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Different associations between body mass D
index and Alzheimer’s markers depending
on metabolic health
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Abstract

Background Increasing evidence supports the association between body mass index (BMI), Alzheimer’s disease,

and vascular markers. Recently, metabolically unhealthy conditions have been reported to affect the expression of
these markers. We aimed to investigate the effects of BMI status on Alzheimer’s and vascular markers in relation to
metabolic health status.

Methods We recruited 1,736 Asians without dementia (71.6+8.0 years). Participants were categorized into
underweight, normal weight, or obese groups based on their BMI. Each group was further divided into metabolically
healthy (MH) and unhealthy (MU) groups based on the International Diabetes Foundation definition of metabolic
syndrome. The main outcome was AR positivity, defined as a Centiloid value of 20.0 or above and the presence of
vascular markers, defined as severe white matter hyperintensities (WMH). Logistic regression analyses were performed
for AR positivity and severe WMH with BMI status or interaction terms between BMI and metabolic health status

as predictors. Mediation analyses were performed with hippocampal volume (HV) and baseline Mini-Mental State
Examination (MMSE) scores as the outcomes, and linear mixed models were performed for longitudinal change in
MMSE scores.

Results Being underweight increased the risk of A@ positivity (odds ratio [OR]=2.37, 95% confidence interval [Cl]
1.13-4.98), whereas obesity decreased A3 positivity risk (OR=0.63, 95% Cl 0.50-0.80). Especially, obesity decreased
the risk of AR positivity (OR=0.38, 95% Cl 0.26-0.56) in the MH group, but not in the MU group. Obesity increased
the risk of severe WMH (OR=1.69, 1.16-2.47). Decreased AR positivity mediate the relationship between obesity and
higher HV and MMSE scores, particularly in the MH group. Obesity demonstrated a slower decline in MMSE (3=1.423,
p=0.037) compared to being normal weight, especially in the MH group.

Conclusions Our findings provide new evidence that metabolic health has a significant effect on the relationship
between obesity and Alzheimer’s markers, which, in turn, lead to better clinical outcomes.
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Background

Inceasing epidemiological evidence supports the asso-
ciation between body mass index (BMI) and Alzheim-
er’s disease (AD) markers. Specifically, obesity in late
life is associated with low amyloid beta (AP) accu-
mulation, while being underweight poses a high risk
for AP burden [1-3]. Moreover, studies conducted
by our research group have shown that metabolically
unhealthy conditions, including hypertension [4], dia-
betes mellitus [5], and dyslipidemia [6], are associated
with increased AD markers including Ap uptakes,
hippocampal atrophy, and cognitive decline in non-
dementia participants. Considering that obesity and
the metabolically unhealthy conditions may have
opposing effects on AD markers, we hypothesized
that the protective effects of obesity on AD markers
may be more prominent in the metabolically healthy
(MH) group than in the metabolically unhealthy (MU)
group. We also hypothesized that the detrimental
effects of being underweight on AD markers may be
more pronounced in the MU group than in the MH
group. However, no differences may be observed in
the relationship between obesity and cerebral small
vascular disease (CSVD) markers based on metabolic
health, as BMI has been shown to exhibit a U-shaped
risk profile with regard to cardiovascular diseases [7,
8]. CSVD markers including white matter hyperinten-
sities (WMH) commonly occur in AD [9]. However,
most previous studies did not take the MH status into
account when assessing the effect of BMI status on AD
and CSVD markers [10-12]. Furthermore, previous
studies have included some participants with demen-
tia, despite the fact that the effects of BMI status on
AD markers may differ between non-dementia and
dementia stages [3].

In this study, we aimed to investigate the effects of
BMI on AD and CSVD markers, as well as their clini-
cal implications in relation to metabolic health, in a
large Asian cohort without dementia. First, we sought
to determine whether being underweight or obese was
associated with AP positivity on positron emission
computed tomography (PET) scans, with a specific
focus on how these associations varied with metabolic
health status. Second, we aimed to investigate whether
the BMI statuses were associated with severe WMH,
again considering the metabolic health status. Third,
we examined whether statistically significant mark-
ers from previous analyses mediate the relationship
between BMI, hippocampal atrophy, and cognitive
impairment, especially in the MH group. Finally, we

explored the effects of BMI on longitudinal cognitive
decline according to metabolic health status.

Methods

Study participants

We recruited a total of 1,772 participants who were
either cognitively unimpaired (CU) or had a mild cog-
nitive impairment (MCI) and underwent an A PET
scan at the Samsung Medical Center between August
2015 and January 2023. The CU participants were
composed of spouses of patients who visited the mem-
ory clinic, volunteers who applied for comprehensive
dementia evaluation advertised in the paper, and par-
ticipants who had cognitive complaints. The diag-
nostic criteria for CU were as follows: (1) no medical
history that could potentially affect cognitive function
based on Christensen’s health screening criteria [13];
(2) no objective cognitive impairment in any cognitive
domain, as determined by a comprehensive neuro-
psychological test battery (performance above at least
—1.0 standard deviation [SD] of age-adjusted norms on
any cognitive test); and (3) independence in activities
of daily living. Detailed information of the neuropsy-
chological test battery is described in Supplementary
Methods. The criteria for diagnosing MCI were based
on the 2011 National Institute on Aging-Alzheimer’s
Association Diagnostic Guidelines [14].

All participants underwent clinical interviews, neu-
rological and neuropsychological examinations, and
laboratory tests, including complete blood count,
blood chemistry, thyroid function tests, syphilis serol-
ogy, and vitamin Bj,/folate levels. The absence of
structural lesions, including cerebral infarctions, brain
tumors, vascular malformations, and hippocampal
sclerosis, was confirmed using brain magnetic reso-
nance imaging (MRI).

This study was approved by the Institutional Review
Board of the Samsung Medical Center. Written informed
consent was obtained from all participants prior to their
participation.

