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Dominance of Tau Burden in Cortical Over Subcortical Regions
Mediates Glymphatic Activity and Clinical Severity in PSP
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Background Progressive supranuclear palsy (PSP) is a tauopathy that in-
volves subcortical regions but also extends to cortical areas. The clinical im-
act of different tau protein sites and their influence on glymphatic dysfunc-
ion have not been investigated.

atients and Methods: Participants (n = 55; 65.6 + 7.1 years; 29 women)
with PSP (n = 32) and age-matched normal controls (NCs; n = 23)
underwent '®F-Florzolotau tau PET, MRI, PSP Rating Scale (PSPRS),
and Mini-Mental State Examination. Cerebellar gray matter (GM) and
Sparametric estimation of reference signal intensity were used as refer-
ences for tau burden measured by SUV ratios. Glymphatic activity was
measured by diffusion tensor image analysis along the perivascular
space (DTI-ALPS).

Results: Parametric estimation of reference signal intensity is a better
eference than cerebellar GM to distinguish tau burden between PSP
and NCs. PSP patients showed higher cortical and subcortical tau SUV
atios than NCs (P < 0.001 and <0.001). Cortical and subcortical tau depo-
sition correlated with PSPRS, UPDRS, and Mini-Mental State Examina-
ion scores (all P’s < 0.05). Cortical tau deposition was further associated
with the DTI-ALPS index and frontal-temporal-parietal GM atrophy. The
DTI-ALPS indexes showed a significantly negative correlation with the
£PSPRS total scores (P < 0.01). Finally, parietal and occipital lobe tau de-
Spositions showed mediating effects between the DTI-ALPS index and
2PSPRS score.

~Conclusions: Cortical tau deposition is associated with glymphatic dys-
function and plays a role in mediating glymphatic dysfunction and clinical
severity. Our results provide a possible explanation for the worsening of clin-
ical severity in patients with PSP.
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BACKGROUND

Tauopathy in Progressive Supranuclear Palsy

Progressive supranuclear palsy (PSP) is a rare form of tauopathy
that is composed predominantly of the 4-repeat form of tau.' Core
clinical features include ocular motor d;/sfunctlon postural instabil-
ity, akinesia, and cognitive dysfunction.” Typical and diverse clinical
phenotypes, such as PSP-Richardson syndrome, PSP—progressive
gait freezing (PSP-PGF), PSP—cerebellar ataxia, and PSPfspeech/
language disorder, have been reported in the literature.” Although
there are many clinical phenotypes, the diagnosis of PSP is based
on the presence of neurofibrillary tangles in subcortical nuclei under
neuropathologic examination, and these tangles can be visualized by
the recently developed technique, in vivo tau PET imaging.** Several
studies have shown that second-generation tau PET tracers could im-
prove dlagnostlc accuracy and allow tracking of tau accumulation in
PSP>¢ Patients with PSP can be identified through the use of MRI,
which reveals typical midbrain atrophy with a so-called humming-
bird 51gn in the sagittal plane, as well as various regional brain atro-
phy.” MRI has identified different spatlotemporal patterns of cortical
and subcortical atrophic profiles in PSP® In addition, a recent study
using tau PET identified 2 distinct progression patterns of tau trajec-
tories in PSP’

The glymphatic system is a waste clearance system, and
glymphatic dysfunction has been proposed as a final common path-
way for the accumulation of pathological proteins leadmg to clinical
symptoms in primary neurodegenerative diseases.'® Several studies
have demonstrated impairment of the human glymphatic system
in subcortical diseases, such as PSP, Parkinson disease (PD), and
corticobasal syndrome.''™"? In the past, an animal study revealed
impaired glymphatic function and clearance of tau in an Alzheimer
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disease (AD) model."* Recently, our study showed that glymphatic
activity mediates the associations between the cortlcal deposmon
of tau and cognitive dysfunction in patients with AD."® In primar-
ily subcortical neurodegenerative disorders, one animal study has
shown a close interaction between the aquaporin-4 (AQP4}mediated
Uglymphatlc system and parenchymal alpha- synuclem deposition in
£amodel of PD.'® The role of the glymphatic system in tau deposition
Om other subcortical diseases remains largely unknown. Because tau
2deposition in PSP may occur in subcortical nuclei as well as in dif-
”ferent cortical regions, it provides an opportumty to 1nvest1gate the
= Zrelationships between tau deposition in different brain regions,
Sglymphatic dysfunction, and clinical symptoms in vivo. The aim
Sof the present study was to investigate the associations of topo-
igraphlc distributions of tau burden with diffusion tensor imaging
DTI}derlved glymphatic activity, cortical atrophy, and clinical pa-
rameters in patients with PSP.

I\Al\S

PATIENTS AND METHODS

This was a cross-sectional study conducted at Linkou Chang
Gung Memorial Hospital. The study protocol was approved by the
Institutional Review Board (CGMHIRB No. 202002292A0 and
02102215A0). Written informed consent was obtained from each
Sparticipant before the study procedure. Each participant completed
a cognitive evaluation, a brain MR, and '®F-Florzolotau PET scans.
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SUBJECTS

A total of 55 participants, including 23 normal controls (NCs)
and 32 patients with PSP, were recruited for this study. The diagnosis
f PSP and its clinical phenotypes were based on the International
arklnson and Movement Disorder Society criteria for the diagnosis
f PSP? Neuropsychologlcal assessments were performed for all
Uparticipants using the Mini-Mental State Examination (MMSE)
Dlsease severity was measured by the Unified Parkinson’s Disease

