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Abstract

Corticobasal degeneration (CBD) is a clinically heterogeneous tauopathy, which has overlapping
clinicopathologic and genetic characteristics with progressive supranuclear palsy (PSP). This study
aimed to elucidate whether transactive response DNA-binding protein of 43 kDa (TDP-43)
pathology contributes to clinicopathologic heterogeneity of CBD.

Paraffin-embedded sections of the midbrain, pons, subthalamic nucleus, and basal forebrain from
autopsy-confirmed CBD cases were screened with immunohistochemistry for phospho-TDP-43. In
cases with TDP-43 pathology, additional brain regions (i.e. precentral, cingulate, and superior
frontal gyri, hippocampus, medulla, and cerebellum) were immunostained. Hierarchical clustering
analysis was performed based on the topographical distribution and severity of TDP-43 pathology,
and clinicopathologic and genetic features were compared between the clusters.

TDP-43 pathology was observed in 45% of CBD cases, most frequently in midbrain tegmentum
(80% of TDP-43-positive cases), followed by subthalamic nucleus (69%). TDP-43-positive CBD
was divided into TDP-limited (52%) and TDP-severe (48%) by hierarchical clustering analysis.
TDP-severe patients were more likely to have been diagnosed clinically as PSP compared to TDP-
limited and TDP-negative patients (80% vs 32% vs 30%, P <0.001). Presence of downward gaze
palsy was the strongest factor for the antemortem diagnosis of PSP, and severe TDP-43 pathology
in the midbrain tectum was strongly associated with downward gaze palsy. In addition, tau burden
in the olivopontocerebellar system was significantly greater in TDP-positive than TDP-negative
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CBD. Genetic analyses revealed that MAPTH1/H1 genotype frequency was significantly lower in
TDP-severe than in TDP-negative and TDP-limited CBD (65% vs 89% vs 91%, p <0.001). The
homozygous minor allele frequencies in GRNrs5848 and TMEM106B8 rs3173615 were not
significantly different between the three groups.

In conclusion, the present study indicates that CBD with severe TDP-43 pathology is a distinct
clinicopathologic subtype of CBD, characterized by PSP-like clinical presentations, severe tau
pathology in the olivopontocerebellar system, and low frequency of MAPT H1 haplotype.
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Introduction

Corticobasal degeneration (CBD) is a progressive neurodegenerative tauopathy classically
presenting with asymmetric apraxia, parkinsonism, dystonia, myoclonus, cortical sensory
loss, dystonia, and cognitive dysfunction [36,2]. Since other neurodegenerative disorders,
such as progressive supranuclear palsy (PSP) and Alzheimer’s disease (AD), may also
present with characteristic symptoms of CBD, the term “corticobasal syndrome (CBS)” was
coined to characterize the constellation of clinical features initially considered characteristic
of CBD [5,58,20]. Patients with CBD can also present with primary progressive aphasia,
progressive apraxia of speech, behavioral variant frontotemporal dementia or PSP syndrome
[39,33,38,2,22]. The variable clinical presentations makes correct antemortem diagnosis of
CBD challenging [36]. CBD and PSP have overlapping tau pathology characterized by
numerous neuronal and glial lesions composed of pathological aggregates of insoluble tau
protein in gray and white matter of the neocortex, basal ganglia, diencephalon, and
brainstem [10]. In addition, both diseases share genetic risk factors, including H1 haplotype
of the MAPT gene [4,9,19,35,64].

To date, several clinicopathologic subtypes of CBD have been proposed [39,33,65,2]. CBD-
CBS, also known as typical CBD, shows a presentation of CBS [2,39,33]. CBD-Richardson
syndrome (CBD-RS), also known as PSP-like CBD, shows clinical features of typical PSP
(Richardson syndrome) characterized by symmetrical parkinsonism, postural instability,
frequent falls, and vertical supranuclear gaze palsy [2,39,33]. CBD-CBS has greater tau
pathology in the primary motor and somatosensory cortices and putamen, while CBD-RS
has greater tau pathology in the limbic and hindbrain structures [33,65]. A rare subtype,
CBD-olivopontocerebellar atrophy (CBD-OPCA) has been reported [34], which is
characterized by severe atrophy in the olivopontocerebellar regions similar to that observed
in multiple system atrophy [57], but without any a.-synuclein pathology. Interestingly, CBD-
OPCA had abundant transactive response DNA-binding protein of 43 kDa (TDP-43)
pathology in the subcortical and brain-stem regions [34]. This finding raises the possibility
that the presence of TDP-43 pathology may modify clinicopathologic features of CBD.
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GRNand TMEM106B have been reported as risk modulators for TDP-43 pathology
[50,61,14,48]. Loss-of-function mutations in GRN as well as carriers homozygous for the
minor allele of GRNrs5848 increased the risk of frontotemporal lobar degeneration with
TDP-43 (FTLD-TDP) [14]. Genome-wide association studies also identified common
variants of TMEM106B (rs6966915, rs102004, rs1990622, and rs3173615) that increased
the risk of FTLD-TDP by modulating GRN expression [61,48].

In the present study, we aimed to elucidate whether TDP-43 pathology modifies
clinicopathologic features of CBD. To achieve this, TDP-43 pathology was screened by
immunohistochemistry, and clustering analysis was performed based on the topographical
distribution and severity of TDP-43 pathology. Clinicopathologic characteristics were
compared between the clusters. Genetic analyses were performed to clarify whether known
genetic risk factors for TDP-43 pathology (i.e. TMEM106B and GRN) or for CBD (i.e.
MAPT) are associated with TDP-43 pathology in CBD. In addition, to identify the
clinicopathologic features that might lead physicians to make a diagnosys of something
other than CBD, clinicopathologic features were compared between groups.

Materials and Methods

Case selection and ethical approval

Between 1998 and 2017, 211 cases in the Mayo Clinic brain bank have been given a
neuropathologic diagnosis of CBD [10]. Of those, 187 cases with available paraffin-
embedded tissue were included in this study. Most brains were from Caucasian patients (N =
178); 4 were Asian, 3 were Hispanic, and 2 were African American. These cases were
received from the following sources: CurePSP: Society for PSP|CBD and Related Disorders
(N = 126), Mayo Clinic Morris K. Udall Center of Excellence for Parkinson’s disease (N =
21), Mayo Clinic Jacksonville Alzheimer Disease Research Center (N = 3), State of Florida
AD Initiative (N = 24), and Mayo Clinic Jacksonville hospital autopsy case (N = 13). Brain
autopsies were obtained after consent of the legal next-of-kin or individuals with legal
authority to grant autopsy permission. De-identified studies of autopsy samples are
considered exempt from human subject research by the Mayo Clinic Institutional Review
Board.

