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ABSTRACT: Background: Synaptic loss is character-
istic of many neurodegenerative diseases; it occurs early
and is strongly related to functional deficits.

Objective: In this longitudinal observational study, we
determine the rate at which synaptic density is reduced
in the primary tauopathies of progressive supranuclear
palsy (PSP) and corticobasal degeneration (CBD), and
we test the relationship with disease progression.
Methods: Our cross-sectional cohort included 32 partici-
pants with probable PSP and 16 with probable CBD (all
amyloid-negative corticobasal syndrome), recruited from ter-
tiary care centers in the United Kingdom, and 33 sex- and
age-matched healthy control subjects. Synaptic density was
estimated by positron emission tomography imaging with
the radioligand [''CJUCB-J that binds synaptic vesicle 2A.
Clinical severity and cognition were assessed by the PSP
Rating Scale and the Addenbrooke’s cognitive examination.
Regional [''CJUCB-J nondisplaceable binding potential was
estimated in Hammersmith Atlas regions of interest. Twenty-
two participants with PSP/CBD had a follow-up [''CJUCB-J
positron emission tomography scan after 1year. We
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calculated the annualized change in [''CJUCB-J nondis-
placeable binding potential and correlated this with the
change in clinical severity.

Results: We found significant annual synaptic loss within
the frontal lobe (—3.5%, P = 0.03) and the right caudate
(—3.9%, P =0.046). The degree of longitudinal synaptic
loss within the frontal lobe correlated with the rate of
change in the PSP Rating Scale (R =0.47, P =0.03) and
cognition (Addenbrooke’s Cognitive Examination—-Revised,
R = -0.62, P = 0.003).

Conclusions: We provide in vivo evidence for rapid pro-
gressive synaptic loss, correlating with clinical progres-
sion in primary tauopathies. Synaptic loss may be an
important therapeutic target and outcome variable for
early-phase clinical trials of disease-modifying treat-
ments. © 2023 The Authors. Movement Disorders publi-
shed by Wiley Periodicals LLC on behalf of International
Parkinson and Movement Disorder Society.
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Introduction

The primary tauopathies of progressive supranuclear
palsy (PSP) and corticobasal degeneration (CBD) are
devastating and rapidly progressive neurodegenerative
diseases with a poor prognosis and common diagnostic
delays."* The pathologies of PSP and CBD cause
diverse clinical syndromes, with a combination of
movement and cognitive impairment,®® including clini-
cal PSP and the corticobasal syndrome (CBS; in the
absence of Alzheimer’s disease pathology, CBD pathol-
ogy is the most common underlying cause of the CBS).”
Pathologically, PSP and CBD are associated with
accumulation of hyperphosphorylated 4-repeat tau,® !
inflammation,'*'* and severe synaptic loss,">'” ulti-
mately all leading to neuronal loss. Cognitive dysfunc-
tion is an early symptom in people with PSP/CBD,
with subtle manifestations apparent 8 years before
diagnosis.'®

Synaptic dysfunction is proposed as a key pathogenic
mechanism underlying cognitive dysfunction,'”**  via
changes in network physiology.”! In preclinical tauopathy
models, severe synaptic loss can occur before neuronal
loss.”* As such, the pathways involved in synaptic func-
tion, plasticity, and stability are of importance for under-
standing the early phases of neurodegeneration and as
potential early therapeutic targets. It is encouraging that
in the alternative tauopathy of Alzheimer’s disease,
in vivo synaptic imaging, with [''CJUCB-] positron
emission tomography (PET), is sensitive to progres-
sive changes in synaptic density and response to
early-phase trials, for example, the synaptic modula-
tor saracatinib®® and the modulator of synaptic vesi-
cle glycoprotein 2A SDI-118.**

The aim of this study was to test the hypothesis that
cognitive and functional decline in PSP/CBD is related
to progressive synaptic loss. Cryoelectron microscopy
studies and astrocytic pathology indicate differences
between PSP and CBD pathology.'' However, we
consider them jointly here because of downstream
convergence in secondary pathological processes and
overlapping clinical features.”> We used [''CJUCB-J
PET, which targets presynaptic vesicle glycoprotein
SV2A, to estimate synaptic density in vivo.?® Using
this PET radioligand, we recently reported a wide-
spread baseline in vivo synaptic loss (up to 30%) in a
smaller cross-sectional cohort of patients with PSP
and CBD. The most severe reductions were in the
basal ganglia, thalamus, insula, and frontal and tem-
poral lobes, and these correlated with cognition and
disease severity.'” Based on the average symptom
duration of 4 to 6 years in that study, we predicted
that synaptic loss in PSP/CBD progresses at a rate of
~3% to 4% per year, with faster synaptic loss being
seen in basal ganglia and frontal cortex.’