Rating Scale (UPDRS) (range 0-199) and the PSP rating scale
%(PSPRS) (range, 0- 100)."®"” Patients were asked to discontinue
jmedlcatlon before the clinical rating and imaging. The NCs in the
Estudy had to be 20 to 80 years old with normal cognitive function

(MMSE: 26-30; normal SF-Florzolotau PET result).
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Image Acquisition

'8E_Florzolotau was prepared and synthes1zed at the cyclo-
tron facility of Chang Gung Memorial Hospital.2* All participants
were studied with a Biograph mCT PET/CT system (Siemens Med-
ical Solutions, Malvern, PA) and an integrated PET/MR system
(Siemens Biograph mMR scanner). The scanmn% times for all partic-
ipants were between 15 and 16 minutes. For the "“F-Florzolotau PET
study, a 10-minute scan was acquired 90 minutes after an injection of
185 + 74 MBq of '®F-Florzolotau. PET images were reconstructed
based on the software version VB20 provided by the manufacturer.
The reconstructed images had a matrix s1ze of 400 x 400 x 148
and a voxel size of 0.68 X 0.68 x 1.5 mm>. The MRI protocol has
been reported previously." Briefly, it included a sagittal fluid attenu-
ation inversion recovery sequence, whole-brain axial 3-dimensional
T1-weighted magnetization-prepared rapid acquisition gradient echo
sequence, and whole-head diffusion study. Participants with signifi-
cant MRI abnormalities were excluded from the study. The diffusion
tensor image sequence was acquired along 64 gradient directions for
b = 1000 s/mm~ with an echo planar imaging sequence, and one
b =0 s/mm? image was acquired with the diffusion-weighted imaging
(DWI) sequence.

Image Analysis

For each participant, we reglstered 8F-Florzolotau images to
individual T1-weighted MRI scans using the SPM12 toolbox.*!

388 | www.nuclearmed.com

This procedure ensured that each PET image was in alignment with
the native MRI scans. The Muller-Gartner method was used for par-
tial volume correction.”> Then, the high-resolution T1-weighted
MRI scans in native space were normalized to the Montreal Neuro-
logical Institute (MNI) standard space using the Computational
Anatomy Toolbox.”” This transform matrix was applied to the
PET images. For all '*F-Florzolotau i images, a traditional cerebellar
gray matter (GM) as the reference region and a technique known as
parametric estimation of reference signal intensity (PERSI) (Sup-
plementary Fig. S1, http:/links.Iww.com/CNM/A462), which is used
to perform count normalization by using the cerebrum white matter
as the reference region, were implemented to compare the diagnos-
tic discriminations between PSP patients and NCs.>** The cortical
regions of interest (ROIs) included the bilateral frontal, parietal, tempo-
ral, occipital lobes, anterior and posterior cingulate gyri, precuneus,
hippocampus, parahippocampus, and sensorimotor cortex, and the
subcortical ROIs included the bilateral caudate nucleus, anterior
and posterior putamen, globus pallidum, thalamus, midbrain, red
nucleus, raphe nucleus, and dentate nucleus. These regions were se-
lected based on the Harvard-Oxford cortical-subcortical structural
atlas.*>® The average values from both sides were used for subse-
quent analysis, and 2 meta-ROIs (cortical and subcortical meta-
ROIs) were created from all cortical and subcortical ROIs. Finally,
the regional SUV ratios (SUVRs) from '*F-Florzolotau PET images
were calculated by using the mean intensity in the target ROIs di-
vided by the averaged intensity of the reference regions
Diffusion MRI data analy51s was performed by using ExploreDTI

to study the glymphatic actmty 7 The DWI datasets were coregistered
to native T1-weighted i images. Then, the resulting DWI data were
fitted to the DTI model.?® A fractional anisotropy map of each par-
ticipant was coregistered to the fractional anisotropy map template
of the International Consortium of Brain Mapping (ICBM) DTI-81
Atlas in MNI space, and the accuracy of coregistration was visually
confirmed. The ICBM DTI-81 Atlas had labels of the projection
(superior and posterior corona radiata) and association (superior
longitudinal fasciculus) fibers in the periventricular area. We ex-
tracted the periventricular projection and association fibers within
the 25 mm to 33 mm range above the anterior-posterior commissure
line in MNI space, where the x axis line corresponded to the passing
direction of the vessels in the deep white matter. Diffusion tensor
image analysis along the perivascular space (DTI-ALPS) index
and diffusivity from projection and association fibers denved from
the ICBM DTI-81 Atlas were calculated as Taoka et al*’ descnbed
A higher DTI-ALPS index represented better glymphatic acthlty.
Brainstem volumes were calculated using FreeSurfer v7.4.0, and the
mldbram and pons volumes were calculated using T1-weighted im-
ages !'Voxel-based morphometry (VBM) analyses were performed
using each participant’s modulated normalized GM tissue images
smoothed with an 8 x 8 x 8-mm isotropic Gaussian kernel as in-
}?ut The SUVRs of the cortical and subcortical meta-ROIs from

8F-Florzolotau PET images were used as covariates to explore
the significantly correlated GM volume in whole-brain regions;
the estimated total intracranial volumes were used as covariates to
correct for different brain sizes by the multiple regression module
in the Computational Anatomy Toolbox.

