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Abstract 

Background  Despite the presence of significant cortical pTDP-43 inclusions of heterogeneous morphologies 
in patients diagnosed with amyotrophic lateral sclerosis (ALS), pathological subclassification is routinely performed 
in the minority of patients with concomitant frontotemporal dementia (FTD).

Objective  In order to improve current understanding of the presence and relevance of pathological pTDP-43 sub-
types in ALS, the present study examined the pattern of cortical pTDP-43 aggregates in 61 ALS cases without FTD.

Results  Based on the presence, morphology and composition of pTDP-43 pathology, three distinct ALS-TDP 
subtypes were delineated: (1) A predominant pattern of pTDP-43 granulofilamentous neuronal inclusions (GFNIs) 
and grains that were immuno-negative for p62 was identified in 18% of cases designated ALS-TDP type E; (2) neuronal 
cytoplasmic inclusions (NCIs) that were immuno-positive for both pTDP-43 and p62 were observed in 67% of cases 
assigned ALS-TDP type B; and (3) scarce cortical pTDP-43 and p62 aggregates were identified in 15% of cases coined 
ALS-TDP type SC (scarce cortical). Quantitative analyses revealed a significantly greater burden of pTDP-43 GFNI 
and grains in ALS-TDP type E. Principal component analysis demonstrated significant relationships between GFNIs, 
grains and ALS-TDP subtypes to support the distinction of subtypes E and B. No significant difference in age at death 
or disease duration was found between ALS-TDP subgroups to suggest that these subtypes represent earlier or later 
stages of the same disease process. Instead, a significantly higher ALS-TDP stage, indicating greater topographical 
spread of pTDP-43, was identified in ALS-TDP type E. Alzheimer’s disease neuropathological change (ABC score ≥ inter-
mediate) and Lewy body disease (Braak stage ≥ IV) was more prevalent in the ALS-TDP type SC cohort, which 
also demonstrated a significantly lower overall cognitive score.

Conclusion  In summary, the present study demonstrates that ALS-TDP does not represent a single homogenous 
neuropathology. We propose the subclassification of ALS-TDP into three distinct subtypes using standard immuno-
stains for pTDP-43 and p62 in the motor cortex, which is routinely sampled and evaluated for diagnostic neuropatho-
logical characterisation of ALS. We propose that future studies specify both clinicopathological group and pTDP-43 
subtype to advance current understanding of the pathogenesis of clinical phenotypes in pTDP-43 proteinopathies, 
which will have significant relevance to the development of targeted therapies for this heterogeneous disorder.
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Introduction
Amyotrophic lateral sclerosis (ALS) is a rapidly progres-
sive neurodegenerative disease underscored by diverse 
yet poorly understood pathomechanisms that contrib-
ute to differential therapeutic responses and unsuccess-
ful drug development [1, 2]. ALS is characterised by the 
loss of upper and lower motor neurons with cytoplasmic 
pTDP-43 inclusions observed in > 90% of patients [3, 4]. 
Approximately 5–10% of patients with ALS also meet 
diagnostic criteria for frontotemporal dementia (FTD). 
Based on the predominant morphology and distribu-
tion of cortical pTDP-43 pathology in these FTD-ALS 
cases, they are routinely classified into one of four fron-
totemporal lobar degeneration (FTLD) pathological sub-
types (FTLD-TDP types A-D) [5, 6], with a fifth subtype 
(FTLD-TDP type E) recently described [7]. Although 
pTDP-43 pathology is also present in the frontal and/or 
temporal cortices of ~ 70% of ALS cases without FTD [8], 
these ALS cases are not routinely classified into an FTLD-
TDP subtype. Importantly however, pTDP-43 aggregates 
accumulate in the cortical neurons of the motor cortex 
in ALS [4, 9–11] to a similar extent as observed in FTLD 
[12] and heterogeneity in these cortical pTDP-43 aggre-
gates is also recognised in ALS [13]. In order to improve 
current understanding of the presence and relevance 
of pathological pTDP-43 subtypes in ALS, the present 
study assessed the pattern of motor cortical pTDP-43 in 
61 patients without concomitant FTD, and assessed the 
clinical phenotype of these pathological subtypes to iden-
tify clinicopathological associations.