Subjects and Methods

Participants and Study Design
Recruitment

For the cross-sectional cohort, we used the 2017
diagnostic criteria for patients with probable PSP-
Richardson syndrome® and the Armstrong criteria for
patients with probable CBS.* Thirty-two people with
probable PSP-Richardson syndrome and 25 people
with probable CBS were recruited from a regional spe-
cialist National Health Service clinic at the Cambridge
University Center for Parkinson-plus; people with CBS
were also recruited from the National Hospital for Neu-
rology and Neurosurgery at Queen Square, London.
Patients with CBS underwent amyloid PET imaging using
Pittsburgh Compound B ([*'C|PiB). Only those with a
negative amyloid status (16/25 participants) are included
in subsequent analysis, because we aimed to exclude
patients with CBS caused by Alzheimer’s disease. We
interpret and refer to the amyloid-negative CBS cohort as
having CBD, although we acknowledge that other pathol-
ogies are possible.” Thirty-three healthy volunteers were
recruited from the UK National Institute for Health
Research Join Dementia Research register. Participants
were screened using the inclusion/exclusion criteria set out
in Holland et al.'” Fourteen of 32 patients had passed
away by study endpoint (August 2022), with nine brains
subsequently donated to our local Cambridge Brain Bank.
Three of nine are confirmed as having PSP at postmor-
tem, with more recent donations awaiting neuropatholog-
ical confirmation.

For the follow-up cohort, 22 participants (16 with
PSP and 6 with CBD) remained well enough over
1 year to be reassessed in the longitudinal arm of the
study.

Neurocognitive and Imaging Assessments

Eligible participants underwent clinical and cognitive
assessments (Table 1), as previously described by Holland
et al.'” Participants underwent simultaneous 3-T magnetic
resonance imaging (MRI) and ["'CJUCB-] PET. Our
follow-up cohort underwent repeat MRI, [''CJUCB-J
PET, and neurocognitive assessment at 1 year.

The research protocol was approved by the Cambridge
Research Ethics Committee (reference 18/EE/0059) and
the UK Administration of Radioactive Substances Advi-
sory Committee. All participants provided written
informed consent in accordance with the Declaration of
Helsinki.

Imaging Data Acquisition and Preprocessing
PET and MRI

We first corroborated our cross-sectional findings in
Holland et al'” with this larger cohort of healthy
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control and patient participants. The procedures for
["'CJUCB-J synthesis, PET data acquisition, image
reconstruction, and kinetic analysis were the same as
in Holland et al.'” In brief, dynamic PET data acquisi-
tion was performed on a GE SIGNA PET/MR
(GE Healthcare, Waukesha, WI, USA) for 90 minutes
immediately after injection, with attenuation correction
using a multisubject atlas method?” and improvements
to the MRI brain coil component.”® Emission image
series were aligned using SPM12 (www.fil.ion.ucl.ac.
uk/spm/software/spm12/) and rigidly registered to the
contemporaneously acquired T1-weighted MRI during
PET data acquisition, allowing for more accurate
coregistration and reduced scanning sessions from two
separate scans to one combined session (repetition
time = 3.6 ms, echo time = 9.2 ms, 192 sagittal slices, in-
plane resolution 0.55 x 0.55 mm, interpolated to
1.0 x 1.0 mmy; slice thickness 1.0 mm). The Hammersmith
atlas (http://brain-development.org) with modified poste-
rior fossa regions was nonrigidly registered to the
T1-weighted MRI of each participant using spatial normal-
ization parameters determined with Advanced Normaliza-

tion Tools (ANTSs) software.”’

Regional Analysis. Regional time-activity curves
were extracted after the application of cerebrospinal
fluid (CSF) partial volume correction (PVC) to each
dynamic PET image. To assess the impact of PVC, we
also extracted time-activity curves from the same region
of interests without the application of PVC (discussed
in Supporting Information as “without partial volume
correction”).

