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ABSTRACT
Excessive tau accumulation in the parieto-occipital cortex characterizes

early-onset Alzheimer’s disease

Hanna Cho

Department of Medicine
The Graduate School, Yonsei University

(Directed by Professor Young-Chul Choi)

Background: Early-onset Alzheimer’s disease (EOAD) is associated with a greater impairment of
various non-memory functions, more rapid progression, and greater cortical hypometabolism and atrophy
when compared to late-onset AD (LOAD) even when similar amyloid-p burden was present in positron
emission tomography (PET) studies. We sought to investigate the differences in topographical patterns of
tau accumulation between the early- and late-onset patients with AD and mild cognitive impairment
(MCI). Methods: In 90 amnestic MCI and mild to moderate AD patients who completed 8F-AV-1451
and ‘®F-florbetaben positron emission tomography scans, 59 amyloid-positive patients were included (11
EOAD, 10 EOMCI, 21 LOAD, and 17 LOMCI). We compared cortical ®F-AV-1451 and *®F-florbetaben
binding between each patient group and corresponding amyloid-negative age-matched controls. Results:
Compared to each control group, both EOAD and LOAD groups showed markedly increased ®F-AV-
1451 binding across the entire neocortex, while only the LOMCI group showed increased binding in the
medial temporal cortex. In contrast to no difference in cortical ¥F-AV-1451 binding between the EOMCI
and LOMCI, the EOAD showed greater F-AV-1451 binding in the parieto-occipital cortex than LOAD.
The parieto-occipital ®F-AV-1451 binding correlated with the visuospatial dysfunction in EOAD
spectrum, while the binding in the temporal cortex correlated with verbal memory dysfunction in LOAD
spectrum. Cortical 8F-florbetaben binding did not differ between the EOAD and LOAD groups.
Conclusion: EOAD patients have a greater tau burden, particularly in the parieto-occipital cortex than
LOAD patients. Distinct topographic distribution of tau may influence the nature of cognitive impairment
in EOAD patients.

Key words: Alzheimer’s disease; mild cognitive impairment; early onset; tau; positron emission

tomography
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I . INTRODUCTION

Early-onset Alzheimer’s disease (EOAD) has a greater impact on occupational and socio-
economic status !, undergoes more rapid progression, and is associated with a shorter survival period than
late-onset AD (LOAD) 23, EOAD is also characterized by greater impairment of various non-memory
functions including attention, visuospatial, language, praxis, and executive functions than LOAD, which
is predominantly associated with memory impairment *6, Accompanying these distinct patterns of
neuropsychological dysfunction, EOAD patients show more severe hypometabolism and cortical atrophy,
particularly in the parietal, posterior cingulate and precuneus cortices >,

Postmortem pathological studies have reported greater burden of amyloid-p plaques and
neurofibrillary tangles (NFT) in the parieto-frontal association cortices of EOAD patients than in LOAD
patients %% In a study using a cut-off of 62 years, EOAD patients showed greater 'C-Pittsburgh
Compound B (PIB) binding in the parietal cortex than LOAD patients 2. However, unlike these
postmortem and in vivo imaging studies, no difference in cortical *C-PIB binding has been shown
between EOAD and LOAD patients dichotomized by the age cut-off of 65 years at onset 2.

1BE-AV-1451 is a recently developed radiotracer specific for paired helical filaments (PHF) of
hyperphosphorylated tau protein #, and enables the in vivo visualization of tau pathology *°. Cortical ®F-
AV-1451 binding patterns clearly mirror the known topographic distribution of neurofibrillary tangle
(NFT) pathology in AD %7,

In the present study, we sought to investigate differences in 8F-AV-1451 binding patterns
between early- and late-onset patients with AD and mild cognitive impairment (MCI). We also
investigated the cortical regions in which F-AV-1451 binding correlates with specific

neuropsychological function in each age-related group.



II. MATERIALS AND METHODS

1. Participants

This study was approved by the Institutional Review Board of Gangnam Severance Hospital, and
written informed consent was obtained from all participants.

Between January 2015 to Feb 2016, 90 MCI and mild to moderate AD dementia patients who had
been clinically diagnosed at the Memory Disorder Clinic of Gangnam Severance Hospital were recruited.
Clinical interviews, neurological examination, laboratory blood tests, apolipoprotein E (APOE)
genotyping, neuropsychological tests, conventional brain magnetic resonance (MR) imaging, and ®F-
florbetaben (for amyloid-B) and *8F-AV-1451 (for tau) PET scans were conducted for all patients.

AD patients were required to meet the criteria for probable AD as proposed by the National
Institute of Neurological and Communicative Disorders and Stroke and the Alzheimer’s Disease and
Related Disorders Association (NINCDS-ADRDA) 8. Amnestic MCI was diagnosed based on Petersen’s
criteria 1% performance of verbal or visual memory function tests below -1.5 SD of age- and education-
adjusted norm. Patients were excluded if they exhibited other structural lesions identified by brain MR,
including territorial infarction, intracranial hemorrhage, brain tumor, hydrocephalus, or severe white
matter hyperintensities (Fazekas scale 3) %. Potential secondary causes of cognitive deficits were
excluded by additional laboratory tests including complete blood count, blood chemistry, vitamin B12,
folate, syphilis serology, and thyroid function tests. We also excluded patients who met the diagnostic
criteria for psychotic or mood disorders such as schizophrenia or major depressive disorder. There were
no patients presenting with atypical features suggesting AD variants (posterior cortical atrophy, logopenic
aphasia, or frontal-variant AD). Although we could not perform any genetic tests other than
apolipoprotein E genotyping, none of the patients had a family history suspicious for autosomal dominant
AD; > 2 first degree relatives with a history of dementia or > 1 family member presenting dementia in
extremely young age.

