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Abstract 

Evolving evidence has supported the existence of two anatomically distinct Lewy-related pathology (LRP) types. 
Investigation of spinal cord and peripheral LRP can elucidate mechanisms of Lewy body disorders and origins of 
synuclein accumulation. Still, very few unselected studies have focused on LRP in these regions. Here we analysed 
LRP in spinal cord, dorsal root ganglion, and adrenal gland in the population-based Vantaa 85 + study, including 
every ≥ 85 years old citizen living in the city of Vantaa in 1991 (n = 601). Samples from spinal cord (C6-7, TH3-4, L3-4, 
S1-2) were available from 303, lumbar dorsal root ganglion from 219, and adrenal gland from 164 subjects. Semiquan-
titative scores of LRP were determined from immunohistochemically stained sections (anti-alpha-synuclein antibody 
5G4). LRP in the ventral and dorsal horns of spinal cord, thoracic intermediolateral column, dorsal root ganglion and 
adrenal gland were compared with brain LRP, previously determined according to DLB Consortium criteria and by 
caudo-rostral versus amygdala-based LRP classification. Spinal LRP was found in 28% of the total population and 
in 61% of those who had LRP in the brain. Spinal cord LRP was found only in those subjects with LRP in the brain, 
and the quantity of spinal cord LRP was associated with the severity of brain LRP (p < 0.001). Unsupervised K-means 
analysis identified two cluster types of spinal and brain LRP corresponding to caudo-rostral and amygdala-based LRP 
types. The caudo-rostral LRP type exhibited more frequent and severe pathology in spinal cord, dorsal root ganglion 
and adrenal gland than the amygdala-based LRP type. Analysis of specific spinal cord regions showed that thoracic 
intermediolateral column and sacral dorsal horn were the most frequently affected regions in both LRP types. This 
population-based study on brain, spinal and peripheral LRP provides support to the concept of at least two distinct 
LRP types.
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Introduction
Alpha-synuclein (αSyn) rich Lewy bodies (LB) and Lewy 
neurites (LN) constitute Lewy-related pathology (LRP), 
the hallmark of Lewy body diseases, including demen-
tia with Lewy bodies (DLB) and Parkinson’s disease with 
(PDD) and without dementia (PD) [36, 49]. In addition to 
the brain, LRP has been found in spinal cord [2, 3, 12, 18, 
26, 38] and in various regions of the peripheral nervous 
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system (PNS), such as sensory neurons of the dorsal root 
ganglia (DRG) [38, 48] and the adrenal gland [11, 12].

Evolving evidence from imaging and animal studies 
have supported a prion-like propagation hypothesis of 
LRP progression [13, 20, 21, 33, 37, 43, 45], with human 
and animal studies suggesting that LRP exhibits two 
anatomically distinct progression patterns [4, 13, 15, 31, 
42, 46]. 1) In the caudo-rostral LRP type, LRP has been 
suggested to originate in the enteric nervous system 
and to proceed rostrally to brainstem and other parts 
of the brain [5, 8, 9, 41]. 2) In the amygdala-based LRP 
type, LRP has been suggested to occur first in amygdala/
olfactory regions of the brain, from which LRP then pro-
gresses to neocortical and brainstem regions [4, 31, 42, 
44]. However, it is still unclear how spinal cord and PNS 
regions are involved in the two progression models of 
these diseases.

Few studies have analysed LRP in spinal cord regions 
[2, 6, 9, 26, 38], most of them focused on the total bur-
den of LRP at various spinal cord levels. A hospital-based 
Japanese study also analysed the anatomic distribution of 
LRP at various levels of the spinal cord: in the thoracic 
sympathetic intermediolateral column (IML), intermedi-
ate zones of cervical, lumbar, and sacral levels, as well as 
dorsal and ventral horns at all four levels [38]. Although 
two population- or community-based studies [6, 26] have 
reported the total burden of αSyn at different spinal cord 
levels, to our knowledge no study has focused on the 
anatomical distribution of spinal cord and PNS LRP in 
an unselected study setting, nor in the context of caudo-
rostral versus amygdala-based LRP types.

To address these issues in the population-based Vantaa 
85 + study, herein we have semiquantitatively studied the 
occurrence of LRP in the ventral and dorsal horns at four 
levels of spinal cord, in sympathetic intermediolateral 
column at the thoracic level, adrenal gland and lumbar 
DRG. We show here for the first time that the distribu-
tion of spinal and peripheral LRP is more frequent and 
severe in the caudo-rostral compared to the amygdala-
based LRP type.

