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Abstract 

Dementia with Lewy bodies (DLB) is the second most common cause of neurodegenerative 

dementia, and a high percentage of cases show Alzheimer´s disease (AD) copathology. 

Patients with DLB and concomitant AD have increased risk of nursing home admission, 

shorter survival rates, and faster progression to dementia. 

The aim of this doctoral thesis is to expand our knowledge about the interaction of these two 

brain proteinopathies by analyzing: demographic, clinical features, global cognition, 

regional brain atrophy, and AD cerebrospinal fluid (CSF) biomarkers of DLB patients from 

the European dementia with Lewy bodies consortium (E-DLB) cohort. 

Our findings demonstrate that AD-related pathology is associated with posterior brain 

atrophy in patients with DLB, while amyloid-β related pathology is associated with atrophy 

in the medial temporal lobe. Further, DLB patients with amyloid-β related pathology present 

a faster cognitive decline, whereas tau-related pathology does not seem to be linked to 

cognitive worsening. Finally, we have found that DLB is an heterogeneous disease with 

endophenotypes that present distinctive demographic and clinical features, as well as 

different regional brain atrophy and AD CSF profiles. 

In conclusion, the coexistence of AD pathology influences the neurodegenerative process, 

longitudinal cognitive decline, and heterogeneity in patients with DLB. 
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Resumen 

La demencia con cuerpos de Lewy (DCL) es la segunda causa más frecuente de demencia 

neurodegenerativa, y un alto porcentaje de casos muestra copatología con la enfermedad 

de Alzheimer (EA). Los pacientes con DCL y EA concomitante tienen un mayor riesgo de 

ingreso en residencia, menor tasa de supervivencia y progresión más rápida a la demencia. 

El objetivo de esta tesis doctoral es ampliar nuestro conocimiento sobre la interacción de 

estas dos proteinopatías cerebrales a través del análisis de: características demográficas y 

clínicas, cognición global, atrofia cerebral regional y biomarcadores de EA en líquido 

cefalorraquídeo (LCR) de pacientes con DCL de la cohorte del consorcio Europeo de la 

demencia con cuerpos de Lewy (E-DLB). 

Nuestros hallazgos demuestran que la patología relacionada con la EA se asocia con atrofia 

cerebral posterior en pacientes con DCL, mientras que la patología relacionada con el 

amiloide-β se asocia con atrofia en el lóbulo temporal medial. Además, los pacientes con 

DCL que muestran patología relacionada con amiloide-β presentan un deterioro cognitivo 

más rápido, mientras que la patología relacionada con tau no parece estar ligada a 

empeoramiento cognitivo. Por último, hemos encontrado que la DCL es una enfermedad 

heterogénea con endofenotipos que presentan características demográficos y clínicas 

distintivas, así como diferentes perfiles de atrofia cerebral regional y de biomarcadores de 

EA en LCR. 

En conclusión, la coexistencia de patología de la EA influye en el proceso 

neurodegenerativo, el deterioro cognitivo longitudinal y la heterogeneidad de los pacientes 

con DCL. 
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1. Introduction 

Our brain is the most complex system known by us in the Universe, and is the mean we use 

to explore what surround us, helping us to unravel our most deep questions: why are we 

here? What are we? How did we come into existence? 

In order to answer these questions, our brain has a wide range of tools. One of these amazing 

features is its ability to generate patterns. Pattern recognition enable us to make sense of the 

world by classifying and ordering the information we get from our senses, helping us to spot 

danger, make decisions, and secure the species survival (1). But the generation of a pattern, 

does not mean that it exists in reality. For example, ancient civilizations established 

constellations from patterns of grouped stars in the sky, usually to measure time. These 

patterns help them to decide when to sow, guide travels or held religious festivities. Yet, 

these brain imaginary arrangements are not associated in reality, and the stars in a 

constellation can be separated by light years. Therefore, pattern recognition is a very useful 

tool, but we must not forget that patterns are brain-made, and the reality could be far more 

complex than we first imagine. 

 

 
Figure 1. Scheme of neurodegenerative proteinopaties 
Modified from Allegri, 2020; Golde, Borchelt, Giasson, & Lewis, 2013. Aβ: amyloid-β, AD: Alzheimer´s disease, ALS: 
amyotrophic lateral sclerosis, αSyn: alpha-synuclein, bvFTD: behavioural variant of frontotemporal dementia, DLB: 
dementia with Lewy bodies, FUS: fused-in sarcoma protein, MSA: multi system atrophy, PD: Parkinson´s disease, nfaPPA: 
nonfluent agrammatic primary progressive aphasia, svPPA: semantic variant of primary progressive aphasia, PSP: 
progressive supranuclear palsy, TDP-43: TAR DNA-binding protein 43, UPS: ubiquitin proteasome. 
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In medicine we often use patterns to classify and order diseases. This is the methodology we 

have used to categorize neurodegenerative diseases according to the accumulated proteins 

that we are able to identify with the current technology. But in reality, there are several 

proteins accumulated in the brain and probably some more that we have not identified yet. 

So how do these proteins interact with each other? What is their role in disease progression? 

Can we treat one of them and hope to stop cognitive and functional decline? 

This is the aim of this doctoral thesis: increase our knowledge about the interaction of the 

brain proteinopathies responsible for most cases of neurodegenerative dementia: DLB and 

AD. 

In particular, this thesis is focused on the influence of AD-related pathology in the 

neurodegenerative process, longitudinal cognitive decline, and heterogeneity of DLB 

patients. Thus, we have analyzed the association between abnormal levels of AD CSF 

biomarkers and regional brain atrophy in DLB patients; we have studied the longitudinal 

cognitive performance of DLB patients with normal and abnormal levels of AD CSF 

biomarkers; and we have parsed the heterogeneity in DLB by using a multimodal subtyping 

method to identify subpopulations of patients with common demographic, clinical, magnetic 

resonance imaging (MRI) and AD CSF profiles. 

The study of mixed dementias is relevant, especially for DLB patients with concomitant AD, 

who represent almost 70% of cases. These patients present worse health indicators with 

lower survival rates, increased risk of nursing home admission, and a faster progression to 

dementia. The reality is expected to be more complex than the patterns we have established, 

but we have to investigate and embrace this complexity if we are to find a cure for dementia. 

 

1.1 Lewy body disease definition 

Lewy body disease is a type of neurodegenerative disorder that consists in the deposit of 

intracytoplasmatic inclusions composed of α-synuclein and ubiquitine named Lewy bodies 

and Lewy neurites. This entity includes two syndromes: Parkinson´s disease (PD) and DLB 

(Figure 1) (4) This work will focus on DLB. 
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Figure 2. Lewy body dementia spectrum 
MCI: mild cognitive impairment. 

 

1.2 Epidemiology 

DLB is the second most common cause of dementia after AD (5,6). Its prevalence remains 

unknown and depends on the setting, ranging from 0% to 30.5% of all dementia cases in 

population based studies (7) Recent studies have found a community prevalence of 4.2% to 

4.6% of all dementia cases (8,9) Interestingly, this prevalence increases up to 7.5% in 

secondary care, probably due to a more accurate diagnosis (8) But when applying 

neuropathological diagnosis, Lewy body pathology is present in approximately 20% of 

postmortem brains (10) The difference between clinical and pathological diagnosis, 

indicates that DLB is an underdiagnosed disease. 

With regard DLB incidence, the annual incidence rate is approximately 4% of new dementia 

diagnoses (7,8) and 0.5 to 1.6 per 1000 person-years in community-dwelling people over 65 

years old (11). 

In terms of gender distribution, traditionally DLB has been considered more common in men 

(12,13), but some prevalence studies have found female predominance (8) Therefore, gender 
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distribution in DLB presents mixed results, and future research is needed to determine if this 

is due to the absence of sex differences or methodological biases. 

In relation to risk factors: family history of PD, history of depression, anxiety or stroke and 

being an APOE ε4 carrier increase the likelihood of DLB diagnosis, whereas caffeine use 

and history of cancer decrease its probability (13). 

In comparison to AD, DLB harbors a higher mortality risk (14–16). Additionally, these 

patients have more functional impairment, more impact in their quality of life, increased 

healthcare costs, earlier nursing home admission and higher rates of hospital admission (17–

22). 

 

1.3 Diagnosis 

In 1912, Fritz Jakob Heinrich Lewy first described the eosinophilic intracytoplasmatic 

inclusions named after him, as part of his neuropathological studies on Paralysis agitans 

(23) But it was not until 1961 when Okazaki et al associated the presence of cortical Lewy 

bodies with dementia in 2 autopsied cases (24) Then, in 1976 Kenji Kosaka made the first 

complete description of DLB in an autopsied case. Interestingly, this case was clinically 

diagnosed with atypical presenile AD with parkinsonism, and the autopsy showed cortical 

and brain stem Lewy bodies with concomitant AD pathology (25,26) During the 1980´s, 

reports from Japan, Europe, and USA lead the discussions about the proper terminology for 

this nosological entity; until 1995 when the term dementia with Lewy bodies was proposed 

during the first International Workshop on DLB held in New Castle. A year after, DLB 

diagnosis was operationalized through international consensus criteria. This collaborative 

effort started with the publication of the “Consensus guidelines for the clinical and 

pathologic diagnosis of dementia with Lewy bodies (DLB): report of the consortium on DLB 

international workshop” (27). This guideline has been updated in 2005 (28) and more 

recently in 2017, when the last version of the consensus was published (29). 

The current definition of DLB is: a syndrome characterized by cognitive impairment 

sufficient enough to impair the patient´s ability to perform activities of daily living, 

accompanied by parkinsonism, cognitive fluctuations, REM sleep behaviour disorder (RBD) 

and/or recurrent visual hallucinations (29). 
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DLB diagnosis relies mainly in clinical features that can be divided in three categories: 

cognitive, behavioral/psychiatric and physical symptoms (30). 

From a cognitive standpoint, DLB patients tipically present attentional, executive function 

and visual processing deficits (31–33) Conversely, confrontation naming and episodic verbal 

memory usually are less affected (34,35) For DLB diagnosis, the cognitive impairment must 

be progressive and sufficient enough to cause alteration in the patient´s functionality, 

meaning a diagnosis of dementia is essential. Cognitive deficits in DLB patients may 

fluctuate, as well as level of alertness and attention. These fluctuations are a core feature of 

the disease, and are defined as “alternating episodes of normal or almost normal function 

with periods of impaired cognitive performance, inattention and excessive daytime 

drowsiness with transient confusion on waking” (27). 

Regarding the behavioral and psychiatric symptoms, patients with DLB can have 

hallucinations, delusions, anxiety, depression, apathy and RBD (30). Recurrent visual 

hallucinations are another core feature, present in approximately 80% of patients with DLB 

(29) In early stages of the disease, hallucinations are the best predictor of DLB´s 

anatomopathological diagnosis, and sometimes they are the only initial sign of the disease 

in the mild dementia stage (36,37). DLB patients are able to report this symptom, which 

usually features people or animals (29) Other psychotic symptoms, like hallucinations in 

other modalities or systematized delusions, can ocurr in the course of the disease (28) RBD 

consists in the presence of involuntary movements during the atonic phase of the sleep. This 

symptom is strongly associated with underlying synucleinopathy, and is frequently present 

in autopsy-confirmed DLB cases, whereby it has been included as a core feature in the latest 

version of the diagnostic consensus criteria (38–40). Another sleep disturbance that has been 

added as a supportive clinical feature is hypersomnia (41) Other symptoms such as 

depression and anxiety are present in approximately 25% of DLB subjects, and retrospective 

research studies have found that history of depression and delirium are more frequent in 

patients with DLB than in AD (30). 

The physical symptoms that DLB patients might present are: parkinsonism, hyposmia, 

constipation, autonomic dysfunction, sialorrea, among others. The manifestation of 

parkinsonism is one of the core features of the syndrome, can be its first sign in at least one 

quarter of patients (30) and is present in over 85% of patients (42) In DLB patients, 
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parkinsonism is defined as the presence of bradykinesia, rest tremor or rigidity (29) These 

symptoms must be present within the first year or at the same time of the diagnosis of 

dementia. This is known as the “1-year rule” and helps to differentiate DLB from PDD (29) 

Compared with PD patients, in DLB there is greater axial involvement, increased postural 

instability, gait disturbances and hypomimia; whereas rest tremor is less frequent (43) DLB 

diagnosis is less likely if parkinsonism is the only core feature and manifests at severe 

dementia stage. Postural instability, repeated falls, syncope, autonomic dysfunction, 

constipation, ortostatic hypotension, urinary incontinence, and hyposmia are considered 

supportive clinical features, and could be early findings more frequently present in DLB 

compared to AD (29,44,45). 

Another supportive clinical characteristic is severe sensitivity to antipsychotics, previously 

listed in 2005 consensus criteria as a suggestive feature. It is characterized by acute onset of 

exacerbation of parkinsonian signs, and impaired level of alertness in patients treated with 

antipyschotics. Although up to 50% of DLB patients does not show this response to typical 

or atypical dopamine receptor D2 blocking agents, and their use as diagnostic strategy is not 

recommended, severe neuroleptic sensitivy strongly supports DLB diagnosis (28). 

There is increased interest in the use and development of biomarkers for the diagnosis of 

DLB. This is reflected in 2017 DLB diagnostic criteria where biomarkers have gained 

greater importance. Here biomarkers are classified as indicative and supportive depending 

on their diagnostic specificity. 

Indicative biomarkers are reduced dopamine active transporter (DAT) uptake in basal 

ganglia demonstrated by Single Photon Emission Computerized Tomography (SPECT) or 

Positron Emission Tomography (PET), reduced uptake on Iodine-123 

metaiodobenzylguanidine myocardial (MIBG) scintigraphy, and rapid-eye-movement 

(REM) sleep without atonia confirmed by polysomnography (PSG) (29) Dopamine system 

neuroimaging using 123I-FP-CIT SPECT have shown a sensitivity and specificity higher 

than 80% in differentiating DLB from non-DLB dementias (46,47). The abnormal uptake 

evidenced in DLB patients has been associated with decreased nigral dopaminergic neuronal 

density but not to pathological deposition of α-synuclein, amyloid-β or tau (48) Another 

indicative biomarker with a sensitivity of 69% and specificity of 87% for distinguishing 

probable DLB from probable AD cases is MIBG. This noninvasive test helps to estimate 
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myocardial sympathetic degeneration found in DLB patients (49) Further, as common 

conditions in patients with dementia like periodic limb movements, confusional awakenings, 

hallucinatory-like behaviors or obstructive sleep apnea can be misdiagnosed as RBD, PSG 

confirmation of REM sleep without atonia is recommend since the likelihood of 

synucleinopathy is ≥ 90% in individuals dementia and RBD (39,50). 

Supportive biomarkers for DLB diagnosis are relative preservation of medial temporal lobe 

structures on Computarized Tomography (CT) or MRI, generalized low uptake on 

SPECT/PET perfusion/metabolism scan with reduced occipital activity, posterior cingulate 

sign on Fluodeoxiglucose Positron Emission Tomography (FDG-PET) imaging, and 

prominent posterior slow-wave activity on electroencephalography (EEG) with periodic 

fluctuations in the pre-alpha/tetha range. These complementary tests can aid the diagnostic 

process but have less clear diagnostic specifity than the indicative biomarkers (29). 

DLB diagnosis is based on the clinical features and biomarkers aforementioned, resulting in 

probable or possible DLB. For both diagnostic categories is essential the diagnosis of 

dementia. In addition, to diagnose a probable DLB case it is required the presence of at least 

two core features or one core feature plus at least one indicative biomarker. This diagnosis 

cannot be based only on biomarkers. Meanwhile, possible DLB diagnosis can be made when 

dementia plus only one core feature or one indicative biomarker is present. Table 1 

summarizes 2017 DLB diagnostic criteria (29). 
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Table 1. Fourth consensus criteria for probable and possible dementia with Lewy bodies 

Essential Dementia 
 

Clinical features Biomarkers 

Core 

Recurrent visual hallucinations 
Fluctuating cognition 
REM sleep behavior disorder 
One or more spontaneous cardinal 
features of parkinsonism: 
bradykinesia, rest tremor or rigidity 

Decreased dopamine transporter 
uptake in basal ganglia 
demonstrated by SPECT or PET 
Decreased uptake 123iodine-MIBG 
myocardial scintigraphy 
Polysomnography confirmation of 
REM sleep behavior disorder 

Supportive 

Severe sensitivity to antipsychotic 
agents 
Postural instability 
Syncope or other transient episodes 
of unresponsiveness 
Systematized delusions 
Hallucinations in other modalities 
Repeated falls 
Severe autonomic dysfunction 
Hypersomnia 
Apathy, anxiety and depression 
Hyposmia 

Relative preservation of medial 
temporal lobe structures on CT/MRI 
Generalized low uptake on 
SPECT/PET perfusion/metabolism 
scan with reduced occipital activity 
+/- the cingulate island sign on 
FDG-PET 
Prominent posterior slow-wave 
activity on EEG with periodic 
fluctuations in the pre-alpha/tetha 
range 

PROBABLE 
DLB 

2 or more core clinical features +/- an indicative biomarker 
1 core clinical feature + one or more indicative biomarkers 

POSSIBLE 
DLB 

1 core clinical feature 
One or more indicative biomarkers 

Modified from McKeith et al, 2017. 

 

1.3 Neuropathological diagnosis 

DLB neuropathological hallmarks are Lewy bodies and Lewy neurites, which are aggregates 

of α-synuclein in cell bodies and processes (51). 

There are several clasiffications systems for DLB neuropathological staging, based on 

semiquantitative scoring and anatomical distribution of Lewy bodies and Lewy neurites 

(28,52–54) However, these systems have shown low inter-rater reliability and difficult case 

classification either by the lack of a category or because a case can be allocated to more than 

one category. Hence, Attems and colleagues have proposed a new classification system for 

Lewy pathology called Lewy pathology consensus criteria (LPC) (55). This consensus is 
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based on dichotomized scoring of Lewy bodies and Lewy neurites as present or absent in 

the following brain regions: olfactory bulb, dorsal motor nucleus of the vagal nerve, 

substancia nigra, amygdala, cingulate cortex, and medial-temporal, frontal and parietal 

cortices. The resulting categories are: olfactory only, amygdala predominant, brainstem 

predominant, limbic and neocortical Lewy pathology. These categories are shown in Table 

2. This system permits the classification of all DLB cases and has demonstrated good inter-

rater reliability. 

 

Table 2. Lewy pathology consensus criteria proposed by Attems et al, Acta Neuropathologica 
2021 

Category of 
Lewy 

pathology 

Olfactory 
bulb 

Amygdala Dorsal motor 
nucleus of 
the vagal 
nerve or 

substancia 
nigra 

Medial 
temporal 
lobe or 

cingulate 
cortex 

Frontal or 
parietal 
cortex 

Olfactory 
only + - - - - 

Amygdala 
predominant +/- + - - - 

Brainstem 
predominant +/- +/- + - - 

Limbic +/- +/- +/- + - 
Neocortical +/- +/- +/- +/- + 

 

Yet, the LPC does not take into account concomitant AD pathology. This is addressed by 

the updated version of the pathologic assessment and diagnostic criteria suggested by 

McKeith et al in 2017. Here the authors present the likelihood that the pathological finding 

correspond to a probable DLB case considering both Lewy body pathology and AD 

neuropathological change according to National Institute on Aging-Alzheimer´s Association 

(NIA-AA) criteria as shown in Table 3 (29). 
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Table 3. Probability of DLB neuropathological diagnosis with respect Lewy body and AD 
pathology 

            AD pathologica change 
 
 
Lewy-related pathology 

NIA-AA 
none/low (Braak 

stage 0-II) 

NIA-AA 
intermediate 

(Braak stage III-
IV) 

NIA-AA high 
(Braak stage V-

VI) 

Diffuse neocortical High High Intermediate 
Limbic (transitional) High Intermediate Low 
Brainstem-predominant Low Low Low 
Amygdala-predominant Low Low Low 
Olfactory bulb only Low Low Low 

 

1.4 Genetics 

DLB is mostly considered a sporadic disease because genetic causes are infrequent (56–58) 

However, genome-wide association studies (GWAS) have found that Apolipoprotein E 

(APOE), Synuclein Alpha (SNCA) and Glucosylceramidase Beta (GBA) genes are involved 

in DLB (59,60). 

APOE gene encodes apolipoprotein E, a protein with 3 isoforms (ε2, ε3 and ε4), implicated 

in lipid transport and expressed primarily in microglia and astrocytes. APOE ε4 is associated 

with amyloid-β accumulation and is a well-known genetic risk factor for AD (61). APOE ε4 

is also a risk factor for DLB (62,63) found in both pure and mixed DLB cases with 

concomitant AD pathology, suggesting mechanisms unrelated to the amyloid cascade 

(63,64) In addition, APOE ε4 is a strong predictor of faster cognitive decline in DLB (65) 

and has been independently associated with greater severity of Lewy body pathology 

(66,67). 

SNCA gene encodes α-synuclein, a presynaptic protein that regulates membrane fusion and 

synaptic transmission (68) Mutations and locus multiplications in SNCA gene are rare causes 

of DLB. Additionally, SNCA modulates disease risk in DLB and PD (69). 

GBA gene encodes a lysosomal enzyme called β-glucocerebrosidase (Gcase). Heterozygous 

mutatios in GBA are a risk factor for DLB (70–72), and their carriers can present earlier 

disease onset (73,74). Furthermore, increased frequency of GBA mutations have been found 

in DLB patients without concomitant AD pathology, which could be associated with a more 

“pure” DLB phenotype (64,75). 
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In addition to APOE, SNCA, and GBA genes, mutations in genes that cause Mendelian forms 

of dementia can be present in a small percentage of DLB patients. Thus, APP, PSEN1, 

PARK2 mutations have been identified in DLB cases, and there are reports of rare variants 

in GRN and novel variants in MAPT that need futher investigation (69). 

 

1.5 Biomarkers of Lewy body related pathology 

Although direct biomarker evidence of Lewy body pathology is not currently available, 

efforts are being made to detect in vivo one of its hallmarks: misfolded α-synuclein in 

biofluids, neuroimaging and tissues. 

