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cortex, ventral striatum, basal forebrain and inferior tempo-
ral cortex (stage 4); substantia nigra, inferior olive and mid-
brain tectum (stage 5); and finally to basal ganglia and mid-
dle frontal cortex (stage 6). This updated staging scheme is 
superior to our previous staging scheme, classifying 100 % 
of the cases (versus 94 % in the old scheme), based on cri-
teria provided, and shows clinical significance with some 
regions and with increasing stage. We discuss the relevance 
of the updated staging scheme, as well as its impact on the 
prion-like hypothesis of protein spread in neurodegenera-
tive disease. We also address the issue of whether fronto-
temporal lobar degeneration with TDP-43 could be the pri-
mary pathology in stage 6.

Keywords TDP-43 · Alzheimer’s disease · Staging · 
Brainstem · Insular cortex · Limbic

Introduction

The RNA binding protein TDP-43 has become important 
to our understanding of neurodegenerative diseases such as 
amyotrophic lateral sclerosis and some variants of fronto-
temporal lobar degeneration. TDP-43 was first shown to be 
one of the ubiquitinated proteins associated with both dis-
eases in 2006 [37]. Subsequently, TDP-43 has been shown 
to also be associated with Alzheimer’s disease [2]. TDP-43 
is deposited in 30–70 % of some Alzheimer’s disease case 
series [2, 4, 7, 14, 20, 22, 23, 27, 41], and has been found 
to be strongly associated with clinical and MRI features of 
Alzheimer’s disease, such as memory loss and hippocampal 
atrophy [20, 23, 36]. TDP-43 deposition in Alzheimer’s dis-
ease has been reported to have a stereotypic progression of 
spread which led to the development of the original TDP-
43 in Alzheimer’s disease staging scheme [22]. Five stages 
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have been described based on the frequency of TDP-43 
deposition in eight brain regions [amygdala, entorhinal cor-
tex, subiculum, dentate gyrus of the hippocampus, occipi-
totemporal cortex, inferior temporal cortex, middle frontal 
cortex and basal ganglia (putamen/globus pallidum)]. Stage 
I involves only the amygdala, stage II shows spread into 
entorhinal cortex and subiculum, stage III involves the den-
tate gyrus of the hippocampus and occipitotemporal cortex, 
stage IV the inferior temporal cortex, and stage V shows 
TDP-43 deposition in frontal cortex and basal ganglia.

Little is known, however, about the spread of TDP-43 
into other brain regions. Regions that are uncommonly 
involved in Alzheimer’s disease, such as the midbrain tec-
tum, and regions that are commonly affected by neurofi-
brillary tangle pathology in Alzheimer’s disease, such as 
the basal forebrain, have not been analyzed in Alzheimer’s 
disease for the deposition of TDP-43. In addition, there are 
no data on the relationship of involvement of these, and 
other, important regions to the TDP-43 in Alzheimer’s dis-
ease staging scheme. That is, in Alzheimer’s disease it is 
unclear when these other regions become affected by TDP-
43 relative to the eight regions that define the original TDP-
43 in Alzheimer’s disease staging scheme. Having a com-
prehensive understanding of the topography of TDP-43 in 
Alzheimer’s disease is important, particularly since recent 
evidence suggests that proteins, including TDP-43, may 
propagate throughout the brain via a prion-like mechanism 
[38]. In addition, interpreting regional TDP-43 deposition 
in Alzheimer’s disease is important since TDP-43, in the 
form of neurites predominantly, has been found in approxi-
mately a third of brains from patients with normal cogni-
tion [5].

The main aim of this study was, therefore, to model the 
probable pattern of sequential spread of TDP-43 in Alz-
heimer’s disease across 14 brain regions [eight previously 
published (original) + six newly described (insular cortex, 
ventral striatum, basal forebrain, substantia nigra, midbrain 
tectum, and the inferior olive of the medulla oblongata)]. 
These other six regions were chosen to expand on the num-
ber of limbic regions since limbic involvement is central to 
Alzheimer’s disease, and to determine whether brainstem 
regions are affected by TDP-43 in Alzheimer’s disease.

Materials and methods

To address our aim, we further analyzed our cases that 
were previously utilized for the development of the origi-
nal TDP-43 in Alzheimer’s disease staging scheme [22], 
and for assessment of the effects of TDP-43 on Alzhei-
mer’s disease clinical features [23]. The cohort consists of 
342 cases that were prospectively recruited in the Mayo 
Clinic Alzheimer’s Disease Research Center and had 

died with autopsied brain tissue stored in the Brain Bank 
located in Rochester, MN. As previously described [22, 
23], all 342 cases had undergone pathological examina-
tion according to the recommendations of the Consortium 
to Establish a Registry for Alzheimer’s disease (CERAD) 
[33] and each case had been assigned a Braak and Braak 
neurofibrillary tangle stage [8]. All 342 cases fulfilled 
NIA-Reagan criteria for Intermediate-high probability 
Alzheimer’s disease [43] (Braak and Braak stage IV or 
more and CERAD definite for beta-amyloid deposition). 
Demographics and clinical features of this cohort of 342 
cases have been previously published [22, 23]. Of these 
342 cases, 195 (57 %) were previously reported to show 
TDP-43 deposition. Of these 195 cases, two cases did not 
have paraffin blocks available for analysis of all regions 
of interest analyzed in this study, leaving 193 TDP-43 
immunoreactive cases remaining for analysis. Of the 193 
cases included in this study, 123 (64 %) were female. The 
median education level attained was 14 years (range 8, 
20). One-hundred and sixteen cases (62 %) were apolipo-
protein E4 carriers. The median age at onset of the cohort 
was 77 years old (range 50, 102), median age of death was 
88 years old (range 56, 105) and median illness duration 
was 10 years (range 2, 27). Ninety percent of the cases 
had a clinical diagnosis of dementia, 6 % mild cognitive 
impairment, and 4 % normal cognition, at the last evalua-
tion prior to death. Of those with dementia, the final clini-
cal diagnosis was Alzheimer’s dementia in all except five 
cases that had the following final diagnoses: behavioral 
variant frontotemporal dementia (n = 1), corticobasal syn-
drome (n = 3) and progressive supranuclear palsy (n = 1). 
The median Mini-Mental Status Examination score for all 
193 cases was 14 points (range 0, 29).

