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Background and Purpose Mild cognitive impairment (MCI) is a condition with diverse
clinical outcomes and subgroups. Here we investigated the topographic distribution of tau in
vivo using the positron emission tomography (PET) tracer [*F]THK5351 in MCI subgroups.
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diagnosed with aMCI are at greater risk of progressing to AD,>
whereas the disease endpoints of naMCI are more diverse,
including dementia with Lewy bodies (DLB), cerebral small-
vessel disease, frontotemporal dementia (FTD), and depres-
sion, as well as AD.”” Further differentiation of aMCI accord-
ing to the presence of verbal and visual memory impairments
has revealed that conversion rates to AD are higher in patients
with dysfunction of either verbal or both verbal and visual mem-
ory, but not visual memory alone."*** aMCI patients with
cognitive impairment in multiple domains on neuropsycholog-
ical tests were also found to progress more frequently to de-
mentia compared to single-domain aMCL"*"
Histologically, neurofibrillary tangles (NFTs) along with
amyloid plaques are characteristic features of AD. NFTs arise
from the aggregates of aberrantly folded, hyperphosphory-
lated tau proteins that typically spread from the medial tem-
poral lobe to the primary neocortex as the disease progresses.'®
The brains of aMCI patients have an increased propensity for
NFTs compared to NC subjects.”"” Longitudinal studies have
identified increasing cerebrospinal fluid (CSF) tau levels as a
strong predictor of cognitive decline from MCI to AD."*** In
contrast, pathological findings corresponding to AD such as
NFTs are less frequent in naMCI patients.® Lower levels of
p-amyloid in the CSF*** or the presence of amyloid in MCI
patients based on amyloid positron emission tomography
(PET) findings also increases the probability of conversion to
AD,”" while aMCI patients with negative amyloid pathology
based on PET are less likely to develop AD.* Although both
tau and P-amyloid are associated with neuron loss and dis-
ease progression, the accumulation of tau pathology is more
strongly correlated with the severity of cognitive decline than

is p-amyloid deposition.”?*

The development of radiotracers for tau imaging®>' means
that NFT pathology can now be visualized in vivo. Tau PET
images are strongly correlated with cerebral atrophy, cognitive
impairment, and postmortem histopathological findings.*"**
However, concerns about off-target binding to monoamine
oxidase-B (MAO-B) for the [**F]THK5351 radiotracer have
emerged recently.”” Nonetheless, PET studies using tau-target-
ed tracers may provide important insight into the pathomech-
anism underlying patients according to the clinical presenta-
tion.

We hypothesized that analyzing ["*F]THK5351 deposition
in MCI subgroups will help identify distinct topographic
patterns of [**F]THK5351 retention in subgroups of MCI pa-
tients who are at greater risk of AD progression. Previous tau
PET studies involving specific MCI subpopulations have in-
vestigated prodromal AD such as aMCI***** and amyloid-
positive MCI.***” However, to our knowledge only a few stud-
ies have investigated differences in tau distribution between
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various MCI subgroups. In this study we therefore analyzed
the differences between the topographic distributions of NFTs
in aMCI with verbal and/or visual memory impairment,
naMCI, and control NC groups using the tau PET tracer ['°F]
THK5351.

METHODS

Participants

The 97 initially enrolled participants had been clinically di-
agnosed with aMCI (n=38) or naMCI (n=21), or had NC
(n=38). All subjects underwent ["*F]THK5351 PET and 3.0-
T MRI at Gachon University Gil Medical Center between
March 2015 and August 2017. [*F]flutemetamol (FLUTE)
PET was also performed in 63 participants (25 with MCI and
38 with NC). Amyloid positivity was present in 12 (63.2%) of
the 19 scanned aMCI patients (12/19), 2 (33%) of the 6 scanned
naMCI patients, and 1 NC subject. We excluded the single am-
yloid-positive participant in the NC group, resulting in 37 NC
study subjects.

MCI participants were diagnosed according to a modified
criteria proposed by Petersen**® for MCI that have been used
in previous studies.'>*
with a performance below -1.0 SD of the norm in at least one
of the following memory tests: Seoul Verbal Learning Test
(SVLT), delayed recall; and Rey Complex Figure Test (RCFT),
delayed recall. naMCI patients had task scores worse than

aMCI patients were defined as those

-1.0 SD below the norm in at least one of the following tests:
neuropsychological tests of language and related functions,
visuospatial function, and frontal/executive function. aMCI
patients were further categorized into three subgroups based
on the modality of memory impairment: 1) verbal-aMCI pa-
tients had abnormal verbal memory scores but normal visual
memory function, 2) visual-aMCI patients had abnormal vi-
sual memory task scores but normal verbal memory function,
and 3) both-aMCI patients had abnormalities in both visual
and verbal memory tasks. Twelve, 10, and 16 participants met
the criteria for verbal-aMCI, visual-aMCI, and both-aMCI,
respectively. Details of the neuropsychological tests are present-
ed in the supplementary data section under Supplementary
Material 1 (in the online-only Data Supplement).
Participants with structural lesions on brain MRI such as
territorial infarctions, intracranial hemorrhage, traumatic
brain injury, hydrocephalus, severe white-matter hyperinten-
sity (WMH) or WMH associated with radiation, multiple scle-
rosis, or vasculitis were excluded. Secondary causes of cognitive
decline were also ruled out through laboratory tests assessing
complete blood counts, vitamin By, and folate levels, thyroid
function, metabolic profile, and syphilis serology. APOE ge-
notyping was performed in all participants. The 37 NC sub-
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jects had no history of neurological or psychiatric illness or
abnormalities detected in a neurological examination, a
Clinical Dementia Rating (CDR) score of 0, normal cogni-
tive function determined by neuropsychological tests results
(defined as above -1.0 SD of the age- and education-correct-
ed normative mean), no structural lesions on brain MRI such
as cerebral infarctions, intracranial hemorrhage, traumatic
brain injury, hydrocephalus, or severe WMH, and amyloid-
negative ["*F]JFLUTE PET results. The NC subjects were ei-
ther the spouses of the patients or volunteers from the com-
munity.