Materials and methods
Study subjects
The Vantaa 85 + study cohort includes every at least 
85-year-old citizen, who lived in the city of Vantaa, Fin-
land on the first of April 1991 (n = 601). General and 
neuropathological autopsy was performed whenever 
possible, and eventually 304 (51%) underwent consented 
general and neuropathological postmortem examina-
tion (the extent of postmortem examination was not 
influenced by the cause of death). For this study, brains 
from 304, spinal cord from 303, samples of the lumbar 
DRG from 219 and samples of the adrenal gland from 

164 study participants were available. The variation in 
sample numbers was mainly due to technical problems. 
Demographics of the study subjects have been published 
before, as well as details of previously determined clini-
cal, genetic, and neuropathological variables [19, 25, 27, 
29–32, 34]. There were no significant differences in age 
at death or sex in the neuropathologically examined sub-
population compared with the whole study population 
[27].

Procedures
LRP was detected as pathologically misfolded αSyn by 
immunohistochemical staining using mouse monoclonal 
anti-αSyn antibody (clone 5G4, 1:3000, AJ Roboscreen 
or Millipore) on 5  µm formalin-fixed paraffin-embed-
ded (FFPE) sections of the spinal cord at cervical (C6-
7), thoracic (TH3-4), lumbar (L3-4) and sacral (S1-2) 
levels, as well as DRG at the lumbar level and adrenal 
gland. Because the formalin-fixation time varied, includ-
ing prolonged fixation periods, the 5G4 antibody was 
chosen and found to successfully stain sections using a 
suggested citric acid epitope retrieval and formic acid 
pretreatment [22]. Immunostaining was performed with 
the EnVision Flex Visualisation System (Agilent Dako). 
First, heat induced epitope retrieval (HIER) treatment 
was performed in a TintoRetriever pressure cooker using 
Dako Low pH solution. After buffer solution washes, 
sections were then pretreated for 5 min in 100% formic 
acid and the staining procedure performed using LabVi-
sion equipment following the EnVision Flex Visualisation 
protocol. Pathologically aggregated αSyn was screened by 
a pathologist blinded to other data utilising manual (by 
eye) judgment for each section using a low power micro-
scopic field (100X magnification). 200X and 400X mag-
nifications were used for verifying results. In each spinal 
cord section having LRP the area of dorsal horn (Rexed 
laminae I-VI) and ventral horn (Rexed laminae VIII-
IX) were analysed (the side with more LRP was chosen 
for analysis). At the thoracic (TH3-4) level, the IML was 
additionally evaluated. LBs were counted in each investi-
gated region within sections and those exceeding the size 
of erythrocytes were included in counted particles. LNs 
(dot-like immunopositive structures not included) were 
recorded either as present or not present. LRP was fur-
ther divided into four semiquantitative stages 0 = none, 
1 = mild (1 LB and/or LN), 2 = moderate (2–3 LB) and 
3 = severe (over 4 LB) according to modified DLB Con-
sortium scoring guidelines [24]. The association of spi-
nal cord LRP was compared to previously categorised 
DLB Consortium LRP types (olfactory-only, amygdala-
predominant, brainstem-predominant, limbic, diffuse 
neocortical, and non-classifiable) and previously sug-
gested LRP progression patterns (caudo-rostral type and 
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amygdala-based type, Additional file 1: Table S1) [19, 23, 
31]. For DRG sections also granular αSyn positivity was 
included, in addition to LB and LN pathology, with αSyn 
positivity determined as either present or absent. For 
the adrenal gland, LRP was assessed as either present or 
absent in the adrenal medulla or in nervous structures 
in the surrounding adipose tissue. A dichotomised clas-
sification was chosen for αSyn pathology in the DRG or 
adrenal gland samples because these pathologies were 
generally relatively modest, and the number of samples 
collected from these regions was lower than in other 
regions.