CSF and blood α-synuclein levels have been investigated using mainly immunoassays (76). 

Some studies have found abnormal CSF levels of α-synuclein in DLB (77–79) which could 

help to distinguish it from AD (80,81) Nevertheless, the inconsistency of the results, the 

wide variation in analytic performance and concentration of α-synuclein in biofluids below 

the detecting range of standard techniques, hampers the use of conventional immunoassays 

for diagnostic purposes (82–85) A novel approach called Real-Time Quaking-Induced 

Conversion (RT-QuIC) could help to overcome these limitations. RT-QuIC amplifies in 

vitro the pathogenic protein seed into amyloid fibrils that bind to an amyloid-sensitive dye 

called thioflavin T (ThT) producing an enhanced fluorescence (86) “Real time” ThT 

fluorence readings of the pathogenic protein seed have shorter lag-phases than unseeded 

reactions (86) This new technique have been used in CSF of patients with Lewy body disease 

for the detection of α-synuclein showing high sensitivy and specificity (87,88). 

Another challenge for the assessment of α-synuclein in biofluids is its large expression 

outside the central nervous system. In blood, the major source of α-synuclein are red blood 

cells (>99%) (89) Therefore, red blood cells could be used as biomarkers for dementia (90). 

Yet, they can also be a source of contamination of serum and plasma resulting in a false 

increase of α-synuclein levels. Despite these constraints, low concentrations of α-synuclein 

have been found in serum and red blood cells of DLB patients (91,92). 

In addition to biofluids, PET imaging is being studied for the detection of Lewy body 

pathology in vivo. Several compounds have been developed for the identification of α-

synuclein, of which only two have shown high affinity to α-synuclein fibrils: [11C]MODAG-
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001 and [125I]TZ6184 (93). However, [11C]MODAG-001 has not been able to detect 

aggregated α-synuclein in human brain tissue from DLB patients (94); and the selectivity 

profile of [125I]TZ6184 has not been reported yet (93). 

The development of α-synuclein PET tracer remains elusive for numerous reasons: the low 

concentration of α-synuclein aggregates in the brain (approximately 10 to 5-fold lower than 

that of amyloid-β or tau), the co-localization of α-synuclein aggregates with amyloid-β and 

tau fibrils which hampers selectivity, the need to cross both the cell membrane and the blood-

brain-barrier given that α-synuclein inclusions are mainly intracellular, and the lack of 

reliable and reproducible assays (93,95) Nevertheless, several research groups around the 

world are working to develop reliable α-synuclein PET radioligands. 

Other potential sources for α-synuclein detection are sample tissues. Skin, neural structures 

of the submandibular gland and gastrointestinal mucosa biopsies of PD patients have shown 

increased deposition of α-synuclein whem compared to controls (96,97) Similarly, 

pathological α-synuclein deposition has been found in sample tissues from the 

submandibular gland and skin of patients with DLB (98,99) Yet, more studies are needed 

for the validation of these biomarkers in clinical settings. 

 

1.6 Alzheimer´s disease copathology 

Amyloid-β and tau pathologies are often found in DLB neuropathological studies and range 

from moderate to a severe degree in a high percentage of cases (4,64,100–102). 

Fortunately, concomitant AD pathology can be studied in vivo thanks to the availability of 

CSF and PET biomarkers. Thus, CSF studies have shown that approximately 40% of patients 

with DLB present abnormal CSF levels of amyloid-β and tau (103–105) whereas PET 

neuroimaging results have demonstrated an increased amyloid-β load in approximately 50% 

of DLB patients (106,107). These results have been replicated in autopsy-confirmed studies 

showing that DLB patients with mixed AD pathology present decreased levels of amyloid-

β42 (Aβ42) and increased levels of total tau (T-tau) in CSF (108,109). 

The link between α-synuclein, amyloid-β and tau is not fully understood. Yet, there are some 

evidence of the interactions between these proteinopathies. On one hand, it has been found 
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a positive correlation between amyloid-β load and the amount of α-synuclein deposits, which 

seems to depend on the number of primitive and mature amyloid-β plaques in the cortex 

(110) With regards to tau, frequent colocalization with α-synuclein has been observed in 

specific neuronal populations (110–112) The underlying mechanisms are unknown, but 

results from in vitro studies suggest that tau overexpression influences α-synuclein 

pathological aggregation, augmenting the number of aggregates, the levels of insoluble α-

synuclein and its cytotoxicity (113). 

The study of DLB with concomitant AD pathology is important because these mixed cases 

are frequent and present worse health indicators having increased risk of nursing home 

admission, shorter survival rates, and a faster progression to dementia (64,105,114–116) 

Therefore, the aim of this thesis is to analyse the influence of AD-related pathology in the 

regional brain atrophy, longitudinal cognitive decline and heterogeneity of patients with 

DLB. 
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2. Hypothesis 

2.1 Principal hypothesis: 

- DLB is influenced by AD-related pathology. 

 

2.2 Specific hypotheses: 

- CSF levels of AD biomarkers are associated with regional brain atrophy in DLB 

patients. 

- CSF levels of AD biomarkers predict longitudinal cognitive decline in DLB 

patients. 

- DLB patients are an heterogeneous group conformed by endophenotypes with 

distinct demographic, clinical, regional brain atrophy, and AD CSF biomarkers 

profiles. 
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3. Objectives 

3.1 Principal objective 

- To analyze the influence of AD-related pathology in DLB. 

 

3.2 Specific objectives 

- To study the association between CSF levels of AD biomarkers and regional brain 

atrophy in DLB patients. 

- To study longitudinal cognitive performance of DLB patients with normal and 

pathological levels of AD CSF biomarkers. 

- To parse the heterogeneity in DLB by using multimodal subtyping method to identify 

endophenotypes of patients with common demographic, clinical, regional brain 

atrophy, and AD CSF biomarkers profiles. 
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4. Materials and Methods 

The methodology used to determine the combined effect of regional brain atrophy and AD 

CSF biomarkers, and association between longitudinal decline and AD CSF biormarkers, 

has been published by Abdelnour et al (117,118). In addition, the methods applied to analyze 

DLB heterogeneity has been submitted for publication to the Alzheimer´s Research & 

Therapy journal. 

Here we present the compiled information for the materials and methods used in these 

manuscripts. 

 

4.1 Participants population 

Participants were selected from the E-DLB cohort (119). The E-DLB consortium archives 

data from more than 40 centers across Europe, including patients with DLB, PDD, and AD. 

We used the following inclusion criteria: 1) diagnosis of probable DLB; and 2) availability 

of AD CSF biomarkers data. Additionally, for the analysis of regional brain atrophy we 

selected patients with MRI data; and for the study of longitudinal cognitive decline we 

selected subjects with MMSE scores available at baseline and at 1 or 2 years of follow up. 

Patients from eight centers satisfied these criteria: Memory Clinic, Karolinska University 

Hospital, Huddinge; Clinical Memory Research Unit, Department of Clinical Sciences, 

Lund University; Neuropsychology Unit and Geriatric Day Hospital, Strasbourg Resourse 

and Research Memory Center, University Hospital of Strasbourg; Center for Age-Related 

Medicina, Stavanger University Hospital; Alzheimer Center Amsterdam, Amsterdam UMC; 

Ace Alzheimer Center Barcelona; Department of Neurology, Ljubljana University Medical 

Center; and Neurology Unit, Department of Clinical and Experimental Sicences, University 

of Brescia. In table 4, we present the number of patients included by center considering the 

inclusion criteria for each substudy. 
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Table 4. Number of patients included by center and study 
Substudy E-DLB Center Number of DLB patients 

Regional brain atrophy 

Strasbourg 39 
Stockholm 24 

Brescia 6 
Stavanger 6 
Ljubljana 6 
Barcelona 5 

Longitudinal cognitive decline 

Mälmo 50 
Strasbourg 32 
Stockholm 11 
Stavanger 7 

Heterogeneity 

Amsterdam 38 
Strasboug 38 
Stockholm 17 

Brescia 6 
Barcelona 5 

 

4.2 Diagnostic and clinical examination 

The E-DLB cohort was assembled retrospectively, thus DLB diagnosis was made according 

to McKeith 2005 criteria (28). Diagnosis was made by the treating physician, a group of at 

least two expert clinicians, or a multidisciplinary team at a consensus diagnostic meeting on 

the basis of all available clinical and diagnostic test data as previously reported (119,120). 

Clinicians interviewed both patients and caregivers, recorded demographic information as 

well as medical and drug history. We excluded patients with acute delirium, terminal illness, 

stroke, psychotic or bipolar disorder, craniocerebral trauma, or a major neurological illness 

other than dementia. All centers recorded whether patients fulfilled criteria for parkinsonism, 

visual hallucinations (VH), cognitive fluctuations, and a clinical history of probable RBD. 

These core diagnostic features were recorded as present or absent. Neuropsychological 

evaluation and complementary tests to rule out secondary causes of dementia (routine blood 

tests and brain imaging) were performed. The Mini-Mental State Examination (MMSE) was 

scored as a measure of global cognition (121) at baseline and annually for up to two years.  
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4.3 Ethics 

Local ethics committees at the individual centers approved the study. The patients gave their 

written consent to use the anonymised results of their clinical, instrumental and laboratory 

investigations for research purposes. 

 

4.4 CSF procedures 

CSF was obtained at all centers with the following procedures: (1) lumbar puncture at the 

L3-4 or L4-5 interspace; (2) collection in polypropylene tubes and centrifuged for 10 

minutes at 4°C; and (3) storage in aliquots of 0.5 mL at -80°C or -70°C until further analysis. 

Further details are summarized in Annex I: Supplementary Table 1. CSF analyses were 

performed locally according to standard routines. T-tau and phosphorylated tau at threonine 

181 (p-tau) were analyzed with INNOTEST enzyme-linked immunosorbent assays 

(ELISA). Aβ42 was analyzed with INNOTEST ELISA in all center but Stavanger, that used 

ELISA kits from Biosource Europe S.A. CSF values were dichotomized as normal or 

pathological based on well-established center-specific cut-off values for each biomarker. 

We used two definitions of an AD CSF profile, due to the timing of the analysis with respect 

to the publication of the NIA-AA research framework of the amyloid-β deposition, 

pathologic tau, and neurodegeneration [AT(N)] classification (122). 

The first definition was established for the analysis of the association between AD CSF 

biomarkers and longitudinal cognitive decline performed in 2016. Here, we defined an AD 

CSF profile as abnormal CSF levels of Aβ42 combined with abnormal CSF levels of T-tau 

or p-tau (123). Based on this profile, DLB patients were divided in an AD CSF profile 

pathological group and an AD CSF profile normal group. 

This definition was uptaded for the study of DLB heterogeneity conducted in 2020. In this 

analysis patients were divided in three groups: 1) AD pathological change= abnormal CSF 

levels of Aβ42 alone, 2) AD pathology= abnormal CSF levels of Aβ42 combined with 

abnormal CSF levels of p-tau, and 3) amyloid-independent tau-pathology= abnormal CSF 

levels of p-tau combined with normal CSF levels of Aβ42. 
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4.5 MRI analysis 

Various MRI scanners and protocols were used as detailed in Annex I: Supplementary Table 

2. Due to variability in MRI scanners and protocols, we favored visual rating scales by an 

experienced neuroradiologist (L.C.) rather than application of automated methods for 

regional brain atrophy. The neuroradiologist was blind to any clinical information including 

diagnosis. Regional atrophy was assessed with three visual rating scales using T1-weighted 

images as detailed elsewhere (124). Briefly, atrophy in the medial temporal lobe was 

assessed with the MTA scale (125); atrophy in the posterior cortex was assessed with the 

PA scale (126); and atrophy in the frontal lobe was assessed with the GCA-F scale (127). In 

the three visual rating scales, higher scores indicate an increasing degree of atrophy. MTA 

analysis was based on coronal reconstructions, GCA-F on axial reconstructions, and PA on 

reconstructions from all three planes. The neuroradiologist who evaluated the images (L.C.) 

has previously demonstrated excellent intra-rater reliability in 120 random cases: weighted 

kappa values of 0.94 and 0.89 for MTA in left and right hemispheres, respectively, 0.88 for 

posterior atrophy (PA), and 0.83 for global cortical atrophy scale–frontal subscale (GCA-F) 

(124).  

For the analysis of heteroteneity in DLB, we included the assessment of white matter 

hyperintensities (WMHs) on axial FLAIR images, as a marker of cerebrovascular disease, 

using the Fazekas scale (128). This evaluation was perfomed by the same neurorradiologist 

(L.C.). Briefly, the Fazekas scale grades WMHs as 0 (i.e. absence of WMHs), 1 (i.e. punctate 

WMHs), 2 (i.e. early confluent WMHs), and 3 (i.e. WMHs in large confluent areas). Fazekas 

scores were classified into low (Fazekas scores 0 or 1) and high (Fazekas scores 2 or 3) 

WMH burden, as in previous studies (129,130). 

 

4.6 Statistical analysis 

The statistical analyses were done using R (www.R-project.org) version 3.2.4, and IBM 

SPSS versions 20 and 26. Results are shown as mean ± SD for normally distributed 

continuous variables, median [range] for non-normally distributed continuous variables, and 

number and percentage for categorical variables. A p-value ≤0.05 was deemed statistically 

significant. 
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Below we describe in detail the specific statistical methods applied to test each hypothesis. 

 

4.6.1 Statistical analysis of the combined effect of AD CSF biomarkers on regional brain 

atrophy 

Here our aim was to investigate the combined effect of Ab42, T-tau and p-tau (predictors) 

on regional brain atrophy as measured with visual rating scales (outcome variables). All 

these measures are dichotomous (0 normal, 1 abnormal). We also wanted to model the 

effects of age, sex, education and disease duration to investigate their possible added effect 

to the association between CSF biomarkers and regional brain atrophy. Age, education and 

disease duration are continuous variables while sex is dichotomous (0 males 1 females). 

Further, our interest was to investigate the predictive power of all these variables in 

combination as predictors of regional brain atrophy, rather than investigating their partial 

effects. Random forest (classification) (131) was thus chosen given our aim, the nature of 

the variables, the number of predictors and the sample size. Random forest is an ensemble 

method in machine learning that involves growing of multiple decision trees via bootstrap 

aggregation (bagging). Each tree predicts a classification independently and votes for the 

corresponding class. The best model for each outcome variable is chosen from the majority 

of votes (132). Importantly, random forest investigates combined effects (the predictors do 

not compete with each other but “cooperate” in the prediction of the outcome) (132). In 

contrast to other predictive methods such as multiple linear or logistic regression that 

investigate partial effects (competition among predictors in the prediction of the outcome). 

Combined effects are closer to what we hypothesized in this study, i.e., amyloid-b (CSF 

Ab42) and tau-related (CSF p-tau) pathologies have a synergistic deleterious effect on brain 

integrity. When CSF Ab42 and CSF p-tau as predictors show a contribution to the prediction 

of brain atrophy, we might conclude that both pathologies have a combined effect on brain 

integrity, which may reflect their synergy at the pathological level (i.e. the “cooperation” 

between Ab42 and CSF p-tau contributes to the prediction of brain atrophy). Further, 

random forest performs very similarly to other machine learning algorithms (132) but it was 

preferred in our current study due to the nature of our variables. We performed three random 

forest models: one for each atrophy scale (MTA, PA, and GCA-F) as the outcome variable. 

The random forest models were comprised of 5000 trees, providing an accurate estimation 
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of the variables importance without introducing too much noise in the models due to the 

addition of redundant trees. Each of the trees was trained on randomly picked 70% of the 

data and subsequently tested on the unseen 30% of the data. Classification models (normal 

vs. abnormal) (133) were conducted, accounting for the fact that the outcome variable may 

present with an unbalanced amount of cases in its two levels (e.g. normal MTA n = 53, 

abnormal MTA n = 34). The classification error is reported as a measure of goodness of the 

model (out-of-the-bag estimated error rate, OOB-EER) (131). When outcome variables are 

dichotomous, as it is our case, the error by chance is 50%. Therefore, a classification error 

below 50% is better than chance, with values closest to 0% denoting better classification 

performance, hence good reliability of the model. We also report the importance (Imp) of 

the predictors as a measure of their contribution towards the prediction of the outcome 

variable (regional brain atrophy). Higher Imp values denote stronger contribution to the 

prediction. The random forest results were further complemented with the Pearson 

correlation coefficient to easily represent the magnitude and direction of the association 

between variables (bivariate association). P-values of Pearson correlation are reported for 

completeness of information. 

 

4.6.2 Statistical analysis for association of AD CSF biomarkers and longitudinal cognitive 

decline 

Comparisons of baseline clinical and demographic data in the CSF profile groups were 

performed using parametric Student t-test and nonparametric Mann-Whitney U test as 

appropriate. Linear mixed effect (LME) models were used to determine whether the rate of 

cognitive decline measured by MMSE during the 2 year follow up was predicted by the AD 

CSF profile, followed by the specific CSF measures, i.e. Aβ42, t-tau, and p-tau, all with 

pathological or normal values. The impact on decline is represented by the interaction term 

between factor and time (year of follow up), adjusted for age, gender and education. The 

LME analysis included also the baseline value, which was therefore not adjusted for as a co-

factor. There is considerable individual variation in both level and decline of MMSE and 

therefore LME models with both random intercept and random slope were used. Thus, the 

statistical model underlying the LME analyses captures both these kinds of individual 

variation. 
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4.6.3 Statistical analysis of heterogeneity in DLB 

To parse heterogeneity and identify different subgroups of patients we conducted 2 steps. 

In the first step, we aimed to identify the latent dimensions/components in the data that 

determine DLB heterogeneity. Since our data included both continuous and categorical 

variables, we used a multivariate method for data analysis called factorial analysis of mixed 

data (FAMD) (134). The main strength of FAMD is that it accommodates both quantitative 

and qualitative data simultaneously. FAMD works as a principal component analysis for 

quantitative data and as a multiple correspondence analysis for qualitative data (134). In our 

FAMD model, age, years of education, MMSE scores, and disease duration were included 

as continuous variables; and sex (male vs. female), CSF Aβ42, p-tau and t-tau levels, MTA, 

PA, and GCA-F scales (normal vs. abnormal); and parkinsonism, visual hallucinations, 

cognitive fluctuations, and probable RBD (absent vs. present) were included as categorical 

variables. Fazekas scores (low vs. high WMH burden) were not included in the FAMD 

model and subsequent cluster analysis due to missing data, but they were used to characterize 

the resulting subgroups, post-hoc. 

In the second step, we aimed to classify patients into subgroups using a cluster analysis based 

on the dimensions provided by the FAMD model. We applied an agglomerative hierarchical 

clustering algorithm with the Ward’s linkage method (135). This clustering method starts by 

assigning every DLB patient to one cluster and sequentially combines pairs of clusters at 

each step while minimizing the sum of square errors from the cluster mean. The algorithm 

continues merging DLB patients into clusters until all the patients form a single group. We 

identified the optimal number of clusters by using the Calinski-Harabasz criterion (136) and 

by visual inspection of the dendrogram from the agglomerative hierarchical clustering. 

We characterized the resulting subgroups using one-way ANOVA for continuous variables, 

with t-test for post-hoc pair-wise analysis, using the Hochberg’s correction for multiple 

testing (137). Chi-square test was used for categorical data. 
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5. Results 

To facilitate the interpretation of the results, we present them according to the specific 

objectives described in Chapter II. 

 

5.1 Study of the association between AD CSF biomarkers and regional brain atrophy 

These results have been published by Abdelnour and colleagues in 2020 (117). 

 

5.1.1 Sample features 

In this analysis we selected 86 probable DLB patients who had CSF and MRI data available. 

Clinical and demographic features of the sample are reported in Table 5. 

 

Table 5. Clinical and demographic features of the sample 
Features Mean (SD) Range 

Age at diagnosis 69.36 (8.85) 49-88 
Sex: Male 
N (%) 

 
49 (56.98) 

 

Years of education 11.24 (4.08) 5-22 
Disease duration (years) 4.04 (3.10) 0.5-14 
MMSE 24.85 (3.72) 15-30 
Parkinsonism (%) 
 

82.6 
(N= 71) 

 

Visual hallucinations (%) 
 

58.1 
(N= 50) 

 

Fluctuating cognition (%) 
 

75.6 
(N=65) 

 

N: number. MMSE: Minimental State Examination 

 

Of the 86 patients, the number of patients with pathological CSF values was 28 (32.56%) 

for Ab42, 17 (19.77%) for T-tau and 24 (27.91%) for p-tau. The number of patients with 

abnormal scores in the visual rating scales was: MTA: 33 (38.37%), GCA-F: 34 (39.53%) 

and PA: 45 (52.33 %). Figure 3 shows 3 examples of different combinations for CSF Ab42, 

CSF p-Tau and the visual rating scales. 
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Figure 3. Normal and pathological CSF values of Ab42 and p-Tau combined with visual rating 
scales 
CSF levels of Ab42 and p-Tau were dichotomized according the cut-offs of each center into normal or pathological values. 
MTA, PA and GCA-F visual rating scales were used to measure regional atrophy based on T1-weigthed images. A+ : 
pathological CSF Ab42; A- : normal CSF Ab42; T +: pathological CSF p-Tau; T- : normal CSF p-Tau; MTA: medial 
temporal atrophy scale; PA: posterior atrophy scale; GCA-F: global cortical atrophy scale – frontal subscale; A: anterior 
part of the brain; P: posterior part of the brain; R: right; L: left. 

 

Twenty six out of the total sample of 86 subjects had available DAT SPECT, 25 (96.15%) 

of which were abnormal. 

Additionally, the interval between MRI and CSF collection ranged from 0 to 3 months in 

the majority of the cases (73 out 86, which corresponds to 84.88%). In the rest of the patients 

(13 subjects) the interval ranged from 3 to 12 moths (15.12%). 
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5.1.2 Association between AD CSF biomarkers and visual rating scores measured with 

MRI 

Table 6 present the distribution of abnormal scores in the visual rating scales in relation to 

normal or pathological CSF Aβ42, T-tau and p-tau. 