Statistical Analyses

All statistical analyses were performed using SPSS (version
21.0, Chicago, IL). Continuous variables are expressed as the me-
dian + 1nterquart11e range (IQR). Nonparametric Mann-Whitney U
tests and x */Fisher exact tests were performed to compare data for
PSP patlents and NCs whenever appropriate. The between—group
differences in the regional SUVR values from the '*F-Florzolotau
PET images were corrected for multiple comparisons using the

© 2024 The Author(s). Published by Wolters Kluwer Health, Inc.


http://links.lww.com/CNM/A462
www.nuclearmed.com

Clinical Nuclear Medicine o Volume 49, Number 5, May 2024

Cortical Tau Mediates Glymphatic Activity in PSP

Benjamini-Hochberg procedure, and the significance level was de-
fined as a P value less than 0.05. Regression analyses of the associ-
ations between the DTI-ALPS indexes and mean regional SUVR
values in the PET images and cognition were performed. In the
VBM analyses, the GM volumes that were significantly correlated
owith SUVRs from the cortical and subcortical meta-ROIs were
<identified based on a voxel-level height threshold of false discovery
rate P < 0.05 (false discovery rate corrected) and a cluster-extent
sthreshold of k > 64 voxels (64 mm®).
We used mediation ana1y51s to explore the significance of
the regional SUVRs in PET images as a mediator between the
SDTI-ALPS indexes and PSPRS total scores. Mediation analysis
2is a statistical model used to quantify a mediating variable in the
causal sequence by which an antecedent variable affects a depen-
ent variable’® and was performed using the PROCESS macro
for SPSS (model 42 with a level of confidence at 95% and 5000
bootstrap samples.*” The mediation analysis was composed of total,
direct, and indirect effects. The percent of mediation (Pm) calcu-
ated by the indirect effect divided by the total effect was calculated
to study the weight of the DTI-ALPS index in the total effect. Sta-
istical significance was defined as a P value less than 0.05.
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RESULTS

Demographic Data
Table 1 shows the demographic data of 32 patients with PSP
and 23 NCs. PSP phenotypes included PSP—Richardson syndrome
(n = 5), PSP-PGF (n = 15), and other phenotypes (n = 12). The
mean age of the patients with PSP was not significantly different
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from that of the NCs (median age of patients with PSP: 68.5 years,
IQR: 62.3—72; median age of NCs: 65 years, IQR: 57-71; P=0.10).
No significant group differences were found for sex and years of ed-
ucation (P = 0.30 and P = 0.58, respectively). However, signifi-
cantly lower MMSE scores, UPDRS total scores, and PSPRS total
scores were found in patients with PSP than in NCs (all P’s <0.01).
The SUVRs of the cortical and subcortical meta-ROIs from
'®F_Florzolotau using PERSI as a reference showed significant dif-
ferences between patients with PSP and NCs (P < 0.01 and
P <0.01, respectively). In contrast, using cerebellar GM as a refer-
ence, only the SUVRs of the subcortical meta-ROIs significantly
differed (P < 0.01). In the MRI analysis, the GM volume and mid-
brain volume but not the pons volume showed significantly lower
values in patients with PSP than in NCs (P = 0.01, P = 0.02, and
P =0.21, respectively). The glymphatic activity that was measured
by the DTI-ALPS index significantly differed between patients with
PSP and NCs (P = 0.03).

Comparison of Different Referential Methods in
Distinguishing PSP From NCs

We compared the between-group differences in the SUVR
values from the cortical and subcortical regions using the cerebellar
GM as a reference and the PERSI as a reference. Table 2 shows that
no significant between-group differences were found in any of the
cortical regions when cerebellar GM was used as the reference. How-
ever, the frontal, parietal, occipital, posterior cingulate, precuneus, and
sensorimotor cortices showed significant group differences in PERSI
as a reference, even after adjusting for multiple comparisons (all
P’s <0.05). In the subcortical region analyses, both reference methods

o
%@ETABLE 1. Demographic Data of Patients With PSP and NCs
S % NC (n=23) PSP (n =32) P*
%Demographlcs
§ Age, median (IQR), y 65 (57-71) 68.5 (62.3-72) 0.10
Gender (M:F) 9:14 17:15 0.30
Education, median (IQR), y 12 (9-15) 12 (9-16) 0.58
Clinical history and subtypes
PSPRS-history, median (IQR) 0 (0-0) 7 (4-9.75) <0.01
PSPRS-mentation, median (IQR) 0 (0-0) 0 (0-3) <0.01
PSPRS-bulbar, median (IQR) 0 (0-0) 3(1.254) <0.01
PSPRS-ocular motor, median (IQR) 0 (0-0) 3 (1-6) <0.01
PSPRS-limb motor, median (IQR) 0 (0-0) 2 (1-4) <0.01
PSPRS-gait midline, median (IQR) 0 (0-0) 11.5 (8-13.75) <0.01
Clinical assessments
PSPRS total scores, median (IQR) 0 (0-0) 42.5 (20-55.5) <0.01
UPDRS total scores, median (IQR) 0 (0-0) 40 (27.75-68.25) <0.01
UPDRS-III scores, median (IQR) 0 (0-0) 21 (14-40) <0.01
MMSE, median (IQR) 29 (27-30) 27 (21-28.75) <0.01
PET parameters
SUVRs in cortical meta-ROI, median (IQR) 0.89 (0.81-0.97) 0.98 (0.89-1.09) <0.01
SUVRSs in subcortical meta-ROI, median (IQR) 1.08 (1.04-1.19) 1.31(1.18-1.43) <0.01
MRI parameters
GM volume, median (IQR), mL 550.46 (519.55-584.06) 520.42 (476.82-570.18) 0.01
Midbrain volume, median (IQR), mL 5.28 (5.09-5.76) 4.99 (4.48-5.59) 0.02
Pons volume, median (IQR), mL 13.62 (12.16-14.23) 12.67 (11.78-14.09) 0.21
DTI-ALPS index, median (IQR) 1.46 (1.27-1.58) 1.29 (1.24-1.39) 0.03

PET parameters were used as a PERSI reference.