Methods
All cases with a pathological diagnosis of ALS-TDP were 
selected from a neuropathological series collected by the 
Sydney Brain Bank through regional brain donor pro-
grams in Sydney, Australia. The brain donor programs 
hold approval from the Human Research Ethics Com-
mittees of the University of New South Wales and com-
ply with the statement on human experimentation issued 
by the National Health and Medical Research Council 
of Australia. Patients were diagnosed using standard 
clinical diagnostic criteria [1, 14–18] following a medi-
cal interview, cognitive testing [19], and informant his-
tory. Patients with cognitive or behavioural impairment 
that met criteria for ALS-FTD [16] were not included 
in this study. A total of 61 cases fulfilled these inclusion 
criteria. Standardized neuropathological characteriza-
tion was performed [20] and all ALS cases demonstrated 
upper and lower motor neuron degeneration accom-
panied by cytoplasmic pTDP-43 inclusions in the lower 
motor neurons. Macroscopic atrophy in the frontal and/
or temporal lobes was not observed. All cases had pre-
viously been staged for topographical progression of 

pTDP-43 [9] and screened for mutations in the C9ORF72 
gene [21] which was identified in 18% of these cases 
(n = 11). No mutations in other known ALS genes were 
identified in this series. An intermediate level of Alzhei-
mer’s disease (AD) neuropathological change, which is 
considered adequate explanation for cognitive impair-
ment [22] was identified in 5% of cases (n = 3) and Lewy 
body disease (LBD) ≥ Braak stage IV pathology, which is 
adequate explanation for clinical parkinsonism or cog-
nitive impairment [22, 23] was identified in 3% of cases 
(n = 2). This research project was approved by the Human 
Research Ethics Committee of the University Sydney.

Pathological classification and regional assessments 
of pTDP‑43 subtypes
Pathological classification was based on pTDP-43 aggre-
gates in the motor cortex, which is the earliest cortical 
region implicated in ALS [24, 25]. TDP-43 pathology 
accumulates in the cortical neurons of the motor cortex 
of ALS cases [4, 10] and demonstrates a similar patho-
logical burden to that seen in the motor cortex of FTLD 
cases [12]. Both pTDP-43 and p62 immunostained sec-
tions were assessed since: 1) pTDP-positive p62-negative 
aggregates have been identified and associated with ALS 
[7, 12, 26]; 2) pTDP-negative p62-positive inclusions have 
been described in C9ORF72-carriers [27]; and 3) the clas-
sification of FTLD-TDP is based on a scheme originally 
developed on ubiquitinated pathology [6]. In addition to 
the motor cortex, the frontal cortex, which is routinely 
assessed for the classification of FTLD-TDP subtypes 
and is implicated in ALS-TDP stage 3, was also assessed 
to determine if pTDP-43 aggregates and subtypes differ 
in cortical regions implicated in early versus later stages 
of pTDP-43 progression. Pathological assessments were 
performed by two raters blind to case details with a 94% 
inter-observer agreement for subclassification of ALS-
TDP types E and B.