This study was approved by the Institutional Review
Board of Gachon University Gil Medical Center, and written
informed consent was obtained from each participant (IRB
No. GDIRB2015-272).

Image acquisition and preprocessing

MRI image acquisition and parcellation

All participants underwent a 3D T1-weighted magnetization-
prepared rapid acquisition with gradient echo (MPRAGE)
scan using a 3.0-T MRI scanner (Verio, Siemens, Erlangen,
Germany) with a Siemens matrix coil. The detailed MRI pa-
rameters are presented in Supplementary Material 2 (in the
online-only Data Supplement). Images were analyzed using
FreeSurfer (version 6.0, www.surfernmr.mgh.harvard.edu),
and MRI parcellation was performed as described previously.™

PET image acquisition

All PET scans were acquired with a Siemens Biograph 6 True-
point PET/CT scanner (Siemens) with a list-mode emission
acquisition. All participants underwent a 20-minute emis-
sion scan starting 50 minutes after injecting 185 MBq of [*°F]
THK5351 intravenously. ['*F]THK5351 was synthesized and
radiolabeled at the Gachon University Neuroscience Re-
search Institute. Among 96 participants, 62 underwent a
20-minute emission scan at 90 minutes after the intravenous
injection of 185 MBq of ["*F]JFLUTE . Low-dose CT was per-
formed for attenuation correction prior to all scans. The im-
ages were reconstructed onto a 256x256x 109 matrix with a
voxel size of 1.3X1.3x1.5 mm® using a 2D ordered subset
expectation maximization (OSEM) algorithm (8 iterations
and 16 subsets), with corrections for physical effects. In par-
ticipants who underwent ['"*F]THK5351 and ["*F]FLUTE
PET, the mean interval between these scans was 10 days.

PET quantification

Individual [*F]THK5351 and [*F]FLUTE PET images were
coregistered onto individual T1-weighted images using Free-
Surfer software. Region-based partial volume correction (PVC)
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was performed on the PET images using the PETSurfer tool
in FreeSurfer.*>*! In order to compare ["*F]THK5351 retention
in each group quantitatively, we defined 21 regions of interest
(ROIs) (details are provided in Supplementary Material 3 in
the online-only Data Supplement). Regional standardized
uptake value ratios (SUVRs) were calculated with reference
to the cerebellar gray matter for ["*F]THK5351 images**’ and
the pons for ["*F]JFLUTE images.* SUVR images were gener-
ated from the MRI coregistered PET images with voxel-
based PVC.**' An SUVR threshold of 0.62 for amyloid posi-
tivity was applied to the ["*FJFLUTE PET data.*

Statistical analysis

Demographic and clinical data were analyzed using indepen-
dent f-test or one-way analysis of variance (ANOVA) with
Bonferroni correction (p<0.05). The chi-square test was used
to compare the distributions of the following categorical vari-
ables: sex , APOE &4 status, amyloid positivity, hypertension,
diabetes mellitus, coronary artery disease, dyslipidemia, and
history of stroke. Regional ["*F]THK5351 SUVRs were com-
pared between groups using one-way analysis of covariance
with adjustment for age and years of education. Region-wise
multiple comparisons were corrected in analyses of ROIs us-
ing the Benjamini-Hochberg false-discovery rate (FDR) meth-
od.* Neuropsychological test results are presented as age- and
education-adjusted standard scores (z scores). Neuropsycho-
logical data were compared between groups using one-way
ANOVA with Bonferroni correction (p<0.05). All statistical
analyses were performed using SPSS (version 19, IBM Crop.,
Armonk, NY, USA).

Voxel-wise statistical analyses were performed to compare
the regional pattern of ['*F]THK5351 retention using statis-
tical parametric mapping (SPM12, Wellcome Trust Centre for
Neuroimaging, London, UK). For each diagnostic group, vox-
el-wise comparisons of SUVR images were performed using
the two-sample ¢-test with adjustment of age and years of ed-
ucation. Multiple regression analyses were also performed
with SPM12 to determine the correlation between cognitive
function and ["*F]THK5351 retention. These analyses were
combined with raw Mini Mental State Examination (MMSE)
scores adjusted for age and years of education. Spearman
correlations were used in the analysis between ["*F]THK5351
retention and CDR-Sum of Boxes (SOB) or z scores from the
neuropsychological tests. The resulting t-score maps (p<0.05,
FDR corrections; >50 clusters) for partial correlation were over-
laid on an inflated FSaverage brain using MRtools software
(http://mrtools.mgh.harvard.edu/).