BMl status

According to the World Health Organization, obesity
phenotypes in Asians are categorized by BMI [15]:
below 18.5 kg/m? as underweight, between 18.5 kg/
m? and 23 kg/m? as normal weight, between 23 kg/
m? and 25 kg/m? as overweight and above 25 kg/m? as
obese. In this study, we grouped participants between
18.5 kg/m? and 25 kg/m? as one group because our
previous research has shown that individuals in this
range of BMI have similar patterns of AD markers
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[16-18]. Thus, in this study, participants were divided
into three groups as follows: below 18.5 kg/m? as
underweight, between 18.5 kg/m? and 24.9 kg/m? as
normal weight, and above 25 kg/m? as obese (Fig. 1).

Definitions of metabolic health

Participants were also divided into MH and MU
groups using criteria based on the International Dia-
betes Foundation (IDF) definition of metabolic syn-
drome and previous studies (Fig. 1) [19-22]. The waist
circumference criterion from the IDF definition was
not included because of its collinearity with BMI. Par-
ticipants were classified into the MU group if they met
two or more of the criteria: (1) elevated systolic blood
pressure (=130 mmHg) or diastolic blood pressure
(=85 mmHg) or receiving antihypertensive treatment;
(2) elevated fasting plasma glucose (=100 mg/dL) or
receiving antidiabetic treatment; (3) elevated triglycer-
ides (=150 mg/dL) or receiving specific treatment for
triglycerides abnormality; and (4) reduced high-den-
sity lipoprotein cholesterol (HDL-C) levels (<40 mg/
dL in men and <50 mg/dL in women) or receiving spe-
cific treatment for HDL-C abnormality.

AB PET acquisition and quantification

In order to measure AP deposition which is one of the
earliest recognizable pathological events in Alzheim-
er’s disease [23], all participants underwent A PET
scans using a Discovery STe PET/CT scanner (GE
Medical Systems, Milwaukee, WI, USA) with either
I18E_florbetaben (FBB) or '®F-flutemetamol (FMM).
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PET scans were performed in dynamic mode includ-
ing four 5-min frames, which resulted in a 20-min
emission scan. Scans were performed 90 min after
the injection of an average dose of 311.5 MBq FBB or
197.7 MBq FMM. The detailed imaging acquisition
protocols are described in Supplementary Methods.

We used the regional direct comparison centiloid
(rdcCL) method to conduct the normalized quantita-
tive analysis of PET-measured AP [24]. The detailed
quantification methods are described in Supplemen-
tary Methods. We defined Af positivity using a global
rdcCL cutoff value of 20.0, which has been increas-
ingly used as a criterion in various cohort studies and
clinical trials [25, 26]. Thirty-six participants without
rdcCL data from AP PET were excluded. Thus, the
final analysis included 1,736 participants.

MRI acquisition and quantification
We acquired standardized three-dimensional T1
Turbo Field Echo and three-dimensional fluid-attenu-
ated inversion recovery (FLAIR) images using a 3.0 T
MRI scanner (Philips 3.0T Achieva; Philips Healthcare,
Andover, MA, USA), as previously described [27].
Hippocampal atrophy is a recognized biomarker
of neurodegeneration in Alzheimer’s disease, as sug-
gested by the National Institute on Aging-Alzheimer’s
Association [28—-30] and the National Institute of Neu-
rological Disorders and Stroke—Alzheimer Disease and
Related Disorders working groups [31]. To measure
the hippocampal volume (HV), we used an automated
hippocampal segmentation method using a graph-cut

| CUadMCI(N-1,772) |

} Absence of rdcCL data (N=36) ‘

Finally analyzed study subjects

(N=1,736)
BMI < 18.5 kg/m? 18.5 kg/m? < BMI < 25 kg/m? 25 kg/m? < BMI
(N=46) (N=1,109) (N=581)
| |
! | | ) ) |
| MH®N=38) || MUM=8) | | MH®N=626) | | MUN=483) | | MH®N=247) || MU®N=334) |

Fig. 1 Flow of participant selection. A total of 1,772 participants with CU or MCl were recruited for this study. After excluding 36 participants without cen-
tiloid data from AP PET, the final analyses included 1,736 participants. Participants were sorted into three groups based on their BMI: BMI below 18.5 kg/
m?as underweight, BMI between 18.5 kg/m? and 24.9 kg/m? as normal weight group, BMI above 25 kg/m? as obesity group. Subsequently, participants in
each BMI status group were classified into the MH and MU groups according to thelnternational Diabetes Foundation definition of metabolic syndrome
and previous studies. BMI=body mass index; CU=cognitively unimpaired; MCl=mild cognitive impairment; MH=metabolically healthy; MU=metaboli-

cally unhealthy; rdcCL =regional direct comparison centiloid
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algorithm combined with atlas-based segmentation
and morphological opening, as described in a previous
study [32].

WMH severity was defined using the WMH visual rat-
ing scale, proposed by the Clinical Research Center for
Dementia in South Korea (CREDOS). According to our
previous study, the presence of severe WMH indicates
the severity of CSVD markers, including WMH volume,
number of lacunes, and number of microbleeds [33].
Severe WMH was defined based on the following criteria:
(1) WMH of 10 mm or more in the periventricular white
matter (caps or rim) and (2) WMH of 25 mm or more
(maximum diameter) in the deep white matter, consistent
with an extensive white matter lesion or diffusely conflu-
ent lesion [27]. WMH severity was manually evaluated by
the experienced neurologists. The inter-rater reliability
of the CREDOS WMH visual rating scale was previously
found to be excellent (intra-class correlation coefficient
between 0.726 and 0.905) [34].

Longitudinal assessment of cognitive decline

The Mini-Mental State Examination (MMSE) [35] was
used to assess global cognition at and throughout the
assessment of longitudinal cognitive decline because
MMSE has long been the most widely used tool for
screening and follow-up of cognitive function. Among
the 1,736 participants, a total of 1,723 participants
underwent follow-up MMSE assessments. The mean
assessment period was 3.113.5 years, and the number of
MMSE assessments was 3.1+0.1.