*P value: nonparametric Mann-Whitney U tests were used to estimate between-group differences.

© 2024 The Author(s). Published by Wolters Kluwer Health, Inc.
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TABLE 2. Comparisons of SUVR From '®F-Florzolotau Tau PET Images Between Patients With PSP and NCs in Cortical and
Subcortical Regions Using Cerebellar Gray Matter as a Reference and PERSI as a Reference

Cerebellar Gray Matter as Reference PERSI as Reference
o NC (n=23) PSP (n =32) P NC (n=23) PSP (n =32) P*
%Cortical regions
:-f- Frontal lobe 0.81 (0.75-0.94) 0.85(0.74-0.93) 0.81 0.84 (0.76-0.91) 0.89 (0.84-0.99) <0.05
% Parietal lobe 0.81 (0.79-0.94) 0.90 (0.79-0.99) 0.48 0.85(0.77-0.94) 0.96 (0.88-1.08) <0.05
2 Temporal lobe 0.96 (0.91-1.05) 0.98 (0.85-1.09) 0.81 0.98 (0.89-1.04) 1.07 (0.95-1.14) 0.07
? Occipital lobe 0.87 (0.83-0.98) 0.96 (0.88-1.01) 0.13 0.89 (0.81-0.98) 1.04 (0.94-1.11) <0.05
'S Hippocampus gyrus 1.19 (0.99-1.87) 1.19 (0.86-1.65) 0.46 1.28 (0.96-1.77) 1.17 (0.90-1.82) 0.40
3 Parahippocampus gyrus 0.92 (0.87-0.99) 0.93 (0.86-1.04) 0.81 0.92 (0.87-0.99) 0.93 (0.86-1.04) 0.66
% Anterior cingulate gyrus 0.88 (0.82-0.95) 0.88 (0.86-1.01) 0.81 0.89 (0.82-0.94) 0.94 (0.87-1.01) 0.13
5 Posterior cingulate gyrus 0.95 (0.86-0.99) 0.92 (0.91-1.34) 1.00 0.92 (0.87-1.01) 1.02 (0.89-1.19) <0.05
2 Precuneus 0.91 (0.88-0.97) 0.91 (0.86-1.04) 0.81 0.91 (0.84-1.04) 1.01 (0.91-1.20) <0.05
% Sensorimotor cortex 0.81 (0.75-0.92) 0.88 (0.82-0.97) 0.10 0.83 (0.75-0.89) 0.93 (0.89-1.02) <0.05
£ Subcortical regions
% Caudate nucleus 0.65 (0.58-0.74) 0.60 (0.55-0.74) 0.62 0.66 (0.55-0.75) 0.68 (0.61-0.75) 0.32
% Anterior putamen 1.03 (0.96-1.11) 1.24 (1.05-1.39) <0.05 1.00 (0.95-1.10) 1.26 (1.21-1.35) <0.05
g Posterior putamen 1.05 (0.94-1.13) 1.20 (1.06-1.37) <0.05 1.01 (0.94-1.11) 1.30 (1.19-1.41) <0.05
g Globus pallidum 1.24 (1.11-1.29) 1.42 (1.29-1.64) <0.05 1.19 (1.13-1.24) 1.55(1.43-1.78) <0.05
g Thalamus 1.32 (1.09-1.61) 1.37 (1.21-1.52) 0.81 1.33 (1.04-1.55) 1.45 (1.22-1.68) 0.32
2 Midbrain 0.97 (0.90-1.02) 1.21 (0.98-1.32) <0.05 0.98 (0.89-1.04) 1.19 (1.08-1.40) <0.05
'ﬁ Red nucleus 1.27 (1.18-1.35) 1.45 (1.32-1.74) <0.05 1.20 (1.15-1.35) 1.57 (1.43-1.91) <0.05
i Raphe nucleus 1.11 (1.00-1.16) 1.54 (1.15-1.70) <0.05 1.11 (0.97-1.18) 1.49 (1.29-1.86) <0.05
g Dentate nucleus 1.36 (1.27-1.43) 1.39 (1.19-1.52) 0.81 1.29 (1.24-1.48) 1.41 (1.31-1.65) 0.05
§ *P value: nonparametric Mann-Whitney U tests were used to estimate between-group differences related to semiquantitative PET parameters in different regions; in all analyses,
<§the Benjamini-Hochberg procedure was applied to correct for multiple comparisons.
(IQ,l‘I
JE,Eshowed significant between-group differences in the anterior and from the regional '®*F-Florzolotau PET images and clinical parame-

Zposterior putamen, globus pallidum, midbrain, red nucleus, and ra-
Sphe nucleus regions after adjusting for multiple comparisons (all
£P’s < 0.05). In addition, the dentate nucleus showed borderline sig-
nificance in the between-group differences with PERSI as a refer-
ence (P = 0.047). Using PERSI as a reference, the SUVRs from
the cortical and subcortical meta-ROIs showed significantly posi-
tive correlations with the PSPRS total scores, UPDRS total scores,
and UPDRS-III scores (all P’s < 0.01) (Figs. 1A, B). For MMSE
scores, significantly negative correlations were found between the
SUVRs from the cortical meta-ROIs and subcortical meta-ROls
(P <0.01 and P = 0.04, respectively). In contrast, using cerebellar
GM as a reference, neither the subcortical nor cortical meta-ROIs
showed significant associations with the PSPRS total scores, UPDRS
total scores, UPDRS-III scores, or MMSE scores (all P’s > 0.05).
Based on these findings, the associations between the SUVR values

A Y=-27.81+47.35X, R?=0.15, P < 0.01. B
80
. — PSPRS total scores
60 . = NC
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SUVR of cortical meta-ROIs
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ters were analyzed using PERSI as a reference.

