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Abstract
Aims—Previous data suggest heterogeneity in laminar distribution of the pathology in the
molecular disorder frontotemporal lobar degeneration (FTLD) with transactive response (TAR)
DNA-binding protein of 43kDa (TDP-43) proteinopathy (FTLD-TDP). To study this
heterogeneity, we quantified the changes in density across the cortical laminae of neuronal
cytoplasmic inclusions (NCI), glial inclusions (GI), neuronal intranuclear inclusions (NII),
dystrophic neurites (DN), surviving neurons, abnormally enlarged neurons (EN), and vacuoles in
regions of the frontal and temporal lobe.

Methods—Changes in density of histological features across cortical gyri were studied in ten
sporadic cases of FTLD-TDP using quantitative methods and polynomial curve-fitting.

Results—Our data suggest that laminar neuropathology in sporadic FTLD-TDP is highly
variable. Most commonly, NCI, DN, and vacuolation were abundant in the upper laminae and GI,
NII, EN, and glial cell nuclei in the lower laminae. TDP-43-immunoreactive inclusions affected
more of the cortical profile in longer duration cases, their distribution varied with disease subtype,
but was unrelated to Braak tangle score. Different TDP-43-immunoreactive inclusions were not
spatially correlated.
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Conclusions—Laminar distribution of pathological features in ten sporadic cases of FTLD-TDL
is heterogeneous and may be accounted for, in part, by disease subtype and disease duration. In
addition, the feed-forward and feed-back cortico-cortical connections may be compromised in
FTLD-TDP.

Keywords
Frontotemporal lobar degeneration with TDP-43 proteinopathy (FTLD-TDP); FTLD with
ubiquitin-positive inclusions (FTLD-U); Transactive response TAR DNA-binding protein of 43
kDa (TDP-43); Neuronal cytoplasmic inclusions (NCI); Laminar distribution

Introduction
Frontotemporal lobar degeneration (FTLD) is the second most common form of cortical
dementia of early-onset after Alzheimer’s disease (AD) [1]. The disorder is associated with
a heterogeneous group of clinical syndromes including behavioural variant frontotemporal
dementia (bvFTD), FTD with motor neuron disease (FTD-MND), progressive non-fluent
aphasia (PNFA), semantic dementia (SD), and progressive apraxia (PAX) [2].

FTLD with transactive response (TAR) DNA-binding protein of 43kDa (TDP-43)
proteinopathy (FTLD-TDP), previously called FTLD with ubiquitin-immunoreactive
inclusions (FTLD-U) [3,4], is characterized by a variable neocortical and allocortical
atrophy principally affecting the frontal and temporal lobes. In addition, there is neuronal
loss, microvacuolation largely affecting the superficial cortical laminae, and a reactive
astrocytosis [5,6]. A variety of TDP-43-immunoreactive inclusions are present including
neuronal cytoplasmic inclusions (NCI), neuronal intranuclear inclusions (NII), dystrophic
neurites (DN), and glial inclusions (GI) [6]. Based on the distribution and density of
inclusions, there have been attempts to classify FTLD-TDP into subtypes [7–10]. Most
schemes define four pathological subtypes, based originally on ubiquitin
immunohistochemistry (IHC) but extended to cases of FTLD-TDP, and which utilize the
distribution and density of the pathological changes in neocortical regions. The same
descriptors have been used to define subtypes but the numbering of each subtype varies
between different schemes. Using a consensus system proposed by Cairns et al. [10] and
based on both genetics and previous schemes: type 1 cases (Mackenzie-type 2) are
characterized by long DN in superficial cortical laminae with few or no NCI or NII, type 2
(Mackenzie-type 3) by numerous NCI in superficial and deep cortical laminae with
infrequent DN and sparse or no NII, type 3 (Mackenzie-type 1) by pathology predominantly
affecting the superficial cortical laminae with numerous NCI, DN and varying numbers of
NII, and type 4 by numerous NII, and infrequent NCI and DN especially in neocortical
areas. Although there may be no clear distinction between the various subtypes [6], it is still
possible that there are different distribution patterns of pathology that characterize FTLD.

