
434 www.eymj.org

Diverging Relationships among Amyloid, Tau, and 
Brain Atrophy in Early-Onset and 
Late-Onset Alzheimer’s Disease

Han Kyu Na1*, Jeong-Hyeon Shin2*, Sung-Woo Kim3, Seongho Seo4,5, Woo-Ram Kim4, 
Jae Myeong Kang6, Sang-Yoon Lee7, Jaelim Cho8, Justin Byun9, 
Nobuyuki Okamura10, Joon-Kyung Seong3,11, and Young Noh4,12

1Department of Neurology, Yonsei University College of Medicine, Seoul, Korea; 
2Bio Medical Research Center, Bio Medical & Health Division, Korea Testing Laboratory, Daegu, Korea; 
3School of Biomedical Engineering, Korea University, Seoul, Korea; 
4Neuroscience Research Institute, Gachon University, Incheon, Korea; 
5Department of Electronic Engineering, Pai Chai University, Daejeon, Korea; 
6Department of Psychiatry, Gachon University Gil Medical Center, Incheon, Korea; 
7Department of Neuroscience, College of Medicine, Gachon University, Incheon, Korea; 
8Department of Preventive Medicine, Yonsei University College of Medicine, Seoul, Korea; 
9Department of Rehabilitation Medicine, Severance Hospital, Yonsei University College of Medicine, Seoul, Korea; 
10Division of Pharmacology, Faculty of Medicine, Tohoku Medical and Pharmaceutical University, Sendai, Japan; 
11Department of Artificial Intelligence, Korea University, Seoul, Korea; 
12Department of Neurology, Gil Medical Center, Gachon University College of Medicine, Incheon, Korea.

Purpose: Alzheimer’s disease (AD) dementia may not be a single disease entity. Early-onset AD (EOAD) and late-onset AD (LOAD) 
have been united under the same eponym of AD until now, but disentangling the heterogeneity according to the age of sonset has 
been a major tenet in the field of AD research.
Materials and Methods: Ninety-nine patients with AD (EOAD, n=54; LOAD, n=45) and 66 cognitively normal controls completed 
both [18F]THK5351 and [18F]flutemetamol (FLUTE) positron emission tomography scans along with structural magnetic reso-
nance imaging and detailed neuropsychological tests.
Results: EOAD patients had higher THK retention in the precuneus, parietal, and frontal lobe, while LOAD patients had higher THK 
retention in the medial temporal lobe. Intravoxel correlation analyses revealed that EOAD presented narrower territory of local 
FLUTE-THK correlation, while LOAD presented broader territory of correlation extending to overall parieto-occipito-temporal re-
gions. EOAD patients had broader brain areas which showed significant negative correlations between cortical thickness and THK re-
tention, whereas in LOAD, only limited brain areas showed significant correlation with THK retention. In EOAD, most of the cognitive 
test results were correlated with THK retention. However, a few cognitive test results were correlated with THK retention in LOAD.
Conclusion: LOAD seemed to show gradual increase in tau and amyloid, and those two pathologies have association to each other. 
On the other hand, in EOAD, tau and amyloid may develop more abruptly and independently. These findings suggest LOAD and 
EOAD may have different courses of pathomechanism.
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INTRODUCTION

As there has been mounting evidence supporting that Alzheim-
er’s disease (AD) dementia may not be a single disease entity, 
disentangling the heterogeneity of AD has been a major tenet 
in the field of AD research for decades.1,2 Among the various fac-
tors affecting the variable course of AD, the age of onset is widely 
accepted as one of the most important determinants of this AD 
heterogeneity. Although AD occurs mostly in the elderly [age 
≥65 years, late-onset AD (LOAD)], a certain proportion of AD 
patients show onset of symptoms before the age of 65, namely 
the early-onset AD (EOAD). Until now, EOAD and LOAD have 
been united under the same eponym based on the fact that they 
share core neuropathological hallmarks in common. However, 
numerous research groups continue to report marked differ-
ences between EOAD and LOAD in terms of cognitive profile, 
prognosis, and topographic distribution of neuropathological 
burden.1-5 

With the advent of tau-targeted  positron emission tomogra-
phy (PET) tracers,6-8 in vivo visualization of neurofibrillary tan-
gle (NFTs) has become possible, thereby allowing us to investi-
gate the tau pathology even in earlier stage of AD. Recent studies 
have reported that tau signal correlates closely with cerebral at-
rophy, cognitive deficit, and also show highly consistent find-
ing with post-mortem histopathology.7,8 Together, these findings 
suggest that PET studies using the tau-targeted tracers may pro-
vide us with a better understanding for the pathomechanism 
underlying AD.

Accumulating evidence suggest that amyloid and tau do not 
necessarily follow the temporal order, and that they sometimes 
exert their effect independently to induce neurodegeneration.9,10 
In addition to temporal perspective, the spatial discordance 
among amyloid, tau, and neurodegeneration has also been 
observed; and the two major pathologies are known to cause 
downstream neurodegeneration in complex mechanism show-
ing synergistic interaction in some regions11 but also work in-
dependently to each other in other regions.10 Moreover, a vari-
ety of patterns of interaction ranging from local-to-local and 
local-to-distributed cortical associations between amyloid 
and tau is now being actively reported.9 To date, few studies 
have compared the differential distribution of both tau and 
amyloid simultaneously in AD patients according to the age of 
onset,12,13 and how the amyloid-tau interaction in AD differs ac-
cording to age of onset remains an area of active debate. 

Concerns have been raised regarding the off-target binding of 
the first generation tau PET tracers.14 Studies have indicated that 
[18F]THK5351 binding to monoamine oxidase-B (MAO-B) sig-
nificantly contributes to in vivo tau PET signal. Recent research 
has shown that THK family radiotracers can distinguish well be-
tween AD dementia and healthy controls, and that it may be a 
suitable imaging marker to detect neurodegenerative changes 
caused by reactive astrogliosis as well as tau.15,16 However, it still 
restricts the clinical interpretation of research using this tracer 

by not purely reflecting only tau, but other factors as well.
The objectives of this study were to compare the overall tau 

topography in EOAD and LOAD and to investigate the differ-
ential pattern of interaction among amyloid, tau, and neuro-
degeneration according to the age of onset. As amyloid and tau 
pathology both serve as major hallmarks of AD, the character-
ization of tau pathology in conjunction with amyloid would al-
low us to better disentangle the AD heterogeneity according to 
the age of onset, a conundrum that has remained unsolved for 
decades. 

MATERIALS AND METHODS

Participants
One hundred sixty-seven participants who had been clinically 
diagnosed with EOAD dementia (n=54) and LOAD dementia 
(n=47), and 66 cognitively normal (CN) subjects were prospec-
tively recruited from October 2015 to September 2017. All par-
ticipants underwent 3.0-Tesla MRI, 18F-THK5351 PET scans, 
and [18F]flutemetamol (FLUTE) PET scans, and completed 
neuropsychological test at Memory Clinic at Gachon University 
Gil Medical Center. Out of 167 participants, two patients with 
LOAD were excluded for head motion during [18F]THK5351 
PET scan acquisition. Finally, a total of 165 participants were 
included in this study. 

