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'SF-AV-1451 positron emission tomography in
neuropathological substrates of corticobasal
syndrome

®Anna E. Goodheart, ' Joseph }. Locascio,'"2 Wesley R. Samore,’ Jessica A. Collins,'*
Michael Brickhouse,"4 Aaron Schultz,z""5 Alexandra Touroutoglou,"4

®Keith A. johnson,"z""5 Matthew P. Frosch,z’3 John H. Growdon,"2

Bradford C. Dickerson'** and Stephen N. Gomperts'*?

Multiple neuropathological processes can manifest in life as a corticobasal syndrome. We sought to relate retention of the tau-PET
tracer '®F-AV-1451 and structural magnetic resonance measures of regional atrophy to clinical features in clinically diagnosed and
neuropathologically confirmed cases of corticobasal syndrome and to determine whether these vary with the underlying neuro-
pathological changes. In this observational, cross-sectional study, 11 subjects (eight female and three male, median age 72 years)
with corticobasal syndrome underwent structural MRI, tau-PET with '®F-AV-1451, amyloid-PET with ''C-Pittsburgh compound
B, detailed clinical examinations and neuropsychological testing. Of the 11, three had evidence of high amyloid burden consistent
with Alzheimer’s disease while eight did not. Neuropathological evaluations were acquired in six cases. Mixed effects general linear
models were used to compare ®F-AV-1451 retention and atrophy in amyloid-negative corticobasal syndrome cases to 32 age-
matched healthy control subjects and to relate cortical and subcortical ®F-AV-1451 retention and atrophy to clinical features.
Subjects without amyloid, including three with pathologically confirmed corticobasal degeneration, showed greater regional 'SF-
AV-1451 retention and associated regional atrophy in areas commonly associated with corticobasal degeneration pathology than
healthy control subjects [retention was higher compared to healthy controls (P =0.0011), driven especially by the precentral gyrus
(P=0.011) and pallidum (P < 0.0001), and greater atrophy was seen in subjects compared to control subjects (P = 0.0004)]. Both
18F_AV-1451 retention and atrophy were greater in the clinically more affected hemisphere [on average, retention was 0.173 stand-
ardized uptake value ratio units higher on the more affected side (95% confidence interval, CI 0.11-0.24, P < 0.0001), and volume
was 0.719 lower on the more affected side (95% CI 0.35-1.08, P =0.0001)]. '8F-AV-1451 retention was greater in subcortical
than in cortical regions, P < 0.0001. In contrast to these findings, subjects with amyloid-positive corticobasal syndrome, including
two neuropathologically confirmed cases of Alzheimer’s disease, demonstrated greater and more widespread '8F-AV-1451 retention
and regional atrophy than observed in the amyloid-negative cases. There was thalamic '8F-AV-1451 retention but minimal cortical
and basal ganglia uptake in a single corticobasal syndrome subject without neuropathological evidence of tau pathology, likely rep-
resenting non-specific signal. Asymmetric cortical and basal ganglia '®F-AV-1451 retention consonant with the clinical manifesta-
tions characterize corticobasal syndrome due to corticobasal degeneration, whereas the cortical retention in cases associated with

Alzheimer’s disease is greater and more diffuse.
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Introduction

Initially described by Rebeiz et al. (1967), corticobasal de-
generation (CBD) is defined neuropathologically by neuronal
and glial tau inclusions with a topography that includes the
basal ganglia and cortex (Dickson et al., 2002; Arnold et al.,
2013). CBD is difficult to diagnose in life, due to poor one-
to-one correlation between clinical phenotype and underly-
ing CBD pathology. Only approximately 24-54% of
patients presenting with corticobasal syndrome (CBS), char-
acterized clinically by progressive asymmetric cortical and
extrapyramidal motor deficits as well as variable cognitive
and behavioural symptoms (Armstrong et al., 2013), have
been found to harbour neuropathological changes of CBD
(Boeve et al., 1999; Ling et al., 2010; Lee et al., 2011). In
the remainder of cases, other pathologies have been explana-
tory, foremost among them Alzheimer’s disease (Boeve et al.,
1999; Ling et al., 2010; Lee et al., 2011; Jabbari et al.,
2019). To contend with this clinical-pathological discord-
ance, there is a pressing need for imaging tools that can dif-
ferentiate the neurodegenerative diseases underlying CBS in
life, both to aid in diagnosis and to enable treatment trials.
Although asymmetric atrophy and associated cortical and
subcortical hypometabolism in CBS permit its differentiation
from other clinical syndromes (Upadhyay et al., 2016;
Niccolini et al., 2018; Walker et al., 2018), these features do
not distinguish the underlying neuropathological causes of
CBS. In principle, molecular imaging with PET tracers tar-
geting the neuropathological aggregates of tau that accumu-
late in CBD would provide a powerful tool for this purpose.
Several PET tracers have been developed to image tau spe-
cies (Villemagne et al., 2015). The most widely used of these
is "8 F-AV-1451 (also known as flortaucipir) (Chien et al.,
2013; Xia et al., 2013). Based on its high affinity for paired
helical filaments (PHF) of 3-repeat and 4-repeat (3R/4R) tau
present in the Alzheimer’s disease brain, 'F-AV-1451 has
enabled successful antemortem tau imaging in Alzheimer’s
disease (Johnson et al., 2016), in combination with amyloid-
PET (Klunk et al., 2004). "®F-AV-1451 has also been under
increasing study in patients with CBS (Josephs et al., 2016;
McMillan et al., 2016; Cho et al., 2017; Smith et al., 2017,
Xia et al, 2017; Ali et al., 2018; Coakeley et al., 2018;
Niccolini et al., 2018; Tsai et al., 2019). Although 'F-AV-
1451 has not demonstrated robust iz vitro binding to tau

aggregates in CBD, which are composed primarily of 4-repeat
(4R) straight filaments (Marquie et al., 2015; Lowe et al.,
2016; Sander et al., 2016; Ono et al., 2017), several studies
have shown subtle but significant *F-AV-1451 retention in
brain areas susceptible to CBD tau pathology in patients with
CBS (Josephs et al., 2016; McMillan et al., 2016; Cho et al.,
2017; Smith et al., 2017; Xia et al., 2017; Niccolini et al.,
2018), perhaps due to small amounts of PHF tau in neuronal
inclusions (Tatsumi ez al., 2014). While the reported magni-
tude of '®F-AV-1451 retention in CBS patients has been low
compared to the high retention observed in Alzheimer’s dis-
ease, the neuropathologically appropriate spatial topography
of tracer retention has raised the possibility that '*F-AV-1451
may have clinical utility in patients with CBS.

