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Alteration of medial temporal lobe 2
metabolism related to Alzheimer’s disease
and dementia with lewy bodies

Sungwoo Kang'", Seun Jeon?", Young-gun Lee? and Byoung Seok Ye!”

Abstract

Background Association of medial temporal lobe (MTL) metabolism with Alzheimer’s disease (AD) and dementia
with Lewy bodies (DLB) has not been evaluated considering their mixed disease (MD).

Methods 131 patients with AD, 133 with DLB, 122 with MD, and 28 normal controls (NCs) underwent
neuropsychological tests, assessments for parkinsonism, cognitive fluctuation (CF), and visual hallucinations (VH), and
'8F-fluorodeoxyglucose PET to quantify MTL metabolism in the amygdala, hippocampus, and entorhinal cortex. The
effects of AD and DLB on MTL metabolism were evaluated using general linear models (GLMs). Associations between
MTL metabolism, cognition, and clinical features were evaluated using GLMs or logistic regression models separately
performed for the AD spectrum (NC+AD+MD), DLB spectrum (NC+DLB+MD), and disease groups (AD+ DLB+MD).
Covariates included age, sex, and education.

Results AD was associated with hippocampal/entorhinal hypometabolism, whereas DLB was associated with
relative amygdalar/hippocampal hypermetabolism. Relative MTL hypermetabolism was associated with lower
attention/visuospatial/executive scores and severe parkinsonism in both the AD and DLB spectra and disease groups.
Left hippocampal/entorhinal hypometabolism was associated with lower verbal memory scores, whereas right
hippocampal hypometabolism was associated with lower visual memory scores in both the AD spectrum and disease
groups. Relative MTL hypermetabolism was associated with an increased risk of CF and VH in the disease group, and
relative amygdalar hypermetabolism was associated with an increased risk of VH in the DLB spectrum.

Conclusions Entorhinal-hippocampal hypometabolism and relative amygdala-hippocampal hypermetabolism could
be characteristics of AD- and DLB-related neurodegeneration, respectively.
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Background

Alzheimer’s disease (AD) and Lewy body disease (LBD)
are the two most common neurodegenerative and patho-
logical causes of dementia. Although mixed pathologies
of AD and LBD are common in cognitively impaired
patients on autopsy; [1, 2] precise antemortem diag-
nosis is not easy in the real world due to the interac-
tion of the two diseases on clinical symptoms [2—4]. For
example, co-occurring AD pathologies in LBD patients
lower the presentation rate of core clinical features of
dementia with Lewy bodies (DLB), including visual hal-
lucinations (VH) and cognitive fluctuation (CF) [3, 4].
Moreover, although LBD pathologies are associated with
parkinsonism and more severe cognitive and behavioral
deterioration in AD patients, [5] the lack of validated
biomarkers has lessened clinicians’ interest in LB-related
clinical symptoms.

Limbic structures are vulnerable to both AD and
LBD. Neurofibrillary tangles in the entorhinal cortex
and hippocampus are the cardinal neuropathologi-
cal features of AD [6]. Limbic areas are also preferen-
tially affected by Lewy bodies (LBs) in diffuse LBD, [7]
and the amygdala is the most commonly affected by LB
pathology in patients with AD [1, 8]. Brain metabolism
on '8F-fluorodeoxyglucose (FDG)-PET is regarded as a
useful imaging biomarker for the differential diagnosis of
dementia, [9] and focusing on limbic metabolism could
provide useful information for the diagnosis of DLB and
AD. Previous studies have shown that the medial tempo-
ral lobe (MTL) structures are locations of hypometabo-
lism in patients with AD, while relative preservation of
the MTL is the most consistent finding in DLB patients
[10-12]. However, to the best of our knowledge, the
effects of AD and DLB on MTL metabolism have not
been elucidated while considering these two diseases
simultaneously.

In this study, we investigated the effects of AD and DLB
on the metabolism of the MTL structures, including the
amygdala, hippocampus, and entorhinal cortex. We also
evaluated the association between MTL metabolism and
cognitive dysfunction, as well as the core clinical features
of DLB, including parkinsonism, CF, rapid eye movement
sleep behavior disorder (RBD), and VH, separately in the
AD and DLB spectra. We hypothesized that AD and DLB
independently contribute to MTL metabolism with dis-
ease-specific patterns that are related, in turn, to disease-
specific clinical manifestations.