All patients with AD dementia had been diagnosed with 
probable AD according to the National Institute of Neurologi-
cal and Communicative Disorders and Stroke and the AD and 
Related Disorders Association, and the diagnoses were con-
firmed by follow-up for more than 1 year at the outpatient clin-
ics. EOAD was defined as AD patients whose onset age was 
under 65 years, and LOAD as AD patients whose onset age was 
over 65 years. Patients with other structural lesions on brain 
MRI, such as territorial infarction, intracranial hemorrhage, 
traumatic brain injury, hydrocephalus, severe white matter hy-
perintensity (WMH) or WMH associated with radiation, multi-
ple sclerosis, or vasculitis, were excluded from this study. Pa-
tients with familial AD were also exlucded. All participants 
completed a clinical interview and underwent a standardized 
neuropsychological examination. 

Detailed test items of neuropsychological examinations 
and aphasia battery are presented in Supplementary Material 
(only online). Secondary causes of dementia were ruled out 
through laboratory tests assessing complete blood counts, vi-
tamin B12, folate levels, thyroid function, metabolic profile, 
and syphilis serology. APOE genotyping was also performed.

The CN subjects were recruited from volunteers in the com-
munity or spouses of patients at the Memory Disorder Clinic 
of Gil Medical Center. All CN subjects had no history of neu-
rological/psychiatric illnesses or abnormalities detected on 
neurologic examination. The subjects were required to have a 
clinical dementia rating (CDR) of 0, and normal cognitive func-
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tion defined as within 1.5 standard deviations of the age- and 
education-corrected normative mean as determined by neu-
ropsychological tests. There were no structural lesions, includ-
ing cerebral infarction, intracranial hemorrhage, traumatic 
brain injury, hydrocephalus, or severe WMH, detected in brain 
MRI scans of the CN subjects. For comparison with the EOAD 
or LOAD groups, CN subjects were divided into age-matched 
control groups, each comprising 33 young controls (YC) (mean 
age: 57.6 years) and 33 old controls (OC) (mean age: 75.7 years).

Written informed consent was obtained from all partici-
pants, and the study was approved by the Institutional Review 
Board of Gachon University Gil Medical Center (IRB No. 
GDIRB2015-272). 

Image acquisition and preprocessing

MR image acquisition and parcellation
The study participants underwent brain MR imaging using Ve-
rio 3.0-Tesla MRI scanner (Siemens, Erlangen, Germany) to ac-
quire 3D T1-MPRAGE. The images were analyzed using Free-
Surfer 6.0 (Massachusetts General Hospital, Harvard Medical 
School; http://surfer.nmr.mgh. harvard.edu) to define the re-
gions-of-interest (ROIs) in the native space of each participant 
and to support a correction of gray matter (GM) atrophy and 
white matter spillover in the PET data. Other clinical MRI se-
quences, including the fluid attenuated inversion recovery 
(FLAIR), susceptibility weighted imaging (SWI), and T1- and 
T2-weighted imaging, were also acquired. The FLAIR imaging 
parameters used were as follows: repetition time=9000 ms, 
echo time=122 ms, flip angle=150°, pixel bandwidth=287 Hz/
pixel, matrix size=256×224. The SWI imaging parameters used 
were as follows: repetition time=27 ms, echo time=20 ms, flip 
angle=15°, pixel bandwidth=120 Hz/pixel, matrix size=256×224. 
T1-weighted imaging parameters used were as follows: repeti-
tion time=500 ms, echo time=9.2 ms, flip angle=70°, pixel 
bandwidth=391 Hz/pixel, matrix size=256×224. T2-weighted 
imaging parameters used were as follows: repetition time= 
9650 ms, echo time=88 ms, flip angle=120°, pixel bandwidth= 
174 Hz/pixel, matrix size=256×224. 

Surface-based cortical thickness (CTh) was calculated using 
FreeSurfer. We first constructed the outer and inner cortical 
surface meshes from the MR volume of each subject. The two 
meshes were isomorphic with the same vertices and connec-
tivity, as the outer surface was constructed by deforming the 
inner surface. In order to establish correspondence between 
subjects, we resampled each subject’s cortical surface to 40962 
vertices for each hemisphere using the previously proposed 
method.17 The vertex-wise CTh at each vertex was defined as 
the distance between the two surfaces at the vertex. 

Lacunes were defined as lesions of ≥3 mm and ≤15 mm in 
diameter with low signal on T1-weighted images, high signal 
on T2-weighted images, and a perilesional halo on 80 axial sec-
tions of FLAIR images. Microbleeds were defined as small le-

sions of ≤10 mm in diameter on 20 axial sections of time con-
stant for T2-weighted gradient–recalled echo sequence MRIs. 
Images were analyzed using FreeSurfer 6.0.

PET image acquisition
All PET scans were acquired with a Siemens Biograph 6 True-
point PET/computed tomography (CT) scanner (Siemens) with 
a list-mode emission acquisition. [18F]THK5351 was synthesized 
and radiolabeled at Gachon University Neuroscience Research 
Institute. All participants underwent a 20-minute emission 
scan starting 50 minutes after 185 MBq of [18F]THK5351 was 
injected intravenously (50–70 minutes) and a 20-minute emis-
sion scan starting 90 minutes after the intravenous injection of 
185 MBq of [18F]FLUTE (90–110 minutes), which was purchased 
from Carecamp Inc. and radiolabeled at the Gachon University 
Neuroscience Research Institute. A low-dose CT was performed 
for attenuation correction prior to all scans. In participants who 
underwent [18F]THK5351 and [18F]FLUTE PET scans, the mean 
intervals between THK PET and FLUTE PET scans were 10 days. 
FLUTE PET and MRI scans were acquired on the same day. In-
dividual static images were reconstructed onto a 256×256×109 
matrix with a voxel size of 1.3×1.3×1.5 mm3 using a 2D ordered 
subset expectation maximization algorithm (8 iterations and 
16 subsets), with corrections for physical effects.

