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relative preservation of substantia nigra cells and dopamine 
active transporter in putamen. PD cases with AD pathology 
showed increased LRP. The cluster with occipital LRP was 
associated with non-AD type dementia clinical diagnosis in 
the Dem-AD-LB group and a faster progression to dementia 
in the PD groups. We found that (1) LRP pathology in Dem-
AD-LB shows a distribution that differs from PD, without 
significant brainstem or extracranial LRP in initial phases; 
(2) coincident AD pathology is associated with increased 
LRP in PD indicating an interaction; (3) LRP and coincident 
AD pathology independently predict progression to demen-
tia in PD, and (4) evaluation of LRP needs to acknowledge 
different LRP spreading patterns and evaluate substantia 
nigra integrity in the neuropathological assessment and con-
sider the implications of neuropathological heterogeneity for 
clinical and biomarker characterization.

Keywords  Alzheimer disease · Parkinson disease · 
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Introduction

Alzheimer’s disease (AD) is the most common cause of 
dementia in the elderly, followed by dementia with Lewy 
bodies (DLB). If dementia precedes or appears within 
1 year after the onset of parkinsonian motor signs, the cur-
rent convention based on consensus criteria is that sub-
jects are diagnosed clinically as DLB [34], while when the 
diagnosis of dementia is more than 1 year after the onset 
of motor signs of Parkinson disease (PD), the clinical diag-
nosis is PD dementia (PDD) [18, 34]. A clear and objective 
distinction between DLB and PDD, other than the timing 
of the appearance of cognitive vs. motor impairments, has 

Abstract  We investigated the distribution patterns of 
Lewy body-related pathology (LRP) and the effect of coin-
cident Alzheimer disease (AD) pathology using a data-
driven clustering approach that identified groups with dif-
ferent LRP pathology distributions without any diagnostic 
or researcher’s input in two cohorts including: Parkinson 
disease patients without (PD, n =  141) and with AD (PD-
AD, n = 80), dementia with Lewy bodies subjects without 
AD (DLB, n = 13) and demented subjects with AD and LRP 
pathology (Dem-AD-LB, n = 308). The Dem-AD-LB group 
presented two LRP patterns, olfactory-amygdala and limbic 
LRP with negligible brainstem pathology, that were absent 
in the PD groups, which are not currently included in the 
DLB staging system and lacked extracranial LRP as opposed 
to the PD group. The Dem-AD-LB individuals showed 
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not been established [1, 2, 32, 45], while a recent publica-
tion has even suggested the two entities be merged [5].

AD is diagnosed neuropathologically by the presence 
of threshold levels of phosphorylated tau deposits in the 
form of neurofibrillary tangles (NFT) and dystrophic neu-
rites as well as deposits of amyloid beta (Aβ) aggregates in 
plaques and other forms of Aβ accumulations [36]. Studies 
suggest that tau and Aβ pathologies appear to spread in a 
stereotypical manner, i.e., from the medial temporal lobe to 
the neocortex for NFTs [7] and from the neocortex to the 
brainstem and cerebellum for Aβ deposits [41].

Braak and colleagues proposed an α-synuclein staging 
systems for PD, which hypothesizes that α-synuclein in the 
form of Lewy body and neurite related pathology (LRP) 
first appears in the enteric nervous system, dorsal motor 
nucleus of the vagus nerve and the olfactory bulb [9, 10]. 
Based on this, LRP would mainly progress rostrally along 
the brainstem, whereas the α-synuclein in the olfactory 
bulb would stay within its boundaries. However, this ini-
tial staging system has not been able to satisfactorily clas-
sify a significant number of cases [17, 31, 38, 47], leading 
to continuing debates about how LRP truly progresses and 
evolves [2, 29, 30]. This prompted other α-synuclein stag-
ing systems to be proposed for LRP [2, 31, 47].

Similarly, diagnostic criteria for DLB classification 
based exclusively on the subdivision of LRP into brainstem 
predominant, limbic and diffuse neocortical types or stages 
have been proposed [34], but this classification missed an 
important number of cases with amygdala-predominant 
LRP without involvement of the brainstem as was later rec-
ognized [31]. All these conflicting results indicate that there 
might be different and independent distribution patterns.

We therefore hypothesize that LRP distribution might be 
related not only to the primary LRP, but also to the presence 
or absence of coincident AD pathology. We also expect that 
these different groups differ in clinical phenotypes, integ-
rity of the nigrostriatal pathway and prognosis. To identify 
LRP distribution patterns, we applied an unsupervised data-
driven approach, hierarchical clustering, in each cohort that 
included all patients and was not influenced by clinical or 
neuropathological diagnosis, as diagnostic grouping was 
not used in the clustering approach. Hierarchical cluster-
ing sequentially grouped the subjects with the most similar 
characteristics (in our study neuropathological scores in the 
different studied regions) and identified clusters that rep-
resent different pathology deposition patterns during this 
agglomerative approach.

Subjects included in the study belonged to four different 
clinico-pathological groups: (1) dementia subjects (exclud-
ing PDD) who met neuropathological criteria for AD and 
had LRP that met criteria for DLB or did not have enough 
LRP for DLB (Dem-AD-LB group); (2) PD subjects with 
or without dementia who did not meet neuropathological 

criteria for AD (PD group); (3) PD subjects with or without 
dementia who met neuropathological criteria for AD (PD-
AD group); 4) DLB subjects who did not meet neuropatho-
logical criteria for a concurrent AD diagnosis (DLB group).

