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performed in the past for Alzheimer’s disease [16] but has
generally been discontinued for ethical reasons [28], as the
harm caused by the procedure cannot be offset by benefits
arising from accurate diagnosis. The possible usage of clin-
ical olfactory testing as a predictive risk factor for PD has
also been critiqued [26]. Pharmacologic therapy of both
Alzheimer’s disecase and Parkinson’s disease is initiated
empirically as the risks of therapy are low and therapy can
be discontinued if it is ineflective or causes adverse effects.
Surgical treatment of PD, however, which has included pal-
lidotorny, thalamotomy, deep brain stimulation and neural
transplantation, carries significant risk of complications, up
to 40% overall [15, 25, 29, 33, 34, 36-39]. These therapies
are thought to be ineffective for non-PD causes of Parkin-
sonism and therefore accurate diagnosis of PD is consid-
ered essential for patient selection. Estimates of the current
clinical accuracy of the diagnosis of PD range between 65
and 90% (8, 13, 14, 20, 21, 27}, with the higher accuracy
figures being dependent on prolonged clinical observation
and therapeutic trial with levodopa. Five years of observa-
tion with a favorable response to levodopa is recommended
for surgical PD candidates [25]. It has been reported that
patients with multiple system atrophy (MSA) misdiagnosed
as PD have undergone placement of deep brain stimulators
and have not had a lasting benefit [25]. As the characteristic
ghal cytoplasmic synuclein-immunoreactive inclusions of
MSA are also present and diagnostic in the olfactory bulb,
as reported by Kovacs et al. [23] (we have confirmed this
finding in five MSA cases), olfactory bulb biopsy would
differentiate between PD and MSA. Olfactory bulb biopsy
might therefore be useful for the evaluation of candidates
for surgical therapy of PD, where the risks of biopsy might
be justified if it would spare non-PD subjects the greater risks
associated with pallidotomy, thalamotomy, deep brain stimula-
tion or neural transplantation [15, 25, 29, 33, 34, 36-39].

Limitations of the current study

As this was an autopsy study, the entire olfactory bulb was
available for examination. To achieve similar results in a
biopsy setting, it is therefore recommended that the entire
bulb be removed and examined. Examination of only part
of the bulb may give false-negative results in some cases
due to localized synuclemopathy.

Conclusions

The presence of Lewy-type a-synucleinopathy in the olfac-
tory bulb has greater than 90% sensitivity and specificity for
neuropathologically confirmed PD and DLB and its severity
correlates with the severity of synucleinopathy in other brain
regions as well as with measures of cognition and motor

function. Olfactory bulb biopsy might be considered in the
setting of patient evaluation for surgical therapy for PD.
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Abstract Although frontotemporal lobar degeneration
with ubiquitin/TDP-43-positive inclusions (FTLD-TDP)
and Pick’s disease are common pathological substrates in
sporadic FTLD, clinical differentiation of these diseases is
difficult. We performed a retrospective review of medical
records and semiquantitative examination of neuronal loss
of 20 sporadic FTLD-TDP and 19 Pick’s disease cases.
Semantic dementia as the first syndrome developed only in
FTLD-TDP patients. Impaired speech output in the early
stage was five times more frequent in Pick’s disease than in
FTLD-TDP. The total frequency of asymmetric motor dis-
turbances (e.g., parkinsonism, pyramidal signs, and con-
tracture) during the course was significantly more frequent
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in FTLD-TDP (78%) than in Pick’s disease cases (14%).
Asymmetric pyramidal signs were found in 7 of 13 FTLD-
TDP cases with corticospinal tract degeneration similar to
primary lateral sclerosis. Frontotemporal dementia as the
first syndrome was noted in both FTLD-TDP (28%) and
Pick’s disease cases (64%); however, only FTLD-TDP
cases subsequently developed asymmetric motor distur-
bances, and some of the cases further exhibited hemine-
glect. Concordant with these clinical findings, degeneration
in the temporal cortex, caudate nucleus, putamen, globus
pailidus, substantia nigra, and corticospinal tract was sig-
nificantly more severe in FTLD-TDP, and degeneration in
the frontal cortex tended to be more severe in Pick’s dis-
ease. Given these findings, the initial impairment of seman-
tic memory or comprehension and subsequent asymmetric
motor disturbances in sporadic FTLD patients predict spo-
radic FTLD-TDP rather than Pick’s disease, while initial
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behavioral symptoms or non-fluent aphasia without subse-
quent asymmetric motor disturbances predict Pick’s disease
rather than sporadic FTLD-TDP.

Keywords Agnosia - Aphasia - Caudate nucleus
Corticobasal degeneration - Motor neuron disease - TDP-43

Introduction

Frontotemporal lobar degeneration (FTLD), the second most
common dementia in the presenium {59, 71] comprises three
clinical subtypes characterized by behavioral and psychiatric
symptoms resulting from dysfunction of the frontal and tem-
poral lobes: frontotemporal dementia (FTD), progressive
non-fluent aphasia (PA), and semantic dementia (SD) [48].
The most frequent underlying pathology of FTLD patients
is FTLD with ubiquitin-positive, tau-negative inclusions,
which occurs at a frequency of 40-60% of FTLD patients
[47]. This pathological subtype has been called FTLD-U [9,
27]. and the major pathological protein in FTLD-U was
disclosed to be TAR-DNA binding protein 43 (TDP-43)
[1, 49]. Thereafter, however, it was reported that a small
proportion of FTLD-U cases lack TDP-43 pathology [31,
41, 611. Therefore, it is currently recommended that FTLD
with ubiquitin-positive and TDP-43-positive inclusions be
called FTLD-TDP and FTLD with ubiquitin-positive but
TDP-43-negative inclusions be called FTLD-UPS (ubiquitin
proteosome system) [42). Accordingly, in this paper, the
term FTLD-U is used only when referring to previous stud-
ies in which TDP-43 pathology was not assessed.

The histopathological hallmarks of FTLD-U and FTLD-
TDP are ubiquitin- and/or TDP-43-positive dystrophic neu-
rites, neuronal cytoplasmic inclusions (NCls), and neuronal
intranuclear inclusions (NTIs) in the affected cortex, hippo-
campal dentate gyrus, and striatum [1, 40, 49]. Mutations of
the progranulin gene (PGRN) were identified in 15-25% of
FTLD-U cases, 5~10% of all FTLD patients, and 10-20%
of familial FTLD cases [3, 10, 16, 39, 57, 58]. Some FTLD-
U cases have corticospinal tract degeneration similar to pri-
mary lateral sclerosis (PLS), but minimal or no involvement
of the lower motor neurons [13, 23]. The pathogenic rela-
tionship between FTLD-TDP with or without PLS-like
lesions and amyotrophic lateral sclerosis (ALS) remains
unclear. The second most common pathological substrate in
FTLD patients is considered to be Pick’s disease, and it was
found at a frequency of about 10-30% in two autopsy series
of FTLD [29, 47]. Originally, the term Pick’s disease
referred to pathologically heterogeneous cases that have cir-
cumscribed frontotemporal atrophy [52, 56], but it is now
used only for cases having tau-positive Pick bodies [70].

It is currently known that FTLD comprises various path-
ological entities besides FTLD-TDP and Pick’s disease,
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such as corticobasal degeneration (CBD), progressive
supranuclear palsy (PSP), neuronal intermediate filament
inclusion disease (NIFID) [8, 28], basophilic inclusion
body disease (BIBD) [46, 74], dementia lacking distinctive
histological features (DLDH) [351, and Alzheimer’s disease
with atypical cerebral atrophy. Identifying these underlying
pathologies during life of the patient is crucial for future
specific pathology-based treatments [14, 20, 60]. Therefore,
a few studies that tried to clarify the clinical differences
between variable pathological entities in FTLD patients
have been conducted [14, 34]. However, because the num-
ber of such comprehensive studies is yet very limited, the
clinical data available to predict pathologies related to FTLD
are not adequate for physicians in various clinical settings.

