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Abstract

Introduction: Free-water (FW) imaging, a new analysis method for diffusion magnetic

resonance imaging (MRI), can indicate neuroinflammation and degeneration.We eval-

uated FW in Alzheimer’s disease (AD) using tau/inflammatory and amyloid positron

emission tomography (PET).

Methods: Seventy-one participants underwent multi-shell diffusion MRI, 18F-

THK5351 PET, 11C-Pittsburgh compound B PET, and neuropsychological assessments.

They were categorized into two groups: healthy controls (HCs) (n = 40) and AD-

spectrum group (AD-S) (n = 31) using the Centiloid scale with amyloid PET and

cognitive function. We analyzed group comparisons in FW and PET, correlations

between FWand PET, and correlation analysis with neuropsychological scores.

Results: In AD-S group, there was a significant positive correlation between FW

and 18F-THK5351 in the temporal lobes. In addition, there were negative correla-

tions between FW and cognitive function in the temporal lobe and cingulate gyrus,

and negative correlations between 18F-THK5351 and cognitive function in the same

regions.

Discussion: FW imaging could be a biomarker for tau in AD alongside clinical

correlations.
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1 BACKGROUND

Alzheimer’s disease (AD) is the most common neurodegenerative dis-

order, characterized by senile plaques and neurofibrillary changes

composed of amyloid beta (Aβ) and tau proteins.1 Recent studies have
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demonstrated thatAβ interactswith cortical taupathology to influence
neurodegeneration,2–4 Because neurodegenerative processes involv-

ing Aβ and tau appear years before clinical symptoms, their evaluation

has become an important issue in AD research.5 Although the clini-

cal diagnosis of AD is based on the clinical course and symptoms of
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neuropsychological tests, diagnostic imaging of the brain has become

an essential complement to research criteria. New diagnostic criteria

based on the presence or absence of amyloid, tau, and neuronal injury

have been proposed by using positron emission tomography (PET) and

biomarkers.6

In vivo molecular neuroimaging with PET is a powerful and mini-

mally invasive tool for measuring specific molecules andmetabolism in

the brain. Amyloid PET scans are used to test andmonitor clinical ther-

apies for modifying AD and to aid in clinical diagnosis and prognosis.7

Attempts have been made to quantitatively standardize the results of

amyloid PET examinations due to variations in tracers, PET scanners,

procedural factors, and analysis methods at various imaging centers.

Klunk et al.8 used Centiloid units (CLs) to standardize the reporting

of amyloid imaging. They derived a scale called the CL that has val-

ues ranging from 0 to 100, where 0 represents young healthy controls

(HCs), and 100 represents the amyloid burden found in mild to moder-

ate cases of dementia due to AD, across anchor points. This provides

comparable data for amyloid PET studies at different sites and across

different amyloid tracers. Combining CL with standardized amyloid

PET accumulation and neuropsychological assessments allows us to

objectively recognize HCs, pre-clinical AD, mild cognitive impairment

(MCI), and AD. The recent development of tau PET has provided new

and useful information about AD and other tauopathies.9,10 Tau depo-

sition has been shown to be associated with focal gray matter loss in

bothADand amyloid-negative older adults.11,12 One of the first gener-

ation of tau tracers, 18F-THK5351, is distributed in tau-related regions

of AD13; however, due to off-target binding to monoamine oxidase,14

18F-THK5351 does not purely reflect tau pathology. 18F-THK5351 is

nowconsidered to target tau aggregation aswell as neuroinflammation

associated with astrogliosis.15

Magnetic resonance imaging (MRI) has been used as a clinical tool

to identify early cognitive decline and stages in AD.16 Free-water (FW)

imaging is a recently developed measurement for diffusion MRI; it

measures the fraction of diffusion signals explained by isotopically

unrestricted water, as estimated from a regularized bi-tensor model.17

Elevated FW in the extracellular space around axons may suggest

neuroinflammation and association with AD.18 Furthermore, FW in

the corpus callosum, cingulate gyrus, and frontal, temporal, and pari-

etal lobes is significantly correlated with cerebrospinal fluid (CSF)