The controls were healthy volunteers with no history of neurological or psychiatric illness and no
abnormalities detected by neurological examination. AIll control subjects underwent the same
neuropsychological tests and neuroimaging studies as the patients. All showed normal cognition (above -
1.5 SD of age- and education-adjusted norm) on detailed neuropsychological tests.

Using the visual assessment method validated with postmortem tissue 222, amyloid-positivity
was determined by two nuclear medicine specialists (Y.H.R. and J.H.L.) who were blinded to the clinical
diagnosis. Onset ages were determined by an interview conducted with family members or caregivers.
The patients were divided into subgroups according to the age cut-off of 65 years at onset, with 30
patients in the early-onset AD spectrum (EOAD/MCI: onset age < 65 years; 12 EOAD and 18 EOMCI)
and 60 patients in the late-onset AD spectrum (LOAD/MCI: onset age > 65 years; 31 LOAD and 29
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LOMCI). For this study, we finally included amyloid-positive patients: 11/12 (91.7%) EOAD, 10/18
(55.6%) EOMCI, 21/31 (67.7%) LOAD, and 17/29 (58.7%) LOMCI.
For comparison of the AD/MCI groups, two age-matched control groups comprising 15 young

controls (YC) and 15 old controls (OC) negative for amyloid were included.

2. Neuropsychological tests

All subjects underwent neuropsychological tests using a standardized battery called the Seoul
Neuropsychological Screening Battery 224, We assessed attention (Digit Span Backward: DS-BW),
language (Boston Naming Test: BNT), visuospatial/constructive (Rey-Osterrieth Complex Figure Test:
RCFT), verbal memory (Seoul Verbal Learning Test-Delayed Recall: SVLT-DR), visual memory (Rey-
Osterrieth Complex Figure Test-Delayed Recall: RCFT-DR), frontal/executive functions (Controlled Oral
Word Association Test-Semantics: COWAT), and Clinical Dementia Rating sum-of-boxes (CDR-SB),
and also conducted the Mini-Mental State Examination (MMSE).

3. Image acquisition and processing
A. Acquisition of PET and MR images

All PET images were acquired using a Biograph mCT PET/CT scanner (Siemens Medical
Solutions; Malvern, PA, USA). We intravenously injected 281.2 + 35.2 MBq of ®F-AV-1451 for tau PET
and 297.9 + 34.5 MBq of ®F-florbetaben for amyloid PET. Prior to the PET scans, a head holder was
applied to minimize head motion and brain CT images were acquired for attenuation correction. At 80
mins after the injection of ¥F-AV-1451 and at 90 mins after the injection of 8F-florbetaben, PET images
were acquired for 20 mins. After correcting for attenuation, scatter and decay, 3D PET images were
finally reconstructed with the ordered-subsets expectation maximization (OSEM) algorithm in a
256x256x223 matrix with 1.591x1.591x1 mm voxel size.

Axial T1-weighted brain MR images were obtained with 3D-spoiled gradient-recalled sequences
(3D-SPGR sequences; repetition time = 8.28 ms, echo time = 1.6 to 11.0 ms, flip angle = 20°, 512x512
matrix, voxel size 0.43x0.43x1 mm) in a 3.0 Tesla MR scanner (Discovery MR750, GE Medical Systems,
Milwaukee, WI).

B. Image processing steps

We used FreeSurfer 5.3 (Massachusetts General Hospital, Harvard Medical School,
http://surfer.nmr.mgh.harvard.edu) and in-house software implemented in MATLAB 7.1
(MathWorks) for the processing of T1-weighted brain MR images and creating participant-
specific volume-of-interest (VOI) masks. Subcortical structures were segmented after

inhomogeneity correction and segmentation of MR images into gray and white matter by using
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the intensity gradient across the layers and connectivity between the voxels. After tessellation
with more than 100,000 vertices of trigons, 3D-surfaces for cortical gray matter and white matter
were obtained. Cortical thickness (defined as the distance between the gray matter surface and
corresponding white matter surface) was measured, and the thickness values and curvature
information for each vertex were overlaid onto the white matter surface.

Subcortical gray matter structures were labelled by probabilistic registration technique to
create VOI masks for subcortical regions.?® By using a surface-based probabilistic labelling
algorithm based on the curvature information on white matter surface, cerebral cortical regions
were parcellated, and cortical VOI masks were created.?®?” A composite VOI mask containing
112 regions was created by merging cortical and subcortical VOI masks. We merged
anatomically related regions to create a VOI mask image with 36 cortical and subcortical regions.
With this final VOI mask image, we corrected for the partial volume effect (PVE) using the
region-based voxel-wise (RBV) method,?® and measured regional volumes using the voxel
counts within each VOI mask. The cerebellar cortex was used as a reference region to create
standardized uptake value ratio (SUVR) images. Finally, we measured PVE-uncorrected and
corrected regional SUVR values for 25 cortical regions (inferior, middle and superior frontal,
orbitofrontal, paracentral, precentral, inferior and superior parietal, postcentral, precuneus,
supramarginal, medial and lateral occipital, lingual, insula, inferior, middle and superior
temporal, fusiform, parahippocampal, anterior and posterior cingulate cortices, amygdala, and
hippocampus).

For the surface-based visualization and statistical analysis of PET images, standardized
uptake values (SUV) of the voxels at the mid-point between the gray and white matter surface
for each vertex was assigned for each vertex. A surface-based SUVR map was created with the
cerebellar cortex SUVs obtained by volume-based approach and spatially normalized to the
average surface. The spatially normalized surface-based SUVR maps were then convoluted by
Gaussian kernel with 8 mm full-width half maximum (FWHM) to reduce noise. Similarly,
cortical thickness maps overlaid on the white matter surface were spatially normalized and
smoothed for the later statistical comparison.

