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Abstract

Parkinson’s disease (PD) and dementia with Lewy bodies (DLB) are increasingly viewed as
regions of a single α-synuclein continuum rather than separate entities. Neuropathology
shows that Lewy pathology rarely occurs alone: Alzheimer-type amyloid-β and tau, trans-
active response DNA-binding protein 43 kDa (TDP-43) inclusions, and cerebrovascular
lesions accompany it as the rule rather than the exception, and this co-pathology con-
tributes to the clinical heterogeneity observed across the continuum without mapping onto
its clinical divisions. The open problem is no longer whether co-pathology matters but how
to measure it in living patients and integrate that information for individualized care. This
review is organized by proteinopathy (α-synuclein as the primary lesion, then amyloid-β,
tau, and TDP-43/vascular co-pathology) and, within each, follows the modalities that
interrogate it: molecular imaging, fluid and tissue biomarkers, and their downstream
structural, metabolic, functional, and electrophysiological correlates. No single technique
captures the co-pathological landscape. Profiling an individual’s proteinopathy burden
in vivo requires a deliberate combination of methods, and precision management of the
PD–DLB continuum depends on this multimodal integration.

Keywords: biomarkers; α-synuclein; co-pathology; seed amplification assay; amyloid-β; tau
PET; TDP-43; cerebrovascular

1. Introduction
Parkinson’s disease (PD) and dementia with Lewy bodies (DLB) are the two most

common Lewy body (LB) diseases, and their operational separation, most often by the “one-
year rule” distinguishing DLB from PD dementia (PDD), has always been pragmatic rather
than biological [1,2]. Diagnostic criteria on both sides of the continuum, from the Movement
Disorder Society criteria for PD and prodromal PD [3,4] to the fourth consensus report of
the DLB Consortium [1], have mutated, and PD and DLB are increasingly conceptualized
as one disease spectrum [5,6]. Cognitive impairment, the feature that most strongly marks
a position on that continuum, is itself a major determinant of prognosis and care burden [7].

In this Lewy body disease spectrum (LBDS), the defining lesion is the accumulation of
aggregated α-synuclein (α-syn) in LB, but it rarely occurs alone [8,9]. Autopsy series consis-
tently show that the majority of people with PD/DLB carry additional proteinopathies, and
it is increasingly recognized that co-pathology is the rule in both idiopathic and monogenic
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LB diseases, with amyloid-β (Aβ) plaques, protein tau tangles, TDP-43, and cerebrovascu-
lar disease each linked to specific clinical features and outcomes [9]. Alzheimer’s disease
(AD) co-pathology in particular shifts the phenotype toward a faster cognitive decline
course and shortens survival [10]. Thus, co-pathology represents an additional source of
biological and clinical heterogeneity across the PD–DLB continuum.

The move toward biological definitions of LBDS, the neuronal α-syn disease inte-
grated staging system (NSD-ISS) and the Synucleinopathy–Neurodegeneration–Genetics
(SynNeurGe) framework [11–13], places α-syn and neurodegeneration on explicit, separa-
ble axes and conceptualizes PD and DLB as expressions of a single biological entity. These
frameworks therefore allow the primary synucleinopathy to be considered alongside the
co-pathologies that influence disease expression.

This narrative review examines how these proteinopathies can be detected and quan-
tified in vivo across the PD–DLB continuum and how the available measures can be inte-
grated. We organize the evidence by protein (α-syn first, then Aβ, tau, and TDP-43/vascular
co-pathology) and, within each, walk through molecular imaging, fluid and tissue biomark-
ers, and downstream imaging and electrophysiological correlates. We identified relevant
literature through searches of PubMed and Scopus for articles published between 2004
and 2026. Search strings combined three broad blocks of terms: the clinical spectrum
(“Parkinson’s disease”, “Parkinson’s disease dementia”, “dementia with Lewy bodies”,
“Lewy body disease”, “synucleinopathy”, “prodromal Parkinson’s disease”, “REM sleep
behavior disorder”, “mild cognitive impairment”); the target pathology (“α-synuclein”,
“amyloid”, “tau”, “transactive response DNA-binding protein 43 kDa (TDP-43)”, “TDP-
43”, “limbic-predominant age-related TDP-43 encephalopathy”, “cerebrovascular”, “small
vessel disease”, “cerebral amyloid angiopathy”, “co-pathology”, “mixed pathology”, “neu-
rodegeneration”); the measurement modality (“positron emission tomography” (PET),
“single-photon emission computed tomography” (SPECT), “magnetic resonance imaging”
(MRI), “diffusion”, “electroencephalography” (EEG), “cerebrospinal fluid” (CSF), “plasma”,
“serum”, “seed amplification assay”, “skin biopsy”, “biomarker”, “neuropathology”). Pri-
ority was given to peer-reviewed original studies, systematic reviews and meta-analyses
published in English, and, among these, to neuropathologically validated cohorts, large or
multicenter studies, and longitudinal designs. Studies in other neurodegenerative diseases
and selected experimental work were also considered where they informed the interpreta-
tion or the technical limits of a biomarker in this population. As this is a narrative review,
study selection reflected the authors’ judgment of relevance; therefore, no systematic search
protocol was applied.

2. The Hallmark: α-Synuclein Detection In Vivo
α-syn is a small presynaptic protein encoded by SNCA, physiologically involved in

synaptic vesicle trafficking and neurotransmitter release [14]. Its misfolding and aggre-
gation into LB and Lewy neurites define PD and DLB neuropathologically [15], with a
regional distribution that varies between the two clinical entities and, within each, over the
disease course [16].

2.1. Molecular Imaging of α-Syn

No PET tracer for aggregated α-syn has yet been validated for clinical use. First-
generation compounds bind α-syn selectively over Aβ and tau fibrils in model systems,
and structural work has clarified their binding mode [17], prompting the view that such
tracers could transform diagnosis and therapeutic monitoring [18]. The only ligand with
substantial clinical characterization is [18F]ACI-12589, which has shown promising results in
the individuation of patients affected by another synucleinopathy, multiple system atrophy
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(MSA) [19]. Retention in PD and DLB, by contrast, was limited, and whether this reflects the
lower lesion density of LB or the distinct conformation of the α-syn fold remains unresolved;
interestingly, the elevated signal seen in two SNCA-duplication carriers, in whom α-syn
burden is high, is at least compatible with a density threshold [19,20]. The main problem
for other tracers is selectivity. A tracer meant to quantify α-syn burden in the presence of
Aβ and tau aggregates must not bind them, yet all three share a cross-β architecture [21].
[18F]ACI-12589 retention has been reported in disease-affected regions of AD patients,
and independent autoradiographic work has since documented that [3H]ACI-12589 binds
to amyloid-β plaques [22]. Of the other compounds that have produced an MSA signal
([18F]SPAL-T-06, [11C]MODAG-005, [18F]C05-05), each shows in vitro affinity for amyloid-
β and/or tau, and [11C]MK-7337 and [11C]SY08 carry a substantial off-target cortical or
vascular signal [20]. Higher-affinity successors are in development, and dedicated reviews
catalogue the tracer-development effort and its hurdles [23–25]. At present, α-syn PET is
not ready to be part of current practice.

2.2. α-Syn Quantification and Seed-Amplification Assays in Fluids and Tissue

Direct quantification of total, phosphorylated (Ser129), or oligomeric α-syn in CSF and
blood has failed to separate LBDS from controls or from other Parkinsonian syndromes.

Meta-analyses converge on a modest reduction in CSF total α-syn in PD relative to
controls, with no difference across PD, DLB, and MSA, and overlapping distributions that
preclude individual classification. Moreover, CSF total α-syn does not differ significantly
from PD in corticobasal syndrome and vascular parkinsonism, where α-syn misfolding
is not the driver [26–28]. pS129 α-syn and oligomeric α-syn, despite being the dominant
species within LB, have shown no better results [29]. Blood-based studies on α-syn have
yielded inconsistent findings, with total α-syn in plasma/serum having been reported
as increased, decreased, or unchanged in PD compared with controls [26]. Moreover,
roughly 99% of total α-syn in the blood is carried by erythrocytes, so hemolysis is a major
confounding factor in this kind of assay [30]. Other blood cell populations have also been
examined: an accumulation of oligomeric α-syn has been reported in peripheral blood
mononuclear cells in PD, with total α-syn unchanged [31].