PET quantification 
Each [18F]THK5351 or [18F]FLUTE PET image was co-regis-
tered with the corresponding T1 image using FreeSurfer and 
smoothed with an 8-mm Gaussian kernel. Regional mean 
values of PET images were then extracted after region-based 
partial volume correction (PVC) using the PETSurfer tool in 
FreeSurfer18,19 and the resultant weighted-average for pre-de-
fined ROIs. ROIs included the frontal cortex (caudal middle 
frontal, lateral orbitofrontal, medial orbitofrontal, pars oper-
cularis, pars orbitalis, pars triangularis, precentral, rostral mid-
dle frontal, superior frontal cortices, and frontal pole), lateral 
temporal cortex (banks of superior temporal sulcus, inferior 
temporal, middle temporal, and superior temporal cortices), 
superior parietal cortex (post central and superior parietal), 
inferior parietal cortex (inferior parietal and supramarginal gy-
rus), occipital cortex (cuneus, pericalcarine, and lateral occipi-
tal cortices), anterior cingulate cortex (accumbens and caudal 
anterior cingulate cortex), precuneus and posterior cingulate 
cortex (PCC), mesial temporal (hippocampus, parahippo-
campal gyrus, amygdala, and entorhinal cortex), hippocampus, 
entorhinal cortex, fusiform gyrus, lingual gyrus, basal ganglia 
(caudate, putamen and pallidum), and global cortex (a compo-
sition of the frontal, lateral temporal, superior parietal, inferi-
or parietal, occipital, anterior cingulate cortex, precuneus-PCC, 
mesial temporal, fusiform gyrus, and lingual gyrus). Regional 
standardized uptake value ratios (SUVRs) were calculated using 
cerebellar GM as the reference region for THK images and the 
pons for FDG and FLUTE images.20 SUVR images were also 

http://surfer.nmr.mgh. harvard.edu


437

Han Kyu Na, et al.

https://doi.org/10.3349/ymj.2023.0308

generated from the MRI co-registered PET images with voxel-
based PVC.18,19 Cortical retention ratio of FLUTE was calculat-
ed based on AD-related regions, including the frontal, parietal, 
lateral temporal, anterior, and posterior cingulate cortices.20 
Amyloid positivity with FLUTE images were evaluated visual-
ly in the frontal, temporal, parietal cortices, striatum, and pre-
cuneus.

Statistical analyses
Comparisons of demographic and clinical data between diag-
nostic groups were conducted using one-way analysis of vari-
ance with Bonferroni correction (p<0.05). Categorical variables 
were evaluated using the chi-square test. Regional THK SUVRs, 
as well as FLUTE SUVRs, were compared between the three 
groups using a one-way analysis of covariance with adjustment 
for age and years of education, and pairwise differences among 
the adjusted means were further evaluated with Bonferroni 
correction (p<0.05). Correlations between the neuropsycholog-
ical data and regional THK SUVR were evaluated with Pearson 
correlation analysis. Region-wise multiple comparisons were 
corrected in analyses of ROIs by using the Benjamini-Hoch-
berg false discovery rate method. In order to examine the left 
and right regional correlation between THK SUVR and each 
cognitive function, multiple linear regression analysis was per-
formed using cognitive function as the independent factor and 
the regional THK5351 SUVR as the dependent variable after ad-
justing for THK5351 SUVR in the global neocortex. Sensitivity 
analysis was performed. To examine the interaction effect of 
onset age as a continuous variable, we conducted the analysis 
without dividing between AD patients in terms of EOAD and 
LOAD. We set the product of onset age and regional THK5351 
SUVR as an interaction term, adjusting for onset age, sex, edu-
cation years, and disease duration, and evaluated the relation-
ship between regional THK and regional FLUTE using general 
linear model. All the statistical analyses mentioned above were 
conducted with the PASW Statistics 23 software (SPSS Inc, Chi-
cago, IL, USA) with a significance of p<0.05 (two-tailed). 

SPM multiple regression analyses 
We analyzed multiple regression analyses of THK5351 retention 
to find correlation with global FLUTE retention, and to find cor-
relation with mean CTh using Statistical Parametric Mapping 
5 (SPM5). The analyses were performed with adjustments for 
age, sex, and educational years. The results were presented as 
p<0.001, uncorrected for multiple comparisons. 

BPM analysis preprocessing and statistics 
To evaluate the intra-voxel correlation between [18F]THK5351 
retention and [18F]FLUTE retention in each diagnostic group, 
voxel-wise partial correlation analyses between the two trac-
ers were performed with adjustment for age. Biological Para-
metric Mapping (BPM) 3.1 toolbox with SPM5 was used. Any 
predefined brain mask was not applied, and the absolute p val-

ue threshold was used. The resulting t-score maps (uncorrected 
p<0.01, cluster>100) for partial correlation were overlaid on 
an inflated FSaverage brain.

Correlation analysis between image markers 
(correlation matrices)
To investigate inter-regional correlations of THK retention and 
FLUTE retention or regional CTh, correlation matrices were 
calculated from partial correlation analysis with adjustment of 
age. We performed correlation analysis between regional 
THK5351 retention and FLUTE retention in 88 ROIs. We also 
performed correlation analysis between image markers com-
puted from T1-weighted MR images and PET images of 70 
ROIs, which included 68 cortical regions in both hemispheres 
and both hippocampi. Image markers computed from MR im-
ages included CThs and volumes for cortical regions and hip-
pocampi, respectively. Image markers computed from PET 
images were ROI-averaged SUVR for all 70 ROIs. We computed 
Spearman’s rho after controlling for the effects of age, sex, and 
education year. For clarification, Spearman’s rho value passing 
threshold p value<0.01 was also presented.

Surface-based correlation analyses between CTh and global 
THK retention 
We performed the correlation analysis between 81924 vertices 
for vertex-wise CTh and global THK retention using the Spear-
man partial correlation adjusted for age, sex, and educational 
years. For multiple comparison correction, we employed Clus-
ter-based statistics (CBS). CBS estimated significance levels of 
cluster based on how the cluster size was bigger than the ran-
domly formed cluster using permutation testing, where a clus-
ter was defined as a set of connected vertices has correlation co-
efficient above absolute 0.3. Specifically, we re-populated global 
THK retention of the data sets N-1 times by random permuta-
tion, where N is the number of permutations. We computed the 
maximum size of clusters for the original data set and N-1 per-
muted sets, which resulted in a null distribution of sizes of the 
randomly formed clusters. Then, we estimated the significance 
level by a fraction of the occurrence whose sizes of the random-
ly formed clusters were no less than the original cluster size. We 
used 5000 as N.

RESULTS

Demographic and clinical characteristics 
Detailed information regarding demographic and clinical char-
acteristics of EOAD, LOAD, and their age-matched controls are 
summarized in Table 1. The age of onset was much younger in 
EOAD (56.69±5.27) compared to LOAD (73.40±6.03) (p<0.001), 
and the length of education years was longer in EOAD (9.47± 
3.91 vs. 7.50±5.17, p=0.038). The proportion of patients with 
APOE ε4 allele did not differ significantly between EOAD and 
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LOAD groups (p=0.486). LOAD group showed higher propor-
tion of patients with underlying vascular risk factors: hyperten-
sion (p=0.005), dyslipidemia (p=0.017), and coronary artery 
disease (p=0.026). Along with this, patients with LOAD exhibit-
ed higher burden of vascular markers compared to their young-
er counterpart, as revealed by the higher number of lacune (p= 
0.018) and volume of WMH (p=0.007). While the hippocampal 
volume was significantly smaller in LOAD (p=0.005), the mean 
CTh tended to be thinner in EOAD, though the difference 
failed to reach statistical significance (p=0.066).