Materials and methods

Subjects and pathological assessments

Autopsy cases were selected from the Center of Neuro-
degenerative Disease Research (CNDR) at the Univer-
sity of Pennsylvania [44] and the Arizona Study of Aging 
and Neurodegenerative Disorders, part of the Banner Sun 
Health Research Institute Brain and Body Donation Pro-
gram (BBDP) [3, 4]. The protocols for brain harvesting, 
selection of areas to obtain tissue blocks (Supplementary 
Table  1) and staining and diagnostic procedures followed 
have been previously reported in detail [3, 4, 44]. The 
center-specific histochemical approaches are summarized 
in supplementary Table 2.

Cases with a complete neuropathological study, includ-
ing α-synuclein immunohistochemistry (IHC), based on the 
protocols of each of the centers, were selected for the study. 
Four groups of subjects were included in the study: (1) 
dementia subjects (excluding PDD) who met neuropatho-
logical criteria for AD [13] and had LRP that met criteria 
for DLB or did not have enough LRP for DLB (Dem-AD-
LB group) [34]; (2) PD subjects with or without dementia 
[15, 18, 25] who did not meet neuropathological criteria for 
AD (PD group); (3) PD subjects with or without demen-
tia [15, 18, 25] who met neuropathological criteria for AD 
(PD-AD group); (4) DLB subjects [16, 34] who did not 
meet neuropathological criteria for a concurrent AD diag-
nosis (DLB group) (Table 1).

A neuropathological diagnosis of AD was established 
based on the presence of plaques and tangles using the 
National Institute of Aging Reagan criteria [13, 27]. We 
classified subjects as having AD neuropathological diag-
nosis based on combined results from the CERAD scor-
ing system for neocortical neuritic plaque density (B or 
C) [35] and a distribution of NFT that corresponded to a 
Braak NFT stage of III–VI [7, 8], consistent with an inter-
mediate or high probability of dementia being due to AD 
[13]. Due to differences in staining techniques applied in 
the CNDR (PHF-1) and the BBDP (Gallias) cohort (Sup-
plementary Table 2) different versions of the Braak staging 
criteria were applied [7, 8]. Both staining approaches are 
still recognized by the most current AD neuropathological 
diagnostic criteria [26, 36]. Current AD neuropathological 
AD diagnostic criteria [26, 36] were not used due to the ret-
rospective nature and large number of cases included in the 
study.
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The distinction between PDD and DLB was made 
based on the clinical presentation [20, 32, 34]; if demen-
tia preceded or appeared within 1  year after the onset of 
the parkinsonian motor signs, the current convention based 

on consensus criteria is that subjects are diagnosed clini-
cally as DLB while when the onset of dementia is more 
than 1 year after the onset of motor signs of PD, the clinical 
diagnosis is PDD.

Table 1   Demographic and neuropathological characteristics of different LRP groups in the two studied cohorts

LRP Lewy-related pathology, NFT neurofibrillary tau tangles
a  p < 0.05 for comparison between AD-LB and PD
b  p < 0.05 for comparison between AD-LB and PD-AD
c  p < 0.05 for comparison between AD-LB and DLB

Center Dem-AD-LB PD-AD DLB PD p value

Number of cases CNDR 162 34 8 73 –

BBDP 146 46 5 68 –

Age at death CNDR 74.6 (11.3) 80.6 (5.8) 76.0 (6.5) 77.2 (7.5) 0.012b

BBDP 82 (76–85) 80 (76−.3-84.8) 75 (75–82) 78 (73–83) 0.0025a

Clinical diagnosis CNDR 64.2 % AD 85.3 % PDD 56.2 % PDD

10.5 % DLB 2.9 % PD-MCI 35.6 % PD

7.4 % PPA 6.0 % PD 75.0 % DLB 5.5 % PD-MCI –

8.0 % CBS 2.9 % CBS (motor) 25.0 % CBS

8.1 % FTD 2.7 % MSA

1.8 % Other 2.9 % PSP-MCI

LRP stage CNDR Amygdala: 40.3 % Amygdala: 0 % Amygdala: 0 % Amygdala: 0 % <0.0001