To quantify SV2A density, we determined [''C]
UCB-J nondisplaceable binding potential (BPnp) using
a basis function implementation of the simplified refer-
ence tissue model,*” with the reference tissue defined in
the centrum semiovale.®'*> [''C]JUCB-] BPyp from the
following Hammersmith atlas regions was not used: lat-
eral ventricles (frontal and temporal horns), third ven-
tricle, pituitary gland, and the corpus callosum. We
excluded two subcortical gray matter regions from the
PET analysis (substantia nigra, nucleus accumbens)
because of their very small volume. Three participants
from the follow-up cohort (two with PSP and one with
CBD) had a reduced emission duration of 60 minutes at
follow-up. For these individuals, their baseline binding
potentials were recalculated using 60 minutes (rather than
90 minutes) to eliminate any duration-induced bias in the
comparison of baseline and follow-up BPnp values.

Gray matter volumes were extracted from the
unsmoothed gray matter segmentation maps from SPM12
within each Hammersmith regions of interest in native
space, at baseline and follow-up. All regions, except those
in the earlier-mentioned “excluded” regions, were taken
forward to the subsequent statistical analyses.

Voxelwise analysis. The T1-weighted images were
first processed using the Computational Anatomy Tool-
box (CAT12.8.1; http://www.neuro.uni-jena.de/cat12)
and the Segment Longitudinal Data module of SPM12
(v.7771; www fil.ion.ucl.ac.uk/spm/software/spm12/). A
pairwise unbiased pipeline was performed using the
T1-weighted images to bring all images into a standard
space, including [''C]JUCB-] BPxp maps produced using
the same kinetic modeling approach as for the regional
analysis. The T1-weighted image pairs were iteratively
warped to produce single-subject templates, which were
subsequently processed with CAT12 Segment. Next, the
tissue segments were applied to the templates to create
skull-stripped  single-subject templates, which were
warped to a group average space. The group template
was warped to the MNI152NL in 2009 Asym template
in CAT12 (MNI, Montreal Neurological Institute).
Finally, all warps and linear transformations were com-
bined, and Jacobians were created to enable the gray mat-
ter images to be modulated and warped to MNI space.
The ["'CJUCB-J BPnp images were linearly coregistered
to the contemporary T1-weighted images using
FreeSurfer’s mri_coreg function. Each output linear trans-
formation matrix was converted to ITK (Interoperability
Toolkit) format, which could be read by ANTs tools. This
transform was combined with the warps and linear trans-
forms created in the ANTs pipeline to place the [''C]
UCB-] BPnp images in MNI space.

[''CJPiB PET. Amyloid imaging using [''C]PiB
followed the protocol given in Holland et al."” A nega-
tive amyloid status was characterized by a cortical
["'C]PiB standardized uptake value ratio of <1.21.%3

Statistical Analyses

Regional

We first corroborated the results in Holland et al'”

using a larger cross-sectional cohort. We compared
demographic and clinical variables between patients and
control subjects in this larger sample, using analysis of
covariance and chi-square tests where appropriate. We
also presented the baseline characteristics of the 22 partic-
ipants who completed the longitudinal arm of the study
separately and compared their demographics with
patients who completed only the cross-sectional arm. We
compared cross-sectional regional [''CJUCB-] BPyp
between patients and control subjects using analysis of
covariance with age and total intracranial volume in the
case of gray matter volume comparisons as covariates of
no interest, adjusting for multiple comparisons (false dis-
covery rate method; results for analyses without PVC are
shown in the Supporting Information in Data S1).

In the longitudinal cohort, the proportional change in
['"'CJUCB-] BPnp was calculated as follows:

4 Movement Disorders, 2023

85UB017 SUOWILIOD 3A 110 3|edldde au Ag pausenob a1e saoife WO ‘@SN JO SaIn1 10} Aeiq18UIIUO AB|IM UO (SUO IPUCD-PUR-SWLR}LI0D A8 | 1M ARe4q | U1 |UO//SONY) SUORIPUOD PUe SWLB L 83U} 89S *[£202/50/8T] Uo Ariqiauljuo AB|IM 158 L AQ TZk62 SPW/Z00T OT/I0p/W00" A8 | 1M AeIq 1o JUO S IBPIOS IPUBLLBAOW//SANY Wo.) papeojumoq ‘0 ‘2G28TEST


http://www.fil.ion.ucl.ac.uk/spm/software/spm12/
http://www.fil.ion.ucl.ac.uk/spm/software/spm12/
http://brain-development.org
http://www.neuro.uni-jena.de/cat12
http://www.fil.ion.ucl.ac.uk/spm/software/spm12/