In many neurodegenerative disorders, the density of pathological inclusions varies
significantly across the cortical laminae from pia mater to white matter [11–15]. The laminar
distribution of an inclusion may reflect degeneration of neural pathways that have their cells
of origin or axon terminals located within one or more laminae and can therefore indicate
the pattern of cortical degeneration in a disorder [16,17]. Previous studies based on
subjective and semi-quantitative estimates of inclusion density, suggest heterogeneity in
laminar distribution of the pathology in FTLD-TDP [7–10] but these differences have not
been systematically investigated using quantitative methods. To study this heterogeneity, we
quantified the changes in density across the cortical laminae of the TDP-43-immunoreactive
inclusions, abnormally enlarged neurons (EN), surviving neurons, vacuoles, and glial cell
nuclei in gyri of frontal and temporal cortex in ten cases of the disease. Quantitative
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methods and a polynomial curve-fitting procedure [18] were used to study changes in
density of each histological feature across the gyri. The specific objectives were: (1) to
describe the changes in density of histological features across the laminae, (2) to determine
whether the distribution of the TDP-43-immunoreactive inclusions was correlated with
disease duration, stage of disease, and consistent with previously assigned disease subtypes,
and (3) to determine the spatial correlations of the pathological features.

Materials and methods
Cases

Ten cases of sporadic FTLD-TDP (see Table 1) were obtained from dementia centers in the
USA and Canada: Vancouver General Hospital, Vancouver, Canada (5 cases), University of
Pittsburgh, Pittsburgh, PA (3 cases), and Harvard Brain Tissue Resource Center, Belmont,
MA (2 cases). All cases were without a family history of neurodegenerative disease and
none had mutations in genes known to cause TDP-43 proteinopathy, viz., progranulin
(GRN) [19–24], valosin-containing protein (VCP) [25], TAR DNA-binding protein
(TARDBP) [26–29], or C90RF72 [30, 31]. All cases exhibited FTLD with neuronal loss,
microvacuolation of the superficial cortical laminae, and a reactive astrocytosis consistent
with proposed diagnostic criteria for FTLD-TDP [10]. A variety of TDP-43-immunoreactive
inclusions was present including NCI, NII, DN, and GI consistent with a diagnosis of
TDP-43 proteinopathy [10]. One case had coexisting motor neuron disease (FTLD-MND)
[32,33] but none met 'Consortium to Establish a Registry of Alzheimer's Disease' (CERAD)
[34], ‘National Institute on Aging (NIA)-Reagan Institute’ criteria [35,36], or NIA-
Alzheimer’s Association Guidelines [37] for a neuropathological diagnosis of Alzheimer’s
disease (AD) and none had associated hippocampal sclerosis (HS). Staging of cases was
based on the Braak tangle score [38]. Cases had been assigned previously to the four
proposed subtypes of FTLD-TDP by an experienced neuropathologist using the composite
(‘harmonized’) scheme of Cairns et al. [10]. Only subtypes 1, 2 and 3 were represented in
the present sample as subtype 4 may be more frequently associated with familial FTLD-TDP
with VCP gene mutation [25].

Histological methods
After death, the consent of the next of kin was obtained for brain removal following local
Ethical Committee procedures and the 1995 Declaration of Helsinki (as modified
Edinburgh, 2000). Tissue blocks were taken from the frontal lobe at the level of the genu of
the corpus callosum to study the middle frontal gyrus (MFG) and the temporal lobe at the
level of the lateral geniculate body to study the inferior temporal gyrus (ITG), and
parahippocampal gyrus (PHG). Tissue was fixed in 10% phosphate buffered formal-saline
and embedded in paraffin wax. Following formic acid (95%) pretreatment for 5 minutes,
IHC was performed on 4 – 10µm sections with a rabbit polyclonal antibody that recognizes
physiologic TDP-43 epitopes (dilution 1:1000; ProteinTech Inc., Chicago, IL). Sections
were also stained with haematoxylin.

Morphometric methods
In gyri with sufficient densities of inclusions, the distribution of the NCI, GI, NII, and DN
together with the surviving neurons, EN, vacuoles, and glial cell nuclei was studied from pia
mater to white matter using methods described previously [39]. TDP-immunoreactive
pathology is not distributed evenly along the gyri. Hence, five traverses from pia mater to
the edge of the white matter were located randomly along each gyrus. All histological
features were then counted in 50 × 250µm sample fields arranged contiguously, the larger
dimension of the field being located parallel with the surface of the pia mater. An eye-piece
micrometer comprised the sample field and was moved down each traverse one step at a
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time from pia mater to the edge of the white matter. Histological features of the section were
used to correctly position the field.

