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ABSTRACT: Background: Progressive supranuclear
palsy (PSP) is a neurodegenerative disorder character-
ized by neuronal loss in the extrapyramidal system with
pathologic accumulation of tau in neurons and glia. The
most common clinical presentation of PSP, referred to as
Richardson syndrome, is that of atypical parkinsonism
with vertical gaze palsy, axial rigidity, and frequent falls.
Although cognitive deficits in PSP are often ascribed to
subcortical dysfunction, a subset of patients has demen-
tia with behavioral features similar to the behavioral vari-
ant of frontotemporal dementia. In this study we aimed
to identify the clinical and pathological characteristics of
PSP presenting with frontotemporal dementia.

Methods: In this study, we compared clinical and patho-
logic characteristics of 31 patients with PSP with Richardson
syndrome with 15 patients with PSP with frontotemporal
dementia. For pathological analysis, we used semiquanti-
tative methods to assess neuronal and glial lesions with
tau immunohistochemistry, as well image analysis of tau
burden using digital microscopic methods.
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Results: We found greater frontal and temporal
neocortical neuronal tau pathology in PSP with
frontotemporal dementia compared with PSP with
Richardson syndrome. White matter tau pathology
was also greater in PSP with frontotemporal dementia
than PSP with Richardson syndrome. Genetic and
demographic factors were not associated with atypical
distribution of tau pathology in PSP with frontotemporal
dementia.

Conclusions: The results confirm the subset of cognitive-
predominant PSP mimicking frontotemporal dementia in
PSP. PSP with frontotemporal dementia has distinct clini-
cal features that differ from PSP with Richardson syn-
drome, as well as differences in distribution and density of
tau pathology. © 2019 The Authors. Movement Disorders
published by Wiley Periodicals, Inc. on behalf of Interna-
tional Parkinson and Movement Disorder Society.
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Progressive supranuclear palsy (PSP) is a distinctive clini-
copathologic disorder characterized by accumulation of
insoluble microtubule-associated tau protein enriched in
the 4-repeat isoform." Tau pathology is found in vulnera-
ble regions of the neocortex and subcortical structures,
and it takes the form of neurofibrillary tangles and
pretangles in neurons, coiled bodies in oligodendrog-
lia, and tufts in astrocytes (“tufted astrocytes”).' The
most common clinical presentation of PSP is akinetic-rigid
parkinsonism with vertical gaze palsy, axial rigidity, and
frequent falls, referred to as Richardson syndrome (PSP-
RS).% Atypical presentations of PSP are increasingly recog-
nized, including parkinsonism (PSP-P), pure akinesia with
gait failure (PSP-PAGF), progressive nonfluent aphasia,
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and corticobasal syndrome (PSP-CBS)." The latter 2 are
associated with disproportionate neocortical involve-
ment. Less frequently, PSP can present with clinical fea-
tures similar to the behavioral variant frontotemporal
dementia (PSP-FTD).>* Although a number of studies
have reported the correlation between the clinical pheno-
type and the distribution and severity of tau pathology in
PSP-RS, PSP-P, PSP-CBS, and PSP-PAGF,>®*® given the
rarity of PSP-FTD, there are few neuropathologic studies;
most of the current literature includes case reports or
small case series. Hassan and coworkers reported
3 patients with PSP-FTD who had initial behavioral
abnormalities, followed years later with motor symptoms
suggestive of PSP.* Respondek and coworkers described
12 patients with clinical features of FTD in a multicenter
study of 100 autopsy-confirmed PSP patients, but did not
include details on the nature or distribution of tau pathol-
ogy.” Because the main clinical phenotype of FTD is
behavioral change, we hypothesized that frontotemporal
pathology would correlate with these symptoms. There-
fore, we selected superior and middle frontal gyri and the
inferior temporal gyrus as regions of interest. In the pre-
sent study, we documented clinicopathological character-
istics of PSP-FID compared with PSP-RS and
systematically assessed tau pathology in neocortical and
subcortical regions, with attention to distribution and den-
sity, as well as its cellular characteristics.