To evaluate the potential clinical significance of '*F-AV-
1451 retention in CBS, we investigated in vivo images in a
series of 11 subjects diagnosed with CBS. Six of these
patients underwent autopsy, and three were found to have
CBD, two had Alzheimer’s disease, and one had non-specific
pathology without evidence for tauopathy. Using amyloid
PET to exclude CBS cases due to Alzheimer’s disease, we
also compared amyloid-negative CBS (AN-CBS) subjects
presumably enriched for CBD with normal control subjects
to relate clinical features to regional '®F-AV-1451 retention
and to structural magnetic resonance-based measures of re-
gional atrophy. We hypothesized that '®F-AV-1451 reten-
tion would be asymmetrically increased and clinically
predictive in both the neuropathologically proven cases of
CBD and the cases of AN-CBS and would be minimal in the
CBS case lacking tau pathology, contrasting with marked
uptake in the amyloid-positive cases attributable to
Alzheimer’s disease. We further hypothesized that in CBD
and AN-CBS, the hemisphere with greater retention would
predict the clinically more affected side and that these results
would be mirrored by asymmetric atrophy.

Materials and methods

Participant selection and clinical
assessments

This study was approved by the Partners Healthcare
Institutional Review Board. Subjects or subjects’ surrogates pro-
vided informed consent to participate in the study. Eleven
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subjects between the ages of 50 and 85 years were recruited
based on availability from the Massachusetts General Hospital
(MGH) Memory Disorders Unit, Frontotemporal Disorders
Unit, or Movement Disorders Unit. Participants were diagnosed
using consensus diagnostic criteria for CBS (Armstrong et al.,
2013). Exclusion criteria included major psychiatric comorbid-
ities, use of cognition-impairing medications, and a history of
stroke or other significant structural brain lesions. Because of
the intentionally low specificity of the lowest level of diagnostic
certainty of the Hoglinger criteria for the clinical diagnosis of
progressive supranuclear palsy (‘suggestive of PSP’), all but one
subject met criteria for this category (Hoglinger ez al., 2017).
The remaining subject met Hoglinger criteria for possible PSP
(PSP with predominant CBS). Subjects were kept on their anti-
parkinsonian medications throughout the study, as applicable,
and were required to be on stable doses of medications with
CNS effects for at least 3 months prior to the study. Subjects
underwent a full medical history, physical examination, and
detailed neurological examination, including Unified Parkinson’s
Disease Rating Scale (UPDRS) (Goetz et al., 2008) by a neurolo-
gist experienced in movement disorders. Detailed neuropsycho-
logical testing was obtained, with tests selected from the
Uniform Data Set of the Alzheimer’s Disease Centers
(Weintraub et al., 2009) to evaluate the following cognitive
domains: executive function, visuospatial skills, language, and
episodic memory. Neuropsychological test scores were com-
pared to normalized data from cognitively normal subjects
taken from the Massachusetts Alzheimer’s Disease Research
Center database to generate z-scores for each cognitive domain.
A z-score < -1.5 was considered impaired. Imaging data from
32 age-matched cognitively normal subjects recruited for an in-
dependent study at MGH were used as imaging controls (NIH
grant RO1 AG046396, K.].).

Neuroimaging procedures and
processing

18E_AV-1451 and ''C-Pittsburgh compound B (1'C-PiB) ligands
were prepared and administered at MGH, as previously
described (Mathis et al., 2003; Shoup et al., 2013; Johnson
et al., 2016). PET data were acquired using a Siemens/CTI,
ECAT HR + scanner (3D mode; 63 image planes; 15.2 cm axial
field of view; 5.6 mm transaxial resolution and 2.4 mm slice
interval). '®F-AV-1451-PET was acquired from 80-100 min
after a 9-11 mCi bolus injection. *'C-PiB-PET was acquired
with an 8.5-15 mCi bolus injection followed immediately by a
60-min dynamic acquisition. Magnetic resonance scans were
acquired using a Siemens 3 T Tim Trio system to generate high-
resolution magnetization prepared rapid gradient echo (MP-
RAGE) images. Cortical thickness and subcortical deep grey vol-
umes were calculated using FreeSurfer (http:/surfer.nmr.mgh.
harvard.edu) surface-based and volume-based pipelines (Fischl
and Dale, 2000; Fischl et al., 2004) and compared to normal-
ized MRIs to generate atrophy z-scores, as has been previously
described (Bakkour et al., 2009; Dickerson et al., 2009). PET
data were reconstructed, corrected for attenuation, and co-regis-
tered to MP-RAGE sequences and were spatially normalized to
a template brain using statistical parametric mapping (SPMS,
Wellcome Department of Cognitive Neurology, London). For
18F_AV-1451-PET, standardized uptake value ratios (SUVRs)
were computed using a cerebellar grey matter reference region,
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with and without partial volume correction (PVC) using
FreeSurfer’s symmetric geometric transfer matrix (SGTM)
(Greve et al., 2016). For '"'C-PiB-PET, distribution volume
ratios (DVRs) were computed with the cerebellar grey as refer-
ence, using the Logan graphical method (Logan et al., 1996).
PiB DVRs in the frontal-lateral temporal-retrosplenial aggregate
> 1.2 were considered amyloid-positive (Johnson et al., 2016).
A region of interest-based approach was chosen for MRI and
'8F-AV-1451-PET analyses, focused on brain areas known to
harbour significant tau pathology in CBD (Dickson et al.,
2002), resulting in eight bilateral regions of interest for each
subject, comprising four cortical regions (superior frontal, super-
ior parietal, precentral, postcentral) and four subcortical regions
(caudate, putamen, pallidum, thalamus).

