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Abstract: The visceral adipose tissue (VAT) has been recognized as an endocrine organ, and VAT
dysfunction could be a risk factor for Alzheimer’s disease (AD). We aimed to evaluate the association
of VAT metabolism with AD pathology. This cross-sectional study included 54 older subjects with
cognitive impairment who underwent 2-deoxy-2-[fluorine-18]-fluoro-D-glucose (18F-FDG) torso
positron emission tomography (PET) and 18F-florbetaben brain PET. 18F-FDG uptake in VAT on
18F-FDG PET images was used as a marker of VAT metabolism, and subjects were classified into high
and low VAT metabolism groups. A voxel-based analysis revealed that the high VAT metabolism
group exhibited a significantly higher cerebral amyloid-β (Aβ) burden than the low VAT metabolism
group. In the volume-of-interest analysis, multiple linear regression analyses with adjustment for age,
sex, and white matter hyperintensity volume revealed that 18F-FDG uptake in VAT was significantly
associated with the cerebral Aβ burden (β = 0.359, p = 0.007). In conclusion, VAT metabolism was
associated with AD pathology in older subjects. Our findings suggest that VAT dysfunction could
contribute to AD development.

Keywords: adipose tissue; Alzheimer’s disease; amyloid-β; glucose metabolism

1. Introduction

Alzheimer’s disease (AD) is a progressive, neurodegenerative disorder characterized
by the presence of intracellular neurofibrillary tangles and extracellular amyloid-β (Aβ)
plaques in the brain [1]. Although the accumulation of Aβ plaques is believed to be
one of the factors driving AD pathogenesis, clear pathophysiology of AD delineating the
contributions of each pathological protein has not been confirmed [2].

The visceral adipose tissue (VAT) has been recognized as an endocrine organ, and VAT
dysfunction could be a risk factor for AD [3]. Epidemiological studies revealed that high
adiposity is correlated with an increased risk of developing dementia, including AD [3]. In
addition, significant relationships between adipose-derived molecules, such as leptin and
adiponectin, and progression of AD have been reported [4,5]. Moreover, it was recently
reported that the proinflammatory cytokine derived from VAT plays an important role in
the pathogenesis of AD [6]. However, the mechanism by which VAT dysfunction affects
the development and progression of AD remains unclear.

Positron emission tomography (PET) with 2-deoxy-2-[fluorine-18]fluoro-D-glucose
(18F-FDG) can be used noninvasively to evaluate the metabolic activity in the adipose tissue
and serve as a surrogate marker of VAT dysfunction [7,8]. Previous studies have demon-
strated that VAT metabolism, measured by 18F-FDG PET, is related to several diseases, such
as metabolic syndrome and cardiovascular disease [9,10]; however, no studies have shown
the relationship between VAT metabolism and AD.
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Clarifying the role of VAT dysfunction in AD development could provide evidence for
developing treatments for preventing or slowing AD progression. Therefore, this study
aimed to evaluate the association of VAT metabolism, measured by 18F-FDG PET, with AD
pathology in elderly subjects.

2. Results
2.1. Population Characteristics

A total of 54 subjects were included in this study (age: 66.4 ± 8.4 years; female, 34
(63.0%)); of whom 18, 14, and 22 were clinically diagnosed as cognitively unimpaired (CU),
with mild cognitive impairment (MCI), and with dementia, respectively. A flowchart of the
study population is shown in Figure 1. The Mini-Mental State Examination (MMSE) score in
the overall cohort was 24.6 ± 5.3. The MMSE score in the dementia group was significantly
lower than that in the CU and MCI groups (20.3 ± 5.3 vs. 28.9 ± 1.2, p < 0.001; and
20.3 ± 5.3 vs. 25.9 ± 2.9, p < 0.001, respectively). The cerebral Aβ burden was quantitatively
estimated using volume-of-interest analysis (VOI) on 18F-florbetaben (18F-FBB) PET images.
The regional and composite standardized 18F-FBB uptake value ratios (SUVRFBB) were
calculated. In the overall cohort, 26 subjects (48.1%) were cerebral Aβ-positive on 18F-FBB
PET images. The rate of patients who were cerebral Aβ-positive in the dementia group
(63.6%) was higher than that in the CU (27.8%) and MCI (50.0%) groups; however, it was
not significant (p = 0.077). Table 1 shows the characteristics of the included patients.

Figure 1. Flow diagram of the study population.
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Table 1. Characteristics of the study population.