Materials and Methods

Case Materials

Patients with a neuropathological diagnosis of pro-
gressive supranuclear palsy were identified from the
neuropathology files of the Mayo Clinic Jacksonville
brain bank between 1998 and 2017. Brain autopsies
were obtained after consent of the next of kin or some-
one with legal authority to grant permission. Most
brains were submitted as part of the CurePSP Brain
Bank.” The Mayo Clinic institutional review board has
determined that research on postmortem brain samples
is exempt from human subject research under HHS
45 CFR 46.101(b). Of 1229 cases with autopsy-
confirmed PSP in this period, 27 cases (2%) had promi-
nent behavioral disturbance, and 15 cases met criteria
for behavioral variant FTD (bvFTD). In 7 cases, PSP
was never raised in the differential diagnosis, and 4 of
these patients were referred to the brain bank as part of
studies on aging and dementia and had been evaluated
by behavioral neurologists (eg, FLorida Autopsied
Multi-Ethnic cohort'®). Given the retrospective nature
of the study cohort, only cases with high-quality ante-
mortem medical documentation were included. To
increase stringency, all cases with PSP-FTD had a pri-
mary diagnosis or differential diagnosis of bvFTD made
by at least 2 neurologists. For comparison of

clinicopathological features, cases with PSP-RS were
selected based on quality and completeness of medical
records; 31 cases met inclusions criteria, which also
included matching for age, sex, and comorbid
Alzheimer’s-type pathology with PSP-FTD (Table 1).
Clinical information (age at death, sex, symptoms at pre-
sentation, symptoms during the course of the illness,
clinical diagnosis, disease duration, and family history)
was obtained from available medical records.

Clinical Assessment of PSP-FTD and PSP-RS

PSP-FTD cases had clinical features of FTD described
by Neary'! and were included if they had features consis-
tent with the behavioral variant of FID (bvFID).'? Other
frontotemporal syndromes such as progressive nonfluent
aphasia, semantic dementia, or progressive asymmetrical
rigidity and apraxia (ie, corticobasal syndrome) were
excluded. The behavioral features recorded on each case
were classified as: A, disinhibition; B, apathy; C, loss of
sympathy or empathy; D, preservative, stereotyped, or
compulsive/ritualistic behavior; and E, hyperorality and
dietary changes. For clinical diagnosis of Richardson syn-
drome, we used criteria originally reported by Williams
and coworkers, which are similar to recently published
Movement Disorder Society criteria.>'?

TABLE 1. Demographics and neuropathology of PSP-FTD

and PSP-RS
PSP-FTD PSP-RS
(n=15) (n=231)
Demographics
Female 3 (20%) 10 (32%)
Age at death 73 (69, 75) 75 (72, 78)
Disease duration 9 (6, 10) 76,9
Genetics
MAPT (H1H1) 50% 73%
APOE (¢4 carrier) 33% 18%
Pathology
Brain weight 1140 (1100, 1240) 1140 (1095, 1200)
Braak NFT stage 11 (I-11, 11y (-1 (1-11, 11y
Thal amyloid phase 010, 3) 10,2

Neurofibrillary tangle counts (X400), with thioflavin-S fluorescent
microscopy

Middle frontal gyrus 0(0,0) 0(0,0)
Superior temporal gyrus 0(0,0) 0(0, 0)
Inferior parietal lobule 0(0,0 0(0, 0)
Hippocampus — CA4 0(0,1) 0(,1)
Hippocampus — CA2/3 0(0, 1) 1(0, 2)
Hippocampus — CA1 1(0,2 10,2
Hippocampus — subiculum 1(0, 2.5) 1(0,2

Neuronal loss (score with hematoxylin and eosin histochemistry)
Substantia nigra 32,3 2 (
Locus coeruleus 3(2.5,3) 3

Analyses used Kruskal-Wallis analysis of variance on ranks, and data are dis-
played as median (25th percentile, 75th percentile) or percent of patients with
the specific feature, unless otherwise noted. Genetic comparisons with Fisher's
exact test. None of the variables differed significantly between the 2 groups.
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Genetic Analyses

Genotyping was performed with a TagMan allelic Dis-
crimination Assay on an ABI 7900HT Fast Real-Time
PCR system (Applied Biosystems). One single-nucleotide
polymorphism (SNP; rs1052553) was used to determine
the MAPT haplotype, and 2 SNPs (rs7412 and
rs429358) were used to determine the APOE genotype.