Neuropathology

Autopsies were performed according to standardized protocols
(Vonsattel et al., 2008) at the Massachusetts Alzheimer’s
Disease Research Center. At the time of autopsy, brains were
divided at the midline, with one hemisphere sectioned and fro-
zen at —80°C and the other fixed in 10% buffered formalin.
After 10 to 14 days, the formalin-fixed hemisphere was sec-
tioned, photographed, and evaluated grossly by a board-certi-
fied neuropathologist. In each case, 25 tissue sections were
obtained utilizing a blocking protocol that widely samples ana-
tomical regions relevant for diagnosis of neurodegenerative dis-
orders. These regions included the hippocampus, thalamus,
subthalamic nucleus, basal ganglia, amygdala, cerebellum with
dentate nucleus, and all levels of the brainstem. Multiple sec-
tions of frontal, parietal, temporal, cingulate, and calcarine cor-
tices were also sampled. The tissue blocks were processed on a
Thermo Scientific Excelsior ES tissue processor, and embedded
in paraffin. All sections were cut on a microtome at 7 pmol/l
and stained with Luxol fast blue/haematoxylin and eosin for
routine assessment. Bielschowsky silver stain was carried out on
sections from select blocks. Immunohistochemistry was per-
formed on sections from select blocks and processed on a Leica
Bond RX automated stainer (Leica Biosystems), with anti-
human pan-tau antibody (Dako), anti-human beta-amyloid anti-
body (Dako), anti-GFAP antibody (Sigma-Aldrich), anti-TDP-43
antibody (Proteintech), and anti-synuclein antibody (Thermo
Scientific), as well as anti-ubiquitin antibody in the case of
Subject 11 (ThermoFisher). Neuropathological examination was
performed in accordance with published guidelines (Cairns
et al., 2007; Hyman et al., 2012). All subjects who underwent
autopsy were retrospectively assessed for histological burden of
tau deposition utilizing the pan-tau antibody. Key anatomical
regions were evaluated independently for tau deposition due to
CBD or due to Alzheimer’s disease using a semi-quantitative
scale. Those regions with no tau positivity were assessed as ‘0.
When present, the degree of CBD-related tau deposition was
graded on a 1 to 3 scale, with a score of ‘1’ indicating sparse
CBD-related tau inclusions of any kind (e.g. the glial and neur-
onal inclusions seen in CBD), with many microscopic fields de-
void of inclusions. A score of 2’ correlated to moderate
numbers of inclusions (some but not all microscopic fields con-
taining inclusions), and ‘3’ correlated to a frequent, heavy bur-
den of inclusions (such that every microscopic field contained
inclusions). When present, the degree of Alzheimer’s disease-
related tau deposition was independently graded on a 1 to 3
scale, with a score of ‘1’ indicating sparse Alzheimer’s disease-
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related tau inclusions of any kind (e.g. the neurofibrillary tan-
gles, dystrophic neurites, and neuritic plaques seen in Alzheimer
disease), ‘2> correlated to moderate numbers of inclusions, and
‘3’ correlated to a frequent, heavy burden of inclusions (Mirra
et al., 1991). CBD neuropathological diagnosis was based on
the Office of Rare Diseases neuropathological criteria (Dickson
et al., 2002). Alzheimer’s disease neuropathological changes
were scored according to the National Institute on Aging-
Alzheimer’s Association guidelines (Hyman et al., 2012).

Statistical analysis

" C-PiB-PET and neuropathology, when available, were used to
stratify CBS subjects into an amyloid-positive group associated
with Alzheimer’s disease (1 = 3), a tau-negative amyloid-negative
(non-CBD, non-Alzheimer’s disease) subject (z = 1), a neuropa-
thologically-proven CBD group (1 = 3), and a group of amyl-
oid-negative CBS subjects presumed to harbour CBD pathology
but without neuropathological confirmation (7 = 4). The latter
two groups were combined into an amyloid-negative CBS (‘AN-
CBS’) group (1 = 7) for group-level analyses with normal control
subjects. The asymmetry of tau-PET retention, measured as the
absolute value of the left-right difference in ®F-AV-1451 SUVR
(separately for PVC and non-PVC data), was compared across
diagnostic groups (AN-CBS versus normal controls) for each of
the eight regions of interest using a mixed between (diagnosis)
and within (region of interest) subject factorial ANOVA, which
included a Diagnosis x Region of interest interaction term.
Adjusted Tukey post hoc tests were used to identify regions of
interest in which asymmetry differed between the diagnostic
groups. The asymmetry of regional atrophy, measured as the
absolute value of the left-right difference in magnetic resonance
atrophy z-scores, was compared across diagnostic groups for
each of the regions of interest using the same approach.
Residuals from these models were examined graphically for con-
formance to the assumptions of normality and
homoscedasticity.

Tau-PET retention ('®F-AV-1451 SUVRs) and regional atro-
phy (magnetic resonance atrophy z-scores) were compared
across diagnostic groups (AN-CBS versus normal controls) and
the clinically affected side (for AN-CBS subjects only) using
mixed effects general linear models. In each analysis, the de-
pendent variable was tau-PET uptake or regional atrophy. The
individual data record was a unilateral region of interest for
each of the eight regions of interest for each subject. Based on
clinical motor evaluation, one side was considered dysfunction-
ally affected and the other less so, in the case of AN-CBS sub-
jects, and one side was left and the other right in the case of
normal control subjects. For AN-CBS subjects, regions of inter-
est were classified as being in the predominantly affected hemi-
sphere (contralateral to the side of more severe motor
symptoms) or in the less affected hemisphere (ipsilateral to the
side of more severe motor symptoms); for normal control sub-
jects, both left and right hemispheres were used. The fixed effect
predictors in the model were the categorical variables of diag-
nostic group (AN-CBS or normal controls, a subject-level vari-
able), side affected, and region of interest, as well as the
interaction of Diagnostic group X Region of interest and of
Side affected x Region of interest. The random effect term was
subjects nested within diagnostic group. A backward elimination
algorithm was applied to the fixed and random effects in the
full model. Adjusted Tukey post hoc tests were applied to any
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significant overall effects involving regions of interest to pin-
point the locus of overall effect. Residuals from the fixed and
random predicted values were examined graphically for con-
formance to the assumptions of normality and homoscedasticity.
Follow-up analyses were run on the tau-PET data that were
structurally identical to those detailed above but which included
a major region factor (cortical or subcortical) as a fixed effect.
Individual regions of interest were modelled as a nested factor
within their respective major region. Statistical significance was
defined as an adjusted P-value < 0.05. SAS version 9.4 and
JMP Pro version 14.0 were used for analyses and graphing.