L

proportional change in [''CJUCB-] BPxp = (follow-up
UCB-] BPxp — baseline UCB-] BPyp)/baseline UCB-]
BPnp. Proportional changes in [''CJUCB-] BPnp were
adjusted for the time interval between [''CJUCB-] PET
scans. Although most patients were rescanned
~12 months after baseline, some were scanned later
because of the COVID-19 pandemic—proportional
changes are therefore presented as the annualized pro-
portional change in [''CJUCB-] BPxp.

A one-sample ¢ test was used across all the regional
annualized proportional changes in [''CJUCB-] BPnp,
testing whether the overall mean change was smaller
than zero (ie, synapse loss). Next, a two-way paired-
sample analysis of variance (ANOVA) design was used
to test for any region-by-visit interaction with visit
(baseline vs. follow-up) and region as within-subject
variables; a post hoc analysis was carried out to interro-
gate any significant interactions (correcting for multiple
comparisons using the false discovery rate).

Given the smoothness and expected spatial contiguity
of pathology, we performed a principal-component
analysis to identify principal components that corre-
lated with changes in neurocognitive measures over
time (including the PSP Rating Scale and the
Addenbrooke’s Cognitive Examination—Revised [ACE-
R]). The same approach was used to assess changes in
gray matter volume over time. Principal-component
analysis captures the majority of variance in a low-
dimensional space, minimizing the problem of multiple
comparisons and providing greater clarity in spatial
patterns of pathology/atrophy.

Statistical analyses were implemented in R (version
4.2.0; R Core Team 2021; https://www.R-project.
org/).

Voxelwise Analysis Statistics

The warped, modulated gray matter image differ-
ences were smoothed (8-mm full-width at half-maxi-
mum), divided by the interscan interval, and
subsequently compared using a one-sample ¢ test in FSL
randomized (FSL v6.0.5.1; fsl.fmrib.ox.ac.uk) with
threshold-free cluster enhancement and 10,000 permu-
tations. Clusters were deemed significant at the
P < 0.05 corrected level. In addition, covariate analyses
(PSP Rating Scale and the ACE-R) were performed
comparing the difference in covariate score with the
gray matter difference images. The analysis was
repeated for the [''CJUCB-] BPyp images by creating
BPnp difference images between baseline and follow-
up. Images were scaled by the group mean global BPyp
across both time points to reduce the level of noise. To
match the smoothness of the gray matter on MRI, we
smoothed BPyp images by a further 5.3-mm full-width
at half-maximum.

r LONGITUDINAL

SYNAPTIC LOSS IN PSP/CBD

Results

Demographics

We observed typical cognitive profiles in the cross-
sectional cohort of patients (who completed only the
cross-sectional arm of the study): patients were
impaired on memory, verbal fluency, language and
visuospatial domains of the ACE-R, and the Mini-
Mental State Examination. There were high endorse-
ments on the Cambridge Behavioral Inventory, and
high scores on the Clinical Dementia Rating scale
sum of boxes. The baseline neurocognitive profile of
the 22 patients in the longitudinal arm (16 with PSP
and 6 with CBD) was similar to those patients who
completed only the cross-sectional arm of the study.
Importantly, the two groups did not differ in their
average symptom duration or severity (Table 1).
Within our longitudinal cohort, the average time
interval between the baseline and follow-up scan was
13.8 (£5.5) and 12.0 (44.3) months in the PSP and
CBD cohorts, respectively. Our longitudinal cohort
scored higher on both the PSP and the Clinical
Dementia Rating Scales at follow-up: mean increases
of 13.6 (+10.2) and 4.33 (+3.15), respectively. The
average annual decline in the ACE-R score was —6.9
points (+14.5).

