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less hippocampal HP-τ load. cPDD cases showed lower 
HP-τ and Aβ loads and higher α-syn loads. Here, we show 
that in neuropathologically mixed AD/DLB cases both the 
amount and the topographical distribution of pathological 
protein aggregates differed between distinct clinical phe-
notypes. Large-scale clinicopathological correlative studies 
using a quantitative methodology are warranted to further 
elucidate the neuropathological correlate of clinical symp-
toms in cases with mixed pathology.

Keywords  Alzheimer’s disease · Lewy body disease · 
Mixed dementia · Quantitative neuropathology

Introduction

Alzheimer’s disease (AD) and Lewy body disease (LBD) 
are the most prevalent neurodegenerative diseases associ-
ated with age-related dementia. Although AD and LBD have 
overlapping clinical features, each of these diseases has dis-
tinct clinical phenotypes, which for LBD is distinguished 
into cognitive (dementia with Lewy bodies, DLB) and 
motor (Parkinson’s disease dementia, PDD) presentations.

AD manifests clinically as impairment in memory and 
learning, aphasia and executive dysfunction [20, 22, 23, 39, 
60], whilst core features associated with LBD (inclusive 
DLB and PDD) include fluctuating cognition, the presence 
of recurrent well-formed visual hallucinations, REM sleep 
behaviour disorder and extrapyramidal symptoms (EPS) 
[17, 57, 58, 78]. The distinction between DLB and PDD 
is based on the time of dementia onset in relation to EPS; 
in PDD, EPS precedes the onset of dementia by at least 
12 months, whereas in DLB dementia is concomitant with 
or precedes EPS. There are no neuropathological criteria 
that distinguish DLB from PDD [26, 54, 57, 58, 68].

Abstract  Multiple different pathological protein aggre-
gates are frequently seen in human postmortem brains and 
hence mixed pathology is common. Mixed dementia on the 
other hand is less frequent and neuropathologically should 
only be diagnosed if criteria for more than one full blown 
disease are met. We quantitatively measured the amount of 
hyperphosphorylated microtubule associated tau (HP-τ), 
amyloid-β protein (Aβ) and α-synuclein (α-syn) in cases 
that were neuropathologically diagnosed as mixed Alz-
heimer’s disease (AD) and neocortical Lewy body disease 
(LBD) but clinically presented either as dementia due to 
AD or LBD, the latter including dementia with Lewy bod-
ies (DLB) and Parkinson’s disease dementia (PDD). Our 
study group consisted of 28 cases (mean age, 76.11 SE: 
±1.29 years; m:f, 17:11) of which 19 were neuropatho-
logically diagnosed as mixed AD/DLB. Clinically, 8 mixed 
AD/DLB cases were diagnosed as AD (cAD), 8 as DLB 
(cDLB) and 3 as PDD (cPDD). In addition, we investigated 
cases that were both clinically and neuropathologically 
diagnosed as either AD (pure AD; n = 5) or DLB/neocor-
tical LBD (pure DLB; n =  4). Sections from neocortical, 
limbic and subcortical areas were stained with antibodies 
against HP-τ, Aβ and α-syn. The area covered by immu-
nopositivity was measured using image analysis. cAD 
cases had higher HP-τ loads than both cDLB and cPDD 
and the distribution of HP-τ in cAD was similar to the one 
observed in pure AD whilst cDLB showed comparatively 
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The major neuropathological features of AD include 
neurofibrillary tangles (NFTs) and neuropil threads (NTs) 
which are composed of aggregated hyperphosphorylated 
microtubule associated tau (HP-τ), forming intracytoplas-
mic inclusions (NFTs) and dendritic and axonal deposi-
tions (NTs), respectively [36, 63]. Extracellular depositions 
composed of amyloid-β protein (Aβ; e.g. senile plaques, 
fleecy amyloid) and neuritic plaques composed of both Aβ 
and HP-τ are also characteristic of AD [24]. The neuro-
pathological diagnosis of LBD is based on the presence of 
α-synuclein (α-syn) aggregates in the form of Lewy bodies 
(LBs) in neuronal somata and Lewy neurites (LNs) in neu-
ronal processes [53, 66].

Neurodegenerative diseases are neuropathologically 
classified according to the type and anatomical distribu-
tion of the most prevalent neuropathological lesion(s) and 
several internationally recognised semi-quantitative staging 
systems to evaluate the extent of disease progression are 
currently used; Braak NFT staging (I–VI) and Thal amy-
loid phases (1–5) are used to assess the topographical dis-
tribution of NFTs/NTs [12] and β-amyloid deposits [77], 
respectively, whilst Consortium to Establish a Registry for 
Alzheimer’s Disease (CERAD) criteria are used to score 
neuritic plaques (neg, A, B or C) [62]. Each ‘score’ is taken 
into account when determining the degree of AD neuro-
pathologic change according to the National Association 
on Ageing–Alzheimer’s association (NIA-AA) criteria [36, 
63]. The grading and the anatomical location of LBs and 
LNs are determined by Braak LB staging (I–VI) [11] and 
Newcastle–McKeith criteria [58], the latter distinguishing 
between brainstem predominant, limbic (transitional) and 
neocortical LBD, respectively.

However, it has been suggested that pathologies most 
commonly associated with a single neurodegenerative dis-
ease are often not exclusive to this particular disease [4, 42, 
44, 49, 67, 69]. For example, large-scale autopsy studies 
revealed that between 43 and 53 % of cases exhibited path-
ological lesions associated with more than one neurode-
generative disease [43, 49] and the presence of such mixed 
pathologies increases with age [45].

The impact of multiple pathologies on the clinical pheno-
type of dementia has been investigated [47, 65, 71]; in par-
ticular, AD patients with concomitant Lewy body pathology 
showed an accelerated decline in cognition and more aggres-
sive disease course compared to AD patients that showed 
AD pathology only at the postmortem examination [65, 
71]. More recently, the presence of TDP-43 pathology in AD 
cases was associated with greater global cognitive impair-
ment and more medial lobe atrophy compared to AD cases 
that were TDP-43 negative [47]. These findings suggest that 
multiple neurodegenerative pathologies may lower the thresh-
old for overt clinical dementia, similar to what has been sug-
gested for concomitant cerebrovascular pathology [40, 70].

In human postmortem brains, neuropathological hall-
mark lesions of more than one neurodegenerative disease 
are frequently seen and this is referred to as “mixed pathol-
ogy” [46]. However, in such cases, one hallmark lesion is 
often more prevalent and considered to be the main under-
lying pathology causing clinical dementia, whilst addi-
tional pathologies are present to a lesser extent (e.g. DLB 
with additional limited AD type pathology). On the other 
hand, the neuropathological diagnosis of mixed dementia 
should be stated if the neuropathological criteria for two (or 
more) distinct neurodegenerative diseases are met [7, 44]. 
In such mixed dementia cases, the severity of each char-
acteristic neuropathological lesion may have independently 
been the cause for clinical dementia.