Quantitative analysis of motor cortical pTDP‑43 
morphologies
Ten µm thick formalin-fixed, paraffin-embedded tis-
sue sections from each region-of-interest were immu-
nostained with antibodies against phospho-TDP-43 
(S409/410) (Cosmo Bio Co, TIP-PTD-M01, 1:80,000) 
and p62 (BD Biosciences, 610,833, 1:500) using a Ven-
tana BenchMark GX autostainer. Both antibodies under-
went 30 min antigen retrieval with CC1 reagent followed 
by a one hour primary antibody incubation and visu-
alization using Optiview DAB IHC Detection Kit. Slides 
were digitally scanned using the Olympus VS-120 sli-
descanner at 20 × magnification. Regions of interest 
measuring 2000 µm × 1000 µm were defined and the per-
centage area occupied by granulofilamentous pTDP-43 
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inclusions, pTDP-43 grains and round pTDP-43 neuronal 
cytoplasmic (NCIs) were quantified using QuPath (ver-
sion 0.3.2)  (Additional file  1: Supplementary Figure  1). 
The severity of pTDP-43 deposition across the upper 
and lower cortical layers was graded on a four-point 
scale: 0 = no detectable pathology across the entire sec-
tion; 1 = mild (some pathology observed in most fields 
of view); 3 = moderate; and 4 = frequent as previously 
described [28]. The association between pathological 
TDP-43 with p62 or ubiquitin was assessed using double-
labelled immunofluorescence on 10  µm thick sections 
as previously described [29]. Briefly, primary antibod-
ies were incubated overnight at 4  °C (anti-pTDP-43, 
Cosmo Bio TIP- PTD-M01; anti-ubiquitin, Merck 
U5379; anti-pTDP-43 rabbit polyclonal, Cosmo Bio 
Co  TIP- PTD-P02, anti-p62, BD Biosciences, 610,833). 
The sections were then incubated with species-specific 
secondary antibodies for 2 h at room temperature (Alex-
aFluor 488-labelled anti-mouse IgG, Thermofisher) and 
Alexa 568-labelled anti-rabbit, Thermofisher), sections 
were counterstained with 4′,6-diamidino-2-phenylindole 
DAPI (Thermofisher, 62,248, 1  mg/mL) and visualised 
using the Leica DM6000 microscope.

Cognitive assessment
Patients were assessed with the Addenbrooke’s Cognitive 
Examination (ACE-III) [19], which evaluates attention/
orientation, fluency, memory, language and visuospatial 
function to yield a maximum score of 100.

Statistics
Statistical analysis was performed using SPSS (Version 
28) with a p value < 0.05 taken as significant. Group dif-
ferences were determined using a one-way ANOVA 
followed by Bonferroni post hoc tests for age, disease 
duration, postmortem delay, density of different pTDP-43 
inclusions, ALS-TDP stage and ACE-III scores, and with 
chi-square test for gender, site of disease onset, C9ORF72 
and co-pathologies. Any relationships between variables 
were assessed using principal component factor analysis 
(PCA), which included the density of different pTDP-43 
inclusions in the motor cortex, ALS-TDP group, genetic 
mutation and demographic variables (age and disease 
duration).

Results
Cortical pTDP‑43 subtypes in ALS (Figs. 1, 2)
ALS‑TDP type E
Granulofilamentous neuronal inclusions (GFNI), abun-
dant grains and oligodendroglial inclusions that were 
immunopositive for pTDP-43 but not p62 were identified 
in 18% of cases (n = 11). The morphology and composi-
tion of these aggregates resemble that recently reported 

in FTLD-TDP type E [7] and as such, these cases were 
designated ALS-TDP type E.

ALS‑TDP type B
A predominant pattern of round neuronal cytoplasmic 
inclusions in superficial and deep cortical layers with 
relatively few dystrophic neurites were observed on both 
pTDP-43 and p62-immunostained sections of the motor 
cortex in 67% of ALS cases (n = 41). The morphology, 
composition and distribution of these aggregates resem-
ble that seen in the cortical sections of FTLD-TDP type B 
cases and as such, these cases were designated ALS-TDP 
type B.

ALS‑TDP type SC
Scarce pTDP-43 and p62 aggregates were observed in the 
motor cortex of 15% of cases (n = 9) and were designated 
ALS-TDP type SC (scarce cortical). Double-labelled 
immunofluorescence confirmed the absence of ubiquitin 
and p62 immunoreactivity in the pTDP-43 aggregates of 
ALS-TDP type E cases (Fig. 3). In contrast, the pTDP-43 
aggregates in ALS-TDP type B cases demonstrated colo-
calization with p62 and ubiquitin (Fig. 3).

