95% CI: 0.72-1.38)), with similar estimates
in joint models (Additional file 1: Table S6a). In the HRS,
there was no evidence of an interaction between obesity
and metabolic health (HRyz interaction=0.85 (95% CI
0.55-1.31)). In the STR, the association between being
metabolically unhealthy and higher dementia risk was
attenuated in the interaction model (HRgz = 1.03 (95%
CIL: 0.80-1.32)), with a potential interaction between
obesity and metabolic health (HRg interaction=1.64
(95% CI 0.79-3.43)), especially in males (Additional file
1: Table S6a).

Risk of dementia in relation to obesity and metabolic
health measured in late-life

Figure 3b presents results from the primary analyses,
showing the risk of dementia in relation to obesity and
metabolic health in late-life, for the total analytical sam-
ple and stratified by sex (HR and 95% CI, along with the
number of individuals and events in each exposure cat-
egory, are presented in Additional file 1: Table S5b).
Having MUNO in late-life was associated with a higher
risk of dementia compared to MHNO, reaching statisti-
cal significance in the STR, MUNO HRyzg = 1.07 (95%
CL 0.95-1.19); HRgrgr = 1.13 (95% CI: 1.02-1.25). In
sex-stratified analyses, the association was stronger in
females in the HRS, but stronger in males in the STR
(Fig. 3b and Additional file 1: Table S5b). Results were
inconsistent for MUOQ, indicating a higher risk of demen-
tia in MUO HRprg = 1.12 (95% CI: 0.99-1.26), especially
in males (Fig. 3b and Additional file 1: Table S5), but
lower risk in MUO HRgp= 0.88 (95% CIL: 0.73-1.07),
especially in females (Fig. 3b and Additional file 1: Table
S5b), compared to MHNO. Having MHO in late-life indi-
cated a lower dementia risk compared to MHNO, MHO
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HRypg = 0.94 (95% CIL: 0.81-1.11); MHO HRgrr = 0.80
(95% CI: 0.61-1.04), although the associations were not
statistically significant.

In the secondary analyses, being metabolically
unhealthy was associated with higher dementia risk
both in the HRS and the STR (HRypg = 1.11 (95% CI
1.01-1.21); HRgpg = 1.10 (95% CI: 1.00-1.22)), and the
associations were robust in joint models, adjusting for
obesity (Additional file 1: Table S6b). Obesity was asso-
ciated with lower risk of dementia in the STR, but not
in the HRS (HRprg = 1.02 (95% CI 0.94-1.12); HR¢py =
0.81 (95% CI: 0.69-0.94)), with comparable estimates in
joint models. The main-effect estimates remained robust
also in the interaction models, and there was no evidence
of an interaction between obesity and metabolic health
(Additional file 1: Table S6b).

Figure 4 presents a graphical summary of the main
findings.

Sensitivity analyses

Sensitivity analyses yielded associations that were gen-
erally consistent in direction with the main analyses,
although the effect sizes changed (Additional file 1:
Tables S7-S14). When excluding those aged 63-67, the
dementia risk was generally higher in the midlife sample,
but was slightly attenuated in the late-life sample (Addi-
tional file 1: Table S7).

When metabolically unhealthy status was defined more
strictly as having one or more metabolic health variables,
midlife MUNO and MUO showed substantially stronger
associations in the HRS, especially in the female popula-
tion (Additional file 1: Table S8a). In the late-life sample,
the associations were attenuated, and MUO was asso-
ciated with lower dementia risk in the STR (Additional
file 1: Table S8b). MHO in midlife and late-life indicated
HRs in a risk-increasing direction for both HRS and STR,
albeit not statistically significant (Table S8). However,
it should be noted that when applying a stricter defini-
tion, only a small proportion of individuals, 16.9-22.1%
in midlife and 9.2-9.9% in late-life, were categorized as
being metabolically healthy. When TG was excluded
from the metabolic health definition in the STR, more
individuals were categorized as metabolically healthy,
and associations generally attenuated for midlife mea-
sures but stronger for late-life measures of obesity and
metabolic health phenotypes (Additional file 1: Table S9).