Statistical analyses

Demographic and clinical characteristics are presented as
mean (SD) for continuous variables and as numbers (per-
centages) for categorical variables.

To investigate the impact of BMI status on AP positiv-
ity, logistic regression was conducted using BMI status
as the predictor and A positivity as the outcome after
controlling for age, sex, APOE genotype (¢4 non-carrier
vs. €4 carrier), and disease stage (CU vs. MCI). We also
performed logistic regression using the same model for
each metabolic health status group, along with a logis-
tic regression that included an interaction term between
BMI status and metabolic health status in the entire study
population.

To investigate the impact of BMI on severe WMH,
logistic regression analysis was conducted after control-
ling for age, sex, and disease stage. We also performed
logistic regression using the same model for each meta-
bolic health status group, along with a logistic regres-
sion that included an interaction term between BMI
status and metabolic health status in the entire study
population.
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To determine whether AD and CSVD markers that
were significantly associated with BMI status affected
clinical outcomes (HV and MMSE), we performed a
mediation analyses. Prior to analysis, we confirmed that
HV and MMSE satisfied the assumptions of normal dis-
tribution [36]. To identify whether AP positivity medi-
ated the effect of BMI status on HV and MMSE score, we
performed mediation analyses, after controlling for age,
sex, APOE genotype, and disease stage. Intracranial vol-
ume and years of education were added as covariates for
HV and MMSE scores, respectively. Bootstrapping was
used to verify the significance of indirect effects. To iden-
tify whether severe WMH mediated the effect of BMI
status on HV and MMSE score, we performed mediation
analyses after controlling for age, sex, and disease stage.
APOE genotype was controlled as a covariate for both
HV and MMSE scores, while intracranial volume and
years of education were added as covariates for HV and
MMSE scores, respectively.

To investigate the effects of BMI status on longitudinal
MMSE scores, we performed a linear mixed model after
including age, sex, APOE genotype, disease stage, years
of education, and the interaction term between time and
BMI status (time X BMI status) as covariates. The inter-
action between BMI and metabolic health was assessed
using a three-way interaction term (time x BMI status
X metabolic health status). Due to a skewed distribution
of longitudinal MMSE data, the MMSE scores for was
transformed using a Box-Cox transformation [37] prior
to its inclusion in linear mixed model analyses.

Covariates known to significantly affect the outcome
variable were used in all analyses. APOE genotype, which
is known to influence A positivity, HV, and cognition,
was adjusted for when these variables were outcomes.
However, because its association with WMH is not well
established, APOE genotype was not adjusted for when
severe WMH was the outcome. Similarly, education,
which has little or inconsistent effects on AP positivity,
severe WMH, and HV but is strongly correlated with
cognition, was used as a covariate only when the MMSE
was the outcome.

All reported p-values were two-tailed and the signifi-
cance level was set at 0.05. When conducting analyses
within each healthy group, we applied multiple com-
parison corrections using the Bonferroni correction
method. All the analyses were performed using using R
version 4.2.3 (The R Foundation for Statistical Comput-
ing, Vienna, Austria), SAS version 9.4 (SAS Institute
Inc., Cary, NC, USA) and Mplus version 8.1 (Muthén &
Muthén, LA, CA, USA).
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Results

Participants’ clinical characteristics

The demographic and clinical characteristics of the study
participants are shown in Table 1. The mean age, along
with standard deviations (£SD) was 71.6+8.0 years, and
1,015 (58.5%) participants were female. Further, 591
(34.0%) participants were CU. Of the total 1,736 partici-
pants, 46 (2.6%) were categorized into the underweight
group, 1,109 (63.9%) into the normal weight group, and
581 (33.5%) into the obese group. Regarding metabolic
health status, 38 (82.6%) MH participants were in the
underweight group, 626 (56.4%) in the normal weight
group, and 247 (42.5%) in the obese group.

Effects of BMI on Alzheimer’s and vascular markers based
on metabolic health

Figure 2A shows an increased risk of Af positivity among
individuals who are underweight (odds ratio [OR]=2.37,
95% confidence interval [CI] 1.13-4.98). In contrast, obe-
sity was associated with a decreased risk of AP positivity
(OR=0.63, 95% CI 0.50—0.80). Notably, within the MH
group, obesity significantly decreased the risk of A posi-
tivity (OR=0.38, 95% CI 0.26—0.56), while in MU group it
did not (OR=0.97, 95% CI 0.70-1.33). These results indi-
cate an interaction between obesity and metabolic health
status concerning AP positivity (p for obesity [reference:
normal weight] X metabolic health status [reference:
MH] <0.001).

Figure 2B shows that obesity was associated with a
higher risk of severe WMH (OR=1.69, 95% CI 1.16
to 2.47, p=0.006). Further, no significant interaction
was observed between obesity and metabolic health in
patients with severe WMH (p for obesity x metabolic
health status=0.494).

Mediation between BMI status and clinical outcomes
The presence of AP positivity fully mediated the associa-
tion between being underweight and lower HV (Fig. 3A)
as well as lower MMSE scores (Fig. 3B). The absence of
A positivity also fully mediated the association between
obesity and higher HV (Fig. 3A) as well as higher
MMSE scores (Fig. 3B). Especially, in the MH group, the
absence of AP positivity also fully mediated the associa-
tion between obesity and higher HV (Fig. 3A) as well as
higher MMSE scores (Fig. 3B).

The presence of WMH did not mediate the relationship
between obesity HV and MMSE scores (Supplementary
Fig. 1).

Effect of BMI on longitudinal MMSE change by metabolic
health

Being underweight showed no significant difference in
MMSE changes over time (3=0.621, p>0.999), whereas
obesity was associated with a slower decline in MMSE
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(p=0.793, p=0.048) when compared to the normal
weight group (Fig. 4A). Notably, within the MH group,
the rate of MMSE score decline was slower in the pres-
ence of obesity compared to individuals with a normal
weight (p=1.423, p=0.037) (Fig. 4B). No interaction
between obesity and metabolic health was observed in
the MMSE score decline over time (p for time X obesity x
metabolic health status=0.363).