In contrast to its quantification in biofluids, the immunohistochemical detection of
pS129 α-syn in peripheral tissue has shown high diagnostic yield. In skin biopsies, pS129
α-syn deposits within cutaneous nerve fibers are visualized by immunofluorescence, and
in a blinded 30-site study, they were detected in 92.7% of patients with PD and 96.0% of
patients with DLB, compared with 3.3% of controls [32]. In a subgroup analysis of the same
cohort, cutaneous pS129 α-syn was also found in almost a third of control participants with
cognitive impairment [33], indicating that peripheral α-syn deposition can be present in
cognitively impaired individuals who do not meet clinical criteria for DLB. As currently
applied, the test reports the presence of deposits rather than their central burden, and its
relationship with co-pathology is being addressed in an ongoing prospective study that
pairs skin biopsy with plasma p-tau217 in mild cognitive impairment [34].

A major recent advance has been the direct detection of misfolded α-syn using seed-
amplification assays (SAA), implemented as real-time quaking-induced conversion or
protein-misfolding cyclic amplification [35,36]. Diagnostic performance is high, even with
differences depending on the biological matrix, across CSF, skin, blood, olfactory mucosa,
and extracellular vesicle preparations [37,38]. Assay development is now focused on
improving analytical performance and practicality, including the choice of biological source
and detection strategy [39,40]. This technique has several limitations. First, the assay is
dichotomous by design: its kinetic parameters are not calibrated measures of seed burden,
and positivity thresholds vary across laboratories [38]. Approaches to move beyond this
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dichotomy are under development: kinetic measures such as time-to-threshold carry
diagnostic and prognostic information, such as predicting cognitive decline in PD [41], and
endpoint-dilution and immunoassay-based formats now estimate seed concentration [42],
with seeding doses that correlate with LB pathology load at autopsy [43]. The second one is
that, despite being the hallmark of LBDS, misfolded α-syn can be detected by SAA in other
neurodegenerative diseases, in particular AD, which is known for carrying synucleinopathy
co-pathology in almost 50% of cases [44]. Despite this, SAA is the only technique that can
qualitatively establish the presence of misfolded α-syn. Importantly, most of the current
SAAs confirm α-syn pathology across the spectrum but do not, on their own, separate PD
from DLB. Regarding this caveat, using conformation-selective antibodies, a recent study
found plasma levels of two strain-like α-syn species to be higher in PD than in DLB in two
independent cohorts [45].

Cell-based assays provide a complementary, though still experimental, readout of
α-syn strain properties. In Förster resonance energy transfer (FRET) biosensor cells ex-
pressing fluorescently tagged α-syn, seeded aggregation generates a FRET signal that can
be quantified at the single-cell level. Applied to SAA-amplified seeds from patient skin,
this approach showed that PD-derived strains induce a greater intracellular burden and a
distinct pS129-positive inclusion morphology compared with DLB-derived strains [46]. In
autopsy-confirmed PD, biosensor seeding activity correlated with insoluble pS129 α-syn
levels and varied widely between individuals [47].

3. Aβ Co-Pathology In Vivo
Aβ plaques, together with tau neurofibrillary tangles, constitute the pathological

signature of AD [48]. In LBDS, Aβ is the most frequently measured co-pathology and,
with tau phosphorylated at threonine 181 (p-tau181), the best characterized in living
patients [49,50]. Its presence is a prognostic modifier; indeed, co-existing AD pathology is
associated with accelerated cognitive and functional decline, higher mortality, and poorer
treatment response [10]. Unlike the fluid α-syn markers discussed above, Aβ can be
quantified in vivo with concordant, well-validated tools, which makes it the prototypical
measurable co-pathology.

3.1. Molecular Imaging of Aβ

Amyloid PET provides a direct, topographical readout of cortical fibrillar Aβ [51,52].
Antemortem retention corresponds to what is found at autopsy: in LBDS, global cortical
[11C]Pittsburgh compound B ([11C]PiB) retention corresponds to Thal phase and to neuritic
and total plaque burden [53,54], and regional binding of the 18F-labeled amyloid PET tracers
used in clinical practice matches regional Aβ immunohistochemistry in a small autopsy
series [55]. This relationship also extends beyond amyloid, since ([11C]PiB) retention also
scales with Braak neurofibrillary tangle stage and with LB scores [54], so the measure is not
independent of the primary pathology when the two accumulate together.

This positivity is unevenly distributed across the continuum. It is negligible in non-
demented PD [56] and, at the prodromal stage of isolated rapid eye movement sleep
behavior disorder (iRBD), indistinguishable from that of cognitively unimpaired controls.
Across [11C]PiB studies, roughly 5% of PD with mild cognitive impairment (PD-MCI) scans
are positive, rising to around a third in PDD and two-thirds in DLB [57], with cortical
burden increasing along the DLB continuum [58,59]. On the DLB side, the rise begins earlier:
about a third of patients with mild cognitive impairment with Lewy bodies (MCI-LB) are
already amyloid positive, against the 5% recorded at the corresponding stage on the PD
side [60]. Across non-AD dementias, DLB included, the likelihood of a positive scan rises
with age and apolipoprotein E (APOE) ε4 carriership [59,61]. Prevalence estimates vary
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with tracer and threshold. A PET/MRI series using [18F]flutemetamol found significant
deposition in half of PDD and half of DLB patients, with an overall prevalence of about a
third across Lewy body disease [62], concordant with meta-analytic figures for PDD but
appreciably lower for DLB [57].

The method used to define PET positivity may be as important as the tracer itself. In
fact, in DLB, visual rating of amyloid positivity was associated with subsequent clinical
decline, whereas the continuous cortical uptake ratio from the same scans was not [63].
Where amyloid is detected, its regional distribution in LBDS is cortical and subcortical rather
than restricted to the regions typical of AD. In PD-MCI imaged with [18F]flutemetamol,
deposition involved the middle frontal cortex, precuneus, and paracentral regions and,
bilaterally, the putamen, with no accompanying difference in grey-matter volume between
amyloid-positive and amyloid-negative patients [64]. In another study, [18F]florbetaben
uptake in PD clustered differently from controls, and higher occipital and parietal uptake
was associated with lower Montreal Cognitive Assessment (MoCA) scores [65]. Structural
differences were less evident, as the presence of amyloid was not accompanied by an
AD-type atrophy pattern or by a difference in vascular load on visual rating [62].

3.2. Fluid Amyloid Biomarkers

Alongside the amyloid PET, a low CSF level of Aβ42, or, more robustly, a low Aβ42/40
ratio, is the best-validated fluid index of cortical amyloid [66], and it predicts cognitive
decline at every point along the LBDS. In newly diagnosed, untreated PD, baseline Aβ42
was lower in patients who became cognitively impaired within two years [67]; in treated
PD, those below the Aβ42 threshold declined substantially faster [68]; in DLB, pathological
Aβ42 predicted a steeper fall in Mini-Mental State Examination (MMSE) [69]. Prospective
data up to ten years in a population-based cohort showed high CSF neurofilament light
chain together with low Aβ42 predicted conversion to PDD [70]. In these cohorts, the
prognostic signal is carried mainly by Aβ42. A systematic review of 31 studies confirmed
the direction of effect: among those judged at low risk of bias, AD co-pathology was
associated with accelerated cognitive and functional decline, greater mortality, and poorer
treatment response, and no study reported better outcomes in its presence [10]. Combining
Aβ42 with synaptic markers sharpens this further: paired with neurogranin, it correlates
with global cognition in PD and separates cognitively impaired from unimpaired patients
more accurately than neurogranin alone [71]. Adding CSF SAA to CSF Aβ42 status splits
PD into four groups with distinct trajectories: dual-positive patients decline fastest, and
each step in combined status nearly triples the hazard of dementia [72].