Table 6. Distribution of abnormal visual rating scores between normal and pathological AD 
CSF biomarkers groups 

 CSF Ab42 CSF T-tau CSF p-tau 
Visual rating scales Normal Abnormal Normal Abnormal Normal Abnormal 
Abnormal MTA 
N (%) 

 
18 (54.55) 

 
15  

(45.45) 

 
28 (84.85) 

 
5  

(15.15) 

 
26 (78.79) 

 
7  

(21.21) 

Age  
(mean and SD) 

69.78 
(8.37) 

73.93 
(6.68) 

70.86 
(8.01) 

76.20 
(5.07) 

70.27 
(8.13) 

76.86 
(3.34) 

Sex  
(Male N and %) 

11 (61.11) 6  
(40) 

18 (64.29) 2  
(40) 

17 (65.38) 3  
(42.86) 

Disease duration 
(mean and SD) 

3.64 
(2.91) 

2.43 
(2.35) 

3.11 
(2.80) 

3.00 
(2.35) 

2.87 
(2.54) 

3.93 
(3.32) 

Abnormal PA 
N (%) 

 
25 (55.56) 

 
20  

(44.44) 

 
33 (73.33) 

 
12  

(26.67) 

 
29 (64.44) 

 
16 (35.56) 

Age  
(mean and SD) 

67.24 
(9.40) 

75.70 
(6.78) 

70.24 
(8.22) 

73.08 
(11.88) 

69.17 
(8.07) 

74.31 
(10.62) 

Sex  
(Male N and %) 

15  
(60) 

12  
(60) 

20 (60.61) 7  
(58.33) 

18 (62.07) 9  
(56.25) 

Disease duration 
(mean and SD) 

3.98 
(2.69) 

2.48 
(1.57) 

3.26 
(2.24) 

3.46 
(2.78) 

2.91 
(1.91) 

4.03 
(2.96) 

Abnormal GCA-F 
N (%) 

 
19 (55.88) 

 
15  

(44.12) 

 
27 (79.41) 

 
7  

(20.59) 

 
20 (58.82) 

 
14 (41.18) 

Age  
(mean and SD) 

70.68  
(9) 

75.93 
(7.06) 

71.30 
(8.57) 

79.57 
(6.05) 

70.95 
(8.57) 

75.93 
(8.36) 

Sex  
(Male N and %) 

14 (73.68) 11  
(73.33) 

20 (74.07) 5  
(71.43) 

15  
(75) 

10 (71.43) 

Disease duration 
(mean and SD) 

4.61 
(3.08) 

2.77 
(2.15) 

3.63 
(2.74) 

4.43 
(3.31) 

3.18 
(2.20) 

4.68 
(3.44) 

N: number. CSF: cerebrospinal fluid. Ab42: Amyloid-b42. T tau: Total tau. P tau: phosphorylated tau at threonine 
181. MTA: medial temporal lobe atrophy. PA: posterior atrophy. GCA-F: global cortical atrophy scale-frontal 
subscale. 

 

Classification performance in the three random forest models was better than chance: MTA, 

OOB-EER = 32.56%; PA, OOB-EER = 44.83%, GCA-F, OOB-EER = 24.14% (Table 7). 
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The classification error for normal MTA was 24.52% and for abnormal MTA it was 45.45%. 

The classification error for normal PA was 46.34% and for abnormal PA it was 43.48%. The 

classification error for normal GCA-F scores was 19.23% while it was 31.43% for patients 

with abnormal values. Table 7 shows that the best predictors of MTA were disease duration, 

CSF Aβ42 and age, ordered by importance. We found a combined effect of CSF Aβ42 and 

CSF p-tau on PA. Age, education and disease duration also contributed to the prediction of 

PA. Finally, the best predictors of GCA-F were sex, education and age. AD CSF biomarkers 

did not contribute to the prediction of GCA-F. The same pattern of results was observed 

when adding the center as a predictor in the models (data not shown), thus suggesting that 

variability across-centers does not seem to affect our findings. 

Pearson correlation coefficients show that abnormal scores in MTA were related to abnormal 

CSF Aβ42 levels, whereas abnormal values of PA were associated with both abnormal CSF 

Aβ42 and p-tau levels. Regarding the effect of age, sex, education and disease duration, 

abnormal scores in MTA were related to shorter disease duration and older age. Abnormal 

scores in PA were related to older age, less education and shorter disease duration. Abnormal 

scores in GCA-F were related to less education, male sex and older age (Table 7). Figure 4 

shows the correlation matrix between visual ratings and CSF biomarkers, as well as among 

all predictors in our random forest models (131). 
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Table 7. Association between AD CSF biomarkers and visual rating scales (random forest 
models) 

Visual rating 
scales 

Variables contribution Pearson 
correlation 

P value 

MTA Overall model: OOB-EER = 32.56% 
- Classification error normal MTA = 24.53% 
- Classification error abnormal MTA = 45.45%  
 
Predictors retained in the model: 
Disease duration, Imp= 63.53 
CSF Aβ42, Imp= 41.71 
Age, Imp= 36.30 

 
 
 
 
 

-0.244 
0.217 
0.207 

 
 
 
 
 

0.024 
0.045 
0.056 

PA Overall model: OOB-EER = 44.83% 
- Classification error normal PA = 46.34% 
- Classification error abnormal PA = 43.48% 
 
Predictors retained in the model: 
Age, Imp= 24.27 
Education, Imp= 8.76 
CSF p-tau, Imp= 8.23 
CSF Aβ42, Imp= 8.615 
Disease duration, Imp= 7.02 

 
 
 
 
 

0.195 
-0.166 
0.179 
0.266 
-0.248 

 
 
 
 
 

0.072 
0.126 
0.100 
0.013 
0.021 

GCA-F Overall model: OOB-EER = 24.14% 
- Classification error normal GCA-F = 19.23% 
- Classification error abnormal GCA-F = 31.43% 
 
Predictors retained in the model: 
Sex, Imp= 54.20 
Education, Imp= 52.18 
Age, Imp= 46.23 

 
 
 
 
 

0.270 
-0.231 
0.334 

 
 
 
 
 

0.012 
0.033 
0.002 

N: number. CSF: cerebrospinal fluid. Ab42: Amyloid-b42. T-tau: Total tau. p-tau: phosphorylated tau at threonine 181. 
MTA: medial temporal lobe atrophy. PA: posterior atrophy. GCA-F: global cortical atrophy scale-frontal subscale. OOB-
EER: out-of-the-bag estimated error rate (below 50% denotes good classification performance). Imp: importance (the 
contribution of a given variable in the random forest, with higher values indicating stronger contribution to the 
prediction). Pearson correlation indicates the direction of the association. 

 



 40 

 
Figure 4. Correlation matrix between visual ratings, CSF biomarkers, and predictors in the 
random forest models 
Asterisk symbols (*) denote p-values <0.05. MTA: medial temporal atrophy scale; PA: posterior atrophy scale; GCA-F: 
global cortical atrophy scale – frontal subscale. 

 

5.2 Association between longitudinal cognitive decline and AD CSF biomarkers 

These results have been published by Abdelnour and colleagues in 2016 (118). 

 

5.2.1 Sample features 

We selected 100 probable DLB patients who had MMSE scores at baseline and one year 

follow up, and 76 who had MMSE score at two years of follow up. Of the 100 subjects, 32% 

showed an AD CSF profile, 69% had a pathological value for Aβ42, 31.6% for T-tau (2 

missing), and 26.9% for p-tau (7 missing). Baseline clinical and demographic variables 

showed no statistically significant differences between groups by AD CSF profile (Table 8). 

DaTSCAN was performed in 38 DLB patients, 24 (63,16%) of whom had an abnormal 

updake. 
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Table 8. Demographics of DLB patients by AD CSF profile at baseline 

Variable 
AD CSF profile 

Pathological 
(n=32) 

Normal 
(n=68) 

P Value 

Age at baseline 
Mean±SD 

74.22 ± 7.95  71.93 ± 7.79  0.176 

Gender 
Male 
Female 

 
16 (26.2%) 
16 (41.0%) 

 
45 (73.8%) 
23 (59.0%) 

 
0.122 

Years of Education† 

Mean±SD 
8.88 ± 3.34 10.63 ± 4.16 0.043 

Disease duration§ 

Mean±SD 
2.79 ± 1.94 3.01 ± 2.58 0.678 

MMSE 
Median [IQR] 

21.09 
Range 5-30 

22.68 
Range 6-30 

0.200 

Numbers represent mean and SD, if not otherwise stated. 
Missing data: †Education 9 patients; § Duration 1 patient. 

 

5.2.2 CSF profile and cognitive decline 

The overall rate of decline was 1.9 points per year. The LME analyses showed that the group 

with AD CSF profile was significantly associated with a more rapid decline, with 2.2 points 

per year (SE 1.1) higher annual decline in the AD CSF pathological group than the AD CSF 

normal group (p=0.04) (Figure 5) Male gender and higher level of education were both 

associated with more rapid decline (p<0.05). 

 

 
Figure 5. Change in MMSE score from baseline (FU0) to one (FU1) and two (FU2) years 
follow-up in those with (n=32) and without (n=68) a CSF AD profile 
The difference was statistically significant (LME, p=0.04). 
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Specifically, having a CSF Aβ42 value below the cut-off was associated with a more rapid 

decline; 2.9 (SE 1.1) points difference per year, compared to those with a normal CSF Aβ42 

value (p=0.0079) (Figure 6). The Aβ42 positive group was older (74.09 years) than those 

with normal Aβ42 values (69.48 years) (p=0.006), but this difference was adjusted for in the 

LME analysis. Patients with CSF T-tau values above the cut-off presented a more rapid 

cognitive decline compared to those with normal T-tau (2.0 (SE 1.1) points difference/year), 

but this result was not statistically significant (p=0.06). P-tau did not show any association 

with rate of decline. Table 9 summarize these results. We conducted these analyses in the 

subgroup of patients who started cholinesterase inhibitor treatment after baseline and found 

the same results (data not shown), which indicates that difference in medication status did 

not influence the data. To further explore the validity of the findings, we conducted an 

analysis only in the 24 patients with decreased DaTSCAN uptake. Again, the findings were 

similar to those in the full data set. 

 

 
Figure 6. Change in MMSE score from baseline (FU0) to one (FU1) and two (FU2) years follow-
up in those with (n=69) and without an abnormally low (n=31) CSF Aβ42 value 
The difference was statistically significant (LME, p=0.0079). 
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Table 9. Annual rate of decline on MMSE in patients based on abnormal or normal values on 
the CSF markers 

  Mean rate of change P value 
AD CSF profile Pathological 

Normal 
3.6 
1.4 

0.04 

Aβ42 CSF Pathological 
Normal 

3.2 
0.2 

0.0079 

T-tau CSF Pathological 
Normal 

3.5 
1.5 

0.06 

P-tau CSF Pathological 
Normal 

2.2 
2.5 

0.85 

The P value represents significance of the rate being different from the rate in the normal group 

 

5.3 The heterogeneity within DLB 

These results have been sent for publication to Alzheimer´s Research & Therapy journal in 

September 2021. 

 

5.3.1 Sample features 

Here we included 107 probable DLB patients. The key characteristics of the cohort are 

shown in Table 10. The average age was 68±9 years and 28% of the patients was female. 

The average MMSE score was 25±4. Parkinsonism and fluctuating cognition were the most 

frequently reported clinical features (81% and 84%, respectively). Regarding the AD CSF 

biomarkers profile, 11% of the patients had AD-related pathology, 18% had an AD 

pathological change and 24% had amyloid-independent tau pathology. Atrophy was more 

frequent in parietal lobe (57%) than in medial temporal (33%) and frontal (39%) lobes. Table 

10 shows key demographic and clinical data of the whole cohort, as well as CSF and MRI 

measures for all clusters. 
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Table 10. Characteristics of the whole cohort and DLB clusters 
 Whole cohort 

(n=107) 
Cluster 1 

(n=39) 
Cluster 2 

(n=25) 
Cluster 3 

(n=24) 
Cluster 4 

(n=19) 
Between-cluster ANOVA 

(p-value) 
Age 68 (± 8.7) 70 (± 7.2)b,d 64 (± 7.7)a,c 71 (± 10)a,d 64 (± 6.9)a,c 0.001 
Sex, n men (%) 77 (72.0%) 28 (71.8%) 21 (84.0%)d 21 (87.5%)d 7 (36.8%)b,c 0.001 
Education, years mean (SD) 11 (± 3.8) 11 (± 2.8)b,d 8.2 (± 2.4)a,c,d 12 (± 3.5)a,d 15 (± 3.3)a,b,c <0.001 
Disease duration, years mean (SD) 4.3 (± 3.8) 4.2 (± 4.9)d 3.7 (± 2.7)d 3.5 (± 2.3)d 6.3 (± 3.8)a,b,c 0.013 
MMSE score, mean (SD) 25 (± 4.0) 24 (± 3.9)d 22 (± 3.9)d 25 (± 3.8)d 28 (± 2.0)a,b,c <0.001 

Core clinical features       

   Parkinsonism, n present (%) 87 (81 %) 33 (85 %)c 25 (100%)c 11 (46 %)a,b,d 18 (95 %)c <0.001 
   Visual hallucinations, n present (%) 68 (64 %) 29 (74 %)b 8 (32 %)a 17 (71 %) 14 (74 %) 0.003 
   Fluctuating cognition, n present (%) 90 (84 %) 39 (100 %)b 12 (48 %)a,d 20 (83 %) 19 (100 %)b <0.001 
   Probable RBD, n present (%) 68 (64 %) 23 (59 %) 20 (80 %) 15 (62 %) 10 (53 %) 0.234 
CSF biomarkers       

   Aβ-42, n abnormal (%) 31 (29 %) 16 (41 %) 6 (24 %) 8 (33 %) 1 (5 %) 0.037 * 
   Total tau, n abnormal (%) 23 (21 %) 4 (10 %)c 0 (0 %)c 19 (79 %)a,b,d 0 (0 %)c <0.001 
   p-tau, n abnormal (%) 38 (36 %) 11 (28 %)c 4 (16 %)c 23 (96 %)a,b,d 0 (0 %)c <0.001 
   AD CSF profile, n abnormal (%)      <0.001 

         AD pathology 12 (11 %) 3 (8 %) 1 (4 %) 8 (33 %) 0 (0 %)  

         AD pathological change 19 (18 %) 13 (33 %) 5 (20%) 0 (0 %) 1 (5%)  

         Amyloid independent tau-pathology 26 (24 %) 8 (21 %) 3 (12 %) 15 (63 %) 0 (0 %)  

         Normal 50 (47 %) 15 (38 %) 16 (64 %) 1 (4 %) 18 (95 %)  

Visual rating scales       

   MTA, n abnormal (%) 35 (33 %) 23 (59 %)b,c 5 (20 %)a 3 (12 %)a 4 (21 %) <0.001 
   GCA-F, n abnormal (%) 42 (39 %) 20 (51 %)d 11 (44 %)d 11 (46 %)d 0 (0 %)a,b,c 0.002 
   PA, n abnormal (%) 61 (57 %) 19 (49 %) 19 (76 %)d 19 (79 %)d 4 (21 %)b,c <0.001 
   Fazekas, n high WMH burden (%) 29/92 (32%) § 15/32 (47%)d 6/24 (25%) 7/18 (39%) 1/17 (6%)a 0.018 

No missing data was recorded for the rest of the variables. a p<0.05 compared to cluster 1. b p<0.05 compared to cluster 2. c p<0.05 compared to cluster 3. d p<0.05 compared to cluster 4. § Available data for 
Fazekas is n = 92. * Does not survive the Hochberg’s correction in post-hoc pair-wise comparisons. ANOVA: analysis of variance. MMSE: Mini-Mental state examination. Aβ: amyloid-β. p-tau: phosphorylated 
tau. AD: Alzheimer’s disease. MTA: medial temporal lobe atrophy. GCA-F: frontal brain atrophy. PA: posterior brain atrophy. na: non applicable. 
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5.3.2 Factorial analysis of mixed data (FAMD) 

The FAMD model identified three dimensions that together explained 38% of the variance 

in the data. Table 11 shows variables’ contribution to these dimensions, and Figure 7 

displays the three dimensions pair-wise. The first dimension accounted for 15.7% of the 

variance and was mostly driven by atrophy in frontal and parietal lobes, CSF p-tau levels, 

and age. In particular, older patients had increased atrophy in frontal and parietal lobes, and 

more often had abnormal CSF p-tau levels. In addition, CSF T-tau levels, MMSE, years of 

education, CSF Aβ42 levels, sex, disease duration, and parkinsonism also contributed 

statistically significantly to the first dimension. 

 

Table 11. Contribution of each variable to the dimensions of the FAMD 
Variables Dimension 1  

(R2 = 15.7%) 
Dimension 2 
(R2 = 12.5%) 

Dimension 3 
(R2 = 9.7%) 

Age 13.02 0.87 6.42 
Education 6.63 14.83 4.68 
MMSE 7.32 12.70 0.31 
Disease duration 4.27 0.08 0.00 
Sex 4.67 2.29 1.27 
CSF Aβ-42 5.76 2.14 5.74 
CSF total tau 11.49 18.05 4.71 
CSF p-tau 13.66 11.10 5.49 
Parkinsonism 2.59 19.46 0.89 
Visual hallucinations 0.78 3.76 14.02 
Cognitive 
fluctuations 

0.49 9.17 15.13 

Probable RBD 0.02 1.52 4.31 
MTA 0.61 1.04 31.93 
GCA-F 14.72 1.76 4.09 
PA 13.97 1.22 1.00 
Values represent the percentage of contribution of each variable to the total variation captured by each dimension. 
MMSE: Mini-Mental State examination; CSF: cerebrospinal fluid; Aβ: amyloid-beta; p-tau: phosphorylated tau; 
MTA: medial temporal lobe atrophy; GCA-F: frontal brain atrophy; PA: posterior brain atrophy; FAMD: factorial 
analysis of mixed data. 
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A) Dimension 1 vs. dimension 2 

 

 

B) Dimension 1 vs. dimension 3 

A A 

B 
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C) Dimension 2 vs. dimension 3 

Figure 7. Dimensions from the FAMD model (separate plots for continuous and categorical 
variables) 
The figure displays the three dimensions from the FAMD model, pair-wise.  
Continuous variables are depicted as arrows projecting lines (arrows represent the direction and degree of contributions). 
Categorical variables are depicted as triangles, which reflect variables’ centroids in the different levels of categorical 
variables. MMSE: Mini-Mental State examination; F Cognition: fluctuating cognition; Visual H: visual hallucinations; 
RBD: REM sleep behavior disorder; Aβ42: amyloid-β42; p-tau: phosphorylated tau; T-tau: total tau; MTA: medial 
temporal lobe atrophy; GCA-F: frontal brain atrophy; PA: posterior brain atrophy. 

 

The second dimension accounted for 12.5% of the variance and was mostly driven by 

parkinsonism, CSF total tau levels, years of education, and MMSE. Patients with higher 

education showed higher MMSE scores despite more frequently having abnormal CSF total 

tau levels, and they had a lower frequency of parkinsonism. In addition, CSF p-tau levels 

cognitive fluctuations, visual hallucinations, sex, and CSF Aβ42 levels also contributed 

statistically significantly to the second dimension. 

The third dimension explained 9.7% of the variance and was mostly driven by atrophy in 

medial temporal lobes, cognitive fluctuations, and visual hallucinations. Patients with 

atrophy in medial temporal lobes more often had cognitive fluctuations and visual 

hallucinations. In addition, age, CSF Aβ42, p-tau, and total tau levels, as well as years of 

education, probable RBD, and atrophy in frontal lobes also contributed statistically 

significantly to the third dimension. 

C 
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5.3.3 Hierarchical clustering analysis 

Subsequently, we clustered the patients using agglomerative hierarchical clustering analysis 

based on the three dimensions from the FAMD model as input variables. Calinski-Harabasz 

values showed that four clusters (CH = 44.5) were more appropriate than two, three, or five 

clusters (CH < 42.0). Figure 8A shows the dendrogram from the cluster analysis, and Figure 

8B displays the distribution of the DLB patients colored by clusters 1 to 4. 

Cluster one (C1) included 37% of the patients (n = 39), cluster two (C2) included 23% (n = 

25), cluster three (C3) included 22% (n = 24), and cluster four (C4) included 18% (n = 19) 

of the DLB patients. 

 

A) Dendrogram from the cluster analysis, with DLB patients depicted on the x-axis (each lower branch is a patient) and 
similarity depicted on the y axis (the shorter the distance along the axis, the greater the similarity). B) Three-dimensional 
space generated by dimensions 1, 2, and 3 from the FAMD model. Dots represents the DLB patients colored by cluster (1 
to 4) and distributed across the three-dimensional space. 

 

Patients in C1 were among the oldest and had intermediate levels of education, disease 

duration, and MMSE scores. Further, all the patients in C1 had cognitive fluctuations. 

Regarding AD CSF biomarkers, C1 had the highest frequency of an AD pathological change 

(abnormal levels of CSF Aβ42 alone). As for regional brain atrophy and WMH, patients in 

Figure 8. Dendrogram and clusters from the agglomerative hierarchical cluster analysis 
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C1 had the highest frequency of medial temporal atrophy and high WMH burden. In 

addition, these patients showed intermediate levels of parietal atrophy. 

Patients in C2 had the lowest levels of education, MMSE scores, and frequency of visual 

hallucinations and cognitive fluctuations; and were among the clusters with younger age and 

shortest disease duration. Patients in C2 had the highest frequency of parietal atrophy, 

together with patients in C3. 

Patients in C3 were the oldest, had intermediate levels of education and MMSE scores, had 

the shortest disease duration, and were the patients with lowest frequency of parkinsonism. 

Further, patients in C3 had the highest frequency of abnormal CSF levels of p-tau, either in 

combination with a abnormal Aβ42 biomarker (AD pathology), or independently of Aβ42 

(amyloid-independent tau-pathology). Additionally, C3 patients had a significantly higher 

frequency of abnormal levels of T-tau in CSF. 

Patients in C4 were among the youngest, had the lowest frequency of men, had the highest 

levels of education and MMSE scores, and had the longest disease duration. All patients in 

C4 had cognitive fluctuations. All patients but one had a normal CSF AD biomarker profile. 