We primarily used VOI data uncorrected for partial volume effect, but additionally analyzed VOI

data corrected for partial volume effect by using the region-based voxel-wise partial volume correction

method 28.



4. Statistical analysis

Demographic data was analyzed using ANOVA and post-hoc comparison for continuous
variables and chi-square test for categorical variables. For the comparison of neuropsychological tests, we
first used the analysis of covariance (ANCOVA) model with years of education as covariates, and then
corrected multiple comparisons of each between-group comparison with the Bonferroni method. We
primarily compared between the young and corresponding old groups (e.g. EOAD vs. LOAD, EOMCI vs.
LOMCI, and YC vs. OC).

We performed interaction analysis by using the general linear model adjusting for the year of
education to observe the interaction of regional ®F-AV-1451 binding values between the onset age (early-
and late-onset) and diagnosis (healthy control, MCI and AD) and also between the onset age and the
MMSE score. For the between-group comparison, we compared regional ®F-AV-1451 SUVR values
between the three diagnostic groups in EOAD/MCI and LOAD/MCI separately by using the ANCOVA
model with age and years of education as covariates. For the group comparisons between the EO and LO
groups (EOAD vs. LOAD and EOMCI vs. LOMCI), we used years of education and MMSE as covariates.
Bonferroni’s correction was used to correct for the multiple comparisons of each between-group
comparison, and region-wise multiple comparisons were corrected by using Benjamini-Hochberg’s false
discovery rate (FDR) method 2°. With the same method, we also compared *8F-florbetaben SUVR values
between the groups.

For the correlation analysis between the global cognitive scale (MMSE scores) and regional 8F-
AV-1451 SUVR values in EOAD/MCI and LOAD/MCI separately, we first obtained standardized
residuals of global cognitive scales and regional SUVR values adjusted for age and years of education by
using a general linear model and then ran Pearson's correlation between the standardized residuals of
global cognitive scales and regional SUVR values. Likewise, the correlation between the tests for each
cognitive domain and regional SUVR values was analysed after controlling for age, years of education
and MMSE score. We performed all statistical analyses using SPSS 23 (IBM Corp., Armonk, NY).

We used the FreeSurfer software for the surface-based statistical analysis. Similar to the VOI-
based analysis, we compared the cortical ®F-AV-1451 binding between the groups by using the general
linear model with the covariates used for the corresponding VOI-based comparison. Also, by using the
general linear model with the same covariates used for the VOI-based correlation analysis, we performed
correlation analysis between cognitive performance and cortical binding. Vertices with FDR-corrected P

< 0.05 were considered to be significant.



Ill. RESULTS

1. Demographic characteristics

Except for younger ages and/or ages-at-onset in the younger groups (EOAD, EOMCI and YC) in

comparison to the older groups (LOAD, LOMCI and OC), each younger group was not statistically

different in terms of gender, education, duration of disease, frequency of ApoE &4 genotype, MMSE, or

CDR-SB from their corresponding older group. The EOAD patients performed worse on the visuospatial

function test (RCFT) than the LOAD patients, while LOAD performed worse on the language function

test (BNT). OC performed worse on the visual memory function than YC. Detailed demographic and

clinical data of the participants are presented in Table 1.

Table 1. Demographic characteristics of each group

EOAD/MCI LOAD/MCI
YC oC
EOAD EOMCI LOAD LOMCI

n 11 10 15 21 17 15
Age (years) 64.8+3.8° 63.2+64° 643+19° 78.6+5.2 765159 76.5+ 6.0
Onset age (years) 60.6+2.9° 60.0+54 n.a 746+53 739+59 n.a
Gender (M : F) 3:8 5:5 4:11 2:19 8:9 6:9
Education (years) 13.3+5.3 124+ 47 10.3x4.2 9.1+£59 10.7x5.1 9.8+£6.2
Duration (years) 36+13 30+13 n.a 40138 26+06 n.a
‘(‘%’E &4 genotype 7/11(63.6) 4/10 (40.0) 2/15(13.3) 11/20(55.0) 9/17 (52.9) 2/15 (13.3)
Use of AchE inhibitor 11/11 8/10 n.a. 21/21 13/17 n.a.
Use of memantine 6/11 0/10 n.a. 9/21 2117 n.a.
MMSE 184+ 3.7 25625 28.1+1.7 19.1+44 247+ 3.3 270+ 2.1
CDR-SB 57128 1.7+09 0 48+15 21+10 0
DS-BW 25+15 41+£23 39+£10 26117 3.3+10 3.2+0.8
BNT 39.2+10.3 46.1+5.2 50.3+5.8 28.0+95° 39.2+6.1 475+ 8.0
RCFT 15.7+12.8° 327+35 336+21 221+101 29177 30956
SVLT-DR 0.7+24 1.7+18 6.7+ 20 0.3+£0.9 06+£1.1 57+£20
RCFT-DR 05+£13 6.7+ 6.5 184146 18+26 47+ 57 10.0+4.9°
COWAT 8.0+34 125+ 3.9 17.0x4.3 8.8+£29 11.5£6.0 14649

“P < 0.05 for the comparisons between each young group and corresponding old group (e.g. EOAD vs.
LOAD, EOMCI vs. LOMCI, and YC vs. OC)
Abbreviations: EO = early-onset; LO = late-onset; AD/MCI = Alzheimer’s disease spectrum; AD =

Alzheimer’s disease; MCI = mild cognitive impairment; YC = young controls; OC = old controls; ApoE

= apolipoprotein E; MMSE = Mini-Mental State Examination; CDR-SB = Clinical Dementia Rating sum-
of-boxes; DS-BW = Digit Span Backward; BNT = Boston Naming Test; RCFT = Rey-Osterrieth
Complex Figure Test; SVLT-DR = Seoul Verbal Learning Test-Delayed Recall; RCFT-DR = Rey-