Approximately 60% of FTLD patients in Western coun-
tries lack a family history of FTLD [57, 58], and family histo-
ries are even more rare in Japanese FTLD patients {22, 25,
71]. However, the differences between common pathologies
in sporadic FTLD patients, especially sporadic FTLD-TDP
and Pick’s disease, have not been fully investigated. In this
paper, we first compared the clinical features in a postmortem
series of sporadic FTLD-TDP and Pick’s disease with special
attention to (1) the spectrum of symptoms within 1 year after
the onset, (2) the characteristics and frequencies of behavioral,
language, and motor disturbances during the course, and (3)
the evolution of the clinical presentation from early to end
stages. To understand the pathological bases of the clinical
features, we assessed the distribution and severity of neuronal
loss, which often correlate more closely with clinical features
than those of inclusions [13], in representative anatomical
regions in the central nervous system in cases of FTLD-TDP
and Pick’s disease. In addition, in FTLD-TDP cases, the rela-
tionship between the histopathological subtypes of TDP-43
pathology and clinical features was examined.

Materials and methods
Subjects

A case series of FTLD-TDP (n =20) and Pick’s disease
(n=19), as well as nine cases of FTLD-TDP with motor
neuron disease (FTLD-MND) as a disease control for TDP-
43 immunohistochemistry, were examined in this study
(Table 1). These cases were selected from two neuropatho-
logical series evaluated at the Tokyo Institute of Psychiatry
from 1974 to 2007 and at the Department of Neuropsychia-
try, Okayama University Graduate School of Medicine,
Dentistry and Pharmaceutical Sciences from 1924 to 2007,
respectively. The inclusion criterion was the availability of
fixed tissues for the histological diagnosis. No subject in
this study had a family history of dementia or motor neuron
disease. All of the cases were pathologically classified
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Table 1 Demographic data of subjects

FTLD-TDP Pick’s disease
All FTLD-TDP FTLD-TDP-PLS(+) FTLD-TDP-PLS(—) FTLD-TDP-PLS(ne)
N (male/female) 20 (14/6) 14 (10/4) 43/ 2m) 19 (9/10)
Age at onset (years) 545+ 8.2 529174 62.7+72 52.0+£113 559+75
Age at death (years) 62.6 9.6 62.5 + 8.8 642+ 113 60.5 & 17.7 66.2 + 8.3
Duration (years) 92157 9.8 £ 6.2 63x£25 89+£59 8.6+5.0
Family history (1) 0 0 0 0 0
Brain weight (g) 1049 + 207 1016 = 189 1170 + 314 1,150* 1012 £ 216
TDP-43 pathology
Type 1 [n (%)] 11 (55.0) 8(57.1) 2 (50.0) 1 (50.0) -
Type 2 [n (%)) 5(25.0) 3(21.4) 1(25.0) 1 (50.0) -
Type 3 [n (%)) 4 (20.0) 3(21.4) 1(25.0) 0(0.0) -
Type 4 [n (%)) 0 (0.0) 0(0.0) 0(0.0) 0 (0.0 -

The age at onset, age at death, duration, and brain weight were mean =X standard deviation

FTLD-TDP-PLS(+) FTLD-TDP with PLS-like corticospinal tract degeneration, FTLD-TDP-PLS(—) FTLD-TDP without PLS-like corticospinal
tract degeneration, FTLD-TDP-PLS(ne) FTLD-TDP cases of which medulla oblongata or spinal cord tissue could not be histopathologically exam-
ined

 The brain weight in one case of FTLD-TDP-PLS(ne) was not available

: 5 § E
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Fig. 1 Diagnostic pathological changes in FTLD-TDP and Pick’s dis-
ease. a Numerous tau-positive Pick bodies in the deep layer of the tem-
poral cortex. b Type 1 histology of FTLD-TDP. Long and relatively
thick TDP-43-positive dystrophic neurites but no neuronal inclusions
are seen. The temporal cortex. ¢ Type 2 histology of FTLD-TDP.
Many TDP-43-positive neuronal cytoplasmic inclusions in the frontal

according to the following criteria: (1) Pick’s disease
(FTLD with Pick bodies [9]) was defined as the presence of
tau- and Bodian-positive intraneuronal spherical or oval
inclusions (Fig. 1a). (2) FTLD-TDP was diagnosed by the

cortex are seen. No neuronal intranuclear inclusions are found. d Type
3 histology of FTLD-TDP. Many TDP-43-positive short dystrophic
neurites and neuronal cytoplasmic inclusions are seen in the cortical
layer II in the temporal cortex. None of our FTLD-TDP cases had neu-
ronal intranuclear inclusions. a AT-8 immunohistochemistry, b-d
Phosphorylated TDP-43 immunohistochemistry. All scale bars 50 um

presence of ubiquitin-positive and TDP-43-positive but tau-
and a-synuclein-negative NCIs, NIls, and/or dystrophic
neurites in the affected cerebral cortex and hippocampal
dentate gyrus (Figs. 1b-d). Further, in this study, cases
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having pyramidal tract degeneration, but lacking histopa-
thological evidence of lower motor neuron degeneration or
the formation of Bunina bodies in the lower motor neurons,
were classified as ‘FTLD-TDP with PLS-like corticospinal
tract degeneration’ [FTLD-TDP-PLS(+)]. FTLD-TDP
cases without degeneration of the pyramidal tract or lower
motor neuron pathology were classified as ‘FTLD-TDP
without PLS-like corticospinal tract degeneration’ [FTLD-
TDP-PLS(-)]. If neither medulla oblongata nor spinal cord
tissue could be histopathologically examined, the case was
classified as ‘FTLD-TDP-PLS(ne)’. Cases with ubiquitin-
positive but TDP-43-negative inclusions (called atypical
FTLD-U [41] or FTLD-UPS [42]) were excluded. One case
that was previously reported as DLDH but in which ubiqui-
tin/TDP-43 pathology was revealed by reexamination was
included in FTLD-TDP [53]. (3) The definition of FTLD-
MND was based on dementia and histopathological evi-
dence of ALS (i.e.. degeneration in the pyramidal tract, loss
of the lower motor neurons, and the presence of Bunina
bodies and ubiquitin/TDP-43-positive inclusions in the
lower motor neurons).

Clinical features in sporadic FTLD-U and Pick’s disease

All of the available clinical information on sporadic FTLD-
TDP and Pick’s disease cases was retrospectively reviewed
blind to any pathological information with special attention
to the following descriptions: psychiatric and behavioral
symptoms (irritability, euphoria, disinhibition, self-centered
personality change, verbal or behavioral stereotypy, and oral
tendency and pica), language disturbance (naming difficulty,
impaired auditory comprehension, reduced utterance, and
impaired speech output), semantic memory impairment
(impaired comprehension and impaired recognition of com-
mon objects, faces, and written words), and asymmetric
motor symptoms (parkinsonism; pyramidal signs including
Babinski sign, clonus, and hypertonia; contracture; and lower
motor neuron signs), and other cognitive symptoms (memory
impairment, apraxia, and unilateral spatial agnosia). The term
impaired speech output was used only when the nature of the
impairment (e.g., apraxia of speech, phonemic paraphasias,
stuttering, or hesitation in the utterance) was recorded. The
term reduced speech output was used when the reduction of
speech output was recorded without detailed explanation of
its nature. Five Pick’s disease cases and two FTLD-TDP
cases [one FTLD-TDP-PLS(+) and one FTLD-TDP-PLS(~)
cases] were excluded from the clinical examination because
clinical information was inadequate. One Pick’s disease case
who suffered from young onset schizophrenia but lacked
dementia during the course was also excluded when calculat-
ing the frequency of each symptom.

We first examined (1) the frequencies of early symptoms
and (2) the frequencies of symptoms that developed during
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the course in all FTLD-TDP, FTLD-TDP-PLS(+), FTLD-
TDP-PLS(—), FTLD-TDP-PLS(ne), and Pick’s disease
groups. Early symptoms were defined as all symptoms that
developed within 1 year after the onset. Most of the FTLD
patients sequentially developed several key clinical symp-
toms or syndromes with the disease progression. Therefore,
we subsequently compared (3) the evolving patterns of clini-
cal syndromes between FTLD-TDP and Pick’s disease cases.