This study was approved by the Mayo Clinic IRB. Prior 
to death, all participants or their proxies had provided writ-
ten consent for brain autopsy examination.

Pathological analysis

For this study, paraffin blocks of 14 brain regions that 
included the eight original regions, as well as six newly 
reported regions (basal forebrain, insular cortex, ventral stri-
atum, substantia nigra, midbrain tectum and inferior olive) 
were sectioned and immunostained for TDP-43 (polyclonal 
antibody MC2085 that recognizes a peptide sequence in 
the 25-kDa C-terminal fragment [44]) with a DAKO-Auto-
stainer (DAKA-Cytomaton, Carpinteria, CA, USA) with 
3,3′-diaminobenzidine as the chromogen. A region was con-
sidered TDP-43 positive if there were any TDP-43 immu-
noreactive neuronal cytoplasmic inclusions, dystrophic 
neurites, or neuronal intranuclear inclusions identified at 
400× magnification. These lesion types were chosen as 
all three lesion types have been identified in amyotrophic 
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lateral sclerosis [3, 30, 37], frontotemporal lobar degenera-
tion [3, 13, 21, 37] and Alzheimer’s disease [2, 4, 7, 18, 20, 
22, 23, 27, 41], and are therefore considered to be abnor-
mal. The definition of TDP-43 positivity used in this study 
is unchanged from that used to develop the original TDP-43 
in Alzheimer’s disease staging scheme [22].

Conditional probability analysis

We were interested in assessing the evidence that one 
region tended to have earlier TDP-43 involvement than 
another. Therefore, if we denote the two regions being 
compared as X and Y, and use a plus sign to denote positive 
for TDP-43 and minus sign to denote negative for TDP-43, 
we reasoned that cases who were (X−, Y−) or (X+, Y+) 
would not contribute any evidence of ordering because—at 
least relative to those two regions—concordant cases would 
be at the same stage. On the other hand, discordant cases 
(X+, Y−) or (X−, Y+) would be informative because these 
cases were at different stages. We used McNemar’s test to 
assess the evidence against the null hypothesis that (X+, 
Y−) and (X−, Y+) were equally likely and therefore X and 
Y were part of the same stage. This testing was performed 
for all combinations of regions to generate a probability of 
sequential ordering for all 14 regions. We used p < 0.01 as 
a conservative value to determine whether we had sufficient 
evidence to reject the null hypothesis that the two regions 
were part of the same stage.

To summarize how likely or probable it is that region 
X becomes TDP-43 positive before region Y we report the 
fraction of cases who were X+ among those who were Y−. 
We also report the fraction of cases who were Y+ among 
those who were X−. To be more concrete, if the cross-clas-
sification of regions X and Y is as follows

Region X Region Y

TDP-43+ TDP-43−

TDP-43+ a b

TDP-43− c d

we report the fraction of cases for whom X was before 
Y as b/(b + d) and the fraction of cases for whom Y was 
before X as c/(c + d). Expressed as conditional probabili-
ties, we report and compare P(X+|Y−) and P(Y+|X−). We 
succinctly summarize the conditional probabilities by pre-
senting them in a matrix-like graphical display where each 
cell in the matrix corresponds to a conditional probability 
that one region precedes another. Reading the plot from left 
to right, the entries show the estimated probability that the 
region on the left is TDP-43 positive before the region on 
the right. Reading the plot from top to bottom, the entries 
show the estimated probability that the region below is 
TDP-43 positive before the region above.

Staging cases in our cohort

We staged all 193 cases with the following criteria: Only 
one region from a specific stage needs to be involved in 
order for the case to attain that stage. The highest region 
that is involved determines the stage. In the event that a 
lower region is “skipped”, meaning no region from that 
stage is involved, but at least one region from a higher 
stage is involved, the case was given the highest stage, with 
one exception, the inferior olive. If the inferior olive was 
associated with stage X and was the only affected region 
in stage X and there were no affected regions from stage 
(X − 1), inferior olivary involvement was ignored. If, how-
ever, the inferior olive was the only affected region in stage 
X and at least one region from stage (X − 1) was affected, 
the case was classified as stage X.

Analyses to help guide routine pathological assessment

In the event that the conditional probability analysis pro-
duced a stage that included more than three regions, and 
hence increasing the complexity of pathological assess-
ments for that stage, we determine the frequencies of 
involvement of all combinations of regions within that 
stage. These data would be important to help provide a 
guide to pathologists in deciding which subset of regions 
to sample to provide the optimum trade-off between work-
load (i.e. number of regions to sample) and accuracy (i.e. 
the ability to correctly stage the case).