Variables Total
(n = 54)

CU
(n = 18)

MCI
(n = 14)

Dementia
(n = 22) p

Age, years (SD) 66.4 (8.4) 62.7 (5.6) 63.9 (8.9) 71.1 (8.2) 0.002 1

Sex, female, n (%) 34 (63.0) 11 (61.1) 7 (50.0) 16 (72.7) 0.380
Body mass index (SD) 23.3 (3.4) 24.3 (4.4) 22.6 (1.0) 22.9 (3.5) 0.277
Education, years (SD) 11.5 (6.1) 14.3 (3.5) 13.8 (6.4) 7.6 (5.6) <0.001 2

Diabetes, n (%) 8 (14.8) 1 (5.6%) 2 (14.3) 5 (22.7) 0.314
Hypertension, n (%) 16 (29.6) 1 (7.1) 4 (28.6) 11 (50.0) 0.0261

Cardiovascular disease, n (%) 6 (11.1) 1 (7.1) 2 (15.4) 3 (14.3) 0.768
Hyperlipidemia, n (%) 9 (16.7) 1 (8.3) 3 (21.4) 5 (22.7) 0.563
WMH volume (SD) 3.4 (5.1) 1.1 (2.2) 1.6 (2.0) 6.4 (6.5) 0.001 1

MMSE (SD) 24.6 (5.3) 28.9 (1.2) 25.9 (2.9) 20.3 (5.3) <0.001 2

K-BNT (SD) 42.4 (13.5) 52.0 (4.0) 47.8 (10.1) 31.1 (12.2) <0.001 2

Aβ positivity, n (%) 26 (48.1) 5 (27.8) 7 (50.0) 14 (63.6) 0.077
Composite SUVRFBB 1.47 (0.28) 1.33 (0.11) 1.48 (0.22) 1.57 (0.36) 0.017 1

VAT SUVmax (SD) 0.71 (0.16) 0.69 (0.17) 0.67 (0.11) 0.76 (0.17) 0.200
VAT SUVmean (SD) 0.44 (0.11) 0.41 (0.11) 0.41 (0.08) 0.48 (0.12) 0.067

1 CU and MCI groups < dementia group in post hoc analysis; 2 CU and MCI groups > dementia group in post hoc
analysis. CU, cognitively unimpaired; MCI, mild cognitive impairment; SD, standard deviation; WMH, white
matter hyperintensity; MMSE, Mini-Mental State Examination; K-BNT, Korean-Boston Naming Test; VAT, visceral
adipose tissue; SUVmax, the maximum standardized uptake value.

To determine the degree of VAT metabolism, 18F-FDG uptake in VAT was measured
on torso 18F-FDG PET/CT images. The maximum standardized uptake value (SUVmax)
and mean SUV (SUVmean) were calculated. The VAT metabolism status was divided by the
mean value of VAT SUVmax measured in healthy controls in a previous study [11]. A total
of 31 subjects (57.4%) were classified into the low VAT metabolism group, and 23 subjects
(42.6%) into the high VAT metabolism group. There was no significant difference in clinical
variables between the low and high VAT metabolism groups (Table 2).

Table 2. Comparison of clinical variables between low and high VAT metabolism groups.

Variables Total
(n = 54)

Low VAT Metabolism
Group (n = 31)

High VAT Metabolism
Group (n = 23) p

Age, years (SD) 66.4 (8.4) 65.3 (8.3) 67.9 (8.5) 0.269
Sex, female, n (%) 34 (63.0) 18 (58.1) 16 (69.6) 0.412
Body mass index (SD) 23.3 (3.4) 23.8 (3.0) 22.5 (3.9) 0.133
Education, years (SD) 11.5 (6.1) 12.1 (5.9) 10.7 (6.3) 0.403
Diabetes, n (%) 8 (14.8) 4 (12.9) 4 (17.4) 0.711
Hypertension, n (%) 16 (29.6) 10 (37.0) 6 (26.1) 0.546
Cardiovascular disease, n (%) 6 (11.1) 4 (14.8) 2 (9.5) 0.683
Hyperlipidemia, n (%) 9 (16.7) 6 (23.1) 3 (13.6) 0.478
WMH volume (SD) 3.4 (5.08) 2.7 (4.0) 4.3 (6.2) 0.245
Cognitive stage
CU, n (%) 18 (33.3) 13 (41.9) 5 (21.7)

0.234MCI, n (%) 14 (26.0) 8 (25.8) 6 (26.1)
Dementia, n (%) 22 (40.7) 10 (32.3) 12 (52.2)
MMSE (SD) 24.6 (5.3) 25.8 (3.8) 23.0 (6.6) 0.245
K-BNT (SD) 42.4 (13.5) 45.0 (10.8) 38.9 (15.9) 0.107
Aβ positivity, n (%) 26 (48.1%) 8 (25.8) 18 (78.3) <0.001
VAT SUVmax (SD) 0.71 (0.16) 0.61 (0.09) 0.85 (0.12) <0.001
VAT SUVmean (SD) 0.44 (0.11) 0.37 (0.06) 0.54 (0.83) <0.001