Neuropathologic assessment

Most of the brains were received with the left hemibrain fixed in 10% formalin; the right
hemibrain had been frozen at —80°C. Formalin-fixed brains underwent systematic and
standardized sampling with neuropathologic evaluation by a single, experienced
neuropathologist (DWD) [26]. Paraffin-embedded 5-pm thick sections mounted on glass
slides were stained with hematoxylin and eosin and thioflavin S. Braak neurofibrillary tangle
(NFT) stage and Thal amyloid phase were assigned based upon lesion density and
distribution with thioflavin S fluorescent microscopy according to published criteria
[6,55,45,46]. Immunohistochemistry for phospho-tau (CP13, mouse monoclonal, 1:1000,
from Dr. Peter Davies, Feinstein Institute, North Shore Hospital, NY) was performed using a
DAKO Autostainer (Universal Staining System, Carpinteria, CA) to establish the
neuropathological diagnosis of CBD [10]. The severity of tau pathology, including NFTs,
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pretangles, coiled bodies, astrocytic plaques, and threads was graded semi-quantitatively on
a four-point scale (0 = absent, 1 = mild, 2 = moderate, 3 = severe) by an experienced
neuropathologist (DWD) in 21 brain regions: inferior temporal gyrus, superior frontal gyrus,
motor cortex, caudate, globus pallidus, basal nucleus, hypothalamus, ventral thalamus,
subthalamic nucleus, thalamic fasciculus, red nucleus, substantia nigra, oculomotor
complex, midbrain tectum/superior colliculus, locus coeruleus, pontine tegmentum, pontine
base, medullary tegmentum, inferior olivary nucleus, dentate nucleus, and cerebellar white
matter [28]. The regional tau burden was defined as the sum of scores for all lesion types in
each brain region (range: 0-12) [28].

Neuropathological diagnosis of AD was based on the consensus criteria for the
neuropathologic diagnosis of AD [21]. The diagnosis of argyrophilic grain disease (AGD)
was confirmed by the presence of argyrophilic grains, coiled bodies, and balloon neurons in
the amygdala at the level of the anterior commissure by immunohistochemistry for phospho-
tau (CP13) [56,12]. Select sections were processed for Gallyas silver stain and 4-repeat tau
(RD4, mouse monoclonal, 1:5000; Millipore, Temecula, CA) immunohistochemistry to
assist in the neuropathological diagnosis of AGD. Lewy-related pathology was assessed by
a-synuclein immunohistochemistry (NACP, rabbit polyclonal, 1:3000) [16] in the cortex,
amygdala, basal forebrain, and brainstem, and classified as brainstem, transitional or diffuse
Lewy body disease [32]. Hippocampal sclerosis was assessed by hematoxylin and eosin
staining as previously described [1].

TDP-43 immunohistochemistry and semi-quantitative assessment

First, we conducted an exploratory study, using 26 consecutive CBD cases between 2016
and 2017 to determine appropriate brain regions for screening for TDP-43 pathology. Nine
sections, which covered almost all anatomical regions, were processed for
immunohistochemistry for phospho-TDP-43 (pS409/410, mouse monoclonal, 1:5000,
Cosmo Bio, Tokyo, Japan). Brain regions in each section are as follows: Section 1, midbrain;
Section 2, subthalamic nucleus, thalamus, and posterior hypothalamus; Section 3, amygdala,
basal nucleus of Meynert, putamen, globus pallidus, and anterior hypothalamus; Section 4,
pons; Section 5, medulla; Section 6, superior frontal gyrus, cingulate gyrus, and corpus
callosum; Section 7, precentral gyrus; Section 8, anterior hippocampus, dentate gyrus, and
entorhinal cortex; Section 9, dentate nucleus and cerebellar white matter. As shown in
Supplementary Table 1 (Online Resource 1), TDP-43 pathology was observed in any of
nine sections in 11 cases (42%). The pathology was most frequently detected in Sections 1
and 2 (9/26, 35%), followed by Sections 3 and 4 (7/26, 27%). All TDP-43 positive cases had
TDP-43 pathology in any of Sections 1-4, and no cases had TDP-43 pathology restricted to
any of Sections 5-9. Based on the result, we decided to use Sections 1-4 as screening sites
for the main study.

In the main study, we screened TDP-43 pathology in 187 CBD cases using the four sections.
Paraffin-embedded 5-um thick sections mounted on glass slides were immunostained with
anti-phospho-TDP43 antibody (pS409/410). For cases having TDP-43 pathology in any of
these sections, additional sections (Sections 5-9) were also screened. All slides were
reviewed simultaneously by two observers (DWD and SK) who agreed on the presence of
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TDP-43 immunoreactivity, defined as neuronal cytoplasmic inclusions (NCI), glial
cytoplasmic inclusions (GCI), dystrophic neurites (DNs), fine neurites, neuronal intranuclear
inclusion, spheroid, or perivascular inclusion in any region. The severity of TDP-43
pathology was graded semi-quantitatively on a four-point scale (0 = absent, 1 = mild, 2 =
moderate, 3 = severe) [27].

Additionally, to compare the frequency of TDP-43 pathology between CBD and PSP, 40
consecutive PSP cases were screened for TDP-43 pathology using the same strategy used for
CBD.

Double-labeling immunohistochemistry and immunofluorescence staining

To screen whether tau and TDP-43 aggregates were observed in same neurons or glia,
sections including the midbrain, basal forebrain, superior frontal and cingulate gyri, and
motor cortex were processed for double-labeling immunohistochemistry with the
combination of phospho-tau (CP13, 1:1000) and anti-phospho-TDP-43 antibody (Rb3655,
rabbit polyclonal, 1:1000, from Dr. Leonard Petrucelli, Mayo Clinic) using a DAKO
Autostainer (Universal Staining System).

Immunofluorescence double-staining with the combinations of CP13 (1:1000) and phospho-
TDP-43 (Rb3655, rabbit polyclonal, 1:500), and phospho-TDP-43 (pS409/410, 1:500) and
CDA44 (rabbit polyclonal, 1:1000, ab157107, Abcam, Cambridge, MA) was performed.
CD44 is used as an astrocyte cell surface marker, and astrocytic plaques expresses CD44 in
astrocytic processes [11]. The deparaffinized and rehydrated sections were blocked with
Protein Block plus Serum Free (DAKO) for 1 hour and incubated with primary antibodies
diluted in with Antibody Diluent with Background-Reducing Components (DAKO)
overnight at 4°C. Sections were washed three times with 1xPBS at room temperature, and
then incubated with secondary antibodies Alexa Fluor 568 (1:500, Thermo Fisher Scientific,
Inc.) and Alexa Fluor 488 (1:500, Thermo Fisher Scientific, Inc.) diluted with Antibody
Diluent with Background-Reducing Components (DAKO) for 1.5 hours at room temperature
in a dark chamber. Sections were washed three times with 1xPBS at room temperature,
incubated with 1% Sudan Black for 2 minutes, washed with distilled water and mounted
with Vectashield mounting media containing DAPI (Vector Laboratories). Representative
images were taken with a confocal laser-scanning fluorescent microscope (LSM 880; Carl
Zeiss, Jena, Germany) using EC Plan-Neofluar 40x/1.30 Oil DIC M27 objective (Carl
Zeiss). For each picture, four separate images were captured and averaged together using the
Zen Black software (Zen version 2.3, Carl Zeiss).

