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On the ‘classification’ of neurodegenerative disorders: 
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A b s t r a c t

The traditional method of classifying neurodegenerative diseases is based on the original clinico-pathological concept
supported by ‘consensus’ criteria and data from molecular pathological studies. This review discusses first, current prob-
lems in classification resulting from the coexistence of different classificatory schemes, the presence of disease hete-
 rogeneity and multiple pathologies, the use of ‘signature’ brain lesions in diagnosis, and the existence of pathologi-
cal processes common to different diseases. Second, three models of neurodegenerative disease are proposed: (1) that
distinct diseases exist (‘discrete’ model), (2) that relatively distinct diseases exist but exhibit overlapping features (‘over-
lap’ model), and (3) that distinct diseases do not exist and neurodegenerative disease is a ‘continuum’ in which there
is continuous variation in clinical/pathological features from one case to another (‘continuum’ model). Third, to dis-
tinguish between models, the distribution of the most important molecular ‘signature’ lesions across the different 
diseases is reviewed. Such lesions often have poor ‘fidelity’, i.e., they are not unique to individual disorders but are dis-
tributed across many diseases consistent with the overlap or continuum models. Fourth, the question of whether the
current classificatory system should be rejected is considered and three alternatives are proposed, viz., objective clas-
sification, classification for convenience (a ‘dissection’), or analysis as a continuum.
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Introduction

The traditional method of classifying neurode-
generative diseases is based on the original clinico-
pathological concept, viz., a disease entity is a specific
combination of clinical features and a distinctive
neuropathology [40,45,59]. It was this principle, origi -
nally applied to small numbers of cases, that result-
ed in the first descriptions of Alzheimer’s disease (AD)
[1,60], Pick’s disease (PiD) [116], dementia with Lewy
bodies (DLB) [45,87], Creutzfeldt-Jakob disease (CJD)

[32,75], and progressive supranuclear palsy (PSP)
[128]. Subsequently, the definition of these diseases
has been refined and modified by two further develop-
ments. First, the establishment of ‘consensus criteria’
the aim of which was to achieve agreement among
leading experts regarding the clinical and patholo -
gical features most useful in diagnosis [90,95,133]. 
Second, the discovery of disease-specific antibodies
enabled aggregates of insoluble and/or misfolded pro-
teins to be detected and therefore the molecular 
‘signature’ of brain lesions to be established [46]. As
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a result, neurodegenerative diseases are often regard-
ed as relatively distinct ‘entities’. In this traditional mo -
del, cases that exhibit the features of more than one
disorder (‘multiple pathologies’), e.g. DLB in combination
with AD [52], are often considered to represent the co-
occurrence of common neuropathologies [16]. 

Two aspects of recent studies have questioned the
validity of the traditional model, viz., the degree of hete-
rogeneity commonly observed within disorders and 
the extent of the overlap or ‘interface’ between them
[6,16,42,45,61]. Overlap between neurodegenerative 
disorders is defined as the coexistence of clinical and/or
neuropathological features of more than one disorder
in the same individual case [16]. Hence, multiple pa -
tho logical processes are common in dementia cases
and significantly affect the clinical presentation of the
disease [144]. If there is extensive overlap, it raises
a question of the ‘distinctiveness’ of the individual dis-
eases and therefore, how they may be classified. Some
closely related neurodegenerative diseases may even
be ‘unclassifiable’ and essentially form a ‘continuum’
in which there is a gradual clinical and pathological
change from one case to another [6]. The frequent use
by authors of such terms as ‘complex syndrome’ [30,
49,132], ‘spectrum of disorders’ [50], or even ‘continu-
um’ [30,49,132] testifies to the extent to which the
boundaries between different disorders may in reali-
ty be more indistinct than previously thought. 

This review considers various aspects of the ques-
tion of how neurodegenerative disease should be ‘clas-
sified’. First, the traditional clinico-pathological concept
is described and problems resulting from the coexis-
tence of different classificatory schemes, the presence
of disease heterogeneity, the use of ‘signature’ brain
lesions in diagnosis, and pathological processes com-
mon to different diseases are discussed. Second, three
models of neurodegenerative disease are proposed, viz.,
(1) that distinct diseases exist (‘discrete’ model), (2) that
distinct diseases exist but exhibit overlapping features
(‘overlap’ model), and (3) that distinct diseases do not
exist and neurodegenerative disease forms a ‘conti -
nuum’ in which there is continuous variation in clini-
cal/pathological features from one case to another
(‘continuum’ model). Third, the distribution of the major
molecular ‘signature’ lesions among the different di -
sease entities is reviewed. Fourth, the question of whet -
her the current classification of neurodegenerative 
disease should be rejected is discussed and three alter-
native conceptual systems are proposed, viz., objec-
tive classification, classification for convenience (a dis-
section), or analysis as a continuum.

Traditional method of classification

Clinico-pathological concept

The original description of some disorders was
based on studies of small numbers of cases and on the
correlation of clinical symptoms with neuropathology.
Hence, the original clinico-pathological description 
of AD originated in Alzheimer’s detailed report of 1907
[1] of a case of presenile dementia associated with the
presence of numerous senile plaques (SP) and neuro -
fibrillary tangles (NFT) [59,60]. Similarly, the descrip-
tion of PiD was based on a series of patients charac-
terised by cognitive disturbance, personality change
and focal symptoms [116] and DLB on the description
of patients by Lewy with ‘paralysis agitans’ accom-
panied by the formation of SP and NFT [45,87]. Sim-
ilarly, PSP was defined as an entity in 1964 based on
nine cases of progressive brain disease [84,128]. No -
tably, many of these disorders were not described ori -
ginally as ‘discrete’ diseases by the original investigators
who often interpreted such cases as examples of more
complex ‘syndromes’.

Consensus criteria 

Consensus criteria, the purpose of which was to pro-
vide a set of agreed objective criteria for diagnosis, have
now been established or proposed for the majority 
of neurodegenerative diseases. Hence, AD is diagnos -
ed according to the ‘National Institute of Neurological
and Communicative Disorders and Stroke and Alz -
heimer’s Disease and Related Disorders Association’
(NINCDS/ADRDA [133], the histological diagnosis
being established by the presence of widespread neo-
cortical senile plaques (SP) consistent with the ‘Con-
sortium to Establish a Registry of Alzheimer’s Disease’
(CERAD) criteria [98] and now extended by the NIA-Rea-
gan Institute criteria [76]. DLB is diagnosed according
to the ‘Consortium on Dementia with Lewy bodies’
(CDLB) guidelines for DLB [96], and PSP by the Natio -
nal Institute of Neurological Disorders and Stroke
(NINDS) and the Society of PSP (SPSP) [68,90,91]. Re -
cently, consensus criteria have also been proposed for
many of the disorders included within frontotempo-
ral dementia (FTD) and its pathological substrate fron-
totemporal lobar degeneration (FTLD) [29].

Molecular pathology

The major molecular constituents of brain lesions,
e.g., β-amyloid (Aβ, tau, and α-synuclein have play -
ed a defining role in diagnosis and classification. In
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some disorders, a direct link has been postulated bet -
ween the presence of a specific gene mutation and the
formation of a ‘signature’ brain lesion. Hence, muta-
tions of the amyloid precursor protein (APP) [31,54] and
presenilin (PSEN) genes PSEN1 [126] and PSEN2 [86],
have been linked to familial forms of AD (FAD), the tau
gene (MAPT) to FTD with parkinsonism linked to 
chromosome 17 (FTDP-17) [119], and α-synuclein [143],
leucine-rich repeat kinase 2 (LRRK2) [143], and PARK7
(DJ-1) [112] genes to familial forms of Parkinson’s dis-
ease (PD). In addition, the majority of familial cases of
FTLD with ubiquitin-immunoreactive and tau-negative
inclusions (FTLD-U), are associated with mutations of
the progranulin (GRN) gene [21,24,33,102,118], with
smaller numbers of cases associated with valosin-con -
taining protein (VCP) gene mutation [47] or variants
in the ubiquitin associated binding protein 1 (UBAP1)
gene [93,121].

Originally, the majority of neurodegenerative dis-
orders were classified into two major molecular
groups, viz., the tauopathies: AD, PiD, argyrophilic grain
disease (AGD) [123], PSP, corticobasal degeneration
(CBD), and FTDP-17; and the synucleinopathies, viz., 
PD, DLB, and multiple system atrophy (MSA) [55]. 
Subsequently, cases that did not possess either tau or 
α-synuclein-immunoreactive inclusions were reported.
First, a proportion of FTLD-U cases were shown to have
inclusions immunoreactive to the product of the tran-
scriptor repressor gene (TARDP), viz. transactive re -
sponse (TAR) DNA-binding protein of 43kDa (TDP-43)
[107] and these cases are now referred to as TDP-43
proteinopathy (FTLD-TDP). Second, neuronal interme -
dia te filament inclusion disease (NIFID) was original-
ly associated with inclusions containing epitopes of
ubiquitin and neuronal intermediate filament (IF)
pro teins such as α-internexin (INT) [17,18,25,27,77]. 
Subsequently, these cases have also been shown to
be associated with the product of the ‘fused in sarcoma’
(FUS) gene [108] which is also implicated in familial
amyotrophic lateral sclerosis (FALS) with FUS mutation
[83,139,140], basophilic inclusion body disease (BIBD)
[103], and atypical FTLD with ubiquitin-immunoreac-
tive inclusions (aFTLD-U) [109].

Problems arising from the traditional
model

Problems of classification

Problems arising from the clinico-pathological
concept are well illustrated by FTD, the second most
common cause of dementia in industrialised countries

[29]. Recent genetic and molecular data have led to con-
siderable changes in the classification and nomenclature
within this group [29]. Hence, discrimination between
the different entities is often only possible using neu-
ropathological criteria, the majority of which are bas -
ed on the morphology and molecular composition of
‘signature’ inclusions such as neuronal cytoplasmic
inclusions (NCI), neuronal intranuclear inclusions (NII),
and glial inclusions (GI) including glial cytoplasmic inclu-
sions (GCI) and astrocytic ‘plaques’ [106]. 

FTD is a clinical diagnosis and FTLD is an ‘umbrella
term’ used for the currently identified neuropathological
variants [29,137]. The clinical variants of FTD include
the behavioural variant, the language variants, e.g.,
semantic dementia (SD) and primary progressive apha-
 sia (PPA), and motor variants such as CBD and motor
neuron disease (MND). The pathological variants of
FTLD include those with tau, ubiquitin, TDP-43, and 
FUS-immunoreactive inclusions [29]. The clinical fea-
tures of FTD, however, may not predict their patholo -
gy and neuropathological features alone cannot esta -
blish a diagnosis of FTD. Hence, some authors consider
FTD to define a group of cases loosely united by clini -
cal presentation but with heterogeneous pathologies
[62] and therefore, cannot be described by strict clin-
ico-pathological criteria alone. Recent studies have also
questioned whether some of the present members of
the group should be classified within FTD. For exam-
ple, CBD is a predominantly extrapyramidal motor 
disorder in which there is a poor correlation between
neuropathology and clinical syndrome [95]. A further
problem is posed by cases exhibiting frontal lobe de -
mentia but accompanied by a typical motor neuron dis-
ease (MND)-type pathology not typical of any single
entity currently classified within FTD [25]. Hence, FTD
represents a range of clinical syndromes that do not
map reliably onto the spectrum of recognised patholo-
gies [70,80] and therefore challenge the convention-
al clinico-pathological concept. 