Compared to their age-matched controls, EOAD and LOAD 
showed worse performance in every item of the neuropsy-
chological battery. In direct comparison between EOAD and 
LOAD, EOAD exhibited worse performance in the attention, 
visuospatial, memory, and frontal executive function domain, 
leaving the language domain to be the only exception. The 
detailed results of neuropsychological tests are presented in 
Supplementary Table 1 (only online).

Difference in [18F]THK5351 uptake patterns between 
EOAD and LOAD
Voxel-wise analyses between AD and each age-matched con-
trols showed that nearly all association cortices were involved 
in EOAD. The differences between LOAD and OC seemed to 
be lesser than those between EOAD and YC (Supplementary 
Fig. 1, only online). Direct comparison between EOAD and 
LOAD showed that EOAD had more THK retention in the bi-
lateral precuneus, dorsolateral prefrontal, and inferior parietal 
areas. Meanwhile, LOAD had greater THK retention in the 
brain areas around the basal forebrain and the lateral tempo-
ral areas (Fig. 1).

ROI-based analyses revealed that global cortical [18F]THK5351 
retention did not show significant difference between EOAD 
and LOAD (Table 2). In the comparison of regional [18F]THK5351 
SUVR, the regions showing preferential [18F]THK5351 binding 
were distinct according to the age of onset. Compared to LOAD, 
EOAD showed higher [18F]THK5351 SUVR in the precuneus, 
anterior and posterior cingulate, and posterior parietal re-
gions (superior and inferior parietal lobule). In contrast, LOAD 
showed higher [18F]THK5351 retention in the entorhinal (p= 

Table 1. Demographics and Clinical Characteristics of the Study Population

Variables
EOAD 
(n=54)

YC 
(n=33)

EOAD 
vs. YC 
p value 

LOAD 
(n=45)

OC 
(n=33)

LOAD 
vs. OC 
p value 

EOAD 
vs. LOAD  
p value

Age (yr) 60.46±5.40 57.55±7.17 0.049* 77.89±6.31 75.46±5.40 0.078 <0.001*
Age at onset (yr) 56.69±5.27 - 73.40±6.03 - <0.001*
Sex (female) 37 (68.5) 13 (39.4) 0.008* 33 (73.3) 18 (54.5) 0.085 0.600
Education (yr) 9.47±3.91 13.46±3.52 <0.001* 7.50±5.17 10.58±5.24 0.012* 0.038*
Disease duration (month) 42.93±20.36 - 53.89±31.65 - 0.049*
MMSE 17.34±5.60 28.76±1.15 <0.001* 18.21±6.06 27.09±2.47 <0.001* 0.474
CDR SOB 5.63±3.86 0.00±0.00 <0.001* 5.23±3.25 0.00±0.00 <0.001* 0.586
APOE ε4 (carrier) 25 (46.3) 8 (24.2) 0.040* 24 (53.3) 6 (18.2) 0.002* 0.486
Amyloid positivity 54 (100) 0 (0.0) <0.001* 43 (95.6) 2 (6.1) <0.001* 0.226
Hypertension 10 (18.5) 7 (21.2) 0.759 20 (44.4) 18 (54.5) 0.378 0.005*
Diabetes mellitus   9 (16.7) 3 (9.1) 0.320 5 (11.1) 6 (18.2) 0.375 0.430
Coronary artery disease 1 (1.9) 0 (0.0) 0.432 6 (13.3) 5 (15.2) 0.820 0.026*
Dyslipidemia   9 (16.7) 13 (39.4) 0.018* 17 (37.8) 13 (39.4) 0.885 0.017*
History of stroke 1 (1.9) 0 (0.0) 0.432 2 (4.4) 1 (3.0) 0.748 0.454
Total lacune 0.66±0.98 0.48±0.80 0.389 1.56±2.30 0.91±1.23 0.147 0.018*
Total microbleeds 0.08±0.27 0.09±0.38 0.827 0.71±2.57 0.06±0.24 0.099 0.106
Total WMH volume (mm3) 4539.46±3895.98 2431.91±1685.94 0.001* 7612.93±6568.54 5158.39±5341.67 0.082 0.007*
PWMH 4165.57±3533.66 2158.52±1554.85 <0.001* 6955.16±5754.29 4505.45±4105.23 0.040* 0.006*
DWMH 373.89±666.20 273.37±337.42 0.423 657.78±1076.57 652.94±1401.70 0.986 0.128
Mean CTh (mm) 2.29±0.16 2.49±0.08 <0.001* 2.34±0.12 2.45±0.09 <0.001* 0.066
Hippocampal volume (mm3) 3116.85±473.39 4418.79±301.85 <0.001* 2850.24±454.01 3800.88±316.43 <0.001* 0.005*
ICV (mm3) 1369857.26±195320.74 1367074.02±175510.72 0.947 1403582.69±156825.79 1430956.37±173270.96 0.469 0.353
EOAD, early-onset Alzheimer’s disease; YC, young control; LOAD, late-onset Alzheimer’s disease; OC, old control; MMSE, Mini-Mental State Examination; CDR–
SOB, clinical dementia rating–sum of boxes; WMH, white matter hyperintensity; PWMH, periventricular white matter hyperintensity; DWMH, deep white matter 
hyperintensity; CTh, cortical thickness; ICV, intracranial volume.
Data are presented as mean±standard deviation for continuous variables and number (%) for nominal variables. Independent t-test was performed for continu-
ous variables and chi-square test for nominal variables.
*Significant (p<0.05).
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0.004), parahippocampal (p=0.061), and along the orbito-
amygdalo-hippocampal axis [orbitofrontal (p=0.065), amygdala 
(p=0.035), and hippocampus (p=0.014)]. Detailed information 

regarding [18F]THK5351 retentions in AD patients and controls 
are presented in Table 2.

Fig. 1. Comparison of [18F]THK5351 retention between EOAD and LOAD. Differences between EOAD and LOAD are presented after adjusting for age, 
sex, and educational years at uncorrected p value<0.001. EOAD, early-onset Alzheimer’s disease; LOAD, late-onset Alzheimer’s disease.