Quantitative digital image analysis

Given that atrophy of the corpus callosum is a common pathologic feature in CBD [62], the
thickness of the corpus callosum was measured as previously described [33]. Hematoxylin
and eosin stained sections of the anterior cingulate gyrus, obtained from coronal brain slices
at the level of nucleus accumbens, were scanned on the ScanScopeXT (Aperio
Technologies, Vista, CA). The ImageScope-11.2 (Aperio Technologies) ruler feature was
used to measure the thickness at a consistent location in all cases as shown in
Supplementary Figure 1 (Online Resour ce 2).
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To quantify the tau burden, digital image analysis was performed in select brain regions

[28]. CP13-stained sections of the pons, medulla, and cerebellar hemisphere were scanned
on the ScanScopeXT. The pontine base, inferior olivary nucleus, and cerebellar white matter
were annotated using ImageScope-11.2 and analyzed in Spectrum-11.2 (Aperio
Technologies) using a custom-designed color deconvolution algorithm to detect only CP13-
positive pathology as shown in Supplementary Figure 2 (Online Resource 3). Total tau
burden was expressed as a percent ratio of the area of immunoreactive pixels to the total area
of the annotated region.

Clinical Assessment

Demographic and clinical information was gathered from medical records and a brain bank
questionnaire filled out by a close family member. Antemortem clinical diagnosis was
available in 186 cases, and medical records were available in 176 cases. Of those, 7 cases
had only a questionnaire. The information included age at symptom onset, age at death, sex,
race, clinical diagnosis, and clinical symptoms and signs (asymmetric apraxia, rigidity,
dystonia, myoclonus, alien limb phenomenon, cortical sensory loss, downward gaze palsy,
cognitive impairment, and behavioral symptoms). Downward gaze palsy is more specific
feature for PSP than upward gaze palsy because limitation of upward gaze may occur in
elderly healthy individuals [8,49]; therefore, we specifically queried downward gaze palsy
rather than vertical gaze palsy. Falls, both early and frequent, are a fundamental feature of
PSP and in CBD-RS [40,33,18,39]; however, falls were not included in this study because
falls and fall-onset were poorly documented in the medical records. Cognitive impairment
included memory loss, executive dysfunction, perseveration, impairment in processing
speed, inattention, aphasia, and visuospatial impairment. Behavioral symptoms included
personality changes of either abulic/apathetic or disinhibited type. Initial clinical
presentations were divided into three categories: motor symptoms, cognitive/behavioral
symptoms, and mixed type, which presented with both motor and cognitive/behavioral
symptoms. Given the retrospective nature of the study, the quality of available medical
records was variable. To assess possible bias that might be related to clinical diagnosis,
specialty of physicians who made diagnosis (i.e. movement disorder specialist, dementia
specialist, general neurologist, or non-neurologist, such as internal medicine physician and
family medicine physician) was also noted. If a symptom or sign was not specifically
mentioned in the medical records or questionnaire, it was not considered to be absent.

Genetic analysis

We performed genetic assessments in 176 CBD cases with available frozen brain tissues. For
genotyping, genomic DNA was extracted from the cerebellum of frozen brain tissue using
standard procedures. Genotyping for GRN (SNP rs5848 C/T SNPs, T minor allele),
TMEM106B (rs3173615 C/G SNPs, G minor allele), MAPT H1/H2 (SNP rs1052553 A/G,
A =H1, G =H2), and APOE alleles (SNP rs429358 C/T and rs7412 C/T) was assessed with
TagMan SNP genotyping assays (Applied Biosystems, Foster City, CA) as previously
reported [29,28,50,27]. Genotype calls were obtained with QuantStudio™ Real-Time PCR
Software (Applied Biosystems). To compare the frequency of homozygous allele of
TMEM106Brs3173615 between CBD and controls, we utilized a series of 905 controls
without neurological disease seen at Mayo Clinic Florida (age 65 + 13 years). At the time of
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blood draw, they were deemed to be free of neurological disease by a neurologist, and did
not have a family history of neurological disease. All controls were white and of European
ancestry. Controls were mostly unrelated spouses/caregivers of neurological patients.

Statistical Analysis

Results

All statistical analyses were performed using R 3.4.3 (The R Foundation for Statistical
Computing, Vienna, Austria) and EZR (Saitama Medical Center, Jichi Medical University
Saitama, Japan), which is a graphical interface for R [25]. A chi-square test or Fisher’s exact
test was performed for group comparisons of categorical data, as appropriate. Mann-
Whitney rank sum test, analysis of variance (ANOVA) on ranks, followed by Steel-Dwass
post hoc test, or one-way ANOVA, followed by post hoc Tukey test, was used for analyses
of continuous variables as appropriate. P-values <0.05 were considered statistically
significant. Bonferroni corrections were utilized to adjust for multiple testing separately for
some analyses. Multivariate logistic regression models were built to identify independent
risk factors for TDP-43 pathology. Hierarchical cluster analysis using Euclidean distance
and average linkage clustering was performed on patients and region-specific variables
reflecting the severity of TDP-43 pathology.

Topographical distribution, severity, and morphology of TDP-43 pathology

Of the 187 CBD cases, 84 (45%) had TDP-43 pathology in at least one of the screened
sections. To assess the distribution of TDP-43 pathology, additional sections from 84
TDP-43 positive cases were processed for phospho-TDP-43 immunohistochemistry. The
frequency and severity of TDP-43 in 26 brain regions are summarized in Table 1. The
brainstem and subcortical nuclei (subthalamic nucleus, hypothalamus, and thalamus) were
commonly affected, while the neocortex, hippocampus, and cerebellum were less affected.
Representative images of the lesions are shown in Figure 1.

As expected from the exploratory study, the midbrain was most frequently affected by
TDP-43 pathology: the midbrain tegmentum (80%, 66/83), especially the mesopontine
tegmentum, substantia nigra (63%, 52/83), and midbrain tectum (58%, 48/83). NClIs with
DNs and GCls were the most common morphology (Fig. 1a, b). Some of NCls were
observed in pretangles (Fig. 1c). Neuronal intranuclear inclusions, spheroids and
perivascular inclusions were also observed (Fig. 1d). In the pons, TDP-43 pathology was
most frequently observed in the pontine tegmentum (65%, 55/84), followed by the locus
coeruleus (55%, 44/80) and pontine base (30%, 25/84). As with the midbrain, NCls, DNs,
and GCls were the most common morphology, and neuronal intranuclear inclusions and
perivascular inclusions were rarely detected (Fig. 1€). The pontine base was mildly affected,
if any, with sparse NClIs, GCls, and DNs. The medullary tegmentum (56%, 43/77) was
affected by GCls and DNs with a few NClIs. The inferior olivary nucleus (51%, 39/84) had
NCls, DNS, and some GCls.