Quantitative analyses of pTDP‑43 inclusion morphologies
Assessment of motor cortical burden of pTDP-43 mor-
phologies revealed a significantly greater burden of 
pTDP-43 GFNI and grains in ALS-TDP type E com-
pared to ALS-TDP type B and ALS-TDP type SC cases 
(F(2,37) > 6.2, p ≤ 0.005; Fig.  4). No significant differ-
ence in pTDP-43 NCIs were found between groups 
(F(2,37) = 2.3, p = 0.113). Principal component factor 
analysis was used to assess all relationships between 
variables across all cases and loading scores > 0.6 was 
considered significant. Two separate factors accounted 
for > 57% of variance. Significant relationships were iden-
tified between ALS-TDP subtype (0.74 loading), % GFNI 
(0.86 loading) and % pTDP-43 grains (0.83 loading) (fac-
tor 1, 35% of the variance), supporting the construct that 
pTDP-43 GFNI and grains differentiated the ALS-TDP 
groups. Factor 2 accounted for 22% of the variance and 
showed that % round pTDP-43 NCIs (0.633 loading) 
associated with age (-0.63 loading), disease duration 
(-0.64 loading) and presence of a C9ORF72 mutation 
(0.69 loading). This is consistent with the shorter disease 
duration, younger age at death and round NCIs charac-
teristic of type A/B described in C9ORF72 cases [30].

Demographic and pathological comparisons 
between ALS‑TDP subtypes
Group comparisons revealed no significant differences 
in age at death, age at disease onset, disease duration 
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or post-mortem interval between groups (Table  1). No 
significant difference in the prevalence of a C9ORF72 
expansion was identified between groups (X(2) = 2.41, 
p = 0.3) (Table 1 and Fig. 2). A significantly greater mean 
ALS-TDP stage was found in ALS-TDP type E com-
pared to ALS-TDP type B and ALS-TDP SC cases (F(2, 
58) = 6.569, p = 0.003, Table 1). Intermediate Alzheimer’s 
disease (AD) neuropathological change and LBD ≥ Braak 
stage IV pathology was more prevalent in the ALS-TDP 
SC cohort compared to the ALS-TDP type B and ALS-
TDP type E cohorts (X(2) = 14.49, p < 0001, Table  1). 
Within the ALS-TDP type B cohort, no significant dif-
ference in age at death, disease duration or post-mortem 
interval (PMI) was found between C9ORF72-carriers 
and sporadic cases (age at death (mean ± SD): 59 ± 8 years 
in C9ORF72 cases, 66 ± 11  years in sporadic cases, 
p = 0.1; disease duration (mean ± SD): 2 ± 1  years in 
C9ORF72 cases, 3 ± 2  years in sporadic cases, p = 0.2; 
PMI (mean ± SD): 24 ± 10 h in C9ORF72 cases, 28 ± 15 h 
in sporadic cases, p = 0.5). However, a significantly higher 
ALS-TDP stage was identified in C9ORF72-carriers com-
pared to sporadic ALS cases (Mean ± SD ALS-TDP stage: 
3.9 ± 0.3 in C9ORF72-carriers, 2.3 ± 1.1 in sporadic ALS 

cases, p < 0.001). ALS-TDP stage was similar in ALS-TDP 
type E cases with and without a C9ORF72 expansion 
(Mean ± SD ALS-TDP stage: 4.0 ± 0.0 in C9ORF72-carri-
ers, 3.9 ± 0.3 in sporadic ALS cases).