The coexistence of different
classificatory schemes

Genetic and molecular biological data have played
a crucial role in diagnosis [81]. In AD, for example, iden-
tification of Aβ was made by purification from con-
gophilic angiopathy or SP [57]. Subsequently, the study
of a small number of early-onset familial cases re veal -
ed them to be linked to mutations of the APP gene
[31,54] resulting in β-amyloid (Aβ) being identified as
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the ‘signature’ lesion of the disease [53]. In addition,
the presence of tau-immunoreactive NFT in AD sepa-
rates the disorder from DLB, which possesses α-sy nu -
clein-immunoreactive inclusions, the two disorders
therefore, being distinct at the molecular level [129].
Nevertheless, advances in genetics and molecular bio -
logy also suggest that the traditional concept accom-
modates clinically and pathologically heterogeneous
conditions within the same group [44].

The initial division of disorders into tauopathies and
synucleinopathies established a molecular classifica-
tion of disease that may be at variance with that of the
traditional concept. As a consequence, the classifica-
tion of the tauopathies has altered considerably. For
example, Sergeant et al. [124] recognised three groups
of tau diseases, viz., AD, PiD and PSP/CBD and sug-
gested that the clinical phenotype was correlated with
specific tau isoforms expressed in vulnerable neuronal
populations. Tolnay and Probst [134], however, identified
the major tauopathies to be AD, AGD, PiD, PSP, and
CBD and included them as one of their four ‘main’ cat-
e gories of neurodegenerative disease, viz., tauopathies,
synucleinopathies, polyglutamine diseases, and diseases
with ubiquitin-immunoreactive inclusions, the latter be-
ing the most frequent, and now identified as FTLD-TDP
[29]. Subsequently, a more detailed classification of the
tauopathies was proposed by Trojanowski and Dick-
son [137]. Hence, cases with tau-immunoreactive in -
clusions composed of three-repeat (3R) tau were like-
ly to be PiD or FTDP-17; tau-immunoreactive inclusions
composed of four-repeat (4R) tau CBD, PSP, or FTDP-17;
while lesions composed of both 3R and 4R-immuno -
reactive tau NFT-dementia or FTDP-17. In addition, FTLD-
U cases immunoreactive for TDP-43 were FTLD-TDP with
or without MND. Nevertheless, there is substantial over-
lap between these disorders [16] suggesting they may
not be in reality distinct entities.

Cases continue to be described that are difficult 
to reconcile with any proposed classification of the tauo -
pathies. For example, cases of a familial presenile de -
mentia with bitemporal atrophy linked to exon 13 muta-
tions of the tau gene have been described [111]. Patients
exhibit early memory impairment and pronounced lobar
atrophy but the disease ultimately deve -lops into a typ-
ical AD-type dementia. This is an exam  ple of the type
of case in which genetic/molecular data and the tra-
ditional clinical classification may be at variance. The
tra ditional diagnosis would suggest AD but the genet-
ic diagnosis would be FTD with tau mutation. Although
both β-amyloid and tau are amyloid proteins, such cas-

es also raise the question as to whether AD should be
considered to be a β-amyloid disease, a tauopathy, or
both? Moreover, DLB is classified as a synucleinopa-
thy and is therefore distinct from AD at the molecu-
lar level, but in clinical features and in the presence
of associated Aβ pathology, there is a considerable
degree of overlap with AD [12,14]. In fact, many DLB
cases have associated AD pathology and are often con-
sidered to be ‘mixed’ cases combining the features of
both disorders and termed DLB/AD [52]. Similarly,
should CBD and PSP be classified as 4R tauopathies
or as tau ‘variants’ within a clinical group characterised
by ‘parkinsonism’, and therefore, clinically, linked
with the synucleinopathies PD, DLB, and MSA which
also exhibit ‘parkinsonian’ type symptoms? 

Disease heterogeneity 

The presence of disease heterogeneity, viz., vari-
ation in clinico-pathological features between individual
cases classified within the same group, is a major cause
of overlap [16]. This problem is particularly acute in AD.
Early DSM-III criteria for AD greatly broadened the def-
inition of the disease and the effect of this can be seen
by examining, for example, the relationship between
AD and DLB. Hence, if there is continuous variation from
one disorder to another and if ‘restrictive criteria’ are
used to define the typical phenotypes of AD and DLB,
then it is inevitable that there will be a significant num-
ber of intermediate cases which do not fall naturally
into either of the defined categories. It may then be
necessary to define and name the intermediates, e.g.,
‘mixed’ DLB/AD [52]. If ‘broad criteria’ are used, in con-
trast, then the degree of heterogeneity now contained
within each of the groups will result in overlapping cli -
ni cal and pathological features and the presence of
a significant interface in which there are varying con-
tributions of the two pathologies. In either of these
models, the problem is how to describe and classify
the intermediate cases.

The use of ‘signature’ inclusions 
in diagnosis

Studies of familial cases of disease, and subse-
quently of the molecular composition of the resulting
inclusions, resulted in the identification of ‘signature’
pathological lesions, the presence and/or absence of
which have become an important criterion in neuro -
pathological classification. Hence, Aβ, the protease
resistant form of prion protein (PrPsc), three-repeat (3R)
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and four-repeat (4R) tau, α-synuclein, TDP-43, and FUS
are currently recognised as the most important mole -
cular markers of disease. There are several problems
resulting from this approach [7,19]. First, inclusions often
comprise several molecular constituents and therefore
the scientific basis for using any individual marker in
classification has to be established. Second, when many
chemical constituents are present, there is the prob-
lem of distinguishing the primary ‘pathological’ pro-
tein from the breakdown products of the cell, and com-
pounds acquired later by binding to existing proteins
[19]. Familial cases have usually provided the strongest
evidence of the ‘primary’ pathogenic protein, the results
then being extrapolated to sporadic disease of simi-
lar phenotype. Many primary ‘pathogenic’ proteins,
however, may themselves be deposited as a conse-
quence rather than being the cause of cellular degen-
eration, although in more common sporadic disease
it is more likely that abnormal protein deposition is
causative [15,19]. Third, the chemical composition of
an inclusion may change as the disease develops and
activity of the primary protein may decrease or be -
come substantially altered with time, which may affect
the classification of longer duration cases [19]. Fourth,
data are limited regarding the densities of ‘signature’
inclusions across disease entities and therefore, on their
degree of ‘fidelity’ to a specific disease. Fifth, quanti-
tative information on the densities of signature inclu-
sions in control cases is often lacking and therefore,
the potential occurrence of the lesions as a conse-
quence of normal aging.

Similar pathogenic cascades in different
diseases

A genetic cause has been identified in familial forms
of many diseases including AD, PD, Huntington’s dis-
ease (HD), ALS, FTLD, prion disease, and in many ataxic
syndromes [65]. In these diseases, a pathogenic
model is often proposed in which genetic change ini-
tiates a cascade of events leading to the accumulation
of an abnormally folded and/or aggregated protein
resulting in cell death [46]. There may be relatively few
cellular pathways, however, leading to cell death in dif-
ferent diseases, and as a consequence, diseases clas-
sified within different groups may have pathological
mechanisms in common. In the tauopathies, for
example, phosphorylated tau occurs in several of the
diseases leading to the accumulation of 3R and 4R-tau-
immunoreactive inclusions. In addition, recent studies
of ALS have led to the concept of the ‘clinico-patho-

logical spectrum’ and to include groups that are like-
ly to share the same aetiology such as progressive lat-
eral sclerosis (PLS), progressive muscular atrophy
(PMA), ALS-dementia, and ALS-frontal lobe dementia
[73]. These diseases are all likely to be syndromes ex -
hibiting a similar pathogenic cascade in which the
resulting clinical phenotype depends largely on ana -
tomical selectivity [73]. Hence, common pathological
processes blur the ‘distinctiveness’ of disorders caus-
ing overlap and may even result in a continuum bet -
ween some traditional disorders. 

Three models of neurodegenerative
disease

In the light of these concerns, three possible mo -
dels of neurodegenerative disease are proposed: (1) that
distinct diseases exist (‘discrete’ model), (2) that dis-
tinct diseases exist but exhibit overlapping features
(‘overlap’ model), and (3) that distinct diseases do not
exist and neurodegenerative disease is a ‘continuum’
in which there is continuous variation in clinical/patho-
logical features from one case to another (‘continuum’
model). The three models are illustrated in Fig. 1.

On the ‘classification’ of neurodegenerative disorders: discrete entities, overlap or continuum?

Fig. 1. Three models of neurodegenerative disease
based on the theoretical distribution of three
cases each representing a different disorder: 
(A) the three cases are classified into three cat-
egories of disease with little overlap between
them (‘discrete’ model), (B) each case falls more
or less into three categories of disease but ex -
hibit overlapping features (‘overlap’ model), and
(C) the three cases do not fall into separate cate -
gories but show a continuous change from one
case to another (‘continuum’ model).
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Discrete model

If disorders are distinct from each other, then there
should be clinical and pathological features unique to
each disorder with little overlap between them (Fig. 1A).
If this model is correct, many of the clinical and patho-
logical features associated with each disorder would
be ‘constant’ or exhibit a ‘high fidelity’, i.e., they should
occur in a high percentage of cases with the disorder
and not in any other disorder. Each disorder should then
be characterised by a unique combination of clinical
and pathological features consistent with the clinico-
pathological concept. In addition, there should be po -
sitive correlations between groups of clinical and patho-
logical features leading to distinguishable disease
entities. Two different neuropathological features may
occur together if they are ‘dependent features’ i.e., 
the formation of one pathological feature directly leads
to another. For example, the ‘amyloid cascade hypo -
thesis’ of AD [64] proposes that the formation of NFT
is a direct consequence of the deposition of Aβ in the
form of SP and therefore both lesions should be char-
acteristic of AD [5]. Alternatively, two or more features
that occur together may be ‘commensal’, i.e., they are

dependent features not because one causes the
development of the other but because they require
a common pathological event for their formation. For
example, NFT in AD may not be caused by the depo-
sition of Aβ [9] but both may be the consequence of
neuronal degeneration, NFT being formed within
neuronal perikarya and its processes and SP at the
degenerating axon terminals [4,34,114].