The subthalamic nucleus (69%, 58/84) and posterior hypothalamus (60%, 50/84) were also
frequently affected by TDP-43 pathology, which were mainly NCIs with DNs. The thalamus
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(50%, 42/84) also had NClIs and DNs. The ventrolateral thalamus was more affected than the
anteromedial thalamus. In the basal forebrain sections, the anterior hypothalamus (50%,
41/82) and basal nucleus (49%, 41/84) were most vulnerable to TDP-43 pathology, followed
by globus pallidus (46%, 39/84), putamen (46%, 39/84), and amygdala (43%, 36/83). NCls
were predominant morphology in these regions, and many were observed in pretangles and
NFTs in the amygdala.

The superior frontal gyrus (43%, 35/82) and cingulate gyrus (39%, 32/82), showed NCIs,
DNs, and astrocytic plaque-like lesions in both layer 11 and layer IV/V (Fig. 1f), which were
reported in literature [60]. Neuronal intranuclear inclusions were rarely observed in the
superior frontal and cingulate gyri (Fig. 1g). One case showed numerous NCls and some
short DNs predominantly in layer Il (Fig. 1h), which was consistent with type A subtype of
FTLD-TDP [42]. Double-labeling immunohistochemistry and immunofluorescence staining
revealed that TDP-43 aggregates were observed in balloon neurons, astrocytic plaques,
coiled bodies, and pretangles in these regions (Fig. 1i-q). To determine whether the
astrocytic plaque-like lesions were in astrocytes, we performed double-labeling
immunofluorescence for phopho-TDP-43 and CD44. As shown in Supplementary Figure 3
(Online Resour ce 4), sparse TDP-43 inclusions were observed in CD44-positive astrocytic
processes. Corpus callosum (21%, 17/81) was affected by GCls. In the precentral gyrus,
NCls and astrocytic plaque-like lesions were detected in the gray matter (29%, 24/83), while
GCls and a few DNs were observed in the white matter (19%, 16/83). In the hippocampus,
NCls and a few DNs were detected in the pyramidal cell layers, and GCls were seen in the
alveus and fimbria (35%, 29/84). The entorhinal cortex (24%, 20/84) and dentate gyrus
(12%, 10/84) were occasionally affected by TDP-43 pathology.

In the cerebellum, sparse NClIs and GCls were observed in the dentate nucleus (23%, 19/81).
A few GCls and DNs were seen in the cerebellar white matter (15%, 12/82); the deep white
matter was more frequently affected than the white matter in the folia. One case had an
isolated GCI in the molecular layer in the cerebellar cortex.

Cluster analysis based on TDP-43 pathology and clinicopathologic associations

Hierarchical cluster analysis suggested potentially three distinct clusters based on the extent
and severity of TDP-43 pathology (i.e. limited, intermediate, and severe) as shown in Figure
2. Clinicopathological features of each cluster are given in Supplementary Table 2 (Online
Resource 5). In this paper, we combined intermediate and severe into a single group; thus,
we divided TDP-43 positive CBD cases into TDP-limited (N = 44) and TDP-severe (N = 40)
groups.

Demographic and clinicopathologic characteristics were compared between TDP-negative,
TDP-limited, and TDP-severe groups (Table 2). The age at death, male/female ratio, brain
weight, Braak NFT stage, and Thal amyloid phase were not different between the three
groups. AGD was most frequent in TDP-severe, followed by TDP-limited, and TDP-
negative groups (63%, 48%, and 40%; P = 0.046); however, a multivariate logistic regression
model adjusting for age, Braak NFT stage, and Thal amyloid phase revealed that AGD was
not the independent risk factor for TDP-43 pathology in CBD (OR: 1.69, 95% CI: 0.93—
3.07, P = 0.086). Frequencies of AD and Lewy-related pathology were not significantly
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different between the three groups. Hippocampal sclerosis was only seen in TDP-43 positive
CBD (1 in TDP-limited and 1 in TDP-severe).

Regarding clinical characteristics, the frequency of clinical diagnosis of CBS was
significantly lower in TDP-severe CBD than in the other two groups (10% in TDP-severe,
39% in TDP-limited, and 47% in TDP-negative; P = 7.4x1075). Instead, most patients of
TDP-severe group were clinically diagnosed with PSP (80% in TDP-severe, 32% in TDP-
limited, and 30% in TDP-negative; P = 1.4x10~7). The proportion of physician types who
diagnosed the patients was not different between the three groups (P = 0.799), suggesting
that differences in the frequency of clinical diagnoses was not based on the specialty of
physicians. Downward gaze palsy, a characteristic feature of PSP [40,18], was more frequent
in TDP-severe than TDP-limited and TDP-negative patients (85%, 35%, and 34%; P =
4.3x1077). In contrast, the frequency of asymmetric rigidity/apraxia and initial clinical
presentation types were not significantly different between the three groups (P = 0.766).
This suggests that TDP-severe CBD patients may have had a hybrid syndrome of CBS and
PSP [23].

Next, to identify any association between clinical diagnoses and clinical symptoms, we
compared clinical features among patients with each clinical diagnosis (Table 3).
Asymmetric rigidity/apraxia was documented in the majority of CBS patients (93%), while
downward gaze palsy was documented in 83% of patients with clinical diagnosis of PSP.
The proportion of diagnostic physician type was not different between patients with clinical
diagnosis of CBS and PSP. As shown in Table 4, a multivariate logistic regression model
revealed that presence of downward gaze palsy was the strongest factor for the clinical
diagnosis of PSP (OR: 26.9, 95% Cl: 8.39-86.3, P = 3.1x1078). Taken together, the low
frequency of clinical diagnosis of CBS in TDP-severe patients can be explained by the
presence of downward gaze palsy, which led clinicians to diagnose PSP.

To support the idea that downward gaze palsy is associated with severe TDP-43 pathology,
we compared the severity of TDP-43 pathology between CBD patients with and without
downward gaze palsy. As shown in Supplementary Table 3 (Online Resour ce 6), the
burden of TDP-43 pathology was significantly greater in patients with downward gaze palsy
than those without downward gaze palsy in several brain regions, such as the midbrain
tegmentum (median: 3 vs 1; P <0.001) and midbrain tectum (1 vs 0; P <0.001). In addition,
tau burden was greater in patients with downward gaze palsy than in those without
downward gaze palsy in the oculomotor complex Supplementary Table 4 (Online
Resource 7). A multivariate logistic regression model (0: downward gaze palsy negative; 1:
downward gaze palsy positive) revealed that TDP-43 burden in the midbrain tectum was the
strongest risk factor for downward gaze palsy (OR: 9.77, 95% CI: 1.75-54.7, P = 0.010),
followed by tau burden in the oculomotor complex (OR: 1.51, 95% CI: 1.09-2.08, P =
0.012) (Table 4). Taken together, TDP-severe CBD patients were likely diagnosed with PSP
because of the presence of downward gaze palsy, which was strongly associated with severe
TDP-43 pathology in the midbrain tectum.
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Clinicopathologic correlations of misdiagnosis patients