Clinical and imaging associations with the updated 
staging scheme

To assess whether cases with the highest TDP-43 stage 
might represent frontotemporal lobar degeneration with 
TDP-43 (FTLD-TDP) we abstracted clinical and neu-
ropsychological data to assess for clinical features sug-
gestive of a frontotemporal dementia spectrum disorder. 
We also compare regional cortical gray matter volumes 
of cases in the highest stage to a TDP-43 negative con-
trol group, matched by age at death, sex and Braak stage. 
Clinical information abstracted included age at onset, sex, 
presenting symptom, final diagnosis, and the presence or 
absence of aphasia, disinhibition, apathy, loss of empathy, 
stereotyped behavior, hyperorality, executive deficits, rest-
ing tremor, cogwheel rigidity, limb bradykinesia, gait/pos-
tural instability and eye movement abnormality early in 
the disease course. Neuropsychological variables included 
Mini-Mental State Examination (MMSE) [17], Clinical 
Dementia Rating scale Sum of Boxes (CDR-SB) [35], 
Dementia Rating Scale (DRS) [32], Boston Naming Test 
(BNT) [28], Wechsler Adult Intelligence Scale (WAIS) 
Block design [42], Control Oral Word Association Test 
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(COWAT) [6], the Auditory Verbal Learning Test (AVLT) 
[39], and the motor subscale of the Unified Parkinson’s 
disease Rating Scale (UPDRS) [16].

To determine whether TDP-43 deposition in the six 
newly added regions (insular cortex, ventral striatum, basal 
forebrain, substantia nigra, inferior olive and midbrain tec-
tum) had any clinical significance we compared neuropsy-
chological characteristics in cases with and without TDP-
43 deposition, for each region of interest.

Results

TDP‑43 deposition in the six new regions

All six newly assessed regions (insular cortex, ventral 
striatum, basal forebrain, substantia nigra, midbrain tec-
tum and the inferior olive) did show varying degrees of 
TDP-43 deposition (Fig. 1). Morphological character-
istics of the TDP-43 immunoreactive lesions in these 

six newly assessed regions were no different from the 
lesions observed in the eight original regions, although 
in the majority of instances we observed neuronal cyto-
plasmic inclusions; less commonly dystrophic neur-
ites and only rarely intranuclear inclusions (Fig. 1). In 
most cases, when TDP-43 immunoreactivity was pre-
sent, lesion burden was observed to be scant to mild, 
with moderate to severe burden occurring much less fre-
quently. The frequency of TDP-43 deposition in the six 
newly described regions varied, being most common in 
the insular cortex and ventral striatum, and least com-
mon in midbrain tectum. Limbic cortical regions were 
more frequently affected than brainstem regions (Fig. 2). 
With the exception of the basal ganglia (putamen and 
globus pallidum) and middle frontal cortex, the six 
newly assessed regions were on average less commonly 
affected compared to the remaining regions from the 
original eight (Fig. 2).

The frequency of involvement of each of the six newly 
assessed regions within each of the original five stages 

Fig. 1  TDP-43 deposition across different regions in cases with high 
probability Alzheimer’s disease: dentate fascia (a); subiculum (b); 
entorhinal cortex (c); amygdala (d); ventral striatum (e); insular cor-
tex (f); basal nucleus (inset NCI) (g); midbrain tectum (inset substan-

tia nigra) (h); medulla—inferior olivary nucleus (inset NCI) (i). In 
most instances TDP-43 immunoreactive neuronal cytoplasmic inclu-
sions were observed although dystrophic neurites can also be seen in 
many panels. Magnification ×200 (inset ×400)
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is shown in Table 1. As can be seen, the six new regions 
analyzed appear to predominantly become involved after 
the original stage II but before the original stage V, hence 
somewhere in the middle of the original TDP-43 in Alzhei-
mer’s disease staging scheme.

Conditional probability analysis

The probability analysis showing the likely sequential spread 
of TDP-43 in Alzheimer’s disease is shown in Fig. 3. As can be 
seen, TDP-43 deposition spreads from the amygdala (stage 1) 

Fig. 2  Bar plot showing the 
frequency of TDP-43 deposi-
tion in the eight original and 
six newly assessed regions 
among 340 cases. The most 
common affected region was the 
amygdala (frequency = 56 %). 
OTC = occipitotemporal cortex

Table 1  Frequency of regional TDP-43 deposition of all 14 regions for each of the original five stages among the 193 cases

Region Stage I (N = 34) Stage II (N = 48) Stage III (N = 59) Stage IV (N = 39) Stage V (N = 13)

Amygdala 34 (100 %) 48 (100 %) 59 (100 %) 39 (100 %) 13 (100 %)

Entorhinal 0 (0 %) 43 (90 %) 58 (98 %) 39 (100 %) 13 (100 %)

Subiculum 0 (0 %) 29 (60 %) 57 (97 %) 38 (97 %) 12 (92 %)

Dentate 0 (0 %) 0 (0 %) 57 (97 %) 38 (97 %) 13 (100 %)

Occipitotemporal 0 (0 %) 0 (0 %) 53 (90 %) 39 (100 %) 13 (100 %)

Insula 0 (0 %) 1 (2 %) 30 (51 %) 24 (63 %) 10 (83 %)

Ventral striatum 1 (3 %) 2 (4 %) 24 (41 %) 27 (69 %) 7 (58 %)

Basal forebrain 0 (0 %) 0 (0 %) 19 (33 %) 21 (54 %) 12 (92 %)

Inferior temporal 0 (0 %) 0 (0 %) 0 (0 %) 39 (100 %) 12 (92 %)