Data availability

These data are available from the corresponding author upon
reasonable request.

Results

Subjects

Demographics, clinical features, results of neuropsychologic-
al testing, amyloid status, and neuropathological findings at
autopsy (when available) of the 11 CBS cases and normal
control subjects are shown in Table 1 and Supplementary
Table 1. All CBS subjects had markedly asymmetric extra-
pyramidal impairments, including hemiparkinsonism and/or
hemidystonia and met consensus diagnostic criteria for CBS
(Armstrong et al., 2013). One subject (Subject 7) had cor-
tical sensory loss, apraxia, hemidystonia, and hemiparkin-
sonism but also had slightly reduced upgaze and downgaze
amplitude and reduced vertical saccade speed; his clinical
features did not fulfil clinical diagnostic criteria for PSP-
Richardson syndrome but met criteria for possible PSP (PSP
with predominant CBS) (Hoglinger et al., 2017). Vertical
gaze was normal in the remaining subjects. On neuropsycho-
logical testing,
Additional language, visuospatial, and memory impairments
were common. Eight participants (Subjects 1-7 and 11)
(Table 1) were amyloid-negative as defined by ''C-PiB DVR
< 1.2 (median 1.005, range 0.926-1.147). The age of the 11
CBS subjects (median 72, range 52-81 years) and the age of
the 32 normal control subjects (median 70, range 45-88
years) were similar (P = 0.4, Student’s two-tailed #-test).

executive dysfunction was universal.

Tau-PET imaging of distinct
neuropathologies presenting as CBS

In neuropathologically confirmed CBD, asymmetrically ele-
vated '8F-AV-1451 retention in cortex and basal ganglia
paralleled the deposition of tau. Figure 1A shows 'F-AV-
1451 PET and MRI in such a case: a 60-year-old male
(Subject 2) with left-sided hemiparkinsonism, left-sided cor-
tical sensory deficits, bilateral apraxia, and executive and
language dysfunction. MRI was notable for right > left
frontal and parietal atrophy. Focal, asymmetric, and moder-
ate '8F-AV-1451 retention was evident in the right
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Table | Demographics and features of CBS subjects

Subject | Subject2 Subject3 Subject4 Subject5 Subjecté Subject7 Subject8 Subject9 Subject 10  Subject Il
Demographics
Sex Male Male Female Female Female Female Male Female Female Female Female
Age 56 60 72 72 74 8l 72 52 6l 75 59
Education 16 16 14 18 20 16 18 18 16 12 16
Handedness Right Right Right Right Right Right Left Right Right Right Right
Motor
Side affected Right Left Left Left Left Right Right Left Left Left Left
UPDRS Unknown 13 74 16 56 18 31 17 24 24 18
Cognitive
MMSE 7 29 21 20 (MoCA) 23 25 23 21 26 27 22
CDR-SOB 10 0 1.5 1.5 1.5 0.5 3 4 3 0.5 55
Domains E,V,LM EL E, L* E, VM E, L E V E VVLLM EVL E,M E E
Diagnostics
PiB DVR 093 (-) 1.04(-) 1.I5(-) 099() 101 (<) 1.00(-) 099(-) CSF+ 1.78 (+) 1.62(+) 1.03 ()
Path CBD CBD CBD,AD - - - - AD AD - Other
PET-path interval 1.6 3.8 1.9 - - - - 34 53 - 2.8

Age reported is age at time of '®F-AV-1451 scan. Education is reported in years. Side affected refers to the side with the greatest motor impairments on neurological exam. UPDRS
= Unified Parkinson’s Disease Rating Scale, motor subscale (Goetz et al., 2007). Subject | was too cognitively impaired at the time of neurological exam to reliably participate in
UPDRS testing. MMSE = Mini-Mental State Examination; MoCA = Montreal Cognitive Assessment (Subject 4 had a MoCA instead of MMSE) (Folstein et al., 1975; Nasreddine et al.,
2005); CDR-SOB = Clinical Dementia Rating Scale Sum of Boxes score (Morris, 1997). Domains refers to impaired cognitive domains on neuropsychological testing (Weintraub

et al., 2009), defined as a z-score <—1.5 on one or more tests of that domain (E = executive; L = language; M = memory; V = visuospatial). PiB DVR = ''C PiB distribution volume
ratio; amyloid positivity was determined using a threshold of DVR > 1.2. Subject 8 was unable to tolerate PiB-PET and instead underwent CSF testing for amyloid-P4, (261.8 pg/ml),
total tau (647.9 pg/ml), and phospho-tau [93.8 pg/ml (diagnostic cut-off > 61.0 pg/ml)], with amyloid-tau index of 0.26 (diagnostic cut-off < 1.0); the results were consistent with
Alzheimer’s disease. ‘Path’ refers to neuropathological diagnosis, when available. AD = Alzheimer’s disease. For Subject |1, ‘Other’ refers to isolated thalamic gliosis. ‘PET-path inter-

val’ refers to years between '®F-AV-1451 scan and autopsy. Demographics of the 32 cognitively normal control subjects were as follows: age, median 70 years, range 45-88 years;
gender, |6 females and |6 males; education, median 16 years, range 12-20 years; MMSE, median 30, range 28-30.