Here, we report on a set of cases that were neuropatho-
logically classified as mixed AD/DLB because they ful-
filled neuropathological criteria for both AD (i.e. high neu-
ropathologic change [63]) and DLB (i.e. neocortical LBD 
[58]). Hence, the severity of either AD or DLB pathology 
alone would have been sufficient to cause clinical dementia 
in these cases. Clinically, a proportion of these cases were 
diagnosed as AD, whereas others were diagnosed as DLB 
or PDD. Since semi-quantitative assessment according to 
standardised criteria [1–3] failed to show differences in the 
amount of pathology between clinical AD, DLB and PDD 
cases, we investigated whether respective differences could 
be detected using a quantitative methodology.

Materials and methods

Tissue preparation and neuropathological diagnosis

We searched the Newcastle Brain Tissue Resource (NBTR) 
for cases fulfilling neuropathological criteria for mixed AD/
DLB and found 19 such cases, which were all included in 
this study. In total, brain tissue from 28 donors (mean age, 
76.11 SE: ±1.29  years; male 17; female, 11; mixed AD/
DLB, 19; pure AD 5; pure DLB 4; Table 1) was obtained 
from the NBTR in accordance with the approval of the joint 
Ethics Committee of Newcastle and North Tyneside Health 
Authority and following NBTR brain banking procedures. 
During life, patients underwent clinical assessments (by 
board certified Old Age Psychiatrists or Neurologists) with 
cognitive evaluation including Mini-Mental State Exami-
nation (MMSE) [28] and the rate of cognitive decline [65] 
was determined for cases with more than one MMSE score 
available. Clinician-assessed diagnoses of dementia sub-
type were made according to standard international clini-
cal criteria for AD, DLB and PDD [26, 58–60]. Hence, 
AD cases did neither show core (i.e. spontaneous cognitive 
fluctuations, spontaneous motor Parkinsonism, complex, 
persistent visual hallucinations) nor suggestive (i.e. REM 
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sleep behaviour disorder, neuroleptic sensitivity, positive 
dopaminergic imaging) features of LBD, respectively. After 
death, but blinded to neuropathological diagnoses, clini-
cal diagnoses were reviewed by AJT (or Ian McKeith) and 
checked against relevant standard international clinical cri-
teria [26, 58–60].

At autopsy the right hemisphere, brainstem and cerebel-
lum were immersion fixed in 4 % buffered aqueous formal-
dehyde for 4–6 weeks.

Paraffin-embedded blocks containing frontal, temporal, 
parietal and occipital cortices, cingulate and hippocam-
pus, striatum (including caudate nucleus and putamen), 
amygdala, midbrain and locus coeruleus were sectioned at 
6 μm and mounted onto 4 % 3-aminopropyltriethoxysilane 
(APES)-coated glass slides.

Sections were immunostained for monoclonal anti-
bodies against HP-τ (AT8, dilution 1:4000, Innogenetics, 
Ghent, Belgium) Aβ (4G8, dilution 1:15,000, 4G8, Sig-
net Labs, Dedham, MA, USA) and α-syn (α-syn, dilution 
1:200, Chemicon, Hofheim, Germany). Prior to immu-
nostaining, antigen retrieval was performed by microwav-
ing slides in 0.01  mL−1 citrate buffer for 10  min (AT8), 
pressure cooking in 0.01  mol  L−1 EDTA for one and a 
half minutes (α-syn) or immersed for 1 h in concentrated 
Formic acid (4G8). Immunopositivity was detected using 
a MENAPATH HRP polymer detection kit (Menarini diag-
nostics, Berkshire, UK) with 3,3 diaminobezidine (DAB) 
as a chromagen and haematoxylin was used as counter 
stain. Tissue was subsequently dehydrated through a series 
of alcohols, cleared and mounted using DPX (CellPath, 
Powys, UK).

Independently of clinical diagnoses, all cases were 
subjected to a standardised neuropathological assess-
ment. Blind to clinical diagnoses, neuropathological 
diagnoses were based on semi-quantitative assessment 
[1, 2, 81] and assigned using accepted international neu-
ropathological criteria including neuritic Braak stages 
[12], Thal amyloid phases [77], CERAD scores [62], 
NIA-AA scores [63] and McKeith criteria [58]. Cerebral 
amyloid angiopathy (CAA) was scored according to the 
method described by Olichney and colleagues [64] and 
depending on the presence of capillary CAA the type of 
CAA was assessed [76].

19 cases fulfilled neuropathological criteria for both 
AD (i.e. NIA-AA: high neuropathologic change [63]) and 
DLB (i.e. McKeith neocortical LBD [58]). Of these neu-
ropathologically mixed AD/DLB cases, 8 (42.1 %) were 
clinically diagnosed as AD (cAD), 8 (42.1  %) as DLB 
(cDLB) and 3 (15.8  %) as PDD (cPDD; Table  1). For 
comparison, we also selected cases which were neuro-
pathologically diagnosed as AD (pure AD; n = 5) or DLB 
(pure DLB, n = 4). Of note, pure DLB cases showed low 
AD neuropathologic change [63] typical of what is seen Ta
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in non-demented elderly individuals whilst pure AD cases 
lacked any α-syn pathology. Clinically, pure AD and pure 
DLB cases had been diagnosed as AD and DLB, respec-
tively (Table 1).

CAA with capCAA was present in 9 cases whilst 15 
cases showed CAA without capillary involvement. There 
were no differences in the type of CAA between cAD, 
cDLB and cPDD although there was an increased severity 
of CAA in cAD group with 50 % of cases having a score 
of 3 or 4 whilst none of the cDLB cases had a score higher 
than 2 (Table 1).

Quantification of protein aggregates: image analysis

Image analysis was performed using AT8, 4G8 and α-syn 
stained slides from frontal (Brodmann areas (BA) 9,10 and 
46), temporal (BA 20, 21, 22, 41 and 42), parietal (BA 40), 
occipital (BA 17, 18 and 19) and cingulate (BA 24) corti-
ces, posterior hippocampus, striatum (i.e. caudate nucleus, 
putamen; at the level of the amygdala), amygdala, sub-
stantia nigra (at the level of trigeminal nerve) and locus 
coeruleus. Of note, great care was taken to minimise any 
variation among cases regarding the specific topographical 
localisation on which analyses were performed.

Multiple adjacent single images (SI) were captured 
at 200× magnification using a Nikon Eclipse 90i micro-
scope and DsFi1 camera (Nikon, Surry UK) with a fully 
motorised stage coupled to a PC and combined to one large 
image (LI) by NIS elements software (Nikon). If necessary, 
LI were subjected to manual setting of regions of interest 
(ROI; see below).