Widespread Severe Reductions in Regional
[''CJUCB-J BPyp Beyond Gray Matter Atrophy:
Cross-Sectional Cohort

Synaptic loss was widespread across all major corti-
cal and subcortical areas; [''CJUCB-] binding poten-
tials are shown in Figure 1A, and # statistics comparing
synaptic density and gray matter volume against con-
trols at adjusted P <0.05 are shown in Figure 1B.
Mean regional Z scores were calculated against the
control cohort. In CBD, severe reductions were seen in
the thalamus (mean Z score —1.8), parietal lobe (mean
Z score —1.8), caudate (mean Z score —1.6), frontal
lobe (mean Z score —1.6), cerebellum (mean Z score
—1.6), and putamen (mean Z score —1.5). In PSP,
severe reductions were seen in the caudate nucleus
(mean Z score —2.1), pallidum (mean Z score —1.9),
thalamus (mean Z score —1.6), frontal lobe (mean
Z score —1.6), midbrain (mean Z score —1.6), and cin-
gulate (mean Z score —1.6). Gray matter volume loss
was also widespread but less severe (Fig. 1B). Mean
Z scores for the most atrophied brain regions in CBD
are putamen (—1.4), frontal lobe (—1.3), caudate
nucleus (—1.3), and parietal lobe (—1.3); and in PSP are
caudate nucleus (—1.5), thalamus (—1.3), frontal lobe
(=1.1), and cerebellum (—1). Similar results were
obtained using BPnp without PVC (Supporting Infor-
mation Fig. S1 in Data S1).
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FIG. 1. (A) Baseline regional [''CJUCB-J BPyp in healthy volunteers (n = 31) and patients (progressive supranuclear palsy [PSP], n = 32; corticobasal
degeneration [CBD], n = 16) in major regions of interest. (B) t-Statistic maps comparing regional gray matter (GM) volume and [''CJUCB-J BPyp (CSF
corrected) in patients versus controls. Only t values, significant at P < 0.05 adjusted for multiple comparisons, are shown; higher t values illustrate

greater volume and synaptic loss; orange/red = more severe atrophy/loss).

Longitudinal Changes in the PSP Rating Scale
and the ACE-R

Our patients presented with an average symptom
duration of 4.6 years at baseline (range: 1.4-
13.4 years), with an average score of 31.5 on the PSP
Rating Scale (range: 7-56) and an average cognitive
performance of 79.4 on the ACE-R (range: 35-97)
(circles in Fig. 2). Most patients had deteriorated cog-
nitively and had more severe symptoms at follow-up
(triangles in Fig. 2). Our follow-up patients had an
average increase of 13.6 points on the PSP Rating
Scale (range: —2.2 to 37) and a decline in their ACE-R
scores of —6.9 (range: —55.4 to 17.5) points over
1 year (Fig. 2).

Longitudinal Changes in [''C]JUCB-J BPyp and
Gray Matter Volume, and Correlations With
Change in Symptom Severity Over Time

There was a significant overall reduction in [''C]
UCB-] BPyp over 1 year (P = 0.013). A paired-sample,
two-way ANOVA, testing for a difference in [''C]
UCB-] BPyp between baseline and follow-up visits,
confirmed a significant region-by-visit interaction
(P = 0.01). Post hoc paired-sample ANOVA by region
between visits confirmed significant reductions in [''C]
UCB-] BPnp within the left presubgenual frontal cortex
(—3.5%, P=0.03) and the right caudate (—3.9%,
P = 0.046), unadjusted; there was also a trend reduc-
tion in the left pallidum (—4.2%, P =0.08). A
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FIG. 2. Progressive supranuclear palsy (PSP) Rating Scale on the left and Addenbrooke’s Cognitive Examination-Revised (ACE-R) scores on the right
in 48 patients (PSP = 32, corticobasal degeneration [CBD] = 16) versus symptom duration, at baseline (circles) and at follow-up (triangles) in 22 patients
(PSP = 16, CBD = 6). Each colored line represents a patient who completed the follow-up arm of the study.

summary of annual percentage change in [''CJUCB-] also showed reductions over time; the most significant
BPyp in all relevant Hammersmith atlas regions of reductions were within the right thalamus (—11.8%,
interest is given in Supporting Information Table S1 in P =0.002), precentral gyrus (—7.1%, P = 0.004), cau-
Data S1. The earlier analysis with gray matter volume date nucleus (—7.5%, P = 0.009), and cerebellar gray

GM

[*1CJUCB-) BPy,
Baseline versus FU

ACE-R versus change
in [11CJUCB-J BPyp

0 T ratio, P < 0.05 FWE 4

FIG. 3. Voxelwise t-ratio brain maps illustrating longitudinal change in gray matter volume and [''CJUCB-J BPyp, and a significant relationship between
reduced [''"CJUCB-J BPyp and worse performance on the Addenbrooke’s Cognitive Examination-Revised (ACE-R) (P < 0.05 FWE corrected). FU,
follow-up; GM, gray matter.