Methods

Study participants

The study participants were 28 cognitively normal con-
trols (NCs), 131 patients with AD, 133 patients with
DLB, and 122 patients with mixed disease (MD)—hav-
ing AD and DLB—recruited from the dementia clinic
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of Yonsei University Severance Hospital, Seoul, South
Korea, from January 2015 to November 2022. NCs were
recruited from a previous independent study of healthy
volunteers and did not have any subjective symptoms of
cognitive impairment or a history of neurological or psy-
chiatric illnesses. They had normal cognitive function
according to the Korean version of the Mini-Mental State
Examination (K-MMSE) and detailed neuropsychologi-
cal tests (described below). All participants underwent
neuropsychological tests, Unified Parkinson’s disease
motor scale (UPDRS) examination, brain magnetic reso-
nance imaging (MRI), '8F-flobetaben (FBB)-PET, and
FDG-PET. All patients with DLB and MD additionally
underwent '8F-fluorinated N-3 fluoropropyl-2-betacar-
boxy-methoxy-3-beta-(4-iodophenyl) nortropane (FP-
CIT)-PET scans. Among the 131 patients with AD, 53
(40.5%) underwent FP-CITPET scans for research pur-
pose, which showed preserved dopamine transporter
uptake in the striatum. The clinical diagnoses of AD and
DLB were based on the diagnostic guidelines of the 2011
National Institute on Aging and Alzheimer’s Association
[13] and the fourth consensus report of the DLB consor-
tium published in 2017 [3]. AD-related mild cognitive
impairment (MCI) was based on the National Institute
on Aging-Alzheimer’s Association workgroup guidelines,
[14] while MCI with Lewy bodies (MCI-LB) was based
on the 2020 research criteria for MCI-LB [15]. Patients
with AD who satisfied the diagnostic criteria for probable
DLB were considered to have MD. The diagnoses of AD
and DLB were further supported by biomarker evidence
of amyloid B deposition and reduced dopamine trans-
porter uptake in the striatum based on visual rating as
well as quantitative analysis [16]. All patients with AD,
all patients with MD, and 56 of 133 patients with DLB
(42.1%) had significant cerebral amyloid-p deposition on
FBB-PET confirmed by the quantitative analysis. Patients
with DLB and MD showed abnormalities in dopamine
transporter uptake on FP-CIT-PET. However, although
these patients presented with cognitive impairment, par-
kinsonism, and DAT depletion, they were not considered
to have DLB if they did not experience CF or VH. The
NC participants had normal FBB-PET, FDG-PET, and
FP-CIT-PET findings.

Neuropsychological evaluation and clinical assessment

All participants completed the standardized Seoul Neu-
ropsychological Screening Battery (SNSB), [17] which
comprises tests for attention, language, visuospatial abil-
ity, memory, and frontal/executive function. Standard-
ized z-scores were available for all tests, with scores after
age- and education-level matching. We included the fol-
lowing tests in our analyses: the Korean version of the
Boston Naming Test (K-BNT) for the language domain;
the copying item of the Rey—Osterrieth Complex Figure
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Test (RCFT) for the visuospatial domain; the immediate
recall, 20-min delayed recall, and recognition items of the
RCFT and the Seoul Verbal Learning Test (SVLT) for the
memory domain; and the digit span backward, seman-
tic and phonemic Controlled Oral Word Association
Test (COWAT), and Stroop Color Test for the executive
domain. The scores in each cognitive domain were clas-
sified as abnormal when they were >1 standard deviation
below the normal values.

Image acquisition and processing with MRl and PET

The participants were scanned using a Philips 3.0 T
MRI scanner (Philips Achieva; Philips Medical Sys-
tems, Best, The Netherlands) with a SENSE head coil
(SENSE factor=2). T1-weighted (T1w) MRI data were
obtained using a three-dimensional T1w turbo-field echo
sequence with these parameters: axial acquisition matrix,
224%224; reconstructed matrix, 256 X256 with 170 slices;
voxel size, 0.859x0.859x 1 mm?; field of view, 220 mm;
echo time, 4.6 ms; repetition time, 9.8 ms; and flip angle,
8.

FDG- and FBB-PET scans were performed using the
Discovery 600 system (General Electric Healthcare, Mil-
waukee, W1, USA). The FDG-PET scans were acquired
according to the following protocol: Approximately 4.1
MBq per kilogram of body weight of FDG was intrave-
nously administered to the patients. After 60 min of
uptake, the PET images were acquired for 15 min. For
FBB, 300 MBq (8 mCi) was intravenously administered
during the procedure. Ninety minutes after injection,
images were acquired over a 20-minute session. The
images were reconstructed using the ordered subset
expectation maximization algorithm with four iterations
and 32 subsets. A Gaussian filter with a 4-mm full width
at half maximum (FWHM) kernel was applied to the
reconstructed PET images, yielding a 256x256 matrix
with 0.98-mm pixels and 0.98-mm slice thickness.

Image processing methods

The FMRIB Software Library (FSL, http://www.fmrib.
ox.ac.uk/fsl) and Advanced Normalization Tools (ANTS)
were used for T1-weighted and PET image processing.
Each subject’s T1-weighted images were corrected for
intensity inhomogeneity, skull-stripped, and registered
to the Montreal Neurological Institute (MNI) template.
The tissues in the registered images were classified into
white matter, gray matter (GM), or cerebrospinal fluid
based on the hidden-Markov random field model and the
associated expectation-maximization algorithm [18]. GM
probability map obtained from this algorithm was non-
linearly transformed into the MNI template. The volume
of interest (VOI) in the amygdala and hippocampus was
segmented based on parameterized deformable sur-
face meshes using T1-weighted MRI and the FSL FIRST
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algorithm [19]. The striatal regions of interest were
included in the GM class. Then, we generated a study-
specific GM mask by averaging all the individual GM
probability maps and binarizing the average map (>30%
GM probability), and then assigned each voxel into either
background or foreground. The entorhinal cortex VOI
was defined as the anterior part of the parahippocampal
gyrus based on the voxel coordinates, according to the
automated anatomical labeling atlas (version 3) [20], by
employing the highly deformable registration algorithm
implemented in the ANTs software [21].