Furthermore, patients in C4 had the lowest frequency of parietal atrophy and WMH burden, 

and none of them had frontal atrophy. 

Clusters did not significantly differ in the frequency of probable RBD or abnormal CSF 

levels of Aβ42. Yet, the difference in abnormal levels of amyloid-β emerged with its 

combination in AD CSF profiles (AD pathology, AD pathological change and amyloid-

independent tau-pathology), likely due to the contribution of tau-related pathology. 

 

5.4 Global summary of the results 

In this doctoral thesis we have investigated the interaction of two neurodegenerative 

proteinopathies: DLB and AD. For this purpose, we analyzed demographic, clinical features, 

global cognition, regional brain atrophy patterns and CSF levels of AD biomarkers in 

patients with DLB from the E-DLB cohort. 
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We explored the impact of AD-related pathology on regional brain atrophy and longitudinal 

cognitive decline in patients with DLB. The combined results from these analysis showed 

that pathological CSF levels of Aβ42 were associated with atrophy in the medial temporal 

and posterior cortices. Further, reduced levels of CSF Aβ42 were related to a more rapid 

cognitive decline. On another hand, pathological CSF levels of p-tau were associated with 

PA, yet they did not correlate with cognitive worsening. Further, CSF levels of T-tau were 

neither related to patterns of regional brain atrophy nor cognitive decline; and none of the 

AD CSF biomarkers contributed to the prediction of frontal lobe atrophy. 

In addition to the individual contribution of AD CSF biomarkers, we assessed their 

combined influence in cognitive decline. Hence, we defined an AD CSF profile as the 

presence of pathological (i. e. low) CSF values of Aβ42 plus pathological (.i e. high) values 

of p-tau or T-tau, because this analysis was conducted before the publication of the AT(N) 

classification system for AD biomarkers in 2018 (122). Thus, we found that DLB patients 

with an AD CSF profile presented a faster cognitive decline. Moreover, male gender and 

higher level of education were both associated with a more rapid decline. 

Finally, we parsed DLB heterogeneity of biological, clinical and demographic data using 

factorial analysis (FAMD) and multimodal clustering. In the FAMD, we identified three 

dimensions that explained 38% of the variance. CSF levels of p-tau and T-tau were among 

the most important drivers of dimensions 1 and 2, respectively. Moreover, CSF levels of 

Aβ42 contributed statistically significantly to the three dimensions. Based on these three 

dimensions, we clustered the patients using agglomerative hierarchical clustering analysis. 

Consequently, we obtained four clusters that ranged from on subgroup with almost normal 

AD CSF biomarkers (cluster 4) to three subgroups with various degrees of AD-related 

pathology: cluster 1 had the highest frequency of AD pathological change (i. e. only Aβ42 

positive), cluster 3 presented the highest frequency of tau pathology, either in combination 

with abnormal CSF levels of Aβ42 or in isolation (amyloid-independent tau pathology); 

whereas cluster 2 was an “intermediate” subgroup between the former two clusters. 

Furthermore, the clusters showed distinct demographic, clinical and regional brain atrophy 

profiles. Still, they did not differ significantly in the frequency of probable RBD or abnormal 

levels of Aβ42. In summary, DLB patients are heterogeneous and four endophenotypes were 

identified with distinctive biological, clinical and demographic profiles. 
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6. Discussion 

A significant proportion of DLB patient exhibit concomitant AD pathology (4,100,108,138–

140) and the degree of AD copathology is moderate and severe in up to 70% of these patients 

(64,101,102,141) In this thesis, we have investigated how these proteinopathies interact 

resulting in regional brain atrophy, predicting cognitive decline, and generating different 

phenotypes. 

Clinical diagnosis of DLB and AD dementia require the fulfilment of consensus criteria with 

two different levels of certainty ranging from probable: when there is no other 

neurodegenerative disease that explains the cognitive deficits, to possible if there is(are) 

other(s) suspected concomitant pathology(ies) (29). But this pragmatic approach, conflicts 

with a reality shown by neuropathological studies indicating that a high percentage of 

patients with a parkinsonian syndrome might present multiple comorbidities (139). This 

reality is far more complex than the presence of one pathology justifying the clinical picture, 

and it seems that the “pure” phenotypes are the exception, not the norm. Therefore, it is of 

high importance to study mixed neurodegenerative diseases to better understand the 

interaction of different pathologies and their influence in the clinical and biological features. 

AD biomarkers helps us to investigate in vivo how AD-related pathology influences DLB 

patients. Thus, we have demonstrated that DLB patients with coexisting AD-related 

pathology have a distinctive brain atrophy pattern, present a faster cognitive decline, and can 

be divided into different endophenotypes. 

These results have several implications. First, the indication that DLB patients with AD 

pathological change (amyloidosis) have worse cognitive performance over time suggests a 

poorer prognosis in the clinical setting, and this information might be important to patients 

and their families to better understand the evolution of the disease, and plan their future. 

Second, the influence of AD-related pathology on brain atrophy has unraveled a possible 

specific tau distribution in DLB that is different from the proposed Braak and Braak stages. 

Third, the increased heterogeneity among patients with DLB and concurrent AD-related 

pathology demonstrates a higher complexity that poses more difficulties for accurate 

diagnosis in the clinical practice, and can explain why DLB is still an underrecognized 

disorder. Finally, we speculate that since there is a high proportion of DLB patients with 
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overlapping AD-related pathology, disease modifying treatments (DMTs) targeting 

amyloid-β or tau could be of interest in the therapeutic approaches that could be tested in 

patients with DLB. 

In the following sections we discuss in detail the influence of AD-related pathology in DLB 

patients. 

 

6.1 Contribution of AD-related pathology to regional brain atrophy in DLB 

Patterns of regional brain atrophy helps us to differentiate DLB from AD, since DLB patients 

exhibit less overall atrophy than AD, due to less MTA but similar rates of PA, and GCA-F 

(142) In fact, preserved medial temporal lobe structure on MRI is a supportive biomarker 

for the diagnosis of DLB (29). 

But what are the underlying mechanisms of neurodegeneration that result in these patterns 

of brain atrophy? One way to analyse this question is to investigate how AD-related 

pathology contributes to regional brain atrophy in DLB patients. Our findings suggest that 

amyloid and tau-related pathologies have a synergistic effect in posterior cortex atrophy, 

whereas amyloid-related pathology is associated with atrophy in the medial temporal lobe. 

Previous studies using PET and MRI neuroimaging in DLB patients have shown similar 

results. Thus, higher amyloid-β burden has been associated the atrophy in the medial 

temporal lobe structures (143–145) With regard to the posterior cortex, in the study 

conducted by Sarro et al, incresead amyloid-β burden measured with 11C-Pittsburgh 

compound B was associated with greater atrophy in posterior cingulate gyrus, and occipital 

lobe (143) Likewise, greater tau load measured with 18F-AV-1451 has been found in parietal 

lobes (146) as well as posterior and inferior temporoparietal, and occipital lobes (147). 

Our results indicate that DLB patients present a diffuse distribution of amyloid plaques that 

resembles that of AD, but have a distinctive localization of neurofibrillary tangle (NFT) 

pathology. To explain these findings, we especulate that amyloid-β and tau pathologies 

might have a combined effect in posterior cortex neurodegeneration. Similar results have 

been demonstrated by Kantarci and colleagues (147). These authors performed MRI, 

amyloid and tau PET neuroimaging in DLB patients to determine the pattern of tau 
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deposition and its relationship with amyloid-β burden when compared with AD patients. 

Their results showed that increased tau burden in posterior brain areas (posterior 

temporoparietal and occipital cortices) correlated with higher global amyloid load in DLB. 

These findings are consistent with an autopsy confirmed study where the highest burden of 

tau related pathology was found in the occipital lobes of DLB patients (148) But, why in 

DLB tau pathology has a different localization than expected according to Braak NFT 

distribution? Well, it is possible that this unique distribution of tau is influenced by Lewy 

body pathology. A recent neuropathological study that used digital histology to analyse the 

impact of co-ocurrence of AD in DLB patients found that anatomical distribution of tau 

pathology was similar to that of α-synuclein (149) probably due to the interaction of tau and 

α-synuclein by coseading, and promotion of each other accumulation (110,113). 

Our original results help us to unravel in vivo underpinnings of neurodegeneration in DLB 

patients with overlapping AD pathology, which was possible thanks to the use of CSF 

biomarkers. Another study that investigated the relationship of AD CSF biomarkers and 

atrophy rates in DLB patients, also found that abnormal CSF levels of amyloid-β were 

associated with MTA (150). Additionally, the authors demonstrated that abnormal CSF 

levels of T-tau were associated with GCA-F and PA. Yet, our findings did not support a 

relationship between levels of CSF T-tau and brain atrophy in DLB patients. We explain our 

results based on the fact that CSF T-tau is a marker of global unspecific neurodegeneration, 

while visual rating scales indicate regional brain atrophy, but we cannot exclude the 

possibility that our findings are due to the low number of subjects with abnormal CSF levels 

of T-tau in our sample, as it has been found by other authors (151). 

In relation to the frontal lobe, neither amyloid-β nor tau-related pathologies were associated 

with atrophy in this brain region in DLB. Similar results have been found in AD (127). In 

DLB, previous studies have demonstrated increased amyloid-β load in frontal regions 

(152,153) but this has not been associated with greater grey matter atrophy (143). 

Another novelty of our study was use of random forest (classification) (131) as the statistical 

method to: 1) investigate the combined effect of AD CSF biomarkers on regional brain 

atrophy measured with visual rating scales, 2) model the effect of age, sex, level of education 

and disease duration on the association between AD CSF biomarkers, and regional brain 
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atrophy; and 3) analyse the predictive power of all these variables in combination as 

predictors of regional brain atrophy. 

The usage of this machine learning technique revelead interesting results. As 

aforementioned, we found an association between amyloid-β and MTA, but the 

classification error for the prediction of patients with abnormal MTA scores was higher than 

the classification error for the prediction of normal MTA scores. This indicates that in the 

abscense of amyloid-β is unlikely to find MTA, yet when MTA is present is not always 

related to amyloid pathology. Therefore, there could be other factors contributing to MTA 

such as other copathologies (i. e. TDP-43 or hippocampal sclerosis). Similarly, the 

classification error for the prediction of patients with normal and abnormal PA scores were 

high in our model, although under the threshold of error by chance. Hence, we acknowledge 

that the association between PA and both amyloid-β and tau-related pathologies is a 

preliminary finding that should be replicated in future studies. 

Additionally, random forest classification models permitted us to study to what extent age, 

sex, education, and disease duration contribute to regional brain atrophy in combination with 

AD CSF biomarkers, because it is unknown wheter these variables should be investigated 

as confounding or contributing factors to regional brain atrophy in neurodegenerative 

diseases (154) Thus, we found that atrophy in the medial temporal and posterior cortices was 

associated with shorter disease duration, and older age. Graff-Radford et al have shown 

similar results where DLB patients with lower hippocampal volume have shorter survival 

(155) On another hand, we found that atrophy in the frontal lobe was associated with older 

age, male sex, and lower level of education. These findings have potential predictive value 

in clinical practice and could help to identify patients with worse prognosis. We were able 

to demonstrate these associations by using a multivariate analysis, which has helped us 

exposed the effect of variables such as disease duration, that cannot be captured in univariate 

or bivariate models, or that are removed in models testing for partial effects (132) A further 

interesting result, was that the Pearson correlation between levels of CSF p-tau and PA 

scores was not significant, yet the levels of CSF p-tau contributed to the prediction of PA in 

the multivariate random forest model. This indicates that the effect of tau-related pathology 

on posterior brain atrophy is not direct, but emerges in the presence of amyloid-β related 

pathology, suggesting a synergistic effect of AD-related pathology in the prediction of 

atrophy in the posterior cortex. Other contributing factors in the random forest for PA were 
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age, level of education, and disease duration. We propose that overlapping AD pathology in 

DLB have a stronger impact in the integrity of the posterior brain cortex in older subjects 

with less education, which could result in a shorter disease duration. 

 

6.2 Influence of AD-related pathology in DLB cognitive decline 

Results from neuropathological studies indicate that DLB patients with mixed AD pathology 

have worse cognitive performance (156), greater memory impairment, poorer visuospatial 

performance and faster cognitive decline, whereas pure DLB patients present worse 

performance in executive function and attention (157,158). 

Similar findings have been demonstrated in PD patients where lower levels of CSF Aβ42 

have been associated with more rapid cognitive decline (159–161) Likewise, higher CSF 

levels of p-tau have been found to predict worse performance in memory and executive 

functions in PD (162) and are associated with impaired recognition and naming in PDD 

(163). 

In DLB patients, an AD CSF profile have been associated with worse performance in 

memory and orientation (164) being amyloid an independent predictor of cognitive 

performance (165,166). 

Yet, little is known about the impact of AD concurrent pathology on longitudinal cognitive 

performance of DLB patients. We have demonstrated that CSF Aβ42 levels predict a faster 

cognitive decline in DLB. 

Similar results have been suggested by neuroimaging studies with FDG and amyloid PET, 

indicating that concomitant AD pathology in DLB is associated with worse cognitive 

impairment over time (167,168). 

However, studies that have analyzed AD CSF biomarkers and cognitive progression in DLB 

patients are scarce. The few studies that have investigated this issue, have demonstrated an 

association of pathological levels of amyloid-β in CSF with lower MMSE at baseline and 

worse performance in the memory domain, but not with a more rapid cognitive decline 

(105,169). Therefore, our findings need further investigation. 
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We have not found a correlation with CSF T-tau o p-tau levels with progressive cognitive 

impairment. This is interesting because in AD, tau-related pathology is associated with 

cognitive worsening, but in DLB it seems that amyloid-β plays a more important role in the 

evolution of the cognitive deficits. 

We did not investigated α-synuclein impact on the longitudinal cognitive impairment, 

because there is no reliable biomarker available. However, results from animal models 

suggest a synergistic interaction between amyloid-β, tau, and α-synuclein that favors their 

aggregation resulting in a faster cognitive decline (170). 

Our results are relevant because they have prognostic value, and could be used in the clinical 

practice to inform patients and their families about the progression of the disease. 

Additionally, these patients may have a distinctive response to disease modyfing treatments 

(DMTs); and since amyloid is altered in a percentage of DLB patients, they could be elegible 

for anti-amyloid treatments, currently approved or under investigation in AD. Moreover, if 

an anti-amyloid therapy is tested in clinical trials with DLB patients who have AD 

concomitant pathology, our results support the use of amyloid-β as a potential biomarker for 

disease progression and/or treatment monitoring. 

 

6.3 The heterogeneity within DLB and the impact of AD-related pathology 

DLB diagnosis can be challenging because not all patients exhibit all core features, and they 

can manifest at different time points in the course of the disease. This increases clinical 

heterogeneity and partly explains why this disease is underdiagnosed. 

Previous studies have investigated DLB heterogeneity, finding distinct clinical subtypes 

(171) that can be identified from the initial presentation (172) Nevertheless, investigating 

the biological heterogeneity within DLB will increase our current understanding of these 

endophenotypes. To this end, we parse DLB heterogeneity by using multimodal subtyping 

method to identify subpopulations of patients with common demographic, clinical, MRI, and 

AD CSF profiles. We found that DLB patients are an heterogeneous group resulting from 

the combination of demographic and clinical features, as well as regional brain atrophy 

patterns and concomitant AD-related pathology. 



 57 

Our findings suggest that the biological heterogeneity in DLB could be partly explained by 

the coexistence of AD-related pathology. Hence, we identified four DLB endophenotypes 

ranging from virtually none (cluster 4) to various degrees of concomitant AD-related 

pathology (clusters 1 to 3). Interestingly, these subgroups exhibited distinct regional brain 

atrophy, clinical and demographic features. 

The “purest” DLB endophenotype was cluster 4 because it had almost normal AD CSF 

biomarkers, and very low burden of cerebrovascular disease. Therefore, we suspect that the 

underlying pathology in this subgroup is α-synuclein-related. This cluster was also the most 

“benign” given its younger age, longer disease duration, higher MMSE scores, least regional 

brain atrophy, and normal CSF levels of T-tau. Similar findings have been reported 

previously, where “pure” DLB patients were younger, and had better global cognition (105). 

The other three endophenotypes showed various degrees of concomitant AD-related 

pathology, resulting in distintive demographic, clinical and regional brain atrophy profiles. 

AD pathological change was most frequently found in clusters 1 and 2. Yet, cluster 1 was 

characterized by MTA, and cluster 2 by PA. On another hand, the highest frequency of tau-

related pathology and PA was demonstrated in cluster 3. These results support our previous 

findings of the association between AD CSF biomarkers and regional brain atrophy, where 

amyloid-β related pathology was associated with MTA, while tau-related pathology was 

related to PA. 

In addition to MTA, cluster 1 was also characterized by older age and high burden of 

cerebrovascular disease. Similarly, previous studies have demostrated an association 

between amyloid-β and older age (165), atrophy in the medial temporal lobe 

(117,143,145,150), and cerebral amyloid angiopathy (173,174). Here we have been able to 

identify a subgroup of DLB patients that combines all these features. 

Another hypothesis generated by our data is the possible association between tau-related 

pathology and disease duration in DLB. Cluster 3, the subgroup with highest frequency of 

tau-related pathology, was among the clusters with shortest disease duration. Previous 

studies have shown that tau pathology is associated with worse prognosis in DLB (64). 

Similarly, cluster 2 was the other phenotype with a short disease duration. Nevertheless, this 

cluster showed a low frequency of tau-related pathology. Other features of this subgroup 

were younger age, low level of education (i. e. lower cognitive reserve), and low MMSE 
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scores. Hence, we propose that lower levels of tau pathology may be enough to lead to low 

MMSE scores in shorter time, at younger ages, as we have found in cluster 2. 

Altogether, disease duration was the shortest in both cluster 2 and 3, the two clusters with 

greater posterior brain atrophy. This might suggest a more aggressive presentation of the 

disease. Likewise, the AD subtype with greater atrophy in the posterior cortex has been 

proposed as the most aggressive presentation of the disease, possibly due to a higher 

frequency of mixed AD and Lewy body pathology (154). 

Furthermore, the presence of concomitant AD-related pathology influenced the clinical 

features of the DLB subgroups. Previous studies have shown that concomitant AD pathology 

in DLB result in a less typical presentation (175,176) possibly because these patients have 

lower frequency of core features (177) Similary, our research group have demonstrated that 

patients with DLB and tau-related pathology have lower number of concurrent core features 

(178). These findings are clinically relevant because they suggest that patients with mixed 

DLB and AD have a higher risk of misdiagnose. 

Interestingly, we found that the frequency of RBD was not different across clusters. Few 

studies have investigated the impact of AD or cerebrovascular pathologies upon probable 

RBD. Autopsy confirmed studies have suggested that patients with a clinical history of RBD 

have less AD-related pathology and a higher frequency of diffuse Lewy body disease (179–

181). Additionally, recent biomarker studies have found that higher tau and cerebrovascular 

burden -but not of amyloid-β- were associated with a lower frequency of probable RBD 

(165,182). Still, it seems that RBD prevalence is similar among distinct DLB phenotypes, 

but this finding needs to be replicated in future studies. 

Another interesting result was that CSF levels of amyloid-β were not one of the main drivers 

of the dimensions in the FAMD model. Contrary of having no influence in the heterogeneity, 

it suggests that amyloid-β could be an underlying factor in all dimensions, contributing to 

more than one dimension at the same time. Further, it is widely known that amyloid-β has a 

weaker contribution to brain atrophy and cognitive impairment compared to tau pathology 

(183–185). 
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6.4 Limitations 

The results presented in this doctoral thesis have some limitations. First, we have analized 

retrospective data from different centers across Europe. However, using data from multiple 

centers with extensive expertise in standardized criteria, and methods to diagnose 

neurodegenerative diseases is a strength because the findings are easier to generalize. 

Second, instead of using continuous values for CSF or quantitative measures for MRI data, 

we have used cut-off values to dichotomize CSF levels of AD biomarkers, and rating scales 

to investigate regional brain atrophy. These approaches were used to minimize 

methodological differences across sites. Third, we have used clinical criteria for the 

diagnosis of probable DLB without autopsy confirmation, and only a subset of patients had 

available DaTSCAN. Nonetheless, the clinical criteria have high specificity, which suggests 

that 80% to 90% of patients who fulfill clinical criteria for probable DLB do also 

pathological criteria (186). 

Finally, there are specific limitations from in each analysis. In the analysis of regional brain 

atrophy and heterogeneity we used a cross-sectional design, and the interval between MRI 

and CSF collection was long in 15.11% of cases (ranging from 3 to 12 months). Also, 

although random forest analysis can manage multicollinearity in some degree, it can result 

in an underestimation of the contribution of multicollinear variables. On another hand, in the 

analysis of longitudinal cognitive decline, the follow up period was relatively short, so it is 

recommend to perform studies with longer duration, partly because fluctuating cognition in 

DLB patients can mask possible associations between cognitive performance and CSF 

biomarkers. And in the study of heterogeneity, we used a data-driven approach, hence the 

results should be considered hypothesis generating; and we cannot rule out the possibility 

that part of the heterogeneity investigated is due to differences among centers. 
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7. Conclusions 

 

 

1. Abnormal levels of CSF Aβ42 and p-tau contribute in combination 

to posterior brain atrophy, and reduced CSF levels of Aβ42 are 

associated with atrophy in the medial temporal lobe in patients with 

DLB. 
 

 

 

2. DLB patients with abnormal levels of CSF Aβ42, present a faster 

cognitive decline during 2 years of follow up. Additionally, CSF 

levels of total and p-tau in DLB patients are not associated with 

longitudinal cognitive decline over time. 
 