RESULTS

Demographics and clinical characteristics

The demographics and clinical characteristics of the study
population are presented in Table 1. There were significant
differences in global cognition (MMSE and CDR-SOB scores),
WMHs, mean cortical thickness and hippocampal volumes
between MCI patients and NC subjects. The demographics
of the aMCI subgroups and MCI patients with amyloid-pos-
itive or -negative PET findings are presented in Table 2 and
Supplementary Table 1 (in the online-only Data Supplement),
respectively. The proportion of APOE e4 carriers was higher
among both-aMCI patients (50%) than NC subjects (21.6%)
(Table 2).

Compared to the NC group, the aMCI group showed sig-
nificant impairment in all domains, while patients with
naMCI displayed lower scores for attention, language, visuo-
spatial function, and frontal executive function (Supplemen-
tary Table 2 in the online-only Data Supplement). The neu-
ropsychological test results of the aMCI subgroups and the
amyloid-positive and -negative MCI patients are presented in
Table 3 and Supplementary Table 3 (in the online-only Data
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Supplement), respectively.

["*F]THK5351 PET findings in all MCI patients and
the MCI subgroups

MCI, aMCI, and naMCI groups

Voxel-wise analyses revealed that ["*F]THK5351 retention
was greater in MCI patients than in NC subjects in the lateral
temporal, mesial temporal, and parietal cortices, and por-
tions of the frontal cortex and precuneus. Patients with aMCI
showed significantly higher [*F]THK5351 retention than
NC subjects in more extended regions of the frontal, lateral
temporal, mesial temporal, parietal cortices, precuneus, and
posterior cingulate cortices. There were no significant differ-
ences between naMCI patients and NC subjects. These re-
sults are presented at a threshold of p<0.05 with FDR-correc-
tion adjusted for age and years of education in Fig. 1.

In the ROI-based analyses, the patients with MCI showed
significantly higher ["*F]THK5351 retention than NC sub-
jects in nearly all ROIs except for the sensorimotor, anterior
cingulate cortices and striatum (Supplementary Table 4 in
the online-only Data Supplement). ['*F]THK5351 retention

Table 1. Demographics and clinical characteristics of the study population

Variable MCI (n=59) aMCl (n=38) naMCl (n=21) NC (n=37)
Age, years 69.6+9.24 70.1£8.08 68.5+11.19 64.6+11.68
Age at onset, years 66.819.25 67.8+7.88 65.1£11.34 -
Sex, female 40 (67.9) 27 (71.1) 13 (61.9) 20 (54.1)
Education, years 7.661+4.81* 7.81+4.60" 7.40+5.29* 11.95+4.47
Disease duration, months 35.8+16.34 30.7+£15.90 39.3+16.04 -
MMSE score 24.5+3.96% 23914.18* 25.6%3.33* 28.4+1.76
CDR-SOB score 1.26+1.19* 1.63+1.32* 0.59+0.43* 0.00+0.00
APOE €4 carrier 21 (35.6) 14 (36.8) 7(33.4) 8 (21.6)
Amyloid positivity 14/25 (56.0) 12/19 (63.2) 2/6(33.3) 0(0)
Hypertension 29 (49.2) 15 (39.5) 4 (66.7) 12 (32.4)
Diabetes mellitus 10 (16.9) 5(13.2) 5(23.8) 3(8.1)
Coronary artery disease 7 (11.9) 3(7.9) 4(19.0) 3(8.1)
Dyslipidemia 21 (35.6) 9(23.7) 2 (57.10) 13 (35.1)
History of stroke 6(10.2) 3(7.9) 3(14.3) 0(0)
Total lacunes 0.85+0.97 0.71£0.80 1.10+1.12 0.62+0.75
Total microbleeds 0.36+£2.22 0.55%2.76 0.00£0.00 0.08+0.36
Total WMH volume, mm? 8,922+13,144* 10,321+15,426* 6,65718,071 3,122+4,268
PWMH volume, mm? 7,390£10,043* 8,422+11,561* 5,719+6,859 2,76313,634
DWMH volume, mm? 1,532+3,866" 1,89814,726 938+1702 360%815
Mean cortical thickness, mm 2.42+0.08" 2.41£0.07* 2.4410.10 2.49+0.07
Hippocampal volume, mm? 3,5651619* 3,4571616* 3,761+588 4,160%£397

Intracranial volume, mm?®

1.39%10°+1.92X10°

1.40X10°+1.92X10°

1.38%10°+1.98%10°

1.37%10°+1.66X10°

Data are mean=SD values for continuous variables and n (%) values for categorical variables.