Subject 3 declined to complete the full neuropsychological testing battery.

precentral gyrus (primary motor cortex) and bilateral basal
ganglia (right > left). The focal cortical retention of '*F-AV-
1451 colocalized with focal cortical atrophy (Supplementary
Fig. 1A). Neuropathology confirmed CBD as the diagnosis,
with moderate numbers of tau-positive inclusions in cortical
neurons and scattered ballooned cells on Luxol fast blue/
haematoxylin and eosin (Supplementary Table 1). Many
astrocytic plaques were present, particularly in the motor
cortex, which had the greatest burden of cortical tau path-
ology compared with other cortical regions. Mild-to-moder-
ate numbers of oligodendroglial inclusions (coiled bodies)
were seen within the white matter of the cerebral hemi-
spheres, with the greatest number present in the white mat-
ter underlying the motor cortex. Scattered tufted astrocytes
and moderate numbers of tau-positive threads involving
both grey and white matter were also present. A similar dis-
tribution and morphology of tau inclusions were observed in
the two additional cases of neuropathologically confirmed
CBD (Supplementary Table 1). In all cases, PiB-PET was
negative for amyloid. Although Subject 3 had a subthreshold
PiB DVR (1.147), cortical and basal ganglia '*F-AV-1451
retention was more diffuse than in the other CBD cases
(Supplementary Fig. 2). By the time of autopsy 2 years later,
both CBD and moderate Alzheimer’s disease co-pathology
(A2B2C2, Braak tangle stage III) were present (Braak and
Braak, 1991; Hyman et al., 2012).

In contrast to the focal, clinically meaningful, but relative-
ly low magnitude '®F-AV-1451 retention pattern in isolated

CBD, high magnitude "®F-AV-1451 retention characterized
CBS due to neuropathologically confirmed Alzheimer’s dis-
ease. Figure 1B shows '®*F-AV-1451 PET and MRI in such a
case: a 52-year-old female (Subject 8) who presented with
left upper extremity myoclonus and apraxia, left alien limb
phenomenon, left > right cortical sensory loss, as well as
executive, visuospatial, and language dysfunction. MRI was
notable for diffuse but asymmetric (right > left) cortical at-
rophy. Cortical '®F-AV-1451 retention was markedly ele-
vated in the Alzheimer’s disease range and was widely
distributed asymmetrically across the cortex (right > left).
Neuropathological notable for
Alzheimer’s disease pathological changes, with a heavy bur-
den of neuritic plaques and neurofibrillary tangles (A3B3C3,
Braak tangle stage VI), as well as concomitant Lewy body
disease, corresponding to Braak stage 4. Similar neuroimag-
ing results were observed in the two additional CBS cases
with positive Alzheimer’s disease biomarkers
(Supplementary Fig. 3). Subject 9, the other amyloid-positive
subject to undergo autopsy, was also found to have severe
Alzheimer’s disease pathological changes (A3B3C3, Braak
tangle stage VI) (Supplementary Table 1).

A CBS subject without neuropathological evidence of tau
pathology provided an informative contrast to the patho-
logically proven cases harbouring tau. Figure 1C shows '®F-
AV-1451 PET and MRI acquired in a 59-year-old female
(Subject 11) who presented with left > right rigidity, left-
sided cortical sensory loss, and executive dysfunction. In

evaluation was severe
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Figure | Representative axial and coronal slices of '8F_AV-1451 PET and MRI and associated neuropathological findings in
three cases of CBS. (A) CBS subject (aged 60 years) with left-predominant motor symptoms and neuropathologically confirmed CBD (Subject
2). [A(i)] '®F-AV-1451 retention was most notable in the right precentral gyrus and bilateral basal ganglia. Off-target binding was present in the pi-
tuitary. Neuropathological analyses confirmed CBD. [A(ii)] Rare ballooned cortical neurons were present in frontal cortex. [A(iii)] A moderate
burden of tau-positive coiled bodies (oligodendrocyte cytoplasmic inclusions) was present in underlying white matter. [A(iv)] The burden of cor-
tical tau pathology was greatest in the right precentral gyrus (shown), compared with the parietal, occipital, and temporal lobes.
Immunohistochemistry with anti-tau antibody demonstrated numerous astrocytic plaques (arrow) and intraneuronal inclusions (asterisks). (B)
CBS subject (aged 52 years) with left predominant motor symptoms and neuropathologically confirmed Alzheimer’s disease (AD) (Subject 8).
[B(i)] Widespread but asymmetric cortical '8F-AV-1451 retention was present. Note the modified colour scale, with higher upper value, to cap-
ture the high levels of tracer retention present in this Alzheimer’s disease case. [B(ii)] Immunohistochemistry with anti-amyloid-f3 antibody dem-
onstrated a heavy burden of dense-cored (arrow) and diffuse plaques. Parietal cortex is shown. [B(iii)] Anti-tau antibody in parietal cortex
showed numerous neuritic plaques (arrows) and neurofibrillary tangles (asterisks). (C) CBS subject (aged 59 years) with left predominant motor
symptoms without evidence for tau pathology on neuropathological assessment (Subject | 1). [C(i)] '®F-AV-1451 retention was evident in the bi-
lateral thalami and the bilateral substantia nigra, and to a lesser extent symmetrically in the frontal subcortical and perithalamic white matter and
the basal ganglia. [C(ii)] Neuropathology demonstrated prominent gliosis with neuronal dropout in the thalamus, including in the dorsomedian
nucleus (shown). [C(iii)] Immunohistochemistry with anti-GFAP antibody showed numerous reactive astrocytes in the thalamus. [C(iv)]
Immunohistochemistry with anti-tau antibody in the thalamus (shown) and other regions was negative for abnormal tau accumulation. '8F-AV-
1451 SUVR scales are shown for each subject. GFAP = glial fibrillary acidic protein; LH&E = Luxol fast blue/haematoxylin and eosin.