Osterrieth Complex Figure Test-Delayed Recall; COWAT = Controlled Oral Word Association Test-

Semantics; n.a. = not applicable

2. Comparison of cortical *¥F-AV-1451 binding

Regional SUVR values of ¥F-AV-1451 PET and the statistical results are summarized in Table 2
and Table 3. The interaction between the onset age (early- and late-onset) and diagnosis (healthy control,
MCI and AD) was tested at a significance level of 0.05, and we found interactions between the onset age
and diagnosis in the superior and inferior parietal, precuneus, occipital, superior and inferior temporal,
and parahippocampal cortices (Table 3). Therefore, for the post-hoc analysis, we separately analyzed
group-wise comparisons (Table 2). The EOMCI patients showed greater ¥F-AV-1451 binding than YC
only in the entorhinal cortex (P = 0.030). However, this region did not survive region-wise multiple
comparisons. The LOMCI patients showed greater binding than OC in the inferior parietal, middle and
inferior temporal, hippocampus, entorhinal, and parahippocampal cortices. Only the entorhinal (P < 0.001)
and parahippocampal (P = 0.004) cortices survived multiple comparisons. Both EOAD and LOAD
patients showed greater ®F-AV-1451 binding than each age-matched control group in all cortical regions
(Table 2).

With the exception of the hippocampus, the EOAD patients showed greater binding than the
EOMCI patients in most of the cortical regions. Compared with LOMCI, the LOAD patients showed
greater global cortical binding (P = 0.029). Additionally, binding in the prefrontal (P = 0.040), precuneus
(P =0.008), and anterior (P = 0.040) and posterior (P = 0.039) cingulate cortices of LOAD patients was
greater than those for LOMCI. However, none of the regions survived multiple comparisons (Table 2).

Cortical 8F-AV-1451 binding did not differ between the EOMCI and LOMCI patients. In
contrast, the EOAD patients showed greater binding in the superior and inferior parietal, and occipital
cortices (P < 0.010), and hippocampus (P = 0.039) compared to the LOAD patients. Only the
hippocampus failed to survive multiple comparisons (Table 2). Even after correcting for the partial
volume effect, the statistical outcomes were not different from those of uncorrected data.

We also investigated correlation analysis between the regional ¥F-AV-1451 binding and ages at
onset in all 59 AD/MCI patients with the years of education and MMSE scores as covariates. The 8F-
AV-1451 binding in the global cortex negatively correlated with the onset age (P = 0.008), and similar to
the EOAD vs. LOAD comparison, binding in the superior and inferior parietal (P = 0.003), precuneus (P
=0.013), and occipital (P = 0.024) cortices negatively correlated with the onset age even after controlling

for region-wise multiple comparisons.



When we lowered cut-off onset age to 62 years for classifying EO- and LOAD/MCI patients,
LOMCI patients showed greater ®F-AV-1451 binding in the widespread temporal cortex than EOMCI

patients. Conversely, EOAD patients showed still greater 8F-AV-1451 binding in widespread fronto-

parieto-occipital cortices than LOAD patients.

Table 2. Comparison of F-AV-1451 binding values between the diagnostic groups

SUVR P-value
EOAD EOMCI EOAD EOMCI
EOAD EOMCI YC

>YC >YC >EOMCI >LOMCI
Global cortex 1.71+0.39  1.25+0.27 1.12+0.07 <0.001 >0.999 0.001 0.750
Prefrontal 1.63£0.41 1.26x0.28 1.16+0.09 0.001 > 0.999 0.007 0.535
Sensorimotor 1.36£0.31  1.10+x0.16  1.05+0.09 0.002 >0.999 0.006 0.430
Superior parietal  1.84+x0.63  1.22+0.28  1.07+0.10 <0.001 >0.999 0.001 0.328
Inferior parietal 2.05+x0.68 1.34+0.42  1.10+0.10 <0.001 >0.999 0.002 0.414
Precuneus 2.00£0.69 1.36+0.40 1.13+0.10 <0.001 >0.999 0.004 0.334
Occipital 157+0.29  1.16+0.17  1.09+0.08 <0.001 >0.999 <0.001 0.972
Superior 1.61+041 1.17+0.22  1.06+0.08 <0.001 >0.999 0.001 0.877
Middle temporal 1.95+0.48  1.38x0.41  1.14+0.07 <0.001 0.472 0.003 0.807
Inferior temporal  2.10x0.54  1.37+0.36  1.14+0.06 <0.001 0.595 <0.001 0.627
Hippocampus 1.64+0.20 1.40+0.29  1.24+0.13 <0.001 0.079 0.084 0.660
Entorhinal 1.91+0.27 1.50+0.49 1.17+0.08 <0.001 0.030" 0.024 0.247
Parahippocampal 1.83x0.24  1.33+x0.34 1.11+0.06 <0.001 0.061 <0.001 0.386
Anterior 1.43+0.22 1.21+0.17 1.18+0.10 0.002 >0.999 0.009 0.991
Posterior 1.84+0.46  1.34+0.34  1.14+0.08 <0.001 0.712 0.002 0.728