FDGPET scans were coregistered to individual T1lw
images, spatially normalized to the MNI template, and
standardized uptake value ratio (SUVR) maps of the
images were generated, using the cerebellar gray matter
as the reference region. The FDG-SUVR maps weres-
moothed using a 6 mm FWHM Gaussian kernel and
reshaped into a voxel by subject matrix within the study-
specific GM mask. We transformed each data into loga-
rithmic form and centered the data matrix by subtracting
each subject mean and group mean voxel profile, result-
ing in a residual image, termed as the subject residual
profile (SRP) that highlight deviations based on the sub-
ject and voxel group means [22]. Finally, we extracted the
median FDGSRP from the VOIs.

The global amyloid burden was measured using an
automated FBB-PET quantification pipeline as described
elsewhere [23]. Global SUVR values for FBBPET were
extracted as the cortical volume-weighted average of
these cortical regions of interest: frontal, anterior/poste-
rior cingulate, lateral parietal, and lateral temporal cor-
tices [23]. We classified the participants as p-amyloid
positive and negative applying a global FBB-SUVR cutoff
value of 1.478 [24].

Quality assurance for image processing

All MRI and PET images and preprocessing outcomes
from the automated pipelines were visually inspected
for quality assurance by three researchers (SWK, SJ, and
BSY) who were blinded to the participant information.

Statistical analysis

Statistical analyses of demographic and clinical data were
performed using R statistical software (version 4.2.1).
Analyses of variance and X2 tests were performed to com-
pare the clinical features between the disease and control
groups. To compare the quantitatively measured MTL
metabolism among the NC, AD, DLB, and MD groups,
general linear models (GLMs) were used. To identify the
independent and interaction effects of AD and DLB on
MTL metabolism, we used GLMs. Interaction effects
were included only if they were significant. We evalu-
ated the effects of MTL metabolism on standardized
neuropsychological z-scores and the UPDRS motor score
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in a combined group of patients with AD, MD, and NC
(AD spectrum); a combined group of patients with DLB,
MD, and NC (DLB spectrum); and a combined group of
patients with AD, DLB, and MD (disease group) using
GLMs. To determine the association between MTL
metabolism and the risk of CF, RBD, and VH, logistic
regression analyses were performed. All GLMs and logis-
tic regression models were adjusted for age, sex, and edu-
cational level.

To explore the heterogeneity of the associations
between MTL metabolism and clinical features within
each disease group, sensitivity analyses were conducted
in the AD, DLB, and MD group, separately.

Results

Demographics and clinical characteristic of the study
participants

The demographic and clinical characteristics of the study
participants are presented in Table 1. Compared with
the NC group, all disease groups were older and had a
shorter duration of education. The proportion of female
patients in the DLB group was lower than in the MD
group. Compared with the NC group, all disease groups
had lower mean K-MMSE scores and higher clinical
dementia rating (CDR). The proportion of patients with
dementia in the AD group was comparable to that in
the DLB group. The proportion of patients with demen-
tia was higher in the MD group than that in the AD and
DLB groups. The MD group had lower mean K-MMSE
scores and higher CDR than the AD and DLB groups. All
disease groups had higher mean UPDRS motor scores
than the NC group, and the MD group had higher mean
UPDRS motor scores than the AD group. The NC and
AD groups did not exhibit any CF or VH. The DLB and
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MD groups had a higher proportion of CF and VH than
the NC and AD groups.

Comparison of MTL metabolism

Compared with the NC group, the AD group had a lower
mean metabolism in the left hippocampus, whereas the
DLB and MD groups had a higher mean metabolism in
the right amygdala (Fig. 1). The DLB group had higher
mean metabolism than the AD group in all MTL regions.
The MD group had higher mean metabolism in the bilat-
eral amygdala and hippocampus than the AD group,
whereas the MD group had lower mean metabolism in
the bilateral entorhinal cortex and right hippocampus
than the DLB group.

Effects of the presence of AD and DLB on MTL metabolism
There was no significant interaction effect between AD
and DLB on the metabolism of each MTL region (data
not shown); therefore, the independent effects of AD
and DLB on MTL metabolism were evaluated (Table 2).
AD was associated with decreased metabolism in the left
hippocampus, right hippocampus, left entorhinal cor-
tex, and right entorhinal cortex. Contrastingly, the pres-
ence of DLB was associated with increased metabolism
in the left amygdala, right amygdala, left hippocampus,
right hippocampus, and right entorhinal cortex. Figure 2
shows representative images of a patient with NC show-
ing normal entorhinal metabolism (Fig. 2A), a patient
with AD showing entorhinal hypometabolism (Fig. 2B),
a patient with DLB showing relative hippocampal hyper-
metabolism (Fig. 2C), and a patient with MD showing
relative amygdalar and hippocampal hypermetabolism
(Fig. 2D).