Brainstem: 5.7 % Brainstem: 0 % Brainstem: 0 % Brainstem: 2.7 %

Limbic: 25.8 % Limbic: 8.8 % Limbic: 12.5 % Limbic: 46.6 %

Neocortical: 28.3 % Neocortical: 91.2 % Neocortical: 87.5 % Neocortical: 50.7 %

BBDP Amygdala: 19.9 % Amygdala: 0 % Amygdala: 0 % Amygdala: 0 % <0.0001

Brainstem: 8.9 % Brainstem: 0 % Brainstem: 0 % Brainstem: 7.4 %

Limbic: 45.2 % Limbic: 41.3 % Limbic: 40.0 % Limbic: 76.5 %

Neocortical: 21.2 % Neocortical: 58.7 % Neocortical: 60.0 % Neocortical: 16.2 %

Other: 4.8 %

CERAD score CNDR 0: 0 % 0: 0 % 0: 37.5 % 0: 65.8 % <0.0001

A: 0 % A: 0 % A: 12.5 % A: 15.1 %

B: 7.4 % B: 33.3 % B: 12.5 % B: 11.0 %

C: 92.6 % C: 66.7 % C: 37.5 % C: 8.2 %

BBDP 0: 0 % 0: 0 % 0: 60 % 0: 58.8 % <0.0001

A: 0 % A: 0 % A: 40 % A: 30.9 %

B: 16.4 % B: 54.3 % B: 0 % B: 7.4 %

C: 83.4 % C: 45.7 % C: 0 % C: 2.9 %

NFT Braak stage CNDR 0: 0 % 0: 0 % 0: 0 % 0: 11.0 % <0.0001

I–II: 0 % I–II: 0 % I–II: 87.5 % I–II: 69.9 %

III–IV: 6.8 % III–IV: 55.9 % III–IV: 12.5 % III–IV: 17.8 %

V–VI: 93.2 % V–VI: 44.1 % V–VI: 0 % V–VI: 1.4 %

BBDP 0: 0 % 0:  % 0: 0 % 0: 0 % <0.0001

I–II: 0 % I–II: 0 % I–II: 100 % I–II: 45.6 %

III–IV: 19.2 % III–IV: 89.1 % III–IV: 0 % III–IV: 54.4 %

V–VI: 80.8 % V-VI: 10.9 % V–VI: 0 % V–VI: 0 %

Gender (% male) CNDR 51.5 % 84.8 % 87.5 % 80.8 % <0.0001a, b

BBDP 50.0 % 67.4 % 100 % 73.5 % 0.0012a, b

APOE ε4 presence (%) CNDR 61.1 % 46.2 % 12.3 % 31.0 % <0.0001a, c

BBDP 67.1 % 47.8 % 0.0 % 30.9 % <0.0001a, b
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Substantia nigra (SN) slides were scanned using the 
Aperio Leica Biosystems microscope and nigra pigmented 
cell density was counted manually using 2-mm-wide boxes 
centered in the SN in transversal midbrain sections at the 
level of the red nucleus (Supplementary Figure  1). For 
dopamine active transporter (DAT) IHC, formalin-fixed 
paraffin-embedded sections of the post-commissural puta-
men were pretreated with citrate-based antigen retrieval 
unmasking solution. The primary antibody, rat anti-dopa-
mine active transporter monoclonal antibody (EMD Mil-
lipore, MAB369, rat IgG2A kappa), was then added to 
slides at a 1:500 dilution in the CNDR cohort. Slides were 
scanned using the Aperio Leica Biosystems microscope 
and putamen percent-area DAT IHC staining was quanti-
fied using HALO software. In cases with severe dopa-
minergic denervation of the putamen that prevented the 
delineation of the total putaminal area in the DAT stained 
slide, we used slides stained with Syn303 to quantify the 
total area of the putamen and assess that the putamen was 
present.

Statistical analysis

For the comparison of the groups in the demographic table, 
ANOVA, Kruskall–Wallis and Fisher exact tests were 
applied to analyze differences between quantitative nor-
mally and non-normally distributed variables and quan-
titative variables, respectively. For the comparison of the 
pathological scores, a semi-quantitative ordinal grading 
scale (the Bruner, Dette Munk test) was applied to handle 
tied values (which are not the case of the Kruskall–Wallis 
test). The p values were adjusted for multiple comparisons 
using the Bonferroni correction for the non-hypothesis-
based comparisons. For the analysis of categorical vari-
ables, Fisher exact test and multinomial logistic regression 
were applied.

A hierarchical clustering method was used to identify 
different patterns of α-synuclein distribution including all 
the subjects in each cohort together. This approach suc-
cessively groups subjects based on the similarity of the 
values across the studied variables (here LRP scores in 
studied areas) which can be seen in the dendrograms (Sup-
plementary Figures 2–4). In each step differences (the dis-
similarity) between all subjects is calculated and then the 
subjects/groups showing the smallest difference/dissimilar-
ity are merged. Number of clusters was selected based on 
the presence of a “knee” in the Hubert index and a peak in 
the Hubert index and D-index second differences plots to 
detect groups of subjects that represent common patterns of 
LRP deposition based on two large cohorts that represent 
the whole spectrum of LRP. Two-tailed p values below 0.05 
were considered statistically significant.

Results

Subjects

A total of 308 Dem-AD-LB, 141 PD, 80 PD-AD and 13 
DLB cases were included in the study (Table 1). Dem-AD-
LB presented the lowest percentage of male subjects and 
highest percentage of APOE ε4 carriers. When we evalu-
ated the last clinical diagnosis of the studied subjects, only 
four PD cases were clinically misdiagnosed. On the other 
hand most of the Dem-AD-LB subjects were clinically 
diagnosed as AD dementia.

Unsupervised clustering of α‑synuclein pathology  
in the CNDR cohort

For the initial clustering in the CNDR cohort, we included 
two limbic (amygdala and cingulate cortex), two subcorti-
cal (putamen and thalamus), two brainstem (medulla and 
SN), a combined medial temporal score (hippocampus and 
entorhinal cortex) and two neocortical areas (frontal and 
angular cortex) to get a balanced representation of different 
systems. The clustering analysis identified a four-cluster 
solution in the CNDR cohort (Fig.  1 and Supplementary 
Figure 2): limbic transitional cluster 1, neocortical cluster 
2, amygdala cluster 3 and limbic predominant cluster 4.

The clinico-pathologically defined groups were une-
venly distributed among the clusters (p < 0.0001) (Table 3): 
the amygdala and limbic predominant clusters 3 and 4 were 
only present in the Dem-AD-LB group, whereas the limbic 
transitional and the neocortical clusters 1 and 2 were pre-
sent in all the clinico-pathologically defined groups.

The amygdala cluster 3 showed the lowest burden of 
pathology and was characterized by LRP in the amygdala. 
Limbic LRP was shared by the limbic transitional and lim-
bic predominant clusters 1 and 4, although both clusters 
showed significant differences (Table 3). LRP was absent in 
the SN and very infrequent in thalamus, medulla and puta-
men in the limbic-predominant cluster 4, which only con-
sisted of Dem-AD-LB cases, whereas the aforementioned 
areas showed a moderate-to-severe pathology burden in the 
limbic transitional cluster 1. Finally, the neocortical cluster 
2 showed the highest burden of LRP, extending to frontal 
and parietal cortices.