Table 2. Regional SUVR of [18F] THK5351 PET

ROIs
EOAD 
(n=54)

YC 
(n=33)

EOAD vs. YC
p value 

LOAD 
(n=45)

OC 
(n=33)

LOAD vs. OC 
p value 

EOAD vs. LOAD 
p value

Prefrontal 2.16±0.48 1.38±0.20 <0.001* 2.05±0.34 1.69±0.24 <0.001* 0.243
Orbitofrontal 2.46±0.51 1.82±0.25 <0.001* 2.63±0.38 2.22±0.33 <0.001* 0.065
Sensorimotor 1.29±0.29 1.09±0.18 <0.001* 1.40±0.31 1.32±0.20 0.148 0.064
Anterior cingulate 3.23±0.46 2.95±0.45   0.005* 3.51±0.48 3.25±0.40   0.015* 0.005*
Superior parietal 2.25±0.77 1.20±0.17 <0.001* 1.84±0.46 1.44±0.21 <0.001* 0.002*
Inferior parietal 2.67±0.76 1.30±0.19 <0.001* 2.16±0.52 1.62±0.23 <0.001* <0.001*
Precuneus 2.83±0.79 1.46±0.21 <0.001* 2.30±0.57 1.75±0.24 <0.001* <0.001*
Posterior cingulate 2.90±0.59 1.90±0.22 <0.001* 2.66±0.51 2.20±0.37 <0.001* 0.036*†

Occipital 1.52±0.54 1.02±0.14 <0.001* 1.63±0.46 1.23±0.20 <0.001* 0.293
Superior temporal 2.11±0.43 1.61±0.21 <0.001* 2.33±0.48 1.92±0.30 <0.001* 0.014
Middle temporal 2.82±0.84 1.63±0.25 <0.001* 2.72±0.64 1.98±0.30 <0.001* 0.494
Inferior temporal 2.69±0.73 1.59±0.23 <0.001* 2.69±0.62 1.96±0.29 <0.001* 0.983
Mesial temporal 3.48±0.61 2.48±0.28 <0.001* 3.93±0.97 2.79±0.39 <0.001* 0.006*
Entorhinal 3.12±0.75 2.17±0.35 <0.001* 3.89±1.57 2.45±0.37 <0.001* 0.004*
Parahippocampus 2.61±0.60 1.93±0.30 <0.001* 2.83±0.54 2.27±0.42 <0.001* 0.061
Hippocampus 3.45±0.57 2.51±0.28 <0.001* 3.81±0.85 2.76±0.35 <0.001* 0.014*
Amygdala 5.08±1.01 3.28±0.46 <0.001* 5.76±1.91 3.73±0.60 <0.001* 0.035*†

Fusiform gyrus 2.32±0.59 1.53±0.18 <0.001* 2.44±0.63 1.83±0.26 <0.001* 0.310
Lingual gyrus 1.54±0.44 1.18±0.19 <0.001* 1.66±0.47 1.38±0.21   0.001* 0.189
Striatum 3.35±0.56 2.95±0.44   0.001* 3.93±0.69 3.60±0.53   0.025* <0.001*
Cortical 2.37±0.45 1.48±0.19 <0.001* 2.25±0.39 1.78±0.23 <0.001* 0.165
SUVR, standardized uptake value ratio; PET, positron emission tomography; ROI, region of interest; EOAD, early-onset Alzheimer’s disease; YC, young control; 
LOAD, late-onset Alzheimer’s disease; OC, old control; FDR, false discovery rate.
Data are presented as mean±standard deviation. Adjusted for age and year of education for comparison between EOAD vs. YC and LOAD vs. OC. Adjusted for 
year of education for comparison between EOAD vs. LOAD.
*Significant (p<0.05); †ROIs did not survive region-wise FDR correction for multiple comparisons.
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Correlation between cognitive function and regional 
[18F]THK5351 retention
In EOAD, neuropsychological performance revealed a close 
link with the burden of [18F]THK5351, except for Seoul Verbal 
Learning Test (SVLT) delayed recall. Regional THK retention, 
other than the anterior cingulate and occipital cortex, was 
correlated with cognitive functions in EOAD. However, limit-
ed items in the neurological test showed a significant correla-
tion with a few ROIs. Visuospatial function (Rey Complex Fig-
ure Test copy) was correlated with regional THK retention in 
the prefrontal, superior parietal, precuneus, and occipital ar-
eas. Regional THK retention in the inferior temporal area 
showed correlation with Mini-Mental State Examination, clini-
cal dementia rating-sum of boxes, Korean version of Boston 

Naming Test, SVLT, immediate recall, and Controlled Oral 
Word Association Test  animal (Supplementary Tables 2 and 3, 
only online).

Correlation between [18F]THK5351 and [18F]FLUTE 
retention
The detailed results of correlation analyses between regional 
[18F]THK5351 and [18F]FLUTE SUVR are presented in the form 
of correlation matrix in Fig. 2A and B. In patients with EOAD, 
the regional [18F]THK5351 SUVR in the inferior parietal, pre-
cuneus, superior parietal, banks of the superior temporal sul-
cus, cuneus, lateral occipital cortex, lingual cortex, and peri-
calcarine cortex was positively associated with the regional 
FLUTE in the same ROIs (diagonal line). Patients with LOAD 

Fig. 2. Correlation matrices of the r values from partial correlations between regional THK and FLUTE or CTh. (A and B) Correlation matrices of the r 
values from partial correlations between 70 ROIs THK and FLUTE regional SUVRs in EOAD (A) and LOAD (B). X axis shows 70 regional SUVR of THK 
and Y axis presents regional SUVR of FLUTE retention (upper row). Matrices presents r values passing threshold p value<0.01. (C and D) Correlation 
matrices of the r values from partial correlations between 70 regional SUVRs of THK and 68 ROIs of CTh or hippocampal volumes. X axis shows re-
gional SUVR of THK and Y axis presents regional CTh and hippocampal volume (upper row) in EOAD (C) and LOAD (D). Matrices presents r values 
passing threshold p value<0.01. Lt, left; Rt, right; F, frontal cortex; P, parietal cortex; T, temporal cortex; O, occipital cortex; C, cingulate cortex; S, sub-
cortical structure; FLUTE, [18F]flutemetamol; THK, [18F]THK 5351; CTh, cortical thickness; ROI, regions-of-interest; SUVR, standardized uptake value ra-
tio; EOAD, early-onset Alzheimer’s disease; LOAD, late-onset Alzheimer’s disease.

A
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showed positive correlation between regional [18F]THK5351 
and [18F]FLUTE SUVR in much broader territory mostly in the 
parieto-occipito-temporal regions as follows: middle frontal 
gyrus, precuneus, inferior, and superior parietal lobule (su-
pramarginal, angular gyrus), occipital lobe (cuneus, lingual, 
lateral occipital cortex), fusiform, and temporal lobe (superior, 
middle, and inferior temporal gyrus). For better visualization, 
intravoxel correlation confirmed by BPM analyses are depict-
ed in Fig. 3. 

Regional [18F]THK5351 SUVR was positively correlated with 
[18F]FLUTE SUVR in distant regions in LOAD, while such as-
sociations were less observed in EOAD. The most pronounced 
positive correlation observed was regional [18F]THK5351 SUVR 
in the parieto-temporal regions (precuneus, superior and infe-
rior parietal lobule, superior and middle temporal gyrus) and 
[18F]FLUTE SUVR throughout the neocortex. Detailed results 
of correlation analyses between distant regions are depicted 
in the form of correlation matrix (Fig. 2A). Supplementary Fig. 
2A (only online) demonstrates regions of THK retention show-
ing significantly positive correlation with global FLUTE re-
tention. EOAD showed sparse correlation between THK and 
FLUTE. Meanwhile, LOAD had significantly more generalized 
cortical regions where THK and FLUTE had significant posi-
tive correlations (Supplementary Fig. 3, online only). 