Two features of the measure itself qualify these results. Thresholds in current use were
derived in AD patient cohorts and may underestimate amyloid pathology in the LBDS,
which has prompted calls for disease-specific cut-offs [73]. In addition, Aβ42 may behave
differently when a second proteinopathy is present; indeed, in a large memory-clinic series,
CSF Aβ42 was higher in AD with LB comorbidity than in pure AD, and most patients
carrying both diagnoses showed elevated tau and p-tau alongside a normal Aβ42 [74].

Blood-based markers now extend this to scalable, screening-compatible stratification,
though in blood, it is phosphorylated tau (p-tau181, p-tau217) rather than Aβ42 itself that
most reliably reflects brain amyloid status [75,76]. In PD, serum/plasma Aβ42 does not
differ from that of healthy controls [77] but is lower in patients with amnestic cognitive
impairment [78]. In DLB, plasma Aβ42/40 ratio and p-tau181/231 discriminate amyloid-
positive from amyloid-negative patients without tracking cognitive decline over time [79].
Concentration of p-tau181 is higher in DLB with intermediate or high AD neuropathologic
change yet unrelated to LB Braak stage or to tau-PET uptake [80]. The signal is not uniform
across cohorts, since one series found plasma glial fibrillary acidic protein (GFAP), but not
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p-tau181, elevated in LBDS with concomitant AD change [81]. At the prodromal stage,
plasma p-tau181 together with Aβ42 markers predicts conversion to dementia in iRBD
cohorts [82], and combined amyloid-tau biomarker profiles further help define the clinical
phenotype of DLB [83].

4. Tau Co-Pathology In Vivo
Tau is a microtubule-associated protein that aggregates into neurofibrillary tangles when

hyperphosphorylated [84]. Alongside Aβ plaques, it constitutes AD co-pathologies, and
among PD co-pathologies, it is the one most strongly associated with cognitive decline [9].

4.1. Molecular Imaging of Tau

In LBDS, cortical tau on PET is generally low and appears largely conditional on
amyloid presence. Across the continuum, it rises from non-demented PD to PDD and
DLB, scaling with amyloid burden and cognitive impairment [85,86]. This relationship
appears to be asymmetric: when patients are scanned for both proteins, no cortical region
shows elevated tau binding in any amyloid-negative group, whether in PD with normal
cognition, PDD, or DLB, whereas within DLB, occipital tau tracks local amyloid [85]. The
second-generation tracer [18F]PI-2620 shows the same dependence in different regions,
since its uptake correlates with amyloid PET in the temporal cortex and precuneus, and
inferior temporal signal is higher in amyloid-positive than amyloid-negative patients with
LBDS [87]. In addition, affinity is isoform dependent, higher for the mixed three- and
four-repeat deposits of AD than for three- or four-repeat pathology alone [88], leaving
non-AD tauopathy largely unmeasured.

Amyloid can be present in the absence of neocortical tau, whereas neocortical tau
is rarely detected without amyloid; the two contribute to neurodegeneration in probable
DLB in a region-specific rather than interchangeable manner [89]. The apparent burden
of tau pathology also depends on the tracer, and findings have not been fully consistent
across studies. With [18F]flortaucipir, deposition in DLB is minimal [90,91], whereas with
[18F]PI-2620, cortical uptake in LBDS is low overall and far below that of AD, yet the
small elevations present correspond to executive function and attention rather than to
memory [87]. With [18F]florzolotau, tau in DLB appears widespread and topographically
heterogeneous, with just over half of patients showing AD-like spatial patterns and a
smaller group showing a pattern distinct from AD [92]. When detected, tau burden is
associated with both clinical progression and structural degeneration. In fact, it accumulates
longitudinally in step with cortical atrophy and cognitive decline [93], and baseline burden
accelerates atrophy of AD-vulnerable hippocampal parts in a way that amyloid alone
does not [94]. In addition, tau-related cortical microstructural change follows the same
co-pathological pattern [95]. Two limitations qualify these findings. First, tau binding
correlates only weakly with clinical status in DLB; in one series, regional hypoperfusion
derived from the same dynamic scan tracked cognition more closely than tau binding
itself [96]. Second, the [18F]flortaucipir visual read approved for AD classifies only a
minority of amyloid-positive DLB patients as tau-positive [97], reflecting the low tau
burden typical of this population.

4.2. Fluid Tau Markers

CSF and plasma p-tau species complement imaging and, unlike PET, are suitable for
standard practice. In CSF, total tau and phosphorylated tau are unchanged or even reduced
in PD relative to controls and remain so as Aβ42 falls in PD with cognitive impairment or
PDD, where almost one-half of patients nonetheless display the AD CSF signature [98,99].
In initially untreated PD, baseline p-tau and p-tau/Aβ42 forecast subsequent memory and
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executive decline once follow-up begins [100], and a high CSF p-tau/total-tau (t-tau) ratio
at onset predicts the later development of motor complications [101]. Prognostic accuracy
improves further when a marker of neurodegeneration is added. For example, in early
PD, CSF Aβ42 and p-tau181 together with serum neurofilament light identify the patients
who decline fastest [102]. In DLB, the same CSF profile, including elevated p-tau, identifies
co-existing AD pathology and relates to cognitive and neurodegenerative severity [83]. To
add a layer of complexity, antemortem CSF t-tau/Aβ42 and Aβ42 predict the burden of
cortical α-syn at autopsy, not only of tau and amyloid [103].

Under current criteria for AD, soluble p-tau181 and p-tau217 are early-changing
markers of AD neuropathologic change, whereas tau PET indexes neocortical tangle bur-
den [104]. In blood, p-tau detects amyloid more accurately than the amyloid peptides
themselves [75]. Plasma p-tau181 and p-tau217 identify amyloid co-pathology within
DLB, and across large multicenter cohorts, plasma p-tau181 is the strongest single marker
separating amyloid-positive from amyloid-negative DLB [105,106]. In PD, plasma p-tau217
identifies AD co-pathology with comparable accuracy [107], and across the continuum,
its concentration rises with the relative weight of the two proteinopathies rather than
registering the presence of either [108].

5. TDP-43 and Vascular Co-Pathology
5.1. TDP-43 Co-Pathology

TDP-43 is a nuclear DNA- and RNA-binding protein that mislocalizes to the cyto-
plasm and aggregates as hyperphosphorylated inclusions in amyotrophic lateral sclerosis,
frontotemporal lobar degeneration, and, in its age-related limbic form, limbic-predominant
age-related TDP-43 encephalopathy (LATE) [109]. TDP-43 aggregates occur in a substantial
minority of LBDS, close to a third of DLB cases and over half of those with mixed AD
and Lewy pathology, rising with neocortical LB burden and with concomitant AD-related
change [110,111]. Its presence also hinders clinical detection: in cases of autopsy-confirmed
transitional or diffuse Lewy body disease, hippocampal TDP-43 is linked to the likelihood
of not receiving a probable DLB diagnosis during life, regardless of advanced age at death
and a significant Braak neurofibrillary tangle stage [112]. In PDD autopsy reviews, TDP-43
pathology did not generally explain dementia as strongly as cortical α-syn, amyloid, and
tau [113]. The co-pathology is not as the manifestation observed in AD. In DLB, LATE
presents a distinct hippocampal distribution compared to AD, with neuronal cytoplasmic
inclusions more commonly found in CA3 and numerous fine neurites of C-terminally
truncated TDP-43 extending from CA2 to the subiculum, some of which colocalize with
phosphorylated α-syn, and its occurrence and severity correlate with cognitive impair-
ment [114]. No validated in vivo TDP-43 tracer yet exists. The first candidate PET ligands
are only now being characterized at the preclinical stage [115,116]. Fluid markers are at a
comparable stage. An ultrasensitive CSF assay for tau acetylated at lysine 174 separates
FTLD-TDP from FTLD-tau, but the same marker is raised in every dementia group exam-
ined, DLB included, so its elevation does not index TDP-43 specifically, and it has not been
evaluated as a marker of TDP-43 co-pathology within Lewy body disease [117]. TDP-43 can
therefore at best be inferred indirectly, from an amnestic syndrome with disproportionate
hippocampal atrophy in the absence of sufficient amyloid, as formalized in proposed but
still unvalidated LATE clinical criteria [118], or from cortical microstructural diffusion
measures, which are further reduced where Lewy or TDP-43 co-pathology accompanies
AD change [119].
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5.2. Cerebrovascular Co-Pathology