The neocortical cluster 2 was more frequent in the 
PD-AD than the PD group (OR = 1.7, p = 0.004), whereas 
all DLB cases were included in the neocortical cluster 2, 
which was also the largest, encompassing 48.3  % of the 
subjects. We therefore performed an additional clustering 
analysis, excluding areas that showed no variance in this 
cluster and including an additional neocortical area which 
is affected in later stages (occipital cortex).
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Fig. 1   CNDR clusters heatmaps (top) and brain maps showing LRP 
pathology distribution in the clusters (bottom). First colored column 
on the left of the heatmaps represents cluster identity and second col-
umn represents clinico-pathological diagnosis with LRP-only groups 

in green colors (PD and DLB) and groups with coincident LRP and 
AD in magenta colors (AD-LB and PD-AD). Color scale of the brain 
maps below represents the mean semi-quantitative scores in each 
cluster
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With this approach, we found three new clusters 
(Fig.  1 and Supplementary Figure  3) with frequencies 
that differed across the three clinico-pathological groups 
(p  <  0.0001) (Table  2). The neocortical occipital cluster 
2B was mainly present in the Dem-AD-LB group and 
PD-AD groups and the main differences when compared 
with the low burden neocortical cluster 2A and moder-
ate burden neocortical cluster 2C was the burden of LRP 
pathology in the occipital cortex (Table 3). The low bur-
den neocortical showed lower burden of pathology in all 
neocortical areas and the cingulate cortex compared to the 
other two neocortical clusters. Again, the PD group was 
most frequently in the cluster with the lowest amount of 
pathology (low burden neocortical cluster 2A) and the 
PD-AD group was associated with a higher odds of being 
include in the occipital cluster 2B (OR = 3.2, p = 0.002) 
and moderate burden neocortical cluster 2C (OR =  2.8, 
p = 0.005).

When we tested if APOE ε4 carrier status was asso-
ciated with any specific cluster, we discovered that in 
Dem-AD-LB subjects it increased the odds of being 
classified in cluster 2B (adjusting for NFT Braak stage). 
Similarly APOE ε4 carrier status was associated with 
increased odds of being classified in clusters 2B and 
2C in the PD and PD-AD groups (adjusting for coinci-
dent AD diagnosis). The CERAD score and NFT Braak 
stages for the different clusters are summarized in sup-
plementary Table 3.

Unsupervised clustering of α‑synuclein pathology in the 
BBDP cohort

Olfactory bulb sections were available for 121 Dem-AD-
LB, 63 PD-AD, 5 DLB and 44 PD subjects in the BBDP 
cohort. Because of differences in sampling criteria (Supple-
mentary Table 1), there was no scoring available for lenti-
form, thalamus and hippocampus. Five clusters were found 
in the BBDP cohort (Fig. 2 and Supplementary Figure 3) 
with different frequencies across the different clinico-path-
ological groups (p  <  0.0001, Table  2). The clusters were 
generally similar to those in the CNDR analysis (Supple-
mentary Table  5). Again two clusters were only present 
in the Dem-AD-LB group (clusters 3 and 4). The olfac-
tory bulb cluster 4 presented the lowest burden of pathol-
ogy. The limbic predominant cluster 3 presented greater 
LRP pathology in the amygdala and transentorhinal cortex 
compared to the olfactory bulb cluster 4 (Table 4) and, like 
the olfactory bulb cluster, lacked pathology in the SN and 
showed similarly low LRP pathology in the dorsal motor 
nucleus of the vagus. The limbic transitional cluster 5 had 
a higher burden of pathology in the brainstem and cingu-
late cortex compared to limbic predominant cluster 3. The 
moderate burden neocortical cluster 1 had an overall higher 
burden of LRP pathology in most of the studied regions 
compared to previously described clusters, but was mainly 
characterized by greater neocortical LRP pathology.

PD-AD cases had higher odds of being classified into 
the moderate neocortical cluster 1 (OR = 3.68, p = 0.002) 
and the low burden neocortical cluster 2 (OR  =  15.4, 
p  =  0.001) vs. the limbic transitional cluster 5 (lower 
burden of LRP) compared to PD cases (as in the CNDR 
cohort).

Extracranial and nigrostriatal α‑synuclein assessment

There were 80 PD subjects of the BBDP cohort (30 
PD, 1 DLB, 14 PD-AD and 35 Dem-AD-LB) in which 
α-synuclein pathology was evaluated in the lumbar spi-
nal cord, esophagus, submandibular gland or vagus nerve. 
Dem-AD-LB subjects showed the lowest presence of 
α-synuclein pathology in the four regions compared to the 
PD and PD-AD groups (Table 5; Fig. 3), whereas the lat-
ter groups showed no differences. For further comparisons 
we grouped the PD and PD-AD categories together due to 
their similarity and limited sample size. When compared to 
the lowest burden LRP PD/PD-AD cluster (limbic transi-
tional cluster 5), the two BBDP Dem-AD-LB specific clus-
ters (the olfactory bulb cluster 3 and the limbic predomi-
nant cluster 4) showed a lower burden of LRP pathology 
in all extracranial areas. On the other hand, Dem-AD-LB 
low and moderate neocortical burden clusters (clusters 

Table 2   Distribution of the different LRP groups into unsupervised 
clusters

Cluster Dem-AD-LB PD-AD DLB PD

Clustering in whole CNDR sample

 1 20 (12.7 %) 4 (11.8 %) 0 (0 %) 30 (42.3 %)

 2 52 (33.1 %) 30 (88.2 %) 7 (100 %) 41 (57.7 %)

 3 53 (33.8 %) 0 (0 %) 0 (0 %) 0 (0 %)

 4 32 (20.4 %) 0 (0 %) 0 (0 %) 0 (0 %)