Clinical syndromes of FTLD determined in each clinical
stage were defined according to the consensus criteria [48):
(1) FTD was defined by progressive behavioral distur-
bances including personality change, disinhibited and self-
centered behaviors, and stereotypic behaviors. (2) SD was
characterized by fluent speech output and loss of concept
knowledge, resulting in loss of understanding of nominal
terms, impaired recognition of both faces and common
objects, and impaired comprehension. (3) PA was defined
by progressive, non-fluent spontaneous speech. When the
clinical picture at some stage did not fit these representative
syndromes, the most dominant symptoms at the stage, such
as impaired comprehension, memory impairment, delu-
sional state, gait disturbance, asymmetric parkinsonism, or
unilateral spatial agnosia, were directly used to explain the
clinical picture in that stage.

Clinical information was interpreted by a senior psycho-
geriatrician (O.Y.) with a special interest in dementia and
checked by a specialist of neuropsychology including apha-
siology (M.K.).

Conventional neuropathology and immunohistochemical
examination

Brain tissue samples from all subjects were fixed postmor-
tem with 10% formaldehyde and embedded in paraffin.
Sections (10 pm thick) from the frontal, temporal, parietal,
occipital, insular, and cingulate cortices, hippocampus,
amygdala, basal ganglia, midbrain, pons, medulla oblon-
gata, cerebellum, and spinal cord were prepared. These
sections were stained by the hematoxylin-eosin (H&E),
Kliiver-Barrera, Holzer, methenamine silver, Bodian, and
Gallyas-Braak methods. A genetic study was not done
because frozen tissue samples were not available.

Sections from representative regions of the cerebrum,
brainstem, and spinal cord were examined immunohisto-
chemically using antibodies to ubiquitin (Z0458, rabbit,
polyclonal, 1:5,000, Dako, Glostrup, Denmark), phosphor-
ylated tau (ATS8, mouse, monoclonal, 1:3,000, Innogenet-
ics, Ghent, Belgium), phosphorylated a-synuclein (1175,
rabbit, polyclonal, 1:1000, [50]), phosphorylated TDP-43
(pS409/410, rabbit, polyclonal, 1:1,000 [19]), and glial
fibrillary acidic protein (GFAP, rabbit, polyclonal, 1:5,000,
Dako). Deparaffinized sections were incubated with 1%
H,0, in methanol for 20 min to eliminate endogenous
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peroxidase activity in the tissue. Sections were treated with
0.2% Tritonx-100 for 5min and washed in phosphate-
buffered saline (PBS, pH 7.4). When using anti-ubiquitin,
sections were pretreated by autoclaving for 10 min in
10 mM sodium citrate buffer at 120°C. After blocking with
10% normal serum, sections were incubated for 72 h at 4°C
with one of the primary antibodies in 0.05 M Tris-HCl
bufler, pH 7.2, containing 0.1% Tween and 15 mM NaN,.
After three 10-min washes in PBS, sections were incubated
in biotinylated secondary antibody for 1 h, and then in avi-
din-biotinylated horseradish peroxidase complex (ABC
Elite kit, Vector, Burlingame, CA, USA) for 1h. The
peroxidase labeling was visualized with 0.2% 3,3'-
diaminobenzidine (DAB) as the chromogen. Sections were
counterstained with hematoxylin.

Assessment of neuronal loss associated
with glial proliferation

The distribution and severity of neuronal loss associated
with gliosis in the representative sites of the cerebral cortex
(Figs. 2a-h), basal ganglia (Figs. 3a—f), and brainstem
nuclei were assessed on H&E-, KB-, and GFAP-stained

Fig. 2 Staging of neuronal loss associated with glial proliferation in
the cerebral cortex. a, b Stage 0. In the all cortical layers, the cytoar-
chitecture is normal and neurons are spared in number. The superior
frontal gyrus, FTLD-TDP. ¢, d Stage 1. Mild neuronal loss with mild
astrocytosis is noted in the cortical layers I and I, but the laminar struc-
ture in the deeper cortical layers is almost completely spared. The
superior frontal gyrus. FTLD-TDP. e, f Stage 2. Moderate neuronal

sections according to the grading system employed in our
previous studies [67-69, 72, 74]. Briefly, stage 0 indicated
no neuronal loss, stage 1 mild neuronal loss, stage 2 moder-
ate neuronal loss, and stage 3 severe neuronal loss. The
frontal and temporal cortices, caudate nucleus, and puta-
men were assessed at two levels, and the most severe grade
was recorded as the stage in each region.

Degeneration of the corticospinal tract and frontopontine
tract at the level of the cerebral peduncle was assessed by
the evidence of loss of myelin, glial proliferation, and the
presence of macrophages [69, 72, 74], and indicated as stage
0 (absent) or stage 1 (present). The severity of the degenera-
tion of the corticospinal tract at the level of the medulla
oblongata was indicated as stage 0 (no degeneration), nei-
ther loss of myelin nor glial proliferation was found; stage 1
(mild degeneration), slight myelin loss and gliosis without
atrophy of the tract; stage 2 (moderate degeneration), evi-
dent myelin loss and gliosis with slight atrophy of the tract;
and stage 3 (severe degeneration), evident myelin loss and
gliosis with severe atrophy of the tract.

Macroscopic atrophy of the basal ganglia at the level of
the temporal pole on the coronal slice was assessed using
the modified staging system originally reported by Broe

loss associated with evident astrocytosis is found in the cortical layers
1-I11, but neurons in the deep layers are spared in number. The superior
temporal gyrus. FTLD-TDP., g, h Stage 3. In all cortical layers, neurons
have almost completely disappeared, and glial proliferation is remark-
able. The myelin in the adjacent subcortical white matter is obviously
reduced. The inferior temporal gyrus. FTLD-TDP. a, ¢, ¢, g Hematox-
ylin—eosin stain, b, d, f, h Klitver-Barrera stain. All scale bars 100 um
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Fig. 3 Staging of neuronal loss
associated with glial prolifera-
tion in the putamen. a, d Stage 0.
Neither neuronal loss nor glial
proliferation is noted. A normal
control case. b, e Stage 2. Mod-
erate neuronal loss with evident
gliosis is found, but tissue rare-
faction is not seen. FTLD-TDP.
¢, f Stage 3. Severe neuronal
loss, remarkable glial prolifera-
tion, and tissue rarefaction

are found. FTLD-TDP.

a-c¢ Hematoxylin—eosin stain,
d-f Kliiver-Barrera stain.

All scale bars 100 pm

et al. [7]: stage 0, no atrophy was noted in the basal ganglia;
stage 1, there was minimal atrophy of the basal ganglia, but
the structure of the caudate nucleus was not flattened; stage
2. the structure of the caudate nucleus was flattened, lead-
ing to dilation of the lateral ventricle; stage 3, the basal gan-
glia was further degenerated, as evidenced by a concavity
of the ventricular surface; and stage 4, the basal ganglia
was dramatically reduced in volume, and the ventricle was
consequently concave and grossly dilated.

All of these pathological changes were independently
evaluated by two investigators (O.Y. and K.T.), and the
final grade was determined after discussion when the
results were inconsistent.

Assessment of other pathological changes

Neurofibrillary changes and senile plaques were evaluated
by the Braak stage on Gallyas-Braak and methenamine
silver-stained sections, respectively [6]. Argyrophilic grains
and Lewy pathology were also evaluated on Gallyas-Braak
silver-stained sections and a-synuclein immunostained sec-
tions, respectively. TDP-43 pathology was classified into
types 1-4 according to the recently reported pathological
criteria (Figs. 1b—d) [9]. This classification was performed
by two researchers (O.Y. and T.A.) who were blind to clin-
ical and pathological diagnoses.

Statistic analysis
The Chi-square and Mann—Whitney U tests were used to

analyze the significance of differences in variables, including
the demographic data, frequency of each clinical feature, and
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severity of degeneration in each anatomical region, between
the two groups. When the expected frequency was <5 in one
or more cells, Fisher’s exact test was used. Spearman rank
order correlation analysis was applied for univariate correla-
tions between the severity of neuronal loss in representative
anatomical regions (i.e., the inferior frontal gyrus, superior
temporal gyrus, inferior temporal gyrus, inferior parietal lob-
ule, hippocampus, putamen, substantia nigra, and corticospi-
nal tract at the level of the medulla oblongata) and the
development of key clinical symptoms during the course
(i.e., apathy, stereotypy, semantic memory impairment,
impaired auditory comprehension, impaired speech output,
rigidity, pyramidal signs, contracture, and unilateral spatial
agnosia) in FTLD-TDP cases and Pick’s disease cases,
respectively. A value of P < 0.05 was accepted as significant.
All statistical analyses were conducted using the StatView
for Macintosh program version J-4.5.

