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Abstract 

Background  The associations of different obesity and metabolic phenotypes during midlife with the risk of incident 
dementia remain unclear. This study aimed to investigate the associations between metabolic heterogeneity of obe-
sity and long-term risk of dementia.

Methods  We conducted prospective analyses from three cohorts, including the UK Biobank (UKB), Atherosclerosis Risk 
in Communities (ARIC) study, and Framingham Offspring Study (FOS). Eligible participants were those aged 45–65 years 
with valid assessments of body mass index (BMI) and metabolic status at the study baseline. Obesity was defined 
as a BMI of ≥ 30.0 kg/m2, while metabolic abnormality was defined as meeting ≥ 2 of the National Cholesterol Educa-
tion Program-Adult Treatment Panel III (NCEP-ATP III) criteria. Metabolic heterogeneity of obesity was evaluated based 
on obesity and metabolic phenotypes and grouped as metabolically normal non-obesity (MNNO), metabolically 
abnormal non-obesity (MANO), metabolically normal obesity (MNO), and metabolically abnormal obesity (MAO).

Results  Included in this study were 295,823 participants aged 56.3 ± 5.9 years from the UKB, 12,547 participants aged 
54.0 ± 5.7 years from the ARIC, and 2,004 participants aged 53.9 ± 5.9 years from the FOS. Over 4,348,208 person-years, 
a total of 6,190 participants (3,601 in the UKB, 2,405 in the ARIC, and 184 in the FOS) developed incident demen-
tia. In the pooled analysis of three cohorts, metabolic abnormality was associated with a hazard ratio (HR) of 1.41 
(95% confidence interval [CI]: 1.10–1.80) for dementia, while obesity was associated with an HR of 1.20 (1.03–1.41). 
Compared with MNNO, individuals with MANO and MAO had increased risks of dementia (pooled HR: 1.33, 95% CI: 
1.04–1.71 for MANO and 1.48, 1.16–1.89 for MAO). However, there was no significant difference in the risk of dementia 
among MNO (pooled HR: 1.10, 95% CI: 0.98–1.24). In addition, participants who recovered from MANO to MNNO had 
a lower risk of dementia (pooled HR: 0.79, 95% CI: 0.64–0.97), as compared with stable MANO.

Conclusions  Metabolic abnormality has a stronger association with dementia than obesity. Metabolically abnormal 
non-obesity and obesity, but not metabolically normal obesity, are associated with higher risks of incident demen-
tia as compared with metabolically normal non-obesity. Recovering from an abnormal metabolic status to normal 
reduces the risk of dementia in populations without obesity. Our findings highlight the important role of metabolic 
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status in the development of dementia and recommend the stratified management of obesity based on metabolic 
status.

Keywords  Obesity, Metabolic status, Heterogeneity, Transition, Dementia

Introduction
Between 1990 and 2022, the prevalence of obesity 
increased from 8.8% to 18.5% in adult women and from 
4.8% to 14.0% in adult men worldwide [1, 2]. Although 
obesity has been linked to adverse health effects [3], there 
exists considerable heterogeneity among individuals with 
obesity. Previous research has revealed that approxi-
mately one-third of obese individuals present normal 
metabolic profiles [4]. These individuals were classified as 
metabolically normal obesity (MNO), whereas the others 
as metabolically abnormal obesity (MAO) [5].

Epidemiological studies have explored the associa-
tions of metabolic diversity observed in obesity with 
frailty, diabetes, cardiovascular disease (CVD), and other 
adverse health outcomes [6–9]. However, only a few stud-
ies have examined the associations of obesity and meta-
bolic phenotypes with dementia or Alzheimer’s disease 
(AD), and the results remained inconclusive [10–13]. 
For example, findings from a prospective cohort study 
conducted within the Whitehall II suggested that MNO 
was associated with a higher risk of dementia [10], while 
other studies revealed inverse associations of MNO with 
all-cause dementia or AD [11–13]. Differences in study 
designs, population characteristics, and duration of fol-
low-up may contribute to the inconsistency across stud-
ies. In addition, most studies in this area have focused on 
older adults [11–13], neglecting to fully acknowledge the 
associations between metabolic heterogeneity of obesity 
and dementia in middle-aged adults. Furthermore, meta-
bolic status is inherently dynamic and changes over time 
[14, 15]. Consequently, the impact of transitions in met-
abolic status on the onset of dementia warrants further 
investigation.

To address these research gaps, our study evaluated the 
associations of metabolic heterogeneity of obesity with 
incident all-cause dementia among participants aged 
45–65  years in three cohort studies [16–18], including 
the UK Biobank (UKB), the Atherosclerosis Risk in Com-
munities (ARIC) study, and the Framingham Offspring 
Study (FOS). Further, we explored the role of metabolic 
status transitions on dementia risk.

Methods
Study participants
We included individual-level data from three prospective 
cohorts [16–18]. The UKB comprises data from a popula-
tion-based cohort study that recruited more than 500,000 

participants who attended 1 of the 22 assessment cent-
ers across the UK between 2006 and 2010 [16]. In 1987–
1989, the prospective cohort ARIC recruited 15,792 
participants from ARIC field centers in 4 US communi-
ties [17], with on-going follow-up for adjudicated demen-
tia outcomes thereafter. The Framingham Heart Study 
is a community-based cohort study that commenced 
in 1948 [19]. In 1971, children of the original cohort 
and their spouses formed the Offspring (FOS) cohort 
and underwent continuous surveillance for dementia 
through 2018 [18]. All participants provided informed 
consent before data collection. The UKB received ethi-
cal approval from the National Health Service North 
West Multicenter Research Ethics Committee, the ARIC 
was approved by each site’s (at Johns Hopkins University, 
Wake Forest University, University of Mississippi Medi-
cal Center, and University of Minnesota) institutional 
review board (IRB), and the FOS was approved by the 
Boston University Medical Center IRB.

In the current study, we included participants aged 
45–65  years who attended the blood test at baseline 
survey. Participants were excluded if they lacked valid 
data on body mass index (BMI), had a BMI < 18.5  kg/
m2, or failed to identify their metabolic status. We then 
excluded participants with CVD (defined as a history 
of stroke, coronary heart disease, or heart failure) or 
dementia at baseline, or developed dementia in the first 
2  years of follow-up, or without any information on 
dementia diagnosis during the follow-up period (Fig. 1 & 
Fig. S1). We reported findings according to the Strength-
ening the Reporting of Observational Studies in Epidemi-
ology (STROBE) reporting guideline [20].