The NCI were rounded, spicular, or skein-like [6,40,41], while the GI morphologically
resembled the ‘coiled bodies’ reported in tauopathies such as corticobasal degeneration
(CBD) [42,43], progressive supranuclear palsy (PSP) [44–46], and argyrophilic grain
disease (AGD) [47]. The NII were lenticular, spindle-shaped, or circular in shape [6,48] and
the DN were long and contorted [6,49]. It can be difficult to identify surviving neurons
without special stains. Hence, surviving neurons were identified in the TDP-43 sections as
cells containing at least some stained cytoplasm in combination with larger shape and non-
spherical outline [50]. All perikarya meeting these criteria were counted not just the
pyramidal cells. Small spherical or asymmetrical nuclei without cytoplasm, but with the
presence of a thicker nuclear membrane and more heterogeneous chromatin, were identified
as glial cells. EN had enlarged perikarya, lacked NCI, had a shrunken nucleus displaced to
the periphery of the cell, and a maximum cell diameter at least three times that of the
nucleus [50]. The number of discrete vacuoles that were greater than 5µm in diameter was
also counted in each sample field [51,52]. It can be difficult to differentiate
microvacuolation of the neuropil from vacuolation around neurons and blood vessels
attributable to artifacts of processing. Hence, vacuoles clearly associated with such
structures were not counted. The mean of the counts from the five traverses was calculated
to study variations in density of each histological feature across the gyrus.

Data analysis
No attempt was made to locate precisely the boundaries between individual cortical laminae.
First, the degree of cortical degeneration present in many gyri made laminar identification
difficult. Second, identification was especially difficult in the frontal cortex because it
exhibits a heterotypical structure, i.e., six laminae cannot always be clearly identified and
vary in prominence from case to case. Third, inclusions appeared to exhibit complex
patterns of distribution across the cortex rather than being confined to specific laminae.
Hence, variations in lesion density with distance across the cortex were analyzed using a
polynomial curve-fitting procedure (STATISTICA software, Statsoft Inc., 2300 East 14th
St, Tulsa, OK, 74104, USA) [11,18,53]. For each gyrus, polynomials were fitted
successively to the data. Hence, quadratic curves are parabolic, cubic curves are ‘S’ shaped
and quartic curves often appear as ‘double-peaked’ or ‘bimodal’. With each fitted
polynomial, the correlation coefficients (Pearson’s ‘r’), regression coefficients, standard
errors (SE), values of t, and the residual mean square were obtained [18]. At each stage, the
reduction in the sums of squares (SS) was tested for significance. The analysis was
continued until either a non-significant value of F was obtained or there was little gain in the
explained variance [18]. Polynomials greater than the fourth order did not fit any of the
distributions. The shape of the fitted polynomial curve was used to classify the distribution
of each histological feature across the cortex. Hence, histological features exhibiting a single
peak of density were described as ‘unimodal’, peak density being located either in the upper
(approximating to laminae I,II,III) or lower (approximating to laminae V,VI) cortex while
those with two peaks as ‘bimodal’, peaks of density occurring in the upper and lower cortex.
These histological features were then classified further according to whether the density
peaks were of similar or different magnitude in upper and lower cortex. To examine the
relationship between laminar distribution, disease duration, Braak tangle stage [38], and
disease subtype [7–10], the frequencies of the different types of distribution exhibited by the
TDP-43-immunoreactive inclusions were compared using chi-square (χ2) contingency table
tests.

To determine the degree to which different histological features occurred within the same or
different regions of the cortex or were distributed independently of each other, correlations
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between the densities of all histological features were tested using Pearson's correlation
coefficient (‘r’).

Results
Examples of the distribution of the pathology in sporadic FTLD-TDP cases are shown in
Figs 1 and 2. Fig 1 shows extensive vacuolation in the ITG, typically present in the
superficial laminae of many gyri, while Fig 2 shows TDP-43-immunoreactive inclusions in
the upper laminae of the ITG.