For sensitivity analysis, we combined AD patients without 
distinguishing between EOAD and LOAD, and examined the 
interaction effect of onset age in the relationship between THK 
and FLUTE. The results indicated that the interaction term 
was statistically significant in the parietal, temporal, and occipi-

tal areas (Supplementary Table 4, only online). 

Correlation between THK retention and CTh
Fig. 2C and D and Fig. 4 show negative association between 
THK retention and CTh. In the EOAD, the thinner the cortex, 
the greater the THK retention in most of the neocortices. The 
number of cortical vertices significantly correlated with global 
THK SUVR was 7266 (left) and 9652 (right) in EOAD (Fig. 4). 
Otherwise, correlation matrix of LOAD showed there was much 
less regions where the regional THK SUVR and CTh were cor-
related significantly. The number of cortical vertices signifi-
cantly correlated with global THK SUVR was 803 (left) and 0 
(right) in LOAD (Fig. 4). Supplementary Fig. 2B (only online) 
demonstrates regions of THK retention showing significantly 
negative correlation with mean CTh. EOAD showed that most 
of association cortices correlated with mean CTh, while LOAD 
showed that a small number of regions correlated with CTh.

Patterns of association among amyloid, tau, and 
cortical atrophy
A total of six patterns of correlation among amyloid, tau, and 
cortical atrophy may be observed in this study. There were re-
gions where the burden of amyloid and tau showed significant 
positive correlation but their relations with cortical atrophy 
were different: regions showing significant mutual correlation 
among amyloid, tau, and cortical atrophy (Fig. 5A); regions 
showing significant amyloid-tau correlation, but in which 
brain atrophy did not yet take place (Fig. 5B); and regions 
showing significant amyloid-tau correlation, but in which the 

Fig. 3. Intra-voxel correlation between THK and FLUTE with BPM analysis. Intra-voxel correlation was performed after adjusting for age, sex and edu-
cational years with significance defined as an p<0.01 with FDR correction. FLUTE, [18F]flutemetamol; THK, [18F]THK 5351; BPM, biological parametric 
mapping; EOAD, early-onset Alzheimer’s disease; LOAD, late-onset Alzheimer’s disease; FDR, false discovery rate.
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Fig. 4. Surface-based analyses of partial correlations between vertex-wise cortical thickness and global THK. Partial correlations between 81924 ver-
tices for vertex-wise cortical thickness and global THK retention are presented after adjusting for age, sex and educational years with CBS corrected 
for multiple comparisons. EOAD, early-onset Alzheimer’s disease; LOAD, late-onset Alzheimer’s disease; CBS, Cluster-based statistics.

Fig. 5. Representative patterns of relationship among amyloid, tau, and cortical atrophy. (A) Regions showing significant mutual correlation among 
amyloid, tau, and cortical atrophy. (B) Regions showing significant amyloid-tau correlation, but in which neurodegeneration did not yet take place. (C) 
Regions showing significant amyloid-tau correlation, but for which the cortical atrophy only correlated to tau burden. Meanwhile, there were also re-
gions in which amyloid and tau did not reveal any significant correlation. (D) Regions in which the CTh was negatively correlated to amyloid and tau 
respectively, but the two proteinopathies were independent. (E) Regions in which the CTh was negatively correlated to tau, but positively correlated 
to amyloid. (F) Regions in which the cortical atrophy correlated to tau only, without interaction with amyloid. (G) Schematic illustration depicting the 
local (within the same ROI) and non-local (between remote ROIs) correlation between amyloid, tau, and CTh. EOAD, early-onset Alzheimer’s disease; 
LOAD, late-onset Alzheimer’s disease; CTh, cortical thickness; ROI, regions-of-interest; ACC, anterior cingulate cortex; PCC, posterior cingulate cor-
tex; STG, superior temporal gyrus; MTG, middle temporal gyrus; Occ, Occipital cortex.
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cortical atrophy only correlated to tau burden (Fig. 5C). Mean-
while, there were also regions in which amyloid and tau did 
not reveal any significant correlation: regions in which the cor-
tical thickness was negatively correlated to amyloid and tau re-
spectively, but the two proteinopathies were independent (Fig. 
5D); regions in which the CTh was negatively correlated to tau, 
but positively correlated to amyloid (Fig. 5E); and regions in 
which the cortical atrophy correlated only to tau, without in-
teraction with amyloid (Fig. 5F). 

DISCUSSION

The present study evaluated the differential topographic dis-
tribution and correlations of tau retention and amyloid reten-
tion or cortical atrophy according to the age of onset by utiliz-
ing both amyloid and tau PET, providing five major findings. 
Overall, our findings showed that both amyloid and tau may 
play an important role in the AD pathology, but the local and 
non-local synergistic interaction between the two are distinct 
according to the age of onset, implying distinct pathogenesis be-
tween EOAD and LOAD. 

In our study, LOAD patients presented a higher tau reten-
tion ratio predominantly in the medial/lateral temporal and 
parietal lobes. Even when compared to EOAD, the basal fore-
brain and the medial temporal lobe established higher tau 
deposition (Fig. 1), indicating that these regions are the core 
pathological hallmarks of LOAD. These findings may reconcile 
the hypothetical model proposed in the previous post-mortem 
studies stressing that the earliest pathological changes in LOAD 
tend to take place within the nerve cells of brainstem nuclei21 
and that the long projection neurons sprouting out from these 
regions serve as the major source of cortical and hippocampal 
neurotransmitters and their degeneration.22 

It is well-known that EOAD patients display broad neuro-
pathological changes in the overall cortices. However, few stud-
ies have compared in vivo measures of pathology or structural 
changes between EOAD and LOAD.12,13 Postmortem pathologic 
studies have reported greater burden of amyloid-beta plaques 
and NFTs in the parietofrontal association cortices of EOAD 
patients than that in LOAD patients.23 In concordance with pre-
vious reports, EOAD patients in our study exhibited widespread 
tau pathology which was only restricted to regions with tau pa-
thologies observed in LOAD but also involved the regions be-
yond (e.g., occipital lobe, frontal lobe, and anterior cingulate 
cortex). When directly compared with LOAD, EOAD patients 
exhibited higher tau burden in the precuneus-PCC, inferior pa-
rietal lobule, and dorsolateral prefrontal cortex, encompassing 
hub regions not only in the default mode network (DMN) but 
also beyond the DMN, including the dorsal attention network, 
or in the fronto-parietal connectivity.24-26 

Regardless of the age of onset, AD patients revealed signifi-
cant local amyloid-tau correlation in the precuneus and parieto-

temporal regions in common. This marked similarity in the spa-
tial distribution of synergistic amyloid-tau interaction between 
EOAD and LOAD suggests the existence of neuropathological 
hallmarks that encompass AD spectrum regardless of the age 
of onset. A growing body of evidence has also highlighted the 
precuneus and parieto-temporal regions as the characteristic 
hallmark regions in AD in addition to the medial temporal 
lobe.2,27-29 According to the network-based neurodegeneration 
theory, AD tends to target the large-scale brain network and 
spread along the structural or functional connectivity.30 Among 
various network failures observed in AD, the disruption in the 
DMN has been consistently reported, and precuneus and lat-
eral parietal cortex that have been considered as a main hub 
regions comprising the DMN.30 Our findings may suggest that 
disruption of DMN in AD may be driven by the synergistic inter-
action between amyloid and tau by involving the hub regions of 
DMN. Despite the well-known heterogeneity of AD according 
to the age of onset,1,2,28,29 the colocalization of amyloid and tau 
with significant local correlation preferentially observed in the 
precuneus and parieto-temporal regions may serve as a com-
mon neuropathological hallmark that unites EOAD and LOAD 
under the same eponym as AD. 