contrast to the frontal and parietal cortical atrophy present

in this case, cortical '®F-AV-1451 retention was minimal.
Instead, elevated '®F-AV-1451 retention was present in the
bilateral thalami, right > left, and to a lesser degree in the
perithalamic and frontal subcortical white matter and basal

ganglia. In contrast to the CBD case, in this case of CBS
without tau pathology, regional cortical atrophy did not
retention of '®F-AV-1451
(Supplementary Fig. 1C). Off-target binding in the substantia
nigra was observed, as previously reported (Marquie et al.,

colocalize with cortical
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2015; Lowe et al., 2016; Sander et al., 2016; Ono et al.,
2017). On neuropathological assessment, the thalamic reten-
tion of '8F-AV-1451 corresponded with thalamic gliosis
(Supplementary Table 1). Immunohistochemistry was nega-
tive for tau, as well as for amyloid, TDP-43, and a-synu-
clein. Immunohistochemistry for ubiquitin was negative for
neuronal inclusions within the thalamus, frontal cortex, tem-
poral cortex, and parietal cortex. Additional assessments,
including analysis of tissue at the National Prion Disease
Pathology Surveillance Center, were negative for prion path-
ology. Antemortem genetic testing was also negative for
alterations in C90rf72, GRN, and MAPT. The pattern of
18F_AV-1451 retention in this tau-negative case—with high
thalamic retention and symmetric and modest basal ganglia
and frontal subcortical white matter retention, and with dis-
cordant focal cortical atrophy and '®F-AV-1451 cortical re-
tention—contrasts with both the pattern of asymmetric focal
cortical grey matter and basal ganglia retention seen in the
CBD and AN-CBS cases, and with the pattern of elevated
and diffuse cortical retention seen in the cases with positive
Alzheimer’s disease biomarkers.

Correlation of tau-PET imaging
with clinical features

Consistent with the asymmetric clinical features of both the
neuropathologically proven CBD cases and the AN-CBS
participants (Subjects 1-7) more broadly, '®F-AV-1451 re-
tention was asymmetric in both basal ganglia and cortical
motor regions (Fig. 1A). To quantify the extent of the asym-
metry, we used mixed-between and within-subject factorial
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ANOVAs for "®F-AV-1451 retention in AN-CBS and nor-
mal control subjects (see ‘Materials and methods’ section).
These analyses identified a significant interaction between re-
gion of interest and diagnostic group (each P < 0.0001),
with greater asymmetry overall in AN-CBS (main effect of
diagnosis, P < 0.0001). Post hoc tests showed that in the
precentral gyrus, superior parietal gyrus, thalamus, and pal-
lidum, the extent of the asymmetry of 'F-AV-1451 reten-
tion was significantly greater in AN-CBS than in normal
control subjects (for each region of interest, Tukey-adjusted
P < 0.05), whereas the difference was not significant or only
marginally so in the other regions of interest.

To confirm that the retention pattern of '®F-AV-1451 in
these amyloid-negative putative CBD cases was clinically
meaningful and reflected asymmetric motor features, we
used mixed effects general linear models (see ‘Materials and
methods’ section). In these analyses, a main effect of higher
18E_AV-1451 retention in AN-CBS subjects’ more clinically
affected side than in the less affected side was identified [on
average, 0.173 SUVR units higher in the more affected side,
95% confidence interval (CI) = 0.11-0.24, P < 0.0001]
(Fig. 2A). The difference in tracer retention between the
more and less affected hemispheres was uniform across
regions of interest (non-significant interaction between the
side affected x region of interest). Regional '®F-AV-1451 re-
tention was also higher in AN-CBS subjects than in normal
control subjects (for each side, P < 0.0011). However, there
was a significant interaction of the effect of diagnostic group
with region of interest (P < 0.0001) that post hoc tests
showed was due to the effect of diagnostic group being espe-
cially pronounced in the precentral gyrus (P=0.011) and

A Subject 1
Subject 2 Va
+ Subject 3 £ N
# Subject 4
+ Subject 5
O Subject 6
® Subject 7
Normal control

Normal AN-CBS less  AN-CBS more SupFron SupPar PreCen PostCen Caud Put Pall Thal

controls affected affected

Figure 2 '®F-AV-1451 retention in AN-CBS and normal control subjects. (A) '®F-AV-145] retention across pooled regions of interest
from model-predicted means are shown for the less affected side of AN-CBS, the more affected side of AN-CBS, and normal control subjects.
Box and whisker plots (median, interquartile range, minimum, maximum, and outliers) are shown. **P < 0.0005, *P < 0.005. (B) '®F-AV-1451
model-predicted means are shown for each region of interest for the less affected side of AN-CBS (dashed lines), the more affected side AN-
CBS (solid lines), and normal control subjects (dotted lines). AN-CBS = amyloid negative cases of corticobasal syndrome (Subjects 1-7). Caud =
caudate; Pall = pallidum; PostCen = postcentral; PreCen = precentral; Put = putamen; SupFron = superior frontal; SupPar = superior parietal;

Thal = thalamus.
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AN-CBS more affected side
# AN-CBS less affected side
1.6 ¢ Normal control

1.4

[18F]AV-1451 retention

12

1.04

Cortical Subcortical

Figure 3 '8F-AV-145] retention in cortical and subcortical
regions. Model-predicted means of '8F-AV-1451 retention (SUVR)
in cortical versus subcortical regions of interest. Note the higher
retention in AN-CBS subjects’ more affected side compared to
their less affected side (P < 0.0001), the higher subcortical and cor-
tical '8F-AV-1451 retention in AN-CBS than in normal control sub-
jects (subcortical, P =0.0003; cortical, P = 0.047), and the steeper
slope for AN-CBS subjects than for normal control subjects,
reflecting a more pronounced difference between cortical and sub-
cortical retention in AN-CBS subjects than in control subjects.
Error bars reflect standard error of the model. AN-CBS = amyloid
negative cases of corticobasal syndrome (Subjects 1-7).

the pallidum (P < 0.0001) (Fig. 2B). Together, these obser-
vations show that the pattern of '®F-AV-1451 retention in
AN-CBS subjects is consistent with the clinical asymmetry of
disease.