 

 

3. DLB is an heterogeneous disease conformed by four 

endophenotypes with distinct demographic, clinical, regional brain 

atrophy patterns, and AD CSF biomarkers profiles. 
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8. Future lines 

In this thesis, we have layout the influence of AD concomitant pathology in the regional 

brain atrophy, longitudinal cognitive decline, and heterogeneity of patients with DLB, thanks 

to the availability of biomarkers for AD. Nevertheless, there is no reliable biomarker 

available for α-synuclein. New approaches for the identification of α-synuclein in biofluids 

-such as RT-QuIC- have shown encouraging results, but more studies are needed to validate 

these promising findings. It would be interesting to investigate the impact of AD 

copathology in DLB by combining amyloid-β, tau, and α-synuclein biomarkers. 

Likewise, is necessary to consider the potential role of other proteinopathies such as TDP-

43 (for which biomarker is also lacking), as well as biological processes like 

neuroinflammation, synaptic pathology, or axonal injury. New techniques like proximity 

extension assay (PEA) technology for the identification of fluid biomarkers (187,188) or 

novel imaging PET tracers (189), could help to unravel the interplay of different 

proteinopathies and biological processes in the diagnosis, clinical presentation, and disease 

progression of DLB. Ideally, such future studies should take advantage of multimodal 

approaches and be conducted in large longitudinal cohorts, given the complexity of the 

problem at hand. This is why is important to promote collaboration across different research 

groups, as it is been done by the E-DLB. 

Potential studies beyond the scope of this thesis are the analysis of disease progression, and 

the characterization of the neuropsychological profiles of the DLB endophenotypes we 

found; as well as the longitudinal study of regional brain atrophy in DLB with concomitant 

AD pathology. 

Another interesting question is to understand at what level of abnormality a copathology 

starts being pathological, that is to determine the cut-off of AD biomarkers in DLB. Until 

now, CSF and PET studies of AD biomarkers in DLB, often use the cut-offs established for 

AD to analyse the influence of amyloid-β and tau pathologies. But it might be that DLB has 

a different pathological threshold in which these proteins affect the clinical presentation, 

cognitive performance and brain atrophy. 

Finally, the case has been made about the possible eligibility of DLB patients with mixed 

AD pathology for AD DMTs such as anti-amyloid therapies. To this end, clinical trials in 
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this population should be conducted, and AD biomarkers can be used to stratify DLB 

patients and increase statistical power (190). In addition to investigating the potential benefit 

of AD DMTs in DLB; other questions like the possible influence of AD-related pathology 

on the response to future α-synuclein therapies could be explored. 

  



 63 

9. Bibliography 

1.  Mattson MP. Superior pattern processing is the essence of the evolved human brain. 
Front Neurosci. 2014;8:265. 

2.  Golde TE, Borchelt DR, Giasson BI, Lewis J. Thinking laterally about 
neurodegenerative proteinopathies. J Clin Invest. 2013;123(5):1847–55.  

3.  Allegri RF. Moving from neurodegenerative dementias, to cognitive proteinopathies, 
replacing “where” by “what”…. Dement e Neuropsychol. 2020;14(3):237–42.  

4.  Halliday GM, Holton JL, Revesz T, Dickson DW. Neuropathology underlying 
clinical variability in patients with synucleinopathies. Acta Neuropathol. 
2011;122(2):187–204.  

5.  Heidebrink JL. Is dementia with Lewy bodies the second most common cause of 
dementia? J Geriatr Psychiatry Neurol. 2002;15(4):182–7.  

6.  Aarsland D, Kurz M, Beyer M, Bronnick K, Piepenstock Nore S, Ballard C. Early 
discriminatory diagnosis of dementia with Lewy bodies: The emerging role of CSF 
and imaging biomarkers. Dement Geriatr Cogn Disord. 2008;25(3):195-205. 

7.  Zaccai J, McCracken C, Brayne C. A systematic review of prevalence and incidence 
studies of dementia with Lewy bodies. Age Ageing. 2005;34(6):561–6.  

8.  Vann Jones S, O´Brien J. The prevalence and incidence of dementia with Lewy 
bodies: a systematic review of population and clinical studies. Psychol Med. 
2014;44(4):673–83. 

9.  Kane JPM, Surendranathan A, Bentley A, Barker SAH, Taylor JP, Thomas AJ, et al. 
Clinical prevalence of Lewy body dementia. Alzheimer’s Res Ther. 2018;10(1):19.  

10.  Outeiro TF, Koss DJ, Erskine D, Walker L, Kurzawa-Akanbi M, Burn D, et al. 
Dementia with Lewy bodies: An update and outlook. Mol Neurodegener. 
2019;14(1):5.  

11.  Hogan DB, Fiest KM, Roberts JI, Maxwell CJ, Dykeman J, Pringsheim T, et al. The 
prevalence and incidence of dementia with lewy bodies: A systematic review. Can J 
Neurol Sci. 2016;43(S1):S83–95.  

12.  Klatka L, Louis E, Schiffer R. Psychiatric features in diffuse lewy body disease: A 
clinicopathologic study using Alzheimer’s disease and Parkinson’s disease 
comparison groups. Neurology. 1996;47(5):1148–52.  

13.  Boot B, Orr C, Ferman T, Roberts R, Pankratz V, Dickson D, et al. Risk Factors for 
Dementia with Lewy Bodies. Neurology. 2013;81:833–40.  

14.  Garcia-Ptacek S, Farahmand B, Kåreholt I, Religa D, Cuadrado ML, Eriksdotter M. 
Mortality risk after dementia diagnosis by dementia type and underlying factors: a 
cohort of 15,209 patients based on the Swedish Dementia Registry. J Alzheimers Dis. 
2014;41(2):467–77. 

15.  Oesterhus R, Soennesyn H, Rongve A, Ballard C, Aarsland D, Vossius C. Long-term 
mortality in a cohort of home-dwelling elderly with mild Alzheimer’s disease and 
Lewy body dementia. Dement Geriatr Cogn Disord. 2014;38(3–4):161–9. 

16.  Williams MM, Xiong C, Morris JC, Galvin JE. Survival and mortality differences 



 64 

between dementia with Lewy bodies vs Alzheimer disease. Neurology 
2006;67(11):1935–41. 

17.  Mueller C, Perera G, Rajkumar AP, Bhattarai M, Price A, O’Brien JT, et al. 
Hospitalization in people with dementia with Lewy bodies: Frequency, duration, and 
cost implications. Alzheimer’s Dement Diagnosis, Assess Dis Monit. 2018;10:143–
52. 

18.  McKeith IG, Rowan E, Askew K, Naidu A, Allan L, Barnett N, et al. More severe 
functional impairment in dementia with Lewy bodies than Alzheimer disease is 
related to extrapyramidal motor dysfunction. Am J Geriatr Psychiatry. 
2006;14(7):582–8.  

19.  Boström F, Jönsson L, Minthon L, Londos E. Patients with dementia with Lewy 
bodies have more impaired quality of life than patients with Alzheimer disease. 
Alzheimer Dis Assoc Disord. 2007;21(2):150–4. 

20.  Mueller C, Ballard C, Corbett A, Aarsland D. The prognosis of dementia with Lewy 
bodies. Lancet Neurol. 2017;16(5):390–8. 

21.  Rongve A, Vossius C, Nore S, Testad I, Aarsland D. Time until nursing home 
admission in people with mild dementia: Comparison of dementia with Lewy bodies 
and Alzheimer’s dementia. Int J Geriatr Psychiatry. 2014;29(4):392–8. 

22.  Vossius C, Rongve A, Testad I, Wimo A, Aarsland D. The use and costs of formal 
care in newly diagnosed dementia: A three-year prospective follow-up study. Am J 
Geriatr Psychiatry. 2014;22(4):381–8. 

23.  Lewy F. Paralisis agitans. I. Pathologische Anatomie. In: Springer, editor. 
Lewandowsky’s Handbuch der Neurologie, 3 Band: Spez Neurologie II. Berlin, 
Germany; 1912. p. 920–33.  

24.  Okazaki H, Lipkin LE, Aronson SM. Diffuse intracytoplasmic ganglionic inclusions 
(lewy type) associated with progressive dementia and quadriparesis in flexion. J 
Neuropathol Exp Neurol. 1961;20(2):237–44. 

25.  Kosaka K. Lewy body disease and dementia with Lewy bodies. Proc Japan Acad Ser 
B Phys Biol Sci. 2014;90(8):301–6.  

26.  Kosaka K, Oyanagi S, Matsushita M, Hori A, Iwase S. Presenile dementia with 
Alzheimer-, Pick- and Lewy-body changes. Acta Neuropathol. 1976 Sep;36(3):221–
33. 

27.  McKeith IG, Galasko D, Kosaka K, Perry EK, Dickson DW, Hansen LA, et al. 
Consensus guidelines for the clinical and pathologic diagnosis of dementia with Lewy 
bodies (DLB): Report of the consortium on DLB international workshop. Neurology. 
1996;47(5):1113–24.  

28.  McKeith IG, Dickson DW, Lowe J, Emre M, O’Brien JT, Feldman H, et al. Diagnosis 
and management of dementia with Lewy bodies: Third report of the DLB consortium. 
Neurology. 2005;65(12):1863–72.  

29.  McKeith I, Boeve B, Dickson D, Halliday G, Taylor J, Weintraub D, et al. Diagnosis 
and management of dementia with Lewy bodies Fourth consensus report of the DLB 
Consortium. Neurology. 2017;89(1):88–100.  

30.  Donaghy PC, McKeith IG. The clinical characteristics of dementia with Lewy bodies 



 65 

and a consideration of prodromal diagnosis. Alzheimers Res Ther. 2014;6(4):46. 

31.  Ferman TJ, Smith GE, Boeve BF, Graff-Radford NR, Lucas JA, Knopman DS, et al. 
Neuropsychological differentiation of dementia with Lewy bodies from normal aging 
and Alzheimer’s disease. Clin Neuropsychol. 2006;20(4):623–36.  

32.  Bronnick K, Breitve MH, Rongve A, Aarsland D. Neurocognitive Deficits 
Distinguishing Mild Dementia with Lewy Bodies from Mild Alzheimer’s Disease are 
Associated with Parkinsonism. J Alzheimer’s Dis. 2016;53(4):1277–85. 

33.  Oda, Haruhiko; Yamamoto, Yasuji; Maeda K. The neuropsychological profile in 
dementia with Lewy bodies and Alzheimer’s disease. Int J Geriatr Psychiatry. 
2009;24:125–31.  

34.  Walker Z, Allen RL, Shergill S, Katona CLE. Neuropsychological performance in 
Lewy body dementia and Alzheimer’s disease. Br J Psychiatry. 1997;170:156–8. 

35.  Hamilton JM, Salmon DP, Galasko D, Delis DC, Hansen LA, Masliah E, et al. A 
comparison of episodic memory deficits in neuropathologically-confirmed Dementia 
with Lewy bodies and Alzheimer’s disease. J Int Neuropsychol Soc. 2004;10(5):689–
97. 

36.  Abbate C, Trimarchi PD, Inglese S, Viti N, Cantatore A, De Agostini L, et al. 
Preclinical Polymodal Hallucinations for 13 Years before Dementia with Lewy 
Bodies. Behav Neurol. 2014;2014:1–13. 

37.  Tiraboschi P, Salmon DP, Hansen LA, Hofstetter RC, Thal LJ, Corey-Bloom J. What 
best differentiates Lewy body from Alzheimer’s disease in early-stage dementia? 
Brain. 2006;129(3):729–35. 

38.  Iranzo A, Fernández-Arcos A, Tolosa E, Serradell M, Molinuevo JL, Valldeoriola F, 
et al. Neurodegenerative disorder risk in idiopathic REM sleep behavior disorder: 
study in 174 patients. PLoS One. 2014;9(2):e89741. 

39.  Boeve BF, Silber MH, Ferman TJ, Lin SC, Benarroch EE, Schmeichel AM, et al. 
Clinicopathologic correlations in 172 cases of rapid eye movement sleep behavior 
disorder with or without a coexisting neurologic disorder. Sleep Med. 
2013;14(8):754–62.  

40.  Ferman TJ, Boeve BF, Smith GE, Lin SC, Silber MH, Pedraza O, et al. Inclusion of 
RBD improves the diagnostic classification of dementia with Lewy bodies. 
Neurology. 2011;77(9):875–82. 

41.  Ferman TJ, Smith GE, Boeve BF, Ivnik RJ, Petersen RC, Knopman D, et al. Specific 
features that reliably differentiate DLB from AD and normal aging. Neurology. 2004 
62(2):181–7. 

42.  Fujishiro H, Ferman TJ, Boeve BF, Glenn E, Graff-radford NR, Uitti RJ, et al. 
Validation of the neuropathologic criteria of the third consortium for dementia with 
Lewy bodies for prospectively diagnosed cases. J Neuropathol Exp Neurol. 
2008;67(7):649–56.  

43.  Burn DJ, Rowan EN, Minett T, Sanders J, Myint P, Richardson J, et al. 
Extrapyramidal features in Parkinson’s disease with and without dementia and 
dementia with lewy bodies: A cross-sectional comparative study. Mov Disord. 
2003;18(8):884–9. 



 66 

44.  Chiba Y, Fujishiro H, Iseki E, Ota K, Kasanuki K, Hirayasu Y, et al. Retrospective 
survey of prodromal symptoms in dementia with Lewy bodies: comparison with 
Alzheimer’s disease. Dement Geriatr Cogn Disord. 2012;33(4):273–81. 

45.  Galvin JE. Improving the clinical detection of Lewy body dementia with the Lewy 
body composite risk score. Alzheimer’s Dement Diagnosis, Assess Dis Monit. 
2015;1(3):316–24.  

46.  Brigo F, Turri G, Tinazzi M. 123I-FP-CIT SPECT in the differential diagnosis 
between dementia with Lewy bodies and other dementias. J Neurol Sci. 2015;359(1–
2):161–71. 

47.  O’brien JT, Oertel WH, Mckeith IG, Grosset DG, Walker Z, Tatsch K, et al. Is 
ioflupane I123 injection diagnostically effective in patients with movement disorders 
and dementia? Pooled analysis of four clinical trials. BMJ Open. 2014;4:5122. 

48.  Colloby SJ, McParland S, O’Brien JT, Attems J. Neuropathological correlates of 
dopaminergic imaging in Alzheimer’s disease and Lewy body dementias. Brain. 
2012;135(9):2798–808. 

49.  Yoshita M, Arai H, Arai H, Arai T, Asada T, Fujishiro H, et al. Diagnostic accuracy 
of123I-meta-iodobenzylguanidine myocardial scintigraphy in dementia with lewy 
bodies: A multicenter study. PLoS One. 2015;10(3).  

50.  Fernández-Arcos A, Morenas-Rodríguez E, Santamaria J, Sánchez-Valle R, Lladó A, 
Gaig C, et al. Clinical and video-polysomnographic analysis of rapid eye movement 
sleep behavior disorder and other sleep disturbances in dementia with Lewy bodies. 
Sleep. 2019;42(7):1–18. 

51.  Kon T, Tomiyama M, Wakabayashi K. Neuropathology of Lewy body disease: 
Clinicopathological crosstalk between typical and atypical cases. Neuropathology. 
2020;40(1):30–9.  

52.  Braak H, Del Tredici K, Rüb U, De Vos RAI, Jansen Steur ENH, Braak E. Staging of 
brain pathology related to sporadic Parkinson’s disease. Neurobiol Aging. 
2003;24(2):197–211.  

53.  Leverenz JB, Hamilton R, Tsuang DW, Schantz A, Vavrek D, Larson EB, et al. 
Empiric refinement of the pathologic assessment of Lewy-related pathology in the 
dementia patient. Brain Pathol. 2008;18(2):220–4. 

54.  Beach TG, Adler CH, Lue LF, Sue LI, Bachalakuri J, Henry-Watson J, et al. Unified 
staging system for Lewy body disorders: Correlation with nigrostriatal degeneration, 
cognitive impairment and motor dysfunction. Acta Neuropathol. 2009;117(6):613–
34. 

55.  Attems J, Toledo JB, Walker L, Gelpi E, Gentleman S, Halliday G, et al. 
Neuropathological consensus criteria for the evaluation of Lewy pathology in post-
mortem brains: a multi-centre study. Acta Neuropathol. 2021;141(2):159–72. 

56.  Zarranz JJ, Alegre J, Gómez-Esteban JC, Lezcano E, Ros R, Ampuero I, et al. The 
New Mutation, E46K, of α-Synuclein Causes Parkinson and Lewy Body Dementia. 
Ann Neurol. 2004;55(2):164–73. 

57.  Morfis L, Cordato DJ. Dementia with Lewy bodies in an elderly Greek male due to 
α-synuclein gene mutation. J Clin Neurosci. 2006;13(9):942–4.  



 67 

58.  Ikeuchi T, Kakita A, Shiga A, Kasuga K, Kaneko H, Tan CF, et al. Patients 
homozygous and heterozygous for SNCA duplication in a family with parkinsonism 
and dementia. Arch Neurol. 2008;65(4):514–9. 

59.  Guerreiro R, Ross OA, Kun-Rodrigues C, Hernandez DG, Orme T, Eicher JD, et al. 
Investigating the genetic architecture of dementia with Lewy bodies: a two-stage 
genome-wide association study. Lancet Neurol. 2018;17(1):64-74. 

60.  Rongve A, Witoelar A, Ruiz A, Athanasiu L, Abdelnour C, Clarimon J, et al. GBA 
and APOE ε4 associate with sporadic dementia with Lewy bodies in European 
genome wide association study. Sci Rep. 2019;9(1):7013. 

61.  Belloy ME, Napolioni V, Greicius MD. A Quarter Century of APOE and Alzheimer’s 
Disease: Progress to Date and the Path Forward. Neuron. 2019;101(5):820–38. 

62.  Geiger JT, Ding J, Crain B, Pletnikova O, Letson C, Dawson TM, et al. Next-
generation sequencing reveals substantial genetic contribution to dementia with Lewy 
bodies. Neurobiol Dis. 2016;94:55–62.  

63.  Tsuang D, Leverenz JB, Lopez OL, Hamilton RL, Bennett DA, Schneider JA, et al. 
APOE ε4 increases risk for dementia in pure synucleinopathies. JAMA Neurol. 
2013;70(2):223–8.  

64.  Irwin DJ, Grossman M, Weintraub D, Hurtig HI, Duda JE, Xie SX, et al. 
Neuropathological and genetic correlates of survival and dementia onset in 
synucleinopathies: a retrospective analysis. Lancet Neurol. 2017;16(1):55. 

65.  Ballard C, O’Brien J, Morris CM, Barber R, Swann A, Neill D, et al. The progression 
of cognitive impairment in dementia with Lewy bodies, vascular dementia and 
Alzheimer’s disease. Int J Geriatr Psychiatry. 2001;16(5):499–503. 

66.  Dickson DW, Heckman MG, Murray ME, Soto AI, Walton RL, Diehl NN, et al. 
APOE e4 is associated with severity of Lewy body pathology independent of 
Alzheimer pathology. Neurology. 2018;91(12):E1182–95.  

67.  Zhao J, Lu W, Ren Y, Yuan Fu ·, Martens YA, Shue F, et al. Apolipoprotein E 
regulates lipid metabolism and α-synuclein pathology in human iPSC-derived 
cerebral organoids. Acta Neuropathol. 2021;1:3. 

68.  Liu C, Zhao Y, Xi H, Jiang J, Yu Y, Dong W. The Membrane Interaction of Alpha-
Synuclein. Front Cell Neurosci. 2021 Mar 4;15.  

69.  Orme T, Guerreiro R, Bras J. The Genetics of Dementia with Lewy Bodies: Current 
Understanding and Future Directions. Curr Neurol Neurosci Rep. 2018;18(10).  

70.  Goker-Alpan O, Giasson BI, Eblan MJ, Nguyen J, Hurtig HI, Lee VMY, et al. 
Glucocerebrosidase mutations are an important risk factor for Lewy body disorders. 
Neurology. 2006;67(5):908–10. 

71.  Mata IF, Samii A, Schneer SH, Roberts JW, Griffith A, Leis BC, et al. 
Glucocerebrosidase gene mutations: A risk factor for Lewy body disorders. Arch 
Neurol. 2008;65(3):379–82. 

72.  Creese B, Bell E, Johar I, Francis P, Ballard C, Aarsland D. Glucocerebrosidase 
mutations and neuropsychiatric phenotypes in Parkinson’s disease and Lewy body 
dementias: Review and meta-analyses. Am J Med Genet Part B Neuropsychiatr 
Genet. 2018;177(2):232–41. 



 68 

73.  Nalls MA, Duran R, Lopez G, Kurzawa-Akanbi M, McKeith IG, Chinnery PF, et al. 
A multicenter study of glucocerebrosidase mutations in dementia with Lewy bodies. 
JAMA Neurol. 2013;70(6):727–35. 

74.  Gámez-Valero A, Prada-Dacasa P, Santos C, Adame-Castillo C, Campdelacreu J, 
Reñé R, et al. GBA Mutations Are Associated With Earlier Onset and Male Sex in 
Dementia With Lewy Bodies. Mov Disord. 2016;31(7):1066–70. 

75.  Clark LN, Kartsaklis LA, Gilbert RW, Dorado B, Ross BM, Kisselev S, et al. 
Association of glucocerebrosidase mutations with dementia with Lewy bodies. Arch 
Neurol. 2009;66(5):578–83. 

76.  Manne S, Kondru N, Jin H, Anantharam V, Huang X, Kanthasamy A, et al. α-
Synuclein real-time quaking-induced conversion in the submandibular glands of 
Parkinson’s disease patients. Mov Disord. 2020;35(2):268–78.  

77.  Mollenhauer B, Locascio JJ, Schulz-Schaeffer W, Sixel-Döring F, Trenkwalder C, 
Schlossmacher MG. alpha-Synuclein and tau concentrations in cerebrospinal fluid of 
patients presenting with parkinsonism: A cohort study. Lancet Neurol. 
2011;10(3):230–40.  

78.  Kasuga K, Tokutake T, Ishikawa A, Uchiyama T, Tokuda T, Onodera O, et al. 
Differential levels of α-synuclein, β-amyloid42 and tau in CSF between patients with 
dementia with Lewy bodies and Alzheimer’s disease. J Neurol Neurosurg Psychiatry. 
2010;81(6):608–10.  