When obesity and metabolic health were classified
into six categories, metabolically healthy overweight was
associated with a lower dementia risk, with a statisti-
cally significant association in the HRS late-life sample.
There were no clear patterns for metabolically unhealthy
overweight (Additional file 1: Table S10). Across both
the HRS and the STR, the overweight category was more
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prevalent than the normal weight category, except in
midlife in the STR (Additional file 1: Table S10).

Adjusting for physical activity, alcohol consumption,
additionally for depressive symptoms, and then APOE
e4 genotype did not change the overall pattern of asso-
ciations in the midlife sample, but attenuated associa-
tions between MUNO and MUO with dementia in the
HRS late-life sample (in fully adjusted model, HRyg
MUNO=0.96 (95% CI 0.86-1.08); HR};;pg MUO=0.99
(95% CI 0.87—1.12); Additional file 1: Table S11 — S13).

When accounting for death as a competing event in
Fine-Gray subdistribution hazards regression models,
associations were comparable but slightly attenuated
in the midlife sample (Additional file 1: Table S14a). In
late-life, the association between MUNO and demen-
tia was attenuated (HRygg = 1.01 (95% CI 0.92-1.12);
HRgrr = 1.06 (95% CI: 0.95 - 1.18)), while a lower risk of
dementia was seen for both MHO (HR g = 0.78 (95% CI
0.68—0.90); HR¢1y = 0.70 (95% CI: 0.53-0.92)), and MUO
(HRypg = 0.78 (95% CI 0.71-0.87); HRgrg = 0.72 (95% CIL:
0.59-0.88)).

Discussion

Principal findings

The current study examined how obesity and metabolic
health together associate with dementia risk, using data
from two large cohorts: the HRS and STR. In addition, we
examined how these associations differ depending on the
age at which obesity and metabolic health measurements
were taken: midlife (<65 years) or late-life (>65 years),
and by sex. In line with our hypothesis, the estimates
indicated a higher dementia risk among individuals who
were metabolically unhealthy in midlife, regardless of
obesity status. This pattern was observed for MUO and
MUNO in the primary analyses and for metabolic health
status when modeled separately and jointly with obesity
in secondary analyses, although the association was only
statistically significant for MUNO in women in HRS in
the primary analyses. Contrary to our hypothesis, hav-
ing MHO in midlife was not associated with dementia
risk, and obesity was not associated with dementia when
modeled separately in secondary analyses.
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In late-life, as hypothesized, estimates for MUNO indi-
cated increased dementia risk, although the association
reached statistical significance only in the STR. For MHO
in late-life, estimates indicated a lower risk of dementia,
although the results were not statistically significant in
the primary analyses. In secondary analyses of the late-
life sample, being metabolically unhealthy was associated
with higher risk of dementia in both cohorts, while obe-
sity was associated with lower dementia risk in the STR,
but not in the HRS.

In summary, although associations were mainly not
statistically significant, there was a pattern across pri-
mary and secondary analyses where being metabolically
unhealthy in midlife as well as late-life was generally
associated with a higher risk of dementia, regardless of
weight status, although most associations were not statis-
tically significant. In contrast, associations with MHO or
obesity alone generally indicated a null association, and a
possible lower risk of dementia, regardless of whether the
measures were taken in midlife or late-life.

Comparison with existing literature

Our findings are generally in line with the recent meta-
analysis by Su and colleagues, based on three studies:
MHO was linked to a reduced risk of dementia, whereas
MUNO with an increased risk, and MUO showed no
clear association [5]. Of note, the meta-analysis includes
a large Korean study by Lee and colleagues, involving
12 million individuals also examining differences by age
group, with a mean age of 67.1 years among those over
60 years of age, and 53.8 years among those aged 50-60
years, providing sufficient power to detect statistically
significant associations even for the less prevalent phe-
notypes such as MHO [8]. The authors identified similar
associations in individuals aged 50-60 and > 60, but with
a weaker inverse association between midlife MHO and
dementia risk.