The size of measured areas depended on the assessed 
brain region; in each cortical region six LI were assessed 
and each LI encompassed a cortical strip which included 
all cortical layers and consisted of 8 adjacent SI forming 
a rectangle of 0.34 mm ×  3 mm (of note, one SI meas-
ures 0.34  mm ×  0.43  mm but in the final LI individual 
SI overlap by 0.03  mm). If necessary, ROI were set to 
exclude white matter and meningeal structures (Fig. 1a). 
It has been previously shown that densities of pathologi-
cal protein aggregates (e.g. Aβ) differ between gyri and 
sulci [32] and therefore three gyri and three sulci were 
assessed per cortical region. In the hippocampus, 1 × 2 SI 
resulting in a rectangle of 0.34 mm × 0.8 mm was taken 
from hippocampal subfields CA2, CA3 and CA4 and 
1 × 4 SI resulting in a rectangle of 0.34 mm × 1.54 mm 
was taken in CA1. If necessary, ROI were set to encom-
pass the pyramidal cell layer only in CA1-3 whilst the 
entire LI of CA4 was used for analysis (Fig. 1b). In each 
the caudate nucleus, putamen and amygdala, three LI 
(0.88 mm ×  1.17 mm), which were composed of 3 ×  3 
SI, were analysed entirely (Fig. 1c). Four SI (0.34 mm x 
0.43 mm) were taken from the substantia nigra and were 

analysed without further setting of an ROI (Fig. 1d). One 
SI covering the entire locus coeruleus was used for analy-
sis after setting an appropriate ROI to ensure that immu-
nopositivity was measured in the locus coeruleus only 
(Fig. 1e).

The measurement of immunopositivity and subsequent 
calculation of the percentage area covered by immunoposi-
tivity was performed as described previously [55]. Briefly, 
red, green and blue (RGB) thresholds that determine the 
pixels which are included in the binary layer used for meas-
urement were standardised separately for each AT8, 4G8 
and α-syn immunopositivity and thresholds were set at a 
level that was reached by immunopositive pathological 
structures only (except amyloid precursor protein (APP); 
see below). RGB intensity values are measured on a scale 
between 0 and 255 (see NIS elements version 3.0, user 
guide, 2008, Nikon, Surry UK) and were set as follows: 
AT8: R25-170, G27-156, B11-126; 4G8: R50-180, G20-
168, B8-139, α-syn: R15-161, G7-139, B4-133. Thereby, 
non-specific background staining did not reach the thresh-
old and was not included into the measurement. In addi-
tion to RGB thresholds, we set a restriction threshold for 
the assessment of 4G8 immunopositivity that excluded the 
measurement of immunopositive signals of a size below 
100 μm2; this was necessary to ensure that physiological, 
cellular APP that is stained with 4G8 antibody was not 
included in the measurement. Of note, the exclusion of 
areas below 100 μm2 implies that pathological Aβ deposi-
tions of less than 100 μm2 were not included into the meas-
urement. However, diffuse Aβ depositions and Aβ plaques 
are typically larger than 100 μm2 [24].

The amount of immunopositivity (load) was stated as 
the percentage of the total measured area that was cov-
ered by immunopositive signals. The respective values are 
expressed as HP-τ load (AT8), Aβ load (4G8) and α-syn 
load.

Mean frontal, temporal, parietal, occipital and cingulate 
loads (i.e. mean value of 6 LI loads) were calculated. Loads 
of individual hippocampal subfields and caudate nucleus 
and putamen were used to calculate a mean hippocampal 
and a mean striatal load, respectively. No mean values were 
calculated for the amygdala, substantia nigra and locus 
coeruleus.

APOE genotyping

Except for one cDLB case which had no frozen tissue avail-
able, all mixed AD/DLB cases underwent APOE genotyp-
ing; genomic DNA was extracted from frozen tissue taken 
from the left lateral cerebellum using the QIAamp DNA 
Mini-kit and QIAGEN EZ1 advanced XL automated sys-
tem (Qiagen, Manchester, UK) according to the manufac-
turer’s instructions. Genotyping of APOE polymorphisms 
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(rs429358 and rs7412) was determined by real-time 
PCR [18] using the 7900HT fast Real-Time PCR system 
(Applied Biosystems, Paisley, UK).

Statistical analysis

The Statistical Package for Social Sciences software (SPSS 
ver. 21) was used for statistical evaluation. Since our data 

were not normally distributed (Kolmogorov–Smirnov 
p  <  0.01), we used Kruskal–Wallis to determine over-
all group differences and a non-parametric paired t test 
(Mann–Whitney U) to assess individual differences in 
pathological burden between clinical phenotypes. Fried-
man’s test with post hoc Wilcoxon signed-rank test was 
employed to assess differences in pathological burden 
between individual cortices within each clinical phenotype. 

Fig. 1   Examples of regions of interest (ROI) delineating the area 
used for quantification. For assessment of cortical regions (a) 8 
individual images were taken at ×200 magnification forming 1 
large image (area covered: 0.34 mm × 3 mm, green rectangle) that 
encompassed a cortical strip including all layers of the cortex (CTX). 
A ROI (red rectangle) was manually applied to exclude white mat-
ter (WM—delineated by blue dotted line) and meningeal structures 
(a). For assessment of the hippocampus (b) 2 individual images 
resulting in 1 rectangular image (green rectangle, area covered: 
0.34 mm × 0.8 mm) were taken at ×200 magnification in hippocam-
pal subfields (CA2, CA3 and CA4) and 4 individual images resulting 
in a rectangle of 0.34 mm × 1.54 mm (green rectangle) were taken 
in CA1. ROI (red rectangles) were set to encompass the pyramidal 

cell layer only in CA1-3 whilst the entire image in CA4 was assessed. 
For quantification in the caudate ((c) delineated by grey dotted line), 
3 areas were selected for assessment, with each area comprising of 9 
individual images at ×200 magnification forming 1 large image (area 
covered: 0.88 mm ×  1.17 mm). For quantification of the substantia 
nigra of the midbrain ((d) delineated by grey dotted line), four sin-
gle images (area covered in one single image: 0.34 mm × 0.43 mm) 
were taken at ×200 magnification, and a mean of all four values was 
calculated for the final measurement. For the assessment of the locus 
coeruleus, a ROI (red line) was placed manually to ensure quantifica-
tion was limited to the locus coeruleus only (e). Scale bars represent 
500 μm in a–d and 100 μm in e
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Allele frequencies were calculated using the allele counting 
method. Hardy–Weinberg equilibrium was tested by a χ2 
goodness-of-fit test, and χ2 was employed to assess differ-
ences in APOE allele frequencies between phenotypes.

Results

Patient demographics including clinical and neuropathologi-
cal characteristics are provided in Table 1. The study cohort 
was subdivided according to clinical diagnoses into cAD, 
cDLB and cPDD. Using routine semi-quantitative scoring 
criteria, no significant differences in the severity of HP-τ, 
Aβ and α-syn were seen between cAD, cDLB and cPDD 
since—not surprisingly—scores were “severe” in most areas 
(Fig. 2; except for the three cPDD cases which showed con-
siderably lower HP-τ in cingulate and frontal cortices).

Clinical characteristics

There were no overt differences in age of dementia onset 
between the clinical groups, however, the cDLB and 

cPDD had a shorter survival time from the onset of cogni-
tive decline compared to the cAD group (cDLB mean 7.5 
years, SE ±1.52; cPDD mean 7.33  years, SE ±2.4; cAD 
mean 9.38 years, SE ±1.31; p > 0.05; Table 2). The onset 
of dementia in pure AD cases was 8.45 years later than in 
cAD (pure AD, 74.2 years SE ±2.71; cAD, 65.75 years SE 
±3.32; Table  2). As expected, cPDD cases had an earlier 
onset of EPS (mean 64.33 years, SE ±4.33) than the cDLB 
cases (mean 71.83 years, SE ±2.44; p > 0.05; Table 2).

cAD cases had lower final MMSE scores (mean: 6.0, 
SE ±3.21) compared to cDLB (mean: 8.43, SE ±3.64; 
p  >  0.05) and cPDD (mean: 8.0, SE ±3.56; p  >  0.05) as 
well as a higher rate of cognitive decline (mean: −7.17, 
SE ±2.8) compared to cDLB (mean: −3.83, SE ±0.94; 
p  >  0.05) and cPDD (mean: −3.5, SE ±1.32; p  >  0.05; 
Table 2).