79.  van Steenoven I, Majbour NK, Vaikath NN, Berendse HW, van der Flier WM, van 
de Berg WDJ, et al. α-Synuclein species as potential cerebrospinal fluid biomarkers 
for dementia with lewy bodies. Mov Disord. 2018;33(11):1724–33. 

80.  Lim X, Yeo JM, Green A, Pal S. The diagnostic utility of cerebrospinal fluid alpha-
synuclein analysis in dementia with Lewy bodies - A systematic review and meta-
analysis. Parkinsonism and Related Disorders. 2013;19(10):851–8. 

81.  Kapaki E, Paraskevas GP, Emmanouilidou E, Vekrellis K. The diagnostic value of 
CSF α-synuclein in the differential diagnosis of dementia with lewy bodies vs. 
Normal subjects and patients with Alzheimer’s disease. PLoS One. 2013;8(11): 
e81654. 

82.  Kalia L V. Diagnostic biomarkers for Parkinson’s disease: focus on α-synuclein in 
cerebrospinal fluid. Park Relat Disord. 2019;59:21–5. 

83.  Eusebi P, Giannandrea D, Biscetti L, Abraha I, Chiasserini D, Orso M, et al. 
Diagnostic utility of cerebrospinal fluid α-synuclein in Parkinson’s disease: A 
systematic review and meta-analysis. Mov Disord. 2017;32(10):1389–400.  

84.  Mollenhauer B, Parnetti L, Rektorova I, Kramberger MG, Pikkarainen M, Schulz-
Schaeffer WJ, et al. Biological confounders for the values of cerebrospinal fluid 
proteins in Parkinson’s disease and related disorders. J Neurochem. 2016;290–317.  

85.  Parnetti L, Gaetani L, Eusebi P, Paciotti S, Hansson O, El-Agnaf O, et al. CSF and 
blood biomarkers for Parkinson’s disease. Lancet Neurol. 2019;18(6):573–86.  

86.  Saijo E, Groveman BR, Kraus A, Metrick M, Orrù CD, Hughson AG, et al. 
Ultrasensitive RT-QuIC Seed Amplification Assays. Methods in Molecular Biology. 
2019;1873:19–37.  



 69 

87.  Rossi M, Candelise N, Baiardi · Simone, Capellari S, Giannini G, Orrù CD, et al. 
Ultrasensitive RT-QuIC assay with high sensitivity and specificity for Lewy body-
associated synucleinopathies. Acta Neuropathol. 2020;140:49–62. 

88.  Fairfoul G, McGuire LI, Pal S, Ironside JW, Neumann J, Christie S, et al. Alpha-
synuclein RT-QuIC in the CSF of patients with alpha-synucleinopathies. Ann Clin 
Transl Neurol. 2016;3(10):812–8. 

89.  Barbour R, Kling K, Anderson JP, Banducci K, Cole T, Diep L, et al. Red blood cells 
are the major source of alpha-synuclein in blood. Neurodegener Dis. 2008;5(2):55–9.  

90.  Graham C, Santiago-Mugica E, Abdel-All Z, Li M, McNally R, Kalaria RN, et al. 
Erythrocytes as Biomarkers for Dementia: Analysis of Protein Content and Alpha-
Synuclein. J Alzheimer’s Dis. 2019;71(2):569–80. 

91.  Laske C, Fallgatter AJ, Stransky E, Hagen K, Berg D, Maetzler W. Decreased α-
synuclein serum levels in patients with lewy body dementia compared to alzheimer’s 
disease patients and control subjects. Dement Geriatr Cogn Disord. 2011;31(6):413–
6. 

92.  Daniele S, Baldacci F, Piccarducci R, Palermo G, Giampietri L, Manca ML, et al. α-
Synuclein Heteromers in Red Blood Cells of Alzheimer’s Disease and Lewy Body 
Dementia Patients. J Alzheimer’s Dis. 2021;80(2):885–93. 

93.  Korat Š, Shalina N, Bidesi R, Bonanno F, Nanni A Di, Nguyên A, et al. Alpha-
Synuclein PET Tracer Development-An Overview about Current Efforts. 
Pharmaceuticals. 2021;14:847. 

94.  Kuebler L, Buss S, Leonov A, Ryazanov S, Schmidt F, Maurer A, et al. 
[11C]MODAG-001—towards a PET tracer targeting α-synuclein aggregates. Eur J 
Nucl Med Mol Imaging. 2021;48(6):1759–72.  

95.  Mathis CA, Lopresti BJ, Ikonomovic MD, Klunk WE. Small-molecule PET Tracers 
for Imaging Proteinopathies. Semin Nucl Med. 2017;47(5):553–75.  

96.  Ganguly U, Singh S, Pal S, Prasad S, Agrawal BK, Saini R V, et al. Alpha-Synuclein 
as a Biomarker of Parkinson’s Disease: Good, but Not Good Enough. Front Aging 
Neurosci. 2021;13:702639. 

97.  Bougea A, Koros C, Stefanis L. Salivary alpha-synuclein as a biomarker for 
Parkinson’s disease: a systematic review. J Neural Transm. 2019;126(11):1373–82. 

98.  Beach TG, Adler CH, Serrano G, Sue LI, Walker DG, Dugger BN, et al. Prevalence 
of Submandibular Gland Synucleinopathy in Parkinson’s Disease, Dementia with 
Lewy Bodies and other Lewy Body Disorders. J Parkinsons Dis. 2016;6(1):153–63.  

99.  Orimo S. Autonomic Dysfunction and Skin Biopsy in Dementia with Lewy Bodies. 
Brain nerve. 2018;70(8):915–27. 

100.  Gómez-Isla T, Growdon WB, McNamara M, Newell K, Gómez-Tortosa E, Hedley-
Whyte ET, et al. Clinicopathologic correlates in temporal cortex in dementia with 
Lewy bodies. Neurology. 1999 Dec;53(9):2003–9.  

101.  Kosaka K. Diffuse lewy body disease in Japan. J Neurol. 1990;237(3):197–204.  
102.  Marui W, Iseki E, Kato M, Akatsu H, Kosaka K. Pathological entity of dementia with 

Lewy bodies and its differentiation from Alzheimer’s disease. Acta Neuropathol. 
2004;108(2):121–8.  



 70 

103.  Schoonenboom NSM, Reesink FE, Verwey NA, Kester MI, Teunissen CE, Van De 
Ven PM, et al. Cerebrospinal fluid markers for differential dementia diagnosis in a 
large memory clinic cohort. Neurology. 2012;78(1):47–54.  

104.  Van Steenoven I, Aarsland D, Weintraub D, Londos E, Blanc F, Van Der Flier WM, 
et al. Cerebrospinal Fluid Alzheimer’s Disease Biomarkers Across the Spectrum of 
Lewy Body Diseases: Results from a Large Multicenter Cohort on behalf of the 
European DLB consortium. J Alzheimers Dis. 2016;54(1):287–95. 

105.  Lemstra AW, de Beer MH, Teunissen CE, Schreuder C, Scheltens P, van der Flier 
WM, et al. Concomitant AD pathology affects clinical manifestation and survival in 
dementia with Lewy bodies. J Neurol Neurosurg Psychiatry. 2017;88(2):113–8. 

106.  Ossenkoppele R, Jansen WJ, Rabinovici GD, Knol DL, van der Flier WM, van 
Berckel BNM, et al. Prevalence of amyloid PET positivity in dementia syndromes: a 
meta-analysis. JAMA. 2015;313(19):1939–49. 

107.  Petrou M, Dwamena BA, Foerster BR, Maceachern MP, Bohnen NI, Müller ML, et 
al. Amyloid deposition in Parkinson’s disease and cognitive impairment: A 
systematic review. Mov Disord. 2015;30(7):928–35.  

108.  Slaets S, Le Bastard N, Theuns J, Sleegers K, Verstraeten A, De Leenheir E, et al. 
Amyloid pathology influences aβ1-42 cerebrospinal fluid levels in dementia with 
lewy bodies. J Alzheimers Dis. 2013;35(1):137–46. 

109.  Irwin DJ, Xie SX, Coughlin D, Nevler N, Akhtar RS, McMillan CT, et al. CSF tau 
and β-amyloid predict cerebral synucleinopathy in autopsied Lewy body disorders. 
Neurology. 2018;90(12):e1038–46.  

110.  Colom-Cadena M, Gelpi E, Charif S, Belbin O, Blesa R, Martí MJ, et al. Confluence 
of α-synuclein, tau, and β-amyloid pathologies in dementia with Lewy bodies. J 
Neuropathol Exp Neurol. 2013;72(12):1203–12. 

111.  Ishizawa T, Mattila P, Davies P, Wang D, Dickson DW. Colocalization of tau and 
alpha-synuclein epitopes in Lewy bodies. J Neuropathol Exp Neurol. 
2003;62(4):389–97. 

112.  Popescu A, Lippa CF, Lee VMY, Trojanowski JQ. Lewy bodies in the amygdala: 
Increase of α-synuclein aggregates in neurodegenerative diseases with tau-based 
inclusions. Arch Neurol. 2004;61(12):1915–9. 

113.  Badiola N, de Oliveira RM, Herrera F, Guardia-Laguarta C, Gonçalves SA, Pera M, 
et al. Tau enhances α-synuclein aggregation and toxicity in cellular models of 
synucleinopathy. PLoS One. 2011;6(10):e26609.  

114.  Jellinger KA, Wenning GK, Seppi K. Predictors of survival in dementia with Lewy 
bodies and Parkinson dementia. Neurodegener Dis. 2007;4(6):428–30.  

115.  Boström F, Hansson O, Blennow K, Gerhardsson L, Lundh T, Minthon L, et al. 
Cerebrospinal fluid total tau is associated with shorter survival in dementia with lewy 
bodies. Dement Geriatr Cogn Disord. 2009;28(4):314–9.  

116.  Ruffmann C, Calboli FCF, Bravi I, Gveric D, Curry LK, de Smith A, et al. Cortical 
Lewy bodies and Aβ burden are associated with prevalence and timing of dementia 
in Lewy body diseases. Neuropathol Appl Neurobiol. 2016;42(5):436–50.  

117.  Abdelnour C, Ferreira D, Oppedal K, Cavallin L, Bousiges O, Wahlund LO, et al. 



 71 

The combined effect of amyloid-β and tau biomarkers on brain atrophy in dementia 
with Lewy bodies. NeuroImage Clin. 2020;27:102333. 

118.  Abdelnour C, van Steenoven I, Londos E, Blanc F, Auestad B, Kramberger MG, et 
al. Alzheimer’s disease cerebrospinal fluid biomarkers predict cognitive decline in 
lewy body dementia. Mov Disord. 2016;31(8):1203–8.  

119.  Oppedal K, Borda MG, Ferreira D, Westman E, Aarsland D. European DLB 
consortium: diagnostic and prognostic biomarkers in dementia with Lewy bodies, a 
multicenter international initiative. Neurodegener Dis Manag. 2019;9(5):247–50. 

120.  Kramberger MG, Auestad B, Garcia-Ptacek S, Abdelnour C, Olmo JG, Walker Z, et 
al. Long-Term Cognitive Decline in Dementia with Lewy Bodies in a Large 
Multicenter, International Cohort. J Alzheimer’s Dis. 2017;57(3):787-95. 

121.  Folstein MF, Folstein SE, McHugh PR. “Mini-mental state”. A practical method for 
grading the cognitive state of patients for the clinician. J Psychiatr Res. 
1975;12(3):189–98. 

122.  Jack Jr CR, Bennett DA, Blennow K, Carrillo MC, Dunn B, Budd Haeberlein S, et al. 
NIA-AA Research Framework: Toward a biological definition of Alzheimer’s 
disease. Alzheimers Dement. 2018;14(4):535–62. 

123.  Duits FH, Teunissen CE, Bouwman FH, Visser PJ, Mattsson N, Zetterberg H, et al. 
The cerebrospinal fluid “alzheimer profile”: Easily said, but what does it mean? 
Alzheimer’s Dement. 2014;10(6):713–23.  

124.  Ferreira D, Verhagen C, Hernández-Cabrera JA, Cavallin L, Guo CJ, Ekman U, et al. 
Distinct subtypes of Alzheimer’s disease based on patterns of brain atrophy: 
Longitudinal trajectories and clinical applications. Sci Rep. 2017;7:46263.  

125.  Ph Scheltens, D Leys, F Barkhof, D Huglo, H C Weinstein, P Vermersch, M Kuiper, 
M Steinling, E Ch Wolters JV. Atrophy of medial temporal lobes on MRI in 
“probable” Alzheimer’s disease and normal ageing: diagnostic value and 
neuropsychological correlates. J Neurol Neurosurg Psychiatry. 1992;55:967–72.  

126.  Koedam ELGE, Lehmann M, Van Der Flier WM, Scheltens P, Pijnenburg YAL, Fox 
N, et al. Visual assessment of posterior atrophy development of a MRI rating scale. 
Eur Radiol. 2011;21(12):2618–25.  

127.  Ferreira D, Cavallin L, Granberg T, Lindberg O, Aguilar C, Mecocci P, et al. 
Quantitative validation of a visual rating scale for frontal atrophy: associations with 
clinical status, APOE e4, CSF biomarkers and cognition. Eur Radiol. 
2016;26(8):2597–610. 

128.  Fazekas F, Chawluk JB, Alavi A. MR signal abnormalities at 1.5 T in Alzheimer’s 
dementia and normal aging. Am J Neuroradiol. 1987;8(3):421–6. 

129.  Nira Cedres , Daniel Ferreira, Alejandra Machado, Sara Shams, Simona Sacuiu, 
Margda Waern, Lars-Olof Wahlund, Anna Zettergren, Silke Kern, Ingmar Skoog EW. 
Predicting Fazekas scores from automatic segmentations of white matter signal 
abnormalities. Aging (Albany NY). 2020;12(1):894–901. 

130.  Bos I, Verhey FR, Ramakers IHGB, Jacobs HIL, Soininen H, Freund-Levi Y, et al. 
Cerebrovascular and amyloid pathology in predementia stages: The relationship with 
neurodegeneration and cognitive decline. Alzheimer’s Res Ther. 2017;9(1):101.  



 72 

131.  Breiman L. Random forests. Mach Learn. 2001;45(1):5–32.  

132.  Machado A, Barroso J, Molina Y, Nieto A, Díaz-Flores L, Westman E, et al. Proposal 
for a hierarchical, multidimensional, and multivariate approach to investigate 
cognitive aging. Neurobiol Aging. 2018;71:179–88.  

133.  Liaw, A and Wiener M. Classification and regression by random forest. R News. 
2002;2(3):18–22.  

134.  Lê S, Josse J, Husson F. FactoMineR: An R package for multivariate analysis. J Stat 
Softw. 2008;25(1):1–18. 

135.  Ward JH. Hierarchical Grouping to Optimize an Objective Function. J Am Stat Assoc. 
1963;58(301):236–44.  

136.  Calinski T, Harabasz J. A Dendrite Method Foe Cluster Analysis. Commun Stat. 
1974;3(1):1–27.  

137.  Hochberg Y, Benjamini Y. More powerful procedures for multiple significance 
testing. Stat Med. 1990;9(7):811–8. 

138.  Schneider JA, Arvanitakis Z, Leurgans SE, Bennett DA. The neuropathology of 
probable Alzheimer disease and mild cognitive impairment. Ann Neurol. 
2009;66(2):200–8.  

139.  Dugger BN, Adler CH, Shill HA, Caviness J, Jacobson S, Driver-Dunckley E, et al. 
Concomitant pathologies among a spectrum of parkinsonian disorders. Park Relat 
Disord. 2014;20(5):525–9. 

140.  Sierra M, Gelpi E, Martí MJ, Compta Y. Lewy- and Alzheimer-type pathologies in 
midbrain and cerebellum across the Lewy body disorders spectrum. Neuropathol 
Appl Neurobiol. 2016;42(5):451–62. 

141.  Barker WW, Luis CA, Kashuba A, Luis M, Harwood DG, Loewenstein D, et al. 
Relative Frequencies of Alzheimer Disease, Lewy Body, Vascular and 
Frontotemporal Dementia, and Hippocampal Sclerosis in the State of Florida Brain 
Bank. 2002;16(4):203–12.  

142.  Oppedal K, Ferreira D, Cavallin L, Lemstra A, ten Kate M, Padovani A, et al. A 
signature pattern of cortical atrophy in dementia with Lewy bodies: a study on 333 
patients from The European DLB Consortium. Alzheimer’s Dement. 
2019;15(3):400–9.  

143.  Sarro L, Senjem ML, Lundt ES, Przybelski SA, Lesnick TG, Graff-Radford J, et al. 
Amyloid-b deposition and regional grey matter atrophy rates in dementia with Lewy 
bodies. Brain. 2016;139:2740–50. 

144.  Shimada H, Shinotoh H, Hirano S, Miyoshi M, Sato K, Tanaka N, et al. β-amyloid in 
lewy body disease is related to Alzheimer’s disease-like atrophy. Mov Disord. 
2013;28(2):169–75.  

145.  Mak E, Donaghy PC, McKiernan E, Firbank MJ, Lloyd J, Petrides GS, et al. Beta 
amyloid deposition maps onto hippocampal and subiculum atrophy in dementia with 
Lewy bodies. Neurobiol Aging. 2019;73:74–81. 

146.  Smith R, Schöll M, Londos E, Ohlsson T, Hansson O. 18F-AV-1451 in Parkinson’s 
Disease with and without dementia and in Dementia with Lewy Bodies. Sci Rep. 
2018;8(1):4717.  



 73 

147.  Kantarci K, Lowe VJ, Boeve BF, Senjem ML, Tosakulwong N, Lesnick TG, et al. 
AV-1451 tau and β-amyloid positron emission tomography imaging in dementia with 
Lewy bodies. Ann Neurol. 2017;81(1):58–67.  

148.  Walker L, McAleese KE, Thomas AJ, Johnson M, Martin-Ruiz C, Parker C, et al. 
Neuropathologically mixed Alzheimer’s and Lewy body disease: burden of 
pathological protein aggregates differs between clinical phenotypes. Acta 
Neuropathol. 2015;129(5):729–48.  

149.  Coughlin DG, Xie SX, Liang M, Williams A, Peterson C, Weintraub D, et al. 
Cognitive and Pathological Influences of Tau Pathology in Lewy Body Disorders. 
Ann Neurol. 2019;85(2):259–71. 

150.  van der Zande JJ, Steenwijk MD, ten Kate M, Wattjes MP, Scheltens P, Lemstra AW. 
Gray matter atrophy in dementia with Lewy bodies with and without concomitant 
Alzheimer’s disease pathology. Neurobiol Aging. 2018;71:171–8. 

151.  Mukaetova-Ladinska EB, Monteith R, Perry EK. Cerebrospinal Fluid Biomarkers for 
Dementia with Lewy Bodies. Int J Alzheimers Dis. 2010;2010:1–17. 

152.  Gomperts SN, Locascio JJ, Marquie M, Santarlasci AL, Rentz DM, Maye J, et al. 
Brain amyloid and cognition in Lewy body diseases. Mov Disord. 2012;27(8):965–
73.  

153.  Kantarci K, Yang C, Schneider JA, Senjem ML, Reyes DA, Lowe VJ, et al. Ante 
mortem amyloid imaging and β-amyloid pathology in a case with dementia with Lewy 
bodies. Neurobiol Aging. 2012;33(5):878–85.  

154.  Ferreira D, Nordberg A, Westman E. Biological subtypes of Alzheimer disease. 
Neurology. 2020;94(10):436–48. 

155.  Graff-Radford J, Lesnick TG, Boeve BF, Przybelski SA, Jones DT, Senjem ML, et 
al. Predicting Survival in Dementia With Lewy Bodies With Hippocampal 
Volumetry. Mov Disord. 2016;31(7):989–94.  

156.  Nelson PT, Kryscio RJ, Jicha GA, Abner EL, Schmitt FA, Xu LO, et al. Relative 
preservation of MMSE scores in autopsy-proven dementia with Lewy bodies. 
Neurology. 2009;73(14):1127–33. 

157.  Kraybill ML, Larson EB, Tsuang DW, Teri L, McCormick WC, Bowen JD, et al. 
Cognitive differences in dementia patients with autopsy-verified AD, Lewy body 
pathology, or both. Neurology. 2005;64(12):2069–73. 

158.  Johnson DK, Morris JC, Galvin JE. Verbal and visuospatial deficits in dementia with 
Lewy bodies. Neurology. 2005;65(8):1232–8.  

159.  Siderowf  a, Xie SX, Hurtig H, Weintraub D, Duda J, Chen-Plotkin  a, et al. CSF 
amyloid {beta} 1-42 predicts cognitive decline in Parkinson disease. Neurology. 
2010;75(12):1055–61. 

160.  Parnetti L, Farotti L, Eusebi P, Chiasserini D, De Carlo C, Giannandrea D, et al. 
Differential role of CSF alpha-synuclein species, tau, and Aβ42 in Parkinson’s 
disease. Front Aging Neurosci. 2014;6:53.  

161.  Terrelonge M, Marder KS, Weintraub D, Alcalay RN. CSF β-Amyloid 1-42 Predicts 
Progression to Cognitive Impairment in Newly Diagnosed Parkinson Disease. J Mol 
Neurosci. 2016;58(1):88–92. 



 74 

162.  Liu C, Cholerton B, Shi M, Ginghina C, Cain KC, Auinger P, et al. CSF tau and 
tau/Aβ42 predict cognitive decline in Parkinson’s disease. Park Relat Disord. 2015 
Mar 1;21(3):271–6.  

163.  Compta Y, Martí MJ, Ibarretxe-Bilbao N, Junqué C, Valldeoriola F, Muñoz E, et al. 
Cerebrospinal Tau , Phospho-Tau , and Beta-Amyloid and Neuropsychological 
Functions in Parkinson ’ s Disease. Mov Disord. 2009;24(15):2203–10.  

164.  Andersson M, Zetterberg H, Minthon L, Blennow K, Londos E. The cognitive profile 
and CSF biomarkers in dementia with Lewy bodies and Parkinson’s disease dementia. 
Int J Geriatr Psychiatry. 2011;26(1):100–5.  