Cerebrovascular disease is common across the LBDS continuum and, unlike TDP-43,
is directly visible on structural MRI and quantifiable with established small-vessel-disease
scores [120]. Its clinical consequences are both direct and synergistic. A greater small-vessel
burden is associated with worse motor impairment in PD [121], its progression tracks
cortical thinning and parallel cognitive decline [122], and macroinfarcts and atheroscle-
rosis interact with LB pathology to worsen parkinsonism beyond what either produces
alone [123]. Part of this vascular-hemorrhagic burden, however, is not hypertensive but
amyloid in origin. Cerebral amyloid angiopathy is present in the large majority of DLB
but only a minority of non-demented PD and carries a worse prognosis tied to both tau
stage and angiopathy severity [124]. Lobar cerebral microbleeds occur in DLB at a preva-
lence resembling AD, though with wide variation across series [125], and where the two
are compared directly, white-matter hyperintensities in DLB correspond to AD-related
change rather than to atherosclerotic vasculopathy [126]. Impaired perivascular clearance
has been proposed as a further contributor. Thalamic free water is elevated in PD and
correlates inversely with a diffusion index of glymphatic function [127], and free-water
change in cognition-related thalamic nuclei accompanies cognitive decline [128]; whether
either relates to α-syn accumulation remains untested.

6. Downstream Markers: Co-Pathology from Imaging and Electrophysiology
The preceding sections focused on methods for detecting protein pathology, whereas

this section considers its downstream effects. Structural, functional, electrophysiologi-
cal, and metabolic imaging; synaptic and neuroinflammatory PET; and fluid markers of
neuroaxonal injury index the net neurodegenerative and network burden of accumulated
pathology. None is intrinsically specific to a single proteinopathy. A downstream signal
serves as a marker of co-pathology only when connected to a molecular or fluid measure.

6.1. Signatures of the Primary Synucleinopathy

Dopaminergic imaging occupies a particular position among these markers.
N-ω-fluoropropyl-2β-carbomethoxy-3β-(4-[123I]iodophenyl)nortropane ([123I]FP-CIT)
SPECT measures presynaptic dopamine transporter density and therefore reflects nigrostri-
atal terminal loss, a core element of LBDS. Compared with autopsy findings, it distinguishes
LBDS from AD with good accuracy, even if a normal scan does not exclude LBDS, since in
around 10% of pathologically confirmed cases, normal scans were associated with mild
nigral cell loss but moderate cortical α-synuclein pathology [129]. In another autopsy series,
normal scans were more frequent in women, who also showed more AD co-pathology; in
the same study, semiquantitative analysis improved detection [130]. Moreover, [123I]FP-CIT
abnormalities are not specific to LBDS and can also occur in PSP, corticobasal degeneration,
MSA, and frontotemporal lobar degeneration [129]. Within PD, caudate uptake is more
closely related to cognition and predicts subsequent executive and visuospatial decline in
de novo patients [131]. This appears largely independent of amyloid status: β-amyloid
PET and [123I]FP-CIT identify largely non-overlapping biomarker profiles in MCI at risk
for Lewy body dementia [60].

At the structural level, atrophy evolves along the continuum. It is minimal in non-
demented PD and greater in the demented phenotypes, with hippocampal and parahip-
pocampal loss greater toward the DLB end than in non-demented PD [132] and with cortical
topography shifting between the two dementia poles, bilateral frontal atrophy with reduced
frontal coherence toward PDD and predominantly parietal atrophy with reduced poste-
rior connectivity toward DLB [133]. Subcortically, hippocampal atrophy accompanies the
PD-to-PDD transition, while pallidal volume differs between the two dementia poles [134].
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Imaging of the substantia nigra provides one of the closest structural correlates of the pri-
mary lesion. Neuromelanin-sensitive imaging depicts catecholaminergic cell loss [135], and
loss of dorsolateral nigral hyperintensity, the swallow-tail sign, on susceptibility-weighted
imaging is abnormal across the LBDS and separates DLB from other dementias with mod-
erate accuracy in meta-analysis [136]. Measures of the basal forebrain and brainstem are
abnormal already in the prodromal and predementia stages: nucleus basalis of Meynert
grey-matter volume reduction in early PD and in iRBD is associated with cognitive and
symptom burden and predicts conversion to dementia in PD and phenoconversion in
iRBD [137]. Neuromelanin signal in the caudal locus coeruleus is reduced in MCI-LB and is
associated with visuospatial impairment [138]. Quantitative susceptibility mapping refines
the iron measure further: nigral susceptibility tracks LB pathology at autopsy [139], follows
a prodromal-to-clinical gradient [140], and differs between the two dementia poles across
multiple regions, scaling with overall disease severity [141].

At the network level, functional MRI maps the dysfunction underlying cognitive
and neuropsychiatric symptoms [142]. Attention and fronto-parietal hypoconnectivity are
reported across α-synucleinopathy [143], with systematic reviews converging on reduced
network efficiency [142,144,145] and only subtle DLB–PDD differences consistent with
a shared substrate [133,146], while cholinergic-hub connectivity of the nucleus basalis
of Meynert is informative for the cognitive phenotype [147,148]. Findings vary across
acquisition and analysis approaches [149–151], which tempers single-subject use.

Electrophysiology contributes an inexpensive, dynamic readout matched to the fluc-
tuating core of DLB. Posterior slowing of the dominant rhythm into the pre-alpha band,
interpreted as thalamocortical dysrhythmia, is present in roughly 90% of DLB cases across
systematic reviews [152,153], emerges early in the dementia course [154,155], correlates
with cognitive fluctuations [156], and is recognized among supportive diagnostic features,
with frontal rhythmic delta activity as an accessible visual adjunct [157]. High-density and
source-resolved approaches extend this to network-level signatures already abnormal at the
MCI stage [158]. The pathophysiology of these fluctuations has been synthesized into an
integrative arousal-network framework spanning EEG, fMRI and diffusion measures [159].

Metabolic imaging contributes a further primary-process signature. On [18F]fluorode
oxyglucose PET ([18F]FDG-PET), the demented phenotypes show posterior, occipital and
parieto-occipital hypometabolism, with relative preservation of the posterior cingulate
against the surrounding precuneus and cuneus, the cingulate island sign [160], which is
part of the supportive biomarkers for DLB [1].

6.2. Imaging Signatures of Co-Pathologies

AD co-pathology is associated with regionally specific patterns of structural change
on MRI that can be validated against molecular PET. Validated against [11C]PiB and
[18F]flortaucipir, the contributions of amyloid, tau and cerebrovascular disease to grey-
matter loss in probable DLB are regionally specific and separable, even though most cortical
atrophy remains attributable to α-syn-related pathology. Specifically, amyloid load maps
preferentially to inferior-temporal volume loss [89], while cerebrovascular burden maps to
medial and orbital frontal, insular and thalamic atrophy on a path separable from that of
amyloid and tau [89,161], although, as set out in Section 5.2, that burden cannot itself be
assigned to a single vascular origin. Within the medial temporal lobe, the resolution im-
proves, and the two proteins separate. Atrophy involves the hippocampal output subfields
characteristic of AD, subiculum and CA1, with relative sparing of the CA2/3 subfields asso-
ciated with Lewy pathology; subiculum volume mediates the association between amyloid
and cognition, and baseline tau, rather than amyloid, is associated with faster longitudinal
atrophy of CA1 and subiculum [94]. Parcellation of the whole medial temporal lobe gives

https://doi.org/10.3390/brainsci16111204

https://doi.org/10.3390/brainsci16111204


Brain Sci. 2026, 16, 1204 10 of 29

a broader distribution: LBDS with AD co-pathology shows atrophy across all subregions
except the posterior hippocampus, with the largest effect in trans-entorhinal BA35 and
entorhinal cortex, where entorhinal volume correlates with autopsy tau load [162]. The
amyloid contribution may register as dysfunction before atrophy can be detected, since
amyloid-positive and amyloid-negative DLB are clinically and volumetrically indistin-
guishable, differing only in medial temporal hypoperfusion [163].