biomarkers such as Aβ42, phosphorylated tau 181 (p-tau181), neuro-

filament light chain protein, YKL-40, and monocyte chemoattractant

protein 1.19–21 FW has also been reported in many other neurological

disorders, such as Parkinson’s disease22 and schizophrenia.23

We previously showed that tau and neuroinflammation in ADmight

decrease neurite density and orientation dispersion, specifically in the

medial and lateral temporal lobes.24 However, there have been no

reports examining the correlation between FW and 18F-THK5351 in

AD.We hypothesized that FWwould also increase in areas where 18F-

THK5351 was deposited. In this study, we examined the relationship

between FW imaging, 18F-THK5351 PET, and 11C-Pittsburgh com-

pound B (PiB) PET in patients with AD spectrum group (AD-S) andHCs

classified based on neuropsychological measurements and CL using

amyloid PET.

RESEARCH INCONTEXT

1. Systematic review: The authors reviewed the literature

using sources such as PubMed. Free-water (FW) imaging

ofAlzheimer’s disease (AD)hasnotbeen studiedasexten-

sively as other magnetic resonance imaging (MRI) tools

such as diffusion tensor imaging. However, several recent

publications describe FW imaging. These relevant studies

have been cited appropriately.

2. Interpretation: FW imaging reflects the pathophysiology

of AD and may represent a potential related biomarker

to 18F-THK5351. This may allow us to use MRI, which is

convenient and economical, instead of positron emission

tomography (PET) for staging evaluation of AD.

3. Future directions: In this article we propose a frame-

work for generating new hypotheses and conducting

additional research. For example, (1) correlation between

FW imaging and second-generation tau tracers, (2) cor-

relation between FW imaging and neuroinflammation-

specific imaging associated with astrogliosis, and (3) the

superiority of FW imaging compared to pastMRI tools.

2 MATERIAL AND METHODS

2.1 Participants

Ninety-three participants were recruited for this prospective study

from the National Center of Neurology and Psychiatry between 2014

and 2018. For inclusion criteria, participants 55 years of age or older

were recruited with the exclusion of those with comorbid chronic

diseases, a history of central nervous system disease, including vas-

cular diseases, severe head trauma, or those meeting the criteria for

substance abuse/dependence. The participants included amyloid neg-

ative, normal cognitive HCs, and amyloid-positive patients as AD-S. A

3.0 T MRI (including three-dimensional [3D] T1-weighted imaging and

multi-shell diffusion imaging), 11C-PiB and 18F-THK5351PET, and neu-

ropsychological tests were performed on the subjects. Furthermore,

we excludedpatientswith cognitive decline andno evidence of amyloid

to determine the HC group from those considered clinically healthy,

which made the distinct grouping of AD possible. The remaining 71

participants were classified into two groups. The groups were deter-

mined using neuropsychological tests and amyloid PET by the CL of

the target cortex determined according to the protocol in the Global

Alzheimer’s Association Interactive Network (http://www.gaain.org/

centiloid-project) as follows: HC group with participants who were

amyloid negative and had a Clinical Dementia Rating (CDR) of 0

(N= 40), and AD-S group with participants who were amyloid positive

(N= 31).

This cross-sectional observational study was approved by the insti-

tutional review board of the National Center of Neurology and

http://www.gaain.org/centiloid-project
http://www.gaain.org/centiloid-project
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Psychiatry. All participants providedwritten informed consent prior to

participation.

2.2 Clinical and neuropsychological assessments

Theage, sex, andeducationof theparticipantswerenoted. Theyunder-

went Clinical Dementia Rating Sum of Boxes (CDR-SB), Mini-Mental

State Examination (MMSE), Japanese version of Montreal Cognitive

Assessment (MoCA-J), and Frontal Assessment Battery (FAB). FAB

scores could not be collected in 2 cases in theAD-S group, and 15 cases

in the HC group.