SUVR P-value
LOAD LOMCI LOAD EOAD
LOAD LOMCI ocC

>0C >0C >LOMCI >LOAD
Global cortex 1.38£0.22  1.24+0.14  1.11+0.08 <0.001 0.120 0.029 0.043
Prefrontal 1.40+0.35 1.21+0.13  1.15+0.07 0.006 >0.999 0.040" 0.354
Sensorimotor 1.15+0.12  1.06+0.12  1.03+0.08 0.009 >0.999 0.065 0.086
Superior parietal  1.27+0.22  1.14+0.17  1.03+0.11 0.001 0.238 0.163 0.006
Inferior parietal 1.40+0.24  1.26+0.17  1.08%£0.12 <0.001 0.037" 0.096 0.004
Precuneus 1.48+0.33  1.25+0.19  1.14+0.09 <0.001 0.617 0.008" 0.053
Occipital 1.25+0.16  1.16x0.16  1.07+0.10 0.005 0.240 0.376 0.003
Superior 1.31+0.23  1.20+0.19  1.05%0.09 <0.001 0.090 0.210 0.053
Middle temporal 1.62+0.39  1.44+0.30 1.14+0.08 <0.001 0.020" 0.200 0.192
Inferior temporal  1.66+0.37  1.44+0.25  1.16+0.08 <0.001 0.019" 0.075 0.061
Hippocampus 1.48+0.22  1.47+0.28  1.26+0.22 0.031 0.043" >0.999 0.039"
Entorhinal 1.7840.31  1.72+0.36  1.22+0.18 <0.001 <0.001 >0.999 0.355
Parahippocampal 1.61+0.29  1.45+0.28  1.15£0.11 <0.001 0.004 0.200 0.060
Anterior 1.40+0.33  1.22+0.13  1.17+0.09 0.010 >0.999 0.040" 0.959
Posterior 152+0.37 1.30+£0.24  1.16+0.09 0.001 0.408 0.039" 0.152




“Regions did not survive region-wise correction for multiple comparisons.

Data are presented as mean * SD.

Abbreviations: SUVR = standardized uptake value ratio; EO = early-onset; LO = late-onset; AD/MCI =
Alzheimer’s disease spectrum; AD = Alzheimer’s disease; MCI = mild cognitive impairment; YC =

young controls; OC = old controls

Table 3. An interaction analysis between the onset age (young and old) and the diagnostic
groups (controls, MCI, and AD) in *8F-AV-1451 binding values

Onset age Onset age

x Diagnosis x MMSE
Global cortex 0.011 0.001
Prefrontal 0.230 0.036
Sensorimotor 0.061 0.009
Superior parietal 0.001 <0.001
Inferior parietal 0.001 <0.001
Precuneus 0.016 0.003
Occipital <0.001 <0.001
Superior temporal 0.010 0.004
Middle temporal 0.065 0.019
Inferior temporal 0.006 <0.001
Hippocampus 0.116 0.243
Entorhinal 0.103 0.073
Parahippocampal 0.025 0.011
Anterior cingulate 0.909 0.577
Posterior cingulate 0.079 0.021

Data are presented as P-values.
Abbreviations: AD = Alzheimer’s disease; MCI = mild cognitive impairment, x = interaction

between independent variables
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3. Surface-based comparison of cortical ¥F-AV-1451 binding

Compared with YC, EOMCI patients showed mildly increased 8F-AV-1451 binding in the
bilateral medial temporal, left inferior parietal, left posterior cingulate and left precuneus cortices
(uncorrected P < 0.01), but these regions did not survive multiple comparisons. Compared with OC,
LOMCI patients showed mildly increased binding in the bilateral medial and lateral temporal, and right
inferior parietal cortices (uncorrected P < 0.01), but only a small region in the left entorhinal cortex
survived multiple comparisons. Compared with each control group, both EOAD and LOAD patients
commonly showed increased binding in most of the cortical regions. In EOAD patients, increased binding
was most prominent in the parieto-temporo-occipital cortices, while the left medial and inferior temporal
cortices were most prominent in the LOAD patients (Fig. 1).

Compared with EOMCI, EOAD patients showed greater binding in most cortical regions with the
greatest differences in the right parietal, precuneus, occipital, inferior temporal, and dorsolateral
prefrontal cortices. The LOAD patients showed greater binding than LOMCI in the left lateral and medial
temporal, precuneus, inferior parietal, and prefrontal cortex (Fig. 1).

Like VOI-based analysis, the EOMCI and LOMCI patients did not differ in terms of cortical 8F-
AV-1451 binding even with most liberal uncorrected P < 0.05. When compared to LOAD patients, the
EOAD patients showed greater binding in the right inferior parietal, occipital, and inferior temporal

cortices (Fig. 1).
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EOMCI patients show mildly increased binding in the bilateral medial temporal, left inferior parietal, left
posterior cingulate and left precuneus cortices with uncorrected P < 0.01, while increased binding in the
left medial temporal cortex is prominent in LOMCI. Both EOAD and LOAD show prominently increased
binding across the entire cerebral cortex, with EOAD showing a much greater difference compared to the
controls. When compared to MCI, each AD group shows greater binding in the widespread cerebral
cortex, and the difference is more prominent in the EOAD vs. EOMCI comparison. While no region
exhibits a difference between EOMCI and LOMCI, EOAD shows greater binding than LOAD in the right
parieto-occipital cortex.

Color bars represent -logio P-value for group comparison.

Group comparison results uncorrected for multiple comparisons are marked with asterisks. In case of
LOMCI vs. OC comparison, uncorrected result is displayed because very small region in the left
entorhinal cortex survived multiple comparisons.

Abbreviations: EO = early-onset; LO = late-onset; AD = Alzheimer’s disease; MCI = mild cognitive
impairment; YC = young controls; OC = old controls

4. Association between cognitive function and cortical ®F-AV-1451 binding

There were interactions for 8F-AV-1451 binding between the onset age and MMSE scores in
most of the regions except for the hippocampus, entorhinal, and anterior cingulate cortices (Table 3), and
levels of cortical ®F-AV-1451 binding increased as cognitive dysfunction worsened (Table 4, Fig. 2 and
3).