At the network level, the evidence is thinner, and few studies directly isolate amy-
loid. Resting-state fMRI in DLB shows reduced posterior connectivity, but its coupling
to metabolism is weak in multimodal data, and the available comparison sets amyloid-
positive posterior cortical atrophy against amyloid-negative DLB [164]. Stratifying by a
genetic determinant of AD co-pathology can be used as a proxy instead. In de novo PD,
APOE ε4 carriers show an EEG-based connectivity pattern distinguishable from that of non-
carriers, alongside differences in CSF amyloid markers [165]. Post-mortem work identifies
a candidate substrate: amyloid-β load in the insula is associated with axonal degeneration,
which in turn corresponds to cognitive status across PD, PDD and DLB [166]. Current
synthesis places the amyloid contribution to connectivity failure on top of synuclein-related
change, with functional disruption preceding atrophy and emerging in interaction with tau
and cholinergic loss rather than as a standalone amyloid signature [167].

Metabolic imaging provides complementary information on functional impairment.
[18F]FDG PET declines longitudinally along the continuum in a pattern that parallels clini-
cal progression and has been referenced to post-mortem neuropathology [168]. The two
processes appear to leave partially distinct spatial signatures. The occipital component be-
longs to the synucleinopathy: where individuals spanning the AD continuum are stratified
by α-syn SAA, seeding positivity carries a posterior-dominant hypometabolic signature
independent of CSF amyloid and tau, most clearly in the occipital cortex, and that regional
hypometabolism mediates the association between SAA and clinical severity [169]. In con-
trast, posterior cingulate involvement appears to be more closely related to the AD-related
process, since metabolic decline there, with erosion of the cingulate island sign, corresponds
to tau accumulation rather than to amyloid load [170]. Consistent with an amyloid con-
tribution that is real but indirect, glucose metabolism can fall in PD and PDD when the
amyloid signal is only marginally raised [171], and across mixed dementias, [18F]FDG PET
is now read less as a categorical class label than as an index of the predominant underlying
pathology [160].

The TDP-43 axis is approached differently, since no molecular anchor is available
against which to validate a downstream signal. In autopsy-confirmed cases, TDP-43
positivity is associated with moderate-to-severe medial temporal atrophy on MRI and
medial temporal hypometabolism on [18F]FDG PET, with relative sparing of the parietal
cortex [172]. Of particular interest is the disproportionate degree of atrophy in LATE, where
limbic atrophy and hypometabolism exceed what the local burden of AD pathology would
predict [173]. In addition, plasma TDP-43 tracks entorhinal and parahippocampal volume
independently of AD biomarkers [174]. On downstream imaging, the effects of TDP-43
overlap substantially with those associated with amyloid and tau, and it can be inferred
only as the fraction of medial temporal injury exceeding what amyloid and tau account for.

6.3. Fluid Markers of Neuroaxonal Injury

NfL is a structural protein of myelinated axons that is released into CSF and blood
upon neuroaxonal damage, independently of the underlying cause [175]. It is therefore
the fluid counterpart of the downstream imaging markers discussed above, reflecting the
intensity of neurodegeneration but not the protein responsible for it. Within the LBDS,
higher plasma NfL is associated with lower global cognition in PD and predicts subsequent
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decline on the MMSE score [176], baseline levels predict the later emergence of psychotic
symptoms [177], and, combined with low CSF Aβ42, high CSF NfL predicted conversion to
PDD over up to ten years [70]. Its relationship with co-pathology is indirect. In a multicenter
study, once amyloid-positive cases were excluded, GFAP and NfL were the only plasma
markers that retained discriminative value for DLB [106], whereas in iRBD, serum NfL
did not track cognitive scores and added little to p-tau217 in predicting phenoconversion
to PDD or DLB [178]. Interpretation at the individual level must also account for age,
body mass index, and renal function, which shift plasma concentrations independently of
neurological disease [179]. NfL thus supplies the severity axis of a multimodal profile.

6.4. Synaptic and Neuroinflammatory PET

Synaptic vesicle glycoprotein 2A (SV2A), an integral membrane protein of presynaptic
vesicles expressed across virtually all synapses, provides a PET target for synaptic den-
sity [180]. With [11C]UCB-J, non-demented PD shows reduced binding largely confined
to the substantia nigra, whereas PDD and DLB show widespread cortical reductions that
correlate with executive performance [181]. The 18F-labeled ligand [18F]SynVesT-1, whose
longer half-life broadens clinical applicability, has reproduced the [11C]UCB-J findings in
PD [182] and correlates closely with [11C]UCB-J in head-to-head comparison in healthy
volunteers [183]. Synaptic loss and hypometabolism are related in LBDS, but the reduction
in [18F]FDG PET uptake exceeds that of [11C]UCB-J binding, so hypometabolism cannot be
accounted for by synaptic loss alone [184].

Neuroinflammation in LBDS may be imaged through the 18 kDa translocator pro-
tein (TSPO), which is upregulated in activated microglia and reactive astrocytes [185].
[11C]PK11195 binding is increased in cortical and subcortical regions in PDD and, to a
lesser extent, in non-demented PD, in the presence of only a marginal amyloid signal [171].
In DLB, binding is highest at mild disease stages and declines as cognition worsens, with
no regional correspondence with amyloid PET [186]. In early PD, regional binding is
higher in patients at high risk of dementia and correlates with regional [18F]flortaucipir
signal, although tau binding itself is minimal [187], and nigral binding at baseline predicts
cognitive decline over three years [188]. TSPO PET is nonetheless limited by a low specific
signal and by the dependence of tracer affinity on a common polymorphism of the TSPO
gene [185]. Like NfL, synaptic and neuroinflammatory PET quantifies processes shared
across proteinopathies, and they become informative for co-pathology profiling only when
anchored to molecular measures.

Table 1 summarizes, for each target pathology, the molecular, fluid, and downstream
measures reviewed above and how directly each can be measured in vivo. The findings of
the reviewed studies for each biomarker, by clinical phenotype, are summarized in Table 2.
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Table 1. In vivo measurement of the primary pathology and of the co-pathologies encountered across the LBDS.

Target Pathology Molecular Imaging Fluid or Tissue Markers Downstream Imaging and Electrophysiological
Correlates Status of In Vivo Measurement

α-Synuclein

No validated tracer. [18F]ACI-12589 yields
a signal in multiple system atrophy but

limited retention in PD and DLB;
selectivity against Aβ and tau remains

unresolved.

Seed amplification assay in CSF, skin,
blood and olfactory mucosa, with high

diagnostic performance. Direct
quantification of total, pS129 and

oligomeric α-syn is non-discriminant.

Neuromelanin-sensitive MRI and nigral
susceptibility; loss of dorsolateral nigral

hyperintensity; nucleus basalis of Meynert volume;
posterior EEG slowing; occipital hypometabolism.

Detectable but not quantifiable. Assay
output is dichotomous and kinetic and

quantitative readouts are still
in development

Amyloid-β

Amyloid PET, with antemortem retention
corresponding to Thal phase and to

neuritic and total plaque burden. Positivity
rises from PD-MCI through PDD to DLB.

CSF Aβ42 and, more robustly, the
Aβ42/40 ratio. In blood, plasma p-tau181
and p-tau217 reflect brain amyloid status

more reliably than Aβ42 itself.

Inferior-temporal volume loss; atrophy of
subiculum and CA1; medial temporal

hypoperfusion in the absence of a
volumetric difference.

Measured directly by concordant molecular
and fluid methods.

Thresholds derived in AD cohorts may
underestimate the burden in Lewy

body disease.

Tau

Tau PET with flortaucipir, [18F]PI-2620 and
[18F]florzolotau.