As shown in Table 3, most frequent clinical diagnoses were PSP (N = 77; 41%), followed
CBS (N =69; 37%), AD (N = 13; 7%) and FTD (N = 12; 6%) in our CBD cohort. Not
surprisingly, patients with clinically thought to have AD or FTD presented with cognitive or
behavioral symptoms as their initial presentations more frequently than those with clinical
diagnoses of CBS or PSP (83% in AD; 91% in FTD; 9% in CBS; and 28% in PSP; P
<0.001). In contrast, majority of patients with CBS (76%) presented initially with motor
symptoms. Probably because of these initial presentations, patients with clinical features
suggestive of AD or FTD were less frequently evaluated by movement disorder specialists
(0% and 8%, respectively). In particular, patients with FTD were more frequently diagnosed
by dementia specialists (42%), compared with other patients groups (9% in CBS; 6% in
PSP; and 15% in AD). As expected, TDP-43 pathology was more frequent in patients with
clinical diagnosis of PSP (TDP-limited: 19%; TDP-severe: 40%) than those with other
diagnoses. Brain weight and the thickness of corpus callosum in AD (1000 + 160 g, 2.0

+ 0.7 mm) and FTD (1020 + 90 g, 2.1 £ 0.5 mm) were significantly lower than those of PSP
(1140 £ 130 g, 3.6 £ 0.9 mm). Other neuropathologic characteristics are given in
Supplementary Table 5 (Online Resour ce 8). These results implicate that initial
presentation with cognitive or behavioral symptoms were associated with misdiagnoses of
AD or FTD by dementia specialists, and more severe brain atrophy, including thinning of the
corpus callosum.

TDP-43 positive CBD had greater tau burden in the olivopontocerebellar regions

To investigate whether the distribution and severity of tau pathology is different between
TDP-43 negative, TDP-limited, and TDP-severe groups, tau burden was measured semi-
quantitatively in 21 brain regions (Supplementary Table 6 [Online Resource 9]). Both
TDP-limited and TDP-severe cases had significantly greater tau burden than TDP-43
negative cases in the pontine base, inferior olivary nucleus, and cerebellar white matter.
TDP-severe cases had nominally greater tau burden in the midbrain tectum and oculomotor
complex than TDP-negative cases, but the difference did not reach statistical significance. To
confirm these findings, tau burden in select regions was measured quantitatively using
digital image analysis. TDP-limited cases had greater tau burden than TDP-negative cases in
the pontine base, inferior olivary nucleus, and cerebellar white matter, and TDP-severe cases
had greater tau burden than TDP-negative cases in the inferior olivary nucleus, and
cerebellar white matter (Figure 3). No significant differences were observed between TDP-
limited and TDP-severe cases for semiquantitative scores or quantitative tau burden. Taken
together, the presence of TDP-43 pathology is associated with greater tau pathology in the
olivopontocerebellar system.

Genetic analyses

To determine if reported genetic risk variants for FTLD-TDP could contribute to TDP-43
pathology in CBD, we performed genetic analyses. As shown in Table 5, frequencies of
homozygous minor allele of GRN rs5848 and TMEM1068 rs3173615 were not significantly
different between TDP-negative, TDP-limited, and TDP-severe groups. It is interesting to
note that the frequency of homozygous minor allele of TMEM106B rs3173615 was
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significantly lower in CBD compared with control subjects (12% vs 19%; OR: 0.60; 95%
Cl: 0.35-0.98; P = 0.039), whereas the frequency of homozygous minor allele of GRN
rs5848 was not different from the control subjects reported in literature (N = 934, 65 £ 11
years; 8% vs 9%; OR: 0.86; 95% CI: 0.44-1.57; P = 0.773) [50].

To investigate whether TDP-43 positive CBD, especially TDP-severe CBD, has a distinct
genetic background from TDP-negative CBD, MAPT haplotype and APOE genotype were
also analyzed. Interestingly, MAPT H1/H1 frequency, a risk factor for both CBD and PSP,
was significantly lower in TDP-43 positive compared with TDP-negative groups (OR: 0.36,
95% CI: 0.13-0.91, P = 0.021) as well as in TDP-severe compared with TDP-negative and
TDP-limited groups (OR: 0.21, 95% CI: 0.08-0.55, P =5.3x 1074). In a multivariate logistic
regression model (0: TDP-negative and TDP-limited; 1: TDP-severe) adjusting for age and
sex, the MAPT H1/H1 frequency was negatively associated with TDP-severe group (OR:
0.15, 95% CI: 0.06-0.39, P 9.0x107°). Regarding APOE genotype, neither APOE e2 nor 4
carrier frequency was different between the three groups. Detailed information, including all
genotype frequencies, is given in Supplementary Table 7 (Online Resour ce 10).

TDP-43 pathology in progressive supranuclear palsy

The frequency of TDP-43 pathology in CBD (45%) was much higher than that of PSP from
literature (0% to 26%) [29,63,60,52], although the screening method was different among
the studies. To compare the frequency of TDP-43 pathology between CBD and PSP with the
same method, we screened 40 consecutive PSP cases using sections of the midbrain, pons,
basal forebrain including the amygdala, and subthalamic nucleus. Demographic and
pathologic characteristics are summarized in Supplementary Table 8 (Online Resource
11), and the result of screening is given in Supplementary Table 9 (Online Resour ce 12).
We found that seven cases (18%) were positive for TDP-43 pathology. This result indicate
that TDP-43 pathology is more frequent in CBD than PSP (45% vs 18%, P = 0.001).

Discussion

The major aim of the present study was to elucidate whether TDP-43 pathology contributes
to clinicopathologic heterogeneity of CBD. We have shown that 84 CBD cases (45%) had
various morphologies of TDP-43 pathology, mainly in the basal ganglia, thalamus, and
brainstem. Hierarchical clustering analysis divided TDP-43 positive cases into two groups
(i.e. TDP-limited and TDP-severe), and the majority of TDP-severe patients (80%) were
clinically diagnosed with PSP. TDP-43 burden in the midbrain tectum was strongly
associated with downward gaze palsy, and the presence of downward gaze palsy was
associated with the antemortem diagnosis of PSP. Taken together, the present study indicates
that TDP-43 pathology modifies clinicopathologic features of CBD, presenting with PSP
syndrome.

Although CBS is considered a typical clinical phenotype of CBD, the PSP syndrome, also
referred to as Richardson syndrome, is also common in CBD [41,39,2]. Vertical
supranuclear gaze palsy, symmetrical bradykinesia, and early falls within 2 years in addition
to one CBS features are considered clinical features of CBD-RS [39]. In the present study,
the most common antemortem diagnosis in CBD was CBD-RS, and the majority had

Acta Neuropathol. Author manuscript; available in PMC 2019 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Koga et al.