Statistical analysis
All statistical analyses were assessed using R 4.0.1 
(https:// www.r- proje ct. org) and / or IBM SPSS Statistics 
version 27. The associations of continuous variables were 
assessed using the independent-Samples Mann–Whit-
ney U Test. The association in nominal or categorical 
variables were assessed using Fisher’s exact test. Man-
tel–Haenszel test was used for assessing the trend of 
spinal cord dorsal, ventral or intermediolateral column, 
DRG and adrenal gland αSyn/LRP between DLB Con-
sortium LRP types. An ordinal regression random effect 
model was used to assess the strength of a sacral to cer-
vical gradient in the dorsal horn and ventral horn LRP. 
An unsupervised K-means cluster analysis was used to 
assess patterns of LRP as previously described with nine 
clusters judged optimal using the “elbow method” [16, 
31], however for these analyses semiquantitative classes 
3 (severe) and 4 (very severe) were combined. p-values 
under 0.05 were considered statistically significant. p-val-
ues were adjusted for multiple comparisons using Bon-
ferroni correction.

Results
All cases with spinal LRP have brain LRP
Altogether 85 individuals had LRP in at least one of the 
investigated spinal cord regions, which constitutes 28% of 
all 303 neuropathologically investigated individuals and 
61% of the 139 cases with brain LRP. It is of note that all 
cases with spinal cord LRP showed LRP in at least one 
brain region (Table  1). Table  2 summarises the charac-
teristics of study subjects stratified according to pres-
ence versus absence of spinal cord LRP with concomitant 
brain LRP. All p-values of comparisons between sub-
groups are shown in Additional file 1: Table S2. Subjects 
with concomitant brain and spinal cord LRP had signifi-
cantly more neuron loss in the substantia nigra (Bon-
ferroni corrected p-value = 9.0045E-6) when compared 
with subjects showing no LRP. The high Braak NFT stage 
(Bonferroni corrected p-value = 0.02574) showed a sig-
nificant association when comparing those cases which 

showed only brain but no spinal cord LRP, versus cases 
with no LRP.

The quantity of spinal cord LRP shows a gradient in dorsal 
horn
Figure  1 and Additional file  1: Table  S3 show the semi-
quantitative spinal cord LRP scores in dorsal horn (C6-
7, TH3-4, L3-4, S1-2), thoracic (TH3-4) IML, which 
contains preganglionic sympathetic neurons, and ven-
tral horn (C6-7, TH3-4, L3-4, S1-2). The amount of LRP 
was highest in the thoracic IML region (only TH3-4 
region was analysed). The dorsal horn exhibited a gradi-
ent where the sacral cord had the highest amount of LRP 
and cervical cord the lowest (Fig.  1a, Additional file  1: 
Table  S4). This was seen particularly when the severe 
(3) semiquantitative category was examined. The ventral 
horn did not show a similar trend even though there was 
a significant difference when comparing the lumbar and 
cervical ventral horn LRP (Fig. 1c and Additional file 1: 
Table S4).

Severity of spinal cord LRP associates with the DLB 
Consortium types
Figure  2 shows the semiquantitative LRP scores in dor-
sal and ventral horns at different spinal cord levels and in 
the thoracic IML, stratified according to the DLB Con-
sortium types. In general, the stronger the pathology in 
the brain, the more severe pathology was seen in the spi-
nal cord (Linear-by-Linear Association Mantel–Haenszel 
Test, Additional file  1: Table  S5). The diffuse neocorti-
cal LRP type showed the most severe spinal cord LRP 
whereas the non-classifiable, olfactory-only and amyg-
dala-predominant LRP types showed no or only very 

Table 1 Number of the neuropathologically investigated cases 
from the Vantaa 85 + study with LRP in spinal cord and/or brain

p = 2.3423E-38

LRP Lewy -related pathology
a LRP detected in any of the investigated spinal cord regions: dorsal horn and 
ventral horn at the cervical 6–7, thoracic 3–4, lumbar 3–4 and sacral 1–2 levels 
and intermediolateral column at thoracic 3–4 level, one case with no spinal cord 
regions available was excluded from the analysis
b LRP detected in any of the investigated brain regions: dorsal motor nucleus 
of Vagus (dmV) of medulla, locus coeruleus (LC) of pons, substantia nigra, 
amygdala, entorhinal cortex, cingulate gyrus, temporal cortex, frontal cortex, 
parietal cortex, anterior olfactory nucleus (AON) and peripheral olfactory 
bulb/peduncle (brain LRP data published previously [19, 31]). 15 cases found 
to have LRP only in olfactory bulb/peduncle were included [19]. Cases with 
missing olfactory regions but all other brain regions negative were considered 
negative[19]

LRP in spinal  corda

No Yes

LRP in  brainb no 164 0

yes 54 85

https://www.r-project.org
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mild spinal cord LRP. The thoracic IML showed the most 
frequent LRP in every DLB Consortium LRP type apart 
from the olfactory-only type, which exhibited no spinal 
LRP at all.