Definitions of obesity, metabolic syndrome criteria, 
and metabolic status
BMI was calculated as measured weight (in kilograms) 
divided by measured height (in meters) squared. Accord-
ing to the World Health Organization [21], participants 
were classified as non-obesity or obesity based on a BMI 
cutoff of 30 kg/m2 (BMI < 30.0 kg/m2 for non-obesity and 
BMI ≥ 30.0  kg/m2  for obesity). We assessed metabolic 
status using the updated National Cholesterol Education 
Program-Adult Treatment Panel III criteria (NCEP-ATP 
III criteria) for metabolic syndrome  (MetS) [22], which 
were the most frequently used criteria in prior inves-
tigations [10–13, 23, 24]. Participants who met ≥ 2 of 
the following 4 criteria were classified as metabolically 
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abnormal: (1) elevated blood pressure, systolic blood 
pressure (SBP) ≥ 130  mmHg or diastolic blood pressure 
(DBP) ≥ 85  mmHg or on antihypertensive treatment; 
(2) impaired glycemic control, fasting blood glucose 
(FBG) ≥ 100  mg/dL [5.6  mmol/L] or on antidiabetic 
treatment; (3) elevated triglyceride (TG), TG ≥ 150  mg/
dL[1.69  mmol/L] or use of lipid-modifying drugs; (4) 
reduced high-density lipoprotein cholesterol (HDL-C), 
men with HDL-C < 40  mg/dL [1.03  mmol/L] or women 
with HDL-C < 50  mg/dL [1.29  mmol/L] or use of lipid-
modifying drugs. Data on circulating glucose levels in 
the UKB were obtained predominantly from non-fasting 
blood samples, which are more likely to be affected by 
recent food intake (compared to fasting samples), leading 
to high variability in glucose measurements. Therefore, 
we used glycated hemoglobin (HbA1c) as a proxy meas-
ure of glucose, based on the recommendations of the 
American Diabetes Association [25], with a cut point of 
HbA1c ≥ 32.4 mmol/mol (corresponds to a glucose value 
of 100 mg/dL) to represent impaired glycemic control.

Based on obesity and metabolic status, participants 
were divided into 4 BMI-metabolic phenotypes: meta-
bolically normal non-obesity (MNNO), metabolically 

abnormal non-obesity (MANO), metabolically normal 
obesity (MNO), and metabolically abnormal obesity 
(MAO).

Ascertainment of dementia
The outcome was all-cause dementia, with varied cri-
teria of diagnosis being applied in different cohorts. 
Briefly, the UKB ascertained dementia using linkage 
to health care systems [26]. In the ARIC, dementia 
was ascertained from in-person or telephone cognitive 
assessments, informant interviews, or hospitalization 
codes or death certificates [27]. In the FOS, dementia 
was ascertained by a team of clinicians led by a neurol-
ogist based on a structured medical history, neurologic 
examination, and a battery of several cognitive tests 
[28]. Details are described in Supplement Methods.

Covariates
Covariates consisted of sociodemographic and lifestyle 
factors, which were selected based on previous litera-
ture [1, 29, 30]. We used questionnaires completed at 
baseline to collect the information on age, sex (male 
or female), race and ethnicity (White or non-White), 

Fig. 1  The study baseline and follow-up scheme of three cohort studies (A), and participant inclusion flowchart for main analyses (B-D). 
Abbreviations: UKB, UK Biobank; ARIC, Atherosclerosis Risk in Communities; FOS, Framingham Offspring Study; BMI, body mass index; CVD, 
cardiovascular disease
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education level (below college or college and above), 
area-based Townsend deprivation index (TDI, as 
quartiles, available in the UKB), household income 
(< 25,000, 25,000–49,999, and ≥ 50,000 US $/year, avail-
able in the ARIC and FOS), smoking status (current, 
former, or never smokers), and alcohol intake (units per 
week). The TDI score was used as a proxy for material 
socioeconomic deprivation and was assigned to each 
study participant using their residential postal code at 
baseline in the UKB [31].

Statistical analysis
The missing data of covariates were imputed using the 
multiple imputations with chained equation [32]. The 
missing rates of covariates were summarized in Supple-
ment Table S1. For descriptive statistics, continuous vari-
ables were presented as mean (standard deviation, SD), 
and categorical variables as number (percentage). Multi-
variable Cox proportional hazard models using age as the 
time variable were performed to examine the associations 
of obesity, metabolic status, and metabolic heterogeneity 
of obesity with incident all-cause dementia. Survival time 
for each observation was calculated from the baseline of 
each cohort to the date of incident dementia, loss to fol-
low-up, or the end of follow-up, whichever occurred first. 
Hazard ratios (HRs) and 95% confidence intervals (CIs) 
were estimated with adjustments for sex, race, education 
level, TDI (only in the UKB), household income (only in 
the ARIC and FOS), smoking status, and alcohol intake. 
The proportional hazard assumption was tested and veri-
fied using Schoenfeld’s residual methods, and the results 
showed no violation in the analyses. Using similar meth-
ods, we also examined the associations of metabolic sta-
tus transitions with incident dementia in the ARIC and 
FOS. We chose the second resurvey (visit 3 in the ARIC 
and exam 6 in the FOS) for the transition analyses to 
ensure that a sufficient number of individuals had expe-
rienced a change in metabolic status. Participants were 
grouped according to all possible changes, and the sur-
vival time for each observation was calculated from date 
of the second resurvey. We analyzed each cohort sepa-
rately and pooled the estimates from all cohorts using 
random-effects models [33].

We conducted several sensitivity analyses to test the 
robustness of our primary findings. First, we used MetS 
criteria [34] to define the metabolic status. Second, we 
excluded participants who developed dementia in the 
first 5  years of follow-up to further reduce reverse cau-
sation. Third, we excluded cases of dementia occur-
ring < 65 years, as the mechanisms leading to early-onset 
dementia may be different from late-onset cases. Fourth, 
we restricted our analyses to only “White” participants 
due to potential variations in obesity thresholds among 

different ethnicities [21]; the sample size of non-White 
individuals was insufficient for additional evaluations 
in this subgroup. Fifth, considering the competing risk 
between mortality and incident dementia, we repeated 
the main analyses using the competing risk model [35]. 
Sixth, we repeated the main analyses by excluding par-
ticipants with missing data on covariates to explore the 
influence of multiple imputations on these covariates. 
Seventh, we performed the transition analyses using data 
from the first resurvey (visit 2 in the ARIC and exam 5 in 
the FOS) to further investigate the associations of meta-
bolic status transitions with incident dementia.

All statistical analyses were performed using R 4.3.0. 
All P-values were two-sided, and P < 0.05 was considered 
statistically significant.

Results
Baseline characteristics of the study population
A total of 295,823 participants (mean [SD] age, 56.3 [5.9] 
years; 163,675 female [55.3%]) from the UKB, 12,547 par-
ticipants (mean [SD] age, 54.0 [5.7] years; 6,831 female 
[54.4%]) from the ARIC, and 2,004 participants (mean 
[SD] age, 53.9 [5.9] years; 1,056 female [52.7%]) from 
the FOS were included at the study baseline (Table  1). 
In three cohorts, individuals in the MAO subgroup had 
higher BMI, waist circumference, SBP, DBP, FBG, HbA1c, 
TG, and lower HDL-C (Supplement Tables S2-S4).

In the primary analyses, the median (interquartile 
range, IQR) follow-up periods were 13.9 (13.1, 14.6) years 
in the UKB, 26.0 (19.1, 30.0) years in the ARIC, and 23.5 
(17.6, 27.8) years in the FOS. A total of 6,190 participants 
(3,601 from the UKB, 2,405 from the ARIC, and 184 from 
the FOS) developed incident all-cause dementia. In the 
analyses of metabolic status transition (median [IQR] 
follow-up duration: 21.9 [15.5, 24.1] years in the ARIC 
and 16.6 [11.9, 20.9] years in the FOS), 1,866 participants 
from the ARIC and 196 participants from the FOS devel-
oped dementia.