Page 12

downward gaze palsy. Several studies demonstrated that CBD-RS has hindbrain
predominant tau pathology compared to CBD-CBS [33,65]; however, correlations between
the pathology and clinical features suggestive of PSP have not been elucidated. The present
study adds new insight into this clinicopathological correlation — TDP-43 pathology in the
midbrain tectum (at the level of the superior colliculus) is strongly associated with
downward gaze palsy in CBD. Although the responsible brain regions for downward gaze
palsy is not completely understood, the pathway from the substantia nigra pars reticularis to
the superior colliculus has been considered to be vulnerable brain regions in PDP with
vertical gaze palsy [30,17,7]. One should be cautious in inferring that TDP-43 pathology in
midbrain is directly related to downward gaze palsy rather than being secondary to the
unique neurodegenerative process associated with this subtype of CBD. Given that the
severity of TDP-43 pathology is much less than that of tau pathology even in TDP-severe
CBD suggests that tau should be considered the primary pathology. On the other hand,
several studies described that patient with TDP-43 proteinopathy, which TDP-43 pathology
is predominant in the subcortical and brainstem, can present with PSP syndrome [53,37].
Taken together, TDP-43 pathology may modify clinical presentations of CBD cases in the
present study. How TDP-43 pathology emerges in this clinicopathological subtype of CBD
needs to be further investigated.

The present study also revealed that tau burden in the olivopontocerebellar system was
greater in TDP-43 positive CBD than in TDP-43 negative CBD. Kouri et al. previously
described CBD-OPCA, which had abundant TDP-43 and tau pathologies as well as neuronal
loss in the olivopontocerebellar system [34] Interestingly, two of three patients with CBD-
OPCA were given an antemortem clinical diagnosis of PSP [34]. Based on these findings,
we hypothesize that CBD-OPCA and CBD-RS are in the same spectrum of a multi-
proteinopathy of tau and TDP-43. If this is the case, both tau and TDP-43 should be
considered as therapeutic targets for a subset of CBD patients who present with PSP
syndrome.

Genetic analyses have demonstrated that TDP-severe CBD had a distinct genetic
background. MAPT H1 haplotype is a risk factor for CBD [9,19], but the frequency of
H1/H1 genotype and H1 haplotype in TDP-severe CBD was significantly lower than in
TDP-negative and TDP-limited CBD. This supports the hypothesis that TDP-severe CBD is
a distinct subtype of CBD. Unexpectedly, however, genetic analyses failed to show that risk
variants of TMEM106B and GRN were associated with TDP-43 pathology in CBD,
although the frequency of homozygous minor of TMEM106B rs3173615 was lower in CBD
compared with control subjects. This suggests that genetic risk factors for TDP-43 pathology
in CBD may be different from those in FTLD-TDP, hippocampal sclerosis and AD
[50,61,14,66,1]. Interestingly, patients carrying LRRKZ2 variants can present with PSP
syndrome and showed TDP-43 pathology. Furthermore, patients carrying MAPT duplication
may present with CBS and had TDP-43 pathology. Further studies, including these genetic
analyses, are needed to characterize the genetic background of patients with CBD with
TDP-43 pathology.

The frequency of TDP-43 pathology in CBD in this study is much higher than that of
previous studies, reporting between 9% and 24% [60,51,52]. The discrepancy was ascribed
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to the different screening methods. Sections of the hippocampal formation or sections of the
frontal and temporal cortices, including the hippocampus, were used in these studies
[60,51,52]; however, these brain regions were not the most vulnerable regions to TDP-43
pathology in the present study. We selected four sections that were susceptible to TDP-43
pathology; therefore, we detected more TDP-43 positive cases than previous studies. Unlike
AD [24], the amygdala was not the most vulnerable region to TDP-43 pathology in CBD;
the midbrain was the most vulnerable region, followed by the subthalamic nucleus and pons.
This distribution pattern is distinct from other neurodegenerative diseases, such as
amyotrophic lateral sclerosis, FTLD-TDP, and AD, which supports the idea that
vulnerability to TDP-43 is associated with vulnerability unique to each neurodegeneration
disorder [54]. An analogous situation has been reported for TDP-43 pathology in Perry
syndrome due to mutations DCTNI [31,44].

This study also indicates that CBD is more vulnerable to TDP-43 pathology than PSP. To
compare the frequency of TDP-43 pathology between the two diseases with the same
experimental conditions, we additionally screened 40 PSP cases and found that 18% of PSP
cases had TDP-43 pathology. These results are consistent with Uryu’s study, which reported
that TDP-43 pathology was observed in 15% of CBD (6/39), but none in PSP (0/77) [60].
Taken together, although the two diseases share clinicopathological similarity, TDP-43
pathology is more closely associated with CBD rather than PSP; thus TDP-43 pathology
could be a potential biomarker that helps distinguish CBD from PSP, particularly patients
presenting with PSP syndrome.

Unexpectedly, advanced age or other concurrent pathologies were not significantly
associated with the presence of TDP-43 pathology in CBD, although the age at death was
nominally older in TDP-severe and TDP-limited compared to TDP-negative. TDP-43
pathology has been frequently shown in cognitively normal elderly individuals, and this
pathology increased with age [15,3,47]. In contrast, a recent study demonstrated that
advanced age at death was associated with prevalence of TDP-43 pathology in cognitively
normal individuals, but not in patients with AD, DLB, or those with mixed AD and DLB
[43]. These results indicate that advanced age is not always a risk factor for TDP-43
pathology in the context of neurodegenerative disease, and the same is true in CBD. The
influence of concomitant pathology should be interpreted cautiously because only a few of
the CBD cases had coexisting AD, LBD, or hippocampal sclerosis. That being said, both
cases of CBD with hippocampal sclerosis had TDP-43 pathology. The high frequency of
AGD in TDP-severe was also interesting finding. Several studies showed that TDP-43
pathology was frequent (55-60%) in the limbic structures in AGD [13,59]. AGD coexisted
more frequently in TDP-43 positive PSP compared with TDP-43 negative PSP [29]. In
addition, many cases of multiple system atrophy with extensive TDP-43 pathology had
concurrent AGD [27]. A multivariate logistic regression model revealed, however, that AGD
was not an independent risk factor for TDP-43 pathology in CBD. This suggests that older
age and higher Braak NFT stage and Thal amyloid phase in AGD may drive TDP-43
pathology. Further studies are necessary to clarify whether AGD itself increases the
frequency of TDP-43 pathology.
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Another aim of this study was to identify clinicopathologic features of CBD that may lead
physicians to misdiagnose CBD as something else. The presence of downward gaze palsy
was associated with a clinical diagnosis of PSP, and cognitive or behavioral symptoms as
initial clinical presentations were associated with the clinical diagnoses of AD or FTD. As
discussed above, severe TDP-43 pathology in the midbrain tectum was strongly associated
with the downward gaze palsy and an antemortem diagnosis of PSP. Interestingly, patients
with clinical diagnosis of AD or FTD showed more severe brain atrophy, including thinning
of the corpus callosum, than those with clinical diagnosis of PSP. This suggests that a subset
of CBD patients with more severe cortical atrophy presents with cognitive or behavioral
symptoms in an early stage; therefore, they are more likely referred to dementia specialists
rather than movement disorder specialists, and diagnosed with AD or FTD instead of CBS
or PSP. Since this was an explanatory study to seek possible reasons for misdiagnoses,
further studies are necessary to confirm these findings.