Sensitivity analyses

When the participants were stratified by APOE geno-
type (€4 non-carrier vs. €4 carrier), both stratified groups
showed significant associations between obesity and
decreased risk of AP positivity only in the MH group
(¢4 non-carrier: OR=0.41, 95% CI 0.24-0.70; €4 carrier:
OR=0.32, 95% CI 0.15-0.70) (Supplementary Fig. 2).
There were no statistical significances in the three-way
interaction (p for APOE genotype X obesity X metabolic
health status=0.821).

When stratifying participants by disease stage (CU
and MCI), both CU and MCI groups revealed signifi-
cant associations between obesity and decreased risk
of AP positivity only in the MH group (CU: OR=0.38,
95% CI 0.16-0.90; MCI: OR=0.38, 95% CI 0.23-0.63)
(Supplementary Fig. 3). The interaction between obesity
and metabolic health for AB positivity showed statisti-
cal significance in the MCI group (p for obesity x meta-
bolic health status=0.002) and borderline significance
in the CU group (p for obesity x metabolic health sta-
tus=0.052). In the mediation analyses, in MCI group,
the association between obesity and higher HV as well as
higher MMSE scores were fully mediated by the presence
of AP positivity (Supplementary Fig. 4). However, since
the distribution of hippocampal volumes and MMSE
scores in the CU group was skewed, it might be inappro-
priate to proceed mediation analyses in the CU group.
This might be related to the lack of variance in the HV or
MMSE scores in CU group.

No significant interaction was observed between age,
obesity, and metabolic health in patients with AP positiv-
ity (p for age X obesity x metabolic health status=0.941).

Discussion

In this study, we systematically investigated the effects
of BMI on AD and CSVD markers, in relation to meta-
bolic health, within a large Asian cohort without demen-
tia. Our major findings are as follows: Firstly, obesity was
associated with a reduced risk of A positivity. Notably,
the protective effects of obesity on AP positivity were
particularly pronounced in the MH group compared to
the MU group. Secondly, being underweight was asso-
ciated with a higher risk of AP positivity. However, con-
trary to our expectations, no differences were found
in the effects of being underweight on AD markers
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Fig. 2 Effect of metabolic health on the association between BMI status and AR positivity and severe WMH. (A) The risk of AB positivity increased in the
underweight group but decreased in obesity group. Obesity decreased the risk of AB positivity in the MH group. Obesity did not increase the risk of AR
positivity in the MU group. There was an interaction between obesity and metabolic health on AR positivity. (B) Obesity was associated with a higher risk
of severe WMH. No significant interaction was observed between obesity and metabolic health on severe WMH. BMI=body mass index; MH=metaboli-
cally healthy; MU=metabolically unhealthy; WMH=white matter hyperintensity

according to metabolic health status. Finally, obesity, but
not being underweight, was predictive of severe WMH.
Metabolic health did not affect the relationship between
obesity and severe WMH. Taken together, our findings

have uncovered novel associations between BMI and
AD as well as CSVD markers, taking into account meta-
bolic health. These results underscore the importance
of adopting robust strategies to maintain an appropriate
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Fig. 3 Mediation analysis via amyloid-mediated pathways. In this study, UW was defined as a BMI less than 18.5 kg/m? NW was defined as between
185 kg/m? and 24.9 kg/m?, and O was defined as a BMI greater than 25 kg/m?. Statistically significant associations are expressed as solid lines, whereas
non-significant associations are indicated by dashed lines. 3 value for each association are written on the line. (A) AR positivity fully mediated the associa-
tion of BMI status with HV in the whole population. In the MH group, obesity was associated with higher HV only mediated by the absence of AR positivity.
(B) The association of BMI status with MMSE was also fully mediated by AR positivity in the total population. Obesity was associated with higher MMSE,
and only mediated by the absence of AB positivity in the MH group. AR(+) =amyloid beta positivity; HV = hippocampal volume; MMSE = mini-mental state

exam; NW=normal weight group; O=obesity; UW =underweight
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Fig.4 Longitudinal MMSE changes by BMI status and metabolic health. In this study, UW was defined as a BMI less than 18.5 kg/m2, NW was defined as
a BMI between 18.5 kg/m? and 24.9 kg/m? and O was defined as a BMI greater than 25 kg/m?. The analyses were conducted using Box-Cox transformed
longitudinal MMSE data. The predicted values from the fitted model were retransformed to the raw MMSE scale and utilized to plot the graph. (A) The
underweight group showed no significant difference in MMSE changes over time, whereas the obese group showed a slower decline in MMSE scores
compared to the normal weight group. (B) The rate of MMSE score decline was slower in the obese group than in the normal-weight group, but the
interaction between BMI status and metabolic health was not statistically significant. MMSE, Mini-Mental State Examination; NW, normal weight group;

O, obese; UW, underweight; WMH, white matter hyperintensity

weight and metabolic health to mitigate the risk of AD
pathology and related cognitive decline.

Our conclusion which highlights the favorable effects
of obesity in the context of a MH status on clinical out-
comes through AD-related pathways (but not CSVD),
finds support in the following observations: (1) obesity in
MH condition is associated with decreased A positivity,
but not with having WMH; (2) decreased A positivity
mediate the relationship between obesity in MH condi-
tion and higher HV and MMSE scores; (3) obesity in a
MH condition is predictive of slower cognitive decline.
Most previous studies did not consider the effects of
metabolic health on the relationships between BMI sta-
tus and cognitive impairments. However, our conclusion
is supported by a previous study conducted participants
from the Alzheimer’s Disease Neuroimaging Initiative
mainly including non-Hispanic whites (NHWs), which
demonstrated that metabolically healthy obesity (MHO)
was associated with decreased A burdens and a reduced
ratio of conversion to dementia [21].