Overlap model

Neurodegenerative disorders may be relatively
distinct but exhibit a degree of overlap in their clini-
cal and neuropathological features resulting in cases
which exhibit characteristics of both disorders (Fig. 1B).
There are many studies which support this type of mo -
del and they have been discussed in previous reviews
[6,16]. Hence, AD shares features with normal aging,
vascular dementia (VD), members of the tauopathies
and synucleinopathies, and with prion disease [6].
Hence, there is an age-related reduction in brain vol-
ume and weight, enlargement of the ventricles, and
loss of synapses and dendrites in selected areas in 
normal brain [72]. Accompanying these changes are
many of the pathological features characteristic of AD,
viz., senile plaques (SP) and neurofibrillary tangles (NFT)
[5]. The major molecular constituent of the SP is Aβ
[53] and hence, Aβ deposition in the form of diffuse
(‘pre-amyloid’), primitive, and classic (‘dense-cored’)
deposits is often regarded as a ‘signature’ patholog-
ical feature of AD [36,53]. Nevertheless, studies of Aβ
deposition have also demonstrated overlaps between
AD and normal brain [37,94]. In addition, there are over-
laps reported between the various entities which com-
prise FTD [16], and within and between the disorders
comprising the tauopathies and synucleinopathies [16].
Multiple pathologies are common in dementia cases.
For example, in a study of 45 cases, 21 (46.7%) had mul-
tiple significant pathologies with some cases exhibit-
ing three or more different pathologies [144].

Continuum model

The degree of overlap between two disorders may
become so extensive that there is essentially contin-
uous variation in clinical and neuropathological features
from one disorder to another, each case being essen-
tially unique. If neurodegenerative disease as a whole
was distributed as a strict continuum, then no two indi-
vidual cases would be identical, cases would exhibit con-
tinuous variation and as a consequence, diseases would
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Fig. 2. A Principal components analysis (PCA),
based on the densities of β-amyloid (Aβ) de po -
sits, of dementia with Lewy bodies (DLB), Famil-
ial Alzheimer’s disease (FAD), Sporadic Alz hei -
mer’s disease (SAD) and control cases, in which
cases are plotted in relation to PC1 and PC2. 
PS1 – FAD case linked to presenilin 1 mutation, 
*indi cates ‘pure’ DLB cases with little associated
Alzheimer’s disease pathology. 
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Disease Abbreviation ‘Signature’ lesions Major molecular 

determinant

Familial amylotrophic FALS NCI FUS
lateral sclerosis

Argyrophilic grain disease AGD NCI 4R tau

Alzheimer’s disease AD SP β-amyloid (Aβ)
NFT 3R/4R tau

Basophilic inclusion body BIBD GCI FUS
disease

Corticobasal degeneration CBD NCI, GCI 4R tau

Creutzfeldt-Jakob disease CJD PrP deposits PrPsc

Dementia with Lewy bodies DLB NCI α-synuclein

Down’s syndrome DS SP Aβ
NFT

FTD with parkinsonism FTDP-17 NCI 3R/4R tau
linked to chromosome 17

Frontotemporal lobar FTLD-MND NCI 4R tau
degeneration with motor
neuron disease

Frontotemporal lobar FTLD-TDP NCI TDP-43
degeneration with TDP NII TDP-43
proteinopathy

Frontotemporal lobar aFTLD-U NCI FUS
degeneration with Ub
inclusions (atypical)

Motor neuron disease MND-D GCI tau
with dementia

Multiple system atrophy MSA GCI α-synuclein

Neuronal intermediate NIFID NCI α-internexin, FUS
filament inclusion disease

Parkinson’s disease PD NFT α-synuclein

Parkinsonian-dementia Guam PDC NCI 3R/4R tau
complex of Guam

Pick’s disease PiD PB 3R tau

Progressive supranuclear PSP NCI, GCI 4R tau
palsy

Table I. Major neurodegenerative diseases, their molecular determinants, and ‘signature’ lesions

FUS – ‘fused in sarcoma’, PB – pick bodies, SP – senile plaques, NFT – neurofibrillary tangles, NCI – neuronal cytoplasmic inclusions, NII – neuronal intranuclear
inclusions, GCI – glial cytoplasmic inclusions, PrP – prion protein
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not be readily delimited as definable units (Fig. 1C).
A number of studies have used the term ‘continuum’
to describe groups of heterogeneous diseases or the
re lationships between one disease entity and another.
For example, Garraux et al. [49] reported that certain
patients with FTD developed the clinical features of 
MND and that there existed a functional continuum
between classical MND, and FTD. Talbot et al. [132] car-
ried out a single-photon emission computed tomog-
raphy (SPECT) study of classical MND, FTD/MND and
FTD and also came to the conclusion that there was
a common pattern of cortical involvement in these 
diseases which was most pronounced in FTD/MND 
and FTD.  It was subsequently concluded that these dis-
eases could represent the clinical range of a functio nal
continuum. Moreover, Caselli et al. [30] studied asym-
metric cortical degenerative syndromes (aphasic, per-

ceptive, motor, frontal lobe, bitemporal) which consti-
tute a range of atypical cortical dementias. These dis-
orders appeared to be genetically heterogeneous and
the question was raised as to whether they represented
individual syndromes or a functional continuum.

Few studies have been designed specifically to de -
monstrate whether a continuum exists between dis-
orders. As an example, β-amyloid (Aβ deposition was
quantified in the temporal lobe of elderly control cas-
es, cases of DLB, and AD [14]. A principal components
analysis (PCA) of these data suggested that the first
three principal components (PC) accounted for 26% of
the total variance. A plot of the cases in relation to PC1
and PC2 (Fig. 2) showed considerable overlap between
patient groups with no distinct boundary between the
control, DLB, and AD cases. In addition, there was no
clear boundary between FAD and sporadic AD (SAD)
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tangle dementia, NIFID – neuronal intermediate filament inclusion disease, PDC-G – Parkinsonian dementia complex of Guam,
PiD – Pick’s disease, PD – Parkinson’s disease, PSP – progressive supranuclear palsy.

Fig. 3. The distribution of the major pathological variables across different neurodegene -
rative diseases to exhibit their ‘fidelity’. 
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although the FAD cases as a group had lower loadings
on PC2. Hence, with reference to the variable ‘Aβ depo-
sition’, control, ‘pure’ DLB, DLB/AD, and ‘pure’ AD cas-
es appear to form a continuum with no abrupt bound-
aries between the groups of cases. Whether a continuum
would still be a viable description of these cases if 
other neuropathological features were included in the
analysis, such as LB or NFT, remains to be established. 

Fidelity of pathological changes

To investigate which of the three models is the most
plausible, a comparative study of the distribution of 
the ‘signature’ inclusions across disorders would be 
necessary. If the discrete model was valid, then ‘defin-
ing’ pathological features would exhibit high ‘fidelity’
and there would be combinations of such features
linked to the same disease. By contrast, if a continuum
model is a better description, then the pathological
changes would be distributed over several diseases and
each feature would be distributed more or less inde-
pendently. The problem of this approach is the pauci-
ty of studies which examine the distribution of the var-
ious molecular signatures across disorders, and hence
there are many gaps in the literature. The ‘signature’
neuropathological lesions associated with the major
disorders, based on current data, are listed in Table I and
the distribution of the major lesions across disease enti-
ties are summarised in Fig. 3. 

Aβ deposits

Aβ deposition is regarded as the ‘signature’ lesion
of AD [53]. Nevertheless, Aβ deposits also occur in
Down’s syndrome (DS) with dementia caused by trip-
lication of the APP gene on chromosome 21 [11] and
in a proportion of cases of DLB [14]. In fact, DLB can
be divided into neocortical, limbic, cerebral, and brain-
stem types [74] and each into a ‘common’ (DLB/AD)
and ‘pure’ form based on the degree of Aβ patholo-
gy. Similar densities of Aβ deposits may be found in
AD and in DLB/AD [11] suggesting that these disorders
may represent a ‘spectrum’ of pathologies involving 
APP processing [50,58], however, concluded that the
pathology of DLB was distinct enough for it to be re -
garded as a separate disease and not a variant of AD.
This conclusion was supported by data which demon-
strated that although protease resistant, tau-immuno -
reactive paired helical filaments (PHF) were a feature
of AD, only very low densities were found in DLB [66].
In addition, Aβ pathology, neuritic plaques (NP), NFT,

and neuropil threads (NT) were studied in control sub-
jects, DLB and AD and it was concluded that apart from
the common feature of diffuse plaques, pure DLB and
AD were distinct disorders [89]. Similarly, Kawanishi
et al. [78] concluded that DLB and AD were distinct dis-
orders but with a common mechanism with reference
to amyloid formation.

In addition to DLB, Aβ pathology has been report-
ed in PD [125], PiD [125], CBD [8,125], ALS [63], and in
PSP [125]. ALS is characterised by the degeneration of
upper and lower tract motor neurons and some pa tients
also exhibit dementia or aphasia [63]. Approximately
30% of ALS cases have AD-like symptoms and some
ALS cases without overt dementia have significant AD
pathology. In ALS cases with AD pathology, Aβ deposits
are a common feature [63]. In addition, a patient with
a progressive asymmetrical parietal syndrome and the
clinical symptoms of CBD also developed the patho-
logical features of AD including Aβ deposits and phos-
phorylated tau-immunoreactive NFT [92]. A similar result
was reported by Schneider et al. [125] who reported the
presence of Aβ deposits in CBD and especially in those
cases expressing apolipoprotein E allele E4. Hence, the
pathological feature ‘Aβ deposition’ does not exhibit
‘high fidelity’ to AD but occurs across a range of disor -
ders. Studies of the overlap of pathological and clini-
cal features of patients with brain amyloidosis came to
a similar conclusion [51]. 

Neurofibrillary tangles

The second of the two original cases of ‘AD’ des -
cribed by Alzheimer was characterised by numerous SP
but lacked NFT [59]. Hence, even in the earliest des crib -
ed cases of AD there was pathological heterogeneity
raising the question as to whether ‘plaque-only’ cas-
es should be regarded as AD [99]. A large number of
dementia cases were studied by Bancher and Jellinger
[22], many being characterised by abundant NFT in the
entorhinal cortex, subiculum, and sector CA1 of the hip-
pocampus. Few SP or Aβ de posits were present in these
cases which therefore, have been referred to as NFT-
dementia. Hence, SP and NFT are neither ‘dependent’
nor ‘commensal’ lesions but appear to be distributed
relatively independently. The lack of specificity of SP
and the relative indepen dence of SP and NFT raises
a further question regarding the status of AD. First, what
pathological criteria should be used to define AD?
Jellinger and Bancher [76] recognised that defining mor-
phological criteria for AD is difficult due to phenotyp-
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ic heterogeneity, absence of specific markers, and over-
lap with related disorders [6] and suggested that both
SP and NFT should be considered as the ‘signature’
lesions of AD. Second, is there any advantage in con-
tinuing to attempt to define AD as an entity? Trojanowski
et al. [135] concluded that although AD is a ‘polygenic
dementing disorder’, there is continued merit in defin-
ing an AD phenotype as defined by progressive cognitive
impairment and the presence of SP/NFT. Nevertheless,
studies of the distribution of lesions across disorders
suggest that AD may be a part of a larger ‘continuum’
or ‘spectrum’ of neurodegenerative disease rather than
a distinct entity.