165.  Ferreira D, Przybelski SA, Lesnick TG, Lemstra AW, Londos E, Blanc F, et al. β-
Amyloid and tau biomarkers and clinical phenotype in dementia with Lewy bodies. 
Neurology. 2020 Dec 15;95(24):e3257–68.  

166.  Katayama T, Sawada J, Kikuchi-Takeguchi S, Kano K, Takahashi K, Saito T, et al. 
Cerebrospinal fluid levels of alpha-synuclein, amyloid β, tau, phosphorylated tau, and 
neuron-specific enolase in patients with Parkinson’s disease, dementia with Lewy 
bodies or other neurological disorders: Their relationships with cognition and nuclear. 
Neurosci Lett. 2020;715:134564. 

167.  Nedelska Z, Schwarz CG, Lesnick TG, Boeve BF, Przybelski SA, Lowe VJ, et al. 
Association of Longitudinal β-Amyloid Accumulation Determined by Positron 
Emission Tomography With Clinical and Cognitive Decline in Adults With Probable 
Lewy Body Dementia. JAMA Netw open. 2019;2(12):e1916439.  

168.  Iizuka T, Iizuka R, Kameyama M. Cingulate island sign temporally changes in 
dementia with Lewy bodies. Sci Rep. 2017 Dec 1;7(1):14745.  

169.  Van Steenoven I, Van Der Flier WM, Scheltens P, Teunissen CE, Lemstra AW. 
Amyloid-β peptides in cerebrospinal fluid of patients with dementia with Lewy 
bodies. Alzheimer’s Res Ther. 2019;11(1):83. 

170.  Clinton LK, Blurton-Jones M, Myczek K, Trojanowski JQ, LaFerla FM. Synergistic 
interactions between Aβ, tau, and α-synuclein: Acceleration of neuropathology and 
cognitive decline. J Neurosci. 2010;30(21):7281–9. 

171.  Rongve A, Brønnick K, Ballard C, Aarsland D. Core and suggestive symptoms of 
dementia with lewy bodies cluster in persons with mild dementia. Dement Geriatr 
Cogn Disord. 2010;29(4):317–24.  

172.  Morenas-Rodríguez E, Sala I, Subirana A, Pascual-Goñi E, Sánchez-Saudinós MB, 
Alcolea D, et al. Clinical Subtypes of Dementia with Lewy Bodies Based on the Initial 
Clinical Presentation. J Alzheimer’s Dis. 2018;64(2):505–13.  

173.  Joki H, Higashiyama Y, Nakae Y, Kugimoto C, Doi H, Kimura K, et al. White matter 
hyperintensities on MRI in dementia with Lewy bodies, Parkinson’s disease with 
dementia, and Alzheimer’s disease. J Neurol Sci. 2018;385:99–104. 

174.  Jellinger KA, Attems J. Cerebral amyloid angiopathy in Lewy body disease. J Neural 
Transm. 2008;115(3):473–82.  

175.  Del Ser T, Hachinski V, Merskey H, Munoz DG. Clinical and pathologic features of 
two groups of patients with dementia with Lewy bodies: Effect of coexisting 
Alzheimer-type lesion load. Alzheimer Dis Assoc Disord. 2001;15(1):31–44. 



 75 

176.  Weisman D, Cho M, Taylor C, Adame A, Thal LJ, Hansen LA. In dementia with 
Lewy bodies, Braak stage determines phenotype, not Lewy body distribution. 
Neurology. 2007;69(4):356–9.  

177.  Tiraboschi P, Attems J, Thomas A, Brown Evelyn Jaros A, Lett DJ, Maria Ossola B, 
et al. Clinicians’ ability to diagnose dementia with Lewy bodies is not affected by β-
amyloid load. Neurology. 2015;84(5):496–9. 

178.  Di Censo R, Abdelnour C, Blanc F, Bousiges O, Lemstra AW, van Steenoven I, et al. 
CSF tau proteins correlate with an atypical clinical presentation in dementia with 
Lewy bodies. J Neurol Neurosurg Psychiatry. 2020;91(1):109-10.  

179.  Murray ME, Ferman TJ, Boeve BF, Przybelski SA, Lesnick TG, Liesinger AM, et al. 
MRI and pathology of REM sleep behavior disorder in dementia with Lewy bodies. 
Neurology. 2013;81(19):1681–9.  

180.  Ferman TJ, Aoki N, Boeve BF, Aakre JA, Kantarci K, Graff-Radford J, et al. 
Subtypes of dementia with Lewy bodies are associated with α-synuclein and tau 
distribution. Neurology. 2020;95(2):E155–65. 

181.  Pilotto A, Romagnolo A, Tuazon JA, Vizcarra JA, Marsili L, Zibetti M, et al. 
Orthostatic hypotension and REM sleep behaviour disorder: Impact on clinical 
outcomes in α-synucleinopathies. J Neurol Neurosurg Psychiatry. 2019;90(11):1257–
63.  

182.  Ferreira D, Nedelska Z, Graff-Radford J, Przybelski SA, Lesnick TG, Schwarz CG, 
et al. Cerebrovascular disease, neurodegeneration, and clinical phenotype in dementia 
with Lewy bodies. Neurobiol Aging. 2021;105:252-261. 

183.  Joie R La, Visani A V, Baker SL, Brown JA, Bourakova V, Cha J, et al. Prospective 
longitudinal atrophy in Alzheimer’s disease correlates with the intensity and 
topography of baseline tau-PET. Sci Transl Med. 2020;12(524):5732. 

184.  Cho H, Choi JY, Hwang MS, Kim YJ, Lee HM, Lee HS, et al. In vivo cortical 
spreading pattern of tau and amyloid in the Alzheimer disease spectrum. Ann Neurol. 
2016;80(2):247–58. 

185.  Bejanin A, Schonhaut DR, La Joie R, Kramer JH, Baker SL, Sosa N, et al. Tau 
pathology and neurodegeneration contribute to cognitive impairment in Alzheimer’s 
disease. Brain. 2017;140(12):3286–300.  

186.  McKeith IG, Ballard CG, Perry RH, Ince PG, O’Brien JT, Neill D, et al. Prospective 
validation of Consensus criteria for the diagnosis of dementia with Lewy bodies. 
Neurology. 2000;54(5):1050–8. 

187.  Jabbari E, Woodside J, Guo T, Magdalinou NK, Chelban V, Athauda D, et al. 
Proximity extension assay testing reveals novel diagnostic biomarkers of atypical 
parkinsonian syndromes Movement disorders. J Neurol Neurosurg Psychiatry. 
2019;90:768–73. 

188.  Gaetani L, Bellomo G, Parnetti L, Blennow K, Zetterberg H, Di Filippo M. 
Neuroinflammation and Alzheimer’s Disease: A Machine Learning Approach to CSF 
Proteomics. Cells. 2021;10(8):1930. 

189.  Zhang L, Hu K, Shao T, Hou L, Zhang S, Ye W, et al. Recent developments on PET 
radiotracers for TSPO and their applications in neuroimaging. Acta Pharm Sin B. 
2021;11(2):373–93. 



 76 

190.  Coughlin DG, Hurtig HI, Irwin DJ. Pathological Influences on Clinical Heterogeneity 
in Lewy Body Diseases. Mov Disord. 2019;1–15.  

 
  



 77 

10. Annexes 

Annex I: Supplementary tables 

Supplementary table 1: Overview of CSF procedures per center 
Center Centrifuging Storage Analysis Essay Cut off values 

[ng/L] 
Mälmo Centrifuged at 

2000g for 10 
minutes at 4°C 
 

Stored at -
80°C 

INNOTEST 
Double 
sandwich 
ELISAs 

Aβ42: 500 
t-tau:  
<50 years old: 300 
50-70 years old: 450 
>70 years old: 500 
p-tau: 60 

Strasbourg Centrifuged at 
1000g for 10 
minutes at 4°C 

Stored at -
80°C 

INNOTEST 
Double 
sandwich 
ELISAs 

Aβ42: <550 
T-tau: >400 
P-tau: >80 

Amterdam Centrifuged at 1800 
g for 10 min at 4°C 

Aliquots of 0.5 
mL stored in 
polypropylene 
tubes at -80°C 

INNOTEST 
Double 
sandwich 
ELISAs 

Aβ42: <550 
t-tau: >375 
p-tau: >52 

Stockholm Centrifuged at 
2000g for 10 
minutes at 4°C 

Aliquots of 
0.5mL of 1mL 
stored in 
polypropylene 
tubes at -80°C 

INNOTEST 
Double 
sandwich 
ELISAs 

Aβ42: <550 
T-tau: >400 
P-tau: >80 

Brescia Centrifuged at 
3000g for 3 
minutes at 4°C 

Stored in 
polypropylene 
tubes at -80°C 

INNOTEST 
Aβ42, Tau  and 
P181-tau  
 

Aβ42: <650 
T-tau: >400 
P-tau: >30 

Stavanger Centrifuged at 
2000g for 10 
minutes at 4°C 
 

Stored in 
polypropylene 
tubes at -80°C 

Aβ42: 
Biosource 
Europe S.A.  
t-tau: 
INNOTEST 
hTau  
p-tau: 
INNOTEST 
Phos-pho-Tau 
(181) 

Aβ42: <482 
T-tau: >320 
P-tau: >52 

Ljubljana Centrifuged at 
4000g for 10 
minutes at 2-4°C  

Stored at -
70°C 

INNOTEST 
Double 
sandwich 
ELISAs 

Aβ42: <550 
T-tau: >400 
P-tau: >80 

Barcelona Centrifuged at 
2000g for 10 
minutes at 4oC 

Stored in 
polypropylene 
tubes at -80oC 

INNOTEST 
Double 
sandwich 
ELISAs 

Aβ42: <670 
T-tau: >398 
P-tau: >65 
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Supplementary table 2: Overview of MRI parameters per center 
Center MRI parameters 

Strasbourg Scanner, Field 
strength(T), TR(ms), 
TE(ms), TI(ms), FA, 
NoA, Resolution(mm) 

Siemens Verio, 3, 1900, 2.53, 900, 9, 1, (1, 1, 1) 

Amsterdam Scanner, Field strength 
(T), TR(ms), TE(ms), 
TI(ms), FA, NoA, 
Resolution(mm) 

GE Signa, 3T, 8, 3, 450, 12, (0.98x0.98x1) 

Stockholm Scanner, Field Strength 
(T), Resolution(mm) 

Siemens Aera, 1.5T, (1, 1, 1) mm resolution 
Siemens Avanto, 1.5T, (1.5, 1, 1) mm resolution 
Siemens Avanto, 1.5T, (1.2, 1, 1) mm resolution 
Siemens Avanto, 1.5T, (1.4, 1, 1) mm resolution 
Siemens Symphony, 1.5T, (1.5, 1, 1) mm resolution 
Siemens Symphony, 1.5T, (0.81, 1, 1) mm resolution 
Siemens Trio, 3T, (1, 1, 1) mm resolution 
Siemens Trio, 3T, (1.2, 1, 1) mm resolution 
Siemens Trio, 3T, (0.9, 1, 1) mm resolution 
Siemens Trio, 3T, (1.4, 1, 1) mm resolution 

Brescia Scanner, Field 
strength(T), TR(ms), 
TE(ms), TI(ms), FA, 
NoA, Resolution(mm) 

Siemens Avanto, 1.5, 2050, 2.56, 1100, 15, 1, (0.5, 
0.5, 1) 

Stavanger Scanner, Field 
strength(T), TR(ms), 
TE(ms), FA, NoA, 
Resolution(mm) 

Philips Intera, 1.5, 10, 4.6, 30, 2, (1.01, 1.01, 1) 
Philips Intera, 1.5, 20, 16, 30, 1, (1.02, 1.02, 1) 
GE Signa Excite, 1.5, 8.224, 3.144, 7, 1, (1, 1, 1) 

Ljubljana Scanner, TR(ms), 
TE(ms), FA, NoA, 
Resolution(mm) 

Philips Achieva, 25, 4.60, 30, 1, (0.9375, 0.9375, 1) 
Siemens TrioTim, 2300, 4.71, 12, 1, (1, 1, 1) 
Philips Achieva, 7.27, 3,331, 8, 1, (1, 1, 1) 

Barcelona Scanner, Field strength 
(T), TR (ms), TE (ms), 
TI (ms), Resolution 
(mm) 

Siemens Magnetom Aera, 3T, 2200ms, 2,23ms, 
968ms, 1.1x1.1x1.2mm 
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A B S T R A C T

Background: Alzheimer’s disease (AD)-related pathology is frequently found in patients with dementia with
Lewy bodies (DLB). However, it is unknown how amyloid-β and tau-related pathologies influence neurode-
generation in DLB. Understanding the mechanisms underlying brain atrophy in DLB can improve our knowledge
about disease progression, differential diagnosis, drug development and testing of anti-amyloid and anti-tau
therapies in DLB.
Objectives: We aimed at investigating the combined effect of CSF amyloid-β42, phosphorylated tau and total tau
on regional brain atrophy in DLB in the European DLB (E-DLB) cohort.
Methods: 86 probable DLB patients from the E-DLB cohort with CSF and MRI data were included. Random forest
was used to analyze the association of CSF biomarkers (predictors) with visual rating scales for medial temporal
lobe atrophy (MTA), posterior atrophy (PA) and global cortical atrophy scale-frontal subscale (GCA-F) (out-
comes), including age, sex, education and disease duration as extra predictors.
Results: DLB patients with abnormal MTA scores had abnormal CSF Aβ42, shorter disease duration and older
age. DLB patients with abnormal PA scores had abnormal levels of CSF Aβ42 and p-tau, older age, lower edu-
cation and shorter disease duration. Abnormal GCA-F scores were associated with lower education, male sex, and
older age, but not with any AD-related CSF biomarker.
Conclusions: This study shows preliminary data on the potential combined effect of amyloid-β and tau-related
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pathologies on the integrity of posterior brain cortices in DLB patients, whereas only amyloid-β seems to be
related to MTA. Future availability of α-synuclein biomarkers will help us to understand the effect of α-synuclein
and AD-related pathologies on brain integrity in DLB.

1. Introduction

Neuropathological studies have shown that many patients diag-
nosed with dementia with Lewy bodies (DLB) often have Alzheimer’s
disease (AD)-related pathology (Gomez-Isla et al., 1999; Schneider
et al., 2009; Halliday et al., 2011; Dugger et al., 2014; Sierra et al.,
2016) In these mixed cases, it has been found that the degree of AD-
related pathology is moderate or severe in more than 70% of patients
(Kosaka, 1990; Marui et al., 2004; Barker et al., 2002; Irwin et al.,
2017). The combination of these proteinopathies have implications in
the clinical phenotype. Thus, postmortem studies have shown that the
coexistence of amyloid-β and tau-related pathologies in addition to the
defining alpha-synuclein pathology usually results in a less typical
presentation of DLB core features: a lower frequency of recurrent visual
hallucinations, parkinsonism, REM sleep behavior disorder (RBD) and
fluctuating cognition (Merdes et al., 2003; Del Ser et al., 2001;
Tiraboschi et al., 2015; Compta et al., 2013; Murray et al., 2013), and a
more severe disease course (Irwin et al., 2017; Howlett et al., 2015;
Kraybill et al., 2005; Williams et al., 2006).

Similar findings have been obtained in vivo (Di Censo et al., 2020),
which is more relevant for the earlier disease stages compared to the
end-stage diseases assessed at autopsy. In this regard, cerebrospinal
fluid (CSF) and neuroimaging studies have shown concomitant AD-re-
lated biomarkers in a significant proportion of DLB patients who often
are older, have shorter disease duration and worse cognitive perfor-
mance (Van Steenoven et al., 2016; Gomperts et al., 2016; Abdelnour
et al., 2016; Lemstra et al., 2017), mainly in orientation and memory
(Andersson et al., 2011; Tagawa et al., 2015).

Nevertheless, how AD-related pathology influences the neurode-
generative process in DLB is less studied. In AD, amyloid-β and tau-
related pathologies are hypothesized to lead to neuronal injury (Hyman
et al., 2012; Braak et al., 2006). DLB patients with concomitant AD-
related pathology have shown a faster rate of brain atrophy over time
measured with MRI, mainly in the medial temporal lobe, when com-
pared with DLB patients without concomitant AD-related pathology
(Nedelska et al., 2015; Sarro et al., 2016; Blanc et al., 2017; Nelson
et al., 2009). This finding suggests that AD pathology may contribute to
medial temporal lobe atrophy (MTA) in DLB (Elder et al., 2017; Sarro
et al., 2016). Similarly, when amyloid is present the patterns of de-
position and atrophy resembles that observed in AD (Shimada et al.,
2013; Donaghy et al., 2015; Irwin and Hurtig, 2018; Mak et al.,
2019ab) Understanding the underlying mechanisms of regional brain
atrophy that could reflect distinct pathologies could have treatment
implications. For example, a typical AD pattern of brain atrophy in-
volving the medial temporal lobes and posterior cortices was associated
with poorer response to acetylcholinesterase inhibitors in DLB patients
(Graff-Radford et al., 2012). Also, amyloid or tau-targeted therapies
might be effective in a subgroup of patients with DLB, i.e. it is im-
portant to improve our understanding in what degree AD pathologies
may contribute towards personalized medicine approaches and im-
prove differential diagnosis, disease prognosis, and treatment response
in DLB.

Combining CSF biomarkers and structural MRI may inform about
the mechanisms underlying regional atrophy, but few studies have been
performed in DLB and results are inconsistent. A recent study reported
an association between abnormal levels of CSF Aβ42 and MTA in DLB,
as well as an association between abnormal levels of CSF total tau (T-
tau) and global brain atrophy (van der Zande et al., 2018). By contrast,
another study reported no differences between amyloid PET positive
and negative DLB patients in hippocampal or gray matter volume

(Donaghy et al., 2018). However, associations between regional
atrophy and tau-related pathology have not been investigated yet. Im-
portantly, in vitro studies have found cross-seeding of alpha-synuclein,
amyloid and tau proteins (Spires-Jones et al., 2017), thus the combi-
nation of proteinopathies may have additional or even synergistic
contributions to neurodegeneration. Hence, we aimed to explore this
question by investigating the combined effect of CSF Aβ42, T-tau and p-
tau on regional brain atrophy in the E-DLB cohort, a large multi-center
study involving 19 centers from Europe (Oppedal et al., 2019). Our
hypothesis was that DLB patients with abnormal levels of CSF Aβ42, T-
tau and p-tau would have a higher level of brain atrophy, in particular,
in the medial temporal lobes and posterior cortices, delineating the
typical pattern of brain atrophy in AD (Oppedal et al., 2019).

2. Materials and methods

2.1. Participants population

A total of 86 DLB patients were selected from 6 centers of the E-DLB
cohort. Inclusion criteria to enter the E-DLB cohort are reported in
previous publications (Kramberger et al., 2017). For the current study,
selection criteria were: 1) a diagnosis of probable DLB; 2) availability of
CSF data; and 3) availability of MRI data. Detailed information about
the centers that contributed to the current study is shown in
Supplementary tables.

2.2. Diagnostic and clinical examination

Because the E-DLB cohort was assembled retrospectively, many
patients had been diagnosed before 2017. Hence, The DLB diagnosis
was made according to McKeith 2005 criteria (McKeith et al., 2005),
but we were able to confirm the diagnosis of probable DLB according to
McKeith 2017 criteria (McKeith et al., 2017) in 83 out of 86 patients.
Diagnosis was made by the treating physician, a group of at least two
expert clinicians, or a multidisciplinary team at a consensus diagnostic
meeting on the basis of all available clinical and diagnostic test data as
previously reported (Oppedal et al., 2019; Kramberger et al., 2017).

Clinicians interviewed both patients and caregivers, recorded de-
mographic information as well as medical and drug history. All centers
included a detailed medical history, aside from physical, neurological,
and psychiatric examinations using standardized scales such as the
motor subscale of the Unified Parkinson’s Disease rating scale (Fahn
et al., 1987) and the Neuropsychiatric Inventory (Cummings et al.,
1994). Based on the clinical examination and/or the aforementioned
scales the core diagnostic features fluctuating cognition, parkinsonism,
and recurrent visual hallucinations were recorded as present or absent.
Neuropsychological evaluation and complementary tests to rule out
secondary causes of dementia (routine blood tests and brain imaging)
were performed. 26 out of the total sample of 86 subjects had available
DAT SPECT, 25 (96.15%) of which were abnormal.

2.3. Ethics

Local ethics committees at the individual centres approved the
study. The patients gave their written consent to use the anonymised
results of their clinical, instrumental and laboratory investigations for
research purposes.
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2.4. CSF procedures

CSF was obtained at all centers with the following procedures: 1)
lumbar puncture at the L3-4 or L4-5 interspace; 2) collection in poly-
propylene tubes and centrifuged for 10 min at 4 °C; and 3) storage in
aliquots of 0.5 mL at −80 °C or −70 °C until further analysis. Further
details are summarized in Supplementary Table 1. CSF analyses were
performed locally according to standard routines. INNOTEST enzyme-
linked immunosorbent assays (ELISA) were used to analyze T-tau and p-
tau (missing for 1 patient) in all samples and Aβ42 in 80 samples
(Fujirebio, Ghent, Belgium). The remaining 6 samples were analyzed
for Aβ42 using ELISA kits from Biosource Europe S.A. CSF values were
dichotomized as normal or pathological based on well-established
center-specific cut-off values for each biomarker as previously de-
scribed (Abdelnour et al., 2016) (Supplementary Table A.1).