Substantia nigra 1 (3 %) 0 (0 %) 10 (17 %) 13 (33 %) 10 (77 %)

Inferior olive 1 (3 %) 2 (4 %) 8 (14 %) 7 (18 %) 8 (67 %)

Midbrain tectum 0 (0 %) 0 (0 %) 5 (8 %) 10 (26 %) 10 (77 %)

Basal ganglia 1 (3 %) 0 (0 %) 0 (0 %) 0 (0 %) 11 (85 %)

Middle frontal 0 (0 %) 0 (0 %) 0 (0 %) 0 (0 %) 13 (100 %)
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(not shown since it’s affected in all TDP-43 positive cases) to 
entorhinal cortex and subiculum (stage 2) without evidence to 
separate them, then to the dentate nucleus of the hippocampus 
and occipitotemporal cortex (stage 3) without evidence to sepa-
rate them. TDP-43 deposition then spreads to the insula, ventral 
striatum, basal forebrain and inferior temporal cortex (stage 4) 
without evidence to separate them. The three brainstem regions 
(substantia nigra, inferior olive and midbrain tectum) appear 
to form a distinct stage (stage 5) without evidence to separate 
them. However, there was a striking difference between infe-
rior temporal cortex and substantia nigra (p = 0.01), inferior 
temporal cortex and inferior olive (p < 0.001), and inferior tem-
poral cortex and midbrain tectum (P < 0.001). All three brain-
stem regions were also significantly different from insular cor-
tex, ventral striatum and basal forebrain (P < 0.001). Of all 14 
regions assessed, the basal ganglia (putamen and globus pal-
lidum) and middle frontal cortex were the most likely regions 
to be affected last (stage 6). The probability analysis therefore 

generated a sequential scheme involving six distinct groups of 
brain regions (Fig. 4). To avoid confusion with our old staging 
scheme that used Roman numerals (stages I–V) the new stag-
ing scheme uses Arabic numerals (stages 1–6). 

We were able to classify 193 of our cases based on the 
criteria stipulated in the methods section. Of the 193 cases 
that were classified, six cases were observed to have had one 
or more skipped stage. All six cases had a clinical presenta-
tion of memory loss and all were given an antemortem diag-
nosis of Alzheimer’s dementia. Four of the six cases had one 
skipped stage, one had two skipped stages, and one had four 
skipped stages. Four additional cases were observed to have 
involvement of the inferior olive but no involvement of any 
regions from stage 4 or any other regions from stage 5. Based 
on our staging criteria, the inferior olive was ignored in these 
four cases which were classified as stage 1 (n = 1), stage 2 
(n = 2) and stage 3 (n = 1). Six cases had involvement of at 
least one stage 4 region and only inferior olive from stage 5. 

Fig. 3  A pairwise conditional probability matrix of the regions ana-
lyzed. Reading the plot from left to right, the conditional probability 
estimates show the estimated probability that the region on the left 
is TDP-43 positive before the region on the right. For example, the 
probability of entorhinal being TDP-43 positive given that subiculum 
is TDP-43 negative is 0.37. Reading the plot from top to bottom, the 
entries show the estimated probability that the region below is TDP-
43 positive before the region above. For example, the probability of 
subiculum being TDP-43 positive given that entorhinal is negative is 

0.16. Black lines (–) across conditional probability estimates indicate 
p values are not statistically significant at the <0.01 level. Note, p val-
ues between inferior temporal cortex and substantia nigra (p = 0.01), 
between (insula, ventral striatum and basal forebrain) and substantia 
nigra (p < 0.001), and between (insula, ventral striatum, basal fore-
brain, inferior temporal cortex) and (inferior olive and midbrain tec-
tum (P < 0.001). P values were assessed using exact McNemar’s test. 
OTC = Occipitotemporal cortex
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Based on our staging criteria, these six cases were classified 
as stage 5. Table 2 shows the frequency of cases classified in 
the old staging scheme compared to the new staging scheme. 
Based on the new classification scheme, two cases previ-
ously classified as stage I were reclassified as stages 4 and 6. 
No stage II cases changed classification. Twenty-nine of 61 
cases (48 %) previously classified as stage III were reclassi-
fied as stage 4, while 14 (23 %) were reclassified as stage 5. 
Twenty of the 39 (51 %) previously classified stage IV cases 
were reclassified as stage 5. All previously classified stage V 
cases were reclassified as stage 6.

Analyses to help guide routine pathological assessment

The conditional probability analysis placed four regions into 
stage 4 (Fig. 5). Hence, we calculated the frequencies of 
involvement of combinations of all four regions for stage 4. 

If only one region is selected for screening, the insula gives 
the best opportunity for staging since 65 % of stage 4 cases 
would be correctly classified. This percentage increases as 
more regions are added (Fig. 6). Figure 6 could be used as 
a guide to select regions for pathological sampling for stage 
4. For example, if one wanted to sample only two regions, 
the highest percentage of captured cases would be 94 % and 
would require sampling the insula and ventral striatum. Based 
on the old staging scheme, in which only the inferior temporal 
cortex would have been sampled, only 39 % of cases would be 
correctly classified as stage 4 in the updated scheme (Fig. 6). 