2.3 Image acquisition

Participants underwent MRI scanning on a 3.0 T MRI system

(Verio, Siemens, Erlangen, Germany). Three-dimensional sagittal T1-

weightedmagnetization prepared rapid acquisition with gradient echo

(MPRAGE) images were obtained with the following scanning param-

eters: repetition time (TR)/echo time (TE) of 1900 ms/2.52 ms, 9◦ flip

angle (FA), 1.0 × 1.0 mm in-plane resolution, 1.0 mm effective slice

thickness with no gap, 300 slices, 256 × 256 matrix, and 25 × 25 cm

field of view (FOV). For FW imaging, the images using multi-shell diffu-

sion were acquired along 30 non-collinear directions at three b-values

(0, 1000, and 2000 s/mm2). Furthermore, two images with reversed-

phase encoding (blip up/down) were acquired without any diffusion

gradient. The diffusion MRI parameters were as follows: TR/TE of

17700 ms/93 ms, 90◦FA, 2.0 × 2.0 mm in-plane resolution, 2.0 mm

effective slice thickness, 74 slices, 114×114matrix, and22.4×22.4 cm

FOV.

PET/computed tomography (CT) scans were performed on a

Siemens/Biograph 16 scanner (3D acquisition mode, 81 image planes,

16.2 cm axial FOV. 4.2 mm transaxial resolution, 4.7 mm axial resolu-

tion, and 2-mm slice interval). A low-dose CT scan was performed for

attenuation correction. 11C-PiB at a dose of 555 MBq was injected

intravenously 50 minutes before the PET/CT scan for 11C-PiB imag-

ing. The emission scan duration was 20 minutes. 18F-THK5351 was

injected 40 minutes before the 18F-THK5351 scan at a dose of 185

MBq. The scan duration was 20 minutes. PET/CT images were recon-

structedusing a combinationof Fourier rebinning andOrderedSubsets

Expectation. The interval average and SD between 18F-THK5351, 11C-

PiB PET, andMRIwas 22.1± 23.0 days (18F-THK5351 to 11C-PiB: 12.2

± 15.7 days, 18F-THK5351 to MRI: 13.8 ± 17.5 days, and 11C-PiB to

MRI: 18.3± 23.8 days).

2.4 FW imaging and FW-corrected DTI maps
processing

The FW imaging and FW-corrected fractional anisotropy (FA)T images

were generated from eddy current corrected volumes by fitting the

FW model17,25,26 using the “Using the free water elimination model

to remove Diffusion Tensor Imaging (DTI) free water contamination”

script (https://dipy.org/documentation/1.0.0./examples_built/reconst_

fwdti/) that was executed using Diffusion Imaging in Python ver 1.0

(DIPY, https://dipy.org). It includes a de-noising approach based on

the Marchenko-Pastur Principal Component Analysis method.27 The

images were also co-registered to the T1-weighted images and nor-

malized to the Montreal Neurological Institute (MNI) space using the

Diffeomorphic Anatomical Registration Through Exponentiated Lie

(DARTEL) method.28 We removed as much of the influence as possible

by shaving the CSF and skull, thereby creating a mask in the analysis.

Smoothing was performed with an 8 mm full-width at half-maximum

(FWHM) Gaussian kernel. We used Statistical Parametric Mapping 12

software (SPM12; http://www.fil.ion.ucl.ac.uk/spm /) for the series of

processes referred to in previous literature.24 We visually checked the

masking out in each test to avoid potential noise from the CSF.

2.5 PET processing

After partial volume correction using the PETPVE12 toolbox,29 the
11C-PiB and 18F-THK5351PET imageswere spatially normalized using