Prion deposits

Deposition of the disease form of prion protein
(PrPsc) is characteristic of the various forms of prion 
disease including Creutzfeldt-Jakob disease (CJD),
Gerstmann-Straussler-Scheinker syndrome (GSS), and
fatal familial insomnia (FFI). There are considerable sim-
ilarities, however, between the pathology of CJD and
AD [35]. In both disorders, an abnormal amyloidogenic
membrane glycoprotein is deposited as discrete extra-
cellular deposits or plaques. In addition, definite or prob-
able AD occurs in 11% of CJD patients [61]. The occur-
rence of AD pathology in CJD may be age-related but
could also represent a functional interaction between
the two pathogenic proteins [61]. In addition, Dermant
et al. [38] described a case of AD with a PSEN1 muta-
tion and an insertion of a 7-octapeptide coding repeat
within the PrP gene. Elongate cerebellar PrPsc deposits
were present but no AD pathology was observed. In
the cases reported by El Hachini et al. [41], however,
a family with a mutation at codon 163 of the PSEN1
gene, the clinico-pathological features of CJD and AD
were both present with substantial deposition of Aβ
and PrPsc. The coexistence of Aβ and PrPsc pathology
was also reported by Muramoto et al. [104] who des -
cribed a case of a 75-year-old female with conspicu-
ous AD associated with a mild form of CJD. Aβ pla ques
were present but with diffuse PrPsc immunoreactivi-
ty in the grey matter of the cerebral cortex and cere-
bellum. Similar cases were described by Barcikowska
et al. [23] in which CJD occurred together with diffuse
Aβ plaques. 

Tau-immunoreactive lesions

There are differences of opinion regarding which
entities should be included within the tauopathies. 

Cases with abundant tau-immunoreactive NFT and Aβ
deposits are usually regarded as AD while those with
tau-immunoreactive lesions but lacking Aβ deposits
comprise the ‘classical’ tauopathies viz., CBD, PSP, PiD
and FTDP-17 [85]. Tau is antigenically similar in several
of the tauopathies [127] and a number of classifications
have been proposed most notably by Trojanowski 
and Dickson [137] and Cairns et al. [29]. Nevertheless, 
the different molecular isoforms of tau do not exhi-
bit high fidelity, 4-repeat (4R) tau occurs in AD, CBD, 
PSP, FTDP-17 as well as FTLD-MND, AGC, and the parkin-
sonism dementia complex of Guam (PDC-G) [97]
while 3-repeat (3R) tau is present in AD, PiD, and PDC-G.
Tau-immunoreactive GI have also been found in ALS
with dementia [146], FTDP-17 [119], PiD [120], CBD, PSP,
parkinsonism-dementia complex and ALS of Guam
(ALS/PDC) [112], and in a few cases of MSA [131].

α-synuclein-immunoreactive lesions

α-synuclein is the major protein of the inclusions
of DLB [82] and the glial and neuronal inclusions of MSA
[113]. By contrast, relatively little α-synuclein immuno -
reactivity was recorded in AD, PiD, PSP, CBD, MND 
or in triplet-repeat disease [141]. More recently, α-synu-
clein-immunoreactive PB have been observed in the
dentate gyrus in PiD [100] and α-synuclein-immu -
noreactive NCI in the amygdala in a proportion of PDC-
Guam [145]. The use of antibodies immunoreactive to
α-synuclein, however, has revealed the coexisten ce 
of cortical LB and AD pathology in many cases of de -
mentia [130]. This conclusion was also reached by 
Trojanowski and Lee [136] who argued that the bio-
logical significance of the LB was therefore unclear. 
In addition, Lippa et al. [89] found that α-synuclein-
immunoreactive LB were present in 22% of cases of fa-
milial AD and were most numerous in the amygdala
where they coexisted with tau-immunoreactive NFT.
Similarly, in a study by Rosenberg et al. [122] of an AD
family linked to an APP717 mutation, one individual had
the limbic form of DLB, two had neocortical DLB, and
other members of the family had no LB. The presence
of LB has now been detected in 53% of post-mortems
with the APP717 mutation [122]. 

Overlap between the synucleinopathies and
tauopathies has also been reported. Hulette et al. [71],
for example, found neuropathological features char-
acteristic of clinical PD in 78 AD cases while 20% of
these cases also had features of PD pathology, i.e.,
degeneration of the substantia nigra and the presence
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of LB, neocortical LB being present in 50% of cases. 
In addition, Arai et al. [3] emphasised that AD and PD
share many common clinical and pathological features, 
α-synuclein-immunoreactive lesions being observ-
ed in 27 cases of AD. Some DS cases may also possess 
α-synuclein-immunoreactive inclusions and a number
of cases have been reported with both LB and α-synu-
clein-immunoreactive dystrophic neurites [89]. More-
over, 50% of cases in which LB were present in the
amygdala also possessed AD-type changes elsewhere
in the cerebral cortex. Argyrophilic grains immunore-
active to phosphorylated and non-phosphorylated 
tau but negative to α-synuclein have been recorded
in MSA [142]. In addition, α-synuclein-immunoreactive GI
were present but negative to phosphorylated tau.

GCI immunoreactive for α-synuclein are regarded
as the ‘signature’ lesion of MSA and helped to estab-
lish this disease as a distinct entity [113]. Similar neu-
ronal lesions and less frequent GCI, however, are also
present in DLB [39] suggesting that DLB and MSA may
be part of a disease ‘spectrum’ or ‘continuum’ that
includes both sporadic and genetic disorders. Further -
more, Takanashi et al. [131] described a patient ex hibit-
ing the pathological features of both MSA and PSP. 
The original diagnosis of this patient was MSA be cause
of the presence of numerous GCI. Nevertheless, NFT
and tufted astrocytes (TA) were also present in the basal
ganglia and brainstem thus demonstrating the coex-
istence of α-synuclein-immunoreactive inclusions in
oligodendrocytes with phosphorylated tau-immunore-
active inclusions in neurons and glia.

TDP-43 proteinopathies

The spectrum of TDP proteinopathies includes most
cases of sporadic and familial FTLD-TDP with or with-
out associated MND and also includes FTD linked to
chromosome 9p, but not FTD with charged multive -
sicular body protein 2B mutations [29]. Accumulation
of TDP-43, however, also occurs in other neurode-
generative diseases including AD [138], AGD [48], DLB
[69], ALS [26], ALS/PDC complex of Guam [67,97], and
hippocampal sclerosis (HS) [2].

FUS

Cases of NIFID were originally studied neu-
ropathologically using antibodies that recognized
either the phosphorylated neurofilament, heavy
polypeptide (NFEH) or INA [17,18,25,28,77] one of the
four proteins that comprise the type IV neuronal inter-

mediate filament (IF) proteins. Not all inclusions in NIFID,
however, are immunolabelled by anti-NFEH or INA anti-
bodies and therefore, the primary molecular defect
remains uncertain [108]. However, FUS protein has also
been shown to be a component of the inclusions of
FALS with FUS mutation [84,139,140], and two further
FTLD entities, viz., BIBD [103], and atypical FTLD with
ubiquitin-immunoreactive inclusions (aFTLD-U) [109].
Hence, FUS immunoreactivity also appears to be dis-
tributed across different disorders.

In conclusion, the distribution of molecular signa-
ture lesions across disorders suggests that many exhi -
bit poor ‘fidelity’. It is probable that with more exten-
sive data an even greater lack of fidelity would be
apparent than suggested in Figure 3. Hence, it is unlike-
ly that the discrete model is a credible description of
neurodegenerative disease. There is considerable evi-
dence, however, to support the overlap model [16] and
this overlap may be extensive enough to consider
whether neurodegenerative disease as a whole should
be considered as a continuum. 
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Should a new type of ‘classification’ 
be considered?

If neurodegenerative disorders actually comprise
a series of overlapping phenotypes or even a conti -
nuum, should a new conceptual system of describing
them be considered [101,115]? More specifically, should
attempts to assign an individual case to any type of
classification be dispensed with altogether and all cas-
es of neurodegenerative disease considered as points
or ‘loci’ in a multi-dimensional continuum? Three alter-
native methods of approach are discussed, viz., objec-
tive classification, classification for convenience (a dis-
section), or analysis as a continuum.

Objective classification 

If neurodegenerative diseases are distinct entities,
it would be logical to use quantitative and statistical
methods to attempt to classify individual cases more
objectively. Hence, a ‘natural classification’ is assumed
and the objective would be to define objectively the
groupings which ‘actually’ exist. This approach has been
little used in neurodegenerative disease research to
date but an example of a classification of AD cases,
in an attempt to identify subtypes of the disease, was
described by Armstrong and Wood [10]. Cluster analy-
sis was used to classify 78 cases of AD each of which
was defined by quantitative assessment of 47 neu-
ropathological features including those of the gross
brain and the density and distribution of SP and NFT
in a range of cortical and subcortical regions. The result
was a hierarchical classification of the 78 cases dis-
played as a ‘dendrogram’ (Fig. 4). The majority of AD
cases included in the study (83%) were classified into
five subgroups which could represent phenotypic
subtypes of the disease. The advantage of such an
approach is that it can determine whether the units
(cases) are naturally classifiable into distinct groups
based on their clinical and pathological features. 
The act of ‘classification’ does not in itself, however,
answer the question of whether the cases consist of
a number of distinct entities or whether the cases
merge imperceptibly one into another. Any group of 
cases can be classified regardless of their degree 
of overlap and hence, the validity (i.e., distinctiveness)
of the resulting groups has to be independently veri -
fied. Objective classification applied to existing diseases
and based on quantitative data might support the
retention of the traditional model, indicate modifica-
tions to the system, or even suggest that classification
should be abandoned in favour of a new approach.

Classification of convenience
(‘dissection’)

Even if a considerable degree of overlap between
diseases was present, it may still be desirable to clas-
sify for ‘convenience’, i.e., it may be useful to have
a classificatory system of neurodegenerative disease
however imperfect. Such an ‘unnatural’ classification
has also been called a ‘dissection’ [79]. As an analogy,
it is often convenient to show the relief of a geogra-
phical area in the form of a map with contour layer
colouring. No person examining such a map, however,
would suppose that the boundaries between colours
represented stepwise discontinuities in elevation of the
ground [117]. Hence, in such a system it would be nec-
essary to establish the boundaries between diseases,
i.e., the contours, and then to apply them to the clas-
sification of individual cases regardless of the degree
of overlap or continuous variation.

Continuum

Classification may be considered to be an inap-
propriate or even an undesirable method of approach
in the presence of extensive overlap or a continuum.
Nevertheless, there still remains the problem of pro-
viding a suitable conceptual system of describing neu-
rodegenerative disease that is useful to clinicians and
researchers. One possible method is to use a non-hie -
rarchical system based on ‘ordination’, i.e., by arrang-
ing cases of disease with reference to a coordinate
frame so that the interrelationships between cases are
spatially represented [117]. Such methods have been
used to examine the degree of neuropathological 
heterogeneity in cases of AD [13] and FTLD-TDP [20]
and often reveal a continuum but have not to date 
been used to provide a conceptual framework for the
‘classification’ of neurodegenerative disease.