K‑means analysis reveals two distinct types of LRP clusters
To analyse the potential presence of distinct LRP sub-
types we then performed an unsupervised K-means 

cluster analysis (Fig. 3). This analysis revealed two main 
kinds of clusters of spinal and brain LRP. In one type 
(clusters 3,4, and 7) there was none or only modest spinal 
cord LRP and the highest peak of LRP was observed in 
the amygdala region. In the other type abundant or mod-
erate spinal cord LRP was seen concomitantly with brain 
LRP, peaking in the brainstem regions (clusters 1, 2, 5, 8, 
and 9). In addition, one of the clusters (cluster 6) showed 

Table 2 Characteristics of the investigated subgroups from the Vantaa 85 + study

LRP Lewy-related pathology, SN substantia nigra, NFT neurofibrillary tangle
a LRP detected in any of the investigated brain regions: dorsal motor nucleus of Vagus (dmV) of medulla, locus coeruleus (LC) of pons, substantia nigra, amygdala, 
entorhinal cortex, cingulate gyrus, temporal cortex, frontal cortex, parietal cortex, anterior olfactory nucleus (AON) and peripheral olfactory bulb/peduncle (brain LRP 
data published previously [19, 31]). 15 cases found to have LRP only in olfactory bulb/peduncle [19] were included in the LRP in any brain region, no spinal LRP -group
b LRP detected in any of the investigated spinal cord regions: dorsal horn and ventral horn at cervical 6–7, thoracic 3–4, lumbar 3–4 and sacral 1–2 levels and the 
intermediolateral column at thoracic 3–4 level, one case with no spinal cord regions available was excluded from the analysis

The groups with either brain or concomitant brain and spinal cord LRP were individually compared with the no LRP group. Significant differences after Bonferroni 
correction are marked with asterisks, raw p-values are shown in Additional file 1: Table S2

Demographics [30] of the study subjects have been published previously as well as clinical [27], genetic [25] and neuropathological variables (SN neuronal loss [27], 
Braak NFT stage and Thal phases [34], CERAD score [30])

No LRP in any  braina or spinal 
 cordb region (n = 164)

LRP in any  braina region but no 
spinal  cordb LRP (n = 54)

Concomitant  braina and 
spinal  cordb LRP (n = 85)

Women 138 (84%) 49 (91%) 64 (75%)

Age at death, yrs (SD) 92.3 (3.4) 92.6 (3.3) 92.4 (4.5)

Dementia 94 (57%) 39 (72%) 62 (73%)

Age at onset of dementia, yrs (SD) 87.3 (4.3) 86.5 (4.0) 87.5 (5.3)

Duration of dementia, yrs (SD) 5.1 (3.7) 6.2 (4.0) 5.0 (3.6)

APOE4 41 (27%) 24 (46%) 25 (33%)

SN neuronal loss (moderate-severe) 51 (31%) 27 (50%) 56 (66%)***

Braak NFT stage (V-VI) 45 (28%) 30 (56%)* 31 (37%)

Thal phases 4–5 106 (65%) 42 (78%) 62 (73%)

CERAD score (moderate-frequent) 100 (61%) 40 (74%) 60 (71%)

a) Dorsal horn.               b) IML        c)       Ventral horn

0%

20%

40%

60%

80%

100%

C6-7 Th3-4 L3-4 S1-2

**
***

***

Th3-4 C6-7 Th3-4 L3-4 S1-2

3
2
1
0

*

Fig. 1 Distribution of semiquantitative LRP scores in subjects with brain LRP in at least one investigated brain region (n = 139). a Dorsal horn and 
c ventral horn spinal cord regions at four spinal cord levels (C6-7, TH3-4, L3-4, S1-2). b Thoracic IML region (TH3-4). Based on the ordinal regression 
random effect model, a sacral to cervical gradient in the strength of associations was seen in dorsal horn but not in ventral horn LRP (the numerical 
data shown in Additional file 1: Table S4). *p-value < 0.05, ** p-value < 0.01, ***p-value < 0.001 after Bonferroni correction
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a) Dorsal horn    b) IML c) Ventral horn

Olfactory-only n=15

Amygdala-predominant n=10

Non-classifiable n=11

Brainstem-predominant n=19

Limbic n=41

Diffuse neocortical n=43
).
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Fig. 2 The frequency of semiquantitative spinal cord LRP scores stratified according to previously determined DLB Consortium LRP types n = 139 
[19, 31]. The frequency of spinal cord LRP increased when more severe brain LRP was found (Linear-by-Linear Association Mantel–Haenszel Test, 
Additional file 1: Table S5)
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subjects with only modest LRP in olfactory and/or brain-
stem regions.