Examples of the changes in density of NCI and NII across the cortex and the curve-fitting
procedure are shown in Fig 3. The distribution of NCI in the MFG of case D was fitted by a
third-order polynomial (r = 0.70, P < 0.001), a large density peak being present in the upper
cortex, and significantly lower densities of NCI in the lower cortex. The distribution of NII
in the ITG of case F was also fitted by a third-order polynomial (r = 0.65, P < 0.01). The
distribution of the NII overlapped with the NCI, but the greatest densities of NII occurred in
the lower cortex.

Examples of the distribution of surviving neurons and vacuoles are shown in Fig 4. The
distribution of surviving neurons in the MFG of case B was fitted by a fourth-order
polynomial (r = 0.61, P < 0.01) indicating a bimodal distribution, i.e., the distribution was
double-peaked, densities in the upper laminae being slightly greater, with the exception of a
single datum point, than those in the lower laminae. The distribution of the vacuoles in the
PHG of case A was fitted by a second-order polynomial (r = 0.96, P < 0.001). Hence,
although some vacuolation is evident throughout the cortical profile, the density of the
vacuoles was greatest in the superficial laminae declining markedly with distance across the
cortex.

The results of the curve fitting procedure for each histological feature in all gyri studied are
shown in Table 2 and a summary of these distributions in Table 3. The NCI were distributed
largely in the upper laminae in 7/23 (30%) of gyri studied and in further 8 gyri, a bimodal
distribution was present, the density peak in the upper cortex being larger or of similar
magnitude to that in the lower cortex. In 6/23 (26%) gyri, there was no significant change in
the density of NCI across the cortex. In 4/6 (67%) gyri, the density of GI was greatest in the
lower cortex. Similarly, the NII frequently exhibited greater densities in the lower cortex,
11/21 (52%) gyri showing this pattern. In addition, NII exhibited a smaller density peak in
the upper cortex and in 8 gyri, there were no differences in NII density across the cortex. In
6/13 (46%) gyri, the density of DN was greatest in the upper cortex. The density of the EN
was greatest in the lower cortex in 6/20 (30%) gyri but in the remaining gyri, EN were more
uniformly distributed across the cortex. The distribution of the surviving neurons was highly
variable. In 17/30 (57%) gyri, the distribution of the surviving neurons was bimodal, the
density in the upper cortex being either greater than or similar to that in the lower cortex. In
8 gyri, there were no significant differences in the density of surviving neurons across the
cortex. The greatest density of the vacuolation was present in the upper cortex, 25/30 (83%)
gyri showing this pattern. In 17/30 (57%) of these gyri, the vacuoles also exhibited a smaller
density peak in the lower cortex. Glial cell nuclei were more abundant in the lower cortex
and in many gyri, glial cell density increased linearly across the cortex from pia mater to
white matter. There were no consistent differences in the distribution of histological features
between gyri of the frontal and temporal cortex, or in the case with associated MND
compared with the cases without MND.

The relationship between the distribution of the TDP-43-immunoreactive inclusions, disease
duration, and Braak tangle stage is shown in Table 4. Inclusions affecting either upper or
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lower cortex alone were more frequent in shorter duration cases while bimodal distributions
affecting upper and lower cortex were more frequent in longer duration cases (χ2 = 10.63,
4DF, P < 0.05). There were no significant differences in the frequencies of laminar
distribution when cases were classified according to Braak tangle stage (χ2 = 9.46, 6DF, P >
0.05).

The relationship between the distributions of NCI, NII, and DN and previously assigned
disease subtypes is shown in Table 5. In cases assigned to subtype 1, NCI and NII were
relatively infrequent while DN were more abundant and more commonly distributed in the
upper cortex. In cases assigned to subtype 2, pathology affected both the upper and lower
cortices and NCI and DN were abundant either in the upper cortex alone or a bimodal
distribution was present, inclusions being present in both upper and lower cortices, and with
NII predominant in the lower cortex. In cases assigned to subtype 3, the TDP-43-
immunoreactive inclusions were predominantly located in the upper cortex.

A summary of the spatial correlations between the densities of the various histological
features across the cortex is shown in Table 5. In the majority of gyri, there were no
significant spatial correlations between the different TDP-43-immunoreactive inclusions.
NCI density was positively correlated with surviving neuron density in 9/24 (38%) gyri and
surviving neuron and vacuole densities were positively correlated in 14/31 (45%) gyri.
Vacuoles and glial cell nuclei densities were negatively correlated in 12/30 (40%) gyri.