SPM. The PET images of the participants were co-registered to their

T1-weighted images and spatially normalized to the MNI space using

the DARTEL method.28 After spatial normalization, all PET images

were divided by the positive mean uptake value of the cerebellar

gray matter of an individual. Standardized uptake value ratio (SUVR)

images were obtained, and each image was smoothed using an 8-mm

FWHMGaussian kernel. SUVR is calculated from standardized subject

PET counts in the cerebral cortex (GAAIN Pons VOI).30 Finally, SUVR

was converted to CL values using the direct conversion equation for

each PET tracer. We used a cut-off value of 10 for CL31 to classify

positive and negative amyloid accumulation. In this study, we used a

stand-alone software for quantifying amyloid PET to calculate CL.30

2.6 Voxel-wise directed correlations between FW
imaging and PET imaging

We used the VoxelStats toolbox32 to estimate the relationship

betweenFWimagingandPET.Using ageneral linearmodel, the toolbox

calculated voxel-wise correlations between the two imaging modali-

ties with age, sex, and years of education as covariates. We analyzed

the correlations between FW and PET-related imaging modalities,

including FW imaging and 18F-THK5351/11C-PiB. These analyses

were performed separately for the AD-S and HC groups. BrainNet

Viewer (http://www.nitrc.org/projects/bnv/) was used to visualize the

results.33

2.7 Statistics

To compare the clinical demographics between the AD-S and HC

groups, we used an unpaired t-test for continuous variables and

Pearson chi-square test for categorical parameters in JMP Pro ver.

https://dipy.org/documentation/1.0.0./examples_built/reconst_fwdti/
https://dipy.org/documentation/1.0.0./examples_built/reconst_fwdti/
https://dipy.org
http://www.fil.ion.ucl.ac.uk/spm
http://www.nitrc.org/projects/bnv/
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TABLE 1 Demographics of the AD-S andHC groups in this study

AD-S

group

(N= 31)

HC group

(N= 40) P

Age [years, mean± SD (range)] 70.4 ± 8.0 65.5 ± 8.7 .07b

Sex (F:M) 20:11 20:20 .22c

Education, y (mean± SD) 13.5 ± 2.6 14.4 ± 2.4 .11b

CDR-SOB (mean± SD) 3.3 ± 3.1 all 0 –

MMSE (mean± SD) 23.6 ± 4.7 29.3 ± 1.1 <.001b

MoCA (mean± SD) 20.4 ± 6.2 27.1 ± 2.2 <.001b

FAB (mean± SD) 14.0 ± 2.6a 16.5 ± 2.1a <.001b

SUVR of 11C-PiBwithin

whole cortex (mean± SD)

1.81 ± 0.51 0.97 ± 0.04 <.001b

CL of 11C-PiBwhole

cerebellum (mean± SD)

75.5 ± 48.4 −3.2 ± 3.9 –

Abbreviations: AD-S, Alzheimer’s disease spectrum; CDR, Clinical Demen-

tia Rating; CL, Centiloid; FAB, Frontal Assessment Battery; HCs; healthy

controls; MMSE, Mini-Mental State Examination; MoCA-J, Japanese ver-

sion of Montreal Cognitive Assessment; N, number of participants; SUVR,

standardized uptake value ratio.
aTwo cases in the AD-S group and 15 cases in the HC group could not be

collected.
bt-test.
cχ2 test.

15.0.0 (SAS Institute Inc., Cary, NC, USA). Statistical significance was

set at P< .05.

For whole-brain SPM12 analyses (i.e., group comparison in FW,

FAT, andPET, and correlation analysiswith neuropsychological scores),

we used a two-sample t-test and multiple regression designs, using

age, sex, and years of education as covariates. Results with a height

threshold of P < .001 (uncorrected) and clusters were considered as

significant when falling below a cluster corrected P (family wise error

[FWE])= .05 were considered significant.

For correlations between different imaging modalities, VoxelStats

generated results based on random field theory (RFT) correction.32

The significance level was set at P< .001 (RFT-corrected).

3 RESULTS

3.1 Demographics in AD-S and HC groups

Table 1 summarizes the demographics, neuropsychological assess-

ments, SUVR, and CL in each group. There were no statistically

significant differences in age, sex, or years of education among the two

groups.