However, given the inherent limitation of the cross-section-
al studies, the convergent finding across the two phenotypes 
observed does not necessarily imply that the underlying 
pathomechanism is the same. Indeed, EOAD and LOAD might 
have gone through the same pathological course, but alterna-
tively, they could have taken different pathways but end up de-
veloping similar spatial distribution of local amyloid-tau corre-
lation at this stage of disease. In this regard, we would like to 
point out several findings that suggest a divergent pathway. 
First, the extent of pathological burden was much greater in 
EOAD both in terms of amyloid and tau. It has been consistently 
reported that the precuneus and parieto-temporal atrophy is 
more prominent in patients with a younger onset age.1,2,29 While 
LOAD pathological changes progress along a stepwise pattern 
that initially occurs in the medial temporal lobe and later 
spreads to association cortices,6 EOAD tends to show neuro-
pathological changes earliest in the precuneus and parieto-
temporal regions and then extend to other neocortical regions 
and also to medial temporal regions.12 Consistent with this con-
cept, we observed that precuneus and parieto-temporal atro-
phy has not yet taken place in LOAD. Taken together, although 
both EOAD and LOAD harbor higher amyloid and tau burden 
with synergistic interaction in the precuneus and parieto-tem-
poral region, the direction of pathological spreading appears to 
be divergent. Second, the territory of regions exhibiting signifi-
cant positive correlation between amyloid and tau burden was 
much wider in LOAD compared to EOAD. This difference in 
pathomechanism may be related to different treatment effects 
between the two AD subtypes depending on which pathology 
is targeted. A recent study showed that monoclonal antibody 
therapy targeting Aβ was more effective for LOAD than EAOD.31
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Interestingly, patients with LOAD showed extensive non-local 
association between amyloid and tau in ROI-to-ROI correlation 
analyses (Fig. 5G). For example, tau deposition in the fusiform 
and the lateral temporal lobe showed significant correlation to 
amyloid deposition in widespread cortical regions, including 
cingulate, frontal, and parieto-occipital regions. Considering 
that the fusiform and lateral temporal lobe is the region to show 
pathological changes sequentially after the medial temporal 
lobe,6 this finding can be interpreted as cortical amyloid accel-
erating NFTs adjacent to medial temporal lobe structures to 
spread out and involve the widespread neocortex.32 

In addition to the temporal lobe, tau deposition in both later-
al and medial parietal regions (i.e., precuneus) also revealed 
significant correlation to widespread cortical amyloid. This find-
ing may provide a clue as to why the reduction in DMN connec-
tivity are consistently observed in LOAD.25,26 The parietal lobe, 
the core region comprising DMN, is known to be especially vul-
nerable to AD pathology as it faces higher metabolic demand 
and oxidative stress but at the same time exhibits thinner my-
elin sheath, thus making it more vulnerable to neuropathologi-
cal burden.2,27 However, the underlying mechanisms responsi-
ble for how amyloid and tau affect these regions has not yet 
been fully elucidated until now. Our study provides evidence 
that the parietal lobe builds up tau pathology and is correlated 
to distant cortical amyloid, implying that amyloid and tau in-
teracts synergistically through brain circuits and that tau accu-
mulation is potentially affected by cortical amyloid accumu-
lation in LOAD.33 Although whether amyloid truly acts as an 
accelerator of tauopathy in remote regions require further 
pathological investigations, our current study suggests that am-
yloid and tau may interact in a non-overlapping but a synergis-
tic manner in the early stage of LOAD.

In contrast, the scenario appears to be different in EOAD. 
Unlike LOAD, EOAD patients did not show significant non-lo-
cal correlation between tau and amyloid among remote regions, 
and even the local tau-amyloid correlation turned out to be 
weak except for the parietal, precuneus, and lateral temporal 
regions. In this regard, we postulate that tau and amyloid do not 
interact synergistically along neuron-to-neuron connections in 
the case of EOAD, but rather seem to act independently. This 
was contrary to our expectations, as we surmised that amyloid-
tau interaction in EOAD would be extensive throughout the 
entire brain considering that the degree of neurodegeneration 
is known to be much severe in EOAD.3,12,13 Several explana-
tions could be applied to this finding. First, the dose effect of 
pathological burden could be one possible explanation. Con-
sidering that the absolute extent of pathological burden is much 
heavier in EOAD patients,12,13 excessive tau and amyloid burden 
may independently cause cortical atrophy, even without re-
mote accelerating effect of amyloid on tau accumulation.10 Sec-
ond, neurodegeneration in EOAD may be driven primarily by 
tau. Although it has long been postulated that excessive amy-
loid burden may be the key player of pathogenesis in EOAD, 

more recent data suggests that EOAD is not directly driven by 
amyloid deposition.34-36 In line with these studies, region-to-
region amyloid correlation of EOAD turned out to be much 
weaker compared to LOAD in the present study. In addition, the 
non-local tau-amyloid correlation was also shown to be much 
weaker, implying that amyloid and tau may be independent of 
each other not only proximity-wise but also along long-range 
connections in EOAD. However, in the case of tau, close links 
between remote regions throughout the whole neocortical re-
gions suggest that EOAD may be driven predominantly by 
tau, and the propagation of tauopathy along extensive neuro-
nal connections may account for severe, widespread neocor-
tical atrophy.37 

Collectively, AD appears to follow divergent pathological 
pathway according to the age of onset, especially in terms of 
molecular synergy between amyloid and tau, resulting in dis-
tinct regional neuronal vulnerability. We speculate that the neu-
rodegeneration in EOAD, at least in this stage, may be derived 
by the sum of independent effects of amyloid and tau, rather 
than by working synergistically along neuronal connection. Al-
ternatively, widespread neocortical atrophy of EOAD may be 
driven primarily by extensive tau pathology, with amyloid exert-
ing limited local effect on limited regions, including precuneus 
and occipitoparietal regions.34-36 By contrast, LOAD was charac-
terized by extensive non-local amyloid-tau correlation between 
remote regions (Fig. 2 and Supplementary Fig. 3, only online). 