Hyperphosphorylated tau loads

HP-τ load was higher in cAD compared to cDLB and 
cPDD in all regions except the frontal cortex where 
HP-τ load in cDLB was higher than in both cAD and 

Fig. 2   Semi-quantitative (SQ) 
assessment of hyperphosphoryl-
ated tau (HP-τ), β-amyloid (Aβ) 
and α-synuclein (α-syn) in clini-
cal Alzheimer’s disease (cAD) 
clinical dementia with Lewy 
bodies (cDLB) and clinical 
Parkinson’s disease dementia 
(cPDD) cases. Areas assessed 
were frontal (a), temporal (b), 
parietal (c), occipital (d), cingu-
late (e), hippocampus (f), stria-
tum (g), substantia nigra (SN) 
(h) and locus coeruleus (LC) (i). 
0 no pathology, 1 mild pathol-
ogy, 2 moderate pathology, 3 
severe pathology. *p < 0.05
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cPDD (Fig.  3; Table  3). Overall significant differences 
were detected (Kruskal–Wallis p  <  0.05) and significant 
respective differences were seen only in the hippocampus 
(p  <  0.05), striatum (putamen p  <  0.05) and locus coer-
uleus (p < 0.01) of cAD when compared to cDLB and in 
hippocampus (p < 0.05), striatum (putamen p < 0.05), neo-
cortical regions (frontal, temporal and parietal; p < 0.05), 
striatum (putamen p < 0.05) and cingulate cortex (p < 0.05) 
of cAD when compared to cPDD.

In cDLB, HP-τ load was significantly higher in fron-
tal (p < 0.05) and cingulate cortices (p < 0.05) compared 
to cPDD, whilst HP-τ load was significantly higher in the 
locus coeruleus in cPDD compared to cDLB.

When comparing HP-τ loads in limbic and cortical 
regions within the same clinical phenotype the cAD group 
showed highest HP-τ loads in the temporal cortex (mean 
19.9  %, SE ±4.06), followed by hippocampus (mean 
13.81  % SE ±2.58), occipital cortex (mean 13.14  %, SE 
±3.68), parietal cortex (mean 12.04, SE ±2.67), cingulate 
gyrus (mean 10.5  %, SE ±2.7) and frontal cortex (mean 
4.6 %, SE ±1.33; p > 0.05; Fig. 4a).

Interestingly, cDLB and cPDD displayed a different pat-
tern of HP-τ distribution to the one observed in cAD. In 
cDLB, the occipital cortex exhibited the highest HP-τ load 
(mean 13.06  %, SE ±3.83) followed by temporal cortex 
(mean 11.38 %, SE ±2.62), parietal cortex (mean 10.49 %, 
SE ±3.19), cingulate cortex (mean 8.45  %, SE ±2.77), 
hippocampus (mean 7.72 %, SE ±1.36) and frontal cortex 
(mean 7.51 %, SE ±2.17; p > 0.05; Fig. 4a). On the other 
hand, cPDD cases showed highest HP-τ loads in the hip-
pocampus (mean 11.58 %, SE ±5.37), followed by occipi-
tal (mean 5.69 %, SE ±3.71), temporal (mean 3.49 %, SE 
±2.04), parietal (mean 0.95 %, SE ±0.49), cingulate gyrus 
(mean 0.72  %, SE ±0.33) and frontal (mean 0.4  %, SE 
±0.24; p > 0.05, Fig. 4a).

Similar to cAD, pure AD showed highest HP-τ load in 
the temporal cortex (mean 18.45  %, SE ±5.48), but this 
was followed by occipital (mean 16.44 %, SE ±4.79), pari-
etal (mean 13.19 %, SE ±5.65) and frontal (mean 11.68 %, 
SE ±5.83) cortices whilst lower loads were seen in the hip-
pocampus (mean 11.12 %, SE ±5.02) and cingulate gyrus 
(mean 8.46  %, SE ±3.87; p  >  0.05; Fig.  4a). HP-τ load 
did not differ significantly between pure AD and cAD, and 
HP-τ loads in cDLB and cPDD were significantly lower 
than in pure AD in those regions that showed significantly 
lower loads when cDLB and cPDD were compared with 
cAD (see above).

β‑Amyloid loads

No significant differences were seen in Aβ loads between 
cAD and cDLB (Fig. 5; Table 4). However, both cAD and 
cDLB showed significantly higher Aβ loads in the temporal Ta
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cortex, and cDLB in the cingulate, when compared to 
cPDD (p < 0.05; Fig. 5).

In cAD, Aβ loads were highest in the cingulate cortex 
(mean 12.58  %, SE ±2.28) followed by frontal (mean 
11.38  %, SE ±1.8), parietal (mean 8.35  %, SE ±1.95), 
temporal (mean 8.15 %, SE ±1.09) and occipital cortices 
(mean 4.18 %, SE ±0.65) and hippocampus (mean 2.16 %, 
SE ±0.44; Fig.  4b). Overall differences between lobes 
were observed (Friedman’s p  <  0.05). Here, cingulate, 

frontal, temporal and parietal Aβ loads were significantly 
higher than occipital Aβ load (cingulate: p < 0.01, all oth-
ers: p < 0.05), whilst all cortical Aβ loads were significantly 
higher than hippocampal Aβ load (p < 0.05).

Aβ load in cDLB was highest in the cingulate cortex 
(mean 13.39  %, SE ±1.5) followed by temporal (mean 
10.58  %, SE ±2.4), frontal (mean 8.89  %, SE ±1), pari-
etal (mean 8.59 %, SE ±0.72) and occipital cortices (mean 
5.87  %, SE ±0.7) and hippocampus (mean 4.45  %, SE 

Fig. 3   Hyperphosphorylated tau (HP-τ) load differs between clini-
cal Alzheimer’s disease (cAD) clinical dementia with Lewy bodies 
(cDLB) and clinical Parkinson’s disease dementia (cPDD) cases. 
Neurofibrillary tangles ((a) NFTs—arrow) and neuropil threads ((a) 
NTs—arrowhead) immunopositive for AT8 antibody were included 
in the quantitative assessment. The area positive for AT8 immuno-

reactivity is shaded red in (b). Box plots show differences in HP-τ 
loads between clinical phenotypes in frontal cortex (c), temporal 
cortex (d), parietal cortex (e), occipital cortex (f), cingulate (g), hip-
pocampus (h), striatum (i.e. mean of caudate and putamen values) (i), 
amygdala (j), substantia nigra (SN) (k) and locus coeruleus (LC) (l). 
*p < 0.05, **p < 0.01, scale bar 20 μm, valid for a and b
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±1.34; Fig.  4b). In cDLB cingulate loads were signifi-
cantly higher than parietal, occipital and hippocampal loads 
(p < 0.05). Overall differences between lobes were observed 
(Friedman’s p < 0.05). Temporal Aβ loads were significantly 
higher than hippocampal and occipital ones as were parietal 
compared to occipital Aβ loads, respectively (p < 0.05).