157 (100 %) 34 (100 %) 7 (100 %) 71 (100 %)

Clustering of 2nd cluster in CNDR sample

 2A 6 (11.6 %) 2 (6.7 %) 5 (71.4 %) 19 (46.3 %)

 2B 36 (69.2 %) 13 (43.3 %) 1 (14.3 %) 8 (19.5 %)

 2C 10 (19.2 %) 15 (50.0 %) 1 (14.3 %) 14 (34.2 %)

52 (100 %) 30 (100 %) 7 (100 %) 41 (100 %)

Clustering in whole BBDP sample

 1 20 (16.5 %) 22 (50.0 %) 0 (0.0 %) 10 (16.1 %)

 2 30 (24.8 %) 20 (45.5 %) 3 (60.0 %) 38 (61.3 %)

 3 33 (27.3 %) 0 (0.0 %) 0 (0.0 %) 0 (0.0 %)

 4 22 (18.2 %) 0 (0.0 %) 0 (0.0 %) 0 (0.0 %)

 5 16 (13.2 %) 2 (4.5 %) 2 (40.0 %) 14 (22.6 %)

121 (100 %) 44 (100 %) 5 (100 %) 62 (100 %)
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Fig. 2   BBDP clusters heatmaps (top) and brain maps showing LRP 
pathology distribution in the clusters (bottom). First colored column 
on the left of the heatmaps represents cluster identity and second col-
umn represents clinico-pathological diagnosis with LRP-only groups 

in green colors (PD and DLB) and groups with coincident LRP and 
AD in magenta colors (AD-LB and PD-AD). Color scale of the brain 
maps below represents the mean semi-quantitative scores in each 
cluster
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Table 5   Nigrostriatal and extracranial LRP assessment

Uncorrected for multiple comparisons

Region Dem-AD-LB vs. PD-AD (p value) Dem-AD-LB vs. PD (p value) PD vs. PD-AD (p value)

Lumbar spinal cord 0.0001 <0.0001 1.0

Vagus nerve 0.027 0.002 1.0

Submandibular gland 0.0002 0.0002 0.53

Esophagus <0.0001 <0.0001 0.54

Region Clusters 3 and 4 Dem-AD-LB vs.  
cluster 5 PD/PD-AD (p value)

Clusters 1 and 2 Dem-AD-LB vs.  
clusters 3 and 4 Dem-AD-LB (p  
value)

Clusters 1 and 2 Dem-AD-LB vs. clus-
ters 1 and 2 PD/PD-AD (p value)

Lumbar spinal cord 0.0008 <0.0001 0.46

Vagus nerve 0.007 0.0007 0.37

Submandibular gland 0.027 0.011 0.019

Esophagus 0.0008 0.0002 0.005

Fig. 3   LRP presence in the 
esophagus, lumbar spinal cord, 
submandibular gland and vagus 
nerve. Bar plots represent 
percentage of cases with LRP 
based on neuropathological and 
cluster groups. Measurements 
were performed in the BBDP 
cohort
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1 and 2) showed a higher frequency of extracranial LRP 
pathology than Dem-AD-LB olfactory bulb cluster 3 and 
limbic predominant cluster 4. Finally, when comparing the 
PD/PD-AD and Dem-AD-LB clusters with highest LRP 
pathology (clusters 1 and 2), the esophagus and subman-
dibular gland still showed lower LRP frequency in the 
Dem-AD-LB group.

In the CNDR cohort, the PD-AD (n  =  10, 
p = 0 < 0.0001), DLB (n = 4, p = 0.003) and PD (n = 14, 
p = <0.0001) groups showed a lower SN pigmented neu-
ron density compared to the Dem-AD-LB (n = 35) group, 
whereas none of the statistical clusters showed any asso-
ciations with SN pigmented neuron density (Fig.  4). 
When compared to the Dem-AD-LB group (n =  29), the 
PD (n = 11, p < 0.0001) and PD-AD (n = 6, p < 0.0001) 
groups showed a lower percentage of DAT IHC posi-
tive area, whereas the unremarkable brain subjects (UB) 
showed a higher percentage of DAT IHC positive area 
(n = 6, p = 0.030) (Fig. 4 and Supplementary Figure 5). 
When clusters were compared within the Dem-AD-LB 
group, the limbic transitional cluster 1 (n = 9, p = 0.011), 
the olfactory bulb cluster 3 (n =  8, p =  0.0002) and the 
limbic predominant cluster 4 (n = 4, p = 0.0001) showed a 
higher percentage of DAT IHC positive area than the neo-
cortical cluster 2 (n = 8). When evaluating clinical associa-
tions within the Dem-AD-LB group, we found that those 
with a DLB clinical diagnosis (n = 4) showed a lower nigra 
cell count than those with and AD (n = 22) clinical diagno-
sis (p = 0.010).

Clinical differences between clusters in the CNDR 
cohort

There was a large variability in the clinical diagnoses in 
the CNDR Dem-AD-LB group that differed across the dis-
tinct clusters defined here (Supplementary Table 4). When 
compared to the limbic transitional cluster 1, only the neo-
cortical cluster 2 was associated with a higher frequency of 
DLB/corticobasal syndrome (CBS) diagnosis (OR = 1.96, 
p value  =  0.050). This association was mainly due to 
subjects who were further subclassified into the occipital 
neocortical cluster 2B and the moderate burden neocorti-
cal cluster 2C. In the PD and PD-AD groups the neocorti-
cal cluster 2 was associated with increased odds of being 
demented at time of death (OR = 1.6, p = 0.0003), which 
was mainly driven by the occipital neocortical cluster 2B.