In exploring the interplay of amyloid and tau pathology with 
cortical atrophy in AD, we aimed to discern whether these pa-
thologies result from independent processes or synergistic in-
teractions, particularly considering the differences in age of 
onset. In EOAD, CTh negatively correlated with regional [18F]
THK5351 SUVR across most cortical regions, excluding spe-
cific gyri. Commonly, CTh was negatively correlated with both 
[18F]THK5351 and [18F]FLUTE retention, with significant corre-
lations observed in certain regions. Conversely, cortical atrophy 
in EOAD was primarily correlated with [18F]THK5351 SUVR.

In LOAD, the regions displaying cortical atrophy associated 
with local [18F]THK5351 SUVR were mainly situated in the 
temporal lobe and hippocampus. Additionally, the CTh in the 
orbitofrontal cortex was negatively correlated with local [18F]
THK5351 SUVR. While the precuneus and parieto-occipital re-
gions in LOAD exhibited high [18F]THK5351 and significant 
amyloid-tau correlation, neurodegeneration was not evident, 
leading to a lack of correlation between atrophy and amyloid or 
tau burden. In the entorhinal cortex, CTh was negatively corre-
lated with local [18F]THK5351 SUVR but positively correlated 
with [18F]FLUTE SUVR, regardless of the age of onset.

For EOAD, distinct patterns of correlation emerged. Regions 
with mutual local correlation between amyloid and tau, such 
as the middle frontal gyrus, orbitofrontal cortex, precuneus, and 
parieto-occipital regions, suggested synergistic interactions 
driving regional neurodegeneration. However, in some regions 
such as the middle frontal gyrus and orbitofrontal cortex, corti-
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cal atrophy was linked to both amyloid and tau independently. 
Regions unaffected by amyloid but influenced by tauopathy in-
cluded the superior frontal gyrus, PCC, and most regions in the 
medial and lateral temporal lobe, indicating independent roles 
of amyloid and tau.

While acknowledging the concept of transneuronal interac-
tion in EOAD, we proposed that extensive neocortical neurode-
generation might result from systemic network failures across 
the entire brain. Contrary to expectations, amyloid-induced 
tauopathy along neuronal projections might not be the primary 
driver of network failure in this stage of EOAD. In LOAD, signifi-
cant cortical atrophy was limited to the medial and lateral tem-
poral lobe, linked tightly to tauopathy, with amyloid indirectly 
contributing to neurodegeneration. The widespread territory 
with high tau burden exceeded the region of cortical atrophy; 
and beyond the temporal lobe, no association between atrophy 
and abnormal proteinopathies was observed. This suggests a 
dynamic interaction between amyloid and tau preceding neu-
rodegeneration, particularly in regions beyond the temporal 
lobe, outlining a future atrophic region in LOAD.

In EOAD, elevated tau levels in the precuneus and parietal 
lobe correlated significantly with overall cognitive decline, im-
pacting attention, language, and frontal executive functions. 
The prefrontal, PCC, lateral temporal lobe, precuneus, and pa-
rietal lobe exhibited heightened [18F]THK5351 uptake, closely 
linked to dysfunction in visuospatial functions and memory. 
Even mild associations with tau burden in the medial tempo-
ral lobe were observed in memory function. EOAD, driven pri-
marily by tauopathy, often lacks other comorbid pathologies 
observed in older patients, contributing to these associations. 
Conversely, LOAD displayed associations primarily with lan-
guage and visuospatial dysfunction. Unlike EOAD, early stages 
of LOAD are characterized by memory-predominant dysfunc-
tion, expanding to other domains in advanced stages. No re-
gion-specific relationships were found between [18F]THK5351 
uptake and attention, language, or frontal executive function 
in LOAD, possibly due to cognitive profiles or discordance be-
tween tau deposition and cortical atrophy. The weak correla-
tion between tau burden and cognitive dysfunction in LOAD 
might result from temporal delays between tau deposition and 
neurodegeneration, as demonstrated in this study. Unexpect-
edly, LOAD patients showed no significant regional associa-
tions between tau burden and delayed recall test scores in ver-
bal and visuospatial memory. Possible explanations include 
the complex nature of memory retrieval, involvement of mul-
tiple cognitive domains, and the impact of comorbid patholo-
gies, such as vascular damage or TDP-43. LOAD’s complex eti-
ology, involving interactions between amyloid and tau, suggests 
that tau burden alone may not fully capture cognitive dysfunc-
tion in older patients affected by multiple factors.

We note several drawbacks in our study design. First, our find-
ings may have been affected by off-target binding. [18F]THK5351 
tends to show affinity for quinolone derivatives (e.g., MAO-B).6 

Considering the presence of high concentrations of MAO-B in 
the cerebral cortex and basal ganglia, the interpretation of [18F]
THK5351 PET images may be confounded due to MAO-B affin-
ity. Recent studies have shown that the majority of THK5351 sig-
nal is due to binding to MAO-B rather than tau deposition.14-16 

Although THK distinguished AD patients from controls, this 
discrimination could be based on neuroinflammation. There-
fore, it would be difficult to assert that THK5351 retention re-
flects tau deposition. Second, our study cannot fully address the 
temporal sequence or causal relationships between amyloid, 
tau, and cortical atrophy due to the inherent limitation of the 
cross-sectional study design. Third, we adopted the conven-
tional cut-off point, the age of 65 years, in determining EOAD 
and LOAD. Although there has been a general agreement that a 
65 year cut-off serves as an efficient determinant of EOAD, this 
cut-off is an arbitrary division based on sociological aspects 
and is not strongly supported by biological evidence.38 In this 
regard, it may be inadequate to dichotomize EOAD and LOAD 
solely on the basis of age of onset alone. Therefore, multiple fac-
tors, such as clinical symptoms, genotype, neurodegenerative 
patterns, and burden, should be incorporated to define EOAD 
and LOAD in a more scientific manner. 

Despite the limitations, our present work still holds several 
strengths. First, all participants underwent both amyloid and 
tau PET imaging along with structural MRI scans in our pro-
spective study. By doing so, we could tease out several represen-
tative patterns of relationship among amyloid and tau deposit, 
and brain tissue loss. The differential relationships according to 
the age of onset captured in our study shed light on the poten-
tial mechanism of EOAD and LOAD pathogenesis. Second, we 
investigated not only the differential distribution of amyloid 
and tau, but also the local and non-local amyloid-tau correla-
tions, and thereby showed that these two proteinopathies might 
interact both locally and at a large scale. A recent clinical study 
showed ananti-amyloid therapy was more effective on the pa-
tients with LOAD rather than patients with EOAD.31 The differ-
ent correlation between amyloid and tau might result in differ-
ent effects of disease-modifying therapy. This study may have 
implications for future disease-modifying therapeutic trials 
targeting amyloid or tau pathologies.
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