Associations of baseline obesity and metabolic status 
with incident dementia
In the multivariable-adjusted Cox proportional haz-
ard model, metabolic abnormality was associated with a 
higher risk of incident dementia, with HRs of 1.19 (95% 
CI: 1.11–1.28) in the UKB, 1.36 (1.25–1.47) in the ARIC, 
and 1.93 (1.43–2.60) in the FOS (Fig.  2). However, sig-
nificantly elevated risks of incident dementia for obesity 
compared with non-obesity were only found in the ARIC 
(HR: 1.08, 95% CI: 1.00–1.16 in the UKB; 1.33, 1.21–1.45 
in the ARIC; 1.23, 0.87–1.74 in the FOS). Metabolic 
abnormality had a stronger association with dementia 
than obesity, but the difference was significant only for 
the UKB dataset (P-heterogeneity = 0.043 in the UKB; 
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P-heterogeneity = 0.719 in the ARIC; P-heterogene-
ity = 0.054 in the FOS).

Associations of baseline BMI‑metabolic phenotypes 
with incident dementia
Table  2 shows the associations of baseline BMI-meta-
bolic phenotypes with the risk of dementia among three 
cohorts. Compared with MNNO, the risk of dementia 
was higher for individuals with MANO (pooled HR: 
1.33, 95% CI: 1.04–1.71) and MAO (1.48, 1.16–1.89). 
However, MNO was not significantly  related to the 
risk of incident all-cause dementia (1.10, 0.98–1.24). 
We also constructed Kaplan–Meier curves (Supple-
ment Fig. S2) to compare the cumulative incidence of 
all-cause dementia across different BMI-metabolic phe-
notypes. The results showed that for individuals from 
three cohorts, participants with MAO had the highest 
incidence of dementia, and participants with MANO 

came second. On the contrary,  no significant  differ-
ence in the cumulative incidence of dementia was 
found between obese and non-obese groups with nor-
mal metabolic status. In the stratified analyses, similar 
results were observed in males and females (Supple-
ment Tables S5). However, the associations of MANO 
and MAO with dementia were stronger in females in 
the UKB (P-interaction = 0.007 in the UKB, 0.715 in the 
ARIC, and 0.765 in the FOS).

Associations of changes in metabolic status with incident 
dementia
Since the metabolic status changed over time (Supple-
ment Table S6), we estimated the effect of these changes 
on the incidence of dementia. Given the  small num-
ber of individuals experienced weight changes after 
4-6 years of follow-up in both cohorts, we investigated 
the associations of metabolic status transitions with 

Table 1  Baseline characteristics of participants in the UK Biobank, the Atherosclerosis Risk in Communities study, and the Framingham 
Offspring Study

Abbreviations: UKB UK Biobank, ARIC Atherosclerosis Risk in Communities, FOS Framingham Offspring Study, TDI Townsend deprivation index, BMI Body mass index, 
WC Waist circumference, SBP Systolic blood pressure, DBP Diastolic blood pressure, HbA1c Glycated hemoglobin, FBG Fasting blood glucose, TG Triglyceride, HDL-C 
High-density lipoprotein cholesterol, NA Not applicable, SD Standard deviation

Variable UKB
(n = 295,823)

ARIC
(n = 12,547)

FOS
(n = 2,004)

Age, y, mean (SD) 56.3 (5.9) 54.0 (5.7) 53.9 (5.9)

Female, No. (%) 163,675 (55.3) 6,831 (54.4) 1,056 (52.7)

White ethnicity, No. (%) 280,816 (95.0) 9,510 (75.8) 1,984 (99.0)

Tertiary education, No. (%) 98,528 (33.3) 5,747 (45.8) 1,204 (60.1)

TDI, No. (%)
  Quartile 1 (least deprived) 76,712 (25.9) NA NA

  Quartile 2 74,883 (25.3) NA NA

  Quartile 3 74,221 (25.1) NA NA

  Quartile 4 (most deprived) 70,007 (23.7) NA NA

Household income, No. (%)
   < 25,000 $ NA 4,459 (35.5) 321 (16.0)

  25,000–49,999 $ NA 4,782 (38.1) 1,002 (50.0)

   ≥ 50,000 $ NA 3,306 (26.3) 681 (34.0)

Smoking status, No. (%)
  Never smokers 30,919 (10.5) 5,332 (42.5) 677 (33.8)

  Former smokers 100,541 (34.0) 4,021 (32.0) 871 (43.5)

  Current smokers 164,363 (55.6) 3,194 (25.5) 456 (22.8)

Alcohol intake, units/week, mean (SD) 3.0 (3.3) 3.2 (7.1) 3.4 (5.0)

BMI, kg/m2, mean (SD) 27.5 (4.8) 27.5 (5.1) 27.1 (4.6)

WC, cm, mean (SD) 90.2 (13.4) 96.6 (13.5) 90.2 (14.3)

SBP, mmHg, mean (SD) 139.7 (19.2) 120.8 (18.5) 128.4 (17.5)

DBP, mmHg, mean (SD) 82.8 (10.6) 73.6 (11.1) 80.1 (9.6)

HbA1c, mmol/mol, mean (SD) 36.1 (6.6) NA NA

FBG, mg/dL, mean (SD) NA 105.6 (32.5) 96.4 (25.9)

TG, mg/dL, mean (SD) 155.9 (91.4) 129.6 (88.7) 129.5 (105.8)

HDL-C, mg/dL, mean (SD) 56.7 (14.8) 51.9 (17.0) 50.3 (15.4)
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dementia only  in populations with consistent weight 
status between two waves. Table  3 shows the associa-
tions between changes in metabolic status and the  risk 
of incident dementia. When compared with the stable 
normal metabolic status counterparts, participants who 
transitioned to abnormal metabolic status (MNNO to 
MANO and MNO to MAO) presented the accelerated 
progression of dementia, although they did not reach sta-
tistical significance in both cohorts. In contrast, a signifi-
cantly decreased risk of incident dementia was observed 

in participants with non-obesity who recovered to nor-
mal metabolic status when compared with stable meta-
bolically abnormal (pooled HR: 0.79, 95% CI: 0.64–0.97). 
Participants with MAO who recovered to MNO also pre-
sented a decreased risk of incident dementia, but did not 
reach statistical significance. For the intergroup compari-
sons (Supplement Table  S7), when compared with the 
stable MNNO, participants with stable abnormal meta-
bolic status (stable MANO and stable MAO) presented 
accelerated dementia development.

Fig. 2  Multivariable-adjusted hazard ratios (HRs) and 95% confidence intervals (CIs) for incident dementia according to obesity status 
and metabolic syndrome criteria. Abbreviations: UKB, UK Biobank; ARIC, Atherosclerosis Risk in Communities; FOS, Framingham Offspring Study; 
BMI, body mass index; BP, blood pressure; TG, triglyceride; HDL-C, high-density lipoprotein cholesterol. The Cox proportional hazard models using 
age as the time variable were adjusted for sex (male or female), race (White or non-White), education (below college or college and above), 
Townsend deprivation index (as quintiles, only in the UK Biobank), household income (< 25 000, 25 000–49,999, and ≥ 50,000 US $/year, only in the 
ARIC and FOS), smoking status (current, former, or never smokers), and alcohol intake (units per week)

Table 2  Multivariable-adjusted hazard ratios (HRs) and 95% confidence intervals (CIs) for incident dementia according to BMI-
metabolic phenotypes