Furthermore, emphasizing the significance of our con-
clusion is crucial, particularly in light of the observed
ethnic variations (NHWs and Asians) in the effects of
BMI on the MU condition. Specifically, Asians tend to
have higher visceral fat and lower subcutaneous fat com-
pared to NHWs [38], which might be associated with a
higher prevalence of cardiometabolic syndrome and its
complications in Asians compared to NHWs [15]. Thus,
our findings could help reduce knowledge gaps in our
current understanding of the association between obesity
in the context of a MH condition and clinical outcomes,
in the context of A positivity, across different racial/eth-
nic populations.

The mechanisms underlying the beneficial effects of
obesity in the context of a MH status on AD markers
remain to be elucidated. However, these mechanisms

may be attributed to differences in body composition
and fat distribution between the MH and MU groups.
That is, obese individuals in the MH group may have a
more favorable body composition, including higher mus-
cle mass, higher subcutaneous fat, and lower visceral fat
compared to those in the MU group. More specifically,
a more favorable body composition is closely related to
a higher level of adiponectin, which is associated with
decreased AP burden and neuroinflammation [39]. In
fact, previous studies from our group suggested that
higher muscle mass and subcutaneous fat mass were neg-
atively correlated with AB uptakes [40]. In addition, an
increased waist-to-hip ratio was predictive of decreased
cortical thickness [41].

We have also found new relationships between being
underweight, AD markers and clinical outcomes; being
underweight is associated with higher AP positivity
which in turn leads to lower HV and MMSE. Our find-
ings regarding the association between being under-
weight and higher A positivity are consistent with those
of previous studies [1-3]. Several mechanisms could
explain this association. First, the underweight popula-
tion has decreased levels of insulin-like growth factor
1(IGF-1), which plays a key role in anti-inflammatory
responses [42, 43]. Alternatively, given that being under-
weight is related to sarcopenic status [44], and sarcope-
nia leads to an increased systemic inflammatory reaction,
might explain the link to neuroinflammation [45]. How-
ever, contrary to our expectations, metabolic health did
not appear to affect these relationships. The powerful
effects of being underweight on AD markers may over-
ride the effects of MU conditions on AD markers. Since
the exact mechanism of this finding was not fully under-
stood, further experimental studies on biological sub-
stances such as IGF-1 and adipokines could add valuable
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insights into the complex relationship between BMI sta-
tus, metabolic health status, and AD.

Unlike AD markers, obesity (but not being under-
weight) has an adverse effect on severe WMH. Metabolic
health did not seem to affect the relationship between
obesity and severe WMH. Our findings might be
explained by previous studies showing that MHO indi-
viduals have a borderline risk of coronary heart disease
[46, 47]. Furthermore, previous studies have suggested
that MHO individuals have an increased risk of stroke
compared to those with normal weight [48-50]. Inter-
estingly, in this study, WMH did not mediate the rela-
tionship between obesity and clinical outcomes. Thus,
our results suggest that body weight control should be
tailored according to metabolic health status. In other
words, in a MH condition, obesity has protective effects
against A accumulation and therefore does not need to
be tightly controlled. However, in the MU condition, obe-
sity may not only contribute to the development of car-
diovascular disease but may also increase WMH burdens
in the brain, so a tighter control of body weight is needed.

A key strength of this study is that we systematically
investigated the relationship between BMI and AD as
well as CSVD markers in relation to metabolic health
in a large cohort of Asian individuals without dementia.
However, our study has several limitations that warrant
further discussion. First, it is important to acknowl-
edge that, as a metric, BMI does not provide additional
insights into body composition, such as muscle mass and
visceral fat distribution. Therefore, future studies should
consider the use of metrics that capture information on
body composition. Second, both BMI and metabolic
health are dynamic conditions that change continuously
throughout an individual’s lifetime [51]. Thus, further
investigation into longitudinal changes in BMI and meta-
bolic health and their impact on AD is required. Third,
the number of individuals in the underweight group was
relatively small. Further studies with a larger number of
underweight participants are required to investigate the
clinical effects of being underweight. Finally, the general-
izability of this study to community-based populations is
limited due to the cohort being recruited from a memory
clinic setting, which tends to attract a more “health-seek-
ing” demographic. Nonetheless, the findings are relevant
as they reflect scenarios commonly encountered in clini-
cal practice. Importantly, this study provides a compre-
hensive analysis of the association between BMI and
various markers of AD and CSVD related to metabolic
health.

In conclusion, obesity was associated with lower risk of
ApB positivity only in MH group, while being underweight
was associated with higher risk of AP positivity regardless
of metabolic health status. Furthermore, obesity in MH
group were predictive of increased hippocampal volume
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and better cognitive performances through lower risk of
AP positivity. Finally, obesity in MH group was related
to slower longitudinal cognitive decline. Therefore, our
findings underscore the importance of implementing
robust strategies aimed at maintaining both appropriate
weight and metabolic health to mitigate the risk of AD
pathology and the associated cognitive decline.

Abbreviations

AR amyloid beta

AD Alzheimer's disease

BMI Body mass index

@ Confidence interval

CREDOS  Clinical Research Center for Dementia in South Korea
CSVD Cerebral small vascular disease

cu Cognitively unimpaired

FBB 18F-florbetaben

FLAIR Fluid-attenuated inversion recovery
FMM 18F-flutemetamol

HDL-C High-Density Lipoprotein Cholesterol
HV Hippocampal volume

IDF International Diabetes Foundation
IGF-1 Insulin-like growth factor 1

MCl Mild cognitive impairment

MH Metabolically healthy

MHO Metabolically healthy obesity

MMSE Mini-Mental State Examination

MRI Magnetic resonance imaging

MU Metabolically unhealthy

NHWs Including non-Hispanic whites

OR Odds ratio

rdcCL regional direct comparison Centiloid
SD Standard deviation

PET Positron emission computed tomography
WMH White matter hyperintensities

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/513195-024-01563-z.