Microscopic Pathology

All cases had standardized dissections, sampling, and
tissue processing, and they were all evaluated by a single
neuropathologist (D.W.D.). Formalin-fixed, paraffin-
embedded tissue samples were cut at a 5-pum thickness
and mounted on glass slides for study. In addition to
histologic evaluation, the presence and severity of
Alzheimer’s pathology was assessed with thioflavin-S
fluorescent microscopy. A Braak neurofibrillary tangle
stage'* and Thal amyloid phase'® were assigned to each
case based on lesion counts in cortical and subcortical
areas with thioflavin-S fluorescent microscopy as previ-
ously described.'®

Immunohistochemistry

Immunohistochemistry was performed on 5-pm-thick
sections of formalin-fixed, paraffin embedded tissue.
Glass-mounted sections were deparaffinized in xylene
and rehydrated in ethanol and distilled water. Immuno-
histochemistry for tau used an antibody to phospho-
serine 202 (CP13; mouse monoclonal; from Peter
Davies, PhD, Feinstein Institute, North Shore Hospital,
Manhasset, NY) and for TDP-43, a rabbit polyclonal
antibody to a mid-region neoepitope (MC2085; from
Leonard Petrucelli, PhD, Mayo Clinic Jacksonville,
Jacksonville, FL). The following regions were evaluated
with digital pathology: superior frontal gyrus, middle
frontal gyrus, inferior temporal gyrus, and motor cor-
tex. Immunohistochemical preparations were processed
on a DAKO AutostainerPlus (Agilent/DAKO, Santa
Clara, CA) with a DAKO EnVision+ system—HRP with
3,3’-diaminobenzidine (DAB) as the chromogen. Non-
specific antibody binding was blocked with normal goat
serum (Sigma, St. Louis, MO).

Image Analysis

Digital microscopy methods have been previously
described. Briefly, immunostained sections were scanned
on an Aperio ScanScope XT slide scanner (Aperio Tech-
nologies, Vista, CA), producing a high-resolution digital
image. Digital image analysis was performed using
Aperio ImageScope software. Several regions of interest
were outlined from each image. A color deconvolution
algorithm was used to count the number of pixels that
were immunostained by the DAB chromogen in the
manually outlined regions. The color channels for the
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color deconvolution algorithm were based on the DAB
chromogen. Based on the chromogen staining density of
the digital slide image, the algorithm assigns each pixel
an intensity range, binned into strong staining (red),
moderate staining (orange), weak staining (yellow), or
no staining (blue). The signal for tau was considered
positive if the pixel was red, orange, or yellow. Areas
with no staining (white) and those below threshold (blue)
were considered negative. The output variable was per-
centage of positive pixels relative to the total area of the
region of interest.

Statistical Analysis

Sigma Plot version 12 (Systat Software, San Jose, CA)
was used for statistical analyses. Because of the small
sample sizes, nonparametric Kruskal-Wallis analysis of
variance on ranks was performed on quantitative mea-
sures to assess differences in the median values. Post hoc
pairwise comparisons were performed between each of
the groups using the Mann-Whitney rank sum test. For
categorical data (eg, sex, APOE and MAPT genotypes,
and clinical symptoms), a chi-square test was used to
compare group differences. Fisher’s exact test was used
for comparison of pairwise categorical data if the counts
were less than 5. Correlative analysis was performed
using Spearman rank order correlation. Kruskal-Wallis
rank sum tests were used for ordered categorical or con-
tinuous variables in pathogenic analyses. A statistically
significant difference was considered for a 2-sided
P <0.05. For comparison of tau pathology between
PSP-FTD and PSP-RS, Mann-Whitney rank sum tests
were performed, and P < 0.0083 using a Bonferroni cor-
rection was considered significant.

Results

Demographics, Pathology, and Genetics

The 15 autopsy-proven PSP cases with antemortem
clinical diagnosis of bvFTD were compared with
31 cases of PSP with Richardson syndrome. By design,
PSP-FTD did not differ from PSP-RS with respect to
sex, age at death, disease duration, brain weight, Braak
neurofibrillary tangle stage, or Thal amyloid phase.
They were also similar in neurofibrillary tangle counts
with thioflavin-S fluorescent microscopy and the sever-
ity of neuronal loss assessed semiquantitatively in a
ventrolateral cell group of the substantia nigra'” and in
the locus coeruleus (Table 1). There were no differences
in frequency of MAPT H1H1 or APOE €4 between
PSP-FTD and PSP-RS.

Clinical Comparison of PSP-FTD and PSP-RS

Clinical features of PSP-FTD and PSP-RS at presenta-
tion and later in the disease course are summarized in
Table 2. At initial presentation, only 1 patient with
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TABLE 2. Comparison of clinical features of PSP-FTD and

PSP-RS
PSP-FTD  PSP-RS
(n=15) (n=31) P
Initial presentation
Motor dysfunction

Parkinsonism 0 (0%) 4 (13%)
Gait disorder and falls 1(6%) 29 (94%) <0.001
Vertical gaze palsy 0 (0%) 2 (6%)
Limb dysfunction 0 (0%) 2 (6%)