In such a system there would be no attempt to
‘name’ a disorder or to arbitrarily classify cases into
groups but only to assign an individual case to a par-
ticular region of the continuum. In a strict continuum,
all cases would be regarded as unique and the tradi-
tional disease entities would not assume any primary
importance. Location within the continuum would 
predict the biochemical pathways involved and ulti-
mately, may suggest appropriate treatment options. 
To define such a system, appropriate quantitative cri-
teria to enable an individual case to be located with
precision within the coordinate system would need to
be established. It is likely that within such a scheme,
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dementia-type disorders would segregate in a diffe -
rent area of the continuum than movement disorders.
Such an approach could also help to establish which
disorders are likely to form a continuum and which
might show greater degrees of discontinuity.

Conclusion

Three models are proposed to describe the distri-
bution of neurodegenerative disease, viz., discrete, over-
lap, and continuum models. Studies suggest varying
degrees of overlap between neurodegenerative diseases
and even the possibility of a continuum involving some
diseases [16]. Examination of the ‘signature’ lesions
commonly used to define disease entities reveals them
to have both poor ‘fidelity’ and not consistent with the
existence of discrete diseases. An important question,
therefore, is: should attempts to assign an individual
case to a pathological classification be dispensed with
altogether and all cases of neurodegenerative disease
considered as points or ‘loci’ in a multi-dimensional con-
tinuum? Three possible methods of approach are sug-
gested, viz., objective classification, classification for
convenience (a dissection), or analysis as a continu-
um. Analysis of neurodegenerative disease as a con-
tinuum may have some advantages over a traditional
classificatory scheme.

References

1. Alzheimer A. Über eine eigenartige Erkrankung der Hirnrinde. Allge
Zeitsch Psychiatr und Psychisch-Gerich Med 1907; 64: 146-148.

2. Amandor-Ortiz C, Lin WL, Ahmed Z, Personett D, Davies P, Duara R,
Graff-Radford NR, Hutton ML, Dickson DW. TDP-43 immunore-
activity in hippocampal sclerosis and Alzheimer’s disease. Ann
Neurol 2007; 61: 435-445.

3. Arai Y, Yamazaki M, Mori O, Muramatsu H, Asano G, Katayama Y.
Alpha-synuclein positive structures in cases of sporadic Alzheimer’s
disease: morphology and its relationship to tau aggregation. Brain
Research 2001; 888: 287-296.

4. Armstrong RA. Alzheimer’s disease: Are cellular neurofibrillary tan-
gles linked to β/A4 formation at the projection sites? Neurosci
Res Communs 1992; 11: 171-178.

5. Armstrong RA. Plaques and tangles and the pathogenesis of Alz -
heimer’s disease. Folia Neuropathol 2006; 44: 1-11.

6. Armstrong RA. The interface between Alzheimer’s disease, nor-
mal aging and related disorders. Current Aging Science 2008; 
1: 122-132.

7. Armstrong RA. The molecular biology of senile plaques and neu-
rofibrillary tangles in Alzheimer’s disease. Folia Neuropathol 2009;
47: 289-299.

8. Armstrong RA. Density and spatial pattern of β-amyloid (Aβ)
deposits in corticobasal degeneration. Folia Neuropathol 2011;
49: 14-20. 

9. Armstrong RA, Myers D, Smith CUM. The spatial patterns of pla -
ques and tangles in Alzheimer’s disease do not support the ‘Cas-
cade hypothesis’. Dementia 1993; 4: 16-20.

10. Armstrong RA, Wood L. The identification of pathological subtypes
of Alzheimer’s disease using cluster analysis. Acta Neuropathol
1994; 88: 60-66.

11. Armstrong RA, Smith CUM. β-amyloid (Aβ) deposition in the medi-
al temporal lobe in Down’s syndrome: effects of brain region and
patient age. Neurobiol of Disease 1995; 1: 139-144.

12. Armstrong RA, Cairns NJ, Lantos PL. The spatial patterns of Lewy
bodies, senile plaques and neurofibrillary tangles in Dementia
with Lewy bodies. Exp Neurol 1998; 150: 122-127.

13. Armstrong RA, Nochlin D, Bird TD. Neuropathological heterogeneity
in Alzheimer’s disease: A study of 80 cases using principal com-
ponents analysis. Neuropathology 2000a; 20: 31-37.

14. Armstrong RA, Cairns NJ, Lantos PL. Beta-amyloid deposition in
the temporal lobe of patients with dementia with Lewy bodies:
Comparison with non-demented cases and Alzheimer’s disease.
Dementia 2000b; 11: 187-192.

15. Armstrong RA, Cairns NJ, Lantos PL. Are pathological lesions in
neurodegenerative disorders the cause or the effect of the degen-
eration. Neuropathol 2002; 22: 114-127.

16. Armstrong RA, Lantos PL, Cairns NJ. Overlap between neurode-
generative disorders. Neuropathology 2005; 25: 111-124.

17. Armstrong RA, Cairns NJ. Topography of α-internexin-positive neu-
ronal aggregates in 10 patients with neuronal intermediate fil-
ament inclusion disease. Eur J Neurol 2006; 13: 528-532.

18. Armstrong RA, Kerty E, Skullerud K, Cairns NJ. Neuropathologi-
cal changes in ten cases on neuronal intermediate filament inclu-
sion disease (NIFID): a study using α-internexin immunohisto-
chemistry and principal components analysis. J Neural Transm
2006; 113: 1207-1215.

19. Armstrong RA, Lantos PL, Cairns NJ. What determines the mo -
lecular composition of abnormal protein aggregates in neuro -
degenerative disease? Neuropathology 2008; 28: 351-365.

20. Armstrong RA, Ellis W, Hamilton RL, Mackenzie IRA, Hedreen J,
Gearing M, Montine T, Vonsattel J-P, Head E, Lieberman AP,
Cairns NJ. Neuropathological heterogeneity in frontotemporal lobar
degeneration with TDP-43 proteinopathy: a quantitative study
of 94 cases using principal components analysis. J Neural Transm
2010; 117: 227-239.

21. Baker M, Mackenzie IR, Pickering-Brown SM, Gass J, Radema kers R,
Lindholm C, Snowden J, Adamson J, Sadovnick AD, Rollinson S,
Cannon A, Dwosh E, Neary D, Melquist S, Richardson A, Dickson D,
Berger Z, Eriksen J, Robinson T, Zehr C, Dickey CA, Crook R, Mc-
Gowan E, Mann D, Boeve B, Feldman H, Hutton M. Mutations in
progranulin cause tau-negative frontotemporal dementia linked
to chromosome 17. Nature 2006; 442: 916-919.

22. Bancher C, Jellinger KA. Neurofibrillary tangle predominant form
of senile dementia type: a rare subtype in very old subjects. Acta
Neuropathol 1994; 88: 565-570.

23. Barcikowska M, Kwiecinski H, Liberski PP, Kowalski J, Brown P,
Gajdusek DC. Creutzfeldt-Jakob disease with Alzheimer-type 
Aβ-reactive amyloid plaques. Histopathology 1995; 26: 445-450.

24. Behrens MI, Mukherjee O, Tu PH, Liscic RM, Grinberg LT, Carter D,
Paulsmeyer K, Taylor-Reinwald L, Gitcho M, Norton JB, Cha kraver-
 ty S, Goate AM, Morris JC, Cairns NJ. Neuropathologic heterogeneity

On the ‘classification’ of neurodegenerative disorders: discrete entities, overlap or continuum?



Folia Neuropathologica 2012; 50/3214

in HDDD1: a familial frontotemporal lobar degeneration with ubiq-
uitin-positive inclusions and progranulin mutation. Alz Dis Assoc
Disord 2007; 21: 1-7.

25. Bigio EH, Lipton AM, White CL, Dickson DW, Hirano A. Frontotem-
poral dementia and motor neurone degeneration with neurofila-
ment inclusion bodies: additional evidence for overlap between FTD
and ALS. Neuropathol Appl Neurobiol 2003; 29: 239-253.

26. Brandmeir NJ, Geser F, Kwong LK, Zimmerman E, Qian J, Lee VMY,
Trojanowski JQ. Severe subcortical TDP-43 pathology in sporadic
frontotemporal lobar degeneration with motor neuron disease.
Acta Neuropathol 2008; 115: 123-131.

27. Cairns NJ, Perry RH, Jaros E, Burn D, McKeith IG, Lowe JS, Holton J,
Rossor MN, Skullerud K, Duyckaerts C, Cruz-Sanchez FF, Lan-
 tos PL. Patients with a novel neurofilamentopathy: dementia with
neurofilament inclusions. Neurosci Lett 2003; 341: 177-180.

28. Cairns NJ, Zhukareva V, Uryu K, Zhang B, Bigio E, Mackenzie IRA,
Gearing M, Duyckaerts C, Yokoo H, Nakazato Y, Jaros E, Perry RH,
Lee VMY, Trojanowski JQ. α-Internexin is present in the patho-
logical inclusions of neuronal intermediate filament inclusion dis-
ease. Am J Pathol 2004; 164: 2153-2161.

29. Cairns NJ, Bigio EH, Mackenzie IRA, Neumann M, Lee VMY, Hatan-
paa KJ, White CL, Schneider JA, Grinberg LT, Halliday G, Duyck-
aerts C, Lowe JS, Holm IE, Tolnay M, Okamoto K, Yokoo H, Muraya-
ma S, Woulfe J, Munoz DG, Dickson DW, Ince PG, Trojanowski JQ,
Mann DMA. Neuropathologic diagnostic and nosological crite-
ria for frontotemporal lobar degeneration: consensus of the Con-
sortium for Frontotemporal Lobar Degeneration. Acta Neuro pathol
2007; 114: 5-22.

30. Caselli RJ. Asymmetric cortical degeneration syndrome. Curr Opin
in Neurol 1996; 9: 276-280.

31. Chartier-Harlin M, Crawford F, Houlden H, Warren A, Hughes D,
Fidani L, Goate A, Rossor M, Rocques P, Hardy J, Mullan M. Early
onset Alzheimer’s disease caused by mutations at codon 717 of
the β-amyloid precursor protein gene. Nature 1991; 353: 844-846.

32. Creutzfeldt HG. Über eines eigenartige herd-formige Erkrankung
des Zentralnervensystems. In: Nissl F, Alzheimer A (eds.). His-
tologische und Histopathologische Arbeiten uber die Grosshirn-
rinde. Gustav Fisher, Jena 1921, pp. 1-48.