Regional inclusion morphology and pathological subtype
To determine if the GFNIs characteristic of ALS-TDP 
type E represent immature pTDP-43 inclusions that have 
yet to coalesce into the more prevalent ALS-TDP type B 
morphology which is ubiquitinated, the frontal cortex, 
which is affected later in pathological progression (and 
consequently would demonstrate comparatively “ear-
lier” pathology by the end of the disease progression) 
were assessed. ALS-TDP type B cases with pTDP-43 
pathology in the frontal cortices (n = 21) demonstrated 
similar round neuronal cytoplasmic inclusions with 
few neurites that were immunopositive for p62 in these 
“later affected” regions. As expected, all ALS-TDP type 
E cases demonstrated GFNI and grains in the frontal 
cortex that were consistent with that seen in the motor 
cortex of these cases. Regional differences in pathologi-
cal subtypes were not identified within cases here nor 
have they been previously reported (Fig. 5). In the spinal 

Fig. 1  A schematic illustration of the motor cortex for the classification of ALS-TDP subtypes. Cases with a predominant pattern of pTDP-positive 
granulofilamentous neuronal inclusions (GFNIs) and grains not identified on corresponding p62-immunostained sections were assigned a type 
E; cases with round neuronal cytoplasmic inclusions ± few dystrophic neurites that were observed throughout the cortical layers of both pTDP-43 
and p62 immunostained sections were assigned a type B; cases with scarce pTDP-43 and p62 aggregates that were insufficient for subclassification 
were assigned a type SC (scarce cortical)
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cord, a predominance of pTDP-43 GFNIs, grains and 
oligodendroglial inclusions were observed in ALS-TDP 
type E cases (Fig. 6). These inclusion morphologies were 
accompanied by occasional dense compact and skein-like 
pTDP-43 inclusions, similar to that observed in ALS-
TDP type B and type SC (Fig. 6). 

Cognitive profiles
ACE-III scores [19] were available for 82% of the ALS-
TDP type E cohort (n = 9, including the n = 2 with a 
C9ORF72 expansion), 46% of the ALS-TDP type B cohort 
(n = 19, including n = 5 with a C9ORF72 expansion) and 
44% of the ALS-TDP type SC cohort (n = 4, including the 
n = 1 case with LBD stage IV), with no significant group 
differences in the years between assessments and death 
(Table 1). Despite the absence of cognitive scores for the 
ALS-TDP type SC case with neocortical LBD (Braak 
stage VI) (n = 1) and intermediate AD neuropathologi-
cal changes (n = 2), a significantly lower overall cognitive 
performance was identified in ALS-TDP type SC com-
pared to ALS-TDP type E and ALS-TDP type B cases 
(p < 0.05) (Table 1). Within the ALS-TDP type B cohort, 
no significant difference in ACE scores were identified 

between C9ORF72-carriers and non-carriers (Mean ± SD: 
94 ± 2 in C9ORF72-carriers, 88 ± 11 in non-carriers, 
p = 0.3).

Discussion
The present study examined and reports, for the first 
time, three distinct histological subtypes in ALS cases 
without FTD: (1) In 18% of cases, a predominant pattern 
of pTDP GFNIs and grains, which were immuno-negative 
for p62 were identified, and these cases were designated 
ALS-TDP type E; (2) In 67% of cases, a predominant pat-
tern of round NCIs that were immuno-positive for both 
pTDP-43 and p62 were observed, and these cases were 
designated ALS-TDP type B; (3) In 15% of cases, scarce 
cortical pTDP-43 and p62 aggregates were observed, 
and these cases were coined ALS-TDP type SC (scarce 
cortical).

Quantitative analyses identified a significantly greater 
burden of pTDP-43 GFNIs and grains in ALS-TDP type 
E. PCA analysis of pTDP-43 inclusion morphologies 
revealed significant associations between GFNIs, grains 
and ALS-TDP subtypes to support that these patholo-
gies segregate with ALS-TDP type E. No significant 