SD, standard deviation; CU, cognitively unimpaired; MCI, mild cognitive impairment; WMH, white matter
hyperintensity; MMSE, Mini-Mental State Examination; K-BNT, Korean-Boston Naming Test; VAT, visceral
adipose tissue; SUVmax, the maximum standardized uptake value.
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The composite SUVRFBB was positively correlated with the white matter hyperin-
tensity (WMH) volume (r = 0.322, p = 0.018), and negatively correlated with the MMSE
and Korean version of the Boston Naming Test (K-BNT) scores (r = −0.408, p < 0.001;
and r = −0.273, p = 0.015; respectively). There was no significant association of the com-
posite SUVRFBB with other variables, including age, sex, body mass index (BMI, kg/m2),
educational level, diabetes, hypertension, history of cardiovascular disease, and hyper-
lipidemia. The VAT SUVmax and VAT SUVmean were significantly associated with the
K-BNT score (r = −0.297, p = 0.034; and r = −0.336, p = 0.016; respectively), but not with
the MMSE score (r = −0.202, p = 0.143; and r = −0.228, p = 0.098; respectively). There
was no significant association of the VAT SUVmax and VAT SUVmean with other variables,
including age, sex, educational level, diabetes, hypertension, history of cardiovascular
disease, and hyperlipidemia.

2.2. Association of VAT Metabolism with AD Pathology

Statistical parametric mapping (SPM) analysis revealed that the high VAT metabolism
group, compared with low VAT metabolism group, exhibited significantly high cerebral
Aβ burden in the frontal, parietal, temporal, and occipital cortices, as well as in the insula
(Figure 2). Table 3 summarizes the brain regions that showed increased cerebral Aβ burden
in the high VAT metabolism group, compared with that in the low VAT metabolism group.

In the VOI analysis, the composite SUVRFBB was significantly higher in the high VAT
metabolism group than in the low VAT metabolism group (1.60 ± 0.32 vs. 1.34 ± 0.16,
p < 0.001). The regional SUVRFBB in the bilateral frontal, temporal, and parietal cortices,
as well as in the cingulate cortex, were significantly higher in the high VAT metabolism
group than in the low VAT metabolism group (Supplementary Table S1). Additionally,
the cerebral Aβ-positive group had a significantly higher VAT SUVmax and VAT SUVmean
than the cerebral Aβ-negative group (0.79 ± 0.14 vs. 0.64 ± 0.15, p = 0.001; 0.49 ± 0.10 vs.
0.39 ± 0.10, p < 0.001, respectively).

Figure 2. Voxel-based comparison of cerebral Aβ burden between the high and low visceral adipose
tissue (VAT) metabolism groups. The statistical parameter mapping t-maps were superimposed on
the volume-rendered magnetic resonance imaging (MRI) (A) and T1-weighted template in the axial
plane (B) for the high VAT metabolism group > low VAT metabolism group (p < 0.005, uncorrected at
voxel-level, cluster size > 100 voxels).
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Table 3. Regions of significantly increased cerebral Aβ burden in high VAT metabolism group
compared to low VAT metabolism group in SPM analysis (p < 0.005 uncorrected, k = 100).

Regions Brodmann Area Size
MNI Coordinates

T Value p
X Y Z

Right occipital lobe, lingual gyrus BA 18 5896 2 −84 −8 3.56 <0.001
Right parietal lobe, precuneus BA 19 26 −80 42 3.52 <0.001
Right parietal lobe, precuneus BA 31 8 −68 24 3.23 0.001
Right frontal lobe, precentral gyrus BA 44 1315 62 8 4 3.55 <0.001
Right temporal lobe, middle temporal gyrus BA 21 64 0 −8 3.35 <0.001
Right insula BA 13 36 10 4 3.31 <0.001
Left parietal lobe, precuneus BA 7 4022 −18 −78 48 3.54 <0.001
Left temporal lobe, inferior temporal gyrus BA 20 −62 −28 −16 3.44 <0.001
Left occipital lobe, inferior occipital gyrus BA 18 −34 −90 −14 3.2 0.001
Left frontal lobe, rectal gyrus BA 11 2258 −8 10 −24 3.37 <0.001
Right frontal lobe, inferior frontal gyrus BA 47 26 12 −22 3.28 <0.001
Left frontal lobe, medial frontal gyrus BA 25 −6 6 −16 3.26 <0.001
Left frontal lobe, superior frontal gyrus BA 6 348 −2 4 54 3.3 <0.001
Left frontal lobe, medial frontal gyrus BA 6 −4 −8 58 3.02 0.002
Left frontal lobe, inferior frontal gyrus BA 44 450 −60 8 18 3.17 0.001
Left cerebrum, frontal lobe, precentral gyrus BA 6 −60 6 30 3.17 0.001
Left frontal lobe, inferior frontal gyrus BA 45 −56 20 12 3.07 0.002

VAT, visceral adipose tissue; BA, Brodmann area.