Discussion
Both phosphorylation-dependent (pTDP-43) and independent (iTDP-43) antibodies have
been used to study TDP-43- immunoreactive pathological changes in FTLD-TDP [54–58].
Initially many groups used iTDP-43 which immunolabels normal physiological TDP-43 as
well as pathological inclusions. This is a particularly useful attribute as this antibody shows
clearly that in most neurons there is reduced staining in the nucleus and increased staining of
the cytoplasm leading to the hypothesis that the protein is abnormally translocated in
disease. However, it is often difficult to distinguish the presence of an abnormal inclusion,
or pre-inclusion, in the nucleus, or even the cytoplasm where normal and abnormal staining
may admix. The advantage of pTDP-43 antibodies is that they do not immunolabel normal
physiological TDP-43 [54,56], especially in the nucleus, thus enabling the TDP-43-
immunoreactive lesions to be more clearly visualized and quantified. In a previous study
[58], we compared he densities of TDP-43-immunoreactive inclusions using iTDP-43 and
pTDP-43 antibodies. On average, the pTDP-43 antibody revealed slightly more NCI and GI
per sample field than iTDP-43 while on average pTDP-43 revealed slightly fewer NII than
the iTDP-43 antibody. For the DN, very similar densities of DN were revealed by both
antibodies. Hence, although there are some differences in density revealed by both types of
antibody, these differences are unlikely to significantly affect the laminar distributions as
revealed by the present iTDP-43 antibody.

The data suggest significant changes in density of histological features across the cortex in
sporadic FTLD-TDP. Changes in density were variable with significant differences between
gyri and cases. The most consistent patterns of distribution were: (1) significant vacuolation
was present in the superficial laminae, declining in importance with distance below the pia
mater and (2) a greater abundance of glial cell nuclei in the lower cortex. Of the TDP-43-
immunoreactive inclusions, the NCI and DN were most frequently abundant in the upper
cortex and NII and GI in the lower cortex. The quantitative data support some aspects of the
classification of cases into subtypes based on subjective and semi-quantitative assessment of
the pathology [7–10]. Hence, DN and NCI were more frequent in the superficial cortical
laminae especially in cases assigned to subtypes 1 and 3. In addition, numerous NCI were
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present in superficial and deep cortical laminae in cases assigned to subtype 2. Hence,
previously reported differences associated with disease subtype [7–10] could account for
some of the variation in laminar distribution observed between the 10 cases. However, a
much larger series of cases would need to be studied to establish whether different subtypes
consistently exhibit a specific laminar distribution of inclusions. If this hypothesis is shown
to be correct, it raises the possibility that different anatomical pathways may be affected in
the various subtypes. Hence, both the feedforward and feedback cortico-cortical pathways
may be affected in subtype 2 while the feedforward pathways may be predominantly
affected in subtypes 1 and 3.

Distribution across the cortex was also related to disease duration, inclusions in shorter
duration cases being more likely to be unimodal and restricted either to upper or lower
laminae, while a bimodal distribution was more common in longer duration cases. These
data suggest that as the disease progresses, inclusions could spread vertically within modules
or columns to affect more of the cortical profile.

The distribution of the surviving neurons was especially variable in our cases. In normal
elderly brain, pyramidal neurons in frontal and temporal cortex often exhibit a bimodal
distribution in which peak density in the upper cortex (corresponding to laminae II/III) is
often larger than in the lower cortex (corresponding to laminae V/VI) [17]. A similar
bimodal distribution was observed in some gyri in FTLD-TDP, but in eight gyri, peak
densities were similar in the upper and lower cortex, and in eight further gyri, surviving
neurons were uniformly distributed down the cortex consistent with greater neuronal loss in
the upper cortex. Pathological changes in the upper cortex could be associated with
degeneration of the feed-forward cortico-cortical projections, which have their cells or
origin in laminae II/III as shown in other disorders [16]. By contrast, EN, which may reflect
either a stress response [58] or axonal degeneration [60,61], and glial cell nuclei were more
abundant in the lower cortex consistent with degeneration of the lower laminae in FTLD-
TDP. Pathological changes in lower cortex could result from degeneration of either the feed-
back cortico-cortical projections [16] or the afferent and efferent cortical-subcortical
projections. As in other neurodegenerative disorders, it is possible that the pathology spreads
between cortical regions via cell to cell contact [16,62] and observed variations in laminar
distribution between cases and gyri could represent different stages of this process.