33. Cruts M, Gijselink I, van der ZJ, Engelborgs S, Wils H, Pirici D, Ra da -
makers R, Vandenberghe R, Dermaut B, Martin JJ, van Duijn C,
Peeters K, Sciot R, Santens P, De pooter T, Mattheijssens M, van
den BM, Cuijt I, Vennekens K, De Deyn PP, Kumar-Singh S, Van
Broeckhoven C. Null mutations in progranulin cause ubiquitin-
positive frontotemporal dementia linked to chromosome 17q21.
Nature 2006; 442: 920-924.

34. De Lacoste MC, White CL. The role of cortical connectivity in Alz -
heimer’s disease pathogenesis: a review and model system. Neu-
robiol Aging 1993; 14: 1-16.

35. Dearmond SJ. Alzheimer’s disease and creutzfeldt-Jakob disease:
overlap of pathogenic mechanisms. Curr Opin Neurol 1993; 6:
872-881.

36. Delaere P, Duyckaerts C, He Y, Piette F, Hauw JJ. Subtypes and
differential laminar distribution of β/A4 deposits in Alzheimer’s
disease: Relationship with the intellectual status of 26 cases. Acta
Neuropathol 1991; 81: 328-335.

37. Delaere P, He Y, Fayet G, Duyckaerts C, Hauw J. βA4 deposits are
constant in the brains of the oldest old: An immunocytochem-

ical study of 20 French Centenarians. Neurobiol Aging 1993; 14:
191-194.

38. Dermant B, Crats M, Backhovens H, Lubke U, van Everbroeck B,
Sciot R, Dom R, Martin JJ, van Broeckhoven C, Cras P. Familial
Creutzfeldt-Jakob disease in a patient carrying both a preseni -
lin 1 missense substitution and a prion protein gene insertion.
J Neurol 2000; 247: 364-368.

39. Dickson DW, Lin WL, Liu WK, Yen SH. Multiple system atrophy:
a sporadic synucleinopathy. Brain Pathol 1999; 9: 721-732.

40. Duckett S, Stern J. Origins of the Creutzfeldt and Jakob concept.
J Hist Neurosci 1999; 8: 21-34.

41. El Hachini KH, Cervenakova L, Brown P, Goldfarb LG, Rubenstein R,
Gajdusek DC, Foncin JF. Mixed features of Alzheimer’s disease and
Creutzfeldt-Jakob disease in a family with a presenilin 1 mutation
in chromosome 14. Amyloid Int J Exp Clin Inv 1996; 3: 223-233.

42. Feany MB, Dickson DW. Neurodegenerative disorders with ex -
tensive tau pathology: a comparative study and review. Ann Neu-
rol 1996; 40: 139-148.

43. Forman MS, Trojanowski JQ, Lee VM-Y. Neurodegenerative dis-
eases: a decade of discoveries paves the way for therapeutic break-
throughs. Nature Med 2004; 10: 1055-1063.

44. Forstl H. Alzheimer’s disease: the size of the problem, clinical man-
ifestation and heterogeneity. J Neural Trasnm 1998; 54: 1-8.

45. Forstl H. The Lewy body variant of Alzheimer’s disease: clinical,
pathophysiological and conceptual issues. Eur Arch Psych Clin
Neurol 1999; 249: 64-67.

46. Forman MS, Trojanowski JQ, Lee VM-Y. Neurodegenerative dis-
eases: a decade of discoveries paves the way for therapeutic break-
throughs. Nature Med 2004; 10: 1055-1063.

47. Forman MS, Mackenzie IR, Cairns NJ, Swanson E, Boyer PJ, Drach-
man DA, Jhaveri BS, Karlawish JH, Pestrvik A, Smith TN, Tu PH,
Watts GDJ, Markesbery WR, Smith CD, Kimonis VE. Novel ubiq-
uitin neuropathology in frontotemporal dementia with valosin-
containing protein gene mutations. J Neuropathol Exp Neurol 2006;
65: 571-581. 

48. Fujishiro H, Uchikado H, Arai T, Hasegawa M, Akiyama H, Yoko-
ta O, Rsuchiya K, Togo T, Iseki E, Hirayasu Y. Accumulation of phos-
phorylated TDP-43 in brains of patients with argyrophilic gran
disease. Acta Neuropathol 2009; 117: 151-158.

49. Garraux G, Salmon E, Degueldre C, Lemaire C, Frank G. Medial tem-
poral lobe metabolic impairment in dementia associated with
motor neuron disease. J Neurol Sci 1999; 168: 145-150.

50. Gentleman SM, Williams B, Roystan MC, Jogoe R, Clinton J, Per-
ry RH, Ince PG, Allsop D, Polak JM, Roberts GW. Quantification
of β/A4 protein deposition in the medial temporal lobe: a com-
parison of Alzheimer’s disease and senile dementia of the Lewy
body type. Neurosci Lett 1992; 142: 9-12.

51. Giasson BI, Lee VM, Trojanowski JQ. Interactions of amylodogenic
proteins. Neuromole Med 2003; 4: 49-58.

52. Gibb WR, Luthert PJ, Janota I, Lantos PL. Cortical Lewy body demen-
tia: Clinical features and classification. J Neurol Neurosurg Psy-
chiatr 1998; 52: 185-192.

53. Glenner GG, Wong CW. Alzheimer’s disease and Down’s syn-
drome: sharing of a unique cerebrovascular amyloid fibril pro-
tein. Biochem Biophys Res Commun 1984; 122: 1131-1135.

54. Goate R, Chartier-Harlin M, Mullan M, Brown J, Crawford F, Fidani L,
Giuffra L, Haynes A, Irving N, James L, Mant R, Newton P, Rooke K,
Roques P, Talbot C, Pericak-Vance M, Roses A, Williamson R, Ros -

Richard A. Armstrong



Folia Neuropathologica 2012; 50/3 215

sor M, Owen M, Hardy J. Segregation of a missense mutation in
the amyloid precursor protein gene with familial Alzheimer’s dis-
ease. Nature 1991; 349: 704-706.

55. Goedert M. The significance of tau and α-synuclein inclusions in
neurodegenerative disease. Curr Opin in Genetics and Dev 2001;
11: 343-351.

56. Goedert M, Spillantini MG, Serpell LC, Berriman J, Smith MJ, Jakes R,
Crowther RA. From genetics to pathology: tau and alpha-synu-
clein assemblies in neurodegenerative diseases. Philos Trans R
Soc Lond B Biol Sci 2001; 356: 213-227.

57. Goldgaber D, Lerman MI, McBride OW, Saffiotti U, Gajdusek DC.
Characterisation and chromosomal localization of a cDNA-en -
coding brain amyloid of Alzheimer’s disease. Science 1987; 235:
877-880.

58. Gómez-Isla T, Growdon WB, McNamara M, Newell K, Gomez-Tor-
tosa E, Hedley-White ET, Hyman BT. Clinopathologic correlates in
temporal cortex in dementia with Lewy bodies.  Neurology 1999;
53: 2003-2009.

59. Graeber MB, Kosel S, Egensperger R, Banati RB, Muller U, Bise K,
Hoff P, Moller HJ, Fujisawa K, Mehraein P. Rediscovery of the case
described by Alois Alzheimer in 1911: historical, histological and
molecular genetic analysis. Neurogenetics 1997; 1: 73-80

60. Graeber MB, Kosel S, Grasbon-Frodl E, Moller HJ, Mahraein P. His -
topathology and apolipoprotein E genotype of the first Alzheimer
disease patient. Neurogenetics 1998; 1: 223-228.

61. Hainfellner JA, Wanschitz J, Jellinger K, Liberski PP, Gullotta F, Bud-
ka H. Coexistence of Alzheimer-type neuropathology in Cruetzfeldt-
Jakob disease. Acta Neuropathol 1998; 96: 116-122.

62. Hamilton RL. The other dementias: The neuropathology of the
non-Alzheimer’s disease dementias. Rev De Neurol 2003; 37: 
130-139.

63. Hamilton RL, Bouser R. Alzheimer’s disease pathology in amy-
lotrophic lateral sclerosis. Acta Neuropathol 2004; 107: 515-522.

64. Hardy JA, Higgins GA. Alzheimer’s disease: the amyloid cascade
hypothesis. Science 1992; 256: 184-185.

65. Hardy J, Gwinn-Hardy K. Genetic classification of primary neu-
rodegenerative disease. Science 1998; 282: 1075-1079.

66. Harrington CR, Perry RH, Perry EK, Hurt J, McKeith JG, Roth M, Wis-
chik CM. Senile dementia of the Lewy body type and Alzheimer’s
disease type are biochemically distinct in terms of paired heli-
cal filaments and hyperphosphorylated tau proteins. Dementia
1994; 5: 215-228.

67. Hasegawa M, Arai T, Nonaka T, Kametani F, Yoshida M, Has hi zu -
me Y, Beach TG, Buratti E, Baralle F, Morita M, Nakano I, Oda T,
Tsuchiya K, Akiyama H. Phosphorylated TDP-43 in frontotemporal
lobar degeneration and amyotrophic lateral sclerosis. Ann Neu-
rol 2008; 64: 60-70.

68. Hauw JJ, Daniel SE, Dickson D, Horoupian DS, Jellinger K, Lantos PL,
McKee A, Tabaton M, Litvan I. Preliminary NINDS neuropatho-
logic criteria for Steele-Richardson-Olszewski syndrome (PSP).
Neurol 1994; 44: 2015-2019.

69. Higashi S, Iseki E, Yamamoto R, Minegishi M, Hino H, Fujisawa K,
Togo T, Katsuse O, Uchikado H, Furiukawa Y, Kosaka K, Arai H. Con-
currence of TDP-43, tau and α-synuclein pathology in brains of
Alzheimer’s disease and dementia with Lewy bodies. Brain Res
2007; 1184: 284-294.

70. Hodges JR, Davies RR, Xureb JH, Casey B, Broe M, Bak TH, Kril JJ,
Halliday GM. Clinicopathological correlates in frontotemporal
dementia. Anns Neurol 2004; 56: 399-406.

71. Hulette C, Mirra S, Wilkinson W, Heyman A, Fillenbauer G, Clark C.
The Consortium to Establish a Registry for Alzheimer’s disease
(CERAD): A prospective cliniconeuropathological study of Parkin-
son’s disease features in Alzheimer’s disease. Neurology 1995;
45: 1991-1995.

72. Imhof A, Kovari E, von Gunten A, Gold G, Rivara CB, Herr mann FR,
Hof PR, Bouras C, Glannakopoulos P. Morphological substrates
of cognitive decline in nonagenarians and centenarians: A new
paradigm? J Neurol Sci 2007; 257: 72-79.

73. Ince PG, Lowe J, Shaw PJ. Amylotrophic lateral sclerosis: current
issues in classification, pathogenesis and molecular pathology.
Neuropath App Neurobiol 1998; 24: 104-117.

74. Iseki E, Marin W, Kosaka K, Kato M, Yamamoto T, Ueda K. Clinico -
pathological multiplicity of dementia with Lewy bodies. 
Neuropathol 1999; 19: 386-394.