Finally, we evaluated the association of pathology with 
clinical progression in the CNDR cohort. When all the 
clinico-pathological groups were studied, PD (OR = 0.29, 
p = 0.0006) and PD-AD (OR = 0.45, p = 0.003) groups 
had longer disease duration than the Dem-AD-LB, but 
there was no association between the clusters and dis-
ease duration (Fig.  5). When we evaluated progression to 

dementia in the PD and PD-AD groups (Dem-AD-LB was 
excluded due to having dementia present from the onset), 
we found that the occipital neocortical cluster 2B and the 
moderate burden neocortical cluster 2C (compared to the 
limbic transitional cluster 1) and PD-AD clinico-pathologi-
cal diagnosis predicted an increased progression to demen-
tia (Table 6).

Discussion

Using an unsupervised data-driven clustering approach 
independently in two large cohorts encompassing a wide 
spectrum of LRP pathology with and without coincident 
AD pathology, we found that (1) in Dem-AD-LB LRP 
pathology seems to start in the olfactory bulb progressing 
to the amygdala and limbic system with overall sparing of 
the brainstem; (2) in the amygdala and limbic predominant 
Dem-AD-LB clusters there is a relative sparing of LRP in 
the spinal cord, enteric nervous system and submandibular 
gland; (3) PD-AD subjects were more frequently present 
in clusters with greater LRP burden than PD subjects; (4) 
the nigrostriatal pathway was preserved in Dem-AD-LB 
compared to PD and PD-AD subjects in matched clusters; 
(5) the occipital neocortical cluster 2B presented most fre-
quently as DLB/CBS and was associated with a shorter 
motor–dementia interval in PD and PD-AD subjects and 
APOE ε4 carrier status.

Unsupervised LRP clusters point to different spreading 
patterns

In this study, we identified two LRP distribution clusters 
that were only present in the Dem-AD-LB cases and not 
in the PD-AD and PD cases in both cohorts. These clus-
ters mainly overlapped with the amygdala-predominant and 
olfactory bulb-only stages of LRP. Neither of these stages 
was originally included in the Braak PD or DLB Consor-
tium staging systems [10, 34].

The consensus DLB diagnostic criteria originally 
included brainstem, limbic and neocortical stages but not 
an amygdala predominant or olfactory bulb-only stage of 
LRP [34]. Later reports included the amygdala-predom-
inant LRP category (amygdala cluster 3 in the CNDR 
cohort) [31].

Our analysis identified, using a data-driven approach, 
the importance of pathology originated in the limbic sys-
tem that appeared in cases with significant burdens of con-
comitant AD pathology as suggested by recent studies [17, 
29, 30, 38, 47]. Amygdala and limbic LRP only appeared in 
the presence of AD pathology in the same locations. These 
findings emphasize that the classically used transitional and 
the more recently defined limbic-predominant stages are 
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not interchangeable and our results, based on data-driven 
and not a priori based classification, confirm that there may 
be at least two patterns of LRP spreading into two differ-
ent limbic stages that are mainly characterized by differen-
tial LRP burdens in the brainstem [2]. For cases following 
the classical PD spreading pattern, by the time there is sig-
nificant hippocampal and amygdala LRP there is a similar 
degree of LRP deposition in the cingulate cortex and the 
basal ganglia. On the other hand, in cases extending from 
the amygdala to the hippocampus, for a similar LRP bur-
den in the amygdala and adjacent medial temporal regions, 
there was a more limited burden in the brainstem and cin-
gulate cortex.

Previously, the Unified Staging System for LB disease 
(USSLB) specifically differentiated between two lim-
bic stages that differed based on the presence (Stage III: 
brainstem and limbic) or absence or low involvement of 
the brainstem (Stage IIb: limbic predominant) [2]. Our 
data-driven findings strongly support this staging system, 
based on the independent analyses performed in two dif-
ferent cohorts. These analyses describe the presence of two 
clusters in each cohort that were characterized by a high 

burden of LRP limited to the olfactory bulb, or olfactory 
bulb, amygdala and medial temporal lobe, in the absence of 
or with a minimal burden of brainstem LRP. Interestingly, 
the clustering approach indicated that most Dem-AD-LB 
cases without significant neocortical LRP were classified 
into clusters without any SN LRP in both cohorts (81.0 % 
of 105 Dem-AD-LB subjects in the CNDR Dem-AD-LB 
groups and 77.5  % of 71 AD-LB subjects in the BBDP 
cohort), which is strikingly different from the spreading 
pattern observed in PD [10, 11] while AD cases with coin-
cident LRP are mainly but not exclusively associated with 
an olfactory bulb-limbic pattern.

Due to the relative infrequency with which early stage 
PD cases come to autopsy, there were very few short 
duration PD cases in either cohorts, and thus brainstem 
only stage cases were underrepresented in our study. 
However, several studies have described these cases as 
having significant brainstem pathology in the absence 
of limbic and neocortical LRP [10, 15, 17]. When the 
burden of LRP in the Dem-AD-LB specific limbic pre-
dominant clusters (4 in CNDR and 3 in BBDP) was com-
pared to the transitional limbic clusters (1 in CNDR and 

Fig. 4   SN cell density (first 
row) and percentage of DAT 
IHC area in the putamen (sec-
ond row). Measurements were 
performed in the CNDR cohort
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5 in BBDP), which was predominantly present in PD 
and PD-AD groups and less frequent in the Dem-AD-LB 
group, there were no differences in LRP burden within 
the amygdala, hippocampus and transentorhinal cortex, 
whereas the brainstem and limbic clusters showed higher 
LRP in the cingulate and basal ganglia in addition to the 
brainstem.