Clinical and imaging associations with the updated 
staging scheme

Demographic and neuropsychological data for each stage are 
shown in Table 3. There were trends for decline in performance 

Fig. 4  Patterns of TDP-43 positivity across 14 regions for 193 cases. 
The vertical axis indicates regions and the horizontal axis indicates 
patients. A blue dot indicates the case was TDP-43 positive for that 

region. Patients are grouped by TDP-43 in Alzheimer’s disease stage. 
OTC = occipitotemporal cortex

Table 2  Classification 
frequency of old staging scheme 
versus updated staging scheme

Old scheme Updated six stage staging scheme

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6

Stage I 31 1 1

Stage II 46

Stage III 18 29 14

Stage IV 19 20

Stage V 14
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on neuropsychological tests as stage increases. Neuropsy-
chological data for each of the 15 stage 6 cases are shown in 
Table 4. No stage 6 case, except for one case (subject 8), had 
any clinical features suggestive of an FTLD spectrum disorder. 
Of the clinical features abstracted, only aphasia was noted to 
be present and was present in five cases with one case (sub-
ject 1) having a very low score on the Boston Naming Test. No 
case had any behavioral or personality change or Parkinsonism. 
Fourteen cases had a final clinical diagnosis of Alzheimer’s 
dementia. The remaining case (subject 8) had presented with 
word finding difficulties and was initially diagnosed as progres-
sive non-fluent aphasia. Later in the disease course the diagno-
sis was changed to corticobasal syndrome after asymmetric 
parkinsonian features developed. This case also showed severe 
executive dysfunction on COWAT 4 years after onset. Ten 
stage 6 cases had a volumetric MRI. There was no significant 

difference between the stage 6 cases and the controls in any of 
the regions (hippocampus p = 0.18, lateral frontal p = 0.65, 
lateral temporal p = 0.17, lateral parietal p = 0.81, medial 
frontal p = 0.50, medial parietal p = 0.98). While hippocam-
pal atrophy was greater in four stage 6 cases compared to the 
Alzheimer’s controls without TDP-43, there was no evidence 
for greater frontal or temporal lobe atrophy in any stage 6 case 
compared to controls (Fig. 7). The one case (subject 3) with 
medial frontal and lateral temporal lobe atrophy outside the 
range of controls also showed greater hippocampal atrophy and 
also severe medial and lateral parietal lobe atrophy.  

Comparison of neuropsychological and motor features 
between cases with and without TDP-43 in the 6 new 
regions is shown in Tables 5 and 6. There was evidence that 
TDP-43 deposition in the ventral striatum and basal fore-
brain has clinical significance with poorer performance on 

Fig. 5  Diagram illustrating the TDP-43 in Alzheimer’s disease stage progression

Fig. 6  A plot of percent of 
stage 4 cases with TDP-43 
deposition in 15 combina-
tions of all four regions (insula 
cortex, ventral striatum, basal 
forebrain and inferior temporal 
cortex). The plot is ordered by 
percent TDP-43 positive from 
smallest to largest



579Acta Neuropathol (2016) 131:571–585 

1 3

memory, language, and executive tests in those with TDP-
43 compared to those without TDP-43.

Discussion

In this study, we demonstrate that TDP-43 deposition in 
Alzheimer’s disease goes beyond involvement of the eight 

regions previously reported. We show that TDP-43 deposi-
tion also occurs in other limbic regions such as the insu-
lar cortex, ventral striatum and basal forebrain, as well as 
in brainstem regions such as the substantia nigra, inferior 
olive of the medulla and midbrain tectum. Previously, 
we assessed the frequency of TDP-43 deposition in eight 
regions to propose a sequence of spread [22]. In this study, 
we go one step further. We use conditional probability to 

Table 3  Demographic, pathological and clinical data stratified by TDP-43 stage

Unless otherwise specific data shown as median (range). P values were from Spearman’s and Wilcoxon rank sum tests

MMSE Mini-Mental State Examination, UPDRS Unified Parkinson’s Disease Rating Scale, WAIS Wechsler Adult Intelligence Scale, COWAT 
Control Oral Word Association Test, AVLT Auditory Verbal Learning Test, CN Cognitvely Normal

Stage 1 (N = 31) Stage 2 (N = 46) Stage 3 (N = 18) Stage 4 (N = 49) Stage 5 (N = 34) Stage 6 (N = 15) Trend test
P value

No. Female (%) 20 (65) 29 (63) 12 (67) 31 (63) 21 (62) 10 (67) 0.96

Education, years 14 (12, 20) 14 (8, 20) 15 (8, 20) 12 (8, 20) 13 (8, 20) 13 (9, 20) 0.26

APOE ε4 carrier 
(%)

25 (81) 25 (57) 11 (61) 29 (62) 16 (50) 10 (67) 0.13

Age at onset,  
years

74 (56, 91) 76 (58, 102) 82 (50, 96) 78 (63, 97) 80 (60, 94) 76 (54, 96) 0.10

Time from onset  
to death, years

8 (2, 27) 10 (2, 20) 8 (3, 13) 11 (2, 19) 11 (3, 27) 9 (6, 18) 0.14

Age at death,  
years

85 (71, 100) 87 (65, 105) 88 (56, 101) 88 (76, 104) 90 (70, 101) 85 (65, 104) 0.01

Cognitively  
abnormal at  
death (%)

30 (97) 42 (93) 18 (100) 48 (100) 34 (100) 15 (100) 0.06

Diagnosis (%) 0.22

 CN 2 (6) 5 (11) 0 (0) 0 (0) 0 (0) 0 (0)

 MCI 3 (10) 1 (2) 1 (6) 2 (4) 3 (9) 2 (13)

 Other dementia 26 (84) 39 (87) 17 (94) 46 (96) 30 (91) 13 (87)