Data for EOAD/MCI and LOAD/MCI patients showed significant negative correlation between
1BE-AV-1451 binding in the global cerebral cortex and global cognitive assessments such as MMSE score
(Table 4, Fig. 3A and 3D). The EOAD/MCI patients showed correlation in much wider parieto-temporo-
occipital cortices than the LOAD/MCI patients (Table 4, Fig. 2).

We investigated the particular regions with increasing tau accumulation that were associated with
worsening of a specific cognitive domain. In the EOAD/MCI patients, the worsening of visuospatial
function measured by RCFT was associated with an increase in *8F-AV-1451 binding in the superior and
inferior parietal, precuneus, and occipital cortices (P < 0.005), which survived region-wise multiple
comparisons (Table 4, Fig. 3B and 3E), and the correlation was more prominent in the parieto-occipital
cortex of the right hemisphere (Fig. 2). In contrast, in the LOAD/MCI patients, the worsening of verbal
memory function measured by SVLT-DR was associated with an increase in binding in the middle and
inferior temporal, entorhinal, and parahippocampal cortices (P < 0.01), which survived multiple
comparisons (Table 4, Fig. 3C and 3F). However, those regions did not survive multiple comparisons in

surface-based analysis (Fig. 2).
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Table 4. Correlation between the F-AV-1451 binding values and cognition in early- and late-

onset patients with Alzheimer’s disease spectrum

EOAD/MCI
MMSE DS-BW BNT RCFT SVLT-DR RCFT-DR COWAT
Prefrontal -0.667° -0.357 0.046 -0.300 -0.338 -0.282 0.130
Superior parietal -0.742° -0.514% -0.128 -0.630° -0.242 -0.219 -0.005
Inferior parietal -0.717° -0.438% -0.020 -0.589° -0.238 -0.205 0.103
Precuneus -0.652b -0.480%" 0.041 -0.606° -0.266 -0.272 -0.010
Occipital -0.778b -0.166 -0.197 -0.583° -0.260 -0.220 -0.124
Superior temporal -0.709° -0.114 -0.029 -0.391 -0.203 -0.201 0.119
Middle temporal -0.711° -0.260 0.010 -0.349 -0.296 -0.223 0.083
Inferior temporal -0.834° -0.368 -0.118 -0.444% -0.253 -0.175 0.101
Hippocampus -0.401 -0.087 0.475%" 0.219 -0.430 -0.524%" 0.165
Entorhinal -0.674° -0.058 0.138 0.084 -0.557%" -0.492%" 0.323
Parahippocampal -0.800° -0.211 0.168 -0.180 -0.495%" -0.491%" 0.245
Anterior cingulate -0.599° -0.121 0.114 -0.066 -0.297 -0.229 0.052
Posterior cingulate -0.664° -0.388 0.123 -0.493*" -0.285 -0.310 0.062
LOAD/MCI
MMSE DS-BW BNT RCFT SVLT-DR RCFT-DR COWAT
Prefrontal -0.3822 0.279 -0.043 0.281 -0.162 -0.005 -0.238
Superior parietal -0.585° 0.063 -0.160 0.015 0.147 -0.070 -0.204
Inferior parietal -0.539° 0.374% -0.154 0.182 -0.151 -0.091 -0.246
Precuneus -0.507° 0.271 0.001 0.263 -0.161 -0.085 -0.352%
Occipital -0.3982 0.276 -0.221 0.396*" -0.077 -0.192 -0.186
Superior temporal -0.346%" 0.427" -0.256 0.291 -0.370*" -0.142 -0.218
Middle temporal -0.337%" 0.386%" -0.215 0.341% -0.439° -0.175 -0.290
Inferior temporal -0.343*" 0.396*" -0.377% 0.262 -0.424° -0.214 -0.240
Hippocampus -0.119 0.324% -0.174 0.073 -0.296 -0.316 -0.227
Entorhinal -0.189 0.130 -0.247 0.196 -0.428° -0.427> -0.336*"
Parahippocampal -0.249 0.342% -0.332*" 0.204 -0.442b -0.410*" -0.322%"
Anterior cingulate -0.3682 0.299 0.014 0.329*" -0.195 -0.068 -0.319
Posterior cingulate -0.4032 0.283 0.021 0.280 -0.294 -0.189 -0.392%"

%P < 0.05, °P < 0.01; “Region did not survive region-wise correction for multiple comparisons.

Correlation analyses between the binding values and the global cognitive scales (CDR-SB and
MMSE scores) were performed after controlling for age and education in early and late onset
patients with Alzheimer’s disease spectrum, respectively. The correlation analyses of the tests for
each cognitive domain were performed after controlling for age and years of education and

global cognitive scale (MMSE score) as well. Data are presented with correlation coefficients.
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Abbreviations: EO = early-onset; LO = late-onset; AD = Alzheimer’s disease; MCI = mild
cognitive impairment;; MMSE = Mini-Mental State Examination; DS-BW = Digit Span
Backward; BNT = Boston Naming Test; RCFT = Rey-Osterrieth Complex Figure Test; SVLT-
DR = Seoul Verbal Learning Test-Delayed Recall; RCFT-DR = Rey-Osterrieth Complex Figure
Test-Delayed Recall; COWAT = Controlled Oral Word Association Test-Semantics

MMSE in EOAD/MCI
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Fig. 2. Surface-based correlation analysis between ®F-AV-1451 binding and cognition in early- and late-
onset patients with Alzheimer’s disease spectrum

Both EOAD/MCI and LOAD/MCI groups show a negative correlation between the MMSE scores and
1BE-AV-1451 binding in the widespread cerebral cortex. EOAD/MCI patients showed correlation in much
wider parieto-temporo-occipital cortices than the LOAD/MCI patients. The visuospatial dysfunction is
related to the *8F-AV-1451 binding in the right parieto-occipital cortex of EOAD/MCI. Verbal memory
dysfunction is related to binding in the medial and inferior temporal cortices of LOAD/MCI, but this
correlation did not survive multiple comparisons.