Cortical uptake is low and largely
conditional on amyloid presence; affinity is

higher for mixed three- and four-repeat
deposits.

CSF and plasma p-tau181 and p-tau217 are
elevated in AD co-pathology but follow

amyloid status more closely than tau PET
binding (see Amyloid-β row).

Longitudinal atrophy of CA1 and subiculum;
metabolic decline in the posterior cingulate with

erosion of the cingulate island sign.

Measured directly, within a narrow dynamic
range in this population. Non-AD tau

isoforms remain unmeasured.

TDP-43
No validated tracer. The first candidate
ligands are being characterized at the

preclinical stage.

None specific. CSF acetylated tau-174
separates FTLD-TDP from FTLD-tau but is

raised across dementia groups, DLB
included.

Medial temporal atrophy and hypometabolism
with relative parietal sparing; limbic atrophy

exceeding what the local burden of AD pathology
would predict.

Inferred rather than measured, as the
fraction of medial temporal injury exceeding

what amyloid and tau account for.

Cerebro-vascular Not applicable. Not applicable.

Primary detection rather than downstream
correlate: white-matter hyperintensities and

small-vessel-disease scores on structural MRI; lobar
microbleeds and cortical superficial siderosis on

susceptibility-weighted imaging; free-water
diffusion measures.

Measured directly but not attributable to a
single origin, since hypertensive and

amyloid angiopathic contributions overlap.

Aβ, amyloid-β; AD, Alzheimer’s disease; α-syn, α-synuclein; CA1, cornu ammonis subfield 1; CSF, cerebrospinal fluid; DLB, dementia with Lewy bodies; EEG,
electroencephalography; FTLD, frontotemporal lobar degeneration; LBDS, Lewy body disease spectrum; MCI, mild cognitive impairment; MRI, magnetic resonance
imaging; PD, Parkinson’s disease; PD-MCI, Parkinson’s disease with mild cognitive impairment; PDD, Parkinson’s disease dementia; PET, positron emission
tomography; p-tau, phosphorylated tau; pS129, α-synuclein phosphorylated at serine 129; TDP-43, transactive response DNA-binding protein 43 kDa.
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Table 2. Findings of the reviewed studies for each biomarker across PD, PDD and DLB.

Biomarker PD PDD DLB Across the LBDS *

α-Synuclein

α-syn quantification in CSF and blood
(total, oligomeric, pS129)

CSF total α-syn modestly reduced vs. controls,
with overlapping distributions; pS129 and

oligomeric species no more
discriminant [26–29]. Blood levels inconsistent

and confounded by hemolysis [26,30];
oligomeric α-syn accumulates in peripheral

blood mononuclear cells [31].

/ CSF total α-syn not different from
PD [26–28]. /

Cutaneous pS129 α-syn
(immunofluorescence) Detected in the large majority [32]. / Detected in the large majority [32,33].

Also detected in a subset of cognitively
impaired individuals without clinical

DLB [33]; relationship with AD
co-pathology under prospective

study [34].

α-syn SAA

Positive in the large majority, with high
accuracy in CSF and skin and lower sensitivity
in olfactory mucosa [37]; faster seeding kinetics

predict cognitive decline, also in
AD-biomarker-negative patients [41].

/ Included in pooled estimates [38].

High pooled accuracy in CSF and skin;
positivity criteria vary across

laboratories [38]. Quantitative seed
immunoassays in development [42].

Plasma strain-like α-syn species
Higher than in DLB in two independent

cohorts; lower levels predict faster cognitive
decline [45].

/ Lower than in PD [45]. /

α-syn PET ([18F]ACI-12589) Limited retention [19]. / Limited retention [19].
Higher signal in SNCA duplication

carriers [19,20]; binding to Aβ plaques
reported in vitro [22].

Amyloid-β

Amyloid PET

Positivity negligible without dementia [56] and
rare at the MCI stage [57]; in PD-MCI, frontal,

precuneus, paracentral and putaminal
deposition without grey-matter differences [64];
occipital and parietal uptake associated with

lower MoCA scores [65].

Positive in a substantial proportion, with
estimates varying by tracer and

threshold [57,62]; regional binding
matches Aβ immunohistochemistry at

autopsy [55].

Positive in the majority in meta-analysis,
less often in a [18F]flutemetamol

series [57,62]; already present at the
MCI-LB stage [60]; burden increases along
the DLB continuum [58,59] and with age

and APOE ε4 [59,61]; retention
corresponds to Thal phase and plaque

burden at autopsy [53]; visual positivity
predicts clinical decline [63].

Retention also scales with Braak tangle
stage and LB scores [54]; positivity not
accompanied by an AD-type atrophy

pattern [62].

CSF Aβ42 and Aβ42/40

Low baseline Aβ42 predicts cognitive
impairment in newly diagnosed PD [67] and

faster decline in treated PD [68]; with high CSF
NfL, predicts conversion to PDD [70]; dual
SAA and Aβ42 positivity carries the fastest

decline [72]; Aβ42/neurogranin ratio correlates
with global cognition [71].

/ Pathological Aβ42 predicts steeper MMSE
decline [69].

AD co-pathology associated with
accelerated decline, higher mortality
and poorer treatment response in a
systematic review [10]; AD-derived

thresholds may underestimate
amyloid [73].
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Table 2. Cont.

Biomarker PD PDD DLB Across the LBDS *

Plasma Aβ and p-tau

Serum/plasma Aβ42 not different from
controls [77] but lower with amnestic

impairment [78]; plasma p-tau217 identifies
AD co-pathology [107].

/

Plasma Aβ42/40 and p-tau181/231
discriminate amyloid status without
tracking decline [79]; p-tau181 and

p-tau217 identify amyloid co-pathology,
p-tau181 being the strongest single

marker [105,106].

p-tau181 higher with intermediate or
high AD neuropathologic change,

unrelated to LB stage or tau PET [80];
GFAP rather than p-tau181 elevated
with AD change in one series [81];

p-tau217 rises with the relative weight
of the two proteinopathies [108]; in
iRBD, p-tau181 with Aβ markers

predicts conversion to dementia [82].

Tau

Tau PET Low cortical binding without dementia; no
elevation in amyloid-negative patients [85,86].

Higher than in non-demented PD,
scaling with amyloid and cognition; no

elevation in amyloid-negative
patients [85,86].

Minimal with [18F]flortaucipir [90,91];
widespread and heterogeneous with
[18F]florzolotau, partly AD-like [92];

occipital tau tracks local amyloid [85];
accumulates longitudinally with atrophy
and decline [93]; weakly related to clinical

status [96]; AD visual read positive in a
minority of amyloid-positive patients [97].

[18F]PI-2620 uptake low, correlated
with amyloid and with executive and

attention deficits [87]; baseline tau
accelerates atrophy of AD-vulnerable

hippocampal subfields [94].

CSF t-tau and p-tau

Unchanged or reduced vs. controls [98,99];
baseline p-tau and p-tau/Aβ42 predict

memory and executive decline [100]; high
p-tau/t-tau at onset predicts motor

complications [101]; with Aβ42 and serum NfL,
identifies the fastest decliners [102].

AD CSF signature in a substantial
proportion of patients with cognitive

impairment or dementia [98,99].

AD profile with elevated p-tau identifies
AD co-pathology and relates to cognitive

and neurodegenerative severity [83].

Antemortem t-tau/Aβ42 and Aβ42
predict cortical α-syn burden at

autopsy [103].

TDP-43

TDP-43 (no validated in vivo marker) /
At autopsy, explains dementia less

strongly than cortical α-syn, amyloid
and tau [113].

Present in a substantial minority at
autopsy [110]; hippocampal TDP-43

reduces the likelihood of a clinical DLB
diagnosis [112]; distinct hippocampal

distribution, correlated with
cognition [114]; CSF acetylated tau raised

but not specific [117].

More frequent with mixed AD and
Lewy pathology [111]; candidate PET

ligands at the preclinical
stage [115,116]; inference from

disproportionate medial temporal
injury relies on criteria and data from

non-LBDS cohorts [118,172–174].
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Table 2. Cont.