Abbreviations: ARIC Atherosclerosis Risk in Communities, FOS Framingham Offspring Study, BMI Body mass index, MNNO Metabolically normal non-obesity, MANO 
Metabolically abnormal non-obesity, MNO Metabolically normal obesity, MAO Metabolically abnormal obesity
a The Cox proportional hazard models using age as the time variable were adjusted for sex (male or female), race (White or non-White), education (below college or 
college and above), Townsend deprivation index (as quintiles, only in the UK Biobank), household income (< 25 000, 25 000–49,999, and ≥ 50,000 US $/year, only in the 
ARIC and FOS), smoking status (current, former, or never smokers), and alcohol intake (units per week)
b Random-effects model was used; I2 = 0% for the estimates from the three cohorts

BMI-metabolic 
phenotypes

UKB ARIC FOS Pooledb

Cases/N HR (95% CI)a Cases/N HR (95% CI)a Cases/N HR (95% CI)a HR (95% CI)a

MNNO 1,056/121,593 1 (Reference) 944/5,631 1 (Reference) 67/994 1 (Reference) 1 (Reference)

MANO 1,572/101,671 1.18 (1.09, 1.28) 783/3,677 1.21 (1.10, 1.33) 74/573 1.91 (1.36, 2.68) 1.33 (1.04, 1.71)
MNO 154/16,941 1.04 (0.88, 1.24) 196/1,008 1.17 (0.99, 1.37) 8/146 1.00 (0.48, 2.09) 1.10 (0.98, 1.24)

MAO 819/55,618 1.22 (1.11, 1.34) 482/2,231 1.58 (1.41, 1.77) 35/291 1.96 (1.29, 2.97) 1.48 (1.16, 1.89)
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Sensitivity analyses
Multiple sensitivity analyses demonstrated the robust-
ness of our main findings regarding the associations of 
different BMI-metabolic phenotypes and changes in 
metabolic status with incident dementia. In analyses 
using MetS criteria to define the metabolic status, the 
associations were consistent with those using 4 criteria in 
NCEP-ATP III (Supplement Tables S8 & S9). Additional 
exclusion of incident dementia cases within the first 
5  years of follow-up did not alter the observed associa-
tions (Supplement Tables S10 & S11). When we further 
excluded early-onset dementia cases, the associations did 
not substantially change (Supplement Tables S12 & S13). 
When restricted the analyses to only White participants, 
we observed similar associations (Supplement Tables S14 
& S15). The results were consistent with the main analy-
ses after conducting the competing risk analyses between 
mortality and dementia (Supplement Tables S16 & S17). 
When we excluded participants with missing data on 
covariates, the association of MANO with dementia was 
moderately attenuated, whereas that for MAO persisted 
(Supplement Table S18). When using data from the first 
resurvey (visit 2 in the ARIC and exam 5 in the FOS) for 
the transition analyses (Supplement Table S19), the asso-
ciation of recovery from MANO to MNNO was slightly 
attenuated (pooled HR: 0.75, 95% CI: 0.53–1.07), but 
the association of transition from MNO to MAO was 
stronger (pooled HR: 1.46, 95% CI: 1.08–1.97).

Discussion
In the current investigation of three cohort studies, we 
extend findings in previous publications exploring the 
associations of obesity and metabolic status with incident 
dementia. Our findings implicated that metabolic status 
had a stronger association with dementia than obesity. 
When compared with MNNO, MANO and MAO pre-
sented higher risks for incident dementia. However, we 
didn’t observe evidence suggesting that the cumulative 
incidence of dementia in MNO group was different from 
MNNO. Moreover, participants with MANO who recov-
ered to normal metabolic status showed a decreased risk 
of incident dementia when compared with their stable 
counterparts.

Previous studies showed that there were close asso-
ciations of obesity and metabolic abnormality with inci-
dent dementia in middle-aged adults [23, 36–40]. A 
meta-analysis including 14 cohort studies found that 
compared to non-obesity, obesity was associated with 
approximately 31% higher risk of incident dementia in 
populations below the age of 65  years [40]. In terms of 
metabolic status, Qureshi et al. found a positive associa-
tion between MetS and dementia in mid-life individu-
als [23]. In our study with three prospective cohorts, we 
observed consistent results for elevated risk of incident 
dementia in participants with obesity or abnormal meta-
bolic status.

To date and to our knowledge, only a few cohort 
studies have examined the associations of metabolic 

Table 3  Multivariable-adjusted hazard ratios (HRs) and 95% confidence intervals (CIs) for incident dementia according to intragroup 
comparisons of transitions of metabolic status

Abbreviations: UKB UK Biobank, ARIC Atherosclerosis Risk in Communities, FOS Framingham Offspring Study, BMI Body mass index, MNNO Metabolically normal non-
obesity, MANO Metabolically abnormal non-obesity, MNO Metabolically normal obesity, MAO Metabolically abnormal obesity
a The Cox proportional hazard models using age as the time variable were adjusted for sex (male or female), race (White or non-White), education (below college or 
college and above), household income (< 25 000, 25 000–49,999, and ≥ 50,000 US $/year), smoking status (current, former, or never smokers), and alcohol intake (units 
per week)
b Random-effects model was used; I2 = 0% for the estimates from the two cohorts

BMI-metabolic phenotype 
transitions

ARIC FOS Pooledb

Baseline category Follow-up 
category

Cases/N HR (95% CI)a P-value Cases/N HR (95% CI)a P-value HR (95% CI)a P-value

MNNO MNNO 537/3,088 1 (Reference) 44/950 1 (Reference) 1 (Reference)

MANO 232/1,202 1.10 (0.94, 1.29) 0.216 28/373 1.14 (0.71, 1.85) 0.543 1.10 (0.95, 1.28) 0.197

MANO MANO 479/2,032 1 (Reference) 69/463 1 (Reference) 1 (Reference)

MNNO 98/493 0.79 (0.63, 0.98) 0.030 12/87 0.79 (0.42, 1.45) 0.442 0.79 (0.64, 0.97) 0.026
MNO MNO 85/390 1 (Reference) 1/72 1 (Reference) 1 (Reference)

MAO 76/391 0.92 (0.67, 1.25) 0.593 8/104 7.43 (0.93, 59.65) 0.059 2.01 (0.28, 14.56) 0.490

MAO MAO 325/1,404 1 (Reference) 32/267 1 (Reference) 1 (Reference)

MNO 34/174 0.81 (0.57, 1.15) 0.231 2/26 1.79 (0.42, 7.56) 0.428 0.87 (0.56, 1.37) 0.553
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heterogeneity of obesity with incident dementia in mid-
dle-aged adults, with inconclusive findings [10, 11, 41]. In 
the Whitehall II (median follow-up = 20.8  years), MNO 
was associated with a substantially higher risk of incident 
dementia in individuals aged < 60 years (HR: 1.69, 95% CI: 
1.16–2.45 compared with MNNO) [10]; while in another 
cohort study based on the National Health Insurance 
System of Korea (median follow-up = 5.4  years), an 
inverse association was observed between MNO and 
incident dementia (HR: 0.90, 95% CI: 0.87–0.93) [11]. 
Our observations in three well-characterized cohort 
studies suggested no significant difference in dementia 
risks between MNNO and MNO groups. Differences in 
population characteristics and methodologies for assess-
ing obesity and metabolic status may contribute to the 
inconsistency across studies. For instance, the White-
hall II study primarily involved a male population [10], 
which was inconsistent with the three cohorts in the 
current study. Additionally, Wang and colleagues used 
blood pressure and blood-based biomarkers, includ-
ing C-reactive protein (CRP), TG, low-density lipopro-
tein cholesterol (LDL-C), HDL-C, and HbA1c, to define 
metabolic status [41], which was different from the other 
studies [10–13]. In addition, variations in adjustments for 
confounding may contribute to the different associations 
observed across investigations. Furthermore, most previ-
ous studies were limited by small sample sizes or short-
term follow-up, which may result in reverse causation 
induced by early physiological and biochemical changes 
resulting from preclinical dementia. Our study provided 
valuable information with relatively long-term follow-up, 
but future studies are still warranted to clarify the causal 
association between MNO and dementia.