There are some limitations in this study. First, clinical information is limited because of the
retrospective nature of the study. Because of the poor documentation of fall-onset or
frequency, we could not evaluate the potential association between early or frequent falls and
(1) antemortem diagnosis of PSP, (2) TDP-43 pathology, and (3) olivopontocerebellar
predominant distribution of tau pathology. We found that the downward gaze palsy was the
leading association with an antemortem diagnosis of PSP, but the possibility that other
features, such as the early falls, were strongly associated with the antemortem diagnosis of
PSP cannot be ruled out. Clinical diagnosis of each patient was not necessarily made by
latest clinical criteria; therefore, patients with clinical diagnosis of PSP did not always fit
with the PSP syndrome defined by Armstrong’s CBD criteria [2]. To evaluate possible
clinical correlates of TDP-43 pathology and clinical features associated with antemortem
diagnoses, it will be important to evaluate CBD patients who come to autopsy from
prospective clinical studies. Second, the frequency of TDP-43 pathology in some brain
regions, such as the medulla, superior frontal gyrus, and hippocampus, might be
underestimated because these regions were not screened in all CBD cases. To minimize the
false-negative cases, we screened all nine sections in an exploratory study. The result
indicated that screening using Sections 1-4 can cover practically all TDP-43 positive cases;
therefore, we believe that the number of false-negative cases might be small, if present at all.
Finally, we were unable to document laterality of TDP-43 and tau pathology because only
one hemi-brain was examined in each case. Not all neuropathologic analyses were on the
side predicted to be more severely affected (i.e. contralateral to clinically most affected
side).

Notable strength of our study is the number of CBD cases and brain regions screened for
TDP-43 pathology, which is much greater than any previous study [60,51]. This large
number enables us to perform the clustering analysis and multivariate logistic regression
models, which indicate the possible association between TDP-43 pathology and clinical
presentations in CBD.

In conclusion, the present study indicates that severe TDP-43 pathology modifies the
clinicopathological features of CBD. TDP-severe CBD is clinically diagnosed with PSP in
part because of the presence of downward gaze palsy, and this is strongly associated with
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severe TDP-43 pathology in the midbrain tectum. Low frequency of MAPT H1 haplotype
also supports the idea that TDP-severe CBD is a distinct clinicopathologic and genetic
subtype of CBD. This multi-proteinopathy of tau and TDP-43 may masquerade as PSP,
which is the most frequent clinicopathological discrepancy in the diagnosis of CBD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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AD Alzheimer’s disease

AGD argyrophilic grain disease

ANOVA analysis of variance

CBD Corticobasal degeneration

CBD-OPCA CBD-olivopontocerebellar atrophy

CBD-RS CBD-Richardson syndrome

CBS corticobasal syndrome

DN dystrophic neurite

FTLD-TDP frontotemporal lobar degeneration with TDP-43
GClI glial cytoplasmic inclusion

NCI neuronal cytoplasmic inclusion

NFT neurofibrillary tangle

PSP progressive supranuclear palsy

TDP-43 transactive response DNA-binding protein of 43 kDa
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Figure 1:
Representative images of immunohistochemistry for phospho-TDP43. Neuronal cytoplasmic
inclusions (NCIs), dystrophic neurites, and glial cytoplasmic inclusions in the mesopontine
tegmentum (a) and midbrain tectum (b). Double-labeling immunohistochemistry (brown:
phospho-TDP43, blue: CP13) shows that neurons express both tau and TDP-43 proteins (c).
Spheroid in the substantia nigra (d) and perivascular inclusion in the pontine tegmentum (e).
Astrocytic plaque-like lesions in the superior frontal gyrus (f). Neuronal intranuclear
inclusion in the cingulate gyrus (g). NCls with short dystrophic neurites in the superior
frontal gyrus (h) Double-labeling immunohistochemistry (brown: phospho-TDP43, blue:
CP13) shows TDP-43 inclusion in a balloon neuron (i), astrocytic plaques (j), and coiled
body (k). Double-labeling immunofluorescence (green: phospho-TDP43, red: CP13) shows

neuronal intranuclear inclusion in a pretangle (I-n), and a subset of astrocytic plaque
expresses both proteins (0-g). Bars: 50 um in a, b, f, and h; 25 um in c-e, g, i-k; 10 um in I-q.
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Figure2:
Heatmap and hierarchical clustering based on TDP-43 pathology in 84 TDP-43 positive

CBD cases. Three distinct clusters are identified by hierarchical clustering. The heat map
reflects the severity of TDP-43 pathology, and a color scale is given at the top left. Missing
data are shown in gray. Patients are represented with columns, and study ID of each patient
is provided.
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Figure 3:
Tau burden in the pontine base, inferior olivary nucleus, and cerebellar white matter are

compared between TDP-negative, TDP-limited, and TDP-severe CBD patients. Overall p
values are shown. Asterisks indicate significant levels (ANOVA on ranks, followed by Steel-
Dwass post hoc test;** p <0.01, *** p <0.001).
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Table 1:
Distribution and severity of TDP-43 pathology in 84 TDP-43 positive cases

Median

Brain regions Frequency o e The number of casesin each score

0 1 2 3 NA

Midbrain tegmentum 80% (66/83) 1(1,3) 17 26 15 25 1
Subthalamic nucleus 69% (58/84) 1(0, 2) 26 19 24 15 0
Pontine tegmentum 65% (55/84) 1(0,2) 29 25 11 19 0
Substantia nigra 63% (52/83) 1(0, 2) 31 29 14 9 1
Posterior hypothalamus ~ 60% (50/84) 1 (0, 2) 34 25 14 11 0
Midbrain tectum 58% (48/83) 1(0,2) 35 23 11 14 1
Medullary tegmentum 56% (43/77) 1(0, 1) 34 27 4 12 7
Locus coeruleus 55% (44/80) 1 (0, 1) 36 26 14 4 4
Inferior olive 51% (39/84) 0(0,1) 38 23 7 9 7
Anterior hypothalamus ~ 50% (41/82) 0 (0, 2) 41 11 16 14 2
Thalamus 50% (42/84) 0(0,1) 42 27 8 7 0
Basal nucleus 49% (41/84) 0(0, 1) 43 22 11 8 0
Putamen 46% (39/84) 1(0,1) 45 27 8 4 0
Globus pallidus 46% (39/84) 1(0,1) 45 21 13 5 0
Amygdala 43%(36/83) 1(0,1) 47 21 7 8 1
Superior frontal gyrus 43% (35/82) 0(0,1) 47 23 7 5 2
Cingulate gyrus 39% (32/82) 0(0,1) 50 21 7 4 2
Hippocampus 35% (29/84) 0(0, 1) 55 16 5 8 0
Pontine base 30% (25/84) 0(0,1) 59 18 3 4 0
Precentral gyrus, grey 29% (24/83) 0(0,1) 59 13 6 5 1
Entorhinal cortex 24% (20/84)  0(0, 0) 64 15 4 1 0
Dentate nucleus 23% (19/81)  0(0, 0) 62 15 3 1 3
Corpus callosum 21% (17/81) 0(0,0) 64 11 3 3 3
Precentral gyrus, white ~ 19% (16/83) 0 (0, 0) 67 11 4 1 1
Cerebellar white matter  15% (12/82) 0 (0, 0) 70 7 3 2 2
Dentate gyrus 12% (10/84) 0 (0, 0) 74 8 1 1 0