Cognitive impairment
Personality or behavioral changes 10 (67%) 2 (6%) <0.001
Language disorder 4 (27%) 1 (3%) 0.02
Memory problems 4 (24%) 2 (6%)
Features during disease course
Motor dysfunction

Parkinsonism 2 (12%) 31 (100%) <0.001
Gait disorder and falls 8(53%) 31(100%) <0.001
Dystonia 0 1 (3%)

Vertical gaze palsy 5(33%) 31(100%) <0.001

Cognitive impairment

Disinhibition 10 (67%) 3 (9%) <0.001
Apathy or abulia 6 (40%) 5 (15%)

Memory problems 3 (20%) 6 (18%)

Language disorder 7 (41%) 3 (10%) 0.008
Limb apraxia 1 (7%) 2 (6%)

Visuospatial disorder 2 (14%) 5 (16%)

Data are displayed as frequency of a given clinical feature (percent of total in
that group). Post hoc pairwise comparison analysis was performed with
Mann-Whitney rank sum test. Only statistically significant P values are shown.

PSP-FTD had unexplained falls (6%), whereas 94% of
PSP-RS patients had early unexplained falls or signifi-
cant gait disturbance (P < 0.001). There was no differ-
ence in frequency of vertical gaze palsy or limb
dysfunction. All PSP-FTD patients had initial cognitive
or behavioral problems, including personality changes
(P < 0.001), a language disorder (P = 0.02), or memory
complaints. These features were very uncommon as an
initial complaint in PSP-RS. Disinhibition was signifi-
cantly more frequent in PSP-FTD compared with PSP-
RS (P < 0.001), and a language disorder was also more
frequent in PSP-FTD (P = 0.008). In contrast, motor
problems were universal in PSP-RS patients at presenta-
tion. Parkinsonism, gait disorder, falls, and vertical
gaze palsy were significantly more frequent during the
disease course in PSP-RS compared with PSP-FID.
Although all PSP-FTD cases were considered to have
FTD, more than half of the PSP-FTD patients also had
mild motor problems, such as falls, gait problems, or
parkinsonism (Table 2).

Pathological Findings

Disproportionate atrophy was observed in the frontal
lobe was noted. Pigment loss in the substantia nigra was
not obvious, and the superior cerebellar peduncle had
no significant atrophy in PSP-FTD (Fig. 1A-C). Tau
pathology was assessed in PSP-FTD and PSP-RS with

phospho-tau immunohistochemistry (Fig. 1D-G). Digital
microscopy image analysis was used to quantify the den-
sity of phospho-tau pathology (Fig. 2). In the superior
frontal gyrus, PSP-FTD patientshad significantly greater
phospho-tau burden compared with PSP-RS (P = 0.008).
PSP-FTD patients also had greater tau pathology in the
white matter of the superior frontal gyrus (P = 0.08),
middle frontal gyrus (P = 0.07), and inferior temporal
gyrus, reaching statistical significance in the inferior tem-
poral gyrus (P = 0.001); see Table 3. These results sug-
gest that tau density and distribution might be associated
with behavioral features in PSP-FTD.

We also evaluated the nature of tau pathologies,
focusing on neuronal pathology (neurofibrillary tangles
[NFTs] and pretangles), neuropil threads, and glial
lesions (tufted astrocytes and oligodendroglial coiled
bodies). Neuronal tau pathology was significantly
greater in the superior frontal gyrus and inferior tempo-
ral gyrus of PSP-FTD compared with PSP-RS (Table 3).
Neuropil threads were abundant in both PSP-FTD and
PSP-RS, with significantly more threads in the superior
frontal gyrus and motor cortex in PSP-FTD compared
with PSP-RS (Table 3). Tufted astrocytes did not differ
between PSP-FTD and PSP-RS (not shown). Oligoden-
droglial coiled bodies were more numerous in the supe-
rior frontal gyrus and middle frontal gyrus of PSP-FTD
compared with PSP-RS (Table 3). These results suggest
that greater neuronal and glial tau pathology in both
gray matter and white matter of the frontal and tempo-
ral lobes is associated with PSP-FTD.