Caudo‑rostral LRP type shows more spinal cord LRP 
than amygdala‑based LRP type
We next analysed the distribution of spinal cord LRP in 
caudo-rostral (n = 83) and amygdala-based (n = 40) LRP 
types, which we previously described [31]. Although the 
same anatomical regions were affected in both LRP types, 
the frequency of spinal cord LRP was higher in subjects 
with the caudo-rostral LRP type, when compared to 
those with the amygdala-based LRP type in all anatomi-
cal regions (Fisher’s exact test uncorrected p < 0.01, Bon-
ferroni corrected p < 0.09). The sacral dorsal horn and 
thoracic IML showed the most significant p-values (Bon-
ferroni corrected p = 0.000216 and p = 0.000027, respec-
tively). The frequency of thoracic IML LRP was two times 
higher in caudo-rostral versus the amygdala-based LRP 
type (67% vs. 33%) (Fig.  4, Additional file  1: Table  S6). 
Figure 5 illustrates this difference by presenting thoracic 

sections immunostained with αSyn antibody (5G4) from 
a case with the caudo-rostral LRP type (Fig. 5a, c) and a 
case with the amygdala-based LRP type (Fig. 5b, d).

Lumbar DRG αSyn positivity
In lumbar DRG αSyn positivity was detected in 9% of all 
investigated samples (19/219). In all cases with lumbar 
DRG αSyn positivity, LRP was present in the brain and 
spinal cord. Lumbar DRG αSyn positivity was only seen 
in those who had DLB Consortium LRP type limbic (4 
subjects) or diffuse neocortical LRP type (15 subjects). 
28% (16/57) of subjects with the caudo-rostral LRP type 
and 7% (2/29) of those with the amygdala-based LRP type 
had αSyn positive lumbar DRG samples (Fig. 6 and Addi-
tional file 1: Table S7).

Adrenal gland LRP
Adrenal gland LRP was detected in 22/164 (13%) of sub-
jects with adrenal gland samples available. All cases with 
LRP in the adrenal gland also had LRP in the brain and 

Fig. 3 K-means cluster analysis reveals distinct LRP subtypes. Only cases with data available for each spinal cord and brain region were included 
n = 121 (18 cases were excluded because of missing data in any of the regions). K-means cluster analysis was performed as previously described 
[31], however for these analyses semiquantitative classes 3 (severe) and 4 (very severe) were combined
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spinal cord. 21 subjects of these were previously cat-
egorised as the caudo-rostral LRP type and one adrenal 
gland positive subject belonged to the all-highest cat-
egory [31]. According to DLB Consortium classification, 
one was brainstem-predominant, four limbic and the 
remaining 17 of the diffuse neocortical LRP type (Fig. 6 
and Additional file 1: Table S7).

Discussion
Lewy body diseases were long considered to affect only 
brain, but in recent decades it has been increasingly 
acknowledged that these diseases affect the whole nerv-
ous system including PNS, possibly explaining some 
non-motor symptoms (NMS), such as constipation, falls, 
dysregulation of blood pressure and pain, known to be 
associated with these diseases [14]. Analysis of spinal 
cord and peripheral LRP can elucidate the pathophysi-
ological basis of these NMS and may give important clues 
for progression patterns of LRP and the origins of LRP 
accumulation. However, there are few histological sample 

collections and even fewer unselected samples where the 
spinal cord and peripheral LRP can be investigated. Here 
we have investigated the quantity of LRP in these regions 
in an unselected elderly population (Vantaa 85 + study) 
and report the following main results. 1) Spinal pathol-
ogy is found only in those subjects with LRP in the brain. 
2) The quantity of spinal cord LRP associates with the 
severity of brain LRP. 3) The caudo-rostral LRP type is 
more strongly associated with spinal cord, DRG and 
adrenal gland pathology than the amygdala-based LRP 
type, further supporting the view of at least two distinct 
progression patterns of LRP. 4) LRP in the spinal cord 
accumulates in the same anatomical areas of the spinal 
cord in both LRP progression types.