Results

Clinical characteristics in sporadic FTLD-TDP
and Pick’s disease

The major clinical symptoms and their chronologically
evolving patterns in all subjects are shown in the supple-
mentary data.

Demaographic data

Demographic data in sporadic FTLD-TDP and Pick’s dis-
ease are shown in Table |. There were no significant
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differences between all FTLD-TDP cases and Pick’s
disease cases with respect to the age at onset, age at death,
and disease duration. Among FTLD-TDP cases, FTLD-
TDP-PLS(+) cases were over three times as frequent as
FTLD-TDP-PLS(~) cases. The disease duration in FTLD-
TDP-PLS(+) cases (range 2-21 years) tended to be longer
than that in FTLD-TDP-PLS(—) cases (range 4-9 years),
and the brain weight in FTLD-TDP-PLS(+) cases tended to
be smaller than that in FTLD-TDP-PLS(—) cases.

Early symptoms in sporadic FTLD-TDP and Pick’s disease

The spectrums of early symptoms within 1 year after the
onset were obviously different in sporadic FTLD-TDP and
Pick’s disease cases (Table 2). Frequent early symptoms in
all FTLD-TDP cases were naming difficulty (50%),
impaired semantic memory (39%), impaired auditory com-
prehension (22%), reduced speech output (22%), memory
impairment (28%), disinhibition (28%), and apathy (28%).
The frequency of semantic memory impairment in FTLD-
TDP cases was significantly higher than that in Pick’s
disease cases (P =0.008). Although the number of FTLD-
TDP-PLS(—) cases was small, the spectrum of early symp-
toms in FTLD-TDP-PLS(+) tended to be similar to that in
FTLD-TDP-PLS(—) cases.

The most frequent early symptoms in Pick’s disease
cases were reduced speech output (29%) and disinhibition
(29%). Some impairments of speech output (29%), includ-
ing stuttering and a hesitant quality in utterance, parapha-
sia, and apraxia of speech, were also frequent in Pick’s
disease cases. Impaired speech output in the early stage in
Pick’s disease cases was five times more frequent than in
FTLD-TDP cases. Unlike FTLD-TDP cases, none of our
Pick’s disease cases showed semantic memory impairment
or impaired comprehension within 1 year after the onset.
Memory impairment (7%) and naming difficulty (14%)
were less frequent in Pick’s disease than in FTLD-TDP
cases.

Gait disturbance [one FTLD-TDP-PLS(+) case],
hemiparesis in the right side extremities [one FTLD-TDP-
PLS(+) case], and buccofacial apraxia [one FTLD-TDP-
PLS(ne) case] were noted only in FTLD-TDP cases.
Persecutory delusion and dysarthria were rarely observed in
both FTLD-TDP and Pick’s disease cases.

Characteristics of behavioral, language, motor, and other
cognitive disturbances during the course of sporadic
FTLD-TDP and Pick’s disease

The frequencies of behavioral disturbance, language
impairment, motor disturbance, and unilateral spatial agno-
sia during the course are shown in Table 2. Apathy tended
to be more frequent in FTLD-TDP cases and behavioral

stereotypy was more frequent in Pick’s disease cases.
Impairment of semantic memory was noted in 44% of
FTLD-TDP cases but not in any Pick’s disease case during
the course (P = 0.004). Impaired auditory comprehension
was more frequent in FTLD-TDP than in Pick’s disease
cases, and impaired speech output was more frequent in
Pick’s disease than in FTLD-TDP cases.

Approximately 80% of all FTLD-TDP cases developed
some asymmetric motor disturbance during the course, over
five times as many as in Pick’s disease. The asymmetric
motor disturbances in FTLD-TDP cases noted in clinical
records were rigidity, tremor, pyramidal signs, contracture,
and hemiplegia. Asymmetric pyramidal signs were found
only in FTLD-TDP-PLS(+) cases, and asymmetric rigidity
was more frequent in FTLD-TDP-PLS(—). The total fre-
quency of asymmetric motor disturbances in FTLD-TDP-
PLS(+) cases was higher than that in FTLD-TDP-PLS(—)
cases (85 vs. 67%). In all FTLD-TDP cases, the motor dis-
turbances often developed in the right-side extremities
(nine cases), the prevalence of which was twice as high as
that in the left side (five cases). In all FTLD-TDP cases, the
mean duration from the disease onset to the development of
asymmetric motor disturbances was about 6 years, and the
mean duration from the development of asymmetric motor
disturbances to death was 2.5 years.

Evolving patterns of clinical syndrome in sporadic
FTLD-TDP and Pick’s disease

The spectrum of evolving clinical patterns in sporadic
FTLD-TDP cases hardly overlapped with that in Pick’s dis-
ease cases (Table 3). The only evolving pattern shared by
both FTLD-TDP and Pick’s disease groups was the ‘FTD
alone pattern’, which is characterized by early behavioral
changes such as disinhibition or stereotypy, gradually
increasing apathy, and lack of evident features of other syn-
dromes. However, this pattern was the most frequent course
in Pick’s disease cases (57%), although it was rare in
FTLD-TDP cases (5.6%). The most common first syn-
drome in Pick’s disease cases was FTD (64%), followed by
PA (14%).

The most frequent first syndrome in FTLD-TDP cases
was SD (39%), followed by FTD (28%). Fifty percent of
FTLD-TDP cases showed either SD or impaired auditory
comprehension as the first syndrome or the first prominent
symptom, and 78% of these cases subsequently developed
FTD. Of 14 FTLD-TDP cases having asymmetric motor
disturbances, two cases (14%) subsequently developed uni-
lateral spatial agnosia. Unilateral spatial agnosia was not
observed in any Pick’s disease case. In both cases with vni-
lateral spatial agnosia, the first syndrome was FTD. Unilat-
eral spatial agnosia was noted on the same side as motor
disturbance.
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Table 2 Clinical characteristics in FTLD-TDP and Pick’s disease

FTLD-TDP Pick’s P value®
disease

AIlFTLD-TDP FTLD-TDP- FTLD-TDP- FTLD-TDP- (n=14)