The comparisons of the associations of obesity and 
abnormal metabolic status with dementia findings are 
novel. Participants with abnormal metabolic status had a 
higher HR for incident dementia than participants with 
higher BMI. In addition, individuals with MANO had a 
33% higher risk of incident dementia, while MNO was 
not associated with dementia. Thus, our study provided 
additional evidence that metabolic abnormality had a 
greater impact on elevated dementia risk than obesity.

In addition to the baseline BMI-metabolic phenotypes, 
our study also investigated the associations of changes 
in metabolic status with incident dementia in popula-
tions with and without obesity, which were few exam-
ined previously [10, 13]. Machado-Fragua and colleagues 
constructed five trajectories to identify different transi-
tion patterns, but they failed to explore the associations 
of metabolic status transitions with dementia in indi-
viduals with obesity due to the absence of corresponding 
trajectories [10]. Cho et al. investigated the associations 
between BMI-metabolic phenotypes transitions and AD 

among participants aged > 60 years [13], which were dif-
ferent from current study populations. Therefore, our 
findings of the associations between changes in meta-
bolic status and risk of incident dementia in middle-aged 
adults are unique. The findings suggested potential risks 
of accelerated dementia progression when metabolic sta-
tus transitioned from normal to abnormal in both popu-
lations with and without obesity, although they did not 
reach statistical significance in the main analyses. In con-
trast, attenuated dementia development was observed in 
participants who transitioned from MANO to MNNO as 
compared with stable MANO.

Although the underlying biological mechanism 
remains unclear, insulin resistance, oxidation, and 
inflammation pathways could potentially explain the 
observed associations [42–45]. For example, both obesity 
and metabolic abnormality can increase the expression 
of proinflammatory cytokines [43, 44], which contribute 
to neurodegeneration and neurotoxicity, leading to the 
onset of dementia [46–48]. Compared with MAO group, 
individuals with MNO had lower oxidative stress, greater 
plasma adiponectin concentration, and lower skeletal 
muscle ceramide content. These factors may confer pro-
tection against the higher degree of insulin resistance 
observed in MAO group [45]. On the other hand, obesity 
is positively associated with the secretion of nerve growth 
factors, which might potentially protect against dementia 
by affecting the cholinergic system [49]. Consequently, 
the direction of the pooled effect of obesity remains 
uncertain, which might clarify the observations that a 
combination of abnormal metabolic conditions may have 
a greater influence on dementia development than obe-
sity alone, and the risk of dementia for participants with 
MAO was higher than participants with MNO.

Our findings have several critical clinical and pub-
lic health implications. First of all, our results suggested 
that metabolic abnormality plays a more significant role 
in dementia than obesity, indicating that individuals with 
abnormal metabolic status are crucial targets for dementia 
prevention. However, since obesity is a major contributor 
to abnormal metabolic status, a combination of effective 
weight management and maintaining a healthy meta-
bolic status is essential for the prevention of dementia. 
Secondly, it is imperative to incorporate the assessment 
of  metabolic status into standard clinical procedures. 
Individuals with MANO are frequently overlooked 
in health management due to their seemingly normal 
weight, while regular screening for metabolic status can 
facilitate the early identification of these at-risk individu-
als, enabling timely interventions that may decelerate the 
progression of dementia. In addition, given that abnormal 
metabolic status is reversible and individuals without obe-
sity can decrease the risk of dementia by restoring normal 
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metabolic status, public health initiatives should focus on 
enhancing metabolic health education among middle-
aged adults, promoting consistent metabolic screenings, 
and ensuring prompt interventions.

The strengths of the current study include long-term 
follow-up in population-based cohort studies, which ena-
bled us to robustly investigate the associations of obesity, 
metabolic status, and metabolic heterogeneity of obesity 
with incident dementia. Since the continuum of demen-
tia includes a long latent phase, our study offered valu-
able insights into the exploration of early risk factors for 
incident dementia. Notably, the observed associations 
remained consistent after excluding individuals who devel-
oped incident dementia within five years of follow-up, sug-
gesting that our findings are not merely cross-sectional. 
Furthermore, this study included three prospective cohorts 
from different ethnicities, all with rigorous study designs 
and large sample sizes, which strengthens our findings. The 
consistency of results across these cohorts underscores the 
generalizability of our conclusions, and  diverse sensitivity 
analyses further ensured the robustness of the results.

However, our findings should be interpreted with cau-
tion due to some limitations. First, we utilized HbA1c as 
a substitute for fasting glucose due to the limited num-
ber of fasting samples in the UKB, which differs from the 
other two cohorts. Nevertheless, the American Diabetes 
Association recommendations support using this metric 
as a reliable stand-in for glucose values [25]. Second, mild 
dementia may go undetected, potentially resulting in 
misclassification bias. Notably, previous studies showed 
acceptable positive predictive values for the defined 
dementia outcome in the UKB, ARIC, and FOS [26–28]. 
Third, as the cohort studies mainly consisted of a West-
ern population, the generalizability of our findings to 
diverse cultural and ethnic backgrounds may be limited. 
Fourth, we were unable to investigate the associations of 
weight status transitions with the risk of dementia due to 
the insufficient number of participants who experienced 
weight changes across the two waves of data collection. 
Longitudinal studies of a larger scale are still warranted 
to construct a more complex transition model and clarify 
the causal associations between transitions in BMI-meta-
bolic phenotypes and dementia. Finally, given the obser-
vational design of this study, residual confounding and 
other non-causal explanations should be considered.

Conclusions
In conclusion, this study provides evidence that meta-
bolic abnormality has a stronger association with demen-
tia than obesity. MANO and MAO, but not MNO, 
are associated with higher risks of incident dementia 
in middle-aged adults. Transitioning from abnormal 

metabolic status to normal decelerates the development 
of dementia in populations without obesity. These find-
ings highlight the important role of metabolic status in 
the development of dementia and recommend the strati-
fied management of obesity based on metabolic status.

Abbreviations
AD	� Alzheimer’s disease
ARIC	� Atherosclerosis Risk in Communities
BMI	� Body mass index
CI	� Confidence interval
CRP	� C-reactive protein
CVD	� Cardiovascular disease
DBP	� Diastolic blood pressure
FBG	� Fasting blood glucose
FOS	� Framingham Offspring Study
HbA1c	� Glycated hemoglobin
HDL-C	� High-density lipoprotein cholesterol
HR	� Hazard ratio
IQR	� Interquartile range
IRB	� Institutional Review Board
LDL-C	� Low-density lipoprotein cholesterol
MANO	� Metabolically abnormal non-obesity
MAO	� Metabolically abnormal obesity
MetS	� Metabolic syndrome
MNNO	� Metabolically normal non-obesity
MNO	� Metabolically normal obesity
NCEP-ATP III	� National Cholesterol Education Program-Adult Treatment 

Panel III
SBP	� Systolic blood pressure
SD	� Standard deviation
STROBE	� Strengthening the Reporting of Observational Studies in 

Epidemiology
TDI	� Townsend deprivation index
TG	� Triglyceride
UKB	� UK Biobank

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s13195-​024-​01581-x.