In cPDD, we found highest Aβ loads in the frontal cor-
tex (mean 11 %, SE ±1.87) followed by cingulate (mean 
7.59 %, SE ±1.01), parietal (mean 6.66, SE ±2.26), occipi-
tal (mean 4.63 %, SE ±2.06) and temporal cortices (mean 

4.35  %, SE ±0.93) and hippocampus (mean 2.01  %, SE 
±0.7; p < 0.05; Fig. 4b).

Like in cAD, pure AD cases showed highest Aβ load in 
the frontal cortex (mean 10.35 %, SE ±1.58), followed by 
parietal (mean 8.74 %, SE ±1.39), cingulate (mean 8.46 %, 
SE ±3.87), temporal (mean 6.5 %, SE ±0.74), and occipi-
tal cortices (mean 4.52  %, SE ±1.08) and hippocampus 
(mean 2.62 %, SE ±0.67; Fig. 4b). However, unlike cAD 
cases, in pure AD no significant differences in Aβ loads 
were observed between areas and regional Aβ loads in pure 

Table 3   Quantitative values for pathological burden of hyperphosphorylated tau

All values are percentage area of the binary fraction covered by immunopositivity. Values expressed as mean. The three highest values in each 
column are shown in bold lettering. Pairwise post hoc Mann–Whitney U tests

cAD neuropathologically mixed AD/DLB presenting clinically with Alzheimer’s disease AD, HP-τ hyperphosphorylated microtubule associated 
tau, SE standard error, cDLB neuropathologically mixed AD/DLB presenting clinically with dementia with Lewy bodies, cPDD neuropathologi-
cally mixed AD/DLB presenting clinically with Parkinson’s disease dementia
a  cPDD < cAD, cDLB and pAD p < 0.05
b  cPDD < cAD and pAD p < 0.05
c  cPDD < cAD and pAD p < 0.05
d  cPDD < cAD, and pAD p < 0.05
e  cPDD < cAD, cDLB and pAD p < 0.05
f  cAD and pAD > cDLB p < 0.05
g  cAD and pAD > cDLB and cPDD p < 0.05
h  cAD and pAD > cDLB and cPDD p < 0.05
i  cDLB < cAD and pAD p < 0.01 and cPDD p < 0.05

cAD HP-τ (±SE) cDLB HP-τ (±SE) cPDD HP-τ (±SE) pAD HP-τ (±SE) pDLB HP-τ (±SE) Statistic Hdf, p value

Frontal 4.6 (1.33) 7.51 (2.17) 0.4 (0.24) 11.68 (5.83) 0.16 (0.07) H4 = 12.62, 
p = 0.013a

Temporal 19.9 (4.06) 11.38 (2.62) 3.49 (2.04) 18.45 (5.48) 0.24 (0.09) H4 = 15.22, 
p = 0.004b

Parietal 12.04 (2.67) 10.49 (3.19) 0.95 (0.49) 13.19 (5.65) 0.02 (0.01) H4 = 13.17, 
p = 0.01c

Occipital 13.14 (3.68) 13.06 (3.83) 5.69 (3.71) 16.44 (4.79) 0 H4 = 9.01, 
p = 0.061

Neocortex (mean  
of all cortical 
areas)

13.08 (2.53) 10.73 (1.96) 2.63 (0.68) 14.98 (4.74) 0.11 (0.03) H4 = 15.21, 
p = 0.004d

Cingulate 10.50 (2.7) 8.45 (2.77) 0.72 (0.33) 8.46 (3.87) 0.4 (0.34) H4 = 12.66, 
p = 0.013e

Hippocampus 13.81 (2.58) 7.72 (1.36) 11.58 (5.37) 11.12 (5.02) 12.8 (4.1) H4 = 9.6, p = 0.048f

Caudate nucleus 2.94 (0.95) 0.95 (0.27) 0.65 (0.31) 1.7 (0.84) 0.04 (0.03) H4 = 9.3, p = 0.052

Putamen 3 (0.87) 0.68 (0.23) 0.18 (0.03) 2.77 (1.64) 0 H4 = 15.2, 
p = 0.004g

Striatum (mean of 
caudate nucleus 
and putamen)

2.97 (0.84) 0.77 (0.19) 0.42 (0.16) 1.55 (1.26) 0.02 (0.02) H4 = 14.11, 
p = 0.007h

Amygdala 23.15 (7.31) 17.53 (5.83) 4.97 (4.97) 23.31 (7.15) 14.59 (7.72) H4 = 4.39, 
p = 0.355

Substantia nigra 3.08 (1.02) 1.94 (0.4) 0.73 (0.14) 0.65 (0.22) 0.14 (0.06) H4 = 9.40, 
p = 0.056

Locus coeruleus 4.02 (1.2) 0.8 (0.22) 2.75 (0.78) 1.68 (0.73) 1.5 (1.03) H4 = 9.6, p = 0.048i
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AD did not differ significantly from the ones seen in cAD, 
cDLB and cPDD.

α‑Synuclein loads

α-Syn loads were highest in the amygdala and in the major-
ity of areas analysed were comparable in all three mixed 
AD/LBD clinical phenotypes and (Fig.  6). Overall differ-
ences were seen between clinical phenotypes (Kruskal–Wal-
lis p < 0.05). pAD cases had significantly less α-syn com-
pared to cAD in parietal, locus coeruleus (both p  <  0.05) 
cingulate, caudate, putamen, amygdala, substantia nigra 
and locus coeruleus (p < 0.01) pAD cases had lower α-syn 
loads compared to cDLB in the caudate, locus coeruleus 
(both p < 0.05), cingulate, putamen, amygdala and substan-
tia nigra (all p  < 0.01). pAD cases had lower α-syn loads 
compared to pDLB in cingulate, caudate, putamen substan-
tia nigra and locus coeruleus (all p < 0.05). However, α-syn 
load in the striatum was significantly higher in cPDD than 
in cAD (p  <  0.05). In addition, in cPDD α-syn load was 
higher in the hippocampus but lower in the substantia nigra 
compared to cAD and cDLB (p > 0.05; Fig. 6; Table 5).

With regards to cortical and limbic areas, overall differ-
ences in α-syn loads between areas were observed (Fried-
mans p < 0.05). In the cAD cases, α-syn load was highest 
in the cingulate cortex (mean 1.77 %, SE ±0.65; p < 0.05 
vs frontal, parietal and occipital cortices) followed by hip-
pocampus (mean 1.61  %, SE ±0.76; p  <  0.05 vs frontal 
and occipital cortices), temporal (mean 0.9  %, SE ±0.4; 

p  < 0.05 vs parietal and occipital cortices), frontal (mean 
0.38 %, SE ±0.18), parietal (mean 0.33 %, SE ±0.16) and 
occipital cortices (mean 0.02 %, SE ±0.01; Fig. 4c).

cDLB cases showed highest cortico-limbic α-syn loads 
in the hippocampus (mean 1.81  %, SE ±0.72), followed 
by cingulate (mean 1.42  %, SE ±0.74), temporal (mean 
1.01  %, SE ±0.44), parietal (mean 0.88  %, SE ±0.37), 
frontal (mean 0.56  %, SE ±0.34) and occipital cortices 
(mean 0.07 %, SE ±0.03; p < 0.05; Fig. 4c).