Color bars represent -logio P-value.
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Result uncorrected for multiple comparisons is marked with asterisk.

Abbreviations: EO = early-onset; LO = late-onset; AD/MCI = Alzheimer’s disease spectrum; MMSE =
Mini-Mental State Examination; RCFT = Rey-Osterrieth Complex Figure Test; SVLT-DR = Seoul

Verbal Learning Test-Delayed Recall
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Fig. 3. Correlation between '®F-AV-1451 binding values and cognition in early- and late-onset patients

with Alzheimer’s disease spectrum

Correlation analysis was performed in EOAD/MCI (A, B, and C) and LOAD/MCI (D, E, and F) groups
separately. For global cognition (MMSE; A and D), the values were adjusted for age and years of
education. For the visuospatial (RCFT; B and E) and verbal memory functions (SVLT-DR; C and F), the

values were adjusted for age, years of education and global cognition. Blue dots represent MCI patients

and red dots represent AD patients.

Abbreviations: AD = Alzheimer’s disease; MCI = mild cognitive impairment; CDR-SB = Clinical

Dementia Rating sum-of-boxes; r = correlation coefficient; SUVR = standardized uptake value ratio
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5. Comparison of cortical ®F-florbetaben binding and correlation with cognitive function

Regional SUVR values for ®F-florbetaben PET and the statistical results are summarized in
Table 5. There were no differences in ®F-florbetaben binding between EOMCI and LOMCI or between
the EOAD and LOAD patients. Even after lowering the cut-off onset age to 62 years, also there was no
difference in binding between the EOMCI and LOMCI patients and between the EOAD and LOAD
patients as well.

Unlike the close relationship between the severity of global cognitive dysfunction and cortical
F-AV-1451 binding, ®F-florbetaben binding did not correlate with MMSE scores in either EOAD/MCI
or LOAD/MCI patients. Moreover, regional *8F-florbetaben binding did not correlate with any cognitive
domains tested in either of the AD/MCI groups.
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Table 5. Comparison of ®F-florbetaben binding values between the diagnostic groups

SUVR P-value
EOAD EOMCI EOAD EOMCI
EOAD EOMCI Ye >YC >YC  >EOMCI _>LOMCI
Global cortex 1.89+0.19 1.65+0.21 1.23+0.06 <0.001 <0.001 0.009 0.998
Prefrontal 2.07x0.22 1.76+0.26 1.28+0.08 <0.001 <0.001 0.003 0.590
Sensorimotor 1.74+0.20 1.59+0.16 1.28+0.07 <0.001 <0.001 0.118 0.785
Superior parietal 1.83£0.25 1.62+£0.23 1.22+0.08 <0.001 <0.001 0.082 0.925
Inferior parietal 1.93+£0.24 1.69+0.24 1.21+0.09 <0.001 <0.001 0.038" 0.872
Precuneus 2.16+0.31 1.86+0.32 1.26+0.10 <0.001 <0.001 0.057 0.895
Occipital 1.69£0.23 1.50+0.16 1.21+0.06 <0.001 <0.001 0.046" 0.815
Superior temporal 1.79+0.21 1.59+0.27 1.14+0.06 <0.001 <0.001 0.141 0.387
Middle temporal 1.74+0.16 1.56+0.24 1.12+0.07 <0.001 <0.001 0.069 0.617
Inferior temporal 1.79+0.18 1.55+0.22 1.13+0.05 <0.001 <0.001 0.007 0.732
Hippocampus 1.34+0.13 1.33+0.13 1.29+0.05 0.993 >0.999 >0.999 0.314
Entorhinal 1.27+0.14 1.22+0.14 1.09+0.05 0.001 0.026 0.899 0.972
Parahippocampal 1.58+0.17 1.42+0.16 1.14+0.05 <0.001 <0.001 0.055 0.578
Anterior cingulate 2.27+0.24 1.87+0.28 1.38+0.12 <0.001 <0.001 0.001 0.643
Posterior cingulate 2.13+0.24 1.85+0.27 1.35+0.10 <0.001 <0.001 0.021" 0.633
SUVR P-value
LOAD LOMCI LOAD EOAD
LOAD LOMCI oC >0C >0C  >LOMCI _ >LOAD
Global cortex 1.87+0.31 1.62+0.28 1.20+0.05 <0.001 <0.001 0.004 0.304
Prefrontal 2.08+0.37 1.79+0.37 1.24+0.04 <0.001 <0.001 0.009 0.205
Sensorimotor 1.80+0.35 1.54+0.28 1.24+0.05 <0.001 0.009 0.010 0.107
Superior parietal 1.88+0.39 1.60+0.29 1.14+0.05 <0.001 <0.001 0.010 0.208
Inferior parietal 1.91+0.33 1.64+£0.31 1.17+0.08 <0.001 <0.001 0.005 0.341
Precuneus 2.24+0.45 1.85+0.38 1.22+0.05 <0.001 <0.001 0.002 0.131
Occipital 1.66+0.28 1.47+0.20 1.19+0.06 <0.001 0.002 0.023 0.751
Superior temporal 1.72+0.27 1.48+0.28 1.13+£0.07 <0.001 <0.001 0.003 0.808
Middle temporal 1.70+£0.27 1.49+0.25 1.12+0.05 <0.001 <0.001 0.006 0.614
Inferior temporal 1.70+£0.27 1.50+£0.24 1.15+0.05 <0.001 <0.001 0.011 0.913
Hippocampus 1.24+0.15 1.25+0.17 1.23+0.11 >0.999 >0.999 >0.999 0.114
Entorhinal 1.26+0.19 1.20+0.17 1.08+0.07 0.002 0.134 0.318 0.580
Parahippocampal 1.53+0.22 1.37+0.18 1.13+0.05 <0.001 0.001 0.010 0.951
Anterior cingulate 2.22+0.39 1.89+0.42 1.34+0.08 <0.001 <0.001 0.006 0.542
Posterior cingulate 2.20+0.38 1.88+0.38 1.30+£0.06 <0.001 <0.001 0.006 0.123

“Regions did not survive region-wise correction for multiple comparisons.