In the overall cohort, Pearson’s correlation analyses showed that the VAT SUVmax and
VAT SUVmean correlated positively with the composite SUVRFBB (r = 0.414, p = 0.002 and
r = 0.367, p = 0.006; respectively), and the regional SUVRFBB for the lateral frontal, lateral
temporal, and lateral parietal cortices, as well as the cingulate cortex (Figure 3). Multiple
linear regression analyses, adjusted for age, sex, and WMH volume, revealed that the VAT
SUVmax was significantly associated with composite SUVRFBB (β = 0.359, p = 0.007) and
all regional SUVRFBB values (Table 4). Additionally, multiple linear regression analyses,
adjusted for age, sex, and WMH volume, revealed that the VAT SUVmean was significantly
associated with composite SUVRFBB (β = 0.295, p = 0.032) and SUVRFBB in all regions except
the right lateral temporal cortex (Table 5).

In subjects with dementia, Pearson’s correlation analyses showed that the VAT SUVmax
correlated positively with the composite SUVRFBB (r = 0.533, p = 0.011), and the SUVRFBB
for the lateral frontal, lateral temporal, and lateral parietal cortices, as well as the cingulate
cortex. The VAT SUVmean were significantly correlated positively with the SUVRFBB for the
lateral frontal cortex, but not with the composite SUVRFBB (r = 0.417, p = 0.054) or any other
regional SUVRFBB in subjects with dementia. Multiple linear regression analyses, adjusted
for age, sex, and WMH volume, revealed that VAT SUVmax was significantly associated with
composite SUVRFBB (β = 0.533, p = 0.011) and all regional SUVRFBB values in subjects with
dementia (Supplementary Table S2). Multiple linear regression analyses, adjusted for age,
sex, and WMH volume, revealed that the VAT SUVmean was significantly associated with
SUVRFBB for the lateral parietal and cingulate cortices, but not with the composite SUVRFBB
or any other regional SUVRFBB in subjects with dementia (Supplementary Table S3). There
was no significant correlation of the VAT SUVmax and VAT SUVmean with composite
SUVRFBB and any of the regional SUVRFBB values in CU subjects or subjects with MCI
(Supplementary Tables S4–S7).
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Figure 3. Association of visceral adipose tissue (VAT) metabolism with cerebral amyloid burden.
Pearson’s correlation analysis revealed that VAT maximum standardized uptake volume (SUVmax)
correlated positively with composite regional standardized 18F-FBB uptake value ratios (SUVRFBB)
(A), and all regional SUVRFBB values in the bilateral lateral frontal (B,C), lateral temporal (D,E), and
lateral parietal (F,G) cortices, as well as the bilateral cingulate cortices (H,I).

Table 4. Association between visceral adipose tissue SUVmax and cerebral Aβ burden in the over-
all cohort.

Regions
Univariable Model Multivariable Model

r p Adjusted R2 Standardized β 2 p

Composite 1 0.414 0.002 0.195 0.359 0.007
Left lateral frontal cortex 0.360 0.008 0.113 0.360 0.008
Right lateral frontal cortex 0.353 0.009 0.140 0.302 0.025
Left lateral temporal cortex 0.379 0.005 0.127 0.379 0.005
Right lateral temporal cortex 0.338 0.012 0.147 0.278 0.038
Left lateral parietal cortex 0.428 0.001 0.218 0.369 0.005
Right lateral parietal cortex 0.421 0.002 0.201 0.366 0.005
Left cingulate 0.410 0.002 0.199 0.352 0.008
Right cingulate 0.422 0.001 0.162 0.422 0.001

1 Composite regional standardized 18F-FBB uptake value ratio (SUVRFBB) was calculated as the average of the
SUVR of the lateral frontal, lateral temporal, and lateral parietal cortices, as well as the cingulate cortex. 2 Values
represent the standardized linear regression coefficients (β) of the correlation between the visceral adipose tissue’s
maximum standardized uptake value (SUVmax) and SUVRFBB, after adjusting for age, sex, and white matter
hyperintensity volume.
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Table 5. Association between visceral adipose tissue SUVmean and cerebral Aβ burden in the over-
all cohort.