3.2 Group differences in FWI, FW-corrected DTI
maps, and 11C-PiB and 18F-THK5351 PET studies

FW increased predominantly in the hippocampus, parahippocampal,

and fusiform gyrus in the AD-S group as compared to the HC group

F IGURE 1 Group differences in the free water (FW) imaging and
positron emission tomography (PET) study; t-test among the three
groups (A, B, and C). Group differences between the Alzheimer’s
disease spectrum (AD-S) and healthy control (HC) groups in FW
imaging (A), 18F-THK5351 (B), and 11C-PiB (C) studies. Color bars
denote statistically significant T-values fromminimum tomaximum.

(Figure 1A). In the 18F-THK5351 PET study, there was a significant

increase in the frontal lobe, temporal lobe, and posterior cingulate

gyrus in the AD-S group, as compared to the HC group (Figure 1B). In

the 11C-PiB PET study, there was a significant increase in the frontal

lobes, lateral temporal lobes, and posterior cingulate gyrus in the AD-

S group, as compared to the HC group (Figure 1C). In FAT, the clusters

of P < .05 (FWE corrected) were not significantly different, unlike FW.
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F IGURE 2 Voxel-wise correlations between free water (FW) imaging and positron emission tomography (PET). (A) Positive correlations
between FW imaging and 18F-THK5351 in the Alzheimer’s disease spectrum (AD-S) group, (B) positive correlations between FW imaging and
11C-PiB in the AD-S group, no correlations (C) between FW imaging and 18F-THK5351, and (D) FW imaging and 11C-PiB in the health control (HC)
group. Color bars denote the statistically significant T-values fromminimum tomaximum.

The results for a voxel-level height threshold of P< .001 (uncorrected)

are attached in the Supplement 1B.

3.3 Image correlations between FW imaging and
PET

In the AD-S group, therewas a significant positive correlation between

FW and 18F-THK5351 in the temporal and posterior cingulate gyri

(Figure 2A). There were no significant correlations between 11C-PiB

and FW in the AD-S group (Figure 2B). In the HC group, there were

no significant correlations between FW and 18F-THK5351 or FW and
11C-PiB (Figure 2C,D).

3.4 Correlations with neuropsychological
measurements in FW and PET studies

For MoCA-J, FW imaging showed significant negative correlations in

the temporal lobes and prefrontal cortex for the AD-S group only

(Figure 3A). 18F-THK5351 imaging also showed significant negative

correlations in the temporal lobes and prefrontal cortex (Figure 3B),

whereas 11C-PiB showed no significant correlations (Supplement 2A).

For FAB, both FW imaging and 18F-THK5351 detected negative cor-

relations in the bilateral lateral parietal lobes, posterior cingulate gyri,

and precuneus (Figure 3C,D). 11C-PiB did not show significant correla-

tions for any group (Supplement 2B). For MMSE, FW imaging showed

a negative correlation in the temporal lobe in the AD-S group; how-

ever, neither 18F-THK5351 nor 11C-PiB showed a correlation even in

the AD-S group (Supplement 3). FW imaging, 18F-THK5351, and 1PiB

showed no correlation withMMSE in the HC group.

4 DISCUSSION

To the best of our knowledge, this is the first study to examine the

voxel-wise image correlation between FW imaging and 18F-THK5351

or 11C-PiB in subgroups classified by CL. There was a positive correla-

tion between FW imaging and 18F-THK5351 in the AD-S group, mainly

in the temporal lobe, suggesting that tau aggregation and neuroin-

flammatory processes in these regions might elevate the extracellular

FW of brain tissue in AD. In the correlations between neurological

examinations andFW imaging or 18F-THK5351, therewere correlation

between similar distributions in regions such as the temporal lobe, pos-

terior cingulate gyrus, and precuneus. We believe these relationships

indicate that FW imaging adequately reflects the pathology of AD and

can be a related biomarker to 18F-THK5351.