Table 1 Comparison of demographic data among the NC, AD, DLB, MD groups

NC (N=28) AD (N=131) DLB (N=133) MD (N=122) Pvalue
Age,y 61.93+7.40 74.15+7.92" 74444647 7324+763" <0.001
Education, y 1430+4.34 10.71+5.10" 980+532" 9414513 <0001
Female, n (%) 16 (57.1%) 84 (64.1%) 72 (54.1%) 88 (72.1%)* 0.026
K-MMSE 2904+107 22444411 2290+426" 2087+491"# <0001
CDR 0.04+0.13 0.59+0.23" 0.66+0.33" 0.78+0.38"1+ <0.001
Stages 0.001
MCI, n (%) - 70 (53.4%) 77 (57.9%) 44 (36.19%)'#
Dementia, n (%) - 61 (46.6%) 56 (42.1%) 78 (63.9%) "
UPDRS 0.96+2.38 178541047 2029+9.70" 2065+1090"" <0.001
Cognitive fluctuation 0 (0%) 0 (0%) 107 (80.5%)"" 101 (82.8%)"" <0.001
Visual hallucination 0 (0%) 0 (0%) 22 (16.5%) " 22 (18.0%)"" <0.001
RBD 0 (0%) 12(9.2%) 39(29.3%)" 28 (23.0%)" 0.008

Data are expressed as means (SD) or numbers (%). Group comparisons were performed using the chi-square test or analysis of variance, as appropriate

“Significantly different from NC after false discovery method correction. 'Significantly different from AD after false discovery method correction. *Significantly

different from DLB after false discovery method correction

Abbreviations: AD, Alzheimer’s disease; CDR, clinical dementia rating; DLB, dementia with Lewy bodies; K-MMSE, Korean-mini-mental state examination; MCI, mild
cognitive impairment; MD, mixed disease; NC, normal cognition; RBD, rapid eye movement sleep behavior disorder; UPDRS, Unified Parkinson’s Disease Rating Scale
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Fig. 1 Group comparisons of metabolism in the MTL of the study groups. The data show the distribution of the z-transformed residuals in each group
from the general linear models for MTL metabolism after controlling for age, sex, and education. P-values were obtained after correcting for multiple com-
parisons across 36 tests (6 MTL regions by 6 tests) with false discovery rate methods (* P<0.05; ** P<0.01; *** P<0.001). Abbreviations: AD, Alzheimer’s
disease; DLB, dementia with Lewy bodies; MD, mixed disease; MTL, medial temporal lobe; NC, normal control

Table 2 Independent effect of AD and DLB on MTL metabolism

AD DLB

B P B P
Left amygdala -0.02 0.688 0.19 <0.001
Right amygdala -0.02 0.689 0.20 <0.001
Left hippocampus -0.17 0.001 0.13 0.015
Right hippocampus -0.19 <0.001 0.15 0.004
Left entorhinal cortex -0.17 0.001 0.09 0.076
Right entorhinal cortex -0.12 0.016 0.14 0.008

Multivariable general linear models were used to investigate the independent
effects of AD and DLB on MTL metabolism after controlling for age, sex, and
education. Significant P-values are shown in boldface after false discovery
rate correction for multiple statistical tests across the six MTL regions.
B=standardized beta coefficient. Abbreviations: AD, Alzheimer’s disease; DLB,
dementia with Lewy bodies; MTL, medial temporal lobe

Association of MTL metabolism and cognition

Table 3 shows the univariable GLMs for neuropsycho-
logical test z-scores separately performed in the AD
spectrum, DLB spectrum, and disease groups. In the
AD spectrum, hypometabolism in the left hippocam-
pus and left entorhinal cortex was associated with lower
SVLT delayed recall scores, whereas hypometabolism
in the right hippocampus was associated with lower
RCFT delayed recall scores. Relative hypermetabolism
in all MTL regions was associated with lower RCFT

copy scores, and relative hypermetabolism in the bilat-
eral amygdala was associated with lower scores on the
COWAT semantic, COWAT phonemic, and Stroop color
reading tests. Relative hypermetabolism in the right hip-
pocampus was also associated with lower COWAT pho-
nemic scores, whereas relative hypermetabolism in the
right entorhinal cortex was also associated with lower
scores on the COWAT phonemic and Stroop color read-
ing tests.

In the DLB spectrum, relative hypermetabolism in all
MTL regions was associated with lower scores on the
digit span backward, RCFT copy, COWAT phonemic,
and Stroop color reading tests. Relative hypermetabo-
lism in the bilateral amygdala was also associated with
lower scores on the K-BNT, COWAT semantics, imme-
diate recall, delayed recall, and recognition items of the
RCFT. Relative hypermetabolism in the right amygdala
was further associated with lower scores on the immedi-
ate and delayed recall items of the SVLT, whereas rela-
tive hypermetabolism in the right hippocampus and
entorhinal cortex was also associated with lower scores
on the K-BNT, COWAT semantic, and immediate recall
items of the SVLT. In contrast to other MTL regions,
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70/F NC case
UPDRS: 3, MMSE: 28