Associations of Cortical and Subcortical Tau Burden
With Clinical, GM Volume, and Glymphatic Activity

We used the upper 1.5 standard deviation as a cutoff value
(SUVR = 1.04) in the cortical meta-ROIs from NCs to separate pa-
tients with PSP into a cortical involvement group (n = 11) and a
noncortical involvement group (n = 21). Figure 2A shows the sig-
nificantly higher SUVRs in the parietal, temporal, and occipital
lobes in the cortical involvement group of PSP patients. Table 3
shows the comparison of the clinical measures, DTI-ALPS indexes,
and brain volumes in patients with PSP according to the cortical and
noncortical involvement groups. Significantly higher PSPRS total
scores, UPDRS total scores, and UPDRS-III scores were found in

Y =-30.34 + 39.43X, R? = 0.16, P < 0.01.

— PSPRS total scores
= NC
« PSP

0 i e il

T T T T T 1
0.8 1.0 1.2 1.4 1.6 1.8

SUVR of subcortical meta-ROIs

FIGURE 1. Tau deposition in the cortical and subcortical meta-ROls is associated with the PSPRS total scores, DTI-ALPS indexes,
GM atrophy, and midbrain volumes using the PERSI reference. A, Tau deposition in the cortical meta-ROls showed a
significantly positive correlation with the PSPRS total scores. B, Tau deposition in the subcortical meta-ROls showed a significantly

positive correlation with the PSPRS total scores.
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the cortical involvement group than in the noncortical involvement
group (P =0.04, 0.02, and <0.01, respectively). However, there was
no significant between-group difference in terms of MMSE scores.
The cortical involvement group had significantly higher SUVRs of
'8E_Florzolotau images from the cortical meta-ROIs than the
Unoncortlcal involvement group (P < 0.01). However, the SUVRs
2from the subcortical meta-ROIs did not show a significant differ-
ence between the groups (P = 0.39).

—

"The Associations Among Regional Tau Depositions,
Iymphatlc Activity, and GM Volumes

Pearson’s correlation coefficients were used to evaluate asso-
;ciations of the SUVRSs from the cortical and subcortical meta-ROIs
-with the clinical parameters (PSPRS total scores, UPDRS total
=scores, and MMSE scores) (Fig. 3A). The SUVRs from the cortical

.

9]

B

FIGURE 2. Schematic showing the averaged images from the cortical involvement group (A, n = 11) and the noncortical
involvement group (B, n = 21) of patients with PSP after partial volume correction; the group assignment was based on the
cutoff value (SUVR = 1.04) in the cortical meta-ROls. A, In the cortical involvement group, significantly higher tau deposition was
observed in the parietal, temporal, and occipital lobes as well as in the basal ganglia. B, In the noncortical involvement group,

only the putamen, globus pallidum, midbrain, red nucleus, and raphe nucleus regions showed tau deposition. The color bar
represents the corresponding SUVR values.

© 2024 The Author(s). Published by Wolters Kluwer Health, Inc.

and subcortical meta-ROIs showed significant associations with
clinical parameters (PSPRS total scores, UPDRS total scores, and
MMSE scores). In the regional analysis, the SUVRs from the corti-
cal regions (eg, frontal, parietal, occipital lobes, anterior and pos-
terior cingulate gyri, precuneus, and sensorimotor cortex) and
subcortical regions (eg, anterior and posterior putamen, globus
pallidum, midbrain, red nucleus, and raphe nucleus) showed sig-
nificantly positive correlations with the PSPRS total scores even
after adjusting for age, sex, and years of education as covariates
(all P’s <0.05). With regard to the MMSE scores, the SUVRs from
the cortical regions (eg, frontal, parietal, temporal lobes, anterior
and posterior cingulate gyri, precuneus, and sensorimotor cortex)
and subcortical regions (eg, caudate nucleus, anterior and posterior
putamen, and raphe nucleus) showed significantly negative correla-
tions even after adjustment for age, sex, and years of education
(all P’s <0.05).
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TABLE 3. Comparisons of Clinical Parameters, DTI-ALPS Indexes, and Brain Volumes in Patients With PSP According to the
Cortical and Noncortical Involvement of Tau Deposition Using the PERSI Reference

*P value: nonparametric Mann-Whitney U tests were used to estimate between-group differences.

In the VBM analyses, the SUVRs from the cortical meta-ROIs
showed significantly negative correlations with the GM volumes in

=2

effect B = —10.08, 95% confidence interval [CI] = —25.35 to
—0.71). When we further included midbrain volume as a covariate