75. Jakob A. Über eigenartige Erkrankungen des Zentralnervensys-
tems mit bemerkenswerten anatomischen Befunden (spastis-
che Pseudosklerose-Encephalomyelopathic mit disseminierten
Degenerationsherden). Dtsch Z Nervenheilk 1921; 70: 132-146.

76. Jellinger KA, Bancher C. Neuropathology of Alzheimer’s disease:
a critical update. J Neural Transm 1998; 54: 77-95.

77. Josephs KA, Holton JL, Rossor MN, Braendgaard H, Ozawa T, 
Fox NC, Petersen RC, Pearl GS, Ganguly M, Rosa P, Laursen H, Pari -
si JE, Waldemar G, Quinn NP, Dickson DW, Revesz T. Neurofila-
ment inclusion body disease: a new proteinopathy? Brain 2003;
126: 2291-2303.

78. Kawanishi C, Suzuki K, Odawara T, Iseki E, Onishi H, Miyakawa T,
Yamada Y, Kosaka K, Kondo N, Yamamoto T. Neuropathological
evaluation and apolipoprotein E gene polymorphism analysis in
diffuse Lewy body disease. J Neurol Sci 1996; 136: 140-142.

79. Kendall MG, Stuart A. The Advanced Theory of Statistics. Vol. 3,
Griffin, London 1966.

80. Kertesz A, Davidson W, Munoz DG. Clinical and pathological over-
lap between fronto-temporal dementia, primary progressive apha-
sia and corticobasal degeneration: The Pick complex. Dementia
Ger Cog Disord 1999; 10: 46-49.

81. Kretzschmar HA, Neumann M. Neuropathological diagnosis of
neurodegenerative and dementing disorders. Pathologe 2000;
21: 364-374.

82. Kruger R, Muller T, Riess O. Involvement of alpha-synuclein in
Parkinson’s disease and other neurodegenerative disorders. 
J Neural Transm 2000; 107: 31-40.

83. Kwiatkowski TJ, Bosco DA, LeClerc AL, Tamrajian E, Vanderburg CR,
Russ C, Davis A, Gilchrist J, Kasarskis EJ, Munsat T, Valdmanis P,
Rouleau GA, Hisler BA, Cortelli P, de Jong PJ, Yoshinaga Y, Hain-
er JL, Pericak-Vance MA, Yan J, Ticozzi N, Siddigne T, McKenna-
Yasek D, Sapp PC, Horvitz HR, Landers JE, Brown RH Mutations
in the FUS/TLS gene on chromosome 16 cause familial amyo -
trophic lateral sclerosis. Science 2009; 323: 1205-1208.

84. Lantos PL. The neuropathology of progressive supranuclear pal-
sy. J Neural Transm (Suppl) 1994; 42: 137-152.

85. Lee VMY, Goedert M, Trojanowski JQ. Neurodegenerative tauo -
pathies. Ann Rev Neurosci 2001; 24: 1121-1159.

86. Levy-Lahad E, Wasco W, Poorkaj P, Romano D, Oshima J, Pettin -
gell W, Yu C, Jondro P, Schmidt S, Wang K, Crowley A, Fu Y, Gue -
nette S, Galas D, Nemens E, Wijsman E, Bird T, Schellenberg G,
Tanzi R. Candidate gene for chromosome 1 familial Alzheimer’s
disease locus. Science 1995; 269: 973-977.

On the ‘classification’ of neurodegenerative disorders: discrete entities, overlap or continuum?



Folia Neuropathologica 2012; 50/3216

87. Lewy FH. Paralysis agitans. I. Pathologische Anatomie. In: Hand-
buch der Neurologie. Lewandowsky M (ed.). Julius Springer, Berlin
1912; pp. 920-933.

88. Lippa CF, Smith TW, Swearer JM. Alzheimer’s disease and Lewy
body disease: A comparative clinicopathological study. Ann Neu-
rol 1994; 35: 81-88.

89. Lippa CF, Fujiwara H, Mann DMA, Giassson B, Baba M, Schmidt ML,
Nee LE, O’Connell B, Pollen DA, George-Hyslop PS, Ghetti B, Noch -
lin D, Bird TD, Cairns NJ, Lee VMY, Iwatsubo T, Trojanowski JQ. 
Lewy bodies contain altered alpha-synuclein in brains of many
familial Alzheimer’s disease patients with mutations in prese-
nilin and amyloid precursor protein genes. Am J Pathol 1998; 153:
1365-1370.

90. Litvan I, Agid Y, Calne D, Campbell G, Dubois B, Davoisen RC,
Goetz CG, Golbe LI, Grafman J, Growden JH, Hallett M, Jankovic J,
Quinn NP, Tolisa E, Zee DS, Chase TW, FitzGibbon EJ, Hall Z, Jun-
cos J, Nelson KB, Oliver E, Pramstaller P, Reich SG, Verny M. Cli -
nical research criteria for the diagnosis of progressive supranu-
clear palsy (Steele-Richardson-Olszewski syndrome): report of the
NINDS-SPSP International Workshop. Neurology 1996a; 47: 1-9.

91. Litvan I, Hauw JJ, Bartko JJ, Lantos PL, Daniel SE, Horoupian DS,
McKee A, Dickson D, Bancher C, Tabaton M, Jellinger K, Ander-
son DW. Validity and reliability of the preliminary NINDS neu-
ropathological criteria for progressive supranuclear palsy and relat-
ed disorders. J Neuropath Exp Neurol 1996b; 55: 97-105.

92. Lleo A Rey MJ, Castelvi M, Ferrer I, Blesa R. Asymmetric myoclonic
parietal syndrome in a patients with Alzheimer’s disease mim-
icking corticobasal degeneration. Neurologia 2002; 17: 223-226.

93. Luty AA, Kwok JBJ, Thompson EM, Blumsbergs P, Brooks WS,
Loy CT, Dobson-Stone C, Panegyres PK, Hecker J, Nicholson GA,
Halliday GM, Schofield PR. Pedigree with frontotemporal lobar
degeneration-motor neuron disease and Tar DNA binding pro-
tein-43 positive neuropathology: genetic linkage to chromosome 9.
BMC Neurology 2008; 8: 32.

94. Mann DMA, Jones D. Deposition of amyloid A4 protein within the
brains of persons with dementing disorders other than Alz heimer’s
disease and Down’s syndrome. Neurosci Lett 1990; 109: 68-75.

95. Mathuranath PS, Xureb JH, Bak T, Hodges JR. Corticobasal gan-
glionic degeneration and/or frontotemporal dementia? A report
of two overlap cases and review of the literature. J Neurol Neu-
rosurg Psych 2000; 68: 304-312.

96. McKeith IG, Galasko D, Kosaka K, Perry EK, Dickson DW, Han sen
LA, Salmon DP, Lowe J, Mirra SS, Byrne EJ, Lennox G, Quinn NP,
Edwardson JA, Ince PG, Bergman A, Burns A, Miller BL, Lovestone S,
Collerton D, Jansen ENH, Ballard C, de Vis RAI, Wil cock GK, Jellinger
KA, Perry RH. Consensus guidelines for the clinical and pathological
diagnosis of dementia with Lewy bodies (DLB): Report of the con-
sortium on DLB international workshop. Neurology 1996; 47: 1113-
1124.

97. Miklossy J, Steele JC, Yu S, McCall S, Sandberg G, McGeer EG,
McGeer PL. Enduring involvement of tau, beta-amyloid, alpha-synu-
clein, ubiquitin and TDP-43 pathology in the amyotrophic lateral
sclerosis/parkinsonism-dementia complex of Guam (ALS/PDC).
Acta Neuropathol 2008; 116: 625-637.

98. Mirra S, Heyman A, McKeel D, Sumi S, Crain B, Brownlee L, Vogel F,
Hughes J, van Belle G, Berg L. The consortium to establish a reg-
istry for Alzheimer’s disease (CERAD). II. Standardisa tion of the

neuropathological assessment of Alzheimer’s disease. Neurology

1991; 41: 479-486.

99. Moller HJ, Graeber MB. The case described by Alois Alzheimer

in 1911: historical and conceptual perspectives based on the clin-

ical record and neurohistological sections. Europ Arch Psych Clin

Neurosci 1998; 248: 111-122.

100. Mori F, Hayashi S, Yamagishi S, Yoshimoto M, Yagihashi S, Taka-

hashi H, Wakabayashi K. Pick’s disease: alpha- and beta-

synuclein-immunoreactive Pick bodies in the dentate gyrus. Acta

Neuropathol 2002; 104: 455-461.

101. Morris JC. The nosology of dementia. Neurol Clin 2000; 18: 773.

102. Mukherjee O, Pastor P, Cairns NJ, Chakraaverty S, Kauwe JSK,

Shears S, Behrens MI, Budde J, Hinrichs AL, Norton J, Levitch D,

Taylor-Reinwald L, Gitcho M, Tu PH, Grinberg LT, Liscic RM, Armen-

dariz J, Morris JC, Goate AM. (2006). HDDD2 is a familial fron-

totemporal lobar degeneration with ubiquitin-positive tau-neg-

ative inclusions caused by a missense mutation in the signal

peptide of progranulin. Annals of Neurology 2006; 60: 314-322.

103. Munoz DG, Neumann M, Kusaka H, Yokata O, Ishihara K, Ter-

ada S, Kuroda S, Mackenzie IR. FUS pathology in basophilic inclu-

sion body disease. Acta Neuropathol 2009; 118: 617-627

104. Muramoto T, Kitamoto T, Koga H, Tateishi J. The coexistence of

Alzheimer’s disease and Creutzfeldt-Jakob disease in a patient

with dementia of long duration. Acta Neuropathol 1992; 84: 

686-689.

105. Neumann M, Muller V, Gorner K, Kretzschmar HA, Haass C, Ka -

hle PJ. Pathological properties of the Parkinson’s disease-asso-

ciated protein DJ-1 in alpha-synucleinopathies and tauopathies:

relevance for multiple system atrophy and Parkinson’s disease.

Acta Neuropathology 2004; 107: 489-496.

106. Neumann M, Kretzschmar HA. Pathology and biochemistry of

frontotemporal dementias. Nervenheilkunde 2004; 23: 73-79.

107. Neumann M, Sampathu DM, Kwong LK, Truax AC, Micsenyi MC,

Chou TT, Bruce J, Schuck T, grossman M, Clarke CM, McCluskey LF,

Miller BL, Masliah E, Mackenzie IR, Feldmen H, Feiden W, Kret-

zs chmar HA, Trojanowski JQ, Lee VMY. Ubiquinated TDP-43 in

frontotemporal lobar degeneration and amylotrophic lateral scle-

rosis. Science 2006; 314: 130-133.

108. Neumann M, Roeher S, Kretzschmar HA, Rademakers R, Bak-

er M, Mackenzie IRA. Abundant FUS-immunoreactive patholo-

gy in Neuronal intermediate filament inclusion disease (NIFID).

Acta Neu ropathol 2009a; 118: 605-616.

109. Neumann M, Rademakers R, Roeher S, Baker M, Kretzschmar

HA, Mackenzie IRA. A new type of frontotemporal lobar degen-

eration with FUS pathology. Brain 2009b; 132: 2922-2931.