*p<0.05 versus NC in independent t-test for continuous variables and chi-square test for categorical variables.
aMCl: amnestic MCl, CDR-SOB: Clinical Dementia Rating-Sum of Boxes, DINMH: deep WMH, MCI: mild cognitive impairment, MMSE: Mini Mental
State Examination, naMCl: nonamnestic MCI, NC: normal cognition, PINMH: periventricular WMH, WMH: white-matter hyperintensity.
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Table 2. Demographics and clinical characteristics of the aMCl and NC subgroups

Variable Verbal-aMCl (n=12) Visual-aMCl (n=10) Both-aMCl (n=16) NC (n=37)
Age, years 71.0+11.42* 71.5+5.02* 68.6+6.78 64.6111.7
Age at onset, years 70.2110.19 68.2+5.18 65.717.16 64.4111.41
Sex, female 8(66.7) 8(80.0) 11 (68.8) 20 (54.1)
Education, years 6.29+3.36" 8.80%5.15 8.34+5.01* 11.95+4.47
Disease duration, months 28.0+16.24 28.8+19.55 340+13.44 -
MMSE score 24.3+3.81* 26.1+2.13* 23.3+4.86* 28.4%1.76
CDR-SOB score 1.25+0.89* 0.80+0.58* 2.43%1.50" 0.00£+0.00
APOE €4 carrier 4(33.3) 2 (20.0) 8 (50.0)* 8(21.6)
Amyloid positivity 3/5 (60.0)* 2/3 (66.7)* 7/11 (63.6)* 0(0)

Data are mean=SD values for continuous variables and n (%) values for categorical variables.

*p<0.05 versus NC in independent t-test for continuous variables and chi-square test for categorical variables.

aMCl: amnestic MCI, Both-aMCl: MCI with both visual and verbal memory impairment, CDR-SOB: Clinical Dementia Rating-Sum of Boxes, MCI: mild
cognitive impairment, MMSE: Mini Mental State Examination, NC: normal cognition, Verbal-aMCl: MCl with verbal memory impairment, Visual-aMCl:
MCI with visual memory impairment.

Table 3. Neuropsychological test results according to subgroups of memory impairment (n=38) and NC (n=37)

Verbal-aMCl (n=12) Visual-aMCl (n=10) Both-aMCl (n=16) NC (n=37)

Attention

Digit Span Test, forward 0.79%1.44 0.44%1.22 0.22%1.14* 1.03%0.79

Digit Span Test, backward 0.4510.67 -0.20%1.35 -0.44+0.83* 0.47£1.09
Language and related function

K-BNT score -0.26+1.07 -0.44+0.77¢ -1.92+1.68* 0.18+0.85
Visuospatial function

RCFT, copying 0.48+0.84 -0.231+1.22 -0.60t2.1 0.50%0.61
Memory

SVLT, immediate recall -0.8610.43* -0.51%+0.89" -1.351£0.94* 0.30%0.78

SVLT, delayed recall -1.7410.44* -0.3710.51* -2.2710.59* 0.38+0.69

RCFT, immediate recall 0.00+0.72* -1.0410.44* -1.49+0.72* 0.8310.89

RCFT, delayed recall -0.231+0.64* -1.53+0.20* -1.82+0.56* 0.8910.83
Frontal executive function

COWAT, animal names -0.55+0.82 -1.03+0.54* -1,78+0.92* 0.05+0.96

COWAT, supermarket items -0.64%0.89* -0.18%0.79 -1.28+0.82* 0.3610.91

COWAT, phonemic fluency -0.1410.81* 0.28%1.07 -0.43%1.26* 0.58+0.94

Stroop test, color reading -0.79%0.65" -0.02£1.30 -1.33%£1.25" 0.39£0.90

TMT-B -1.15+1.39* -0.64+1.38" -4.19+4.57¢ 0.20£0.82

Data are meantSD values. All data are z scores.

*p<0.05 versus NC in independent t-test for continuous variables.

aMCl: amnestic MCI, Both-aMCl: MCI with both visual and verbal memory impairment, COWAT: Controlled Oral Word Association Test, K-BNT: Korean
version of the Boston Naming Test, MCl: mild cognitive impairment, MMSE: Mini Mental State Examination, NC: normal cognition, RCFT: Rey Complex
Figure Test, SVLT: Seoul Verbal Learning Test, TMT-B: Trail-Making Test type B, Verbal-aMCl: MCI with verbal memory impairment, Visual-aMCl: MCI
with visual memory impairment.

was also significantly greater in aMCI patients than in NC subjects (Supplementary Table 4 in the online-only Data Sup-

subjects in the following 19 ROIs: prefrontal, orbitofrontal, plement). However, at an individual level, five naMCI patients

sensorimotor, superior parietal, inferior parietal, precuneal,
posterior cingulate cortices, occipital, superior temporal, mid-
dle temporal, inferior temporal, mesial temporal, entorhinal
cortices, parahippocampus, hippocampus, amygdala, fusi-
form gyrus, lingual gyrus, and global cortex. THK retention
did not differ significantly between naMCI patients and NC
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exhibited abundant ["*F]THK5351 retention in the associa-
tion cortices (Supplementary Fig. 1 in the online-only Data
Supplement). Two of these patients underwent ["*F]FLUTE
PET, which revealed amyloid positivity in both of them (#18
and #19).
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Verbal-aMClI, visual-aMCI, and both-aMCI groups both-aMCI patients displayed greater ["*F]THK5351 reten-
Voxel-wise analyses uncorrected for multiple comparisons tion in almost all associated cortices except for the primary
with adjustments for age and years of education showed that sensorimotor and primary visual cortices. Verbal-aMCI pa-

aMCI>NC naMCI>NC

Fig. 1. ['®FITHK5351 retention in MCI, aMCl, and naMCl patients. Voxel-wise comparisons of ["®F]THK5351 retention between cognitively impaired
groups and NC subjects. The results are presented at a threshold of p<0.05 with false-discovery rate (FDR)-correction adjusted for age and years
of education, and with >50 clusters. aMCl: amnestic MCl, MCI: mild cognitive impairment, naMCl: nonamnestic MCI, NC: normal cognition.