Discussion

PSP-RS is a distinctive disorder with high diagnostic
accuracy confirmed by postmortem neuropathologic
studies.” Early clinical manifestations of PSP-RS are
related to motor problems, with frequent falls and verti-
cal gaze palsy'®; however, many patients also develop
cognitive dysfunction that has characteristics of a sub-
cortical dementia, characterized by cognitive dysfunc-
tion, bradyphrenia, slow responses, and poor recall.’”
A subset of PSP patients has more marked cognitive
deficits and features that mimic bvFTD.?%*' In this
study, we aimed to better understand clinical and path-
ologic features of PSP-FTD. In the Mayo Clinic brain
bank for neurodegenerative disorders, we identified
15 patients with pathologically confirmed PSP and
antemortem clinical features of bvFTD (PSP-FTD).
Only 1 patient had early unexplained falls typical of
PSP-RS, whereas the remaining patients had cognitive
and behavioral features that overshadowed motor fea-
tures. Most of the PSP-FTD patients developed motor
dysfunction during the disease course, but 4 patients
never had significant motor problems. These 4 patients
were thought to have bvFTD as the final diagnosis
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FIG. 1. Macroscopic and phospho-tau immunohistochemistry in PSP-FTD. Cerebral atrophy is marked in frontal cortex (A). Pigmentation of substantia
nigra is preserved (B).The superior cerebellar peduncle has no atrophy (C). Representative phospho-tau immunohistochemistry of superior frontal cor-
tex in PSP. Phospho-tau pathology is present in both gray matter and white matter in PSP-FTD and PSP-RS. In gray matter, NFTs (D), threads (E), and
tufted astrocytes (F) are illustrated, whereas coiled bodies are seen in the white matter (G). Scale bar: 20 pm

before death. All PSP-FTD patients had features consis-
tent with bvFTD. The most common behavioral prob-
lem was that of disinhibition. Abulic or apathetic
features are common in subcortical dementia,'® but like
our series, Gerstenecker and coworkers also reported
that only 8% of a series of 154 clinically diagnosed PSP
patients had moderate to severe apathy, whereas disin-
hibition was present in 21%.%*

Clinical features are known to overlap and to evolve
with disease progression in individuals with frontotemporal
degenerative disorders.”®> In a series of 60 autopsy-
confirmed cases of frontotemporal degeneration studied
by Kertesz and coworkers, more than half (n = 32) pres-
ented with bvFTD. In none of the cases was PSP found
at autopsy. The most common tauopathies associated
with bvFTD were corticobasal degeneration and Pick’s
disease.”®> Review of the literature would also suggest
that bvFTD is an uncommon presentation of PSP. In a

study of 66 autopsy-confirmed cases of PSP by Hassan
and coworkers, only 3 cases of 66 PSP patients (4%)
presented with behavioral and personality changes consis-
tent with bvFTD.* A retrospective multicenter European
study of autopsy-confirmed (“definite”) PSP showed the
frequency of FTD-like features in 12 of 100 cases.’ In
that series, 7 patients had both progressive nonfluent
aphasia and bvFTD, whereas 4 had only bvFID. Bigio
and coworkers studied tau pathology in the frontal neo-
cortex (both gray matter and white matter) of a series of
typical PSP patients and PSP patients with dementia. The
dementia characteristics were not specifically those of
bvFTD, but rather Alzheimer’s-type dementia with or
without parkinsonism, hydrocephalus, Binswanger’s dis-
ease, or corticobasal syndrome. Like the current study,
they found increased cortical tau pathology in PSP with
dementia compared with PSP without dementia.** In
that series, most patients presented with attention and
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FIG. 2. Image analysis of phospho-tau in PSP-FTD and PSP-RS. Representative images of phospho-tau immunohistochemistry in superior frontal cortex
of PSP. Phospho-tau pathology is present in both gray matter and white matter in PSP-FTD (A), but much less in PSP-RS (B). Tufted astrocytes are more
frequent in PSP-FTD than PSP-RS (arrow). Dashed line indicates junction between gray matter and white matter. Scale bar: 200 um. Digital image analysis
of phospho-tau immunohistochemistry in the superior frontal cortex of PSP-FTD (C) and PSP-RS (D). Higher magpnification image of PSP-FTD (E, G) and
higher magnification image of digital analysis of PSP-FTD (F, H). Application of the image analysis color deconvolution algorithm shows strong positive
pixels as red. A positive pixel count algorithm was customized to quantify immunoreactive pixels (red), subtracting inverse pixels (blue), and background
pixels (yellow). The analysis does not discriminate between NFTs, neuropil threads, coiled bodies, and tufted astrocytes. Dashed line indicates junction of
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gray matter and white matter. Scale bar: 150 pm (A-D). Scale bar: 30 um (E-H).

memory deficits, with fewer showing language problems;

only 2 patients had early behavioral problems.** cal criteria for bvFTD.