Movement Disorders, 2023 7

85UB017 SUOWIWOD 8A 81D 3|qeot|dde au Aq pausenob afe saoie VO ‘8sn JO a1 104 Akeiq)8UlUO AB|IAA UO (SUORIPUOD-pUe-SLLRIALIOY" A3 | 1M AfeIq 1 [pU1|UO//SANY) SUOTIPUOD pue SW.s | 8y} 89S *[£202/S0/8T] U0 Ariqi]auljuo A8|IM ‘S8 1 AQ T2i62 SPU/Z00T 0T/I0p/W0 A8 | 1M A Re.q]1[BUIUO'S BPIOS INIUSLLBAOW//:SANY WoJj pepeojumod ‘0 ‘/GZ8TEST



HOLLAND ET AL w

-20

-40

Annual change in ACE-R

R=028,P=0.23

. 2 .
8 R=0.14,P=0.53 .
. ®»
* . 230
o o° = .
jud
L. . % *
. . . a 20 .
£ .
® * * e e
g’ . .
S 10 .« * .
5 . .
E
c .
g’ . .

20

Annual change in ACE-R
N
=]

Principal Component 2

-10 0
[11CJUCB-J Principal Component 1

.
R=-0.62, P=0.0027

10

-10 0 10
[11CJUCB-J Principal Component 1

R=0.47,P=0.026 .

30

Annual change in PSP rating scale
n
o

I —

-3 0 3
[11CJUCB-J Principal Component 2

6 6

-3 0 3
[11CJUCB-J Principal Component 2

Higher loading on principal component 2 = faster synaptic loss

FIG. 4. (A) Brain maps illustrating principal components 1 and 2 weighting (yellow = faster synaptic loss) obtained from a principal-component analysis
of the annualized proportional change in [''"CJUCB-J BPyp. (B) Scatterplots showing the relationship between symptom severity (progressive supra-
nuclear palsy [PSP] Rating Scale)/Addenbrooke’s Cognitive Examination-Revised (ACE-R) and individual participant loadings on principal components

1 (top row) and 2 (bottom row).

matter (—2.8%, P = 0.04). A summary of regional gray
matter annual percentage change is given in Supporting
Information Table S2 in Data S1.

Voxelwise results were in accord with the regional
analysis. We confirm significant loss of gray matter vol-
ume and ["'CJUCB-] BPyp at follow-up, with the latter
showing a more focal distribution but higher effect size
than gray matter loss; P < 0.05, Family-Wise Error
(FWE) corrected. In voxelwise analysis, the correlation
between gray matter loss and the PSP Rating Scale and
ACE-R scores was not significant. However, reductions
in ["'CJUCB-] BPnp within the frontal lobe were asso-
ciated with poorer performance on the ACE-R over
time, but not the PSP Rating Scale (Fig. 3).

Faster Reductions in Frontal ['"CJUCB-J BPyp
Are Associated With Faster Symptom
Progression: Principal-Component Analysis

We identified two principal components (with an
eigenvalue >1), accounting for 80% of the variance in
the annual change in regional [''CJUCB-]J BPyp. The
first component constitutes a global reduction in [''C]
UCB-]J BPnp across the brain. The second component
loads onto the frontal lobe, cingulate, and the
postcentral gyrus. Principal-component weightings
projected on brain maps are shown in Figure 4 (and in

Supporting Information Fig. S2 in Data S1 for BPxp
without PVC).