Verbal-aMCI>NC Visual-aMCI>NC Both-aMCI>NC

Fig. 2. ["*FITHK5351 retention in subgroups of aMCl patients. Voxel-wise comparisons between subgroups of aMCl and NC subjects. The results
are presented at a threshold of p<0.001, uncorrected for multiple comparisons with adjustments for age and years of education, and with >50
clusters. aMCl: amnestic MCl, Both-aMCl: MCI with both visual and verbal memory impairment, MCI: mild cognitive impairment, NC: normal cog-
nition, Verbal-aMCl: MCI with verbal memory impairment, Visual-aMCl: MCl with visual memory impairment.
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tients showed greater ["*F]THK5351 retention in the lateral
temporal, parietal and mesial temporal areas, while visual-aM-
CI patients showed greater ["*F]THK5351 retention in small
regions of the lateral temporal cortex (Fig. 2).

In ROI-based analyses, ["*F]THK5351 retention was sig-
nificantly greater in nearly all ROIs except for the right ante-
rior cingulated cortices, left lingual gyrus, and bilateral stria-
tum in both-aMCI patients than in NC subjects. The regions
in which these differences remained significant after multi-
ple comparisons in verbal-aMCI patients were the prefrontal,
orbitofrontal, occipital, middle temporal, inferior temporal,
mesial temporal, entorhinal cortices, hippocampus, amygdala,
and global cortex in the right hemisphere. ['*F]THK5351 re-
tention did not differ significantly between visual-MCI pa-
tients and NC subjects (Table 4).

Amyloid-positive and -negative MCI patients

Amyloid-positive MCI patients showed greater ['*F]THK5351
retention in the frontal, lateral temporal, parietal, occipital,
precuneus and mesial temporal cortices compared to amy-
loid-negative NC subjects, while patients with amyloid-nega-

tive MCI showed [**F]THK5351 retention only in small parts
of the frontal, anterior cingulate, and mesial temporal regions
(Fig. 3). These results were calculated at a threshold of p<
0.001 and not corrected for multiple comparisons with ad-
justments for age and years of education.

[**F]THK5351 retention was greater in amyloid-positive
MCI patients than in amyloid-negative NC subjects in nearly
all ROIs except for striatum. It was also greater in the prefron-
tal, orbitofrontal, middle temporal, inferior temporal, mesial
temporal, entorhinal cortices, parahippocampus, amygdala
and fusiform gyrus in amyloid-negative MCI patients than in
amyloid-negative NC subjects. (Supplementary Table 5 in
the online-only Data Supplement).

Correlation between ["*F]THK5351 and
neuropsychological test results

Global cognition as measured using tests such as the MMSE
or CDR-SOB was correlated with [**F]THK5351 retention in
the lateral temporal, inferior parietal, precuneal, and mesial
temporal areas. ["*F]THK5351 retention was associated with
the scores for cognitive function tests that are dependent on

Table 4. Regional standardized uptake value ratio (SUVR) in ["*FITHK5351 positron emission tomography of aMCl subgroups and the NC group

Right cerebral hemisphere

Left cerebral hemisphere

Region Verbal-aMCl  Visual-aMCl ~ Both-aMCI NC Verbal-aMCl Visual-aMCl Both-aMCl NC
(n=12) (n=10) (n=16) (n=37) (n=12) (n=10) (n=16) (n=37)
Prefrontal 1.81+0.47* 1.6520.31 1.92+0.32* 1.47£0.25 1.74+035 1.65+0.29 1.991047* 1.4710.23
Orbitofrontal 2.3710.65" 2.10£0.40 2.41£0.33* 1.93+0.33 2.24+0.53 2.12+0.36 2.50+0.51*  1.90%0.32
Sensorimotor 1.26+0.17 1.224+0.20 1.34+0.23* 1.16£0.20 1.27+0.18 1.27+0.18 1.38£0.24*  1.17£0.20
Anterior cingulate 3.24+0.70 3.031£0.63 3.29+0.38 2.96%0.41 3.21£0.58 2.96+0.64 3.4610.54° 2971046
Superior parietal 1.4610.26 1.491+0.31 1.73+0.41* 1.284+0.22 1.4510.20 1.4310.29 1.78+£0.43*  1.25+0.19
Inferior parietal 1.68+0.29* 1.68+0.35 1.93+0.32* 1411024 1.67£0.32 1.651£0.32 2.08+0.52* 1.40£0.25
Precuneus 1.791£0.30 1.761£0.39 2.17+0.40* 1.562+0.26 1.80£0.31 1.81+0.35 2.29+052*  1.55%0.25
Posterior cingulate ~ 2.25+0.38 1.72£1.17 2.53+0.33* 1.9410.27 2.25+0.43 2.07£0.45 2.56+0.43* 1944027
Occipital 1.4010.20* 1.3620.41 1.40+0.40" 1.12£0.19 1.311£0.26 1.23+0.25 1341048 1.06+0.17
Superior temporal 1.86£0.28 1.92+0.35 2.05+0.29* 1.70+0.26 1.85£0.30 1.94+0.35 2.16+0.46*  1.70£0.31
Middle temporal 2.16+0.50" 2.00+0.40 2.30+0.34" 1.72+£0.29 2.06%0.52 1.97+0.43 2.37£0.60*  1.69£0.32
Inferior temporal 2.10+0.52* 1.9910.51 2.27+0.36" 1.69£0.29 2.03+0.43 1.9510.44 236+051*  1.67£0.31
Mesial temporal 3.15+0.93* 2.76+0.51 3.29+0.55" 2.524+0.31 295+0.63*"  2.71+038 3.36+0.62° 2.50+0.33
Entorhinal 293+1.27* 2.48+0.73 2.90+0.65" 2.18+0.39 2.62+0.57 2.401+0.48 3.08+0.75* 2231042
Parahippocampus 2.28%+0.40 2.15+0.35 2.58+0.41* 1.96+0.35 2.31+0.38 2.21+0.38 2.79+0.67* 2041042
Hippocampus 3.09+0.84* 2.7620.50 3.28+0.58* 2.55+0.30 2.93+0.70* 2.71£0.35 3.2710.52* 2491029
Amygdala 4.72+1.67% 3.77%0.77 4.73+1.40% 3.36+0.52 415+1.12%Y  3.66+0.59 462+1.01" 3281044
Fusiform gyrus 1.831£0.30 1.87£0.55 2.05+0.39% 1.566+0.24 1.87£0.32 1.851+0.36 2.26%0.70* 1.61£0.25
Lingual gyrus 1.41+0.23 1.28+0.38 1.44+0.36* 1.20+0.21 1.54£0.27** 1.37£0.33 1.451+0.43 1.24+0.24
Striatum 3.60+0.88 3.48+0.51 3.501£0.57 3.15+0.51 3.48+0.87 3.35+0.47 3.52+0.62 3.07£0.51
Global cortex 1.87£0.34" 1.7810.33 2.03+0.31* 1.57+0.24 1.831+0.31 1.76+0.30 2.1110.43*  1.56%0.23