A

76/M DLB case
(Cognitive fluctuation and parkinsonism)
UPDRS: 40, MMSE: 20
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69/F AD case
(Progressive memory impairment)
UPDRS: 8, MMSE: 24

D

68/F MD case
(Visual hallucination and parkinsonism)
UPDRS: 47, MMSE: 6

Fig. 2 Representative examples of MTL metabolic changes in each group. (A) An NC participant with preserved metabolism in the bilateral entorhinal
cortex (black arrows). (B) patient with AD with progressive memory impairment exhibiting decreased metabolism in the bilateral entorhinal cortex (black
arrows). (C) A patient with DLB with cognitive fluctuations and parkinsonism who exhibit bilateral relative hippocampal hypermetabolism (orange ar-
rows). (D) MD patient with visual hallucinations and parkinsonism who exhibits bilateral relative amygdala hypermetabolism with an emphasis on the
left side (red arrows) and left relative hippocampal hypermetabolism (orange arrow). Abbreviations: AD, Alzheimer’s disease; DLB, dementia with Lewy
bodies; MD, mixed disease; MTL, medial temporal lobe; MMSE, Mini-Mental State Examination; NC, normal control; UPDRS, Unified Parkinson’s Disease

Rating Scale

hypometabolism in the left hippocampus and left ento-
rhinal cortex was associated with lower SVLT recogni-
tion scores.

In the disease group, hypometabolism in the left hip-
pocampus and left entorhinal cortex was associated with
lower SVLT delayed recall and recognition scores. Hypo-
metabolism in the right hippocampus was associated
with lower RCFT delayed recall and recognition scores,
while hypometabolism in the right entorhinal cortex
was associated with lower SVLT recognition and RCFT
delayed recall scores. Contrastingly, relative hyperme-
tabolism in all MTL regions was associated with lower

scores on the digit span backward, RCFT copy, phone-
mic COWAT, and Stroop color reading tests. Relative
hypermetabolism in the bilateral amygdala was addition-
ally associated with lower K-BNT and COWAT semantic
scores, and relative hypermetabolism in the right amyg-
dala was also associated with lower SVLT immediate
recall scores. Relative hypermetabolism in the left hippo-
campus was also associated with lower COWAT seman-
tic scores, and relative hypermetabolism in the right
hippocampus was further associated with lower K-BNT
and COWAT semantic scores. Relative hypermetabo-
lism in the right entorhinal cortex was also associated
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Table 3 (continued)

Right entorhinal

Left entorhinal

Right amygdala Left hippocampus Right hippocampus

Left amygdala

<0.001
<0.001

<0.001 -0.30 <0.001 -0.24 <0.001 -0.30 <0.001 -0.22 <0.001 -0.29
-0.26 <0.001 -0.20 <0.001 -0.17 0.001 -0.19 <0.001 -0.24

<0.001

-0.28
-0.28

COWAT phonemic

Stroop color reading

Data represent the results of univariable general linear models for neuropsychological test z-scores using MTL metabolism as a predictor, after controlling for age, sex, and education. Significant p-values are shown in

boldface after false discovery rate correction for multiple statistical testing across 72 regression analyses (six predictors by 12 cognitive tests). Analyses were performed separately on the AD spectrum (NC+AD+MD), DLB

spectrum (NC+DLB+MD), and in the disease group (AD+DLB+MD).

standardized beta coefficient. Abbreviations: AD, Alzheimer’s disease; COWAT, Controlled Oral Word Association Test; DLB, dementia with Lewy

(2024) 16:89

bodies; K-BNT, Korean version of the Boston Naming Test; MD, mixed disease; MTL, medial temporal lobe; NC, normal control; RCFT, Rey-Osterrieth Complex figure Test; SVLT, Seoul Verbal Learning Test
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with lower K-BNT, SVLT immediate recall, and COWAT
semantic scores.

Association of MTL metabolism and parkinsonism

Relative hypermetabolism in all the MTL regions was
associated with higher UPDRS motor scores in the AD
and DLB spectra, and disease groups (Table 4). Among
the MTL regions, the right amygdala had the largest
effect size for the AD and DLB spectra, whereas the left
amygdala had the largest effect size for the disease group.

Association of MTL metabolism and DLB core features
including CF, RBD, and VH

The results of the univariable logistic regression analyses
for DLB core features, including CF, RBD, and VH, are
presented in Table 5. On the AD spectrum, MTL metab-
olism was not associated with the risk of CF, RBD, or VH.
In the DLB spectrum, relative hypermetabolism in the
bilateral amygdala was associated with the risk of VH. In
the disease group, relative hypermetabolism in all MTL
regions was associated with the risk of CF and VH.

Sensitivity analysis

The associations of MTL metabolism with cognition
(Supplementary Table 1) and DLB core features (Supple-
mentary Tables 2 and 3) were analyzed in the AD, DLB,
and MD group, separately. Overall results in the sensitiv-
ity analyses were very similar to the original results.