Although these previous studies had investigated the
neuropathology of PSP with dementia, the current study
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Movement Disorders, Vol. 34, No. 11, 2019

is the first to focus exclusively on patients meeting clini-

A more significant body of literature has characterized
neuroimaging features of PSP presenting with frontal
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TABLE 3. Summary of neuropathological comparison
between PSP-FTD and PSP-RS

PSP-FTD PSP-RS
(n=15) (n=31) P

Tau pathology (lesion scores)
Neuronal tangles and pretangles

Superior frontal gyrus 2.0(2.0,3.00 2.0(1.0,2.00 0.001
Middle frontal gyrus 2.0(1.0,2.00 2.0(1.0,2.3)
Inferior temporal gyrus 1.0(1.0,2.00 1.0(0.0,1.00 0.008

Neuropil threads
Superior frontal gyrus
Middle frontal gyrus
Inferior temporal gyrus

Oligodendroglial coiled bodies
Superior frontal gyrus
Middle frontal gyrus
Inferior temporal gyrus

Tau burden (image analysis)

Cortical gray matter
Superior frontal gyrus
Middle frontal gyrus
Inferior temporal gyrus

Subcortical white mater
Superior frontal gyrus
Middle frontal gyrus
Inferior temporal gyrus

20(1.0,200 1.0(00,1.3) 0.04
1.0 (1.0,2.0) 1.0 (0.0, 2.0)
0.0 (0.0,2.0) 0.0 (0.0, 0.0)

20(1.0,200 1.0(1.0,200 0.04
2.0(20,3.00 20(1.0,23) 0.03
0.0 (0.0, 1.0) 0.0 (0.0, 1.0)

0.6 (0.3,1.2) 0.3(0.15,0.49) 0.008
0.3(0.2,0.4) 0.2(0.08, 0.49)
0.1(0.1,0.4) 0.1(0.0,0.2)

0.4 (02,08 0.2(0.1,0.4)
02 (0.1,0.4) 0.1(0.08, 0.3)
0.1(0.1,0.3) 0.04(0.0,0.1)  0.001

All variables were analyzed with Kruskal-Wallis analysis of variance on ranks,
and data are displayed as median (25th percentile, 75th percentile), unless
otherwise noted. Post hoc pairwise comparison analysis was performed with
Mann-Whitney rank sum test. Only statistically significant P values are
shown. Corpus callosum thickness measures are in centimeters.

executive and behavioral dysfunction.>**” Cordato and
coworkers correlated behavioral changes in PSP with
atrophy in the orbitofrontal cortex and the midbrain.®
Using voxel-based morphometry, Josephs and coworkers
reported that behavioral changes in PSP correlated with
frontostriatal volume loss.>> Chiu and coworkers, com-
paring 21 patients with PSP-RS with 11 patients with
PSP-FTD, reported that frontobehavioral features in PSP
were associated with hypoperfusion in the posterior part
of the cingulate gyrus and that hypoperfusion correlated
with the severity of executive dysfunction.”® The neuro-
pathologic basis for these neuroimaging observations
was not reported. In the present study, we found that
PSP-FTD had significantly greater total tau burden in the
superior frontal gyrus in both cortical gray matter and
subcortical white matter, as well as greater white matter
tau pathology in middle frontal and inferior temporal
gyri. The lesion types most likely to account for this
increased burden were pretangles and neuropil threads,
but oligodendroglial coiled bodies were also increased in
PSP-FTD compared with PSP-RS. Our results provide
evidence that not only total tau burden, but also neuro-
nal and oligodendroglial tau pathology is associated with
bvFTD presentation of PSP.

Regarding white matter pathology in PSP and specifi-
cally in PSP-FTD, genome-wide association studies of
PSP and CBD identified a variant near MOBP, a myelin
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oligodendrocyte protein.>”>° It is of note that neuroimag-
ing studies have suggested that white-matter abnormali-
ties may correlate with apathy and impulsivity in PSP.?!
Caso and coworkers reported that white-matter damage
showed significant correlation with cognitive features in
PSP-RS, but regional cortical thinning did not.** In this
study, we observed significantly greater density of tau
pathology in both gray and white matter of PSP-FTD.

The present study has strengths and limitations. Neu-
ropathologic characterization is a strength, in that all
cases were referred to a single brain bank, and neuro-
pathologic procedures were standardized. The analyses
included both semiquantitative lesion burden scores
and tau burden using digital pathology and image anal-
ysis in regions of interest. A weakness is that the PSP
cases were a sample of convenience and were not neces-
sarily representative of a population-based cohort.
Patients with atypical clinical presentations may dispro-
portionately come to autopsy,®> which might imply that
the bvFTD subtype of PSP may be even less frequent
than that observed (ie, less than 2%). Another weak-
ness is that medical documentation was variable and
not standardized; however, only cases with high-quality
medical documentation and confirmation of the diagno-
sis by 2 neurologists were included in the final analyses.