To compare '®F-AV-1451 retention in subcortical versus
cortical regions, we used an analogous mixed effects model
(see ‘Materials and methods’ section). In addition to the sig-
nificant main effect of affected side, with higher retention in
AN-CBS subjects’ more affected side compared to their less
affected side (P < 0.0001, same effect sizes as above), both
subcortical and cortical '®F-AV-1451 retention was greater
in AN-CBS than in normal control subjects (subcortical,
P =0.0003; cortical, P =0.047). There was also an inter-
action between diagnosis and subcortical/cortical region
(P = 0.014), reflecting a finding in which there was greater re-
tention in subcortical regions than in cortical regions in both
AN-CBS and normal control subjects, but this difference was
more pronounced for the AN-CBS subjects (as evidenced by
the steeper slope for AN-CBS subjects than for normal con-
trol subjects in Fig. 3; P < 0.0001 for both AN-CBS and nor-
mal controls). These findings show that despite higher '*F-
AV-1451 retention in subcortical than cortical regions in nor-
mal control, '®F-AV-1451 retention in AN-CBS was higher
still, consistent with the underlying disease process.
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Non-partial volume corrected results

To confirm that the use of PVC did not underlie these
results, we applied the same analyses evaluating asymmetry
of 'F-AV-1451 retention and the relationship between
asymmetry of '8F-AV-1451 retention and asymmetry of
motor function to non-PVC data. Results were broadly simi-
lar to those found with the PVC data. The ANOVAs for
non-PVC '®F-AV-1451 retention in AN-CBS and normal
control subjects again identified a significant interaction be-
tween region of interest and diagnostic group (P = 0.0008).
In contrast to the PVC results above, however, the inter-
action was strongly disordinal, i.e. it reflected variation in
both the magnitude and the direction of the differences be-
tween AN-CBS and normal controls, and as a result there
was no overall main effect of diagnosis. The asymmetry of
'8F_.AV-1451 retention was greater in AN-CBS than in nor-
mal control subjects in the precentral gyrus (Tukey-adjusted
P =0.008) and the superior parietal gyrus (Tukey-adjusted
P =0.036). Diagnostic group differences were not significant
in the other regions of interest.

In mixed effects general linear models to evaluate the rela-
tionship between the retention pattern of F-AV-1451 and
asymmetric motor features, there was again a significant
main effect of higher '*F-AV-1451 retention in AN-CBS sub-
jects’ more affected side than in the less affected side
(P =0.0049). Retention was also significantly higher in AN-
CBS subjects compared to normal control subjects (for each
side, P < 0.045). There was again a significant interaction of
the effect of diagnostic group with region of interest
(P < 0.0001) that post hoc tests in this case showed as being
especially pronounced in the pallidum (P < 0.0001) and pu-
tamen (P = 0.045). There was also an interaction between
diagnosis and subcortical/cortical region (P = 0.0001), again
reflecting a finding in which there was greater retention in
AN-CBS in subcortical regions than in cortical regions.
Together, these results show that the asymmetric retention
of 'F-AV-1451 and its relation to asymmetric motor fea-
tures can be detected without PVC.

Regional atrophy

Consistent with the asymmetric clinical features of both the
neuropathologically proven CBD cases and the AN-CBS
subjects more broadly, asymmetric cortical atrophy was evi-
dent (Fig. 1A), with visually prominent thinning of the pre-
central gyrus in particular. To compare the magnitude of
regional asymmetric atrophy across diagnostic groups, we
used the same mixed-between and within-subject factorial
ANOVA as for the 'F-AV-1451 measures above. These
analyses showed a weakly significant interaction between re-
gion of interest and diagnostic group (P =0.024), with
greater asymmetry in AN-CBS in all regions of interest ex-
cept the caudate (main effect of diagnosis, P < 0.0003). The
asymmetry of atrophy trended towards being significantly
greater in AN-CBS than in normal control subjects in super-
ior parietal cortex (Tukey adjusted P =0.07) and was
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Figure 4 Atrophy in AN-CBS versus normal control subjects. (A) Mean atrophy across pooled regions of interest from model-predicted
means is shown for the less affected side of AN-CBS, the more affected side of AN-CBS, and normal control subjects. Box and whisker plots
(median, interquartile range, minimum, and maximum) are shown. ** P < 0.0005. (B) Model-predicted mean atrophy z-scores are shown for
each region of interest for the less affected side of AN-CBS (dashed lines), the more affected side AN-CBS (solid lines), and normal control sub-
jects (dotted lines). AN-CBS = amyloid negative cases of corticobasal syndrome (Subjects 1-7). Caud = caudate; Pall = pallidum; PostCen =

postcentral; PreCen = precentral; Put = putamen; SupFron = superior frontal; SupPar = superior parietal; Thal = thalamus.

otherwise non-significantly different between the diagnostic
groups across other regions of interest.

To quantify and compare structural changes measured
with MRI in AN-CBS subjects and normal control subjects,
we used a mixed effects model, as above. The mixed effects
model for regional atrophy revealed a significant main effect
for atrophy within and across diagnostic groups. In AN-CBS
subjects, regional volume loss was greater on the more
affected side (on average, the more affected side was 0.719
units lower, 95% CI 0.35-1.08, P =0.0001; Fig. 4A). In
addition, regional volume loss was greater in AN-CBS sub-
jects compared to normal control subjects (on average,
AN-CBS subjects’ less affected sides had volumes 0.887 units
lower than normal control subjects, 95% CI 0.4-1.35,
P =0.0004). The difference in regional atrophy measure-
ments between AN-CBS subjects’ more and less affected
sides was uniform across regions of interest (non-significant
interaction between the side affected x region of interest;
Fig. 4B). Similarly, the difference in regional atrophy meas-
urements between AN-CBS subjects and normal control sub-
jects was uniform across regions of interest (non-significant
interaction between diagnostic group X region of interest).
Thus, in AN-CBS subjects, as with the pattern of '*F-AV-
1451 retention, asymmetric cortical atrophy reflected asym-
metry of clinical features.