Supplementary Material 1.

Acknowledgements
We thank all of the participating individuals and staff of the UK Biobank (UKB), 
the Atherosclerosis Risk in Communities (ARIC) study, and the Framingham 
Offspring Study (FOS) who made the study possible.

Authors’ contributions
D.Z., C.Y., and Y.Z. had full access to all of the data in the study and take respon-
sibility for the integrity of the data and the accuracy of the data analysis. 
Y.D., Y.Z., and D.Z. designed and conceptualized the study, interpreted the 
findings, and drafted and revised the manuscript. Y.D. and T.G. performed data 
analysis and D.Z. validated the analyses. J.S. and M.D. revised the manuscript. 
All authors were involved in writing the paper and gave final approval for the 
submitted and published versions.

Funding
This work was supported by Fundamental Research Funds from the Central 
Universities of Zhejiang University and the National Natural Sciences Founda-
tion of China (82204118). The funding agencies had no role in study design, 
data collection, analysis, decision to publish, or manuscript preparation.

Data Availability
Data are available on request for bone fide investigators from managing 
institutions of the three cohort studies: https://www.ukbiobank.ac.uk/enable-
your-research/apply-for-access for the UKB, https://aric.cscc.unc.edu/aric9/

https://doi.org/10.1186/s13195-024-01581-x
https://doi.org/10.1186/s13195-024-01581-x


Page 10 of 11Ding et al. Alzheimer’s Research & Therapy          (2024) 16:220 

researchers/Obtain_Submit_Data for the ARIC, and https://www.framingham-
heartstudy.org/fhs-for-researchers/ for the FOS.

Declarations

Ethics approval and consent to participate
This research was conducted using the UKB (application number 55005), the 
ARIC, and the FOS. All participants provided written informed consent for 
participation in the trial. The UKB received ethical approval from the National 
Health Service North West Multicenter Research Ethics Committee, the ARIC 
was approved by each site’s (Johns Hopkins University, Wake Forest University, 
University of Mississippi Medical Center, and University of Minnesota) institu-
tional review board (IRB), and the FOS was approved by the Boston University 
Medical Center IRB.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 School of Public Health and the Second Affiliated Hospital, Zhejiang Univer-
sity School of Medicine, Hangzhou, Zhejiang, China. 2 Department of Epide-
miology and Biostatistics, and Department of Respiratory Disease, Sir Run Run 
Shaw Hospital, Zhejiang University School of Medicine, Hangzhou, Zhejiang, 
China. 3 Department of Nutrition, Harvard T.H. Chan School of Public Health, 
Boston, MA, USA. 4 Cancer Center, Zhejiang University, Hangzhou, Zhejiang, 
China. 5 The Key Laboratory of Intelligent Preventive Medicine of Zhejiang 
Province, Hangzhou, Zhejiang, China. 

Received: 5 July 2024   Accepted: 25 September 2024

References
	1.	 Blüher M. Obesity: global epidemiology and pathogenesis. Nat Rev Endo-

crinol. 2019;15(5):288–98. https://​doi.​org/​10.​1038/​s41574-​019-​0176-8.
	2.	 Phelps NH, Singleton RK, Zhou B, et al. Worldwide trends in underweight 

and obesity from 1990 to 2022: a pooled analysis of 3663 population-
representative studies with 222 million children, adolescents, and adults. 
Lancet. 2024;403(10431):1027–50. https://​doi.​org/​10.​1016/​S0140-​
6736(23)​02750-2.

	3.	 Gregg EW, Shaw JE. Global health effects of overweight and obesity. N 
Engl J Med. 2017;377(1):80–1. https://​doi.​org/​10.​1056/​NEJMe​17060​95.

	4.	 Tsatsoulis A, Paschou SA. Metabolically healthy obesity: criteria, epidemi-
ology, controversies, and consequences. Curr Obes Rep. 2020;9(2):109–
20. https://​doi.​org/​10.​1007/​s13679-​020-​00375-0.

	5.	 Blüher M. Metabolically healthy obesity. Endocr Rev. 2020;41(3):bnaa004. 
https://​doi.​org/​10.​1210/​endrev/​bnaa0​04.

	6.	 He D, Qiu Y, Yan M, et al. Associations of metabolic heterogeneity of 
obesity with frailty progression: results from two prospective cohorts. J 
Cachexia Sarcopenia Muscle. 2023;14(1):632–41. https://​doi.​org/​10.​1002/​
jcsm.​13169.

	7.	 Beyene HB, Giles C, Huynh K, et al. Metabolic phenotyping of BMI to 
characterize cardiometabolic risk: evidence from large population-
based cohorts. Nat Commun. 2023;14(1):6280. https://​doi.​org/​10.​1038/​
s41467-​023-​41963-7.

	8.	 Caleyachetty R, Thomas GN, Toulis KA, et al. Metabolically healthy obese 
and incident cardiovascular disease events among 3.5 million men and 
women. J Am Coll Cardiol. 2017;70(12):1429–37. https://​doi.​org/​10.​1016/j.​
jacc.​2017.​07.​763.

	9.	 Gao M, Lv J, Yu C, et al. Metabolically healthy obesity, transition to 
unhealthy metabolic status, and vascular disease in Chinese adults: a 
cohort study. PLoS Med. 2020;17(10):e1003351. https://​doi.​org/​10.​1371/​
journ​al.​pmed.​10033​51.

	10.	 Machado-Fragua MD, Sabia S, Fayosse A, et al. Is metabolic-healthy 
obesity associated with risk of dementia? An age-stratified analysis of the 
Whitehall II cohort study. BMC Med. 2023;21(1):436. https://​doi.​org/​10.​
1186/​s12916-​023-​03155-4.

	11.	 Lee J-Y, Han K, Han E, et al. Risk of incident dementia according to meta-
bolic health and obesity status in late life: a population-based cohort 
study. J Clin Endocrinol Metab. 2019;104(7):2942–52. https://​doi.​org/​10.​
1210/​jc.​2018-​01491.

	12.	 Ma LZ, Huang YY, Wang ZT, et al. Metabolically healthy obesity reduces the 
risk of Alzheimer’s disease in elders: a longitudinal study. Aging (Albany 
NY). 2019;11(23):10939–51. https://​doi.​org/​10.​18632/​aging.​102496.

	13.	 Cho YK, Lee J, Kim HS, et al. The risk of Alzheimer’s disease according 
to dynamic changes in metabolic health and obesity: a nationwide 
population-based cohort study. Aging (Albany NY). 2021;13(13):16974–
89. https://​doi.​org/​10.​18632/​aging.​203255.

	14.	 Eckel N, Li Y, Kuxhaus O, Stefan N, Hu FB, Schulze MB. Transition from 
metabolic healthy to unhealthy phenotypes and association with cardio-
vascular disease risk across BMI categories in 90 257 women (the Nurses’ 
Health Study): 30 year follow-up from a prospective cohort study. Lancet 
Diabetes Endocrinol. 2018;6(9):714–24. https://​doi.​org/​10.​1016/​S2213-​
8587(18)​30137-2.