Regions
Univariable Model Multivariable Model

r p Adjusted R2 Standardized β 2 p

Composite 1 0.367 0.006 0.150 0.295 0.032
Left lateral frontal cortex 0.319 0.019 0.085 0.319 0.019
Right lateral frontal cortex 0.318 0.019 0.084 0.318 0.019
Left lateral temporal cortex 0.340 0.012 0.098 0.340 0.012
Right lateral temporal cortex 0.304 0.025 0.118 0.224 0.106
Left lateral parietal cortex 0.380 0.005 0.169 0.302 0.026
Right lateral parietal cortex 0.379 0.005 0.158 0.308 0.024
Left cingulate 0.360 0.008 0.152 0.282 0.039
Right cingulate 0.369 0.006 0.120 0369 0.006

1 Composite regional standardized 18F-FBB uptake value ratio (SUVRFBB) was calculated as the average of the
SUVR of the lateral frontal, lateral temporal, and lateral parietal cortices, as well as the cingulate cortex. 2 Values
represent the standardized linear regression coefficients (β) of the correlation between the visceral adipose
tissue’s mean standardized uptake value (SUVmean) and SUVRFBB, after adjusting for age, sex, and white matter
hyperintensity volume.

3. Discussion

VAT, which produces a wide array of bioactive peptides, has been recognized as an
endocrine organ [11]. An increase in VAT mass promotes abnormal secretion of adipose-
derived inflammatory cytokines or a wide array of bioactive peptides, causing VAT dysfunc-
tion [5] that could affect the brain [12]. To the best of our knowledge, no previous study has
evaluated the association between VAT metabolism, as measured by 18F-FDG PET/CT, and
AD pathology. The present study demonstrated that VAT metabolism correlated positively
with cerebral Aβ burden. These findings provide strong evidence that VAT dysfunction is
related to AD development.

In the present study, VAT metabolism, measured by 18F-FDG PET, was used as a
surrogate marker of VAT dysfunction. In accordance with the present study, several
previous studies reported that VAT metabolism, as measured by 18F-FDG PET, is related
to several diseases, and that 18F-FDG uptake in VAT is an excellent measure of VAT
dysfunction. A prospective 18F-FDG PET study demonstrated that 18F-FDG in the neck
adipose tissue was highly predictive of cardiovascular risk in 173 patients [10]. Another
18F-FDG PET study revealed that 18F-FDG uptake in VAT was associated with a risk of
metabolic syndrome, and it reduced with adiposity by exercise [9]. Additionally, a recent
18F-FDG PET study reported that 18F-FDG uptake in VAT was positively correlated with
adiponectin levels and inversely with insulin resistance, suggesting that VAT metabolism
could be a proxy of VAT dysfunction [8]. VAT metabolism is expected to represent not
only metabolism of the adipocyte itself, but also several complex biological processes, such
as energy storage, insulin resistance, lipolysis, and adipose inflammation [8], because the
VAT contains not only adipocytes, but also other cell types that contribute to its physiology
and pathophysiology, including preadipocytes, mesenchymal stem cells, vascular cells,
and inflammatory cells [13]. An increase in VAT mass disrupts the homeostasis of the
adipose-derived molecules, such as leptin, adiponectin, apelin, and inflammatory cytokine,
causing VAT dysfunction [5], and the dysregulation of these bioactive peptides could affect
the brain [12]. Recently, growing evidence has suggested a critical role for VAT dysfunction
in AD development [5,14,15]. However, in most previous studies, the degree of VAT
dysfunction has been evaluated by measuring the bioactive peptides [3,6,16], which was
not sufficient to accurately assess the degree of VAT dysfunction due to limitations in which
the origin of the bioactive peptides is not clear. Interestingly, the present study showed that
VAT metabolism was negatively correlated with BMI. This finding agrees with that of a
previous study with cardiovascular patients that reported a negative correlation between
BMI and the metabolism of the neck adipose tissue [10]. The discrepancy between BMI and
VAT metabolism is consistent with the phenomenon known as the “obesity paradox”, in
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which a higher BMI in elderly subjects decreases the risk of AD [17]. This means that BMI
is not regarded as the optimal surrogate marker for pathological obesity, as it could not
differentiate between body fat and lean muscle [18]. In this context, noninvasive evaluation
of VAT metabolism using 18F-FDG PET may be an optimal alternative for evaluating the
degree of VAT dysfunction.