In conclusion, we found that PSP-FTD represents an
uncommon clinical subtype of PSP, with disinhibition
more frequent than apathy/abulia. PSP-FTD differs
from PSP-RS by greater tau pathology in the gray and
white matter of the superior frontal gyrus, middle fron-
tal gyrus, and inferior temporal gyrus. PSP-FTD does
not differ from PSP-RS with respect to common genetic
risk factors (eg, APOE and MAPT). Further studies are
warranted to understand the factors that contribute to
this unusual presentation of PSP. @

Acknowledgments: We thank the patients and their families who
donated brains to help further our knowledge of PSP. We are grateful to
Linda Rousseau, Ariston L. Librero, and Virginia Phillips for histological
support, and to Monica Castanedes-Casey for immunohistochemistry sup-
port, and to brain bank study coordinators. The CurePSP brain bank is
supported by the Tau Consortium. Additional support is from National
Institutes of Health grants: UG3 NS104095, R01 DC014942, Us54
NS100693, U19 AG63911, and P30 AG062677.

References

1. Dickson DW, Ahmed Z, Algom AA, Tsuboi Y, Josephs KA. Neuro-
pathology of variants of progressive supranuclear palsy. Curr Opin
Neurol 2010523 (4):394-400.

2. Williams DR, de Silva R, Paviour DC, et al. Characteristics of two
distinct clinical phenotypes in pathologically proven progressive
supranuclear palsy: Richardson’s syndrome and PSP-parkinsonism.

Brain 2005;128(Pt 6):1247-1258.

3. Dickson DW, Kouri N, Murray ME, Josephs KA. Neuropathology
of frontotemporal lobar degeneration-tau (FTLD-tau). ] Mol Neu-
rosci 2011;45(3):384-389.

4. Hassan A, Parisi JE, Josephs KA. Autopsy-proven progressive supra-
nuclear palsy presenting as behavioral variant frontotemporal
dementia. Neurocase 2012;18(6):478—488.

Movement Disorders, Vol. 34, No. 11, 2019 1661



SAKAE

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

AL J

Respondek G, Stamelou M, Kurz C, et al. The phenotypic spectrum
of progressive supranuclear palsy: a retrospective multicenter study

of 100 definite cases. Mov Disord 2014;29(14):1758-1766.
Williams DR, Holton JL, Strand K, Revesz T, Lees AJ. Pure akinesia
with gait freezing: a third clinical phenotype of progressive supra-
nuclear palsy. Mov Disord 2007;22(15):2235-2241.

Tsuboi Y, Josephs KA, Boeve BF, et al. Increased tau burden in the
cortices of progressive supranuclear palsy presenting with cor-
ticobasal syndrome. Mov Disord 2005;20(8):982-988.

Yoshida M. Astrocytic inclusions in progressive supranuclear palsy
and corticobasal degeneration. Neuropathology 2014;34(6):555-570.

ET

Josephs KA, Dickson DW. Diagnostic accuracy of progressive supra-
nuclear palsy in the Society for Progressive Supranuclear Palsy brain
bank. Mov Disord 2003;18(9):1018-1026.

Santos OA, Pedraza O, Lucas JA, et al. Ethnoracial differences in
Alzheimer’s disease from the FLorida Autopsied Multi-Ethnic
(FLAME) cohort. Alzheimers Dement 2019;15(5):635-643.

Neary D, Snowden JS, Gustafson L, et al. Frontotemporal lobar
degeneration: a consensus on clinical diagnostic criteria. Neurology
1998;51(6):1546-1554.

Rascovsky K, Hodges JR, Knopman D, et al. Sensitivity of revised
diagnostic criteria for the behavioural variant of frontotemporal
dementia. Brain 2011;134(Pt 9):2456-2477.

Hoglinger GU, Respondek G, Stamelou M, et al. Clinical diagnosis
of progressive supranuclear palsy: The movement disorder society
criteria. Mov Disord 2017;32(6):853-864.

Braak H, Braak E. Neuropathological stageing of Alzheimer-related
changes. Acta Neuropathol 1991;82(4):239-259.

Thal DR, Rub U, Orantes M, Braak H. Phases of A beta-deposition
in the human brain and its relevance for the development of AD.
Neurology 2002;58(12):1791-1800.