Data are mean+SD values. One-way analysis of covariance with adjustment for age and years of education.
*p<0.05 versus NC, 'Regions in which statistical significance was lost after region-wise correction for multiple comparisons.
aMCl: amnestic MCl, Both-aMCl: MCI with both visual and verbal memory impairment, MCI: mild cognitive impairment, NC: normal cognition, Verbal-
aMCl: MCI with verbal memory impairment, Visual-aMCl: MCI with visual memory impairment.
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Amyloid positive MCI>NC Amyloid negative MCI>NC

Fig. 3. ['®FITHK5351 retention in amyloid-positive and -negative MCI patients. Voxel-wise comparison of participants with ["®F]flutemetamol posi-
tron emission tomography. The results are presented at a threshold of p<0.001, uncorrected for multiple comparisons with adjustments for age and
years of education, and with >50 clusters. MCl: mild cognitive impairment, NC: normal cognition.

CDR SOB

Fig. 4. Multiple regression analyses using statistical parametric mapping of ["FITHK5351 retention in MCI. Brain areas with increased ['*F]
THK5351 retention versus worsening cognitive function in MCl patients. Red and blue indicate negative and positive correlations, respectively. The
results are presented at a threshold of p<0.05 with false-discovery rate corrections and >50 clusters. CDR-SOB: Clinical Dementia Rating-Sum of
Boxes; COWAT: Controlled Oral Word Association Test; K-BNT: Korean version of the Boston Naming Test; MMSE: Mini Mental State Examination;
RCFT copy: Rey Complex Figure Test, copy; RCFT-DR: Rey Complex Figure Test, delayed recall; SVLT-DR: Seoul Verbal Learning Test, delayed recall;
TMT-B: Trail-Making Test type B.
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language function, such as the Korean version of the Boston
Naming Test (K-BNT); Controlled Oral Word Association
Test (COWAT)-animal; and Trail-Making Test type B (TMT-
B); and correlated with similar areas of the brain as global cog-
nition tests, but with a stronger left-side predilection. Worse
verbal memory scores (SVLT, delayed recall) were correlated
with greater ['"*F]THK5351 retention in the lateral temporal
and inferior parietal cortices, precuneus, and part of the dor-
solateral prefrontal cortex. In contrast, visual memory im-
pairment was associated with smaller regions in the inferior
parietal cortex and precuneus. Visuospatial function (RCFT,
copy) was not correlated significantly with [*F]THK5351 re-
tention in the voxel-wise analysis. These results are presented
at a threshold of p<0.05 with FDR corrections in Fig. 4.

DISCUSSION

This study identified different topographic patterns of [*°F]
THKS5351 retention in MCI patients according to the absence
or presence of memory impairment, modality of memory
impairment, and amyloid PET results. The retention of ['°F]
THK5351 in aMCI patients mirrored findings in AD, while
that in naMCI patients did not differ significantly from that
in the NC group. Both-aMCI patients showed greater ['*F]
THKS5351 retention in nearly all associated cortices, while visu-
al-aMCI patients displayed only small regions of [*F]THK5351
retention. Verbal-aMCI was associated with an intermediate
level of tracer binding. Moreover, [**F]THK5351 retention was
more pronounced in the subgroup of MCI patients with am-
yloid positivity in [**F]JFLUTE PET.