Values are % (n) and median (25th, 75th range). Denominators of frequency are the number of TDP-43 positive CBD cases, not total CBD cases.
NA, not available.
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Cluster analyses by TDP-43 pathology and clinicopathologic associations

Table 2:

TDII\DI—QelgOagNe TDE_ETzllted TDI\T—:si/Oere P value
Male, No. (%) 54 (52%) 21 (48%) 15 (38%) 0.284
Age at death, years 69+8 70+7 72+9 0.226
Brain weight, g 1130 + 130 1090 + 160 1100 + 160 0.337
Thickness of corpus callosum, mm 34+11 34+10 34+1.0 0.987
Braak neurofibrillary tangles stage (1, 1) (1, 1) (1, 1) 0.771
Thal amyloid phase 0(0,2) 0(0,1) 0(0,1) 0.813
Alzheimer disease 7 (7%) 2 (5%) 2 (5%) 0.919
Hippocampal sclerosis 0 (0%) 1 (2%) 1 (3%) 0.200
Argyrophilic grain disease 41 (40%) 21 (48%) 25 (63%) 0.046
Lewy-related pathology 5 (5%) 2 (5%) 5 (13%) 0.234
Clinical characteristics
Disease duration, years 6+3 72 7+4 0.396
Clinical diagnosis of CBS 48/102 (47%)  17/44 (39%)  4/40 (10%)  7.4x1075
Clinical diagnosis of PSP 31/102 (30%)  14/44 (32%)  32/40 (80%) 1.4x1077
Diagnostic physician type 0.799
Movement disorder specialist 45/95 (47%) 19/41 (46%)  18/38 (47%)
Dementia specialist 10/95 (11%) 7141 (17%) 3/38 (8%)
General neurologist 36/95 (38%) 14/41 (34%)  14/38 (37%)
Non-neurologist 4/95 (4%) 1/421 (2%) 3/38 (8%)
Downward gaze palsy 30/89 (34%) 13/37 (35%)  29/34 (85%) 4.3x1077
Asymmetric rigidity/apraxia 51/69 (74%) 20/29 (69%)  15/23 (65%) 0.766
Initial presentations 0.231
Motor symptoms 48/84 (57%) 17/35 (49%)  12/29 (41%)
Cognitive/behavioral symptoms 20/84 (24%) 14/35 (40%)  9/29 (31%)
Mixed 16/84 (19%)  4/35(11%)  8/29 (28%)

Data are displayed as n (%), mean + SD, and median (25th, 75th range).
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Clinicopathologic characteristics compared by clinical diagnoses

Table 3:

N =60 No77 N=13 N-12 NDGs  Palue
Male, No. (%) 31 (45%) 39 (51%) 3 (23%) 7 (58%) 9 (60%) 0.285
Age at death, years 71+7 68+8 75+10% 677 72+8 0.010
Disease duration, years 7+2 6+3 7+3 7+2 5+3 0.081
Diagnostic physician type 6.8x1078
Movement disorder specialist ~ 40/65 (62%)  35/71 (49%) 0/13 (0%) 1/12 (8%) 6/13 (46%)
Dementia specialist 6/65 (9%) 4/71 (6%) 2/13 (15%) 5/12 (42%)  3/13 (23%)
General neurologist 18/65 (28%) 31/71 (44%)  8/13 (62%) 6/12 (50%) 1/13 (8%)
Non-neurologist 1/65 (2%) 171 (1%)  3/13(23%)  0/12 (0%)  3/13 (23%)
Asymmetric rigidity/apraxia 57/61 (93%) 23/41 (56%) 0/4 (0%) 3/9 (33%) 3/7 (43%)  8.1x107°°
Downward gaze palsy 17/61 (28%) 50/67 (83%) 1/9 (11%) 1/11 (9%) 3/12 (25%) 1.5x107°
Initial presentations 5.6x1078
Motor symptoms 44/58 (76%)  28/61 (46%)  1/6 (17%) 0/11 (0%)  4/12 (33%)
Cognitive/behavioral 5/58 (9%)  17/61(28%)  5/6 (83%)  10/11 (91%) 6/12 (50%)
symptoms
Mixed /58 (16%)  16/61 (26%)  0/6 (0%) 111 (9%)  2/12 (17%)
Pathologic features
Brain weight, g 1100 + 150 1140+£130 1000+ 160% 1020+90% 1170130 5.8x1074
Thickness of corpus callosum, 35+1.0 36+09 20+07%% 21+05** 33x12 32x1077
mm
TDP-43 pathology 1.5x107°
TDP-limited 17/69 (25%) 14/77 (18%)  4/13 (31%)  5/12 (42%)  4/15 (27%)
TDP-severe 4/69 (6%) 32077 (42%)  3/13 (23%)  1/12 (8%)  0/15 (0%)
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Data are displayed as n (%) and mean + SD. “Others” are atypical Parkinson’s disease, Parkinson’s disease with dementia or dementia with Lewy
bodies (N = 8), primary progressive aphasia (N = 5), and multiple system atrophy (N = 2).

*
indicates P value <0.05 compared to PSP;

*:

indicates P value <0.05 compared to PSP and CBS.
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Table 4:
Multivariate logistic regression models

Oddsratio  95% CI P value
Model 1 (DV: clinical diagnosis of PSP)
Age at death, years 0.99 0.92-1.05 0.651
Sex (0: female, 1: male) 1.01 0.35-2.88 0.990
Disease duration, years 0.95 0.80-1.12 0.523
Downward gaze palsy 26.9 8.39-86.3 3.1x1078
Asymmetric rigidity/apraxia 0.27 0.08-0.87 0.028
Model 2 (DV: downward gaze palsy)
Age at death, years 1.02 0.97-1.08 0.385
Sex (0: female, 1: male) 1.04 0.44-2.46 0.928
Disease duration, years 0.88 0.73-1.06 0.181
TDP-43, midbrain tectum 9.77 1.75-54.7 0.010
TDP-43, midbrain tegmentum 0.79 0.31-2.02 0.618
Tau, oculomotor complex 151 1.09-2.08 0.012
Tau, midbrain tectum 0.79 0.59-1.06 0.120
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TDP-43 and tau pathology are four-point scale (0: absent, 1: mild, 2: moderate, 3: severe). Abbreviation: DV, dependent variable; PSP, progressive

supranuclear palsy.
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