(n=18) PLS(+) (n=13) PLS(-}(n=3) PLS(ne)(n=2)
Early symptoms®
Naming difficulty {n (%)] 9 (50.0) 6(46.2) 1(33.3) 2 (100.0) 2(14.3) 0.061
Semantic memory impairment [n (%)] 7(38.9) 4(30.8) 1(33.3) 2 (100.0) 0 0.0y 0.008
Memory impairment {n (%)] 5(27.8) 3(23.1) 2(66.7) 00.0) 1(7.1) 0.196
Disinhibition [n (%)] 5(27.8) 4(30.8) 1(33.3) 0(0.0) 4 (28.6) >0.999
Apathy {n (%)] 5(27.8) 3(23.1) 2 (66.7) 00.0) 2 (14.3) 0.426
Auditory comprehension deficit [n (%)] 4(22.2) 4(30.8) 0 (0.0) 0(0.0) 0(0.0) 0.059
Reduced speech output [n (%)] 4(222) 3(23.1) 1 (33.3) 0 (0.0) 4 (28.6) 0.734
Irritability [n (%)] 3(16.7) 1(7.7) 2 (66.7) 0(0.0) 0(0.0) 0.238
Stereotypic behaviors [n (%)] 3(16.7) 3(23.1) 0(0.0) 0 (0.0) 2(14.3) >0.999
Dysarthria [n (%)] 2(11.1) 2(15.4) 0(0.0) 00.0) 1(7.1)  >0999
Writing impairment {n (%)] 2L 2(15.4) 0(0.0) 0 (0.0) 1(7.1) 0.702
Right side hemiparesis 1{5.6) 1(1.7) 00.0) 00.0) 0(0.0) 0492
Gait disturbance [n (%)] [ (5.6) 1 (71.7) 0(0.0) 0 (0.0) 0(0.0) >(.999
Buccofacial apraxia [n (%)] L (5.6) 0(0.0) 0(0.0) 1 (50.0) 0(0.0) >(.999
Persecutory delusion [n (%)] 1 (5.6) L(7.7) 0(0.0) 0(0.0) 1(7.1) >0.999
Impaired speech output® [n (%)] 1(5.6) L7 00.0) 0 (0.0) 4(28.6) 0.075
Psychiatric and behavioral symptoms during course
Apathy [n (%)} 14 (77.8) 10 (76.9) 3 (100) 1 (50.0) 9 (64.3) 0.453
Behavioral stereotypy {n (%)} 11 6lL.1) 9(69.2) 2 (66.7) 0(0.0) 10(714) 0.542
Euphoria [n (%)] 6(33.3) 6 (46.2) 0(0.0) 0(0.0) 3(21.4) 0.457
Oral tendency and pica [n (%)] 9 (50.0) 8 (61.5) 1(33.3) 0(0.0) 6(42.9) 0.857
Language and semantic memory impairment during course
Semantic memory impairment [n (%)] 8 (44.4) 5(38.5) 1(33.3) 2 (100.0) 0 (0.0) 0.004
Auditory comprehension impairment [ (%)] 5(27.8) 5(38.5) 0(0.0) 00.0) 1 (7.1 0.138
Impaired speech output® [n (%)] 1(5.6) 1(7.7) 0(0.0) 00.0) 4 (28.6) 0.075
Asymmetric motor disturbances and unilateral spatial agnosia during course
All asymmetric motor disturbances [n (%)] 14 (77.8) i1 (84.6) 2 (66.7) 1 (50.0) 2(14.3) 0.00!
Rigidity [n (%)] 8 (444) 5(38.5) 2 (66.7) 1 (50.0) 2(14.3) 0.125
Tremor [n (%)] 1 (5.6) 1{1.7) 0(0.0) 00.0) 1.1 0.854
Upper motor neuron signs [n (%)} 8 (44.4) 7(53.8) 00.0) 1 (50.0) 2(14.3) 0.125
Contracture [n (%)} 5(27.8) 5(38.5) 0(0.0) 00.0) 1(7.1) 0.138
Hemiparesis or hemiplegia [n (%)] 2(1L.1) 2(15.4) 00.0) 0(0.0) 0 (0.0) 0.198
Limb apraxia [n (%)] 0(0.0) 0(0.0) 0 (0.0) 0(0.0) 1(7.1) 0.249
Unilateral spatial agnosia [n (%)] 2(1L.D) 2(15.4) 0(0.0) 0(0.0) 0(0.0) 0.492

FTLD-TDP-PLS(+) FTLD-TDP with PLS-like corticospinal tract degeneration, FTLD-TDP-PLS(~) FTLD-TDP without PLS-like corticospinal
tract degeneration, FTLD-TDP-PLS(ne) FTLD-TDP cases of which medulla oblongata or spinal cord tissue could not be histopathologically exam-

ined
* All FTLD-TDP types versus Pick’s disease cases

® Early symptoms were defined as all symptoms that developed within | year of onset
© Apraxia of speech, paraphasia, stuttering, and hesitation in utterances were included

In our series, all patients who showed SD as the first syn-
drome were classified as FTLD-TDP. Likewise, all of our
patients who showed PA or apraxia of speech as the first syn-
drome were classified as Pick’s disease. Although five FTLD-
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TDP and nine Pick’s disease cases showed FTD as the first
syndrome, all four patients who subsequently developed asym-
metric motor disturbances, including parkinsonism, pyramidal
signs, and contracture, were diagnosed as having FTLD-TDP.
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Table 3 Evolving patterns of clinical presentation in FTLD-TDP and Pick’s disease groups

Clinical course FTLD-TDP (n = 18) Pick’s disease (n = 14)
TDP-43  Macroscopic  Clinical diagnosis ~ Macroscopic  Clinical diagnosis
subtype  cerebral (year of death) cerebral (year of death)

atrophy [reference] atrophy [reference]

(1) SD > FTD > AMD(rt) 1 T>F Pick (1974) - -

(2) SD > FTD > AMD(rt) i T>Flt Pick (2000) - -

(3) SD > FTD > AMD(1t) 1 T>Flit SPA (2000) {73] - -

(4) SD > FTD 1# T>F VaD (1991) - -

(5)SD > FTD 1 T>F Pick (1983) - -

(6) SD 1* Tit Pick (1985) - -

(7) SD > AMD(1t) 2° T>Fit SPA (1998) - -

(8) IAC > FTD > AMD(lp) 2 F>Tit Pick (1975) - -

£9)1AC > FTD > AMD(rt) 2 Fit=T VabD (1977) [37] - -

(10) Memory impairment > FTD > AMD(rt) 32 F=Tit CBD (2006) - -

(11) Memory impairment > FTD > AMD(1t) 12 Trt Pick (1974) - -

(12) Gait disturbance > FTD > AMD(lt) 2 T>F Pick (1986) - -

(13) Delusional state > IAC > FTD > AMD(lt) 3 T=F Pick (1973) [38] - -

(14) FTD > IAC > AMD(rt) > SA(rt) 3 T>Fit SD?7(1995) [53] - -

(15) FTD > IAC > AMD(lt) > SA(lt) 1 F=T Pick (1979) [38] - -

(16) FTD > SD > AMD(rt) 1 T > Fit Pick (2003) - -

(17) FTD > AMD(It) 1 T>F Pick (1988) - -

(18) FTD 3 F AD (2000) F Depressive state (1992)

{19 FID - - - F>T AD (1976) [54)

(20) FTD - - - F>Trt Pick (1968) [26]

(1) FTD - - - F=T Pick (1995)

(22) FID . - - - F=T NA (NA) [69]

(23)FID - - - F=Trt Pick (1974) [2]

(24) FID - - - T >Flt Pick (1983)

25 FID - - - T>Fit Presenile dem. (1993) [51)

(26) FTD > IAC - - - T>Frt Pick (1964) [45]

{2Z7) Delusional state > FTD > AMD(lt) - - - T>Flt Presenile dem. (1993) [24]

(28) PA > FTD - - - Fit=T Pick (1971) [36]

{29 PA - - - F>Thit PPAphasia (NA) [43]

(30) AOS > AMD(rt) - - - F>Tit PPApraxia (1994) [ 15]

(31) Schizophrenia (subclinical FTLD) - - - None Schizophrenia (1981)

One FTLD-TDP-PLS(+) case, one FTLD-TDP-PLS(~) case, and five Pick’s disease cases were excluded because the clinical information was not
adequate. The percentages of 18 FTLD-TDP and 14 Pick’s disease cases for which clinical information was available, respectively, are indicated

T > F temporal-predominant atrophy, F > T frontal-predominant atrophy, T = F temporal and frontal lobes were equally atrophic, It left-side pre-
dominant atrophy, ¢ right-side predominant atrophy, FTD frontotemporal dementia, SD semantic dementia, PA progressive non-fluent aphasia, AOS
apraxia of speech, JAC impairment of auditory comprehension, AMD(rt) right-side predominant motor disturbance, AMD(lt) left-side predominant
motor disturbance, SA unilateral spatial agnosia, SPA slowly progressive aphasia, PPAphasia primary progressive aphasia, PPApraxia primary pro-
gressive apraxia, Pick Pick’s disease, AD Alzheimer’s disease, CBD corticobasal degeneration, VaD vascular dementia, NA not available

? FTLD-TDP-PLS(—) cases
b FTLD-TDP-PLS(ne) cases. The other cases of FTLD-TDP were FTLD-TDP-PLS(+)
¢ Microscopically, the frontal and temporal cortices were equally degenerated

Pathological findings in sporadic FTLD-TDP cases (range 530-1,350 g) (Table 1). Minor neurofibrillary
and Pick’s disease changes corresponding to Braak stage I or I were noted in

eight FTLD-TDP and five Pick’s disease cases. Senile
The brain weight in FTLD-TDP cases (range 690-1,450 g)  plaques corresponding to Braak stage A were noted in three
was not significantly different from that in Pick’s disease =~ FTLD-TDP and three Pick’s disease cases, stage B in one
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Pick’s disease case, and stage C in one FTLD-TDP case
and one Pick’s disease case. One FTLD-TDP case had
Lewy bodies in the brainstem nuclei. Argyrophilic grains
were not found in any subject.