Cortico-limbic α-syn loads in cPDD cases were high-
est in cingulate cortex (mean 2.76 %, SE ±2.15), followed 
by hippocampus (mean 2.66 %, SE ±0.98), parietal (mean 
2.02  % SE ±1.4), temporal (mean 1.28  %, SE ±0.95), 
occipital (mean 0.52  %, SE ±0.3) and frontal cortices 
(mean 0.45 %, SE ±0.32; p < 0.05; Fig. 4c).

Like cDLB, pure DLB cases showed highest cortico-
limbic α-syn loads in the hippocampus (mean 2.68  %, 
SE ±0.67), followed by cingulate cortex (mean 2.43  %, 
SE ±1.67) but in pure DLB these were followed by fron-
tal (mean 0.59 %, SE ±0.55), temporal (mean 0.12 %, SE 
±0.03), parietal (mean 0.04  %, SE ±0.02) and occipital 
cortices (mean 0.01 %, SE ±0.00 %; p < 0.05; Fig. 4c). No 
significant differences were seen in α-syn loads between 
pure DLB and cAD, cDLB and cPDD.

APOE genotyping

APOE genotypes and allele frequencies for all cases 
are shown in Table  6. Two cases in the cAD group were 

Fig. 4   Scatter plots showing the hierarchical distribution of hyper-
phosphorylated tau (HP-τ), β-amyloid and α-synuclein (α-syn) loads 
of cortical and limbic regions in neuropathologically mixed AD/DLB 
cases which clinically either presented as Alzheimer’s disease (cAD), 
dementia with Lewy bodies (cDLB) or Parkinson’s disease demen-
tia (cPDD) and in neuropathologically and clinical pure AD cases 
(pAD; a and b) or neuropathologically and clinical pure DLB cases 
(pDLB; c). cAD cases exhibited a similar pattern of HP-τ distribution 
to that observed pAD) cases with the temporal cortex being the most 

severely affected area in both, whilst the occipital cortex was the cor-
tical region most severely affected by HP-τ in both clinical dementia 
with Lewy bodies (cDLB) and clinical Parkinson’s disease dementia 
(cPDD) (a). β-Amyloid displayed a different pattern of distribution 
with cAD displaying a similar hierarchical pattern of cortical distribu-
tion to pAD. This differed to that seen in cDLB and cPDD (b). The 
limbic regions (hippocampus and cingulate) were most affected by 
α-synuclein (α-syn) and the occipital cortex was least affected in all 
phenotypes (c)
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homozygous for ε4, whilst there was one homozygous ε4 
case in the cDLB group and none in the cPDD group.

The distribution of APOE allele frequency demonstrated 
that APOE ε4 allele frequencies were highest in the cDLB 
group (50  %) followed by the cAD group (43.75  %) and 
lowest in the cPDD group (33.33 %). Of note, none of the 
cases in this study had any APOE ε2 alleles.

Discussion

Using quantitative assessment to evaluate cases that neuro-
pathologically fulfilled the criteria for both AD and DLB, 
we were able to detect significant differences in the amount 
of pathological protein aggregates between cases that clini-
cally presented as either AD or DLB.

Fig. 5   β-Amyloid loads differ between clinical Alzheimer’s disease 
(cAD) clinical dementia with Lewy bodies (cDLB) and clinical Par-
kinson’s disease dementia (cPDD) in the mixed AD/DLB cohort. 
All β-amyloid deposits immunopositive for 4G8 antibody (a) were 
included in the analysis (shaded in red (b)). Restriction thresholds 
(see “Materials and methods” for details) were applied to include all 
pathological lesions in the assessment whilst excluding physiologi-

cal cellular amyloid precursor protein (APP) (b—arrow). Differences 
in β-amyloid loads between the clinical phenotypes are illustrated in 
frontal cortex (c), temporal cortex (d), parietal cortex (e), occipital 
cortex (f), cingulate (g), hippocampus (h), striatum (i.e. mean of cau-
date and putamen values) (i), amygdala (j), substantia nigra (SN) (k) 
and locus coeruleus (LC) (l). *p < 0.05; scale bar 20 μm, valid for a 
and b
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HP-τ load was indeed higher in cAD cases than in cDLB 
and cPDD cases. Moreover, we observed differences in the 
distribution of HP-τ load as cAD showed highest burden 
of HP-τ in the temporal cortex whilst in cDLB and cPDD 
this was highest in the occipital cortex and hippocampus, 
respectively. Importantly, no significant differences in 
HP-τ load were seen between cAD and pure AD and both 
showed highest HP-τ loads in the temporal cortex. How-
ever, although statistically not significant HP-τ loads in 
hippocampus and cingulate cortex were higher in cAD than 
in pure AD and this may have been influenced by concomi-
tant α-syn pathology in cAD cases. Similarly, cingulate Aβ 
loads were higher in cAD than in pure AD, whilst the dis-
tribution of neocortical Aβ loads in cAD was identical to 
the one observed in pure AD (i.e. frontal > parietal > tem-
poral > occipital). These findings suggest that AD pathol-
ogy was the primary neurodegenerative change in cAD and 

represented the neuropathological correlate for the clinical 
AD phenotype in these cases.

On the other hand, cAD cases did show severe Lewy body 
pathology at postmortem examination, whilst no clinical 
symptoms suggestive for DLB were observed antemortem; 
the impact of additional pathologies on the clinical pheno-
type is indeed of current interest. It has been suggested that 
concomitant AD pathology in DLB is associated with cogni-
tive decline [35] and concomitant TDP-43 pathology in AD 
exacerbates features associated with AD, i.e. greater cogni-
tive impairment and medial temporal lobe atrophy [47], 
but does not associate with behavioural features frequently 
associated with frontotemporal lobar degeneration or amyo-
trophic lateral sclerosis [48], diseases in which TDP-43 
inclusions are the characteristic pathological hallmark lesion. 
The latter is similar to our findings in cAD where co-existing 
Lewy body pathology did not elicit symptoms associated 

Table 4   Quantitative values for pathological burden of β amyloid

All values are percentage area of the binary fraction covered by immunopositivity. Values expressed as mean. The three highest values in each 
column are shown in bold lettering. Pairwise post hoc Mann–Whitney U tests

cAD neuropathologically mixed AD/DLB presenting clinically with Alzheimer’s disease AD, SE standard error, cDLB neuropathologically 
mixed AD/DLB presenting clinically with dementia with Lewy bodies, cPDD neuropathologically mixed AD/DLB presenting clinically with 
Parkinson’s disease dementia
a  cPDD < cAD and cDLB p < 0.05
b  cDLB > cPDD p < 0.05

cAD β amyloid 
(±SE)

cDLB β amyloid 
(±SE)

cPDD β amyloid 
(±SE)

pAD β amyloid 
(±SE)

pDLB β amyloid 
(±SE)