Braak stage (%) 0.84

 4 6 (19) 7 (15) 4 (22) 8 (16) 5 (15) 3 (20)

 5 6 (19) 15 (33) 6 (33) 13 (27) 11 (32) 4 (27)

 6 19 (61) 24 (52) 8 (44) 28 (57) 18 (53) 8 (53)

CERAD frequent 
(%)

22 (71) 28 (62) 11 (61) 31 (63) 18 (53) 12 (80) 0.64

Infarction (%) 11 (35) 9 (20) 3 (17) 16 (33) 9 (26) 5 (33) 0.80

Hippocampal  
sclerosis posi- 
tive (%)

4 (13) 3 (7) 4 (22) 29 (60) 25 (74) 13 (87) <0.001

Lewy bodies posi-
tive (%)

7 (23) 18 (40) 8 (44) 15 (31) 13 (38) 5 (33) 0.59

MMSE 26 (16, 29) 24 (13, 30) 24 (7, 30) 23 (11, 29) 25 (12, 29) 23 (13, 30) 0.22

Total UPDRS 0 (0, 6) 0 (0, 13) 2 (0, 28) 2 (0, 10) 0 (0, 8) 0 (0, 8) 0.56

Boston Naming 
Test

47 (2, 58) 46 (12, 59) 43 (22, 54) 39 (10, 59) 38 (9, 57) 40 (8, 59) 0.06

WAIS-block  
design

17 (2, 36) 14 (0, 35) 12 (0, 22) 10 (0, 35) 12 (0, 28) 14 (5, 23) 0.048

COWAT total raw 33 (5, 66) 24 (7, 59) 30 (15, 58) 24 (9, 54) 30 (6, 43) 24 (0, 51) 0.06

AVLT delayed 
recall

2 (0, 9) 0 (0, 8) 0 (0, 3) 0 (0, 6) 0 (0, 6) 0 (0, 5) 0.01
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take into account what two regions are doing jointly. This 
probability analysis was performed on 14 different regions. 
As a result, we are able to expand upon our understanding 
of the topography of TDP-43 and the likelihood of regional 
spread across the brain in Alzheimer’s disease.

The probability analysis helps us to better understand 
the sequence that TDP-43 spreads across brain regions in 
Alzheimer’s disease and suggests that the first region to 
be involved is the amygdala. In addition, as in our previ-
ous study in which we were unable to determine whether 

Fig. 7  A comparison of 
regional volumes between 10 
stage 6 cases that had antemor-
tem volumetric head MRI and 
20 age, gender, and NFT Braak 
stage matched Alzheimer’s dis-
ease cases without TDP-43

Table 5  Comparisons of clinical data between stages 1–3 cases without TDP-43 and stage 4 cases with TDP-43 at examination closest to onset

Data shown as median (range). P values are from Wilcoxon Rank Sum test

MMSE Mini-Mental State Examination, UPDRS Unified Parkinson’s Disease Rating Scale, WAIS Wechsler Adult Intelligence Scale, COWAT 
Control Oral Word Association Test, AVLT Auditory Verbal Learning Test, NPI-Q brief questionnaire version of the Neuropsychiatric Inventory

* p < 0.05, ** p < 0.01, **** p < 0.001

Insula Ventral striatum Basal forebrain

Yes (N = 33) No (N = 94) Yes (N = 32) No (N = 94) Yes (N = 23) No (N = 94)

MMSE 23 (11, 29) 25 (7, 30) 23 (11, 29) 25 (7, 30) 23 (17, 29) 25 (7, 30)

Total UPDRS 2 (0, 10) 1 (0, 28) 2 (0, 10) 1 (0, 28) 2 (0, 10) 1 (0, 28)

Boston Naming Test 42 (10, 59) 46 (2, 59) 37 (10, 52)** 46 (2, 59) 36 (10, 58)** 46 (2, 59)

WAIS-block design 11 (0, 35) 14 (0, 36) 10 (0, 29) 14 (0, 36) 10 (2, 20)* 14 (0, 36)

COWAT total raw 24 (9, 54) 28 (5, 66) 21 (9, 48)* 28 (5, 66) 21 (9, 33)** 28 (5, 66)

AVLT delayed recall 0 (0, 6) 1 (0, 9) 0 (0, 4)* 1 (0, 9) 0 (0, 2)** 1 (0, 9)

NPI-Q total severity 3 (0, 14) 2 (0, 11) 2 (0, 14) 2 (0, 11) 2 (1, 14) 2 (0, 11)
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the subiculum or entorhinal cortex was affected first [22], 
the probability analysis also did not find sufficient evi-
dence to separate both regions. Similarly, the probabil-
ity analysis did not find evidence to separate the dentate 
gyrus of the hippocampus and the occipitotemporal cor-
tex, hence agreeing with our previous designation of both 
regions as stage III. The probability analysis did not find 
evidence to combine the inferior temporal cortex with the 
dentate and occipitotemporal cortex, and instead suggests 
that the inferior temporal cortex is affected after the den-
tate gyrus of the hippocampus and the occipitotemporal 
cortex, but before the basal ganglia and middle frontal 
cortex, as we had previously suggested in our original 
staging scheme. Surprisingly, there was little evidence 
to separate the inferior temporal cortex from the insular 
cortex, ventral striatum and basal forebrain. Hence, it 
appears that some limbic regions (those in stage 4) are 
affected after other limbic regions (those in stage 3), and 
that those that are affected later are affected around the 
same time as the inferior temporal cortex. Interestingly, 
the probability analysis placed all three brainstem regions 
together with very strong evidence to separate them from 
the insular cortex, ventral striatum, basal forebrain and 
inferior temporal cortex. It therefore appears that brain-
stem regions are involved later, rather than early, in the 
process of TDP-43 deposition in Alzheimer’s disease, 
but before TDP-43 spreads to the frontal cortex and basal 
ganglia.