By contrast, a recent study based on the Whitehall II
cohort, not part of the meta-analysis by Su and col-
leagues, reported that individuals with MHO, MUO,
and MUNO before the age of 60 showed a higher risk
of dementia over a 27-year follow-up, with attenuation
of associations, especially for MHO, at higher ages [9].
Similarly, a large study of three cohort studies including
the UK Biobank, Atherosclerosis Risk in Communities
study, and Framingham Offspring Study, with individu-
als having a mean age of 54-56, also showed a higher
risk of dementia in individuals with MUO and MUNO
[10]. For MHO, the association was in the risk-increasing
direction, although smaller and not statistically signifi-
cant [10]. This contrasts with our study, which indicates
that MHO measured in midlife may be associated with,
if anything, a lower risk of dementia. It is plausible that
this difference is due to the comparatively high mean age
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in our current study, meaning the midlife sample largely
reflects late midlife; indeed, the association between
midlife MHO and dementia risk was attenuated in sen-
sitivity analyses limiting the sample to measures taken
before age 63. It should also be noted that MHO often is
a temporary condition, with individuals potentially tran-
sitioning over time between metabolically healthy and
unhealthy states [3, 33]. Consequently, the differing asso-
ciations between MHO and dementia risk reported in
previous studies may reflect variations in age at measure-
ment, follow-up time, and these transitions in metabolic
health and obesity status.

In addition, the current study was limited to all-cause
dementia, as subtype diagnoses were not available in the
HRS. Most previous studies have also examined all-cause
dementia or Alzheimer’s disease, but Lee and colleagues
additionally examined vascular dementia. Their findings
indicate that obesity and metabolic health phenotypes
may affect subtypes differently; MHO was associated
with lower risk of Alzheimer’s disease but not with vas-
cular dementia, and MUNO and MUO were associated
with both subtypes, but associations stronger for vas-
cular dementia than for Alzheimer’s disease [8]. While
Alzheimer’s disease is the most common form of demen-
tia, and often includes vascular pathology, subtype distri-
bution may also contribute to differences between studies
[34].

Finally, inclusion of additional covariates attenuated
the associations in the late-life sample in HRS, but not
the STR, and differences in lifestyle, comorbidities, and
genetic background may lead to differences between
studies in complex manners. For example, in a study by
Shinohara and colleagues, obesity was associated with
earlier cognitive decline only in non-carriers of APOE &4,
but at the same time, obesity was associated with lower
risk of dementia, and higher cognitive ability in individu-
als with dementia, especially among APOE €4 carriers
[35]. This demonstrates complex associations between
obesity, cognitive decline, and dementia, and modifica-
tion from APOE genotype that differs between normative
cognitive aging and dementia.

Metabolic health and dementia

Taken together, the current study and previous research
indicate that metabolic health is more important to
dementia risk than obesity alone. Previous research has
highlighted the role that metabolically unhealthy sta-
tus plays in the development of dementia or cognitive
impairments not due to dementia (henceforth only cog-
nitive impairments) [36]. For instance, a recent meta-
analysis including 21 studies with a total of 411,810
participants, found that the metabolic syndrome was
significantly associated with increased risks of dementia
and cognitive impairments [36]. As components of the
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metabolic syndrome are modifiable, targeted lifestyle
interventions to improve metabolic health may be ben-
eficial in preventing cognitive impairment and promot-
ing brain health [8]. Indeed, a previous study showed that
maintaining a healthy metabolic status over time repre-
sents a more influential factor of cognitive function than
solely focusing on body weight [37], underscoring the
importance of preserving metabolic health in dementia
prevention and promoting brain health.