Statistic Hdf, p value

Frontal 11.38 (1.8) 8.89 (1) 11 (1.87) 10.35 (1.58) 5.6 (3.21) H4 = 3.2, p = 0.526

Temporal 8.15 (1.09) 10.58 (2.4) 4.35 (0.93) 6.5 (0.74) 2.46 (1.43) H4 = 12.72, 
p = 0.013a

Parietal 8.35 (1.95) 8.59 (0.72) 6.66 (2.26) 8.74 (1.39) 3.19 (1.98) H4 = 7.07, 
p = 0.132

Occipital 4.18 (0.65) 5.87 (0.7) 4.63 (2.06) 4.52 (1.08) 4.19 (2.72) H4 = 2.85, 
p = 0.584

Neocortex (mean  
of all cortical 
areas)

8.01 (1.01) 8.48 (0.88) 6.66 (1.54) 7.75 (0.68) 3.26 (2.03) H4 = 4.36, 
p = 0.359

Cingulate 12.58 (2.28) 13.39 (1.5) 7.59 (1.01) 9.52 (2.75) 3.74 (2.14) H4 = 10.62, 
p = 0.031b

Hippocampus 2.16 (0.44) 4.45 (1.34) 2.01 (0.7) 2.62 (0.67) 2.14 (1.06) H4 = 3.14, 
p = 0.534

Caudate nucleus 6.53 (0.91) 7.05 (0.77) 5.64 (2.19) 4.28 (0.52) 1.25 (0.71) H4 = 9.35, 
p = 0.054

Putamen 5.92 (0.88) 8.38 (1.15) 6.89 (1.69) 3.74 (0.55) 1.24 (0.62) H4 = 8.71, 
p = 0.064

Striatum (mean of 
caudate nucleus 
and putamen)

6.23 (0.86) 7.72 (0.76) 6.26 (1.79) 4 (0.51) 1.09 (0.45) H4 = 8.14, p = 0.08

Amygdala 4.33 (1.12) 4.86 (1.15) 2.29 (1.02) 3.07 (0.32) 4.83 (0) H4 = 3.49, 
p = 0.479

Substantia nigra 2.78 (0.72) 2.13 (0.45) 1.73 (0.5) 1.48 (0.85) 0.23 (0.13) H4 = 9.17, 
p = 0.057

Locus coeruleus 0.64 (0.15) 1.47 (0.63) 0.85 (0.46) 0.65 (0.57) 0.13 (0.13) H4 = 6.75, p = 0.15
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with DLB and PDD (i.e. visual hallucinations and Parkinson-
ism), whilst the mean age of disease onset in cAD cases was 
considerably lower (65.75 years) than the mean age of onset 
in our pure AD cases (74.2 years) and the mean age of AD 
onset reported by others [51, 82]. Likewise, the mean age of 
onset in cDLB (68.5 years) and cPDD (66 years) was low 
given that the mean age of onset in DLB is generally above 
70 years [33, 51, 82]. We observed a shorter survival time 
in the cDLB and cPDD patients compared to cAD patients, 

which is in agreement with studies comparing patients with 
AD and DLB alone [15, 31, 72, 75]. Survival times in our 
entire mixed AD/DLB group were not shorter than what has 
been reported for AD and DLB and it has been demonstrated 
that survival times in AD only depend on the age of disease 
onset, as they progressively shorten with increasing age of 
onset [16, 30]. However, the rate of cognitive decline in cAD 
cases was considerably higher (mean: −7.17, SE ±2.8) com-
pared to mean values of −3.5 (SE ±2.8) for AD, −3.4 (SE 

Fig. 6   α-Synuclein (α-syn) loads differ between clinical Alzhei-
mer’s disease (cAD) clinical dementia with Lewy bodies (cDLB) 
and clinical Parkinson’s disease dementia (cPDD) in the mixed AD/
DLB cohort. α-Syn pathologies inclusive of Lewy bodies ((a) LBs—
arrow) and Lewy neurites ((a) LNs—arrowhead) were included in 
the analysis. The area positive for α-syn immunoreactivity is high-

lighted in red (b). Differences in α-syn loads between the clinical 
phenotypes are illustrated in frontal cortex (c), temporal cortex (d), 
parietal cortex (e), occipital cortex (f), cingulate (g), hippocampus 
(h), striatum (i.e. mean of caudate and putamen values) (i), amygdala 
(j), substantia nigra (SN) (k) and locus coeruleus (LC) (l). *p < 0.05; 
scale bar 20 μm, valid for a and b
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±0.7) for DLB and −5.0 (SE ±0.5) for AD with varying 
degrees of Lewy body pathology which have been reported 
previously [51]. Therefore, additional Lewy body pathology 
in our cAD group possibly had an aggravating effect on the 
rate of cognitive decline.

In cDLB, we found significantly lower hippocampal 
HP-τ loads compared to cAD and unlike cAD and pure 

AD, cDLB showed considerably lower HP-τ loads in the 
hippocampus than in neocortical areas. This could possibly 
indicate that in cDLB the hippocampus was involved later 
in the course of disease and the spread of HP-τ may initially 
not have followed the typical topographical progression as 
indicated by Braak stages since an increase of limbic HP-τ 
load with increasing Braak stages has been suggested [55]. 

Table 5   Quantitative values for pathological burden α-synuclein

All values are percentage area of the binary fraction covered by immunopositivity. Values expressed as mean. The three highest values in each 
column are shown in bold lettering. Pairwise post hoc Mann–Whitney U tests

cAD neuropathologically mixed AD/DLB presenting clinically with Alzheimer’s disease AD, SE standard error, cDLB neuropathologically 
mixed AD/DLB presenting clinically with dementia with Lewy bodies, cPDD neuropathologically mixed AD/DLB presenting clinically with 
Parkinson’s disease dementia
a  cAD > pAD p < 0.05
b  pAD < cAD, cDLB and pDLB p < 0.05
c  pAD < cAD p < 0.01, cDLB p < 0.01 and pDLB p < 0.05
d  pAD < cAD p < 0.01, cDLB and pDLB p < 0.05
e  pAD < cAD p < 0.01, cDLB p < 0.01 and pDLB p < 0.05
f  cAD < cPDD p < 0.05
g  pAD < cAD, cDLB and pDLB p < 0.05
h  cAD < cPDD p < 0.05
i  pAD < cAD and cDLB p < 0.01
j  pAD < cAD p < 0.01, cDLB p < 0.01 and pDLB p < 0.05
k  pAD < cAD p < 0.01, cDLB and pDLB p < 0.05

cAD α-synuclein 
(±SE)

cDLB α-synuclein 
(±SE)

cPDD α-synuclein 
(±SE)

pAD α-synuclein 
(±SE)

pDLB α-synuclein 
(±SE)

Statistic Hdf, p value

Frontal 0.38 (0.18) 0.56 (0.34) 0.45 (0.32) 0 0.59 (0.55) H4 = 5.52, 
p = 0.238

Temporal 0.9 (0.4) 1.01 (0.44) 1.28 (0.95) 0 0.12 (0.03) H4 = 8.76, p = 0.07

Parietal 0.33 (0.16) 0.88 (0.37) 2.02 (1.4) 0 0.04 (0.02) H4 = 12.90, 
p = 0.012a