Taking all these findings into account, we propose an 
update to our original staging scheme, expanding the num-
ber of stages from five to six. In addition, to avoid con-
fusion between the older stage and the updated stage we 
now use Arabic numerals instead of Roman numerals for 
staging. The updated staging scheme includes stage 1 that 
involves only the amygdala, stage 2 that shows spread into 
entorhinal cortex and the subiculum, stage 3 that involves 

the dentate gyrus of the hippocampus and occipitotempo-
ral cortex, stage 4 that involves the insular cortex, ventral 
striatum, basal forebrain and inferior temporal cortex, stage 
5 that involves the substantia nigra, inferior olive and mid-
brain tectum, and stage 6 that involves the basal ganglia 
and middle frontal lobe (Fig. 5).

When we applied our staging criteria to this stag-
ing scheme we were able to classify all cases. To do so 
we selected the highest region of involvement, with the 
exception of the inferior olive, as discussed below. One-
hundred eighty-three cases (95 %) showed a pattern of 
sequential spread without having skipped any stages. The 
six cases with skipped stages are interesting and some-
what reminiscent of what has been observed with stag-
ing alpha-synuclein deposition in Lewy body disease 
in which some cases do not show the typical sequential 
spread of alpha-synuclein pathology [15, 19]. There are 
at least two possible explanations for skipped regions in 
our cohort. The first is that cases with skipped regions 
are unique and hence may represent a different “TDP-43 
strain” of disease, or a fundamentally different pattern of 
disease. The second is that skipped regions are simply due 
to a sampling bias and if additional sections were sam-
pled we would in fact find pathology, and hence eliminate 
the skipped regions. Further work is needed to understand 
such cases. In this series, the inferior olive was found to 
be involved in 10/14 (71 %) of stage 6 cases versus 4/126 
(3 %) stage 1–3 cases (p = 0.0001) demonstrating that 
inferior olivary involvement is strongly associated with 
higher stages. Hence, we conclude that it is reasonable to 
use the inferior olive to classify a case as stage 5 as long 
as there is involvement of stage 4 regions but to ignore 
the inferior olive if stage 4 is skipped. Ignoring the infe-
rior olive when stage 4 is skipped is not unreasonable 
given that it is rarely involved in stages 1–3, as well as 
the fact that published data show the inferior olive to have 

Table 6  Comparisons of clinical data between stages 1–4 cases without TDP-43 and stage 5 cases with TDP-43 at examination closest to onset

Data shown as median (range). P values are from Wilcoxon Rank Sum test

MMSE Mini-Mental State Examination, UPDRS Unified Parkinson’s Disease Rating Scale, WAIS Wechsler Adult Intelligence Scale, COWAT 
Control Oral Word Association Test, AVLT Auditory Verbal Learning Test, NPI-Q brief questionnaire version of the Neuropsychiatric Inventory

* p < 0.05, ** p < 0.01, **** p < 0.001

Substantia nigra Inferior olive Midbrain tectum

Yes (N = 23) No (N = 144) Yes (N = 14) No (N = 139) Yes (N = 15) No (N = 144)

MMSE 24 (12, 29) 25 (7, 30) 24 (18, 28) 25 (7, 30) 22 (12, 26) 25 (7, 30)

Total UPDRS 1 (0, 8) 1 (0, 28) 0 (0, 5) 1 (0, 28) 0 (0, 7) 1 (0, 28)

Boston Naming 44 (16, 57) 44 (2, 59) 33 (9, 54) 44 (2, 59) 39 (16, 57) 44 (2, 59)

WAIS-block design 14 (0, 28) 14 (0, 36) 12 (1, 26) 14 (0, 36) 12 (2, 26) 14 (0, 36)

COWAT total raw 31 (7, 43) 26 (5, 66) 27 (6, 38) 26 (5, 66) 30 (12, 36) 26 (5, 66)

AVLT delayed recall 0 (0, 6) 0 (0, 9) 0 (0, 6) 0 (0, 9) 0 (0, 6) 0 (0, 9)

NPI-Q total severity 1 (0, 6) 3 (0, 14) 3 (0, 6) 2 (0, 14) 1 (0, 6) 3 (0, 14)
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TDP-43 immunoreactivity in about 10 % of brains from 
normal control patients [40].