Opverall the MCI patients showed greater ["*F]THK5351
retention in the frontal, lateral temporal, mesial temporal, and
parietal cortices, and precuneus (Fig. 1) compared to the NC
group. The topographic distribution of tau PET uptake was
similar to previously reported observations using [**F]THK5351
and other tau targeting tracers in cognitively impaired sub-
jects.***%7% Cho et al.”** showed increased tau binding us-
ing the ligand ["*F]AV-1451 in the entorhinal cortex in pa-
tients with MCI, while in one of our previous studies using
["*F]THK5351, retention was greater in most association
cortices as well as the limbic area than in NC subjects, with
the distribution being similar but at lower intensities than
in patients with AD.* Other studies have produced similar
findings in amyloid-positive MCI patients.**” However,
broader regions with greater tau retention were observed in
the present aMCI group. Clinical studies suggest that the
amnestic subtype of MCI is more like to progress to AD,**"*
while neuropathological studies have also shown the existence
of more NFTs in aMCI patients than in naMCI patients.”
Some pathological reports have argued that aMCI is identi-
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cal to early AD based on the NFT distribution.”* The present
study found that the distribution of ["*F]THK5351 retention
was similar in aMCI and AD patients,” which corresponds
to later stages of tau deposition according to Braak staging.'
Our findings support previous suggestions that aMCI is a
precursor or early state of AD.

On the other hand, tau retention did not differ significant-
ly between the naMCI patients and NC subjects. Similarly,
Cho et al.” found that more than 70% of naMCI patients and
NC subjects exhibited no significant accumulation of tau
using [*F]AV-1451 PET, while this percentage dropped sig-
nificantly for aMCI and clinically AD patients. This may have
been due to the clinically diverse nature of naMCI, which has
been suggested to develop into FTD, DLB, or vascular de-
mentia.* Autopsy studies have found fewer AD-related path-
ological findings and a higher frequency of alpha-synucleinop-
athy in naMCI patients.”* Clinical studies have also shown
that the conversion rate to dementia is lower for naMCI than
for aMCL* the prevalence of depression and vascular risk
factors is higher for naMCI than for non-MCI subjects,” and
prefrontal executive dysfunction is worse in naMCI patients
than in aMCI patients.>* Although overall there were no sig-
nificant differences between the naMCI and NC groups, in-
dividually we found that 24% of naMCI patients exhibited
abundant ["*F]THK5351 retention in the association cortices,
and amyloid positivity was found in all of those who under-
went [*FJFLUTE PET. Although these patients who present-
ed clinically as naMCI, follow-up studies would be needed
to determine whether these patients who also exhibit abundant
["*FITHKS5351 retention progress to dementia.

We further analyzed subgroups of aMCI based on the mo-
dality of memory impairment. Patients with verbal memory
dysfunction exhibited increased ["*F]THK5351 retention in
the bilateral medial and lateral temporal lobes and the right
precuneus. Patients with visual memory impairment showed
smaller, focal regions of tracer uptake bilaterally in the lateral
temporal cortices. Previous studies found that the risk of pro-
gression to dementia was higher in verbal-aMCI and both-
aMCI patients than in visual-aMCI patients.”'* Our results
contrast with cortical thinning studies revealing left medial
temporal atrophy in verbal-aMCI patients compared to NC
subjects.” This difference may have been due to the smallness
of the sample in the verbal-aMCI subgroup or nonspecific
binding of [*F]THK5351 in the medial temporal regions re-
ducing its resolving power in this area.* ["*F]THK5351 reten-
tion in both-aMCI patients was found throughout the brain
except for the primary sensorimotor and occipital cortices
(Fig. 2), suggesting more-extensive neuronal degeneration and
a more-severe state of disease progression. Impairment of
both visual and verbal memory also showed more extensive



cortical thinning, suggesting a more-advanced subgroup on
the spectrum from MCI to AD,” analogous to the tau PET
findings in this study.

The neural substrates of visual memory recall are less well
defined in the literature. A study of visual delayed recall in
probable AD patients using SPECT showed the involvement
of bilateral temporal regions.” Another study testing visual
memory using the Wechsler Memory Scale showed an asso-
ciation with the right precuneus and right cingulate gyrus.**
[**F]FDG PET analysis using the figure-recall task in the Ben-
ton Visual Retention Test showed that regional cerebral glu-
cose metabolism was predominantly correlated with the left
parietal and temporo-occipital regions.” However, that study
also found that consortium to establish a registry for Alzheim-
er’s disease neurophychological battery (CERAD) construc-
tional praxis recall was correlated with the right prefrontal,
parietal, and temporal regions. The left inferior temporo-oc-
cipital cortex has been shown to be activated by shape- and
object-based memory tasks.”>* Moreover, patients with le-
sions in the left temporal lobe without hippocampal sclerosis
showed large decrements in figure and spatial recall using
the RCFT compared to right-side lesions.” In contrast, corti-
cal thinning studies have found no differences between nor-
mal controls and visual-aMCI patients on statistical maps of
the cortical thickness.” The voxel-wise analysis performed in
the present study showed a small area of involvement in both
lateral temporal cortices (left predominant) in the visual-aM-
CI group compared to the NC group, while ROI analysis re-
vealed no significant differences between the two groups. In-
vestigating larger samples and evaluating different methods
for visual memory recall may help to elucidate these discrep-
ancies in visual memory localization.