Discussion

In this study, we evaluated the effects of AD and DLB
on MTL metabolism and the association between MTL
metabolism and clinical features in the spectrum of nor-
mal aging and cognitive impairment due to AD, DLB,
and MD. Our major findings were as follows. First, the
presence of AD was independently associated with hypo-
metabolism in the bilateral hippocampus and entorhi-
nal cortex, whereas the presence of DLB was associated
with relative hypermetabolism in the bilateral amygdala,
hippocampus, and right entorhinal cortex. Second, left
hippocampal/entorhinal hypometabolism was associ-
ated with verbal memory dysfunction, whereas right hip-
pocampal hypometabolism was associated with visual
memory dysfunction in both the AD spectrum and dis-
ease groups. Third, relative MTL hypermetabolism,
especially in the amygdala, was associated with atten-
tion, visuospatial, and executive dysfunction, in addi-
tion to more severe motor parkinsonism in both the AD
and DLB spectra, as well as in the disease group. Fourth,
relative MTL hypermetabolism was associated with an
increased risk of CF and VH in the disease group, and
relative amygdala hypermetabolism was associated with
an increased risk of VH in the DLB spectrum. Collec-
tively, our results suggest that entorhinal/hippocampal
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Table 4 Association of MTL metabolism with UPDRS motor

score

UPDRS

B P
AD spectrum
Left amygdala 0.181 0.001
Right amygdala 0.187 0.001
Left hippocampus 0.148 0.010
Right hippocampus 0.130 0.023
Left entorhinal cortex 0.123 0.036
Right entorhinal cortex 0.158 0.006
DLB spectrum
Left amygdala 0216 <0.001
Right amygdala 0.227 <0.001
Left hippocampus 0.162 0.004
Right hippocampus 0.146 0.009
Left entorhinal cortex 0.131 0.022
Right entorhinal cortex 0.178 0.002
Disease group
Left amygdala 0.191 <0.001
Right amygdala 0.174 0.001
Left hippocampus 0.179 <0.001
Right hippocampus 0.155 0.002
Left entorhinal cortex 0.163 0.002
Right entorhinal cortex 0.161 0.002

The data are the results of univariable general linear models for the UPDRS
motor score using MTL metabolism as a predictor after controlling for age, sex,
and education. Significant P-values are shown in boldface after false discovery
rate correction for multiple statistical tests across the six MTL regions. Analyses
were performed separately on the AD spectrum (NC+AD+MD), DLB spectrum
(NC+DLB+MD), and in the disease group (AD+DLB+MD). B=standardized
beta coefficient. Abbreviations: AD, Alzheimer’s disease; DLB, dementia with
Lewy bodies; MD, mixed disease; MTL, medial temporal lobe; NC, normal
control; UPDRS, Unified Parkinson’s Disease Rating Scale

hypometabolism and relative amygdalar/hippocampal
hypermetabolism reflect AD- and DLB-related neurode-
generation, respectively.

The first major finding of this study was that AD was
independently associated with MTL hypometabolism,
whereas DLB was independently associated with relative
MTL hypermetabolism. The contrasting effects of these
two diseases on MTL metabolism compete in the hip-
pocampus, whereas the effect of AD prevails in the ento-
rhinal cortex, especially on the left side, and that of DLB
in the amygdala, especially on the right side. Our results
are generally in line with previous studies on AD show-
ing decreased MTL metabolism in the amygdala, [25]
hippocampus, [25, 26] and entorhinal cortex [27, 28].
Studies on DLB, [29] Parkinson’s disease (PD), [30] and
even patients with RBD with later clinical progression
to PD or DLB, [31] reported increased metabolism in
the MTL. Although there are discrepant results showing
preserved hippocampal metabolism in AD patients, [32,
33] and relatively preserved rather than increased MTL
metabolism in DLB patients, [10-12] prevalent mixed
pathologies and competing effects of AD and DLB on
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MTL metabolism could explain these discrepancies. For
example, if patients with AD have concomitant DLB, the
hippocampal metabolism may be preserved rather than
reduced. Conversely, if patients with DLB have concomi-
tant AD, the average MTL metabolism may be preserved
rather than increased.

Our second major finding was that left hippocampal/
entorhinal hypometabolism was associated with verbal
memory dysfunction, whereas right hippocampal hypo-
metabolism was associated with visual memory dys-
function, in both the AD spectrum and disease groups.
These results are consistent with previous unilateral
MTL lesions or epilepsy studies showing that left lesions
impair verbal memory and right lesions impair non-ver-
bal [34] or visual memory [35]. Considering that mem-
ory impairment is the cognitive hallmark of AD and that
the burdens of neurofibrillary tangles in the entorhinal
cortex and hippocampus are associated with memory
impairment in AD, [36, 37] hippocampal/entorhinal
hypometabolism could be a disease monitoring or stag-
ing biomarker for AD from healthy aging to dementia,
even in patients with mixed pathologies.