110. Nussbaum RL, Polymeropoulos MH. Genetics of Parkinson’s dis-

ease. Hum Mole Genet 1997; 6: 1687-1691.

111. Ostojic J, Elfgren C, Passant U, Nilsson K, Gustafson L, Lannfelt L,

Fabre SF. The tau R406W mutation causes progressive prese-

nile dementia with bitemporal atrophy. Dement Ger Cog Dis-

ord 2004; 17: 298-301.

112. Oyanagi K, Makifuchi T, Ohtoh T, Chen KM, Gajdusek DC, Chase

TN. Distinct pathological features of gallyas and tau-positive glia

in the parkinsonism-dementia complex and amyotrophic lat-

eral sclerosis of Guam. J Neuropathol Exp Neurol 1997; 56: 

308-316.

Richard A. Armstrong



Folia Neuropathologica 2012; 50/3 217

113. Papp MI, Lantos PL. The distribution of oligodendroglial inclusions

in multiple system atrophy and its relevance to clinical symp-

tomology. Brain 1994; 117: 235-243.

114. Pearson RCA, Esiri MM, Hiorns RW, Wilcock GK, Powell TPS.

Anatomical correlates of the distribution of the pathological

changes in the neocortex in Alzheimer’s disease. Proc Natl Acad

Sci 1985; 82: 4531-4534.

115. Perl DP, Olanow CW, Calne D. Alzheimer’s disease and Parkin-

son’s disease: distinct entities or extremes of a spectrum of neu-

rodegeneration? Ann Neurol 1998; 44: S19-S31.

116. Pick A. Über einen weiteren Symptomenkomplex im Rahman der

Dementia senilis, bedingt durch umschriebene starkere Hirnat-

rophie (gemischte Apraxie). Monat Psych Neurol 1906; 19: 97-108.

117. Pielou EC. An introduction to Mathematical Ecology. John Wiley,

New York, London, Sydney and Toronto, 1969. 

118. Rademakers R, Hutton M. The genetics of frontotemporal lobar

degeneration. Curr Neurol Neurosci Rep 2007; 7: 434-442.

119. Reed LA, Wszolek ZK, Hutton M. Phenotypic correlates in FTDP-17.

Neuropathol Aging 2001; 22: 89-107.

120. Richter-Landsberg C, Bauer NG. Tau-inclusion body formation in

oligodendroglia: the role of stress proteins and proteasome inhi-

bition. Int J Dev Neurosci 2004; 22: 443-451.

121. Rollinson S, Rizzu P, Sikkink S, Baker M, Halliwell N, Snowden J,

Traynor BJ, Ruano D, cairns N, Rohrer JD, Mead S, Collinge J,

Rossor M, Akay E, Gueireiro R, Rademakers R, Morrison KE, Pas-

tor P, Alonso E, Martinez-Lage P, Graff-Radford N, Neary D, Hen-

link P, Mann DMA, Van Swieten J, Pickering-Brown SM. Ubiqui-

tin associated protein 1 is a risk factor for frontotemporal lobar

degeneration. Neurobiol Aging 2009; 30: 656-665.

122. Rosenberg CK, Pericak-Vance MA, Saunders AM, Gilbert JR, Gas -

kell PC, Hulette CM. Lewy body and Alzheimer pathology in a fam-

ily with the amyloid-beta precursor protein APP717 gene muta-

tion. Acta Neuropathol 2000; 100: 145-152.
123. Saito Y, Ruberu NN, Sawabe M, Arai T, Tanaka N, Kakuta Y, Yama -

nouchi H, Marayama S. Staging of agyrophilic grains: an age-as -
sociated tauopathy. J Neuropathol Exp Neurol 2004; 63: 911-918.

124. Sergeant N, Wattez A, Delacourte A. Neurofibriallry degeneration
in progressive supranuclear palsy and corticobasal degeneration:
Tau pathologies with exclusive “exon 10” isoforms. J Neurochem
1999; 72: 1243-1249.

125. Schneider JA, Gearing M, Roblins RS, DeLaune W, Mirra SS. Apo -
lipoprotein E genotype in diverse neurodegenerative disorders.
Anns of Neurol 1995; 38: 131-135.

126. Sherrington R, Rogaev E, Liang Y, Rogaeva E, Levesque G, Ikeda M,
Chi H, Lin C, Li G, Holman K, Tsuda T, Mar L, Foncin J, Bruni A, Mou -
lese M, Sorbi S, Rainero I, Pinessi L, Nee L, Chumakov I, Pollen D,
Brookes A, Sauseau P, Polinski R, Wasco R, Dasilva H, Haines J,
Pericak-Vance M, Tanzi R, Roses A, Fraser P, Rommens J, St George-
Hyslop P. Cloning of a gene bearing missense mutations in ear-
ly onset familial Alzheimer’s disease. Nature 1993; 375: 754-760.

127. Spillantini MG, Tolnay M, Love S, Goedert M. Microtubule-asso-
ciated protein tau, heparin sulphate and alpha-synuclein in se -
veral neurodegnerative diseased with dementia. Acta Neuropathol
1999; 97: 585-594.

128. Steele JC, Richardson JC, Olszewski T. Progressive supranuclear

palsy. Arch Neurol 1964; 10: 333-359.

129. Strong C, Anderton BH, Perry RH, Perry EK, Ince PG, Love-

stone S. Abnormally phosphorylated tau protein in senile de men-

tia of the Lewy body type and Alzheimer’s disease: evidence that

the disorders are distinct. Dis Assoc Disord 1995; 9: 218-222.

130. Szpak GM, Lewandowska E, Lechowicz W, Bertrand E, Wierzba-

Bobrowicz, Gwiazda E, Pasennik E, Kosno-Kruszewska, Lipczyn-

ska-Lojkowska W, Bochynska A, Fiszer U. Lewy body variant of

Alzheimer’s disease and Alzheimer’s disease: a comparative

immunohistochemical study. Folia Neuropathol 2001; 39: 63-71.

131. Takanashi M, Ohta S, Matsuoka S, Mori H, Mizuno Y. Mixed mul-

tiple system atrophy and progressive supranuclear palsy: a clin-

ical and pathological report of one case. Acta Neuropathol 2002;

103: 82-87.

132. Talbot PR, Goulding PJ, Lloyd JJ, Snowden JS, Neary D, Testa HJ.

Interrelation between classic motor neuron disease and fron-

totemporal dementia: neuropsychological and single-photon

emission computed tomography study. J Neurol Neurosurg Psych

1995; 58: 541-547.

133. Tierney, M, Fisher, R, Lewis, A, Zorzitto, M, Snow, W, Reid, D, Nieuw-

straten P. The NINCDS-ADRDA work group criteria for the clini-

cal diagnosis of probable Alzheimer’s disease. Neurol 1988; 38:

359-364.

134. Tolnay M, Probst A. Tau protein pathology in Alzheimer’s dis-

ease and related disorders. Neuropathol Appl Neurobiol 1999;

25: 171-187.

135. Trojanowski JQ, Clark CM, Schmidt ML, Arnold SE, Lee VMY.

Strategies for improving the post-mortem neuropathological

diagnosis of Alzheimer’s disease. Neurobiol Aging 1997; 18: 

S75-S79 (suppl).

136. Trojanowski JQ, Lee VMY. Aggregation of neurofilament and alpha-

synuclein proteins in Lewy bodies: Implications for the patho-

genesis of Parkinson’s disease and Lewy body dementia. Arch

Neurol 1998; 55: 151-152.

137. Trojanowski JQ, Dickson D. Update on the neuropathological dia -

gnosis of frontotemporal dementias. J Neuropath Exp Neurol 

2001; 60: 1123-1126.

138. Uryu K, Nakashima-Yasuda H, Forman MS, Kwong LK, Clark CM,

Grossman M, Miller BL, Kretzschmar HA, Lee VM, Trojanowsk JQ,

Neumann M. Concomitant TDP-43 pathology is present in Alz -

heimer’s disease and corticobasal degeneration but not in other

tauopathies. J Neuropathol Exp Neurol 2008; 67: 555-564.

139. Valdmanis PN, Daoud H, Dion PA, Rouleau GA. Recent advances

in the genetics of amyotrophic lateral sclerosis. Curr Neurol Neu-

rosci Rep 2009; 9: 198-205.

140. Vance C, Rogelj B, Hortobagyi T, de Vos KJ, Nishimura AL, Sreed-

haran J, Hu X, Smith B, Ruddy D, Wright P, Gariesalingam J, Wil -

liams KL, tripathi V, Al-Saraj S, Al-Chalabi A, Leigh PN, Blair IP,

Nicholson G, de Belleroche J, Gallo JM, Miller CC, Shaw CE. Muta-

tions in FUS an RNA processing protein cause familial amyotrophic

lateral sclerosis Type 6. Science 2009; 323: 1208-1211.

141. Wakabayashi K, Hayashi S, Kakita A, Yamada M, Toyoshima Y,

Yoshimoto M, Takahashi H. Accumulation of alpha-synuclein/NACP

is a cytopathological feature common to Lewy body disease and

Multiple system atrophy. Acta Neuropathol 1998; 96: 445-452.

142. Wakabayashi K, Kawachi I, Toyoshima Y, Takahashi H. Occurrence

of argyrophilic grains in multiple system atrophy: Histopathological

On the ‘classification’ of neurodegenerative disorders: discrete entities, overlap or continuum?



Folia Neuropathologica 2012; 50/3218

examination of 26 autopsy cases. No To Shinkei Brain and Nerve
(Tokyo) 1999; 51: 433-437.

143. West AB, Moore DJ, Biskup S, Bugayenko A, Smith WW, Ross CA,
Dawson VL, Dawson TM. Parkinson’s disease-associated muta-
tions in leucine-rich repeat kinase 2 augment kinase activity. Proc
Natl Acad Sci USA 2005; 102: 16842-16847.

144. Woodward M, Mackenzie IRA, Hsiung GYR, Jacova C, Feldman H.
Multiple brain pathologies in dementia are common. Eur Ger Med
2010; 1: 259-265.

145. Yamazaki M, Arai Y, Babu M, Iwatsubo T, Mori O, Kabayama Y,
Oyanagi K. Alpha-synuclein inclusions in amygdala in the brains
of patients with the Parkinsonian-dementia complex of Guam.
J Neuropathol Exp Neurol 2000; 59: 585-591.

146. Yokota O, Tsuchiya K, Oda T, Ishihara T, de Silva R, Lees AJ, Arai T,
Uchihara T, Ishizu H, Kuroda S, Akiyama H. Amyotrohic lateral scle-
rosis with dementia: an autopsy cases showing many Bunina
bodies, tau-positive neuronal and astricytic plaque-like patholo-
gies, and pallido-nigral degeneration. Acta Neuropathol 2006;
112: 633-645.

Richard A. Armstrong



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /POL <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [612.000 792.000]
>> setpagedevice