We applied a general linear model to individual load-
ings on principal components and the annual change in
the PSP Rating Scale/ACE-R scores. We found that
individuals with higher loading on principal component
two (therefore faster synaptic loss within the frontal
lobe, motor strip, and cingulate regions) had a faster

progression on the PSP Rating Scale (R =0.47,
P=10.03) and faster decline in ACE-R scores
(R=-0.62, P=0.003; scatterplots in Fig. 4;

Supporting Information Fig. S2 in Data S1). We also
applied a robust general linear model to downweigh
the effect of outlying individuals and obtained the same
significant correlation. Repeating this approach with
gray matter volume, we identified five principal compo-
nents collectively explaining more than 80% variance
in the volumetric data, but none correlated with a pro-
gression in the PSP Rating Scale or the ACE-R, echoing
our voxelwise findings.

Discussion

There are three main findings of this study. First,
there is widespread severe synaptic loss in patients with
PSP and CBD (inferred in vivo from amyloid-negative
CBS). Second, synaptic loss progresses markedly even
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over 1 year, with 3% to 4% reduction in the frontal
lobe and caudate nucleus. Third, this longitudinal syn-
aptic loss correlates with clinical decline in cognition
and global clinical severity.

The widespread synaptic loss in the current
48 patients affirms the results of a previous smaller
cross-sectional cohort.!” Synaptic loss is seen both in
regions affected in early stages of disease (eg, basal
ganglia, thalamus, and frontal lobe) and in those
affected in later stages (eg, occipital lobe), and it is
more severe and extensive than MRI measures of gray
matter atrophy. This study goes beyond the former
work in the longitudinal phase. We observed an aver-
age increase of 13.6 points in the PSP Rating Scale, sim-
ilar to previous longitudinal studies of PSP.*** Based
on an average baseline symptom duration of 4 to
6 years and a mean baseline synaptic reduction of
~11% to 25% (vs. controls), we predicted a 3% to 4%
annual synaptic loss. This was confirmed in the longitu-
dinal cohort, at least for the caudate and frontal cortex.
In the Kovacs staging of tau pathology in PSP, neuronal
pathology progresses from pallidum, midbrain tegmen-
tum and pons, then striatum, and only in stage 4 in the
prefrontal cortex. Astroglial pathology also affects the
frontal cortex and thalamus by stage 3.” Synaptic loss
follows a similar pattern of reduction, with the most
severe reductions seen in the basal ganglia, thalamus,
and frontal lobes; our longitudinal observations are
consistent with this spatiotemporal progression of
pathology.

Synaptic loss is a common convergence point in many
neurodegenerative proteinopathies with in vivo evi-
dence available in people with frontotemporal
dementia,>*® Alzheimer’s disease,””*® Lewy body
dementia, and Parkinson’s disease,®” correlating with
worse performance on cognitive tasks. The evidence for
progressive in vivo synaptic loss, as measured with lon-
gitudinal ["'CJUCB-J PET imaging, is however limited.
Vanderlinden and colleagues*® have recently reported
significant progressive reductions (6%-9%) in patients
with amnestic mild cognitive impairment, over 2 years,
correlating with cognitive decline. Venkataraman and
colleagues™ observed reduced baseline [''CJUCB-J
binding potential in disease-specific areas in eight
patients with Alzheimer’s disease, but they did not find
significant progressive loss over 12 to 18 months of
follow-up. Similarly, although Delva and colleagues*
illustrate significant baseline synaptic loss within the
substantia nigra of 27 patients with early and mild
Parkinson’s disease, they did not observe significant
progression over 2 years despite deteriorations in motor
symptoms.

There are several explanations for the variability in
the findings between our study in PSP/CBD and studies
of other dementias. First, synaptic loss is related to
severity of clinical signs and symptoms; people with

r LONGITUDINAL

SYNAPTIC LOSS IN PSP/CBD
PSP and CBD have marked cognitive deficits and rapid
progression.”* For other disorders with either normal
cortical synaptic density at baseline and/or slow clinical
progression, the power to detect longitudinal change
will be greatly reduced. For example, the cohort of peo-
ple with (mild and early) Parkinson’s disease in Delva
and colleagues’ study** did not have significant cortical
synaptic loss or cognitive symptoms at baseline or at
follow-up, unlike people with Lewy body dementia and
Parkinson’s disease with dementia who show significant
baseline cortical synaptic loss.*> In Alzheimer’s disease,
cognitive symptoms are prominent™* and correlate with
baseline synaptic loss.>” However, in Venkataraman
and colleagues’*' cohort of eight people with
Alzheimer’s disease, although [''CJUCB-J binding was
reduced in all examined regions of interest at follow-
up, none was statistically significant, likely because of a
limited sample size.