In the present study, there was a significant association between VAT metabolism and
cerebral Aβ burden. Although 18F-FDG PET/CT was not used to measure VAT metabolism,
several previous studies revealed the relationship between VAT dysfunction and AD
pathology. A previous whole-body magnetic resonance imaging (MRI) case-control study
revealed that AD patients had more volume of VAT than CU individuals, and increased
leptin levels were correlated with lower CSF Aβ1-42 [19]. A recent clinical study reported
that serum adiponectin was higher in AD patients than in MCI patients, and adiponectin
CSF levels were positively correlated with Aβ1-42 and cognitive function, suggesting that
higher serum adiponectin in AD patients constitutes a strategy to compensate for possible
central signaling defects [20]. Another study with a murine model of high-fat-diet-induced
VAT dysfunction reported that both adipose tissue and brain from animals fed a high-fat diet
had elevated amyloid precursor protein (APP) levels localized to macrophage/adipocytes
and neurons, respectively [21]. A recent animal study demonstrated that adipocyte-specific
and mitochondria-targeted APP overexpressing mice had increased body mass and reduced
insulin sensitivity, along with VAT dysfunction due to a dramatic hypertrophic program in
adipocytes [22]. Thus, it is postulated that APP, which is expressed in both neurons and
adipocytes, plays an important role in VAT dysfunction affecting AD pathology.

Although the underlying mechanism of VAT dysfunction and AD pathology is still
unclear, it can be explained by dysregulation of adipokines from the VAT. VAT dysfunction
causes dysregulation of adipokines, including hyperleptinemia and hypoadiponectinemia,
which may contribute to AD development [4]. Leptin, which positively correlates with BMI,
has been found to display neurotrophic, antiapoptotic, and neuroprotective effects [23]. Fur-
thermore, leptin could inhibit the transport of APP by reducing beta-secretase 1 activity [24],
and also facilitates the formation and motility of hippocampal dendritic filopodia, leading
to enhanced synaptogenesis [25]. Thus, it is postulated that hyperleptinemia and subse-
quent leptin resistance are linked to AD development [22]. In addition, adiponectin, which
negatively correlates with BMI, counteracts insulin resistance and exerts anti-inflammatory
effects by inhibiting the expression of IL-6 or tumor necrosis factor alpha (TNFα) [26].
Since hypoadiponectinemia has been linked to several vascular risk factors, including
hypertension, coronary artery disease, heart failure, cerebrovascular disease, and type 2
diabetes [27], it is presumed that hypoadiponectinemia shares a vascular risk factor and
causes AD with leptin resistance [12].

Another possible mechanism to induce AD pathology by VAT dysfunction is chronic
low-grade VAT inflammation, which can influence the occurrence of cerebral inflamma-
tion via circulating inflammatory mediators to increase the risk of AD development [12].
Immune dysregulation in the adipose tissues results in a chronic low-grade inflammation
characterized by increased infiltration and activation of innate and adaptive immune cells,
such as macrophages, dendritic cells, mast cells, neutrophils, B cells, and T cells [14]. In
particular, macrophages, the predominant inflammatory cell type in VAT, are polarized into
proinflammatory M1 macrophages, which secrete many proinflammatory cytokines, such
as IL-6 and TNFα capable of developing chronic low-grade systemic inflammation [28].
Furthermore, VAT inflammation could induce adipocytes to produce various cytokines
and chemokines, such as C-reactive protein, plasma monocyte chemoattractant protein-1,
macrophage migration inhibitory factor, plasminogen activator inhibitor-1, and retinol-
binding protein-4 [29]. These proinflammatory signals from the VAT may penetrate the
blood–brain barrier [30] and exacerbate AD neuropathology, increasing the activity of
various tau protein kinases and promoting cerebral Aβ accumulation [4,31]. A recent
in vivo study with an obesity mouse model showed that a high-fat diet was associated
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with activation of inflammatory, endoplasmic reticulum stress, and apoptotic signals in the
hippocampus [32].

The present study had some limitations. First, we used 18F-FDG uptake in VAT as
a surrogate marker of VAT metabolism. Although 18F-FDG PET/CT is a well-known
method for evaluating the functional activity of several organs [9,10], histopathologic
studies have still not proven that 18F-FDG uptake is consistent with the degree of VAT
dysfunction. Second, the present study could not reveal the sequential AD pathological
changes according to the degree of VAT metabolism due to its cross-sectional study design.
In addition, the mechanism by which VAT metabolism affects amyloid burden was not
elucidated, as we did not measure serum level of adipokines or inflammatory cytokines in
the present study. It is possible that the circulating plasma Aβ caused by AD can induce
VAT metabolism in a vicious cycle. However, the present study provides evidence for the
role of VAT in the development of AD pathology by showing the relationship between VAT
metabolism and cerebral Aβ burden.