Distribution of neuronal loss with gliosis

There were several significant differences between sporadic
ETLD-TDP and Pick’s disease cases in the involvement of
the temporal cortex, basal ganglia, and motor system
(Figs. 4, 5, 6). There were no differences between the distri-
bution and severity of neuronal loss in FTLD-TDP-PLS(+)
cases and those in FTLD-TDP-PLS(—) cases, except for
the degeneration in the pyramidal tract. In both FTLD-TDP
and Pick’s disease, the severity of subcortical gliosis was
roughly correlated with that of neuronal loss in each adja-
cent cerebral cortex.

Neuronal loss in all regions of the frontal cortex was
more severe in Pick’s disease cases than in FTLD-TDP
cases, while the temporal cortex was more severely and
extensively degenerated in FTLD-TDP cases (Fig. 6). Neu-
ronal loss in the superior temporal gyrus in the FTLD-TDP
group was significantly more severe than that in the Pick’s

disease group (P =0.022). Of 20 sporadic FTLD-TDP
cases, 15 (75%) showed temporal-predominant neuronal
loss (Fig. 4a-h), and the frontal and temporal cortices were
degenerated almost equally in only five cases. No sporadic
FTLD-TDP case showed frontal-predominant neuronal loss.
In contrast, among 16 Pick’s disease cases in which both
frontal and temporal tips were available, only seven (44%)
showed temporal-predominant degeneration and four (25%)
frontal-predominant degeneration (Fig. 5a-f). In five Pick’s
disease cases (31%), the frontal and temporal cortices were
almost equally degenerated (Fig. Sg, h). In three FTLD-TDP
(20%) and three Pick’s disease (16%) cases, moderate neu-
ronal loss in the parietal cortex was observed, and two of
these three FTLD-TDP cases clinically showed unilateral
spatial agnosia. In both FTLD-TDP and Pick’s disease
cases, moderate to severe degeneration was frequently
encountered in the insular cortex, cingulate gyrus, subicu-
lum, parahippocampal gyrus, and amygdala. The reduction
of pyramidal neurons in the hippocampal CA! was found in
about 40% of both disease groups, respectively.

Neuronal loss in the caudate nucleus, putamen, and glo-
bus pallidus was significantly more severe in FTLD-TDP
than in Pick’s disease cases (P =0.002, 0.002, 0.004,

Fig. 4 Coronal sections of representative sporadic FTLD-TDP cases.
Minimal loss of myelin (a) and slight gliosis (b) in the temporal labe
are noted. However, neither myelin loss nor gliosis is apparent in the
frontal lobe. Significant cerebral atrophy is not noted (disease duration:
2 years). Severe loss of myelin (c), subcortical gliosis (d), and overt
cerebral atrophy are noted in the temporal lobe, while these alterations
in the frontal lobe are minimal. The caudate nucleus is also atrophic
(duration: 11 years). Severe myelin loss (e) and evident cerebral atro-
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phy are observed in the temporal lobe. Although subcortical gliosis is
noted in the temporal and frontal lobe as well (f), gliosis is more severe
in the temporal lobe. This case clinically showed impairment of seman-
tic memory in the early stage (duration: 12 years). (g, h) Severe corti-
cal atrophy and myelin loss associated with gliosis are noted in the
frontal and temporal lobes, but the degrees of myelin loss and gliosis
are more prominent in the temporal lobe (duration: 21 years). a, ¢, e, g
Kliiver—Barrera stain, b, d, f, h Holzer stain
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Fig. 5 Coronal sections of representative Pick’s disease cases. Mild
myelin loss (a) and severe subcortical gliosis (b) are observed in the
frontal tip, but not in the temporal lobe (¢, d). No evident cerebral atro-
phy is noticed in the frontal and temporal lobes (disease duration:
1.5 years). Mild loss of myelin is found in the frontal lobe but not in the
temporal lobe (e). The reduction of the cortical ribbon thickness with
subcortical gliosis is the most prominent in the ventral portion of the

respectively; Fig. 6). The macroscopic reduction in the vol-
ume of the basal ganglia, as evidenced by the concavity of
the ventricular surface on the coronal sections, was more
frequently observed in FTLD-TDP than in Pick’s disease
cases (30 and 13%, respectively), although not statistically
significant. Degeneration in the substantia nigra in FTLD-
TDP cases was significantly more severe than that in Pick’s
disease cases (P = 0.003). Degeneration in the corticospinal
tract at the level of the cerebral peduncle was observed only
in FTLD-TDP cases. The frequency of corticospinal tract
degeneration at the level of the medulla oblongata in FTLD-
TDP cases was ten times that in Pick’s disease cases (78 vs.
7%), and the degeneration was significantly more severe in
FTLD-TDP than in Pick’s disease cases (P = 0.006).

In all FTLD-TDP cases, the development of impaired
auditory comprehension during the course was significantly
correlated with the severity of neuronal loss in the inferior
frontal gyrus (r = —0.544, P < (.05), and unilateral spatial
agnosia with that in the inferior parietal lobule (r = 0.660,
P <0.01). In Pick’s disease cases, impairment of speech
output was significantly correlated with the severity of neu-
ronal loss in the inferior frontal gyrus (r = 0.611, P < 0.05).

inferior frontal gyrus (the pars opercularis). This case clinically
showed impaired speech output (f). The frontal and temporal lobes
show similar degrees of cerebral atrophy. The caudate nucleus is
slightly reduced in volume (duration: 7 years). Severe loss of myelin
(g) with subcortical gliosis (h) is observed in both frontal and temporal
lobes. Both frontal and temporal lobes show severe atrophy (duration
10.7 years). a, ¢, e, g Kliiver—Barrera stain, b, d, f, h Holzer stain

Subtypes of TDP-43 pathology and its clinicopathological
relationship to sporadic FTLD-TDP and FTLD-MND

Subtypes of TDP-43 pathology in FTLD-TDP and FTLD-
MND cases are shown in Tables 1 and 3. In all FTLD-
TDP cases, the most frequent was type 1 histology (55%)
followed by type 2 (25%), and type 3 (20%). In both
FTLD-TDP-PLS(+) and FTLD-TDP-PLS(~) cases, the
most frequent histology was type 1. None of our FTLD-
TDP cases, including cases having type 3 histology, had
NIIs including lentiform NIIs, a sensitive marker for
FTLD-TDP with PGRN mutations, in the affected cortex
or striatum [40]. No FTLD-TDP case had type 4 histol-
ogy. In contrast to the heterogeneity of the TDP-43
histological subtypes in FTLD-TDP-PLS(+) and FTLD-
TDP-PLS(-), all the FTLD-MND cases examined as a
disease control had type 2 histology. Among 7 FTLD-
TDP cases showing SD as the first syndrome, six cases
had type 1 histology and one had type 2 histology. The
most frequent subtype in cases that showed FTD as the
first syndrome was type 1 histology (50%), followed by
type 3 (33%), and type 2 (17%).
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Fig. 6 Distribution of neuronal loss in FTLD-TDP and Pick’s disease. Black severe neuronal loss, brown moderate neuronal loss, orange mild

neuronal loss, white no neuronal loss

Discussion

This study demonstrated that the spectrums of clinical fea-
tures, including early symptoms and evolving patterns of
clinical syndromes, differed between our sporadic FTLD-
TDP and Pick’s disease cases. The clinical course of our
FTLD-TDP cases, including FTLD-TDP-PLS(+) and
FTLD-TDP-PLS(—) cases, can be summarized as tempo-
ral-predominant dysfunction with frequent asymmetric
motor disturbances: frequent impairment of semantic mem-
ory or auditory comprehension from the early stage, less
frequent behavioral problems throughout the course, and
frequent asymmetric parkinsonism, pyramidal signs, and/or
contracture in the middle to late stage. Asymmetric pyrami-
dal signs were frequent in FTLD-TDP-PLS(+) cases, and
asymmetric parkinsonism was frequent in FTLD-TDP-
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PLS(—) cases. In contrast, the clinical course in our Pick’s
disease cases can be summarized as frontal-predominant
dysfunction with less frequent asymmetric motor distur-
bance: frequent behavioral symptoms from the early stage,
frequent speech output impairment from the early stage,
and less frequent asymmetric parkinsonism, pyramidal
signs, and contracture throughout the course. Pathologi-
cally, degeneration in the temporal cortex, caudate nucleus,
putamen, globus pallidus, and corticospinal tract was sig-
nificantly more severe in sporadic FTLD-TDP than in
Pick’s disease cases, while the degeneration in the frontal
cortex tended to be more severe in Pick’s disease cases.
Although rare, parietal degeneration was observed in both
diseases. Except for pyramidal tract degeneration, there
was no evident difference between the distributions of neu-
ronal loss in FTLD-TDP-PLS(+) and FTLD-TDP-PLS(—).
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These pathological findings appeared to be in concord with
the clinical differences between the two diseases.