Fig. 2  Micrographs of the characteristic pathologies observed in the motor cortex of ALS-TDP subtypes. Cases with ALS-TDP type E demonstrated 
a predominant pattern of pTDP-positive granulofilamentous neuronal inclusions (GFNIs, asterix) and grains (white arrowhead) not identified 
on corresponding p62-immunostained sections in both C9ORF72-carriers and non-carriers. Cases with ALS-TDP type B had a predominant pattern 
of round neuronal cytoplasmic inclusions (black arrowhead) and occasional dystrophic neurites (arrow) that were observed throughout the cortical 
layers of both pTDP-43 and p62 immunostained sections in both C9ORF72-carriers and non-carriers. Cases with ALS-TDP type SC (scarce cortical) 
had scarce pTDP-43 and p62 aggregates that could not be subtyped
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Fig. 3  Cortical inclusions were immunopositive for pTDP-43 but not ubiquitin or p62 in ALS-TDP type E. In contrast to pTDP-43 aggregates 
that were ubiquitin-negative in ALS-TDP type E, pTDP-43 aggregates were ubiquitin-positive in ALS-TDP type B cases. Similarly, pTDP-43 aggregates 
were p62-negative in ALS-TDP type E but p62-positive in ALS-TDP type B cases
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Fig. 4  Quantitative analyses of motor cortical pTDP-43 morphologies in ALS-TDP subgroups. A significantly greater burden of pTDP-43 
granulofilamentous neuronal inclusions (GFNIs) and grains were found in ALS-TDP type  E (n = 11) compared to ALS-TDP type  B (n = 35) 
and ALS-TDP type SC (n = 8) cases, even when when the two ALS-TDP type E cases with the most severe pathology were excluded from analysis 
(p ≤ 0.005) ( A- B). No significant difference in pTDP-43 neuronal cytoplasmic inclusions (NCIs) were found between groups ( C). Semi-quantitative 
analysis of pTDP-43 burden revealed a similar burden of pathological pTDP-43 in the superficial and deep layers within subtypes ( D- F). **p ≤ 0.005

Table 1  Demographic, clinical and pathological characteristics of ALS-TDP subtypes

Data is presented as mean ± standard deviation or prevalence. UL upper limb; LL lower limb; LBD lewy body disease; ADNC Alzheimer’s disease neuropathological 
changes; ACE-III Addenbrooke’s Cognitive Examination third edition [19]. #Despite the absence of cognitive scores for 75% of ALS-TDP type SC case with intermediate 
AD or neocortical LBD (n = 3), a significantly lower overall cognitive performance was identified in this subgroup. *p < 0.05 compared to the two other pathological 
groups