The various TDP-43-immunoreactive inclusion were not spatially correlated in the majority
of gyri suggesting that NCI, NII, DN, and GI do not affect the same cortical laminae. NCI
and surviving neuron densities, however, were positively correlated in over a third of gyri
suggesting that a constant proportion of all surviving neurons develop NCI in some gyri.
Vacuole and surviving neuron densities were also positively correlated in nearly half of the
gyri studied. Vacuolation also occurs in Creutzfeldt-Jakob disease (CJD), dementia with
Lewy bodies (DLB), and advanced AD [6]. In sporadic CJD (sCJD), for example, vacuoles
are often clustered around neuronal perikarya [51] and in the cerebellum of variant CJD
(vCJD), clusters of vacuoles in the molecular layer are negatively correlated with surviving
Purkinje cells [52]. Hence, the relationship between surviving neurons and vacuolation is
complex. An initial positive correlation may arise if vacuoles develop in association with the
dendrites of degenerating neurons. However, if the neuronal perikarya subsequently
disappear but the vacuoles remain or vice versa, a negative correlation may result.
Vacuolation within the superficial cortical laminae in FTLD-TDP could be the result of
neuronal degeneration within laminae II/III subsequently affecting the ascending
projections. Variation in correlation in different gyri could reflect the stage of the disease,
e.g., a positive correlation between surviving neurons and vacuolation might disappear as
significantly more neurons are lost. Vacuole and glial cell densities were negatively
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correlated in approximately half the gyri studied reflecting their relative abundance in the
upper and lower laminae respectively.

In conclusion, no single pattern of laminar distribution is characteristic of the pathology of
the ten sporadic FTLD-TDP cases studied. Most commonly, the pathology affected all
laminae with significant vacuolation of the superficial cortical laminae and a gliosis largely
affecting the lower laminae. Of the TDP-43-immunoreactive inclusions, most frequently the
NCI and DN were abundant in the upper cortex and NII and GI in the lower cortex.
Variations in laminar distribution of the TDP-43 immunoreactive inclusions may be
explained in part by disease subtype and disease duration, the latter reflecting stages in the
spread of the pathology possibly via the feed-forward and feed-back cortico-cortical
projections.
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List of abbreviations

AD Alzheimer’s disease

AGD Argyrophilic grain disease

CBD Corticobasal degeneration

CERAD 'Consortium to Establish a Registry of Alzheimer's Disease'

DN Dystrophic neurites

EN Abnormally enlarged neurons

FTD Frontotemporal dementia

FTLD Frontotemporal lobar degeneration

FTLD-U Frontotemporal lobar degeneration with ubiquitin positive inclusion

GI Glial inclusions

GL Glial cell nuclei

GRN Progranulin gene

IHC Immunohistochemistry

ITG Inferior temporal gyrus

MFG Middle frontal gyrus

MND Motor neuron disease

NCI Neuronal cytoplasmic inclusion

NIA National Institute on Aging

NII Neuronal intranuclear inclusion

NFT Neurofibrillary tangle

PAX Progressive apraxia
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PHG Parahippocampal gyrus

PNFA Progressive non-fluent aphasia

PiD Pick’s disease

PSP Progressive supranucuclear palsy

SD Semantic dementia

SP Senile plaque

STG Superior temporal gyrus

TARDBP TAR DNA-binding protein

TDP-43 Transactive response (TAR) DNA-binding protein of 43kD

VCP Valosin-containing protein
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Fig 1.
Vacuolation in lamina II of the inferior temporal gyrus (ITG) in a case of frontotemporal
lobar degeneration with TDP proteinopathy (FTLD-TDP) (H/E, bar = 20µm).