However, no unified definition of metabolic health in
obesity exists, limiting comparability and interpretations
[3, 4]. It has been suggested that MHO should require
absence of all four components of the metabolic syn-
drome [4]. In sensitivity analyses applying this stricter
definition, associations between MUNO or MUO and
dementia were substantially stronger for midlife mea-
sures in the HRS but attenuated in the STR and in both
samples for measures taken in late-life. In contrast, asso-
ciations between MHO and dementia indicated a higher
risk of dementia in MHO. While results should be inter-
preted with caution due to the low number of individu-
als defined as metabolically healthy, especially in late-life
(< 10%), these differences, especially for MHO where the
estimates were in different directions in primary and sen-
sitivity analyses, demonstrate that associations are sensi-
tive to how metabolic health is defined. This highlights a
need for a better understanding of how metabolic health
influences dementia and for a unified definition of MHO.

The obesity paradox

The obesity paradox proposes that obesity in midlife is
associated with an increased risk of dementia, whereas a
high BMI in late-life may be associated with no increase
in risk or even a reduced risk [1, 2]. For MUO, our
results show a pattern consistent with obesity paradox:
estimates for midlife MUO indicated a higher demen-
tia risk, while estimates for late-life MUO were hetero-
geneous and associated with increased dementia risk in
HRS but lower dementia risk in the STR. MHO appeared
to be inversely associated with dementia risk already in
midlife in the current study, although it should be noted
that this may be a result of the high average age even in
the midlife sample for both the HRS and STR. Consid-
ering the long preclinical phase of dementia, an inverse
association between MHO and dementia may reflect
prodromal dementia even in the midlife sample [34]. By
late-life, estimates for MHO again indicated a lower risk
of dementia compared to MHNO, a pattern suggestive of
an obesity paradox.

However, sensitivity analyses with death as a compet-
ing event suggested that survival bias may play a role
in the obesity paradox. In the midlife sample, the sub-
distribution hazards were comparable to the cause-
specific hazards from the primary analyses. While this
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suggests that selective survival has limited influence on
the estimates, it may also reflect lower impact of com-
peting mortality at younger ages in the midlife samples.
In contrast, associations between late-life MUNO and
dementia were attenuated when accounting for death
as a competing event, and estimates for late-life MHO
and MUO indicated a lower risk of dementia. This sug-
gests that competing mortality may partially contribute
to the observed pattern, as individuals with obesity or
poor metabolic health are more likely to die due to other
causes before dementia is diagnosed, potentially contrib-
uting to the lower observed dementia risk. These findings
suggest that selective survival may partly contribute to
the obesity paradox, and that understanding the obesity
paradox may require considering not only the obesity sta-
tus, but also the metabolic health phenotypes, and mor-
tality. Moreover, estimates for MUNO indicated a higher
dementia risk in both midlife and late-life, although the
strength of the associations varied and may have been
influenced by competing mortality.

Strengths and limitations

A major strength of this study is the use of two different
large data sources with rich information and representa-
tive populations, allowing the data sources to comple-
ment each other and provide more balanced results.
Another strength of our study was the use of objectively
measured BMI and metabolic health in both cohorts.
However, it should be noted that the populations in HRS
and STR differed in characteristics; for example, the
mean baseline BMI was higher in HRS, around 29-30,
compared to approximately 26 in STR. The absence of
data on TG and cholesterol lowering medications in the
HRS restricts direct comparisons and may affect the
assessment of metabolic health. Excluding TG from the
metabolic health definition in the STR resulted in a larger
proportion of individuals categorized as metabolically
healthy, and attenuated associations in the midlife sam-
ple. While additional sample differences should be con-
sidered, the absence of TG in the HRS may have led to
misclassification of participants as metabolically healthy
instead of unhealthy, and resulted in attenuation of asso-
ciations. This may explain the strengthening of results in
sensitivity analyses of the HRS, defining a metabolically
unhealthy status as having one or more of the metabolic
health variables. Dementia information also differed
between the cohorts, each with specific considerations.
In the HRS the definition and classification of dementia
was based on the Langa-Weir Classification of Cognitive
Function, a validated classification and a frequently used
definition in research studies [38]. However, a significant
limitation to this method is that it does not capture clini-
cal diagnosis of dementia or subtypes of dementia, but
is based on cognitive measurements including tests for
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memory and speed of mental processing [16]. This hin-
dered examination of subtype-specific associations, for
example comparing associations with vascular dementia
and Alzheimer’s disease. For the STR, clinical demen-
tia diagnoses were not available for the TwinGene sam-
ple, but could be supplemented with information from
national health registers. Dementia diagnoses from these
health registers demonstrate excellent specificity (99%),
although their combined sensitivity remains moderate at
63% [18]. As a result, a substantial proportion of individ-
uals with dementia remain undetected by the registers,
leading to non-differential misclassification in the out-
come (assuming it is unrelated to obesity and metabolic
health) and an underestimation of the true effects. While
we firmly believe that the inclusion of two different
cohorts, from different countries and settings, strength-
ens the study, these differences in exposure and outcome
measures limit the comparability.