ALS-TDP type B ALS-TDP type E ALS-TDP type SC P value

N (% male) 41 (56%) 11 (36%) 9 (78%) 0.2

Age at death (years) 64 ± 11 65 ± 7 68 ± 12 0.6

Age at disease onset (years) 62 ± 11 63 ± 7 64 ± 12 0.8

Disease duration (years) 3 ± 1 3 ± 2 4 ± 2 0.2

Site of onset UL/LL/Bulbar (n) 15/11/15 6/2/3 4/4/1 0.5

Postmortem interval (hours) 27 ± 14 27 ± 14 29 ± 21 0.9

C9ORF72% (n) 22% (9) 18% (2) 0% (0) 0.3

Mean ALS-TDP stage 2.6 ± 1.2 3.9 ± 0.3* 2.2 ± 1.5 0.003

Intermediate AD or LBD Braak stage IV-VI (%) 5% 0% 45%* 0.001

ACE assessment % (n) 46% (19) 82% (9) 44% (4)# 0.3

ACE-III total /100 89 ± 10 92 ± 6 76 ± 16* 0.03

Time between cognitive assessment and death (years 1.4 ± 1.3 1.4 ± 0.7 2.8 ± 1.9 0.1
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Fig. 5  A side-by-side comparison of pTDP-43 in the motor and frontal cortex of the same patients with ALS-TDP type E (A-D), ALS-TDP type B (E- H) 
and ALS-TDP type SC (I, J). Regional differences in pathological subtypes were not identified within cases
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difference in age of disease onset, death or survival was 
found between groups to suggest that these subtypes rep-
resent earlier or later-stage disease pathologies. Further 
to this, pTDP-43 morphology and pattern of p62-immu-
noreactivity in each case was consistent across early- and 
late-affected cortical regions, indicating that non-ubiq-
uitinated GFNIs are not a predecessor to ubiquitinated 
NCIs. Instead, a significantly higher ALS-TDP stage was 
identified in the ALS-TDP type E cohort. Interestingly, 
a lower overall cognitive score and higher incidence of 
Alzheimer’s disease neuropathological change (≥ inter-
mediate level) or LBD (Braak stage ≥ IV) was identi-
fied in the ALS-TDP SC cohort. To date, pathological 
subclassification of pTDP-43 subtypes is routinely per-
formed in FTLD, as demonstrated by the nomenclature 
“FTLD-TDP subtypes A-E”. Given the similarities in 
the pattern of cortical pTDP-43 in two of our ALS sub-
groups with that identified in the FTLD-TDP subtypes, 
we have adopted the same alphabetised subclassifica-
tion and propose that future studies consider specifying 
clinicopathological group followed by pTDP-43 subtype 
(eg. FTLD-ALS type E) to advance pathomechanis-
tic understanding of clinical phenotypes in pTDP-43 
proteinopathies.

Widespread pTDP-positive p62-negative GFNI, grains 
and oligodendroglial inclusions were first described 
in seven FTD cases with motor neuronal pTDP-43 
and rapid disease durations of one to three years [7]. 

This pathology, coined FTLD-TDP type E, bore a strik-
ing resemblance to the cortical pTDP-43 identified in 
patients with FTLD-ALS [12], sporadic ALS [13] and pri-
mary progressive aphasia with ALS [26], suggesting that 
the rapidity of these seven FTLD-TDP type E cases was 
due to the concomitant presence of ALS [31]. However, 
most of these studies had not assessed pTDP-43 aggre-
gates for p62-immunoreactivity and as such, whether 
Type E represented a distinct subtype, or “early stage” 
Type B, remained a topic of contention [32]. The present 
study in 61 ALS cases corroborates the existence of an 
obvious disparity in cortical pTDP-43 morphology and 
p62-immunoreactivity in a subset of cases at end-stage. 
These cases, assigned the nomenclature ALS-TDP type 
E, demonstrated no significant difference in disease dura-
tion or age at death compared to cases with the more 
prevalent ALS-TDP type B pathology to suggest that one 
represents an earlier cross-sectional process in patholog-
ical development of the other. Instead, the significantly 
higher ALS-TDP stage of type E cases here converges 
with the distinct biochemical, seeding and spreading 
properties associated with this pathology [7, 32, 33] to 
suggest that this is a unique pTDP-43 strain that may 
have been overlooked in previous neuropathological 
series that only included cases with significant neocorti-
cal ubiquitin-immunoreactive pathology [34].

In contrast to a previous study that assessed the 
inclusion morphologies in the ~ 30% of ALS cases with 

Fig. 6  pTDP-43 inclusions in the spinal cord of ALS-TDP subtypes. A predominance of granulofilamentous neuronal inclusions and grains were 
observed in the anterior horn of the spinal cord of ALS-TDP type E cases (A, B) and these were accompanied by occasional dense compact 
and skein-like inclusions (C, D) similar to that observed in ALS-TDP type B (E, F) and ALS-TDP type SC cases (G, H)
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pTDP-43 in the hippocampus [13], this study assessed 
the earliest cortical region implicated in ALS and dem-
onstrates heterogeneous pTDP-43 inclusion morpholo-
gies in the motor cortex. We propose a classification 
scheme comparable to that available for FTLD [32] and 
that can be used independently or in conjunction with 
staging schemes of the topographical progression of 
pTDP-43 [8]. Importantly distinct structural and bio-
chemical properties of pTDP-43 have been identified in 
different FTLD-TDP subtypes [33, 35, 36], underscoring 
the importance of an ALS-TDP classification scheme 
that also accounts for inclusion morphology. Consistent 
with previous reports in the subcortical and lower motor 
neurons of FTLD-TDP type E [7] and ALS-TDP type 
2b cases [13], pTDP-43 GFNIs, grains, oligodendroglial 
inclusions accompanied by occasional compact or skein-
like pTDP-43 inclusions were identified in ALS-TDP type 
E cases here. Although regional differences in pathologi-
cal subtypes were not identified, future studies in a larger 
series of cortical and subcortical regions will be able to 
determine if morphological stages of pTDP-43 occur 
with disease progression within and/or across pathologi-
cal subtypes.