Although it is difficult to compare the results of differ-
ent studies due to variation in study design, inclusion cri-
teria and differences in methodology and sampling, our 
results confirm several previous findings. We found no 
cases with LRP restricted to spinal cord, in line with sev-
eral previous studies [6, 9, 38]. In addition, the severity 

a) Dorsal horn     b) IML c) Ventral horn

Caudo-rostral n=83

Amygdala-based n=40

0%

20%

40%

60%

80%

100%

C6-7 Th3-4 L3-4 S1-2 Th3-4 C6-7 Th3-4 L3-4 S1-2
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C6-7 Th3-4 L3-4 S1-2 Th3-4 C6-7 Th3-4 L3-4 S1-2

3
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0

Fig. 4 Distribution of semiquantitative spinal cord LRP in caudo-rostral versus amygdala-based LRP types. Includes all cases with spinal cord regions 
available that were categorised into caudo-rostral and amygdala-based LRP types in previously published work [31], with olfactory-only cases [19] 
n = 15, excluded from analysis. The frequency of spinal cord LRP was higher in subjects with the caudo-rostral LRP type, compared to those with 
the amygdala-based LRP type in all anatomical regions (Fisher’s exact test uncorrected p < 0.01, Bonferroni corrected p < 0.09) (Additional file 1: 
Table S6). The sacral dorsal horn and thoracic IML showed the most significant p-values after Bonferroni correction ((p = 0.000216 and p = 0.000027, 
respectively)
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of brain LRP was associated with more severe spinal cord 
LRP, also consistent with previous studies [26]. Further-
more, we report that 28% of the whole population had 
spinal cord LRP and 61% of those that had brain LRP 
had concomitant spinal cord LRP. In several community-
based and hospital-based studies the frequency has been 
reported to be about 20% [3, 6, 18, 38] and 50–65% of 
subjects with brain LRP have concomitant spinal cord 
LRP, and thus our findings can be interpreted to be in 
accordance with these results. [2, 38]. In accordance with 
our previous study [26], subjects with concomitant brain 
and spinal LRP were more frequently found to have sub-
stantia nigra neuron loss when compared with subjects 
with no LRP, possibly reflecting more severe LRP in sub-
jects with concomitant brain and spinal LRP. In line with 
Sumikura et al., we found the sacral-cervical gradient of 
LRP, most pronounced in the dorsal horn [38]. Previous 
studies have shown that thoracic IML is the spinal region 
where LRP occurs in PD the earliest [9, 40]. Consistent 
with this we found that the thoracic IML was the ana-
tomical spinal cord region with the most severe LRP.

The main novel finding of this study is that the pres-
ence and severity of spinal cord LRP is strongly associ-
ated with the caudo-rostral versus amygdala-based LRP 
types, highlighted by the results of the objective K-means 
cluster analysis. Although the same anatomical regions of 
spinal cord were affected in both LRP types, the caudo-
rostral type more frequently showed spinal cord LRP 
even in cases with relatively mild brain LRP, whereas the 

amygdala-based LRP type mainly showed spinal LRP 
associated with severe brain LRP. Thus, it appears that 
with the caudo-rostral type, spinal cord LRP accumu-
lation occurs earlier and, in the amygdala-based type it 
may represent a late-stage phenomenon. The fact that 
none of our 15 cases [19] with DLB Consortium olfac-
tory-only LRP type showed spinal cord LRP is consistent 
with the view of two distinct origins of LRP. To the best 
of our knowledge, the spinal cord LRP in olfactory-only 
cases has previously been investigated in only two stud-
ies, where altogether three cases with olfactory-only LRP 
exhibited no spinal cord LRP, in line with our findings [2, 
9]. Thus, our unselected data on 15 olfactory-only cases 
are an important extension to the previous literature.