Another limitation is the relatively short follow-up
time, which may have resulted in a lower ability to cap-
ture associations due to fewer incident dementia cases
observed during the study period. It is also important to
consider the long preclinical phase of dementia, where
pathophysiological changes, such as unintentional weight
loss, often begin many years before clinical onset [9, 39].
This limitation should be considered when interpreting
the findings, as the timing of exposure relative to dis-
ease onset can influence the observed relationships. For
example, associations may reflect prodromal changes
rather than causal effects. This is relevant to the midlife
as well as late-life results, considering the high mean age
at baseline in the midlife sample (60 years in the HRS and
59 years in the STR). While a restricted analysis, exclud-
ing dementia incidence during the first 10 years after
measurement, would be preferable, the limited follow-up
would have led to substantially reduced power in the cur-
rent study. Furthermore, as with many studies of late-life
outcomes, survival bias and attrition rate must be con-
sidered. Those with poorer health are often underrepre-
sented in the study sample [40], and a risk that should be
considered is that individuals living with obesity or with
poor metabolic health may be less likely to participate
or to drop out of the study due to poor health or death,
which would limit our ability to capture how obesity and
metabolic health associates with dementia risk. As seen
in competing risk sensitivity analyses, survival bias likely
influences associations, especially in the late-life sample
where mortality was more common. Finally, while the
two cohorts are valuable for within-twin pair (STR) and
household (HRS) analyses, we did not include such anal-
yses in the current study, as the lower power would have
limited comparability with the primary analyses. Future
work may consider within-twin and household models
to specifically assess the influence of unmeasured genetic
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and environmental confounding in associations between
obesity, metabolic health, and dementia.

Conclusions

Leveraging data from the HRS and STR in a prospective
cohort design, our findings suggest that metabolically
unhealthy status may be associated with an increased risk
of dementia regardless of obesity status, although sta-
tistical significance was only observed for selected asso-
ciations. MUNO showed the clearest pattern of higher
dementia risk when assessed in midlife and late-life,
while the associations for MHO were more heteroge-
neous, potentially reflecting the obesity paradox. In con-
trast, MHO was not associated with higher dementia risk
in either age group, with estimates indicating a possible
lower dementia risk compared with metabolically healthy
no obesity, although these associations were not statisti-
cally significant.

In the context of healthy aging, our findings indi-
cate an importance of metabolic health as a key dimen-
sion of dementia risk, not only among individuals with
obesity but also in the absence of obesity. These results
support a more nuanced approach to risk stratification,
highlighting metabolic dysfunction as a potential target
for screening and interventions aimed at preserving cog-
nitive function across the aging process. By examining
differential associations across metabolic health, obesity
status, age at assessment, and sex, this study strengthens
the understanding of how obesity and metabolic health
interact in relation to cognitive aging, with potential rel-
evance for population-level efforts and prevention strate-
gies to support healthy aging.
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N Number of individuals

NPR National Patient Register

OCTO-Twin  Origins of Variance in the Oldest Old: Octogenarian Twins
SATSA The Swedish Adoption/Twin Study of Aging
SD Standard deviation

STR Swedish Twin Registry

TG Triglycerides
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