Armstrong et al. Page 14

Neuropathol Appl Neurobiol. Author manuscript; available in PMC 2014 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig 2.
TDP-43-immunoreactive inclusions in laminae II/III of the inferior temporal gyrus (ITG) in
a case of frontotemporal lobar degeneration with TDP proteinopathy (FTLD-TDP) (TDP-43
immunohistochemistry, bar = 20µm).
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Fig 3.
Examples of the distribution of the neuronal cytoplasmic inclusions (NCI) and neuronal
intranuclear inclusions (NII) in the middle frontal gyrus (MFG) of a case of frontotemporal
lobar dementia with TDP-43 proteinopathy (FTLD-TDP). Curve of best fit: NCI, third order
polynomial (r = 0.70, P < 0.001); NII, third-order polynomial (r = 0.65, P < 0.01).
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Fig 4.
Examples of the distribution of the surviving neurons and vacuolation in the middle frontal
gyrus (MFG) in a case of frontotemporal lobar dementia with TDP-43 proteinopathy
(FTLD-TDP). Curve of best fit: Surviving neurons, fourth-order polynomial (r = 0.0.61, P <
0.01); Vacuolation, second order polynomial (r = 0.96, P < 0.001).
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Table 2

Results of the polynomial curve-fitting procedure for each histological feature features

Case Feature MFG ITG PHG

A NCI 4, 0.45* (U) 1, 0.45*(U) 3, 0.61*(U)

GI 4, 0.80**(L) NS 3, 0.67*(L)

NII - 2, 0.60*(L) 3, 0.66*(L)

EN 1,0.61*(U) 4,0.42*(U = L) -

SN 1,0.72***(U) NS NS

V 4,0.77(U) 1,0.59*(U) 2,0.96*(U)

DN - - -

GL 1,0.88**(L) 1,0.80***(L) 1,0.82***(L)

B NCI NS - 3, 0.48*(U)

GI - NS 3, 0.67*(L)

NII - 2, 0.60*(L) 3, 0.66*(L)

EN 1,0.61*(U) 4,0.42*(U = L) -

SN 1,0.72***(U) NS NS

V 4,0.77(U) 1,0.59*(U) 2,0.96***(U)

DN - - -

GL 1,0.88**(L) 1,0.80***(L) 1,0.82***(L)

C NCI - NS -

GI - - 4, 0.61*(L)

NII - - -

EN NS NS -

SN 1,0.52**(U) 3,0.64** (U = L) 1,0.70***(U)

V 1,0.79***(U) 3,0.70**(U) 4,0.72**(U = L)

DN 4,0.76***(U) 2.0.49*(L) 2,0.73**(U = L)

GL 1,0.86**(L) 1,0.73***(L) 4,0.63*(L)

D NCI 3,0.70***(U) 4,0.52*(U) 4, 0.59**(U)

GI NS - -

NII 3,0.48*(L) - 1,0.49*(L)

EN 4,0.47*(U) NS -

SN 4,0.62**(U) 3,0.59**(U) 4,0.56**(U = L)

V 4,0.91***(U) 3,0.88***(U) 3,0.92***(U)

DN - - -

GL 1,0.82**(L) 1,0.67***(L) 2,0.69***(L)

E NCI NS 4,0.90***(U) 4, 0.49*(U = L)

GI 1, 0.42*(L) - -

NII NS NS -
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Case Feature MFG ITG PHG

EN NS 2,0.42*(L) NS

SN NS NS 2,0.49*(U)

V 3,0.90***(U) 2,0.57** 4,0.64**(U)

DN - 3,o.38*(U) -

GL 1,0.59***(L) 1,0.69***(L) 3,0.78***(L)

F NCI - - -

GI - 4,0.57* (L) -

NII 3,0.52*(L) 3.0.65*(L) 3,0.54*(L)

EN - - -

SN 4,0.53**(U) 3,0.83***(U) 4,0.44*(U = L)

V 2,0.97***(U) 3,0.90***(U) 2,0.91***(U)

DN 3,0.59*(U) 2,0.78***(U) 3,0.57** (U = L)

GL 1,0.85**(L) 3,0.88***(L) 1,0.86***(L)

G NCI - 4,0.56**(U = L) -

GI - - -

NII NS 4,0.54**(L) NS

EN 2,0.46**(L) 4,0.39*(U) 3,0.41*(U = L)

SN 4,0.39*(U) 3,0.41*(U = L) 3,0.87***(U)

V 2,0.92**(U) 4,0.88**(U) 3,0.90**(U)

DN - NS 3,0.80** (L)

GL 1,0.78***(L) 3,0.88***(L) 2,0.83***(L)

H NCI 3,0.69***(U) 3,0.73***(U) 3,0.85***(U)

GI - - -

NII - - -

EN NS 2,0.40*(L) -

SN NS 4,0.80***(U) NS

V 4,0.60**(U) 2,0.75**(U) 2,0.79***(U)