	15.	 Lin L, Zhang J, Jiang L, et al. Transition of metabolic phenotypes and 
risk of subclinical atherosclerosis according to BMI: a prospective 
study. Diabetologia. 2020;63(7):1312–23. https://​doi.​org/​10.​1007/​
s00125-​020-​05116-5.

	16.	 Sudlow C, Gallacher J, Allen N, et al. UK biobank: an open access resource 
for identifying the causes of a wide range of complex diseases of middle 
and old age. PLoS Med. 2015;12(3): e1001779. https://​doi.​org/​10.​1371/​
journ​al.​pmed.​10017​79.

	17.	 Wright JD, Folsom AR, Coresh J, et al. The Atherosclerosis Risk in Com-
munities (ARIC) study: JACC Focus Seminar 3/8. J Am Coll Cardiol. 
2021;77:2939–59. https://​doi.​org/​10.​1016/j.​jacc.​2021.​04.​035.

	18.	 Feinleib M, Kannel WB, Garrison RJ, McNamara PM, Castelli WP. The 
Framingham offspring study. Design and preliminary data. Prev Med. 
1975;4(4):518–25. https://​doi.​org/​10.​1016/​0091-​7435(75)​90037-7.

	19.	 Tsao CW, Vasan RS. Cohort profile: the Framingham Heart Study (FHS): 
overview of milestones in cardiovascular epidemiology. Int J Epidemiol. 
2015;44(6):1800–13. https://​doi.​org/​10.​1093/​ije/​dyv337.

	20.	 Field N, Cohen T, Struelens MJ, et al. Strengthening the reporting of 
molecular epidemiology for infectious diseases (STROME-ID): an exten-
sion of the STROBE statement. Lancet Infect Dis. 2014;14(4):341–52. 
https://​doi.​org/​10.​1016/​S1473-​3099(13)​70324-4.

	21.	 Obesity: preventing and managing the global epidemic. Report of a WHO 
consultation. World Health Organ Tech Rep Ser. 2000;894:i–xii, 1–253.

	22.	 Grundy SM, Cleeman JI, Daniels SR, et al. Diagnosis and management of the 
metabolic syndrome: an American Heart Association/National Heart, Lung, 
and Blood Institute scientific statement. Circulation. 2005;112(17):2735–52. 
https://​doi.​org/​10.​1161/​CIRCU​LATIO​NAHA.​105.​169404.

	23.	 Qureshi D, Collister J, Allen NE, Kuźma E, Littlejohns T. Association 
between metabolic syndrome and risk of incident dementia in UK 
Biobank. Alzheimers Dement. 2023. https://​doi.​org/​10.​1002/​alz.​13439.

	24.	 Hinnouho G-M, Czernichow S, Dugravot A, et al. Metabolically healthy 
obesity and the risk of cardiovascular disease and type 2 diabetes: the 
Whitehall II cohort study. Eur Heart J. 2015;36(9):551–9. https://​doi.​org/​10.​
1093/​eurhe​artj/​ehu123.

	25.	 American Diabetes Association. Standards of medical care in diabe-
tes–2010. Diabetes Care. 2010;33 Suppl 1(Suppl 1):S11-61. https://​doi.​
org/​10.​2337/​dc10-​S011.

	26.	 Wilkinson T, Schnier C, Bush K, et al. Identifying dementia outcomes in 
UK Biobank: a validation study of primary care, hospital admissions and 
mortality data. Eur J Epidemiol. 2019;34(6):557–65. https://​doi.​org/​10.​
1007/​s10654-​019-​00499-1.

	27.	 Gottesman RF, Albert MS, Alonso A, et al. Associations between midlife 
vascular risk factors and 25-year incident dementia in the Atherosclerosis 
Risk in Communities (ARIC) cohort. JAMA Neurol. 2017;74(10):1246–54. 
https://​doi.​org/​10.​1001/​jaman​eurol.​2017.​1658.

https://doi.org/10.1038/s41574-019-0176-8
https://doi.org/10.1016/S0140-6736(23)02750-2
https://doi.org/10.1016/S0140-6736(23)02750-2
https://doi.org/10.1056/NEJMe1706095
https://doi.org/10.1007/s13679-020-00375-0
https://doi.org/10.1210/endrev/bnaa004
https://doi.org/10.1002/jcsm.13169
https://doi.org/10.1002/jcsm.13169
https://doi.org/10.1038/s41467-023-41963-7
https://doi.org/10.1038/s41467-023-41963-7
https://doi.org/10.1016/j.jacc.2017.07.763
https://doi.org/10.1016/j.jacc.2017.07.763
https://doi.org/10.1371/journal.pmed.1003351
https://doi.org/10.1371/journal.pmed.1003351
https://doi.org/10.1186/s12916-023-03155-4
https://doi.org/10.1186/s12916-023-03155-4
https://doi.org/10.1210/jc.2018-01491
https://doi.org/10.1210/jc.2018-01491
https://doi.org/10.18632/aging.102496
https://doi.org/10.18632/aging.203255
https://doi.org/10.1016/S2213-8587(18)30137-2
https://doi.org/10.1016/S2213-8587(18)30137-2
https://doi.org/10.1007/s00125-020-05116-5
https://doi.org/10.1007/s00125-020-05116-5
https://doi.org/10.1371/journal.pmed.1001779
https://doi.org/10.1371/journal.pmed.1001779
https://doi.org/10.1016/j.jacc.2021.04.035
https://doi.org/10.1016/0091-7435(75)90037-7
https://doi.org/10.1093/ije/dyv337
https://doi.org/10.1016/S1473-3099(13)70324-4
https://doi.org/10.1161/CIRCULATIONAHA.105.169404
https://doi.org/10.1002/alz.13439
https://doi.org/10.1093/eurheartj/ehu123
https://doi.org/10.1093/eurheartj/ehu123
https://doi.org/10.2337/dc10-S011
https://doi.org/10.2337/dc10-S011
https://doi.org/10.1007/s10654-019-00499-1
https://doi.org/10.1007/s10654-019-00499-1
https://doi.org/10.1001/jamaneurol.2017.1658


Page 11 of 11Ding et al. Alzheimer’s Research & Therapy          (2024) 16:220 	

	28.	 Satizabal C, Beiser AS, Seshadri S. Incidence of dementia over three 
decades in the Framingham heart study. N Engl J Med. 2016;375(1):93–4. 
https://​doi.​org/​10.​1056/​NEJMc​16048​23.

	29.	 Kaur J. Assessment and screening of the risk factors in metabolic 
syndrome. Medical Sciences. 2014;2(3):140–52. https://​doi.​org/​10.​3390/​
medsc​i2030​140.

	30.	 Livingston G, Huntley J, Sommerlad A, et al. Dementia prevention, 
intervention, and care: 2020 report of the Lancet Commission. Lancet. 
2020;396(10248):413–46. https://​doi.​org/​10.​1016/​S0140-​6736(20)​30367-6.

	31.	 Peter BPT, Phillimore A. Health and deprivation: inequality and the north. 
London: Routledge; 2023.

	32.	 White IR, Royston P, Wood AM. Multiple imputation using chained equa-
tions: issues and guidance for practice. Stat Med. 2011;30(4):377–99. 
https://​doi.​org/​10.​1002/​sim.​4067.

	33.	 Riley RD, Lambert PC, Abo-Zaid G. Meta-analysis of individual participant 
data: rationale, conduct, and reporting. BMJ. 2010;340:c221.https://​doi.​
org/​10.​1136/​bmj.​c221.