Supplementary Material 1

Supplementary Material 2

Author contributions

Drs EHL, SWS and SHK had full access to all the data in the study and

take responsibility for the integrity of the data and the accuracy of the

data analysis. Concept and design: EHL, SWS, SHK. Acquisition, analysis,

or interpretation of data: EHL, HY, YJK, BKC, JY, SWS, SHK. Drafting of the
manuscript: EHL, SHK. Critical revision of the manuscript for important
intellectual content: SR, YC, JY, HJ, JPK, HJK, SBK, JHJ, DN, SWS, SHK. Statistical
analysis: EHL, HY, YJ. Supervision: SWS, SHK.

Funding

This research was supported by a grant of the Korean Health Technology R&D
Project, Ministry of Health & Welfare, Republic of Korea (HI19C1132); a grant of
the Korea Dementia Research Project through the Korea Dementia Research
Center (KDRC), funded by the Ministry of Health & Welfare and Ministry of
Science and ICT, Republic of Korea (grant number: RS-2020-KH106434); a
grant of the Korea Health Technology R&D Project through the Korea Health
Industry Development Institute (KHIDI), funded by the Ministry of Health &
Welfare and Ministry of science and ICT, Republic of Korea (grant number:
RS-2022-KH127756); the National Research Foundation of Korea(NRF) grant
funded by the Korea government (MSIT) (NRF-2019R1A5A2027340); Institute
of Information & communications Technology Planning & Evaluation (IITP)
grant funded by the Korea government(MSIT) (No.RS-2021-11212068,

Artificial Intelligence Innovation Hub); Future Medicine 20*30 Project of the
Samsung Medical Center [#SMX1240561]; the “National Institute of Health”


https://doi.org/10.1186/s13195-024-01563-z
https://doi.org/10.1186/s13195-024-01563-z

Lee et al. Alzheimer's Research & Therapy

(2024) 16:194

research project(2021-ER1006-01); Basic Science Research Program through
the National Research Foundation of Korea(NRF) funded by the Ministry of
Education(grant number: 2022R111A1A01056956); and Korea University Guro
Hospital (KOREA RESEARCH-DRIVEN HOSPITAL) grant (No. 02400251).

Data availability
Anonymized data for our analyses presented in the present report are
available upon request from the corresponding authors.

Declarations

Ethics approval and consent to participate

This study was approved by the Institutional Review Board of the Samsung
Medical Center. Written informed consent was obtained from all participants
prior to their participation.

Competing interests
The authors declare no competing interests.

Author details

'Department of Neurology, Samsung Medical Center, Sungkyunkwan
University School of Medicine, 81 Irwon-ro, Gangnam-gu, Seoul

06351, Republic of Korea

2Alzheimer’s Disease Convergence Research Center, Samsung Medical
Center, Seoul, Republic of Korea

3Center for Cohort Studies, Total Healthcare Center, Kangbuk Samsung
Hospital, Sungkyunkwan University School of Medicine, Seoul, Republic
of Korea

“Department of Neurology, Soonchunhyang University Bucheon Hospital,
Gyeonggi-do, Republic of Korea

°Department of Neurology, Seoul National University Hospital, Seoul
National University college of Medicine, Seoul, Republic of Korea
Department of Digital Health, SAIHST, Sungkyunkwan University, Seoul,
Republic of Korea

"Department of Health Sciences and Technology, SAIHST, Sungkyunkwan
University, Seoul, Republic of Korea

8Department of Neurology, Korea University Guro Hospital, Korea
University College of Medicine, 148 Gurodong-ro, Guro-gu, Seoul
08308, Republic of Korea

“Department of Neurology, Ewha Womans University Seoul Hospital,
Ewha Womans University College of Medicine, Seoul, Republic of Korea
'%Department of Intelligent Precision Healthcare Convergence,
Sungkyunkwan University, Suwon, Republic of Korea

Received: 2 June 2024 / Accepted: 21 August 2024
Published online: 29 August 2024

References

1.

Thirunavu V, McCullough A, Su, Flores S, Dincer A, Morris JC, et al. Higher
body Mass Index is Associated with lower cortical amyloid-beta burden in
cognitively normal individuals in late-life. J Alzheimers Dis. 2019,69(3):817-27.
Mathys J, Gholamrezaee M, Henry H, von Gunten A, Popp J. Decreasing body
mass index is associated with cerebrospinal fluid markers of Alzheimer's
pathology in MCl and mild dementia. Exp Gerontol. 2017;100:45-53.

Alosco ML, Duskin J, Besser LM, Martin B, Chaisson CE, Gunstad J, et al.
Modeling the relationships among late-life body Mass Index, Cerebrovascular
Disease, and Alzheimer’s Disease Neuropathology in an autopsy sample of
1,421 subjects from the National Alzheimer's Coordinating Center Data Set. J
Alzheimers Dis. 2017;57(3):953-68.

Lee S, Kim SE, Jang H, Kim JP, Sohn G, Park YH, et al. Distinct effects of blood
pressure parameters on Alzheimer’s and vascular markers in 1,952 Asian
individuals without dementia. Alzheimers Res Ther. 2024:16(1):125.

Jang H, Lee S, An'S, Park Y, Kim S-J, Cheon BK et al. Association of Glycemic
Variability with Imaging Markers of Vascular Burden, B-Amyloid, brain atrophy,
and cognitive impairment. Neurology. 2024;102(1).

Kang SH, Yoo H, Cheon BK, Park YH, Kim SJ, Ham H, et al. Distinct effects of
cholesterol profile components on amyloid and vascular burdens. Alzheimers
Res Ther. 2023;15(1):197.

7.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Page 11 of 12

Held C, Hadziosmanovic N, Aylward PE, Hagstrom E, Hochman JS, Stewart
RAH, et al. Body Mass Index and Association with Cardiovascular outcomes
in patients with stable Coronary Heart Disease - A STABILITY Substudy. J Am
Heart Assoc. 2022;11(3):e023667.