Biomarker PD PDD DLB Across the LBDS *

Cerebrovascular

Small vessel disease, microbleeds, amyloid
angiopathy, free water

Greater small-vessel burden associated with
worse motor impairment [121]; progression

tracks cortical thinning and cognitive
decline [122]; cerebral amyloid angiopathy in a
minority at autopsy [124]; thalamic free water

elevated and associated with glymphatic
dysfunction and cognitive decline [127,128].

/

Cerebral amyloid angiopathy in the large
majority at autopsy [124]; lobar

microbleeds at a prevalence resembling
AD, with wide variation [125];

white-matter hyperintensities correspond
to AD-related change [126]; vascular
burden maps to frontal, insular and

thalamic atrophy [89,161].

Macroinfarcts and atherosclerosis
interact with Lewy pathology to

worsen parkinsonism in
community-dwelling older

adults [123].

Downstream markers

[123I]FP-CIT SPECT Caudate uptake predicts executive and
visuospatial decline in de novo patients [131]. /

Distinguishes DLB from AD against
autopsy, with normal scans in a minority

with cortical α-syn pathology [129]; largely
non-overlapping with amyloid PET at the

MCI stage [60].

Normal scans more frequent in
women, who carry more AD

co-pathology; semiquantitative
analysis improves detection [130].

Structural and susceptibility MRI

Minimal atrophy without dementia [132];
nigral neuromelanin loss [135]; nucleus basalis
of Meynert volume reduced early and predicts

dementia [137].

Frontal atrophy with reduced frontal
coherence [133]; hippocampal atrophy at
the transition from PD, pallidal volume

differing from DLB [134]; regional
susceptibility differs from DLB [141].

Greater hippocampal and
parahippocampal loss than PD [132];

parietal atrophy with reduced posterior
connectivity [133]; loss of the swallow-tail

sign separates DLB from other
dementias [136]; locus coeruleus

neuromelanin reduced at the MCI
stage [138]; regional susceptibility differs

from PDD [141].

Nigral susceptibility tracks Lewy
pathology at autopsy [139] and
follows a prodromal-to-clinical

gradient [140]; nucleus basalis volume
predicts phenoconversion in

iRBD [137].

MRI signatures of AD co-pathology / /

Amyloid maps to inferior-temporal
volume loss [89]; amyloid-positive and
-negative patients differ only in medial
temporal hypoperfusion [163]; cortical

microstructural change associated with AD
co-pathology [95].

AD-type subiculum and CA1 atrophy,
with baseline tau rather than amyloid
driving longitudinal loss [94]; medial
temporal atrophy sparing the posterior

hippocampus, entorhinal volume
correlating with autopsy tau [162].

Functional MRI / Only subtle differences from
DLB [133,146].

Reduced posterior connectivity, weakly
coupled to metabolism [164]; only subtle

differences from PDD [133,146].

Attention and fronto-parietal
hypoconnectivity and reduced

network efficiency [142–145]; nucleus
basalis connectivity informative for

cognition [147,148]; findings vary with
acquisition and analysis [149–151].
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Table 2. Cont.

Biomarker PD PDD DLB Across the LBDS *

EEG APOE ε4 carriers show a distinct connectivity
pattern in de novo PD [165]. /

Posterior slowing of the dominant rhythm
in the large majority, emerging early and

correlated with fluctuations; frontal
rhythmic delta activity as an

adjunct [152–157]; network abnormalities
already at the MCI stage [158].

/

[18F]FDG PET Hypometabolism with only marginal amyloid
signal [171].

Posterior and occipital
hypometabolism [160], also with only

marginal amyloid signal [171].

Posterior and occipital hypometabolism
with the cingulate island sign, a supportive

biomarker [1,160].

Longitudinal decline parallels clinical
progression [168]; cingulate island

erosion tracks tau rather than
amyloid [170].

NfL

Plasma NfL associated with lower cognition
and predicts MMSE decline [176] and

psychosis [177]; CSF NfL with low Aβ42
predicts conversion to PDD [70]; serum NfL
with CSF Aβ42 and p-tau181 identifies the

fastest decliners [102].

/
With GFAP, the only plasma marker

retaining discriminative value in
amyloid-negative DLB [106].

In iRBD, serum NfL does not track
cognition and adds little to

p-tau217 [178]; concentrations shift
with age, body mass index and renal
function in healthy individuals [179].

SV2A PET
Reduced binding largely confined to the
substantia nigra without dementia [181],

replicated with [18F]SynVesT-1 [182].

Widespread cortical reduction, correlated
with executive performance [181].

Widespread cortical reduction, correlated
with executive performance [181].

Hypometabolism exceeds synaptic
loss [184].

TSPO PET

Increased to a lesser extent than in PDD [171];
higher in early PD at high dementia risk,
correlated with regional tau signal [187];

nigral binding predicts cognitive decline [188].

Increased in cortical and subcortical
regions with only marginal amyloid

signal [171].

Highest at mild stages, declining with
cognitive impairment; no regional

correspondence with amyloid PET [186].
/

/ = no data specific to this phenotype among the studies reviewed. * Studies reporting the LBDS as a whole, prodromal (iRBD or MCI) cohorts, or autopsy series spanning
the continuum. Reviews, methodological and preclinical studies, and studies not including patients within the LBDS are not listed. Numbers refer to the reference
list of the main text. Aβ, amyloid-β; AD, Alzheimer’s disease; APOE, apolipoprotein E; α-syn, α-synuclein; CA1, cornu ammonis subfield 1; CSF, cerebrospinal fluid;
DLB, dementia with Lewy bodies; EEG, electroencephalography; [18F]FDG, 2-deoxy-2-[18F]fluoro-D-glucose; [123I]FP-CIT, N-ω-fluoropropyl-2β-carbomethoxy-3β-(4-
[123I]iodophenyl)nortropane; GFAP, glial fibrillary acidic protein; iRBD, isolated rapid eye movement sleep behavior disorder; LB, Lewy body; LBDS, Lewy body disease
spectrum; MCI, mild cognitive impairment; MCI-LB, mild cognitive impairment with Lewy bodies; MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive
Assessment; MRI, magnetic resonance imaging; NfL, neurofilament light chain; PD, Parkinson’s disease; PDD, Parkinson’s disease dementia; PET, positron emission
tomography; pS129, α-synuclein phosphorylated at serine 129; p-tau, phosphorylated tau; SAA, seed amplification assay; SPECT, single-photon emission computed
tomography; SV2A, synaptic vesicle glycoprotein 2A; TDP-43, transactive response DNA-binding protein 43 kDa; TSPO, 18 kDa translocator protein; t-tau, total tau.
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7. Discussion
No single technique resolves the co-pathological composition of an individual along

the PD–DLB continuum. Molecular and fluid assays identify protein-specific pathology but
not its downstream cost, whereas structural, metabolic, and electrophysiological imaging
quantify network injury but cannot attribute it to a particular protein. These approaches
provide complementary information, and only their combination supports an individual
proteinopathy profile in vivo.

Combining markers can improve characterization beyond that provided by any single
measure [189]. α-syn SAA positivity is specific for the α-syn accumulation but silent on
neurodegenerative burden, which neurofilament light supplies [190]. The same holds
within imaging where dopaminergic SPECT is already informative on its own, adding
a single further modality, hippocampal volume on MRI, the cingulate island ratio on
[18F]FDG PET, or cortical amyloid retention, improves discrimination further, and a second
adds less again [191]. That evidence comes from a comparison between diagnostic groups
rather than between co-pathological profiles, so it speaks to the incremental information
each modality carries rather than to the performance of any profiling scheme. Applying
these approaches at the individual level requires methods that quantify deviations from
normative data or define disease stage over time. Normative modeling expresses a patient’s
structural and functional imaging as deviations from a healthy distribution, isolating where
that person departs from expectation rather than from a group mean [192]. Data-driven
staging adds a temporal axis. Subtype-and-stage inference applied to iRBD resolves distinct
atrophy trajectories, of which a cortical-first pattern predicts progression toward DLB [193].
A quantifiable DLB-related metabolic pattern, validated across multiple centers, is elevated
already at the prodromal MCI stage and rises above threshold before dementia onset while
carrying an independent AD-related metabolic contribution to cognition [194]. Biological
staging frameworks for LBDS offer a coordinate system into which these imaging and
biomarker signatures can be mapped [195].