Our third major finding was that relative MTL hyper-
metabolism, especially in the amygdala, was associated
with attention, visuospatial, and executive dysfunction, as
well as more severe motor parkinsonism, in both the AD
and DLB spectra, as well as in the disease group. Atten-
tion, visuospatial, and executive dysfunction are cogni-
tive hallmarks of DLB, [38] and motor parkinsonism is
a core clinical feature of DLB [3]. As limbic LB patholo-
gies is related to visuospatial and executive dysfunction
in patients with DLB [39] and PD, [40] our results suggest
that relative MTL hypermetabolism could be a disease
monitoring biomarker for DLB, reflecting the severity of
LB pathologies. Although previous studies have shown
that limbic hypermetabolism correlates with dopaminer-
gic depletion in patients with DLB [41, 42] and RBD, [31]
we could not evaluate the relationship between relative
MTL hypermetabolism, dopamine transporter uptake,
cognitive dysfunction, and motor parkinsonism because
some of our patients with AD did not undergo FP-
CIT-PET. Further studies are needed to elucidate these
relationships.

Our last major finding was that relative MTL hyperme-
tabolism was associated with an increased risk of CF and
VH in the disease group, and relative amygdala hyper-
metabolism was associated with an increased risk of VH
in the DLB spectrum. There are controversies regard-
ing whether hypermetabolism in DLB represents a dis-
inhibition or compensatory mechanism [41]. Although
recruitment of brain function to compensate for func-
tional loss may present as hypermetabolism, just as find-
ings observed in the early disease stage of AD, [43] the
compensatory processes cannot be maintained in the late
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Table 5 Association of MTL metabolism with cognitive fluctuation, RBD, and visual hallucinations

Cognitive fluctuation RBD Visual hallucination

Odds ratio (95% Cl) P Odds ratio (95% ClI) P Odds ratio (95% ClI) P
AD spectrum
Left amygdala 1.45(1.08~1.98) 0.015 0.82 (0.56~1.21) 0325 1.28 (0.79~2.10) 0315
Right amygdala 1.50(1.10~2.07) 0.013 0.80(0.53~1.21) 0.292 1.07 (0.63~1.83) 0.797
Left hippocampus 1.25(092~1.71) 0.161 0.83(0.57~1.24) 0.359 1.08 (0.65~1.84) 0.785
Right hippocampus 1.47 (1.06 ~2.08) 0.024 0.85(0.55~1.32) 0472 1.01 (0.58~1.76) 0978
Left entorhinal cortex 1.10 (0.85~1.44) 0456 0.88(0.62~1.24) 0454 0.98 (0.63~1.54) 0922
Right entorhinal cortex 1.20 (0.88~1.64) 0.257 0.96 (0.63~1.45) 0.831 1.00 (0.58~1.74) 0.999
DLB spectrum
Left amygdala 1.23(091~1.67) 0.188 0.95 (0.7 ~1.28) 0.745 1.77 (1.24~257) 0.002
Right amygdala 1.34(0.98~1.85) 0.071 0.87 (0.64~1.19) 0.396 1.71(1.18~251) 0.005
Left hippocampus 1.01(0.72~142) 0.940 1.01(0.72~143) 0.942 1.61(1.08~245) 0.022
Right hippocampus 1.32(0.94~1.88) 0.114 0.95 (0.67~1.34) 0.758 1.36 (0.90~ 2. 08) 0.147
Left entorhinal cortex 0.97(0.73~1.28) 0.817 1.07 (0.81~1.43) 0.630 1.38(0.99~1.95) 0.062
Right entorhinal cortex 1.18(0.85~1.63) 0327 1.02 (0.74~1.417) 0912 1.59 (1.08~2. 39) 0.022
Disease group
Left amygdala 145(1.16~1.82) 0.001 0.99(0.76~1.29) 0.932 1.97 (139~2.85) <0.001
Right amygdala 145(1.15~1.85) 0.002 0.94 (0.71~1.24) 0.643 1.90 (1.31~2.78) 0.001
Left hippocampus 1.54(1.21~1.97) 0.001 1.11(0.84~1.49) 0.468 1.92 (1.30~2.87) 0.001
Right hippocampus 1.76 (1.36~2.31) <0.001 1.09 (0.81~147) 0.579 162 (1.10~242) 0.016
Left entorhinal cortex 1.31(1.07~1.61) 0.009 1.15(0.89~1.48) 0.286 1.57 (1.14~2.20) 0.007
Right entorhinal cortex 142 (1.13~1.80) 0.003 1.11(0.83~148) 0.489 1.77 (1.21~262) 0.004

Data are the results of logistic regression models on clinical features (cognitive fluctuation, RBD, and visual hallucinations) using MTL metabolism as a predictor after
controlling for age, sex, and education. Significant P-values are shown in boldface after correcting for multiple comparisons for 18 regression analyses (6 predictors
by 3 clinical features) with false discovery rate methods in each disease spectrum. Abbreviations: AD, Alzheimer’s disease; Cl, confidence interval; DLB, dementia with
Lewy bodies; MTL, medial temporal lobe; RBD, rapid eye movement sleep behavior disorder

disease stage once neurodegeneration has progressed to
some extent. Additionally, these compensatory mecha-
nisms should be directed towards alleviating the clinical
symptoms of degenerative diseases. In this study, relative
MTL hypermetabolism was associated with the worsen-
ing of cognitive dysfunction, parkinsonism, and even VH
and CF, which are regarded as specific to DLB [3]. There-
fore, our results support the conjecture that relative MTL
hypermetabolism represents a disinhibitory process
rather than a compensatory process. The candidates for
explaining such disinhibitory processes include the lack
of inhibitory neurotransmitter input from the brainstem
nucleus to the limbic system, [44] disinhibition of the
basal ganglia [45] or cerebellar pacemaker [46] that are
connected to the limbic system, [47] and abnormal neu-
ronal hyperexcitability caused by neuronal accumulation
of a-synuclein [48]. Although a previous study showed
that VHs are related to LB pathology within the amygdala
and parahippocampus, [49] future studies are warranted
to confirm the exact underlying mechanism for meta-
bolic perturbation in MTL structures.