Data are presented as mean + SD.

Abbreviations: SUVR = standardized uptake value ratio; EO = early-onset; LO = late-onset; AD

= Alzheimer’s disease; MCI = mild cognitive impairment; YC = young controls; OC = old

controls
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IV. DISCUSSION

In this study, we found that EOAD patients showed greater tau binding most prominently in the
superior and inferior parietal, and occipital cortices than LOAD patients. Tau accumulation in the right
parieto-occipital cortex of EOAD/MCI patients was closely associated with visuospatial dysfunction, and
that in the basal, lateral and medial temporal cortices of LOAD/MCI was associated with verbal memory
dysfunction. To our knowledge, this represents the first in vivo evidence that EOAD is associated with
greater tau accumulation in regions topographically distinct from LOAD.

In contrast to this clear difference in cortical tau accumulation, we could not find any difference
in cortical 8F-florbetaben binding between the EOAD and LOAD patients. This result is in agreement
with the previous report showing no difference in *'C-PIB binding between two groups separated by an
age cut-off of 65 years at onset 3. Unlike these in vivo PET studies, postmortem studies have
consistently reported greater amyloid plaque load in the neocortex of EOAD patients 112031 Rabinovici
et al. explained this discrepancy as being due to the limitations of such postmortem studies (e.g. an
inability to match dementia severity, the tendency to include patients at advanced stages, and a lack of
consideration for comorbid pathology and plaque morphology) 7. In addition, because we selectively
included only the amyloid-positive MCI and AD patients, amyloid load might have been biased.
Although one study categorizing AD patients into younger and older groups with an age cut-off of 62
years at diagnosis showed greater !C-PIB binding in the parietal cortex of the younger AD patients and
correlation between the parietal amyloid-B load and visuospatial dysfunction 2, amyloid-B pathology
might have much lower impact on the distinct clinical characteristics of EOAD patients than tau
pathology.

In AD, tau accumulation first appears in the transentorhinal region, and spreads first to the
neighboring limbic and basal temporal regions 2. Subsequently, the posterior cingulate, precuneus and
the inferior parietal cortices distant from the medial temporal cortex are likely to be affected by tau
accumulation 1732, These regions form a posterior default mode network (DMN) shown in resting state
functional MR imaging studies . The anterior DMN increases with aging in healthy controls, while the
posterior DMN decreases. Interestingly, AD patients showed greater age-related change in DMN 34,
Relatively preserved functional network of posterior DMN in younger individuals compared to the elderly
might serve as a faster route for the propagation of tau pathology. This may partly explain the greater tau
burden in EOAD patients, particularly in the parieto-occipital cortices.

Another hypothesis that may explain the greater tau burden in EOAD patients is
neuroinflammation. In a postmortem study of AD, microgliosis correlated with NFT pathology and
steadily increased, even after the plateauing of amyloid plaque load *. Recent animal model studies have

shown that microglia drive the production and propagation of pathological tau protein and these responses
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can be blocked by immunosuppressants or deletion of microglia %3, These findings suggest that
neuroinflammation may play an important role in the initiation of tau pathology and disease progression
in AD. A PET study of neuroinflammation using !C-PBR28 showed increased neuroinflammation in the
prefrontal, inferior and superior parietal, precuneus, posterior cingulate, occipital, and lateral and medial
temporal cortices in AD patients, but not in MCI patients. Interestingly, EOAD patients showed greater
neuroinflammation in the prefrontal, inferior parietal, precuneus, and occipital cortices when compared to
LOAD patients %. These regions closely resemble the cortical regions with a prominent accumulation of
tau in our EOAD patients. Greater tau burden in EOAD patients may therefore be partly explained by
increased neuroinflammation.

In this study, we found that the tau accumulation in different regions was associated with specific
cognitive dysfunction in EOAD/MCI and LOAD/MCI patients. Those regions correspond to the regions
responsible for each cognitive function affected 2, and specific cognitive dysfunction may be predicted
by topographic distribution of tau as shown in a *®F-AV-1451 PET study in patients with focal variants of
Alzheimer’s disease, such as posterior cortical atrophy or logopenic aphasia .

It is notable that the EOAD patients showed greatly increased 8F-AV-1451 binding than the
LOAD patients, despite there being no difference between the EOMCI and LOMCI patients. We
cautiously suspect that the accumulation of tau could be accelerated from the period of clinical conversion
to dementia in EOAD patients. An ®F-fluorodeoxyglucose PET study showed that the hypometabolic
regions prominently increased at an early stage in EOAD patients compared to LOAD patients 8, and the
EOAD patients showed more rapid progression of cognitive dysfunctions and greater cortical thinning in
the widespread association cortices than the LOAD patients in a 3-years longitudinal study °. These

results may support the hypothesis of accelerated tau accumulation in EOAD.

V.CONCLUSION
The EOAD patients had greater tau accumulation with different topography compared to the

LOAD patients. Excessive tau accumulation in the parieto-occipital cortex of EOAD patients may explain
clinical characteristics that are distinct from LOAD patients. A longitudinal study with more number of
EOAD patients will be required to determine whether the rate of tau accumulation is accelerated in
EOAD patients.
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