Previous reports have shown little association between gray mat-

ter atrophy on MRI and 18F-THK5351 accumulation in patients with

AD, even with partial volume correction.34 This discrepancy indicates
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F IGURE 3 Free water (FW) and 18F-THK5351 imaging correlations with the Japanese version ofMontreal Cognitive Assessment (MoCA-J)
and frontal assessment battery (FAB) in Alzheimer’s disease spectrum (AD-S) correlations withMoCA-J in (A) FW imaging and (B) 18F-THK5351,
with FAB in (C) FW imaging and (D) 18F-THK5351 in the AD-S group. Color bars denote statistically significant T-values fromminimum to
maximum.

that 18F-THK5351 accumulation precedes atrophy, suggesting that

tau PET may provide important information at an earlier stage than

morphologic study by MRI.9 According to the pathological theory of

AD,1 neurofibrillary tangles first target the temporal lobe outside the

hippocampus and damage the hippocampus through the perforant

pathway. Therefore, the lateral and medial temporal lobes, where we

found significant association between FWand 18F-THK5351,would be

the regions that are most susceptible to the effects of tau accumula-

tion (Figure 2A). An important role of tau is to mediate Aβ toxicity at
the post-synapse level.35 Recent studies have demonstrated that Aβ
interacts with cortical tau pathology to influence neurodegeneration.2

Aβ toxicity is expected to cause inflammatory changeswith FW. There-

fore, the association between 18F-THK5351 and FW in the present

study may have a significant impact on neurodegeneration in AD.

Although the distribution of 18F-THK5351 reflects the severity of AD,

Aβ accumulates mainly in the neocortex and has been found to be

less associated with AD progression and cognitive impairment.1,36

In addition, 18F-THK5351 PET was reported to be useful for mon-

itoring neuroinflammatory processes in the brain.37 We found that

FW imaging correlated more broadly with 18F-THK5351 than with
11C-PiB in the posterior cingulate gyrus and temporal lobe, suggest-

ing that FW can be a biomarker for the progression of AD-related

inflammation and degeneration. Abnormalities in FW can be asso-

ciated with neuroinflammatory processes, because previous reports

have shown that FW imaging is useful as a marker of progression in

pre-clinical and symptomatic AD, is significantly correlated with CSF
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biomarkers such as YKL-40 in AD, and is associated with changes in

neuroinflammation.20,38

In the present study the groups were divided by CL, which was

determined according to the protocol described by Klunk et al.8 This

study is the first report on FW imaging using the Centiloid scale to

classify AD groups. Proper interpretation of PiB-PET findings requires

a clear understanding of relationships between PET data and back-

ground Aβ neuropathology. In a previous FW imaging study for AD,

one report assessed patients by SUVR rather than CL, whichmight not

be an accurate scaling for amyloid deposition, although amyloid PET

was also used.19 Others defined AD patients based on clinical evalua-

tions, without examination of amyloid deposition.39,40 Several autopsy

studies have found that significant Aβ deposition is present in more

than 30% of cognitively normal older adults post-mortem, indicating

that the extent of Aβ pathology may not be distinct from that found in

AD.41 According to a report, the assessment of the level of Aβ deposi-
tion as defined by CL was important in predicting progression to MCI

and dementia.42 In the present study, we used a cut-off value of 10 for

CL31 to classify positive and negative amyloid accumulation. Further-

more, we excluded patientswith cognitive decline to determine theHC

group from those considered clinically healthy, which would make the

distinct grouping of AD possible. We observed clear significant differ-

ences in the frontal lobe, posterior cingulate gyrus, precuneus, parietal

lobe, and lateral temporal lobe in the group comparison between AD-S

andHC group for 11C-PiB.