Although the available data are limited, it was reported
that language disturbance in Pick’s disease tended to have a
non-fluent nature. Hodges et al. [21] reported that among
20 Pick’s disease cases, the most common clinical pheno-
type was FID (n = 11, 55%), followed by PA (n = 6, 30%),
and SD (n = 3, 15%). Further, among eight PA patients in
their series, six cases (75%) had Pick’s disease. Thus, Hod-
ges et al. noticed that progressive non-fluent aphasia pre-
dicts Pick’s disease. Kertesz et al. {33] reported that the first
syndromes in six Pick’s disease cases included FID (n = 3)
and PA (n =3), but not SD. These findings are consistent
with the trend in our Pick’s disease series. On the other
hand, SD is considered one of the representative clinical
phenotypes in FTLD-U cases, although its frequency
among FTLD-U cases remains controversial [34, 62].
Davies et al. [11] demonstrated that 72% of 18 SD cases
(nine sporadic and four familial cases) had FTLD-U, but
only 17% had Pick’s disease. In our series, as well as in the
Manchester series [63], SD as the first syndrome was
observed only in FTLD-U (and DLDH in the Manchester
series) but not in any Pick’s disease cases. Conversely, sev-
eral studies disclosed that clinical phenotypes in FTLD-U
cases are not uniform and that SD is not always the most
frequent syndrome. In the Manchester series, the most
frequent clinical phenotype in 24 FTLD-U cases was
FTD (50%), followed by SD (21%), and PA (21%) [63],
although data concerning the family history were not pro-
vided in that study. Interestingly, several previous studies
demonstrated that FTLD cases with PGRN mutations
tended to show FTD or PA rather than SD [39, 58, 64, 65],
and pathologically, frontal degeneration tended to be equal
1o or more severe than temporal degeneration in FTLD-U
with PGRN mutations [30]. These features are in contrast to
those in our sporadic FTLD-TDP series showing temporal-
predominant involvement, suggesting that the trend in the
clinical picture in sporadic FTLD-TDP is not identical to
that in PGRN-linked FTLD-TDP. It is plausible that the
different clinicopathological trends may be associated with
relatively clear differences in the nature of language distur-
bances and evolving clinical patterns between sporadic
FTLD-TDP and Pick’s disease in our series. If PGRN-
linked FTLD-TDP cases were included in our study, the
frequencies of FTD and PA as the first syndrome might be
higher than those presented here.

In our series, asymmetric motor disturbances, in which
parkinsonism and pyramidal signs were variably combined
and the patients finally showed asymmetric contracture,
were significantly more frequent in sporadic FTLD-TDP
than in Pick’s disease cases. Therefore, although both
Pick’s disease and FTLD-TDP cases often showed FTD as
the first syndrome in our series, the subsequent develop-

ment of some asymmetric motor disturbance after FTD
indicated that the underlying pathology was FTLD-TDP. It
was reported that some FTLD-U cases, almost all of which
were PGRN-linked cases, showed asymmetric parkinson-
ism or CBD-like asymmetric symptoms [4, 5, 12, 17, 18,
39, 44, 55, 66]. The high frequency of FTLD-TDP-PLS(+)
in our FTLD-TDP series was in contrast to the low fre-
quency of it reported in Western countries [13]. Although
the reason for the difference is unclear, in Japan, it was
reported that FTLD-TDP cases, which were previously
regarded as Pick’s disease without Pick bodies and later
diagnosed as FTLD-TDP, often show evident degeneration
of the pyramidal tract without lower motor neuron pathol-
ogy including Bunina bodies [23, 38]. Dickson etal. [13]
noted that motor neuron degeneration in FTLD-U may refi-
ect the greater overall severity of the disease process, and
FTLD-U-PLS(+) may have a different pathogenesis from
FTLD-MND and ALS. Several trends in our FTLD-TDP
series, including the longer disease duration in FTLD-TDP-
PLS(+) than in FTLD-TDP-PLS(—), the smaller brain
weight in FTLD-TDP-PLS(+) than in FTLD-TDP-PLS(-),
the usual occurrence of pyramidal signs in FTLD-TDP
from the middle to end stages of the course, and the differ-
ence in the distribution of TDP-43 histological subtypes
between FTLD-TDP-PLS(+) and FTLD-MND cases
appeared to support their hypothesis.

Unilateral spatial agnosia with asymmetric motor distur-
bance, such as left-side hemineglect with left-side parkin-
sonism [66) or neglect of use of the right arm with right-
side predominant rigidity [64], has been described in a few
FTLD-U cases with PGRN mutations. Although rare,
because unilateral spatial agnosia was observed in FTLD-
TDP cases but not in any Pick’s disease case in our study,
this symptom might indicate sporadic FTLD-TDP rather
than Pick’s disease. However, considering that the fre-
quency of the evident degeneration in the parietal cortex in
Pick’s disease cases (17%) was similar to that in FTLD-
TDP cases (15%) and that some Pick’s disease cases can
show apraxia [15, 32, 63], the possibility that the frequency
of unilateral spatial agnosia in Pick’s disease was underesti-
mated and cannot be excluded.

A limitation in this study was that PGRN mutations
could not be examined. The lack of lentiform NIIs in our
FTLD-TDP series, a sensitive marker for PGRN-linked
FTLD {30, 40}, does not appear to support the possibility
that our sporadic FTLD-TDP series included PGRN-linked
cases. However, although rare, PGRN mutations have been
noted in a small proportion of FTLD-U cases without a
family history [30]. The retrospective nature of our clinical
examination might also influence the reported frequencies
of clinical symptoms. For example, it is possible that impaired
recognition of faces due to semantic memory impairment in
some patients examined before the establishment of the
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clinical criteria of FTLD [48] was simply described as
‘memory impairment’. Thus, the frequencies of semantic
memory impairment and SD might be underestimated in
this study. Likewise, whether the nature of impaired speech
output in sporadic FTLD-TDP was similar to that in Pick’s
disease is unclear. Therefore, like the results of many path-
ological studies, the results presented here should be con-
firmed by prospective studies employing a larger autopsy
series.