4. Materials and Methods
4.1. Study Population

A consecutive series of patients who visited our memory clinic for evaluation of
cognitive function between June 2015 and January 2017 were included prospectively in
this cross-sectional study. The inclusion criteria were as follows: (1) male or female aged
50–90 years; (2) patients who underwent volumetric 3-T brain MRI, torso 18F-FDG PET,
and brain 18F-FBB PET within 4 weeks of their visit to the clinic; (3) patients who under-
went neuropsychological evaluation, including the MMSE and the K-BNT; (4) patients
for whom clinical information, including age, sex, BMI, educational level, diabetes, hy-
pertension, hyperlipidemia, and history of cardiovascular disease, was available. The
exclusion criteria were as follows: (1) patients with a MMSE score of <10; (2) patients with
conditions that could affect cognition, such as vascular dementia, a history of psychiatric
episodes or substance abuse, or a previous diagnosis of dementia; (3) patients who were
clinically suspected of having acute infection or inflammation, or who had related find-
ings on computed tomography (CT) or PET images. All patients were divided into three
syndromal categories: CU, MCI, and dementia, based on the 2018 National Institute on
Aging–Alzheimer’s Association Research Framework [33]. The study was conducted in
accordance with the Declaration of Helsinki, and approved by the Institutional Review
Board of Dongsan Hospital (2018-02-011). Written informed consent was obtained from all
participants or their caregivers.

4.2. Brain MRI

In each patient, brain MRI was performed with a 3-T Signa Excite scanner (GE Health-
care, Milwaukee, WI, USA), with an eight-channel high-resolution brain coil. We obtained
an anatomic image series using a three-dimensional spoiled gradient-echo sequence. Fast
spin echo T2-weighted images were acquired under the following conditions: repetition
time, 4000 ms; echo time, 110 ms; field of view, 210 mm; matrix, 512 × 320; slice thickness,
5 mm; and space thickness, 2 mm. The WMH volume was calculated using SPM12 (Well-
come Department of Imaging Neuroscience, Institute of Neurology, University College
London, London, UK) unified segmentation routines on T1 MR images, as previously
described [34]. Binary white matter masks were created from white matter segmentation
maps, and WMH was segmented semiautomatically. The segmentations (blinded for clini-
cal data) were visually checked for artifacts and segmentation errors. WMH volumes were
calculated in milliliters and were normalized to the intracranial volume.

4.3. 18F-FDG PET

A PET/CT system (Biograph mCT-64, Siemens Healthcare, Knoxville, TN, USA) was
used to acquire torso 18F-FDG PET images. To maintain a blood glucose level <150 mg/dL,
all subjects fasted for at least 6 h before 18F-FDG PET imaging. Torso 18F-FDG-PET images
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were acquired at 50–60 min after the intravenous injection of 4.0 MBq/kg of 18F-FDG, in
a three-dimensional mode. Nonenhanced low-dose CT was performed for attenuation
correction and localization using the spiral mode at 120 kVp and 150 mAs with the True
X algorithm. PET images were subjected to iterative reconstruction using ordered subset
expectation maximization. Attenuation correction of the PET images was performed using
attenuation data from the CT images.

To determine the degree of VAT metabolism, 18F-FDG uptake in VAT was measured
using a dedicated PET workstation (Advantage Workstation 4.3) on torso 18F-FDG PET/CT
images, as previously described [9]. VAT was defined as the intra-abdominal adipose tissue,
and was identified in CT images based on predefined Hounsfield units (ranging from −70
to −110 HUs). The 18F-FDG uptake in the VAT was quantified by drawing a region of
interest (ROI) around each VAT on a CT slice, which led to the consistent generation of
the same ROIs on the transaxial PET images. The ROIs were drawn on each slice of three
VAT areas in the right colic, left colic, and sigmoid mesenteries. The SUV was calculated
as follows: SUV = tracer activity in the ROI (MBq/mL)/injected dose (MBq)/total body
weight (g). The SUVmax was defined as the highest SUV within the ROI, and the VAT
SUVmax was defined as the average of the SUVmax in the three VAT areas. The SUVmean
was defined as the average SUV of voxels within the VOI exceeding 42% of the SUVmax,
and the VAT SUVmean was defined as the average of the SUVmean for the three VAT areas.
The VAT metabolism status was divided by the mean value of VAT SUVmax measured in
healthy controls in a previous study [9]: subjects with VAT SUVmax < 0.74 were classified
as the low VAT metabolism group, while subjects with VAT SUVmax ≥ 0.74 were classified
as the high VAT metabolism group.