We further investigated the association with neuropsychological

measures. Ji et al.39 showed an association between FW and impaired

attention, cognitive performance, executive function, and visual con-

struction in patients with AD and MCI, supporting the idea that FW

is associated with clinical symptoms. They assessed the correlations

between the mean FW of white matter regions of the whole brain and

CDR. In this study, we assessed the cortical distribution in whole-brain

analysis. We observed that FW correlated with cognitive function,

particularly in the temporal lobe in the AD-S group (Figure 3). For 18F-

THK5351, a correlation was also found with all scores of all MoCA-J,

FAB, and MMSE tests in the AD-S group, which was consistent with

previous literature on tau PET.36 Elevated FW was associated with

cognitive function in the temporal lobe, frontal lobe, and posterior

cingulate gyrus (Figure 3). Moreover, the correlations between 18F-

THK5351 and FW and these neuropsychological tests were similar in

the regions of the whole-brain analysis, and no significant correlation

was observed in 11C-PiB. Tau and inflammatory pathology in these

regions might affect the cognitive functions in AD, which is correlated

with FW content. This suggests that neurofibrillary change pathology

in AD is highly correlated with cognitive dysfunction,43,44 whereas

senile plaque pathology is not correlated with the clinical severity

stage.45

Many studies on diffusion MRI in AD have focused primarily on

changes in the white matter.46 Some reports have presented the

relationship between Aβ deposition and white matter pathology by

DTI.47,48 In addition, evaluation of white matter changes by DTI has

been reported to be useful in the evaluation of the stage of AD.49,50

However, cerebral gray matter is impaired very early in AD, and

pathology suggests that gray matter changes precede white matter

changes.51 FW imaging is useful in the assessment of gray and white

matter. Contrary to patients with AD, FWI detected the white matter

microstructure changes preceding in the gray matter of patients with

PD.52 There is direct evidence of altered FW, which may be related to

neurodegeneration-related atrophy, cell loss, and neuroinflammation

in PD.53,54 Neuroinflammation and glial activation are being recog-

nized increasingly as early events in AD, even before Aβ deposition.55

The increase in cortical FW is expected during the symptomatic phase

ofADandmaybedue to thedisruptionofmicrostructural barriers such

as myelin cell membranes and intracellular organelles, which normally

restrict the movement of water molecules and the blood-brain barrier

associated with neuroinflammation.38,51 In contrast, 18F-THK5351

generally has a high uptake into the graymatter. In fact, unlike 11C-PiB,

the group differences in FW imaging and neuropsychological correla-

tions in this study were like those of 18F-THK5351, which targeted

not only tau aggregation but also neuroinflammation associated with

astrogliosis.15 Considering that 18F-THK5351 is generally taken up by

gray matter,56 it might become a biomarker comparable to tau-related

PET in the diagnosis and diseasemonitoring of AD.

Previous reports have obtained FW imaging using single-shell dif-

fusion MRI data,19,20 whereas in this study, it was obtained using

multi-shell diffusionMRI data, which is more robust.57 Another advan-

tage of this study is that diffusion images were collected on a single

machine at a single site. Diffusion MRI data, originally obtained at dif-

ferent sites and machines, are subject to high inter- and intra-scanner

variability for several reasons, including head coil sensitivity, non-

linearity of imaging gradients, magnetic field inhomogeneity, and other

scanner-related factors. Although many studies were multi-center

and used multiple machines,19–21 this study had advantages such as

absence of variability among multi-center and multi-machine diffusion

MRI data.

This study has several limitations. First, although 18F-THK5351 is

thought to reflect the combined pathology of tau and inflammation

associated with astrogliosis,16 we were unable to assess these two

mechanisms separately. Future studies using second-generation tau

tracers and neuroinflammation-specific imaging should provide more

relevant insights. Second, the effect of CSF in the sulcus associated

with brain atrophy could not be completely ruled out. In earlier stud-

ies, techniques using gray matter–based spatial statistics have been

reported.58 However, as an alternative, we removed the influence as

much as possible by shaving the CSF and skull, thereby creating a

mask in the analysis. In addition, because the whole-brain analysis and

assessment were performed in cluster levels, the influence of errors

on the brain surface is minimal. Third, the influence of partial volume

effects cannot be ruled out. This is amajor limitation of any study using

diffusion sequence with standard resolution for detecting differences

in the cortex. Fourth, it was reported that microstructure alterations

and p-tau181/Aβ42 were associated,59 although we did not search for
such CSF biomarkers.

We found a positive correlation between 18F-THK5351 and FW in

AD-S brains. This suggests that tau and neuroinflammatory patholo-

gies elevate FW, specifically in the medial and lateral temporal lobes.
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Combined with the clinical correlation results, these indicate that

FW can be a related biomarker to tau and/or neuroinflammatory

pathologies.
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