Cortical Involvement Group (n = 11) Noncortical Involvement Group (n = 21) P*
gDemographlcs
5 Age, median (IQR), y 72 (67-73) 67 (61-71) 0.07
2 Gender (M:F) 5:6 12:9 0.53
o
(i) < Education, median (IQR), y 12 (6-16) 12 (9-16) 0.70
& SClinical assessments
§§ PSPRS total scores, median (IQR) 47 (23-51) 29 (15-31.5) 0.04
g Ef UPDRS total scores, median (IQR) 71 (38-87) 39 (25-46) 0.02
© 3 UPDRS-II scores, median (IQR) 41 (18-54) 15 (12-25) <0.01
§ g MMSE, median (IQR) 21 (10-29) 27 (22.5-28.5) 0.19
& =PET parameters
o o
92 SUVRs in cortical meta-ROI, median (IQR) 1.12 (1.09-1.20) 0.93 (0.85-0.98) <0.01
%j 5 SUVRs in subcortical meta-ROI, median (IQR) 1.29 (1.01-1.38) 1.33 (1.19-1.46) 0.39
3 %MRI parameters
£ &  GM volumes, median (IQR), mL 514.07 (447.27-572.11) 520.59 (494.21-550.37) 0.54
%g Midbrain volume, median (IQR), mL 5.24 (4.33-5.62) 4.79 (4.49-5.57) 0.77
25 Pons volume, median (IQR), mL 13.35 (10.28-14.45) 12.28 (11.78-13.68) 0.54
g § DTI-ALPS index, median (IQR) 1.31 (1.22-1.39) 1.29 (1.24-1.37) 0.79
IR
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b
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e bilateral parietal, temporal, medial frontal, and anterior cingulate
gions (Fig. 3B). No significant correlation was found between the
SUVRs from the subcortical meta-ROIs and GM volumes.

In DTI-ALPS index analysis, the SUVRs from the cortical
but not the subcortical meta-ROIs showed a significantly negative
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cregional analysis, the SUVRs from the parietal, temporal, and oc-

Ocipital lobes showed significantly negative correlations with the
DTI-ALPS indexes (P =0.03, P=0.03, and P = 0.04, respectively).
In the midbrain volume analysis, the SUVRs from the subcortical
but not cortical meta-ROIs showed a significantly negative correla-
tion with midbrain volumes (P = 0.01 and P = 0.63, respectively)
(Fig. 3D). In the regional analysis, the SUVRs from the anterior
and posterior putamen, globus pallidum, midbrain, red nucleus, ra-
phe nucleus, and dentate nucleus showed significantly negative cor-
relations with the midbrain volumes (all P’s < 0.05).

The Associations Between MRI Parameters and
Clinical Parameters

The midbrain volume showed a significantly negative cor-
relation with the PSPRS total scores (P < 0.01) (Fig. 3E). The
DTI-ALPS indexes showed a significantly negative correlation with
the PSPRS total scores but not the MMSE scores (P = 0.01 and
P =0.22, respectively) (Fig. 3F).

Mediation Analysis Among Glymphatic Dysfunction,
Tau Depositions, and Clinical Parameters

Finally, we examined the contribution of cortical and sub-
cortical tau deposition between the DTI-ALPS indexes and PSPRS
total scores. Using the mediation analysis, the SUVRs of the
'®F_Florzolotau PET images from the cortical meta-ROIs showed sig-
nificant total and indirect mediation effects between the DTI-ALPS
indexes and PSPRS total scores (Pm = 27.04%; total effect
B=-37.29, P=0.01; direct effect B=-27.21, P=0.07; indirect

392 | www.nuclearmed.com

in the model, the cortical meta-ROIs still had significant total and
indirect mediation effects (Pm = 43.52%; total effect B = —29.37,
P = 0.03; direct effect B = —16.59, P = 0.19; indirect effect
B =-12.78, 95% CI = —26.07 to —2.58) (Fig. 4A). In the regional
analysis, there was a significant full mediation effect of the SUVRs
in the parietal region between the DTI-ALPS index and PSPRS to-
tal scores even after adjusting for midbrain volume (Pm = 46.75%;
total effect B=-29.37, P=0.03; direct effect B=—15.64, P=0.22;
indirect effect B =—13.73, 95% CI =—-28.16 to —3.43). In addition,
there was a significant full mediation effect of the SUVRs in the
occipital region between the DTI-ALPS index and PSPRS total
scores even after adjusting for midbrain volume (Pm = 36.35%; to-
tal effect B=-29.37, P =0.03; direct effect B=-18.69, P =0.16;
indirect effect B=—10.68, 95% CI =-23.66 to —4.02) (Figs. 4B-D).
On the other hand, the SUVRs from the subcortical meta-ROIs did
not show a significant mediation effect between the DTI-ALPS in-
dexes and PSPRS total scores (total effect B=37.29, P=0.01 direct
effect B = —27.95, P = 0.05; indirect effect B = —9.34, 95%
CI=-22.62t0 0.30). Because the DTI-ALPS indexes did not show
a significant association with the MMSE scores, the SUVRs from
the cortical and subcortical meta-ROIs did not show significant me-
diation effects between the DTI-ALPS indexes and MMSE scores.

DISCUSSION

This study investigated the role of tau protein deposition in
the cortical and subcortical regions among glymphatic dysfunction,
GM atrophy, and clinical manifestations in patients with PSP and
NCs. We used regional SUVRs from '*F-Florzolotau PET images
to characterize the burden of tau deposition. Our study suggested
that tau deposition in the cortical and subcortical regions had differ-
ent clinical significance and that cortical tau deposition is a signifi-
cant mediator between glymphatic dysfunction and disease severity
in patients with PSP. Our results provide evidence for glymphatic
dysfunction in the pathogenesis of PSP.