4.4. 18F-FBB PET

A PET/CT system (Biograph mCT-64, Siemens Healthcare, Knoxville, TN, USA) was
used to acquire brain 18F-FBB PET images. Brain 18F-FBB PET images were acquired at
90–100 min after intravenous injection of 300 MBq of 18F-FBB. Quantitative analysis of the
cerebral Aβ burden was conducted for the VOIs using the software program PMOD (PMOD
Technologies Ltd., Zurich, Switzerland), as previously described [35]. Image processing
was performed using SPM12 (Wellcome Department of Imaging Neuroscience, Institute of
Neurology, University College London). Each MRI and PET image was coregistered with
a standard mutual information algorithm and was spatially normalized. An automated
anatomical labeling template was subsequently applied for standardized, regional brain
VOI sampling of the count densities [36]. The VOIs were individually defined in the lateral
frontal, lateral temporal, and lateral parietal cortices; cingulate cortex; and cerebellar cortex
on 18F-FBB PET images. Standardized 18F-FBB uptake values were obtained from the
defined regional VOIs. Regional SUVRFBB was calculated by dividing the mean of the
standardized 18F-FBB uptake values for the regional VOIs by that for the cerebellar cortex,
as a reference region. Composite SUVRFBB was calculated by averaging the SUVR of the
lateral frontal, lateral temporal, and lateral parietal cortices, as well as the cingulate [37].
Subjects with a composite SUVRFBB ≥ 1.39, which has previously been reported as a cut-off
value that reflects an abnormally high cerebral Aβ burden, were considered positive for
Aβ [38]. Patients with a composite SUVRFBB < 1.39 were considered negative for Aβ.

4.5. Voxel-Based Analysis

A voxel-based group analysis was conducted using SPM12 (Welcome Trust Center
for Neuroimaging, London, UK), implemented in MATLAB (R2018a, The MathWorks Inc.,
Natick, MA, USA). Each MRI and PET image was coregistered with a standard mutual
information algorithm and was spatially normalized. The images were then smoothed by
means of an isotropic Gaussian filter (8 mm full width at half-maximum). The 18F-FBB PET
images were normalized to the reference region in the cerebellum. Voxel-wise-t statistics
for between-group comparisons were computed, with p-values uncorrected for multiple
comparisons. We investigated the brain areas that showed significantly increased 18F-FBB
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uptake at a peak threshold of p = 0.001 (uncorrected) and an extent threshold of 100 voxels.
For the visualization of the t score statistics (SPM t-map), the significant voxels were pro-
jected onto a three-dimensional rendered brain or a standard high-resolution MRI template
provided by SPM12, thus allowing anatomical identification. The Montreal Neurological
Institute (MNI) coordinates of the local maximum of each cluster were converted into
Talairach coordinates [39].

4.6. Statistical Analysis

All statistical analyses were performed using SPSS for Windows, version 25.0 (IBM
Corp., Armonk, NY, USA). Numerical data (age, BMI, education, WMH volume, VAT
SUVmax, VAT SUVmean, SUVRFBB, and MMSE and K-BNT scores) are expressed as
means ± standard deviations, and were compared among the CU, MCI, and dementia
groups using one-way ANOVA. Bonferroni post hoc analysis was used for between-group
comparisons. In addition, the numerical data were compared between the low and high
VAT metabolism groups, and between cerebral Aβ-negative and -positive groups using two-
sample t-tests. The p-values were corrected for multiple comparisons via false discovery
rate correction. Fisher’s exact tests were performed to evaluate differences in the frequency
of female sex, type 2 diabetes mellitus, hypertension, hyperlipidemia, and cardiovascular
disease among the CU, MCI, and dementia groups, and between the low and high VAT
metabolism groups. Pearson’s correlation analysis was performed to evaluate associations
of the VAT SUVmax, VAT SUVmean, and other variables (age, BMI, educational level, and
WMH volume) with the SUVRFBB. Based on the univariate analysis results, variables with
p-values < 0.05 were included in further regression analysis, in addition to age and sex. We
performed multivariate linear regressions with the VAT SUVmax or VAT SUVmean as the
independent variable and the SUVRFBB as the dependent variable. A p-value < 0.05 was
considered statistically significant.

5. Conclusions

In conclusion, VAT metabolism was associated with AD pathology in older subjects. Our
findings suggest that VAT dysfunction could contribute to the development and progression
of AD. Further longitudinal studies with larger sample sizes and histopathological confirma-
tion are necessary to evaluate the contribution of VAT dysfunction to AD development.
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