The PD‑AD group is associated with increased LRP, 
APOE ε4 carriers status and is more frequently present 
in Dem‑AD‑LB clusters

Notably, our study suggests that the presence of AD pathol-
ogy and APOE ε4 carriers status are associated with, and 
hence may modulate, the progression of LRP. Previously, 
we had shown a correlation between LRP and tau NFT 
semi-quantitative scores [28]. Our new results show, in 
two independent cohorts and three different cluster analy-
ses, that PD-AD subjects were more frequently classified 
into clusters that showed a higher burden of LRP and that 
the LRP frequency distribution for PD-AD subjects was 
between the one observed for PD and Dem-AD-LB sub-
jects. This would indicate that the presence of AD pathol-
ogy may facilitate the spreading of LRP and lead to an 
overall higher burden of LRP in subjects who present clini-
cally as PD and have coincident AD pathology. Increasing 
evidence points to the fact that neurodegenerative disease 
proteins such as tau, Aβ and α-synuclein exist in different 
strain-like conformations or post-translationally modified 
species [12, 22, 24, 33, 39], while tau and α-synuclein were 
shown to cross-fibrillize with one another but not with Aβ 

Fig. 5   Disease duration based on neuropathological diagnosis (top row left) and cluster classification (top row right). Conversion from PD to 
PDD based on neuropathological diagnosis (bottom row left) and cluster classification (bottom row right)

Table 6   Results of Cox proportional hazard model analyzing asso-
ciations with disease duration and conversion to dementia in the PD 
and PD-AD groups

Conversion to dementia

HR (95 % CI) p value

Age at onset of disease 1.06 (1.01–1.10) 0.001

Cluster 2A vs. Cluster 1 0.81 (0.32–2.07) 0.66

Cluster 2B vs. Cluster 1 4.80 (2.0–11.59) 0.0005

Cluster 2C vs. Cluster 1 2.70 (1.18–6.20) 0.019

Gender (male) 4.60 (1.53–13.83) 0.004

PD-AD vs. PD 2.81 (1.24–6.35) 0.007

Braak NFT stage III–IV vs. 0–II 0.51 (0.23–1.10) 0.085

Braak NFT stage V–VI vs. 0–II 0.96 (0.32–2.92) 0.94
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[19]. One study described that one strain of α-synuclein 
(strain A) preformed fibrils (PFFs) could induce only 
α-synuclein pathology, while a second strain of α-synuclein 
PFFs (strain B) induced more tau than α-synuclein pathol-
ogy in cultured neurons and in tau transgenic mice [22]. 
Thus, the effects seen here might reflect the interactions of 
different strains of tau and/or Aβ that differentially induce 
formation of α-synuclein LRP in a region-specific manner 
or facilitate the spread of α-synuclein along with the spread 
of tau and Aβ pathology. These preliminary results need to 
be validated evaluating characteristics of brain extracts of 
deceased patients representing different groups of the Lewy 
body disease spectrum and their correlates in different cell 
and animal disease models. Thus, this is an area requiring 
further study to understand if strains of AD and PD-asso-
ciated proteins account for the findings here, but it also is 
essential to develop reliable biomarkers indicative of the 
presence of LRP in addition to the existing AD biomarkers 
which correlate with plaques and tangles [42] to improve 
efforts for predicting the neurodegenerative pathologies 
underlying dementia and parkinsonism in living patients.

Extracranial LRP pathology differs across clusters 
and clinico‑pathological diagnoses

Differences between the LRP clusters described here that 
would represent the olfactory bulb and limbic predominant 
stages (Dem-AD-LB cluster 3 and 4 in BBDP) and the 
cluster that would represent the limbic transitional stage 
in PD and PD-AD (cluster 5) also extended to extracranial 
areas beyond the brain. The Dem-AD-LB specific clusters 
(BBDP olfactory bulb cluster 3 and limbic predominant 
cluster 4) did not show any LRP in the esophagus, lumbar 
spinal cord and vagus nerve and only a single case showed 
LRP in the submandibular gland. This was in contrast with 
the PD limbic transitional cluster 5 which showed LRP in 
the same extracranial regions in approximately 80 % of the 
cases. Interestingly, there were some specific differences in 
the involvement of extracranial regions in the Dem-AD-LB 
vs. the PD and PD-AD groups even in the clusters that pre-
sented more widespread pathology. In the more advanced 
stages, these groups did not differ in the involvement of 
the spinal cord or the vagus nerve, but the Dem-AD-LB 
subjects with neocortical involvement still showed a lower 
frequency of LRP in the submandibular gland and esopha-
gus, indicating that these areas are affected in later stages 
in Dem-AD-LB or LRP in these cases have a decreased 
tropism for these organs. Alternatively, it is possible that in 
advanced stages the cell loss is accompanied by an absence 
of LRP, although the finding of lesser involvement in early 
stages would not favor this hypothesis).

The lack of extracranial pathology in Dem-AD-LB 
cases is the opposite to what is described in the classical 

PD pattern of spreading, that would start in the peripheral 
nervous system around the viscera and brainstem leading 
to a variety of non-motor systems that precede PD’s motor 
symptoms [23]. In line with our results, a recent large study 
described the absence of LRP in the spinal cord in cases 
with LRP circumscribed to the olfactory bulb and amyg-
dala, whereas all subjects with LRP in the spinal cord had 
LRP in the brainstem [40], which would descend from the 
supraspinal medullary reticular formation [14].