© 2024 The Author(s). Published by Wolters Kluwer Health, Inc.
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2FIGURE 3. Tau deposition in the cortical and subcortical meta-ROls is associated with the PSPRS total scores, DTI-ALPS indexes,

R oGM atrophy, and midbrain volumes. A, The heatmap shows Pearson correlation matrix of tau depositions, clinical assessments,

gand MRI parameters. B, Three- dimensional render views show that tau deposition in the cortical meta-ROls has significantly
gnegatlve correlations with the GM volumes in the medial frontal, parietal, and temporal regions. The color bar indicates the
<significance of the associations. C, Tau deposition in the cortical meta-ROIs shows a significantly negative correlation with the
DTI-ALPS indexes. D, Tau deposition in the subcortical meta-ROlIs shows a significantly negative correlation with the midbrain
volumes. E-F, The PSPRS total scores show significantly negative correlations with the midbrain volumes (E) and DTI-ALPS

indexes (F).

Glymphatic Dysfunction in PSP

Many studies have found glymphatic dysfunction in
synuclemog)athy, tauopathy, amyloidopathy, and TDP-43 deposi-
tion. In movement disorders, several studies have demon-
strated that glymphatic dysfunction contnbutes to the 7pathoge:ne:51s
and progression of PD but is relatively rare in PSP>"** Since the
glymphatic system could be a potential target for pharmacological
or nonpharmacological intervention in neurodegenerative diseases,
it is important to unravel the hidden information behind the surrogate
markers for glymphatic activity.**** However, glymphatic research in
humans is very difficult due to the invasive methodology; therefore,
most studies use indirect indicators, such as the DTI-ALPS index or
perivascular space.*' As a limitation of the technique, the DTI-ALPS
index was evaluated using the whole-brain glymphatic activity rather
than the regional activity.

In our study, we found that tau depositions were involved in
the mediation effect between the DTI-ALPS index and PSPRS scores,
implying that the glymphatic system may be responsible for the
severity of PSP. In addition, when considering the effects of tau
distribution, the influence of glymphatic dysfunction on PSP clin-
ical symptoms is significantly affected by the cortical tau burden.

© 2024 The Author(s). Published by Wolters Kluwer Health, Inc.

Furthermore, the full mediation effect of tau depositions in the pa-
rietal and occipital regions between the DTI-ALPS indexes and
PSPRS total scores suggested that this association was strongly me-
diated by regional tau depositions. Our results provide a possible
explanation for the worsening of clinical symptoms in patients with
PSP. In light of the final common pathway hypothesis based on pre-
vious animal and human studies of AD, glymphatic dysfunction be-
comes an unrevealing pathway of pathological protein—derived neuro-
degenerative diseases, and certain cortical regions are specifically
crucial in determmlng the disease severity of PSP'*1*3¢ Glymphatic
dysfunction may be involved in different phenotypes of PSP. Parkinson
disease is another typical subcortical neurodegenerative disease,
and although the associations between the DTI-ALPS index and
clinical parameters have been extensively studied, the contribution
of pathological proteins in the cortical and subcortlcal I ions to
the glymphatic system still needs further investigation.'*

An alternative explanation for the cortical tau burden in the
mediation analysis could be that the clearance of subcortical tau de-
position was drainage from another pathway, which could not be de-
tected by the DTI-ALPS index. Animal studies have identified at
least a dorsal and ventral part of the lymphatic drainage system.*>**
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cortex; PreCu, precuneus; SM, sensorimotor cortex.

The possibility of “cortical” and “subcortical” pathways of glymphatic
drainage could be raised. A study of normal pressure hydrocephalus
in humans demonstrated that the clearance of contrast media by in-
trathecal injection of gadobutrol had locus differences, with faster
Zclearance in the foramen magnum, sylvian fissure, and pontine cistern
ithan in the precentral sulcus.* Since the DTI-ALPS index is derived
3fr0m diffusion MRI measurements in the cerebral periventricular
<regions, it is reasonable to assume that subcortical tau deposition
was not associated with the DTI-ALPS index, which could be deter-
mined by our findings.>’

Cortical and Subcortical Tau Burden Contributes to
Different Features in PSP

Recently, Scotton et al® used a machine learning method to
explore the patterns of atrophy on MRI scans in patients with PSP.
They identified 2 distinct subtypes of spatiotemporal patterns, namely,
the “subcortical subtype” and the “cortical subtype.” The subcorti-
cal subtype was associated with worse PSPRS scores than the cor-
tical subtype. There was 10 significant difference in MMSE scores
between the 2 subtypes.® According to the study by Scotton et al,®
PSP has 2 variants: PSP-cortical variant (PSP-frontal, PSP—speech/
language, or PSP-corticobasal) and PSP-subcortical variant (PSP-
parkinsonism or PSP-PGF). In our current study, out of 27 patients with
PSP variant, 2 had PSP-cortical variant and 25 had PSP-subcortical
variant. The Fisher exact test did not reveal any significant differ-
ence between the cortical and noncortical involvement groups
based on the criteria of tau PET images (P = 1). Therefore, our find-
ings do not support the classification of groups based on cortical
and noncortical involvement from Tau PET images as reflecting dif-
ferent clinical PSP-variants. Due to the limited number of cases and
lack of longitudinal follow-up in our study, we cannot determine
whether the progressive subcortical to cortical tau burden simply re-
flects the natural history of PSP.