Discussion

The results of this study demonstrate moderately elevated,
markedly asymmetric '®F-AV-1451 retention in cortex and
basal ganglia in both neuropathologically-proven CBD and

AN-CBS, in concert with asymmetric cortical and subcortical
atrophy, consistent with the asymmetric clinical features of
CBD. In line with the high affinity of '®F-AV-1451 for the
paired helical filaments composed of 3R/4R tau that are
observed in Alzheimer’s disease, '®F-AV-1451 retention was
substantially higher in subjects with positive Alzheimer’s dis-
ease biomarkers, as shown previously (Marquie et al., 2015;
Johnson et al., 2016; Lowe et al., 2016; Sander et al., 2016).
In these amyloid-positive cases, cortical "®F-AV-1451 reten-
tion was also much more widely distributed than in the
CBD or AN-CBS cases, in a pattern consistent with
Alzheimer’s disease (Johnson et al., 2016). In contrast, in a
CBS case proven to lack tau neuropathological changes that
characterize diseases such as CBD or Alzheimer’s disease,
18F.AV-1451 retention was low and symmetric in cortex
and basal ganglia, and cortical retention was spatially disso-
ciated from regional cortical atrophy. Elevated retention in
the thalamus and less robustly in perithalamic and frontal
subcortical white matter in this tau-negative CBS case con-
firms the lack of specificity of "®F-AV-1451 for 4R tau path-
ology (Marquie et al., 2015; Lowe et al., 2016; Sander et al.,
2016; Makaretz et al., 2018). Although the capacity for '*F-
AV-1451 binding to the admixture of tau filaments present
in CBD remains an open question, these findings suggest
that asymmetric '®F-AV-1451 retention in the cortical grey
and basal ganglia is greater in patients with CBS due to
CBD than in healthy subjects, raising the possibility of its
clinical utility in this context.

The pattern and extent of '*F-AV-1451 PET in CBD are
consistent with reports of "®F-AV-1451 PET in PSP, another
4R-tauopathy, in which a similar degree of modest (but
more symmetric) retention has been observed in specific
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brain regions susceptible to PSP pathological changes
(Schonhaut ef al., 2017; Whitwell, 2018). The heterogeneity
of tau filament structures in CBD, including numerous
straight filaments and less common paired helical filaments
(Tatsumi et al., 2014), may also contribute. Despite this,
18F_.AV-1451 has not demonstrated substantial binding in
CBD or PSP brain tissue (Marquie et al., 2015; Lowe et al.,
2016; Sander et al., 2016). The basis for this disparity
remains unclear. Weak binding of "®F-AV-1451 to the tau
species in CBD that may be displaced or disrupted by tissue
preparation techniques used in histological studies is pos-
sible, as is binding to an as-yet unidentified, non-tau marker
of neurodegeneration that may accompany CBD and other
neurodegenerative pathologies such as monoamine oxidase
A (MAOA) and/or MAOB (Marquie et al., 2015; Lowe
et al., 2016; Passamonti et al., 2017; Vermeiren et al.,
2018), possibly related to gliosis. It is also feasible that re-
gionally increased 'SF-AV-1451 retention could reflect
delayed delivery or prolonged clearance of the tracer, which
may be altered in areas of neurodegeneration; however, the
lack of asymmetrically increased '®F-AV-1451 retention in
the cortex and basal ganglia of the CBS case lacking tauop-
athy provides some evidence against this possibility. Finally,
it is possible that "®F-AV-1451 may bind to small amounts
of PHF tau which, although more characteristic of
Alzheimer’s tau pathology, have been identified in neuronal
inclusions in CBD (Tatsumi et al., 2014). Although the mo-
lecular basis for "®F-AV-1451 retention in CBD remains to
be determined, and its specificity for 4R tau is uncertain, the
moderate retention in neuropathologically affected regions
in both CBD and PSP suggests that '®F-AV-1451 retention
may be biologically meaningful.

In support of the possibility that '®F-AV-1451 retention
carries clinical significance in CBS, the clinically more
affected hemispheres of AN-CBS subjects demonstrated
greater '*F-AV-1451 retention and greater atrophy, consist-
ent with a recent report (Niccolini et al, 2018).
Furthermore, both '®F-AV-1451 retention and atrophy—
and the magnitude of asymmetry of "®F-AV-1451 retention
and atrophy—were greater in AN-CBS subjects compared to
normal control subjects, as shown previously (Cho et al.,
2017; Smith et al., 2017; Niccolini et al., 2018). We also
found greater retention of '|F-AV-1451 in subcortical
regions compared to the cortical regions assessed. Although
off-target '®F-AV-1451 retention in the basal ganglia has
been described in some healthy subjects (Passamonti et al.,
2017), the greater subcortical retention in our cohort of AN-
CBS subjects compared to normal control subjects implicates
a distinct process related to the underlying pathology.
Together, these findings suggest that '®F-AV-1451 retention
in AN-CBS, as in autopsy-proven cases of CBD, reflects the
asymmetric neurodegenerative process associated with the
clinical manifestations that characterize CBS due to CBD.
Our results additionally support the added value of molecu-
lar neuroimaging with '®F-AV-1451 over MRI alone in dis-
tinguishing CBS due to underlying Alzheimer’s disease
pathology from other aetiologies of CBS. Although amyloid-
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PET may also be useful for this purpose, tau-PET bypasses
the risk of incidental amyloid positivity in patients with pri-
mary CBD and may provide a more definitive link to the
aetiology of CBS in Alzheimer’s disease.

Strengths of this study include the evaluation of clinically
well-characterized participants with CBS, as well as neuro-
pathological confirmation in six cases. Despite the limited
sample size, which is typical in studies of uncommon dis-
eases such as CBD, the use of mixed effects models allowed
us to make sensitive contrasts across diagnostic groups,
hemispheres, and regions of interest that were robust to
presence or absence of PVC. A potential limitation of this
study is the relatively long interval between PET acquisition
and autopsy in some subjects, which could in principle have
contributed to mismatch between PET and neuropathologic-
al findings. Another limitation is the lack of subjects with
additional autopsy-proven pathologies that can be seen in
CBS such as FTLD-TDP43 or prion disease. Additional re-
search will be required to examine '®*F-AV-1451 retention in
such cases. Additionally, although radiographic-pathological
correlation was not possible in all subjects, we will continue
to collect autopsy data as they become available. We con-
clude that '8F-AV-1451 retention in CBD captures the pat-
tern of underlying tau burden, even though it appears to
underestimate its magnitude. These findings set the stage for
future quantitative '*F-AV-1451 PET—neuropathological
correlations and larger studies needed to determine whether
18F_AV-1451 will have utility for the antemortem diagnosis
of CBD.
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