DN - - -

GL 1,0.88***(L) 1,0.84***(L) 1,0.95***(L)

I NCI 1,0.43*(L) NS 4,0.71***(U)

GI - - -

NII 4,0.82***(L) NS NS

EN 4,0.59**(L) NS 1,0.50**(L)

SN 3,0.70***(U = L) 4,0.63**(U = L) 4,0.57***(U)

V 2,0.76***(U) 2,0.42*(U = L) 4,0.67***(U = L)

DN 3,0.72***(L) - -

GL 1,0.91***(L) 1,0.78***(L) 1,0.83***(L)
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Case Feature MFG ITG PHG

J NCI 3,0.61**(U) NS NS

GI - - -

NII NS 4,0.54**(L) NS

EN - 4,0.55*(U) NS

SN NS NS 2,0.70***(U = L)

V 2,0.84***(U) 2,0.86***(U) 4,0.95**(U)

DN NS 3,0.78***(L) -

GL 1,0.84***(L) 1,0.80***(L) 2,0.73**(L)

(NCI = Neuronal cytoplasmic inclusions, GI = Glial inclusions, NII = Neuronal intranuclear inclusions, DN = Dystrophic neurites, EN =
Abnormally enlarged neurons, V = Vacuolation, SN = Surviving neurons, GL = Glial cell nuclei) in each cortical gyrus. The first figure of each
entry is the order of polynomial fitted to the data (1 = linear, 2 = quadratic, 3 = cubic, 4 = quartic), the second figure is the statistical significance of
the fitted curve (*P < 0.05, **P < 0.01, ***P < 0.001, NS = no significant curve fitted the data), and the third letter in parentheses, whether a
density peak was located in the upper (U) or lower (L) cortex (- indicates insufficient density of a histological feature to quantify its distribution).
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Table 4

Relationship between the distribution of TDP-43-immunoreactive inclusions, disease duration, and Braak
stage in frontotemporal lobar dementia with TDP-43 proteinopathy (FTLD-TDP). Data show the frequency of
gyri in which collectively, the TDP-43-immunoreactive inclusions exhibited a unimodal or a bimodal
distribution, NS = No significant change in abundance across the cortex.

Laminar distribution

Variable Categories Unimodal Bimodal

Disease duration 1 – 4 11 5

(years) 5 – 8 4 11

15 1 5

Braak stage 0/1 10 4

2 4 6

3 5 13

4 0 3

Chi-square (χ2) contingency table tests: Disease duration χ2 = 10.63 (4DF, P < 0.05), Braak score χ2 = 9.46 (6DF, P > 0.05), Disease subtype

χ2 = 3.71 (4DF, P > 0.05)
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Table 6

Frequency of correlations (Pearson’s ‘r’) between the densities of histological features

Frequency of significant correlations

Variables N Positive correlation Negative correlation NS

NCI/GI 8 0 0 8

NCI/NII 18 0 0 18

NCI/DN 10 1 0 9

NCI/EN 19 0 0 19

NCI/SN 24 9 0 15

NCI/V 24 4 0 20

NCI/GL 23 3 1 19

GI/NII 9 1 0 8

GI/DN 6 0 0 6

GI/EN 9 0 0 9

GI/SN 12 1 0 11

GI/V 11 0 0 11

GI/GL 12 3 0 8

NII/DN 11 0 0 11

NII/EN 16 0 0 16

NII/SN 21 0 0 21

NII/V 21 0 0 21

NII/GL 22 5 0 17

DN/EN 10 0 0 10

DN/SN 15 0 0 15

DN/V 15 1 1 13

DN/GL 15 0 0 15

EN/SN 21 0 0 21

EN/V 21 1 1 19

EN/GL 20 0 1 19

SN/V 31 14 0 17

SN/GL 30 0 8 22

V/GL 30 0 12 18

(NCI = Neuronal cytoplasmic inclusions, GI = Glial inclusions, NII = Neuronal intranuclear inclusions, DN = Dystrophic neurites, EN =
Abnormally enlarged neurons, V = Vacuolation, SN = Surviving neurons, GL = Glial cell nuclei) across gyri of the frontal and temporal cortex
from pia mater to white matter in ten cases of frontotemporal lobar dementia with TDP-43 proteinopathy (FTLD-TDP), N = number of gyri tested,
NS = no significant correlations.
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