394 | www.nuclearmed.com

40-60% 20-40% <20% ns

FIGURE 4. Schematic of the mediation analysis showing tau deposition in the cortical meta-ROls (A) and regional ROIs (B) as
significant mediators after correction for midbrain volume. A, Tau deposition in the cortical meta-ROls is a statistically
significant full mediator of the relationship between the DTI-ALPS indexes and PSPRS total scores. B, Schematic showing the
zregional ROI analysis. C, The percentage of mediation (Pm) analysis of regional tau deposition between the DTI-ALPS indexes
Zand PSPRS total scores after correction for the midbrain volume from the indirect mediation analysis. D, Significant regions are
tshown in the different colored bars. Nonsignificant regions are shown in white. Background regions are shown in gray. F,
frontal; P, parietal; T, temporal; O, occipital; pHP, parahippocampus; ACC, anterior cingulate cortex; PCC, posterior cmgulate

Two distinct spatiotemporal patterns with associated clinical
features in PSP have been identified in another study using tau
PET1 1mag1ng ? They found that tau spread appeared first in the sub-
cortical regions and ultimately in the cortical regions. In our study,
the subcortical tau burden demonstrated a significant difference be-
tween patients with PSP and NCs. In addition, for tau protein depo-
sition, the cortical involvement group had significantly higher se-
verity of clinical scores than the noncortical involvement group,
which indicated that the subcortical tau burden could discriminate
patients with PSP from NCs in the early stage of PSP>*® In addi-
tion, cortical tau deposition was significantly correlated with the
DTI-ALPS index and had a significant mediation effect between
the DTI-ALPS index and PSPRS total scores, whereas subcortical
tau deposition did not play a significant role with the DTI-ALPS in-
dex. The contribution of cortical versus subcortical tau burden to the
different associations between the DTI-ALPS index and PSPRS to-
tal scores has not been previously reported.

Reference Regions of Tau PET Images in Patients
With PSP

The recent development of second-generation tau PET tracers
has enabled the visualization of in vivo tau deposition in patients
with PSP*’ Therefore, the selection of a reference reglon is impor-
tant because it is assumed that the reference region is free of tau le-
sions containing binding components, which might contrast with
tau accumulation in other regions. In a neuropathology study of
PSP, 6 stages of topographical evolution from the subthalamic nu-
cleus, globus pallidus, striatum, cerebellum with the dentate nu-
cleus, to the frontal and occ1p1tal cortices have been documented.’
In the past, tau PET studies in pat1ents with PSP have used the cer-
ebellar GM as the reference region.* **® However, several methods
using the noncerebellar region as a reference have shown signifi-
cantly improved dia; i%nostlc discrimination in patients with AD and
non-AD tauopathy. In our study, using PERSI as a reference

© 2024 The Author(s). Published by Wolters Kluwer Health, Inc.
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revealed more significant tau depositions in the cortical regions
than using the cerebellar GM as a reference, even after adjusting
for multiple comparisons. In addition, the coefficient of variation
in the PERSI method was smaller than that in the cerebellar GM
as a reference (19% vs 24%). Furthermore, tau depositions in corti-
ocal and subcortical ROIs showed significant associations with clin-
Sical parameters when using PERSI as a reference but not when the
Scerebellar GM was used as a reference. Although several more so-
sphisticated reference methods have been proposed for the quantifi-
scation of tau deposition in diverse neurodegeneratlve disorders by
'8F_Florzolotau PET, our study revealed that using cerebellar GM as
a reference could mask tau deposition in many cortical regions.
2ln partial volume correction, the significant GM atrophy in patlents
with PSP justified the need for the procedure. We still performed a
=nonpartial volume correction analysis, and the results showed a
=similar trend with ]Soartlal volume correction results as reported in
revious studies.>>

LIMITATIONS

Several limitations need to be addressed in the current study.
First, the correlation of the DTI-ALPS index with human glymphatic
function has not yet been validated by pathophysiological studies.
There has been only one study that directly compared glymphatic
activity measurement between the intrathecal contrast medla ad-
ministration method and the DTI-ALPS index method.*® Recently,
several methods have been developed that may reveal regional
glymphatic activity.”* >® Therefore, the relationship between the
DTI-ALPS index and glycemic clearance should be interpreted
ith caution. The sequential effect among glymphatic dysfunction,
au deposition, and clinical symptoms needs to be verified in lon-
itudinal studies. Second, our study was a small, single-center,
roSSs- sectlonal study, and we could not investigate the association
etween '*F-Florzolotau imaging results and postmortem findings.
‘We could not determine whether cortical tau deposition can exist in
£the absence of subcortical tau burden in our PSP study. The amyloid
zand alpha-synuclein biomarkers were also unavailable in our study,
oand we could not estimate the contributions of these copathologies.
“Third, we acknowledge that our investigation included tau deposi-
tion from subcortical regions combined with/without cortical re-
gions in patients with PSP. Consequently, it would be inappropriate
to definitively deduce from our findings that the DTI-ALPS index
is entirely unrelated to subcortical tau depositions. To further eluci-
date this matter, it would be advantageous to recruit individuals with
PSP in the earliest stages of the condition and whose condition is
devoid of any cortical involvement. Finally, the different variants
of PSP and their associations with tau deposition and glymphatic
activity could not be determined because of the limited number of
cases, which may contribute to the lack of a significant difference
in the DTI-ALPS index between the cortical and noncortical in-
volvement groups. In addition, we did not find an association be-
tween cognition and 5glymphatic activity, which may be related to
our assessment tool.”" Nevertheless, our study revealed that both
cortical and subcortical tau burden contribute to the various clinical
features and may explain the worsening of PSP and its variants
through glymphatic dysfunction.
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CONCLUSIONS

In patients with PSP, second-generation tau PET imaging
showed increased tau deposition in both the cortical and subcortical
regions, which is significantly associated with clinical measures.
Tau deposition in the parietal and occipital lobes plays an important
role in glymphatic dysfunction and disease severity. The association
between the DTI-ALPS index and regional proteinopathy needs to
be evaluated in the future.
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