Therefore, we propose that in most subjects with a 
dementia clinical presentation and coincident AD and LB 
pathology, with either a primary neuropathological diagno-
sis of AD or DLB, the origin of the pathology is the olfac-
tory bulb and the amygdala and its spread might be facili-
tated by the AD pathology, as we did not find any cases 
with vagal, submandibular gland or esophageal LRP in the 
absence of brain LRP. On the other hand, in cases who pre-
sent initially with a PD motor phenotype (PD and PD-AD 
cases), there was a higher frequency of LRP in submandibu-
lar gland and esophagus compared to AD-LB, which would 
indicate a greater tropism for these areas in these groups, 
but still with an origin in the olfactory bulb and caudal 
brainstem regions followed by a simultaneous rostral and 
caudal spread, or alternatively, a centripetal spread from 
the enteric system periphery as proposed by some groups. 
However, none of the over 100  PD and control cases in 
the BBDP cohort had LRP identified in the submandibular 
gland, esophagus and stomach in the absence of LRP in the 
central nervous system (unpublished data), which would not 
favor the latter hypothesis. We summarize these spreading 
patterns across the clinico-pathological groups in Fig. 6.

Relative integrity of the nigrostriatal pathway 
in Dem‑AD‑LB compared to PD/PD‑AD

Another critical finding is the preservation of SN neurons 
and the nigrostriatal pathway in Dem-AD-LB cases as 
measured by SN pigmented neuron density counts and DAT 
immunohistochemistry in the striatum (although subjects 
with a DLB clinical diagnosis showed significantly lower 
SN cell density). This explains the lack of motor symp-
toms in many cases, which makes cases less likely to fit the 
clinical DLB diagnostic criteria. It has been described that 
approximately 70  % of DLB subjects have parkinsonism 
which contrasts with the pathological findings and indicates 
that either limbic predominant cases or neocortical cases 
with low degree of SN cell loss have a similar presentation 
as AD cases or that the clinical presentation has not been 
adequately characterized. Studies of longitudinally followed 
subjects with neuropathological, clinical and multi-modal 
biomarkers will be needed to characterize the heterogene-
ity of DLB [43]. Furthermore, PET or SPECT scans using 
ligands to assess the nigrostriatal pathway might not be 
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sensitive biomarkers for LRP in the frequent AD-LB sub-
jects without parkinsonism. Because even some cases with 
neocortical Lewy body pathology showed a low degree of 
SN cell loss it would be important to assess SN cell loss as 
part of the DLB neuropathological evaluation as this might 
have significant implications for the clinical presentation and 
characterization. Alternatively, specific FDG PET patterns 
of hypometabolism might prove to be sensitive and specific 
biomarkers for coincident LRP in AD [21, 43]. A previous 
study of the BBDP showed that AD-LB cases had striatal 
tyrosine hydroxylase (measured using ELISA) in the same 
range as control subjects as opposed to PD cases, although 
this study only included two cases in the AD-LB group with 
moderate or high LRP [2]. The same study showed in a large 
number of cases a lack of correlation between total LRP and 
semi-quantitatively rated SN cell loss although several cases 
presented moderate or severe SN neuronal loss and another 
study using semi-quantitative rating described lower SN neu-
ron loss in DLB subjects compared to PD subjects [45].

Association of LRP with clinical diagnosis and motor–
dementia interval

In addition, we were able to evaluate the clinical associa-
tions in the CNDR cohort. Interestingly, the neocortical 
cluster 2 was associated with increased odds of dementia 
in the PD and PD-AD cases and with a higher frequency 
of non-Alzheimer type dementia, mainly driven by com-
bined motor and dementia clinical presentations, namely 
DLB and CBS. These clinical associations were mainly 

driven by the occipital neocortical cluster 2B and the mod-
erate burden neocortical cluster 2C. This would indicate 
that neocortical distributions represented in these two clus-
ters are the ones that show the highest association with the 
referred clinical phenotypes.

Interestingly, the LRP clusters were not associated 
with the disease duration and it was the clinico-patholog-
ical diagnostic group that predicted disease duration in 
age, gender and APOE ε4 adjusted models. AD-LB cases 
showed the shortest disease duration as compared to PD. 
However, the distribution of LRP pathology was the strong-
est predictor of the onset of dementia even adjusting for 
coincident AD pathology (that was also associated with the 
dementia progression rate). Specifically, cluster 2B was the 
one with a 1.7 higher HR than coincident AD pathology 
and cluster 2C (cluster 2C only showing a lower burden 
of LRP in the occipital lobe). These result`s expand on our 
previous finding of differences of neocortical LRP burden 
in faster and slower progressors [28], as we now define spe-
cific distributions based on LRP in the whole brain, include 
the important occipital region, which was not considered 
preciously, and performed a more continuous assessment of 
progression using a Cox hazard model.

Previous studies have described olfactory dysfunction in 
PD, DLB and AD and hyposmia has been associated with 
the risk of progressing to mild cognitive impairment dur-
ing follow-up [37, 46]. Hyposmia has been associated with 
limbic pathology [6]. Therefore, it is possible that hypos-
mia in cases with AD clinical diagnosis might be related to 
cases with limbic or diffuse LRP pathology.

Fig. 6   LRP spreading patterns 
across the different clinico-
pathological groups
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Conclusion

Our study identified clusters of LRP in distinct forms of 
Lewy body disease which indicate that there are at least 
two LRP distribution patterns showing different frequen-
cies across the Dem-AD-LB, PD and PD-AD groups and 
that coincident AD pathology may alter the spread of LRP 
in PD. Although the number of DLB cases without AD 
pathology was limited, the distribution of LRP and dopa-
minergic loss in these cases was similar to the one in PD 
cases. Differences between clusters and clinico-pathologi-
cal groups extended to extracranial regions and to differ-
ences in the integrity of the nigrostriatal pathway which 
have important clinical implications for the selection of 
biomarkers. In addition, the cluster-defined groups were 
associated with different clinical diagnoses in the Dem-
AD-LB group and rate of progression to dementia in PD 
and PD-AD cases.
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