2.5. MRI analysis

Different neuroimaging acquisition protocols and MRI scanners
were used as detailed in Supplementary Table A.2. The interval be-
tween MRI and CSF collection ranged from 0 to 3 months in the ma-
jority of the cases (73 out 86, which corresponds to 84.88%). In 13
patients the interval ranged from 3 to 12 moths (15.12%). We used
visual rating of MRI scans, which is more feasible for clinical use than
automated analysis, and is not influenced by between-center differences
in acquisition protocols and MRI scanners. Ratings of all scans were
performed by one expert radiologist (L. C.) as previously described
(Ferreira et al., 2017), who has excellent intra-rater reliability -
weighted κ of 0.94 and 0.89 for MTA in left and right hemispheres
correspondingly, 0.88 for PA, and 0.83 for GCA-F in 120 random cases-
(Ferreira et al., 2017) blinded to clinical data. T1-weigthed images were
used to investigate regional brain atrophy by using three visual rating
scales: the medial temporal lobe atrophy scale (MTA) (Scheltens et al.,
1992), the posterior atrophy scale (PA) (Koedam et al., 2011) and the
global cortical atrophy scale-frontal subscale (GCA-F) (Ferreira et al.,
2016). Detailed information regarding the visual rating scales is pro-
vided elsewhere (Ferreira et al., 2017). The visual rating scores were
dichotomized into normal and abnormal values in accordance with
previously proposed cut-offs (Ferreira et al., 2015)

2.6. Statistics

The statistical analyses were done using R (www.R-project.org)
version 3.2.4 and IBM SPSS version 26. Descriptive results are shown as
mean ± SD for normally distributed continuous variables, and number
and percentage for categorical variables.

The aim of this study was to investigate the combined effect of
Aβ42, T-tau and p-tau (predictors) on regional brain atrophy as mea-
sured with visual rating scales (outcome variables). All these measures
are dichotomous (0 normal, 1 abnormal). We also wanted to model the
effects of age, sex, education and disease duration to investigate their
possible added effect to the association between CSF biomarkers and
regional brain atrophy. Age, education and disease duration are con-
tinuous variables while sex is dichotomous (0 males 1 females). Further,
our interest was to investigate the predictive power of all these vari-
ables in combination as predictors of regional brain atrophy, rather
than investigating their partial effects. Random forest (classification)
(Breiman, 2001) was thus chosen given our aim, the nature of the
variables, the number of predictors and the sample size. Random forest
is an ensemble method in machine learning that involves growing of
multiple decision trees via bootstrap aggregation (bagging). Each tree
predicts a classification independently and votes for the corresponding
class. The best model for each outcome variable is chosen from the
majority of votes (Machado et al., 2018). Importantly, contrarily to
other predictive methods such as multiple linear or logistic regression
that investigate partial effects (competition among predictors in the

prediction of the outcome), random forest investigates combined effects
(the predictors do not compete with each other but “cooperate” in the
prediction of the outcome) (Machado et al., 2018) Combined effects are
closer to what we hypothesized in this study, i.e., amyloid-β (CSF Aβ42)
and tau-related (CSF p-tau) pathologies have a synergistic deleterious
effect on brain integrity. When CSF Aβ42 and CSF p-tau as predictors
show a contribution to the prediction of brain atrophy, we can conclude
that both pathologies have a combined effect on brain integrity, which
may reflect their synergy at the pathological level (i.e. the “coopera-
tion” between Aβ42 and CSF p-tau contributes to the prediction of brain
atrophy). Further, random forest performs very similarly to other ma-
chine learning algorithms (Machado et al., 2018) but it was preferred in
our current study due to the nature of our variables. We performed
three random forest models: one for each atrophy scale (MTA, PA, and
GCA-F) as the outcome variable. The random forest models were
comprised of 5000 trees, providing an accurate estimation of the vari-
ables importance without introducing too much noise in the models due
to the addition of redundant trees. Each of the trees was trained on
randomly picked 70% of the data and subsequently tested on the un-
seen 30% of the data. Classification models (normal vs. abnormal)
(Liaw and Wiener, 2002) were conducted, accounting for the fact that
the outcome variable may present with an unbalanced amount of cases
in its two levels (e.g. normal MTA n = 53, abnormal MTA n = 34). The
classification error is reported as a measure of goodness of the model
(out-of-the-bag estimated error rate, OOB-EER) (Breiman, 2001). When
outcome variables are dichotomous, as it is our case, the error by
chance is 50%. Therefore, a classification below 50% is better than
chance, with values closest to 0% denoting better classification per-
formance, hence good reliability of the model. We also report the im-
portance (Imp) of the predictors as a measure of their contribution to-
wards the prediction of the outcome variable (regional brain atrophy).
Higher Imp values denote stronger contribution to the prediction. The
random forest results were further complemented with the Pearson
correlation coefficient to easily represent the magnitude and direction
of the association between variables (bivariate association). P-values of
Pearson correlation are reported for completeness of information.

3. Results

3.1. Sample features

Clinical and demographic features of the sample are reported in
Table 1. Of the 86 patients, the number of patients with pathological
CSF values is 28 (32.56%) for Aβ42, 17 (19.77%) for Total-Tau and 24
(27.91%) for p-Tau. The number of patients with abnormal scores in the
visual rating scales was: MTA: 33 (38.37%), GCA-F: 34 (39.53%) and
PA: 45 (52.33%). Fig. 1 shows 3 examples of different combinations for
CSF Aβ42, CSF p-Tau CSF and the visual rating scales.

Table 1
Demographic and clinical data of the participants.

Features Mean (SD) Range

Age at diagnosis 69.36 (8.85) 49–88
Sex: Male N (%) 49 (56.98)
Years of education 11.24 (4.08) 5–22
Disease duration (years) 4.04 (3.10) 0.5–14
MMSE 24.85 (3.72) 15–30
Parkinsonism (%) 82.6 (N = 71)
Visual hallucinations (%) 58.1 (N = 50)
Fluctuating cognition (%) 75.6 (N = 65)

N: number. MMSE: Minimental State Examination.
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3.2. Association between AD CSF biomarkers and visual rating scores
measured with MRI

The distribution of abnormal scores in the visual rating scales in
relation to normal or pathological CSF Aβ42, T-tau and p-tau is pre-
sented in Table 2.

Classification performance in the three random forest models was
better than chance: MTA, OOB-EER = 32.56%; PA, OOB-
EER = 44.83%, GCA-F, OOB-EER = 24.14% (Table 3). The classifi-
cation error for normal MTA was 24.52% and for abnormal MTA it was
45.45%. The classification error for normal PA was 46.34% and for
abnormal PA it was 43.48%. The classification error for normal GCA-F

Fig. 1. Normal and pathological CSF values of Aβ42 and p-Tau combined with visual rating scales. CSF levels of Aβ42 and p-Tau were dichotomized according the
cut-offs of each center into normal or pathological values. MTA, PA and GCA-F visual rating scales were used to measure regional atrophy based on T1-weigthed
images. A+= pathological CSF Aβ42; A− = normal CSF Aβ42; T+= pathological CSF p-Tau; T− = normal CSF p-Tau; MTA = medial temporal atrophy scale;
PA = posterior atrophy scale; GCA-F = global cortical atrophy scale – frontal subscale; A = anterior part of the brain; P = posterior part of the brain; R = right;
L = left.

Table 2
Distribution of abnormal visual rating scores between normal and pathological AD CSF biomarkers groups.

CSF Aβ42 CSF T-tau CSF p-tau

Visual rating scales Normal Abnormal Normal Abnormal Normal Abnormal

Abnormal MTA N (%) 18 (54.55) 15 (45.45) 28 (84.85) 5 (15.15) 26 (78.79) 7 (21.21)
Age (mean and SD) 69.78 (8.37) 73.93 (6.68) 70.86 (8.01) 76.20 (5.07) 70.27 (8.13) 76.86 (3.34)
Sex (Male N and %) 11 (61.11) 6 (40) 18 (64.29) 2 (40) 17 (65.38) 3 (42.86)
Disease duration (mean and SD) 3.64 (2.91) 2.43 (2.35) 3.11 (2.80) 3.00 (2.35) 2.87 (2.54) 3.93 (3.32)
Abnormal PA N (%) 25 (55.56) 20 (44.44) 33 (73.33) 12 (26.67) 29 (64.44) 16 (35.56)
Age (mean and SD) 67.24 (9.40) 75.70 (6.78) 70.24 (8.22) 73.08 (11.88) 69.17 (8.07) 74.31 (10.62)
Sex (Male N and %) 15 (60) 12 (60) 20 (60.61) 7 (58.33) 18 (62.07) 9 (56.25)
Disease duration (mean and SD) 3.98 (2.69) 2.48 (1.57) 3.26 (2.24) 3.46 (2.78) 2.91 (1.91) 4.03 (2.96)
Abnormal GCA-F N (%) 19 (55.88) 15 (44.12) 27 (79.41) 7 (20.59) 20 (58.82) 14 (41.18)
Age (mean and SD) 70.68 (9) 75.93 (7.06) 71.30 (8.57) 79.57 (6.05) 70.95 (8.57) 75.93 (8.36)
Sex (Male N and %) 14 (73.68) 11 (73.33) 20 (74.07) 5 (71.43) 15 (75) 10 (71.43)
Disease duration (mean and SD) 4.61 (3.08) 2.77 (2.15) 3.63 (2.74) 4.43 (3.31) 3.18 (2.20) 4.68 (3.44)

N: number. CSF: cerebrospinal fluid. Aβ42: Amyloid-β42. T tau: Total tau. P tau: phosphorylated tau at threonine 181. MTA: medial temporal lobe atrophy. PA:
posterior atrophy. GCA-F: global cortical atrophy scale-frontal subscale.
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scores was 19.23% while it was 31.43% for patients with abnormal
values. Table 3 shows that the best predictors of MTA were disease
duration, CSF Aβ42 and age, ordered by importance. We found a
combined effect of CSF Aβ42 and CSF p-tau on PA. Age, education and
disease duration also contributed to the prediction of PA. Finally, the
best predictors of GCA-F were sex, education and age. AD CSF bio-
markers did not contribute to the prediction of GCA-F. The same pat-
tern of results was observed when adding the center as a predictor in
the models (data not shown), thus suggesting that variability across-
centers does not seem to affect our findings.

Pearson correlation coefficients show that abnormal scores in MTA
were related to abnormal CSF Aβ42 levels, whereas abnormal values of
PA were associated with both abnormal CSF Aβ42 and p-tau levels.
Regarding the effect of age, sex, education and disease duration, ab-
normal scores in MTA were related to shorter disease duration and
older age. Abnormal scores in PA were related to older age, less edu-
cation and shorter disease duration. Abnormal scores in GCA-F were
related to less education, male sex and older age (Table 3). Fig. 2 shows
the correlation matrix between visual ratings and CSF biomarkers, as
well as among all predictors in our random forest models (Breiman,
2001).

4. Discussion

We found that both amyloid-β and tau-related pathologies con-
tribute in combination to atrophy in posterior brain cortex of probable
DLB patients. In addition, amyloid β-related pathology was associated
with atrophy in the medial temporal lobe. In contrast, atrophy in the

frontal cortex was not associated with AD-related pathology, and no
associations were found between regional brain atrophy and global
unspecific neurodegeneration (CSF T-tau).

Our results are consistent with previous findings on the association
between amyloid β-related pathology and atrophy in the medial tem-
poral lobe in DLB (Sarro et al., 2016; van der Zande et al., 2018;
Shimada et al., 2013; Mak et al., 2019b; Kantarci et al., 2012a, 2012b).
Although MTA is less frequent in DLB when compared with AD
(Shimada et al., 2013; Barber et al. Mar, 2000; Ballmaier et al., 2004),
previous studies suggest that when MTA is present, it could reflect
concomitant AD-related pathology (Sarro et al., 2016; van der Zande
et al., 2018). Both MTA and abnormal CSF Aβ42 levels are associated
with more rapid cognitive decline in DLB and Parkinson’s disease
(Howlett et al., 2015; Siderowf et al., 2010; Stav et al., 2016; Caspell-
Garcia et al., 2017). An interesting result of our study s that the clas-
sification error was higher for the prediction of patients with abnormal
MTA scores as compared with the prediction of patients with normal
MTA scores. This suggests that while in the absence of amyloid-beta
pathology is unlikely to find MTA in probable DLB, the presence of MTA
is not always associated with amyloid-beta pathology. Other factors
than pathological CSF levels of Aβ42 may be involved in MTA in DLB.
Our study shows that older age and shorter disease duration are asso-
ciated with abnormal MTA scores. Future studies should also consider
other pathologies potentially contributing to MTA, such as TDP-43 or
hippocampal sclerosis.

Furthermore, we found that posterior brain atrophy was associated
with both amyloid-β and tau-related pathologies. We acknowledge
however that this finding should be considered as preliminary given the
high classification error in our model (still under the threshold of error
by chance). PET biomarkers are needed to confirm the collocation of
amyloid and tau-related pathologies and neurodegeneration in the
posterior cortex in DLB. Sarro et al showed that amyloid-β deposition is
associated with greater atrophy rates in the posterior cingulate gyrus

Table 3
Association between AD CSF biomarkers and visual rating scales (random forest
models).

Visual rating
scales

Variables contribution Pearson
correlation

P value

MTA Overall model: OOB-EER = 32.56%
‐ Classification error normal
MTA = 24.53%

‐ Classification error abnormal
MTA = 45.45%

Predictors retained in the model:
Disease duration, Imp = 63.53
CSF Aβ42, Imp = 41.71
Age, Imp = 36.30

−0.244
0.217
0.207

0.024
0.045
0.056

PA Overall model: OOB-EER = 44.83%
‐ Classification error normal
PA = 46.34%

‐ Classification error abnormal
PA = 43.48%

Predictors retained in the model:
Age, Imp = 24.27
Education, Imp = 8.76
CSF p-tau, Imp = 8.23
CSF Aβ42, Imp = 8.615
Disease duration, Imp = 7.02

0.195
−0.166
0.179
0.266
−0.248

0.072
0.126
0.100
0.013
0.021

GCA-F Overall model: OOB-EER = 24.14%
‐ Classification error normal
GCA-F = 19.23%

‐ Classification error abnormal
GCA-F = 31.43%

Predictors retained in the model:
Sex, Imp = 54.20
Education, Imp = 52.18
Age, Imp = 46.23

0.270
−0.231
0.334

0.012
0.033
0.002

N: number. CSF: cerebrospinal fluid. Aβ42: Amyloid-β42. T tau: Total tau. P tau:
phosphorylated tau at threonine 181. MTA: medial temporal lobe atrophy. PA:
posterior atrophy. GCA-F: global cortical atrophy scale-frontal subscale.
OOB-EER: out-of-the-bag estimated error rate (below 50% denotes good clas-
sification performance). Imp: importance (the contribution of a given variable
in the random forest, with higher values indicating stronger contribution to the
prediction). Pearson correlation indicates the direction of the association.

Fig. 2. Correlation matrix between visual ratings, CSF biomarkers, and pre-
dictors in the random forest models. Asterisk symbols (*) denote p-values <
0.05. MTA = medial temporal atrophy scale; PA = posterior atrophy scale;
GCA-F = global cortical atrophy scale – frontal subscale.
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and the occipital lobe in addition to the temporal lobe (Sarro et al.,
2016). Investigation of tau-related pathology with 18F-AV-1451 have
found that DLB patients display increased uptake in the posterior and
inferior temporoparietal, occipital (Kantarci et al., 2017) and parietal
lobes (Smith et al., 2018). These findings indicate that tau-related pa-
thology in DLB does not seem to follow AD Braak neurofibrillary tangle
(NFT) distribution with the typical involvement of the medial temporal
lobe (Braak and Braak, 1991), whereas amyloidosis presents with a
diffuse cortical pattern similar to AD (Coughlin et al., 2019). Hence, the
coexistence of DLB and AD pathologies could result in a distinctive
pattern of regional brain atrophy in DLB. The novelty of our study is
that we show that both amyloid-β and tau-related pathologies seem to
be associated with level of atrophy in posterior cortex, while solely
amyloid-β pathology appears to be related to atrophy in medial tem-
poral lobes. This could be explained by a potential link between amy-
loid-β and tau-related pathologies in posterior brain areas, where tau
pathology is primarily deposited in DLB (Kantarci et al., 2017).

Although both CSF T-tau and brain atrophy are considered markers
of neurodegeneration, we did not find any association between the two.
A possible explanation is that CSF T-tau is a marker of global unspecific
neurodegeneration, while visual rating scales are markers of regional
(local) neurodegeneration. AD studies show that the agreement be-
tween CSF T-tau and brain atrophy is limited (Alexopoulos et al., 2014).
Moreover, we cannot exclude that this negative result is also explained
by the small number of subjects with abnormal levels of CSF T-tau in
our sample. Prior studies also observed that abnormal levels of CSF T-
tau are less frequent than abnormal levels of CSF Aβ42 and p-tau in DLB
patients (Mukaetova-Ladinska et al., 2010). Nevertheless, only one
previous study analyzed CSF T-tau levels and regional brain atrophy in
DLB, finding a correlation with posterior and global brain atrophy (van
der Zande et al., 2018). Therefore, more studies are needed to de-
termine the possible association between CSF T-tau -currently con-
sidered as a biomarker of neuronal damage- and brain atrophy in Lewy
body dementia.

Similarly to what previously reported in AD, neither CSF Aβ42, T-
tau nor p-tau were associated with atrophy in the frontal cortex in DLB
(Ferreira et al., 2016). Previous research has demonstrated increased
amyloid-β burden (Growdon et al., 2012) but not tau deposition
(Kantarci et al., 2017) in frontal areas in patients with DLB. However,
amyloid-β deposition in the frontal lobes has not been associated with
grey matter atrophy in this region (Sarro et al., 2016). Frontal atrophy
in DLB might be related to Lewy body pathology only, but more in-
vestigations are needed to elucidate the pathological mechanisms un-
derlying the neurodegeneration of these areas.

Regarding the effect of age, sex, education and disease duration, we
did not control for their effects but investigated to what extent they
contribute to regional brain atrophy together with the CSF biomarkers.
The decision to do so is because it is currently unknown whether these
variables should be treated as confounding or contributing variables to
regional brain atrophy in neurodegenerative disorders (Ferreira et al.,
2020). For example, tau-related pathology is associated with increasing
age, and it is currently unknown whether tau deposition in DLB is re-
lated to AD- or aging-, or both. Thus, including age, sex, education and
disease duration in our models enabled us to investigate their combined
effect together with the CSF biomarkers. We found that atrophy in
medial temporal lobes and posterior cortices was associated with
shorter disease duration and older age, whereas atrophy in the frontal
cortex was associated with older age, male sex and less education.
Further, our multivariate analyses exposed the effect of variables such
as disease duration on the integrity of the brain, which traditional bi-
variate correlations could not capture in our study. In fact, multivariate
models can capture effects of relevant variables masked by the effect of
third variables that cannot be captured in univariate or bivariate
models, and that are artificially removed in models testing for partial
effects (Machado et al., 2018). This is therefore a strength of our
multivariate statistical approach using random forest classification

models. Another interesting finding is that the Pearson correlation be-
tween CSF p-tau and PA was not significant while CSF p-tau contributed
to the prediction of PA in the multivariate random forest model. This
suggests that the effect of tau-related pathology on the posterior cortex
is not direct and instead emerges in combination with the effect of
amyloid-β pathology. Hence, this dissociation between the results from
our random forest and correlation analysis supports the potential sy-
nergistic effect of amyloid-β and tau-related pathologies when it comes
to predict brain atrophy in the posterior cortex. Since age, education
and disease duration were contributing variables in the random forest
for PA, this suggests that AD-concomitant pathology in DLB may have a
stronger impact on the posterior cortex in patients with lower education
and older age, hence perhaps accelerating disease progression (i.e.
shorter disease duration).

This study has some limitations. Firstly, we discuss on the observed
association between CSF biomarkers and regional brain atrophy but our
analyses are cross-sectional and we cannot assume causality. Still, we
believe our findings may inform on potential underlying mechanisms of
neurodegeneration in DLB, which need to be substantiated in future
longitudinal studies. Secondly, the E-DLB cohort was assembled retro-
spectively using common registered variables and procedures across the
participating centers. However, all variables and procedures are stan-
dard for clinical practice across centers and we carefully inspected the
combinability of the data in order to exclude non-harmonized measures
and cases. All centers have extensive clinical experience in the diagnosis
of neurodegenerative diseases and align with international consensus
diagnostic criteria, which we believe has contributed to minimize po-
tential differences among centers. Further, we followed two more
strategies to minimize methodological differences across-centers. We
used cut-offs that were established at their respective center to di-
chotomize CSF biomarker results into normal or abnormal values,
which is preferred in multi-center studies instead of continuous values.
Similarly, due to the variability in the MRI protocols across centers, we
used visual rating scales to investigate brain atrophy instead of more
fine-grained automated methods or quantitative measures. Nonetheless,
the use of visual rating scales substantially increases the clinical ap-
plicability of our current findings (Ferreira et al., 2017, 2015, 2020).
On another hand, and connected to the retrospective nature of the co-
hort, it is worth mentioning that the interval between MRI and CSF
collection was long in 15.11% of cases (ranged from 3 to 12 moths).
Thirdly, there is no reliable in vivo biomarker of Lewy body pathology
at present for diagnosis or analysis of the contribution of this pathology
towards the neurodegenerative process. Thus, the diagnosis of probable
DLB was based on clinical grounds with its known limitations (Rizzo
et al., 2018; Huang and Halliday, 2013), although around one third of
the cohort had a dopamine transporter SPECT scan. These limitations
will be overcome in the prospective stage of E-DLB – we are currently
collecting harmonized longitudinal data across many centers in Europe
(Oppedal et al., 2019). Finally, although random forest is able to handle
multicollinearity to some degree, it might lead to an underestimation of
the contribution of multicollinear variables. The association among the
predictors of the random forest models can be appreciated in Fig. 2. Our
study has some important strengths. The study is a multicenter effort,
which makes the generalization of the findings plausible through dif-
ferent clinical centers. Also, the use of modern multivariate models
allowed us to investigate the combined effect of CSF biomarkers for the
first time, in contrast to previous reports which investigated partial
effects and could not investigate CSF p-tau in linear regression models
due to collinearity (van der Zande et al., 2018).

5. Conclusions

This study shows preliminary data on the potential combined effect
of amyloid-β and tau-related pathologies on posterior brain cortices in
patients with DLB. Future research should confirm our current findings
with more fine-grained automated methods for brain atrophy and,
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ideally, with amyloid and tau PET biomarkers in order to verify the
potential collocation of these pathologies with neurodegeneration in
posterior brain cortices. Likewise, future studies should also include
alpha-synuclein biomarkers when available in order to advance our
current understanding of the neurodegeneration process in DLB.
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