Second, there are technical issues in measuring
change in [''CJUCB-] binding over time. Our study
uses the simplified tissue reference model to determine
BPnp of [''CJUCB-]. Although in a recent test—retest
validation study this method is reported as the most
optimal to obtain quantitatively accurate and repeat-
able parametric images for [''CJUCB-J binding, Tuncel
and colleagues®™*® report high regional variability in
test—retest measures in healthy volunteers and patients
alike. This variance may therefore explain differential
sensitivity to progression in diseases that vary in their
principal functional anatomical distributions. Even
when expected mean changes in synaptic density are of
the order of 3% to 4%, low reliability will greatly
reduce power to detect within-subject decline. The mid-
brain, a key area affected by PSP pathology,” is particu-
larly affected by this technical limitation. The
applicability of ["'CJUCB-J imaging to the midbrain
therefore raises interesting issues. The gray matter vol-
umes in the midbrain are small compared with other
gray matter dense brain regions that are affected by
PSP/CBD (eg, basal ganglia, thalamus, cortex). One
result is that gray matter segmentation of this region is
challenging, which in turn affects the midbrain-derived
["'C]UCB-] binding potential. Given this, we expect
variability in our binding potentials between patients
and within patients across longitudinal assessment. At a
group level, the effect size for synaptic reduction com-
pared with controls is large despite the challenges posed
by the variability cross-sectionally. Progressive mid-
brain atrophy, a hallmark imaging finding in PSP,**
includes both reduced gray matter volume and signifi-
cant loss of white matter integrity and volume. The
observed lack of change in midbrain synaptic density
over time (Supporting Information Tables S1 and S3 in
Data S1) may well be related to low signal-to-noise
ratio rather than true stability in synaptic density (high
variability in the synaptic signal from gray matter and
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small expected percentage change in synaptic density
over time).

Although we observed significant gray matter atro-
phy over time, our principal-component analysis and
voxelwise analysis show that faster loss of synapses
within the frontal lobe, but not gray matter volume,
correlates with progression of symptoms. That synaptic
loss is better correlated with symptom progression and
severity than gray matter volume echoes postmortem
findings in the 4R primary tauopathies and human
Alzheimer’s disease tauopathy,*”*” as well as in animal
models of tauoapathy.’®

There are limitations to our study. First, our longitu-
dinal cohort is modest in size (n=22), and delays
resulting from the COVID-19 pandemic increased the
scanning interval from 12 to 16 months and increased
dropout of participants. Despite this, our 22 patients
are similar in their baseline characteristics to those in
the baseline-only study. This reduces the potential bias
toward patients with milder disease. Second, clinical
diagnostic criteria for PSP-Richardson’s syndrome and
amyloid-negative CBS (here inferred as CBD) were used
to select a clinical cohort with likely a 4R-tauopathy as
the underlying pathological diagnosis. Although both
PSP-Richardson’s syndrome and amyloid-negative
CBS are highly correlated with 4R-tauopathy at
postmortem,”>'> other pathologies are possible.
Third, in PET studies of neurodegeneration with atro-
phy, gray matter volume loss can affect the interpreta-
tion of PET signals. However, synaptic loss in PSP and
CBD occurs even in areas of the brain without discern-
ible atrophy on MRI.'”>? Nonetheless, we used PVC to
minimize the effect of atrophy on binding estimates and
obtained similar results in all the main analyses
(Supporting Information Fig. S1, Fig. 3, and Table S3
in Data S1).

In conclusion, we found severe and progressive
synaptic loss in a cohort of patients with PSP and
amyloid-negative CBS. We confirmed our prediction
that synaptic loss occurs at a rate of ~3% to 4% per
year in disease-related areas. The individual variability
in the rate of synaptic loss is associated with how
quickly patients deteriorate over time. Future studies
are required to examine the in vivo relationship
between longitudinal changes in synaptic loss and the
temporal distribution of tau pathology. With the patho-
genic conversion of toxic oligomers, mitochondrial
stress, and inflammation on synaptic toxicity, we pro-
pose that synaptic loss is a functionally relevant inter-
mediate marker of disease severity and suitable as
either a target or an outcome measure in future trials of
disease-modifying agents in PSP/CBD. @
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