Occipital 0.02 (0.01) 0.07 (0.03) 0.52 (0.3) 0 0.01 (0) H4 = 7.64, 
p = 0.106

Neocortex (mean of 
all cortical areas)

0.43 (0.17) 0.66 (0.26) 1.08 (0.32) 0 0.24 (0.13) H4 = 14.1, 
p = 0.007b

Cingulate 1.77 (0.65) 1.42 (0.74) 2.76 (2.15) 0 2.43 (1.67) H4 = 10.51, 
p = 0.033c

Hippocampus 1.61 (0.76) 1.81 (0.72) 2.66 (0.98) 0 2.68 (0.67) H4 = 7.69, 
p = 0.104

Caudate nucleus 0.34 (0.16) 0.2 (0.07) (1.3) 0.64 0 0.65 (0.61) H4 = 11.85, 
p = 0.019d

Putamen 0.49 (0.17) 0.96 (0.36) 1.52 (0.21) 0 0.36 (0.15) H4 = 13.24, 
p = 0.01e,f

Striatum (mean of 
caudate nucleus 
and putamen)

0.57 (0.15) 0.75 (0.27) 1.41 (0.35) 0 0.51 (0.37) H4 = 12.55, 
p = 0.014g,h

Amygdala 5.01 (1.27) 5.64 (2.16 3.79 (1.57) 0 4.71 (1.56) H4 = 9.6, 
p = 0.048i

Substantia nigra 3.04 (0.76) 2.87 (0.73) 0.55 (0.24) 0 1.33 (0.53) H4 = 15.06, 
p = 0.005j

Locus coeruleus 1.71 (0.76) 1.78 (0.58) 1.64 (0.99) 0 0.24 (0.13) H4 = 11.12, 
p = 0.025k
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Moreover, cDLB cases showed significantly lower HP-τ 
loads in the locus coeruleus than did cAD cases; the locus 
coeruleus has been shown to be affected by HP-τ early in 
the course of AD (i.e. in low Braak stages) [5, 6, 13, 14] 
and therefore lower HP-τ loads in the locus coeruleus fur-
ther suggest that in cDLB the topographical spread of HP-τ 
might not have followed the typical AD pattern and that 
AD pathology emerged later in the disease.

Aβ loads were similar in cAD and cDLB but in the 
majority of areas cDLB showed higher Aβ loads than 
cPDD, confirming previous postmortem studies [34, 41] 
demonstrating that DLB patients had higher striatal Aβ 
loads compared to PDD patients. This finding has been 
supported by imaging studies using Pittsburgh compound 
B (PiB) to image β amyloid where DLB patients exhibited 
higher neocortical, cingulate and striatal Aβ loads com-
pared to PDD [25]. In addition, in our study cPDD cases 
showed lower HP-τ loads than cDLB in all neocortical 
areas as well as in cingulate and striatum, further suggest-
ing that the amount of AD pathology is generally lower in 
clinical PDD than in DLB even in PDD cases that neuro-
pathologically fulfil the criteria for AD.

α-Syn loads were highest in the amygdala and this is 
not surprising; moderate to severe α-syn pathology  in the 
amygdala is frequently present in both AD and LBD as 
well as in non-demented controls [29, 52, 80]. Interest-
ingly, except for the striatum where cPDD cases did show 
significantly higher α-syn loads than cAD cases, no sig-
nificant respective differences were seen between cAD, 
cDLB and cPDD. Although not statistically significant, the 
latter group did indeed show less α-syn pathology in the 
substantia nigra than did cAD and cDLB. This somewhat 
unexpected finding might be explained by severe loss of 

pigmented neurons in cPDD early in the disease, resulting 
in less Lewy bodies, which might contribute to an overall 
reduction in nigral α-syn burden. When comparing α-syn 
loads between mixed AD/DLB cases with pure DLB cases, 
we found mixed AD/DLB cases to have considerably 
higher α-syn loads in the temporal cortex, whilst no overt 
differences were seen in other areas. The temporal cortex 
in mixed AD/DLB cases did also show highest HP-τ loads 
and hence HP-τ might have promoted the aggregation and 
accumulation of α-syn. The notion of such an interaction 
between HP-τ and α-syn has indeed been supported by data 
from transgenic animal studies [19] and human postmortem 
studies found co-localisation of HP-τ and α-syn [21, 38].

The APOE ε4 allele is the strongest genetic risk factor 
for the development of AD [56, 61, 74]. Up to 65 % of all 
pathologically confirmed AD cases carry at least one ε4 
allele and 12–15  % are homozygous for ε4 compared to 
1–3 % of healthy individuals [10, 27]. APOE ε4 has also 
been suggested as a risk factor for DLB [9, 79] but there is 
a relative lack of ε4 homozygotes in DLB compared to AD 
[72]. In a large clinical cohort (n = 1318), Berge and col-
leagues recently reported a lower APOE ε4 allele frequency 
in DLB (32 %) than in AD (43 %) [9]. By contrast in cases 
which show both AD and Lewy body pathology, APOE ε4 
allele frequencies of up to 47  % have been reported [79] 
and the high APOE ε4 allele frequencies of 44.4 % in our 
mixed AD/DLB cases could at least partly explain the pres-
ence of AD pathology. Of note, none of our mixed AD/
DLB cases had an APOE ε2 allele.

In conclusion, in cases that by semi-quantitative assess-
ment showed severe degrees of both AD and Lewy body 
pathology and thus were neuropathologically diagnosed 
as mixed AD/DLB quantitative assessment revealed dif-
ferences in the amount of pathological protein aggregates 
between different clinical phenotypes, in particular signifi-
cantly higher HP-τ loads in cases with a clinical AD pheno-
type. Hence, our findings emphasise the important role of 
quantitative assessment in clinicopathological correlative 
studies as it is becoming increasingly clear that multiple 
pathological lesions frequently co-exist the brains of the 
ageing population [7, 8, 37, 42, 49, 50, 69, 73]. However, 
quantitative studies on larger cohorts are warranted to fur-
ther elucidate the relative contribution of underlying neuro-
pathological changes towards the clinical picture.
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χ2 = 2.48, df = 4, p > 0.05, overall comparisons of APOE allele fre-
quencies between all three groups: χ2 = 0.452, df = 2, p > 0.05

cAD neuropathologically mixed AD/DLB presenting clinically with 
Alzheimer’s disease, cDLB neuropathologically mixed AD/DLB 
presenting clinically with dementia with Lewy bodies, cPDD neuro-
pathologically mixed AD/DLB presenting clinically with Parkinson’s 
disease dementia

cAD (n = 8) cDLB (n = 7) cPDD (n = 3)

APOE genotype

ε3, ε3 n 3 1 1

ε3, ε4 n 3 5 2

ε4, ε4 n 2 1 0

APOE allele frequency

ε3 n (%) 9 (56.25) 7 (50) 4 (66.66)

ε4 n (%) 7 (43.75) 7 (50) 2 (33.33)
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