ChenY, Copeland WK, Vedanthan R, Grant E, Lee JE, Gu D, et al. Association
between body mass index and cardiovascular disease mortality in east asians
and south asians: pooled analysis of prospective data from the Asia Cohort
Consortium. BMJ. 2013;347:f5446.

Ye S, Dong S, Tan J, Chen L, Yang H, Chen Y, et al. White-Matter Hyperintensi-
ties and Lacunar infarcts are Associated with an increased risk of Alzheimer’s
Disease in the Elderly in China. J Clin Neurol. 2019;15(1):46-53.

Ly M, Raji CA, Yu GZ,Wang Q, Wang Y, Schindler SE, et al. Obesity and White
Matter Neuroinflammation related edema in Alzheimer’s Disease Demen-
tia Biomarker negative cognitively normal individuals. J Alzheimers Dis.
2021;79(4):1801-11.

Lane CA, Barnes J, Nicholas JM, Baker JW, Sudre CH, Cash DM, et al. Inves-
tigating the relationship between BMI across adulthood and late life brain
pathologies. Alzheimers Res Ther. 2021;13(1):91.

Sun Z,Wang ZT, Sun FR, Shen XN, Xu W, Ma YH, et al. Late-life obesity is a pro-
tective factor for prodromal Alzheimer’s disease: a longitudinal study. Aging.
2020;12(2):2005-17.

Christensen KJ, Multhaup KS, Nordstrom S, Voss K. A cognitive battery for
dementia: development and measurement characteristics. Psychol Assess-
ment: J Consulting Clin Psychol. 1991;3:168-74.

Albert MS, DeKosky ST, Dickson D, Dubois B, Feldman HH, Fox NC, et al. The
diagnosis of mild cognitive impairment due to Alzheimer's disease: recom-
mendations from the National Institute on Aging-Alzheimer’s Association
workgroups on diagnostic guidelines for Alzheimer's disease. Alzheimers
Dement. 2011;7(3):270-9.

Consultation WHOE. Appropriate body-mass index for Asian popula-

tions and its implications for policy and intervention strategies. Lancet.
2004;363(9403):157-63.

Kim H, Kim C, Seo SW, Na DL, Kim HJ, Kang M, et al. Association between
body mass index and cortical thickness: among elderly cognitively normal
men and women. Int Psychogeriatr. 2015;27(1):121-30.

Kang SH, Kim JH, Chang Y, Cheon BK, Choe YS, Jang H, et al. Independent
effect of body mass index variation on amyloid-beta positivity. Front Aging
Neurosci. 2022;14:924550.

Kang SH, Liu M, Park G, Kim SY, Lee H, Matloff W, et al. Different effects of
cardiometabolic syndrome on brain age in relation to gender and ethnicity.
Alzheimers Res Ther. 2023;15(1):68.

Grundy SM, Cleeman JI, Daniels SR, Donato KA, Eckel RH, Franklin BA, 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.

Alberti KGMM, Eckel RH, Grundy SM, Zimmet PZ, Cleeman JI, Donato KA, et al.
Harmonizing Metabolic Syndrome Circulation. 2009;120(16):1640-5.

Ma LZ, Huang YY, Wang ZT, Li JQ, Hou XH, Shen XN, et al. Metabolically
healthy obesity reduces the risk of Alzheimer's disease in elders: a longitudi-
nal study. Aging. 2019;11(23):10939-51.

Lee JY, Han K, Han E, Kim G, Cho H, Kim KJ, et al. Risk of Incident Dementia
according to Metabolic Health and Obesity Status in late life: a Population-
based Cohort Study. J Clin Endocrinol Metab. 2019;104(7):2942-52.
Bateman RJ, Xiong C, Benzinger TL, Fagan AM, Goate A, Fox NC, et al. Clinical
and biomarker changes in dominantly inherited Alzheimer's disease. N Engl J
Med. 2012;367(9):795-804.

Kim SJ, Ham H, Park YH, Choe YS, Kim YJ, Jang H, et al. Development and clini-
cal validation of CT-based regional modified centiloid method for amyloid
PET. Alzheimers Res Ther. 2022;14(1):157.

Rafii MS, Sperling RA, Donohue MC, Zhou J, Roberts C, Irizarry MC, et al.

The AHEAD 3-45 study: design of a prevention trial for Alzheimer’s disease.
Alzheimer’s Dement. 2022;19(4):1227-33.

Zammit MD, Tudorascu DL, Laymon CM, Hartley SL, Zaman SH, Ances BM,
et al. PET measurement of longitudinal amyloid load identifies the earliest
stages of amyloid-beta accumulation during Alzheimer’s disease progression
in Down syndrome. Neurolmage. 2021;228:117728.

Kang SH, Kim ME, Jang H, Kwon H, Lee H, Kim HJ, et al. Amyloid

positivity in the Alzheimer/Subcortical-Vascular Spectrum. Neurology.
2021,96(17):€2201-11.

Chun MY, Jang H, Kim S-J, Park YH, Yun J, Lockhart SN, et al. Emerging role
of vascular burden in AT(N) classification in individuals with Alzheimer's



Lee et al. Alzheimer's Research & Therapy

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

(2024) 16:194

and concomitant cerebrovascular burdens. J Neurol Neurosurg Psychiatry.
2024,95(1):44-51.

Sperling RA, Aisen PS, Beckett LA, Bennett DA, Craft S, Fagan AM, et al. Toward
defining the preclinical stages of Alzheimer’s disease: recommendations
from the National Institute on Aging-Alzheimer’s Association workgroups

on diagnostic guidelines for Alzheimer’s disease. Alzheimer's Dement.
2011,7(3):280-92.

Jack CR, Barkhof F, Bernstein MA, Cantillon M, Cole PE, DeCarli C et al. Steps
to standardization and validation of hippocampal volumetry as a biomarker
in clinical trials and diagnostic criterion for Alzheimer’s disease. Alzheimer's
Dement. 2011;7(4).