Murray ME, Lowe V], Graff-Radford NR, et al. Clinicopathologic
and 11C-Pittsburgh compound B implications of Thal amyloid
phase across the Alzheimer’s disease spectrum. Brain 2015;138(Pt
5):1370-1381.

Kasanuki K, Heckman MG, Diehl NN, et al. Regional analysis and
genetic association of nigrostriatal degeneration in Lewy body dis-
ease. Mov Disord 2017;32(11):1584-1593.

Donker Kaat L, Boon AJ, Kamphorst W, Ravid R, Duivenvoorden HJ,
van Swieten JC. Frontal presentation in progressive supranuclear palsy.
Neurology 2007;69(8):723-729.

Cummings JL, Benson DF. Subcortical dementia. Review of an
emerging concept. Arch Neurol 1984;41(8):874-879.

Respondek G, Roeber S, Kretzschmar H, et al. Accuracy of the
National Institute for Neurological Disorders and Stroke/Society for

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Progressive Supranuclear Palsy and neuroprotection and natural his-
tory in Parkinson plus syndromes criteria for the diagnosis of pro-
gressive supranuclear palsy. Mov Disord 2013;28(4):504-509.

Ghosh BC, Calder AJ, Peers PV, et al. Social cognitive deficits and
their neural correlates in progressive supranuclear palsy. Brain
2012;135(Pt 7):2089-2102.

Gerstenecker A, Duff K, Mast B, Litvan I, Group E-PS. Behavioral
abnormalities in progressive supranuclear palsy. Psychiatry Res

2013;210(3):1205-1210.

Kertesz A, McMonagle P, Blair M, Davidson W, Munoz DG. The
evolution and pathology of frontotemporal dementia. Brain 2005;
128(Pt 9):1996-2005.

Bigio EH, Brown DF, White CL 3rd. Progressive supranuclear palsy
with dementia: cortical pathology. ] Neuropathol Exp Neurol 1999;
58(4):359-364.

Josephs KA, Whitwell JL, Eggers SD, Senjem ML, Jack CR Jr. Gray
matter correlates of behavioral severity in progressive supranuclear
palsy. Mov Disord 2011;26(3):493-498.

Cordato NJ, Duggins AJ, Halliday GM, Morris ]G, Pantelis C. Clin-
ical deficits correlate with regional cerebral atrophy in progressive
supranuclear palsy. Brain 2005;128(Pt 6):1259-1266.

Paviour DC, Price SL, Jahanshahi M, Lees AJ, Fox NC. Longitudi-
nal MRI in progressive supranuclear palsy and multiple system atro-
phy: rates and regions of atrophy. Brain 2006;129(Pt 4):1040-1049.

Chiu WZ, Papma JM, de Koning I, et al. Midcingulate involvement
in progressive supranuclear palsy and tau positive frontotemporal
dementia. ] Neurol Neurosurg Psychiatry 2012;83(9):910-915.

Hoglinger GU, Melhem NM, Dickson DW, et al. Identification of
common variants influencing risk of the tauopathy progressive
supranuclear palsy. Nat Genet 2011;43(7):699-705.

Kouri N, Ross OA, Dombroski B, et al. Genome-wide association
study of corticobasal degeneration identifies risk variants shared
with progressive supranuclear palsy. Nat Commun 2015;6:7247.

Lansdall CJ, Coyle-Gilchrist ITS, Jones PS, et al. White matter
change with apathy and impulsivity in frontotemporal lobar degen-
eration syndromes. Neurology 2018;90(12):e1066—e1076.

Caso F, Agosta F, Volonte MA, et al. Cognitive impairment in pro-
gressive supranuclear palsy-Richardson’s syndrome is related to
white matter damage. Parkinsonism Relat Disord 2016;31:65-71.

Maraganore DM, Anderson DW, Bower JH, McDonnell SK,
Rocca WA. Autopsy patterns for Parkinson’s disease and related
disorders in Olmsted County, Minnesota. Neurology 1999;53(6):
1342-1344.

1662

Movement Disorders, Vol. 34, No. 11, 2019



	 Neuropathologic Basis of Frontotemporal Dementia in Progressive Supranuclear Palsy
	Materials and Methods
	Case Materials
	Clinical Assessment of PSP-FTD and PSP-RS
	Genetic Analyses
	Microscopic Pathology
	Immunohistochemistry
	Image Analysis
	Statistical Analysis

	Results
	Demographics, Pathology, and Genetics
	Clinical Comparison of PSP-FTD and PSP-RS
	Pathological Findings

	Discussion
	Acknowledgments
	References