Finally, although the present study demonstrated clinical
differences between sporadic FTLD-TDP and Pick’s dis-
ease, it is also important to note that, in clinical practice,
sporadic FTLD patients may have variable pathological
entities such as CBD, PSP, BIBD, NIFID, or Alzheimer’s
disease with atypical cerebral atrophy as well. Kertesz et al.
[33] conducted a comprehensive study of 60 consecutive
patients diagnosed clinically with FTD, PA, CBD syn-
drome, or PSP, and noticed that PA and CBD syndrome
presented more frequently with the tauopathies comprising
pathological CBD, PSP, and Pick’s disease, and that FTD
was more frequent in FTLD-U and DLDH. Indeed, the
most frequent first syndrome in their FTLD-U series was
FTD (78%), which appears to be inconsistent with our find-
ings. However, the frequency of the family history in their
FTLD-U cases was not noted, and if it was high, the results
are not comparable with those in our study. In addition, in
their autopsy series, no patient with SD was included, sug-
gesting a case selection bias different from that in our
series. As Kertesz et al. emphasized, the presence of excep-
tional cases, at present, make it still no simple matter to
infer the underlying pathology in FTLD patients based on
clinical features in clinical practice. However, considering
that in vivo Af imaging will soon be put to practical use,
further clinical differentiation of pathological subtypes of
FTLD besides AD with atypical cerebral atrophy will be
needed in the future. Given the results in the present study,
(1) when sporadic FTLD patients present with early impair-
ment of semantic memory or auditory comprehension and
subsequently develop asymmetric pyramidal signs, parkin-
sonism, or contracture, clinicians should consider that spo-
radic FTLD-TDP rather than Pick’s disease is a plausible
pathology and (2) in sporadic FTLD patients who initially
show behavioral symptoms or some impairment of speech
output but lack subsequent asymmetric motor disturbances,
Pick’s disease rather than FTLD-TDP is a plausible pathology.
Further, taking the previous findings into consideration,
(3) the trend of clinical pictures in sporadic FTLD-TDP
may differ from that in FTLD-TDP with PGRN mutations,
which is clinically and pathologically characterized by
frontal-predominant involvement [30, 58]. For more precise
prediction of pathologies and the specific pathology-based
management in FTLD patients, both further comprehensive
studies of consecutive FTLD patients in variable clinical
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settings and comparative analyses focusing on the
clinical differences between pathological entities should
be done.
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Abstract The two current major staging systems in use
for Lewy body disorders fail to classify up to 50% of
subjects. Both systems do not allow for large numbers of
subjects who have Lewy-type o-synucleinopathy (LTS)
confined to the olfactory bulb or who pass through a lim-
bic-predominant pathway that at least initially bypasses the
brainstern. The results of the current study, based on
examination of a standard set of ten brain regions from 417
subjects stained immunohistochemically for a-synuclein,
suggest a new staging system that, in this study, allows for
the classification of all subjects with Lewy body disorders.
The autopsied subjects included elderly subjects with
Parkinson’s disease, dementia with Lewy bodies, incidental
Lewy body disease and Alzheimer’s disease with Lewy
bodies, as well as comparison groups without Lewy bodies.
All subjects were classifiable into one of the following
stages: 1. Olfactory Bulb Only; I1a Brainstem Predominant;
IIb Limbic Predominant; III Brainstem and Limbic; IV
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Neocortical. Progression of subjects through these stages
was accompanied by a generally stepwise worsening in
terms of striatal tyrosine hydroxylase concentration, sub-
stantia nigra pigmented neuron loss score, Mini Mental
State Examination score and score on the Unified Parkin-
son’s Disease Rating Scale Part 3. Additionally, there were
significant correlations between these measures and LTS
density scores. It is suggested that the proposed staging
system would improve on its predecessors by allowing
classification of a much greater proportion of cases.

Keywords Parkinson’s disease - Parkinsonism -
Dementia with Lewy bodies - Alzheimer’s disease -
Incidental Lewy bodies - a-synuclein - Olfactory bulb -
Amgydala - Limbic - Brainstem - Neocortex

Introduction

It has been almost two centuries since the first description
[73, 74] of Parkinson’s disease (PD) and almost one cen-
tury since the subsequent discovery of its characteristic
microscopic lesion, the Lewy body [47, 61, 82]. The
intervening years have provided a wealth of detail on its
clinical manifestations and pathology. The presenting
syndromes are dementia, motor parkinsonism or both.
Since Kosaka’s delineation of “diffuse Lewy body dis-
ease” associated with dementia in 1976 [55], followed by
the alternative concepts of “senile dementia of the Lewy
body type” [78] and “Lewy body variant of Alzheimer’s
disease” [41], those presenting with dementia are now
termed dementia with Lewy bodies (DLB), the definition of
which has undergone two major iterations [66, 67]. In both
PD and DLB, aggregation, phosphorylation and nitration
of a-synuclein, an abundant synaptic protein, have been
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suggested to be critical processes leading to Lewy body
formation and clinical symptomatology {3, 29, 36, 38, 80].

Investigations that have mapped the topographical dis-
tribution and density of Lewy bodies and their associated
abnormal neurites have indicated that these are spread
much more widely throughout the neuraxis than formerly
appreciated [22, 30, 31, 39, 46, 49, 50, 57, 69, 80, 81]. The
SN, for so long believed to be the epicenter of PD, is
neither the earliest nor the most severely affected region.
More caudal brainstem structures are now recognized as
involved prior to the SN while the amygdala and associated
limbic structures may be struck first and hardest in some
cases [11, 40, 63, 65, 75, 84, 85]. Furthermore, it is also
now more clearly apparent that Lewy body pathology
frequently extends to the spinal cord and peripheral ner-
vous system {9, 10, 15-17, 24, 44, 54, 72, 86].

Much effort has been expended by numerous investi-
gators 1o devise staging systems that might be used, as in
neoplastic disease, to define and categorize the progression
of Lewy body disorders in terms of microscopic appear-
ance and regional presence [13, 65-67, 81]. These
endeavors have not only provided more precise descrip-
tions of disease extent, they have also given an improved
understanding of disease progression. It is hoped that this
will lead 1o useful clues regarding disease pathogenesis.

However, it has become apparent that the current staging
systems fall short of adequately describing the full histo-
pathologic range and variability of Lewy body disorders.
There are two major competing systems, both of which have
been determined to some degree inadequate by several
recent and comprehensive investigations and/or reviews
[34, 51, 52, 59, 62, 76]. These two schemes have been dif-
ferentially conceived, one for PD and the other for DLB [10,
12, 66, 67]. Both of these have been reported to provide
insufficient guidance, especially when applied outside of
their initial focus, so that up to 50% or more of cases are
unclassifiable [51]. The recent redefinition of DLB has left
many cases, mainly those harboring Alzheimer’s disease
(AD) and limbic lobe-restricted Lewy bodies, without a
diagnostic label entirely [67, 85]. Undoubtedly, contributing
to the confusion are large differences between laboratories
in the sensitivity of immunohistochemical methods for a-
synuclein, along with variability in sampling sites, tissue
processing and inter-observer assessment {2, 20, 70].

We undertook this investigation in an attempt to con-
struct, from the valuable foundation already achieved, a
unified staging system that could be applied to all of the
major Lewy body disorders, including not only PD and
DLB but also incidental Lewy body disease (ILBD) and
Alzheimer’s disease with sparse, predominantly limbic
Lewy bodies (ADLB). A sensitive immunohistochemical
method for a-synuclein was used to stain sets of brain
sections from more than 600 autopsied subjects. The
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densities and frequencies of occurrence of Lewy-type a-
synucleinopathy (LTS) in ten standard brain regions were
tabulated and correlated with diagnostic category as well as
measures of nigrostriatal degeneration, cognitive impair-
ment and motor dysfunction. The results are presented in
this manuscript.

Materials and methods
Human subjects

Brain tissue was obtained from Sun Health Research
Institute (SHRI), located in the Sun Cities retirement
communities of northwest metropolitan Phoenix, Arizona.
Brain necropsies were performed on elderly subjects who
had volunteered for the SHRI Brain Donation Program [5].
The majority of Brain Donation Program subjects are
clinically characterized at SHRI with annual standardized
test batteries that include functional, neuropsychological
and neuromotor components, including the Mini Mental
State Examination (MMSE) and Unified Parkinson’s Dis-
ease Rating Scale (UPDRS). Additionally, private medical
records are requisitioned and reviewed for each subject and
the postmortem Dementia Questionnaire [32] is adminis-
tered to subject contacts to help determine the presence or
absence of dementia for those subjects lacking standardized
antemortem evaluations. The Brain Donation Program has
been approved by the SHRI Institutional Review Board.
Subjects were chosen by searching the Brain Donation
Program database for all cases with a completed neuropa-
thologist’s examination, a full set of paraffin blocks
(defined as blocks having all ten regions as defined in the
histologic methods) and diagnoses of a Lewy body disor-
der, including PD, DLB, ILBD, and ADLB. Comparison
groups were composed of subjects without evidence of
dementia or parkinsonism (normal elderly subjects) and
subjects with AD but no Lewy body pathology (ADNLB).
Subjects  received standardized neuropathological
examinations. Specific diagnostic criteria were used for AD
{19], PD [37], and DLB [66]. For both AD and DLB, cases
received the diagnosis if they were classified as “inter-
mediate” or “high” probabilities in their respective
classification schemes. Cases with LTS but not meeting
these diagnostic criteria were designated as either ILBD, if
they had no clinical history of parkinsonism or dementia,
or ADLB if they had Alzheimer’s disease and Lewy bodies
in any brain region but failed to meet criteria for DLB.
Gross and microscopic neuropathologic assessments
were made by a single observer (TGB) without knowledge
of the clinical history or clinical diagnosis; subsequently the
clinical history was reviewed in order to make an appro-
priate clinicopathologic diagnosis. Subjects with Lewy body
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