In addition to CNS pathology, we investigated DRG 
and adrenal gland αSyn positivity and found that 9% and 
13% of subjects had positivity in these areas, respectively. 
These results are in accordance with previous studies [11, 
38, 48]. We report here that both pathologies are mainly 
found in cases with the caudo-rostral LRP type. In the 
Japanese Brain Bank study all cases with adrenal gland 
LRP also had concomitant brain LRP [41], similar to our 
findings. However, the Japanese group has reported the 
presence of 9 individuals with LRP present in PNS only 
(either in pericardial adipose tissue or thoracic sympa-
thetic ganglion) [41] suggesting that LRP can originate 
outside the CNS. Even though this phenomenon has 
been reported in animal models [17, 45], further studies 

a)

c) d) 

b) 

Caudo-rostral (TH3-4) Amygdala-based (TH3-4)

Fig. 5 Two examples of thoracic spinal cord sections immunostained with anti-αSyn-antibody clone 5G4. Both cases were classified according to 
the DLB Consortium as diffuse neocortical LRP type. a In a case with caudo-rostral LRP type, LRP was severe in IML, dorsal and ventral horns (20×). b 
In a case with amygdala-based LRP type, only modest pathology was seen in the IML and ventral horn (20×). In c and d high-power field (400×) of 
IML marked by the rectangle in (a) and (b) is shown, respectively
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on larger representative human materials are needed to 
investigate its frequency in elderly populations.

Although it is not possible to directly investigate the 
mechanisms of progression of αSyn pathology in a post-
mortem study, indirect evidence for these mechanisms 
can be suggested. First, in our present study the most 
severe LRP was found in thoracic IML and dorsal sacral 
regions. In rodents, expression levels of αSyn have been 
found to be particularly pronounced in the spinal cord 
laminas I, II, VII and X located in the dorsal horn and 
intermediate zone regions [1, 47]. Previous studies on 
mice and humans have indicated that regional expression 

levels of physiological αSyn and vulnerability to LRP may 
be associated [10, 39], consistent with the prion theory 
of αSyn progression [20, 21, 37, 43]. In humans, expres-
sion levels of αSyn in different anatomical regions and 
levels of spinal cord have not been investigated to our 
knowledge. It remains to be further studied if differ-
ent expression profiles are associated with the anatomi-
cal distribution of LRP and the sacral-cervical gradient 
in the dorsal horns, as reported by us and others [38]. 
Second, it has been pointed out that in Lewy body dis-
eases, in contrast to other neurodegenerative diseases, 
the peripheral autonomic nervous system is significantly 
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Fig. 6 Lumbar DRG and adrenal gland αSyn positivity compared with a DLB Consortium LRP types and b LRP progression types. DRG and adrenal 
gland pathology was associated with DLB Consortium types. αSyn pathology was more frequent in caudo-rostral versus amygdala-based LRP type 
(numerical data shown in Additional file 1: Table S8)
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involved [28]. Our results are in line with this notion. In 
particular, the afferent visceral system may be involved 
in the progression of spinal cord LRP, as dorsal horn and 
IML are central anatomic regions in this system. Third, 
our data indicates that there may be temporal differences 
in the accumulation of spinal cord LRP in distinct LRP 
progression types. Imaging studies have also suggested 
two distinct temporal models of αSyn pathology progres-
sion [13]. Recent reports have indicated that there may 
be more structural heterogeneity of the αSyn protein in 
different synucleinopathies than previously understood 
[7, 35, 50] and it remains to be investigated whether this 
heterogeneity is linked to distinct temporal patterns of 
αSyn pathology progression.

Our study is one of the very few neuropathologically 
examined population-based studies of the very elderly 
[51], but it has limitations. It is focused on a very elderly 
unselected Finnish population mostly representing 
women with a mean age of death over 92  years, which 
can be considered ‘survivors’. Although the study is clin-
ico-pathological, limited clinical data is available e.g. due 
to multiple diseases of very elderly subjects, and the main 
data of this study is focused on the cross-sectional collec-
tion of neuropathological samples at death. However, the 
wide non-hierarchical sampling protocol has enabled us 
to thoroughly study the distribution of LRP in the CNS 
and we have previously reported LRP to be frequent in 
this population [31]. It is noteworthy that spinal cord 
samples at four levels in an unselected study design of 
very elderly are rarely available for investigation in a pop-
ulation-based setting. The systematic sampling protocol 
was most uniform in the brain and spinal cord regions, 
but sampling of the peripheral regions was not similarly 
standardised (for example adrenal gland samples were 
mostly collected from one side only and from only about 
half of study subjects). Because of this it is possible we 
have missed some cases with peripheral LRP and no LRP 
in the CNS.

Conclusions
Our population-based data supports the existence of at 
least two different LRP types. The caudo-rostral cases 
showed more frequent and severe spinal and peripheral 
LRP, whereas in the amygdala-based cases these patholo-
gies were milder and appeared to occur at later stages of 
disease.
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