MCI patients who were amyloid positive in ["*F]JFLUTE
PET exhibited greater ["*F]THK5351 retention in the fron-
tal, lateral temporal, parietal, occipital, precuneal, and mesial
temporal cortices compared to amyloid-negative NC sub-
jects. These findings are consistent with previous findings of
increased tau retention in amyloid-positive MCI patients.*>”
We also found that MCI patients with amyloid-negative [**F]
FLUTE PET findings displayed small regions of [**F]THK5351
retention in the frontal, anterior cingulate, and mesial temporal
areas (Fig. 3). These observations might reflect the involve-
ment of other neurodegenerative processes without evidence
of amyloid deposition such as tauopathies or neuroinflam-
mation. ["*F]THK5351 has been shown to bind to not only
paired helical filaments but also nonspecifically to MAO-B,
which is abundant in astrocytes.” MAO-B availability has
been found in patients with neuroinflammation as well as in
normal aging® and AD.' It is also possible that some cases
are prodromal AD with subthreshold levels of amyloid depo-
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sition,” or with mainly diffuse plaques or soluble amyloid for
which amyloid PET ligands have a low affinity.”> However,
studies have shown that naMCI patients are more likely to
have low Pittsburgh Compound B (PiB) retention and higher
p-amyloid levels in the CSE** It has also been shown that
there are no significant differences in the hippocampal vol-
ume, cortical thickness, and hippocampal metabolism be-
tween amyloid-negative MCI patients and elderly controls,
with the CSF levels of p-tau and t-tau being lower and the lon-
gitudinal cognitive performance being better in amyloid-neg-
ative MCI patients than in amyloid-positive MCI patients.”*
The finding of greater ['**F]THK5351 retention in the present
aMCI group might have been due to a trend for greater am-
yloid positivity in that group compared to the naMCI group.
However, the small number of amyloid PET scans performed
in the naMCI group and the lack of further histological eval-
uation prevented us from drawing more-definite conclusions.

We found that ['*F]THK5351 retention in the neocortex—
including the lateral temporal, frontal, mesial temporal, and
parietal cortices, and the precuneus—was correlated with the
performance in tasks for verbal memory, verbal fluency, and
confrontational naming. Tests of visual memory were asso-
ciated with ["*F]THK5351 retention to a lesser extent in the
parietal cortices and precuneus, with little involvement of the
temporal cortex. These findings are similar to a previous re-
port.” Longitudinal studies have found that the progression
of cognitive decline is predicted more accurately by deficits
in verbal memory tasks than in tasks for visual memory.*
Several studies have also shown that the left hemisphere is
involved more frequently during the initial stages of AD.”*
Cortical volumetric studies have shown more cortical thin-
ning in the temporal lobes of aMCI patients with verbal mem-
ory impairment than in patients with visual memory dysfunc-
tion.” Our data seem to support the differences observed
between verbal and visual memory with regards to AD pro-
gression reported in the literature, with greater involvement
of the lateral temporal area in MCI patients with verbal mem-
ory impairment.

The main limitation of this study is related to a recent report
of ["*F]THK5351 also binding to MAO-B. Ng et al.* showed
that the administration of MAO-B inhibitors reduced ['*F]
THKS5351 retention in the striatum by 52% and in the cortex
by 36%, with the cerebellar cortex affected to a lesser extent.
These data are correlated with human autopsy findings show-
ing MAO-B concentrations are highest in the striatum fol-
lowed by the cerebral cortex, and lowest in the cerebellum and
white matter.”® The nonspecific binding of [*F]THK5351 to
MAO-B was recently confirmed in vitro by Harada et al.,”*
who showed binding of the radiotracer to both paired helical
filament-tau and MAO-B but not MAO-A in brain slices. It
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has also been recently reported that ["*F]AV-1451 (which is
another tau tracer) binds with similar affinities to MAO-A
and MAO-B as well as tau fibrils.”” These reports have indi-
cated that about one-third of the ["*F]THK5351 cortical sig-
nal might not be attributable to tau. Higher levels of MAO-B
are found in astrocytes and are also associated with neurode-
generative diseases such as AD.”*’* Therefore, we cannot
conclude that the findings of the present are solely due to tau
pathology. Another limitation of this study is the smallness
of the sample in each aMCI subgroup. This combined with
the small numbers of patients with amyloid PET data meant
that voxel-wise comparisons between these groups and NC
were presented uncorrected for multiple comparisons. The
cross-sectional nature of this study also prevents us from draw-
ing definite conclusions regarding the [*F]THK5351 topo-
graphic patterns and the risk of AD progression. Further stud-
ies with larger samples are therefore needed to confirm the
generalizability of our findings.

In conclusion, [*F]THK5351 retention was greater in MCI
patients who were amnestic, who had both verbal and visual
memory impairments, and who were amyloid positive in ['°F]
FLUTE PET. Cognitive functioning in the MCI patients was
significantly correlated with cortical ["*F]THK5351 retention.
To the best of our knowledge, this is the first study to use [*°F]
THK5351 PET to identified distinct topographic patterns of
[*F]THKS5351 deposition in MCI subgroups. However, the
contribution of NFTs and neuroinflammation to the differ-
ences seen in ['*F]THK5351 binding could not be differenti-
ated.

Supplementary Materials
The online-only Data Supplement is available with this arti-
cle at https://doi.org/10.3988/jcn.2020.16.2.202.
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