Strengths and limitations

This study has several strengths. The diagnoses of AD and
DLB were carefully made, satisfying the recently revised
diagnostic criteria, and were supported by abnormal

results on FBB- and FP-CIT-PET, respectively. To our
knowledge, this is the first study to investigate the inde-
pendent effects of both AD and DLB on MTL metabo-
lism. However, this study also has several limitations.
First, the underlying causes of neurodegeneration were
not confirmed by pathological examinations. Second, the
cross-sectional design limited the interpretation of causal
and temporal relationships. Third, the single-center set-
ting of this study may have introduced a selection bias.
Fourth, there may be a reference issue in the measure-
ment of regional metabolism from FDG-PET. Although
we used the SRP methods which is similar to the global
normalization method, the pons and cerebellum were
more frequently used as reference regions. However, as
metabolism in the pons, cerebellum, and motor cortex is
increased in patients with LBD, [42] using such regions
as reference regions could overestimate the degree of
hypometabolism and underestimate the degree of hyper-
metabolism, which was significantly associated with the
core clinical features of DLB in our study. Sensitivity
analyses using global normalized SUVR instead of SRP
showed very similar results to the original results (Sup-
plementary Tables 4—11). In contrast, sensitivity analy-
ses using pons-normalized SUVR successfully captured
the association between MTL hypometabolism and AD-
related clinical features, such as memory dysfunction, but
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failed to capture the association between MTL hyper-
metabolism and DLB-related clinical features, including
parkinsonism, CF, RBD, or VH. Notably, the sensitivity
analyses to determine the independent effects of AD and
DLB on regional metabolism and those to determine the
association between MTL metabolism and DLB-related
clinical features consistently showed that the models
using globally normalized MTL metabolism had lower
Akaike information criteria values than those using pons-
normalized MTL metabolism. Global normalization or
SRP methods may have better power to accurately detect
DLB-related neurodegeneration without missing AD-
related neurodegeneration. Fifth, as the MTL system is
closely connected to other brain regions, metabolic alter-
ations in related structures could confound the effects
of MTL metabolism. Considering that the limbic area is
rarely involved in vascular lesions, [50] MTL metabolism
can capture the pathological burden more precisely than
other cortical or subcortical metabolic pathways, which
are vulnerable to vascular pathology. Sixth, validation in
an independent sample is necessary to confirm our find-
ings. Recently, we investigated in 62 autopsy-confirmed
patients with AD and/or LBD pathologies using the AD
Neuroimaging Initiative database. The previous study
showed that AD pathology was associated with hypome-
tabolism in the bilateral hippocampus, entorhinal cortex,
and posterior cingulate cortex regardless of LBD pathol-
ogy, whereas LBD pathology was associated with relative
hypermetabolism in the bilateral putamen and anterior
cingulate cortex regardless of AD pathology, [51] dem-
onstrating robustness of the results in the current study.
Seventh, our results should be interpreted with caution
due to the small sample size and younger age of the NC
group in comparison to the disease groups. However,
the sensitivity analyses of the 12 NC subjects who were
not statistically different in age from the disease groups
showed almost the same results as the original results
(data are not shown). Further studies are needed to rep-
licate our results using NCs with a sufficient sample size
and age comparable to the disease groups.

Conclusions

Our results suggest that there are AD- and DLB-specific
patterns of MTL metabolism. MTL metabolism on FDG-
PET may be a useful biomarker for the detection and
monitoring of cognitive impairment due to AD and DLB.

Abbreviations

AD Alzheimer's disease

CDR Clinical dementia rating

CF Cognitive fluctuation

COWAT Controlled oral word association test
CSF Cerebrospinal fluid

DLB Dementia with Lewy bodies

FBB '8F-flobetaben

FDG '8 -fluorodeoxyglucose
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GLMs General linear models
GM Gray matter

K-BNT Korean version of the Boston naming test
K-MMSE  Korean version of the Mini-Mental State Examination
LBs Lewy bodies

LBD Lewy body disease

NCs Normal controls

MD Mixed disease

MRI Magnetic resonance imaging

MTL Medial temporal lobe

PD Parkinson’s disease

RCFT Rey-Osterrieth complex figure test

RBD Rapid eye movement sleep behavior disorder
SNSB Seoul neuropsychological screening battery
SRP Subject residual profile

SUVR Standardized uptake value ratio

SVLT Seoul verbal learning test

UPDRS Unified Parkinson’s disease rating scale

VH Visual hallucination
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