TDP-43 deposition in Alzheimer’s disease was observed 
in limbic regions that have not been previously discussed in 
the literature. These regions, the insula cortex, basal fore-
brain and ventral striatum, are commonly affected by other 
proteins in Alzheimer’s disease. The basal forebrain and 
insula cortex, for example, are well known to be affected 
by tau immunoreactive neurofibrillary tangle pathology in 
Alzheimer’s disease [9, 34]. In fact, TDP-43 spread in Alz-
heimer’s disease is somewhat reminiscent of tau spread 
as defined by the Braak neurofibrillary tangle stage. In the 
Braak neurofibrillary tangle stage, the entorhinal cortex 
and subiculum are affected before the hippocampus proper, 
followed by occipitotemporal cortex, followed by isocor-
tex including inferior temporal and middle frontal cortices 
[8]. Similarly, in Alzheimer’ disease, TDP-43 spreads from 
entorhinal and subiculum to hippocampus and occipitotem-
poral, then isocortex including inferior temporal and middle 
frontal. Interestingly, involvement of the amygdala differs in 
both schemes. The amygdala is involved early in the Braak 
neurofibrillary tangle scheme [8] but only scant to minimal, 
and becomes progressively more involved over Braak stages. 
On the contrary, TDP-43 deposition in the amygdala can be 
moderate–severe at stage 1. It is unclear why deposition in 
the amygdala differs between proteins in Alzheimer’s dis-
ease. Another interesting difference between tau and TDP-43 
deposition in Alzheimer’s disease is that tau deposition has 
been shown to begin in brainstem regions, such as the locus 
ceruleus, in the form of pretangles, prior to deposition of 
neurofibrillary tangles in transentorhinal cortex (NFT Braak 
stage 1) and beyond [10]. Therefore, it appears that TDP-43 
deposition occurs after tau deposition in Alzheimer’s disease, 
more with the later argyrophilic deposition of tau rather than 
the phosphorylation of tau. This would be in keeping with 
our recent study showing that tau, but not TDP-43, drives 
early clinical presentation in Alzheimer’s disease [24].

The probability analysis and resulting TDP-43 in Alz-
heimer’s disease stages give us a platform to briefly dis-
cuss the mechanism of how TDP-43 likely spreads across 
brain regions in Alzheimer’s disease. Currently, there is 
some evidence that abnormal proteins including beta-amy-
loid, tau, alpha-synuclein and TDP-43 spread across brain 
regions in a “prion-like” manner in neurodegenerative dis-
eases [1, 12, 25, 29, 38]. Some researchers have suggested 
a direct cell to cell mechanism of spread between contigu-
ous cells [1, 25, 31] while others have suggested a mecha-
nism of spread via cell to cell transmission along the axon 
[11]. The TDP-43 in Alzheimer’s disease staging scheme is 
difficult to explain via proximal/radiating cell to cell trans-
mission given the distance between some of the regions in 
consecutive stages; spread via distant cell to cell transmis-
sion through anterograde axonal transport would be more 

likely. Many of the regions that are involved in the early 
stages are considered limbic regions and are intimately 
interconnected. One could therefore easily envision spread 
from stage 1 to 2 and from stage 2 to stage 3 and so forth 
via a mechanism involving anterograde axonal transport. 
TDP-43 deposition was observed only in neurons, as cyto-
plasmic inclusions or dendritic processes, which would 
support a mechanism of neuron to neuron spread, although 
we cannot entirely exclude glial cells playing a role in the 
spread. With that said, our study was not designed to deter-
mine the mechanism of spread of TDP-43 in Alzheimer’s 
disease, and hence our discussion on the mechanism of 
spread is mainly speculative.

The deposition of TDP-43 in Alzheimer’s disease has 
spawned debate as to whether deposition represent the co-
existence of two diseases; Alzheimer’s disease and fronto-
temporal lobar degeneration with TDP-43 (FTLD-TDP). We 
specifically address this issue in this study with a detailed 
clinico-imaging assessment of the individual cases in stage 
6, since stage 6 cases have the most widespread TDP-43 
deposition as well as a pattern reminiscent of FTLD-TDP. 
One school of thought is that stage 6 cases represent FTLD-
TDP, with Alzheimer’ disease being a secondary process. 
This is certainly possible and would be supported by our 
data showing a high frequency of APOE4 gene carriers in 
stage 6 cases that could be argued to “drive” the Alzheimer’s 
disease pathology. On the other hand, we found no clini-
cal or imaging evidence of involvement of frontal or tem-
poral lobe to suggest an FTLD process, as we have previ-
ously reported [26], and the high APOE4 frequency was not 
unique to stage 6 cases. In addition, one must not forget that 
superficial cortical microvacuolation and neuronal loss of 
the frontal and/or temporal lobes is typical of FTLD yet was 
not present in our stage 6 cases. A limitation of our study, 
however, is the absence of quantitative data. Given our 
experience with TDP-43 deposition in FTLD, and TDP-43 
deposition in stage 6 Alzheimer’s disease cases, we hypoth-
esize that there is a difference in the amount of TDP-43 that 
is deposited in FTLD versus deposited in Alzheimer’s dis-
ease; being much less in Alzheimer’ disease than in FTLD. 
Therefore, until a specific biomarker for FTLD is identified 
to definitively answer the question, current data do not sup-
port the majority of stage 6 cases being FTLD-TDP.

The updated TDP-43 in Alzheimer’s disease staging 
scheme has one more stage than the original mainly due to 
the addition of a brainstem stage. The biggest differences 
between both stages are: (a) we have added three regions to 
stage 4 (insula cortex, ventral striatum and basal forebrain); 
(b) stage 5 is now a brainstem stage; and (c) the basal gan-
glia/frontal cortex stage is now stage 6. This updated stag-
ing scheme is superior to the original staging scheme as 
the updated set of regions for stage 4, for example, better 
reflects the biological dynamics. In restaging everyone, the 
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inferior temporal lobe alone captures 39 % of the cases that 
should be classified as stage 4. In other words, the inferior 
temporal cortex as the sole region for stage 4 is not sensi-
tive enough to capture all stage 4 cases.

Conclusion

By applying conditional probability analysis to 14 regions 
of interest we have updated our original TDP-43 in Alzhei-
mer’s disease staging scheme to incorporate the involve-
ment of additional limbic and brainstem regions. The 
updated staging scheme has six stages.
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