The C9ORF72 expansion was identified in ALS-TDP 
subtypes B and E but not subtype SC here. Although 
this may be considered basis for support of a B-E 
continuum, it is important to note that in FTLD, the 
C9ORF72 expansion is predominantly associated with 
subtypes A and B [30, 37–39]. Despite the considera-
ble overlap in pathological and biochemical properties 
of these two subtypes which demonstrate poor inter-
rater and -laboratory agreement in their differentia-
tion, subtypes A and B are not considered to represent 
a continuum [32, 33, 40]. Further to this, the C9ORF72 
expansion has also been associated with FTLD-TDP 
subtypes A + B and E [7, 30], highlighting the significant 
pathological variability associated with this expansion. 
Interestingly, a significantly higher ALS-TDP stage was 
identified in ALS-TDP type E and C9ORF72-type B 
cases, indicating greater topographical spread of pTDP-
43 to extramotor regions. Perhaps surprisingly, this 
was not associated with lower overall cognitive scores 
in either of these cohorts although it is worth noting 
that cognitive assessments were performed midway in 
the disease process. Importantly however, ALS-TDP 
stage is an indicator of regional presence, not severity 
[9], and this absence of significant cognitive impair-
ment is consistent with the lower extramotor pTDP-43 
burden identified in ALS compared to FTLD cases [28, 
41]. Interestingly, a lower overall cognitive score was 
identified in the ALS-TDP type SC cohort, which had 

a higher incidence of co-pathologies compared to other 
groups. The main limitation to this finding is the rela-
tively small numbers of ALS-TDP type SC cases with 
cognitive assessments. However, given that this lower 
overall cognitive score was not driven by ALS-TDP 
type SC cases with intermediate ADNC or neocorti-
cal LBD due to the unavailability of cognitive testing 
in these cases with co-pathologies that have been rec-
ognised as sufficient explanation for dementia [22], it 
is unlikely that these findings of represent an artifact. 
Nevertheless, these results highlight the need for future 
studies in multi-centre neuropathological series of ALS 
cases with detailed cognitive assessments closer to end-
stage to determine the prevalence of cognitive impair-
ment and potential associations with co-pathologies in 
patients with scarce cortical pathology.

Conclusions
In summary, the present study delineates three distinct 
histological subtypes in ALS-TDP cases according to the 
presence, morphology and composition of cortical pTDP-
43 pathology. These pathological subtypes demonstrate 
no significant difference in age at death or disease dura-
tion to suggest that they capture an earlier or later cross-
sectional process in pathological pTDP-43 development. 
Rather, they are associated with different motor corti-
cal burden of GFNIs and grains, topographical spreads, 
overall cognitive performances and co-pathologies to 
suggest the involvement of divergent pathomechanisms 
in ALS-TDP. Given the similarities between two of these 
ALS-TDP subtypes with that seen in FTLD-TDP, we have 
adopted the same alphabetised classification and high-
light the need for further research to elucidate whether 
these similar subtypes identified in different clinical phe-
notypes share common disease pathways. As such, we 
propose that future studies specify both clinicopatho-
logical phenotype and pTDP-43 subtype, which will be 
important for the advancement of current understanding 
of disease pathogeneses and the development of targeted 
therapies for pTDP-43 proteinopathies.
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