	34.	 Alberti KGMM, Eckel RH, Grundy SM, et al. Harmonizing the metabolic 
syndrome: a joint interim statement of the International Diabetes Federa-
tion Task Force on Epidemiology and Prevention; National Heart, Lung, 
and Blood Institute; American Heart Association; World Heart Federation; 
International Atherosclerosis Society; and International Association for 
the Study of Obesity. Circulation. 2009;120(16):1640–5. https://​doi.​org/​10.​
1161/​CIRCU​LATIO​NAHA.​109.​192644.

	35.	 Gerds TA, Scheike TH, Andersen PK. Absolute risk regression for com-
peting risks: interpretation, link functions, and prediction. Stat Med. 
2012;31:3921–30. https://​doi.​org/​10.​1002/​sim.​5459.

	36.	 . Machado-Fragua MD, Fayosse A, Yerramalla MS, et al. Association of 
metabolic syndrome with incident dementia: role of number and age at 
measurement of components in a 28-year follow-up of the Whitehall II 
cohort study. Diabetes Care. 2022;45(9):2127–35. https://​doi.​org/​10.​2337/​
dc22-​0206.

	37.	 Li J, Joshi P, Ang TFA, et al. Mid- to late-life body mass index and dementia 
risk: 38 years of follow-up of the Framingham study. Am J Epidemiol. 
2021;190(12):2503–10. https://​doi.​org/​10.​1093/​aje/​kwab0​96.

	38.	 Zeki Al Hazzouri A, Vittinghoff E, Hoang T, et al. Body mass index in early 
adulthood and dementia in late life: findings from a pooled cohort. 
Alzheimers Dement. 2021;17(11):1798–807. https://​doi.​org/​10.​1002/​alz.​
12367.

	39.	 Pedditzi E, Peters R, Beckett N. The risk of overweight/obesity in mid-life 
and late life for the development of dementia: a systematic review and 
meta-analysis of longitudinal studies. Age Ageing. 2016;45(1):14–21. 
https://​doi.​org/​10.​1093/​ageing/​afv151.

	40.	 Qu Y, Hu H-Y, Ou Y-N, et al. Association of body mass index with risk of 
cognitive impairment and dementia: a systematic review and meta-
analysis of prospective studies. Neurosci Biobehav Rev. 2020;115:189–98. 
https://​doi.​org/​10.​1016/j.​neubi​orev.​2020.​05.​012.

	41.	 Wang R-Z, He Y, Deng Y-T, et al. Body weight in neurological and psy-
chiatric disorders: a large prospective cohort study. Nat Mental Health. 
2024;1–11:1. https://​doi.​org/​10.​1038/​s44220-​023-​00158-1.

	42.	 Correia SC, Santos RX, Carvalho C, et al. Insulin signaling, glucose metabo-
lism and mitochondria: major players in Alzheimer’s disease and diabetes 
interrelation. Brain Res. 2012;1441:64–78. https://​doi.​org/​10.​1016/j.​brain​
res.​2011.​12.​063.

	43.	 Borshchev YY, Uspensky YP, Galagudza MM. Pathogenetic pathways of 
cognitive dysfunction and dementia in metabolic syndrome. Life Sci. 
2019;237:116932. https://​doi.​org/​10.​1016/j.​lfs.​2019.​116932.

	44.	 O’Brien PD, Hinder LM, Callaghan BC, Feldman EL. Neurological conse-
quences of obesity. Lancet Neurol. 2017;16(6):465–77. https://​doi.​org/​10.​
1016/​S1474-​4422(17)​30084-4.

	45.	 Petersen MC, Smith GI, Palacios HH, et al. Cardiometabolic characteristics 
of people with metabolically healthy and unhealthy obesity. Cell Metab. 
2024;36(4):745-761.e5. https://​doi.​org/​10.​1016/j.​cmet.​2024.​03.​002.

	46.	 Bahceci M, Gokalp D, Bahceci S, Tuzcu A, Atmaca S, Arikan S. The correla-
tion between adiposity and adiponectin, tumor necrosis factor alpha, 
interleukin-6 and high sensitivity C-reactive protein levels. Is adipo-
cyte size associated with inflammation in adults? J Endocrinol Invest. 
2007;30(3):210–4. https://​doi.​org/​10.​1007/​BF033​47427.

	47.	 Deng Y-T, Li Y-Z, Huang S-Y, et al. Association of life course adiposity 
with risk of incident dementia: a prospective cohort study of 322,336 

participants. Mol Psychiatry. 2022;27(8):3385–95. https://​doi.​org/​10.​1038/​
s41380-​022-​01604-9.

	48.	 Slaney C, Sallis HM, Jones HJ, et al. Association between inflammation 
and cognition: triangulation of evidence using a population-based 
cohort and Mendelian randomization analyses. Brain Behav Immun. 
2023;110:30–42. https://​doi.​org/​10.​1016/j.​bbi.​2023.​02.​010.

	49.	 Kiliaan AJ, Arnoldussen IAC, Gustafson DR. Adipokines: a link between 
obesity and dementia? Lancet Neurol. 2014;13(9):913–23. https://​doi.​org/​
10.​1016/​S1474-​4422(14)​70085-7.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1056/NEJMc1604823
https://doi.org/10.3390/medsci2030140
https://doi.org/10.3390/medsci2030140
https://doi.org/10.1016/S0140-6736(20)30367-6
https://doi.org/10.1002/sim.4067
https://doi.org/10.1136/bmj.c221
https://doi.org/10.1136/bmj.c221
https://doi.org/10.1161/CIRCULATIONAHA.109.192644
https://doi.org/10.1161/CIRCULATIONAHA.109.192644
https://doi.org/10.1002/sim.5459
https://doi.org/10.2337/dc22-0206
https://doi.org/10.2337/dc22-0206
https://doi.org/10.1093/aje/kwab096
https://doi.org/10.1002/alz.12367
https://doi.org/10.1002/alz.12367
https://doi.org/10.1093/ageing/afv151
https://doi.org/10.1016/j.neubiorev.2020.05.012
https://doi.org/10.1038/s44220-023-00158-1
https://doi.org/10.1016/j.brainres.2011.12.063
https://doi.org/10.1016/j.brainres.2011.12.063
https://doi.org/10.1016/j.lfs.2019.116932
https://doi.org/10.1016/S1474-4422(17)30084-4
https://doi.org/10.1016/S1474-4422(17)30084-4
https://doi.org/10.1016/j.cmet.2024.03.002
https://doi.org/10.1007/BF03347427
https://doi.org/10.1038/s41380-022-01604-9
https://doi.org/10.1038/s41380-022-01604-9
https://doi.org/10.1016/j.bbi.2023.02.010
https://doi.org/10.1016/S1474-4422(14)70085-7
https://doi.org/10.1016/S1474-4422(14)70085-7

	Associations of metabolic heterogeneity of obesity with the risk of dementia in middle-aged adults: three prospective studies
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Study participants
	Definitions of obesity, metabolic syndrome criteria, and metabolic status
	Ascertainment of dementia
	Covariates
	Statistical analysis

	Results
	Baseline characteristics of the study population
	Associations of baseline obesity and metabolic status with incident dementia
	Associations of baseline BMI-metabolic phenotypes with incident dementia
	Associations of changes in metabolic status with incident dementia
	Sensitivity analyses

	Discussion
	Conclusions
	Acknowledgements
	References