Dubois B, Feldman HH, Jacova C, DeKosky ST, Barberger-Gateau P, Cummings
J, etal. Research criteria for the diagnosis of Alzheimer's disease: revising the
NINCDS-ADRDA criteria. Lancet Neurol. 2007;6(8):734-46.

Kwak K, Yoon U, Lee D-K, Kim GH, Seo SW, Na DL, et al. Fully-automated
approach to hippocampus segmentation using a graph-cuts algorithm com-
bined with atlas-based segmentation and morphological opening. Magn
Reson Imaging. 2013;31(7):1190-6.

Noh'Y, Lee Y, Seo SW, Jeong JH, Choi SH, Back JH, et al. A new classification
system for ischemia using a combination of deep and periventricular white
matter hyperintensities. J Stroke Cerebrovasc Dis. 2014;23(4):636-42.

Moon SY, Na DL, Seo SW, Lee JY, Ku BD, Kim SY, et al. Impact of white matter
changes on activities of daily living in mild to moderate dementia. Eur Neu-
rol. 2011;65(4):223-30.

Han C, Jo SA, Jo |, Kim E, Park MH, Kang Y. An adaptation of the Korean mini-
mental state examination (K-MMSE) in elderly koreans: demographic influ-
ence and population-based norms (the AGE study). Arch Gerontol Geriatr.
2008;47(3):302-10.

Curran PJ, West SG, Finch JF. The robustness of test statistics to nonnormal-
ity and specification error in confirmatory factor analysis. Psychol Methods.
1996;1(1):16-29.

Osborne J. Improving your data transformations: applying the Box-Cox
transformation. Practical Assess Res Evaluation. 2010;15(1):12.

Nazare JA, Smith JD, Borel AL, Haffner SM, Balkau B, Ross R, et al. Ethnic
influences on the relations between abdominal subcutaneous and visceral
adiposity, liver fat, and cardiometabolic risk profile: the International Study
of Prediction of Intra-abdominal Adiposity and its Relationship with Cardio-
metabolic Risk/Intra-Abdominal Adiposity. Am J Clin Nutr. 2012,96(4):714-26.
Waragai M, Adame A, Trinh |, Sekiyama K, Takamatsu Y, Une K, et al. Possible
involvement of Adiponectin, the anti-diabetes Molecule, in the pathogenesis
of Alzheimer’s Disease. J Alzheimers Dis. 2016;52(4):1453-9.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

5T

Page 12 of 12

Kang SH, Lee KH, Chang Y, Choe YS, Kim JP, Jang H, et al. Gender-specific
relationship between thigh muscle and fat mass and brain amyloid-beta
positivity. Alzheimers Res Ther. 2022;14(1):145.

Kim HJ, Kim C, Jeon S, Kang M, Kim YJ, Lee J-M, et al. Association of Body

Fat Percentage and Waist-hip ratio with brain cortical thickness: a study
among 1777 cognitively normal subjects. Alzheimer Disease Assoc Disorders.
2015;29(4):279-86.

Pinto-Benito D, Paradela-Leal C, Ganchala D, de Castro-Molina P, Arevalo

MA. IGF-1 regulates astrocytic phagocytosis and inflammation through the
p110alpha isoform of PI3K in a sex-specific manner. Glia. 2022,;70(6):1153-69.
Yamamoto H, Kato Y. Relationship between plasma insulin-like growth factor
I (IGF-)) levels and body mass index (BMI) in adults. Endocr J. 1993;40(1):41-5.
Guner Oytun M, Topuz S, Bas AQ, Coteli S, Kahyaoglu Z, Boga |, et al. Relation-
ships of fall risk with Frailty, Sarcopenia, and Balance disturbances in mild-to-
moderate Alzheimer’s Disease. J Clin Neurol. 2023;19(3):251-9.

Maltais M, De Souto Barreto P, Hooper C, Payoux P, Rolland Y, Vellas B, et al.
Association between Brain beta-amyloid and Frailty in older adults. J Geron-
tol Biol Sci Med Sci. 2019;74(11):1747-52.

Zhou Z, Macpherson J, Gray SR, Gill JMR, Welsh P, Celis-Morales C, et al.

Are people with metabolically healthy obesity really healthy? A prospec-
tive cohort study of 381,363 UK Biobank participants. Diabetologia.
2021,64(9):1963-72.

Yeh TL, Hsu HY, Tsai MC, Hsu LY, Hwang LC, Chien KL. Association between
metabolically healthy obesity/overweight and cardiovascular disease risk: a
representative cohort study in Taiwan. PLoS ONE. 2021;16(2):e0246378.

Ma LZ, Sun FR,Wang ZT, Tan L, Hou XH, Ou YN, et al. Metabolically healthy
obesity and risk of stroke: a meta-analysis of prospective cohort studies. Ann
Transl Med. 2021;9(3):197.

Gao M, Lv ], Yu C, GuoYY, Bian Z, Yang R, 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.

Caleyachetty R, Thomas GN, Toulis KA, Mohammed N, Gokhale KM,
Balachandran K, et al. Metabolically healthy obese and Incident Cardiovas-
cular Disease events among 3.5 million men and women. J Am Coll Cardiol.
2017;70(12):1429-37.

Bluher M. Metabolically healthy obesity. Endocr Rev. 2020;41(3).

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Different associations between body mass index and Alzheimer’s markers depending on metabolic health
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Study participants
	﻿BMI status
	﻿Definitions of metabolic health
	﻿Aβ PET acquisition and quantification
	﻿MRI acquisition and quantification
	﻿Longitudinal assessment of cognitive decline
	﻿Statistical analyses

	﻿Results
	﻿Participants’ clinical characteristics
	﻿Effects of BMI on Alzheimer’s and vascular markers based on metabolic health
	﻿Mediation between BMI status and clinical outcomes
	﻿Effect of BMI on longitudinal MMSE change by metabolic health
	﻿Sensitivity analyses

	﻿Discussion
	﻿References