AD co-pathology is the most reproducible modifier of trajectory across the contin-
uum. In a large multicenter series of patients with probable DLB classified on Aβ and
tau biomarkers, close to half were amyloid positive [83], and a higher baseline amyloid
burden is associated with faster grey-matter atrophy in an AD-type distribution and with
faster clinical decline [196]. The prodromal DLB with AD co-pathology progresses faster
than prodromal DLB without it [197]. Scalable markers make this stratification practical:
plasma p-tau217 detects AD co-pathology in LBDS and predicts subsequent cognitive
decline [107,198]. Biomarker-based selection is already used to enrich trial populations
and match patients to mechanisms [199], and co-pathology profiling separates trajectories
among patients whose clinical picture and tau burden diverge [200].

At present, the therapeutic consequences of co-pathology profiling remain narrow, as
no disease-modifying treatment is approved for PD or DLB. The therapeutic reading of amy-
loid status is not symmetrical with the prognostic one. Amyloid-targeting antibodies are
the first treatments whose eligibility rests on a co-pathology measurement, and the region
of the continuum where parenchymal amyloid is most often present is also the one where
its vascular form is most often present (Sections 3.1 and 5.2): cerebral amyloid angiopathy is
found in the large majority of DLB, and lobar microbleeds occur at a prevalence resembling
that of AD. Appropriate-use recommendations for lecanemab and for donanemab place
candidates with a substantial microbleed burden, cortical superficial siderosis, or a major
vascular contribution to cognitive impairment outside the treatable group. They also call for
APOE genotyping before treatment, since ε4 carriers, and homozygotes in particular, carry
the highest risk of amyloid-related imaging abnormalities [201,202]. The status of being
an APOE ε4 carrier is simultaneously a factor influencing a positive amyloid scan in DLB
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(Section 3.1), meaning that a profile pinpointing patients likely to have this co-pathology
also partly highlights those for whom its removal poses the highest risk of hemorrhage.
The sequences that alleviate the tension (susceptibility-weighted imaging and a microbleed
count) are separate from the proteinopathy panel itself, and any precision management
strategy based on amyloid status throughout this continuum must incorporate them.

A practical multimodal approach follows (Figure 1). α-syn SAA establishes the pri-
mary disease; amyloid and tau markers, in fluid or on PET, stratify the dominant co-
pathology; downstream imaging and electrophysiology position the individual on axes of
severity and network injury and are followed over time. Each layer answers a question the
others cannot, and the composite supports a shift from a categorical PDD-versus-DLB label
toward a patient-specific proteinopathic profile.

Figure 1. Multimodal approach to in vivo co-pathology profiling across the LBDS. (a) α-syn SAA
establishes the primary proteinopathy. (b) Aβ and tau markers stratify the dominant co-pathology;
cerebrovascular disease is measurable but not attributable to a single origin, and TDP-43 can only
be inferred indirectly. (c) Downstream markers index disease severity without protein specificity.
(d) Together, these layers define an individual proteinopathic profile with potential prognostic and
therapeutic implications. * Soluble p-tau181 and p-tau217 are grouped with Aβ because they change
early with AD neuropathologic change and, in this population, follow amyloid status more closely
than tau PET binding [80,104]. Aβ, amyloid-β; APOE, apolipoprotein E gene; α-syn, α-synuclein; CSF,
cerebrospinal fluid; EEG, electroencephalography; [18F]FDG, [18F]fluorodeoxyglucose; FP-CIT, N-ω-
fluoropropyl-2β-carbomethoxy-3β-(4-iodophenyl)nortropane; LBDS, Lewy body disease spectrum;
MRI, magnetic resonance imaging; PET, positron emission tomography; p-tau, phosphorylated
tau; SAA, seed amplification assay; SPECT, single-photon emission computed tomography; SVD,
small vessel disease; TDP-43, transactive response DNA-binding protein 43 kDa; WMH, white
matter hyperintensities.
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8. Conclusions and Future Directions
Across the PD–DLB continuum, some forms of co-pathology can now be measured

directly, whereas others remain indirectly inferred. AD co-pathology is the most studied:
amyloid is quantifiable by concordant molecular and fluid methods; tau is quantifiable
with a narrow dynamic range in this population, and its non-AD forms are not. The α-syn
accumulation, the hallmark, is detectable but not yet quantifiable. TDP-43 is neither and
survives only as a residual once amyloid and tau are accounted for, while the cerebrovas-
cular contribution is measurable without being attributable to a single origin. No single
technique can capture the full spectrum of co-pathology, and none of the downstream sig-
nals acquires meaning until it is anchored to a molecular or fluid measure. Multimodality
is therefore not simply a conceptual preference but a practical requirement: an individual
proteinopathic profile exists only as the product of deliberately combined methods.

Several gaps need to be filled. First, positivity thresholds need to be defined within
the LBDS rather than imported from AD cohorts: this applies to CSF Aβ42 [73], to plasma
markers whose pre-defined cut-offs have not reproduced their discriminative performance
in independent cohorts [106], and to SAA, whose positivity criteria still vary across lab-
oratories [38]. Second, longitudinal cohorts with antemortem multimodal biomarkers
and autopsy confirmation are required to establish which in vivo measures track the bur-
den of each co-pathology and, in particular, to provide a first anchor for TDP-43. Third,
multimodal integration schemes, including normative modeling and data-driven stag-
ing [192,193], must be validated on co-pathological profiles rather than on diagnostic
groups [191], in independent cohorts and against neuropathology. Fourth, biomarker-based
stratification can already inform trial design: SAA can confirm the target in α-syn-directed
trials, and AD co-pathology status can be used for enrichment or as a stratification variable,
given its consistent effect on the rate of decline [199]. Finally, implementation will depend
on a tiered approach in which accessible blood-based and peripheral tissue markers pre-
cede CSF and PET, which remain costly and unevenly available; at the individual level,
blood-based markers must be read against several physiological modifiers [179].

Looking ahead, several developments may change how we measure co-pathology.
Blood-based α-syn SAA applied to neuron-derived extracellular vesicles has detected
seeding activity years before the clinical diagnosis of PD in a small longitudinal series [203],
and combining dermal α-syn and 4-repeat tau seed assays with serum NfL has improved
discrimination among parkinsonian syndromes while revealing α-syn co-pathology [204].
Quantitative seed assays, already validated against post-mortem LB pathology load [43],
may eventually supply the burden measure that current SAA lacks and serve as target-
engagement readouts in α-syn-directed trials [42,205]. Artificial intelligence offers a route
to integrating these heterogeneous signals. Deep learning applied to structural MRI and
trained against neuropathology has yielded pathology-specific indices for AD, vascular and
LB pathology [206], and machine learning applied to plasma proteomic panels [207] or to
the chronology of clinical features [208] has estimated co-pathologies validated at autopsy.
Performance for LB pathology nonetheless remains lower than for AD, and models trained
on clinical rather than neuropathological labels risk reproducing the misclassification they
aim to correct [206]. In molecular imaging, α-syn ligands with higher affinity for Lewy-type
aggregates are in development [23–25], and the first TDP-43-selective tracers, [18F]ACI-
19626 and [18F]JNJ-TDP43-1, have shown selectivity over Aβ, tau and α-syn aggregates in
preclinical studies [115,209], raising the prospect that TDP-43 co-pathology may become
measurable rather than inferred. Should these tools be validated, the proteinopathic profile
would acquire a therapeutic role alongside its prognostic one, informing eligibility for
α-syn-directed trials, the risk of amyloid-directed therapy where angiopathy co-exists, and,
if TDP-43 becomes measurable, a further target for treatment.
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The evidence behind these conclusions has limits. Most studies are cross-sectional
and small, define groups clinically rather than at autopsy, and differ in tracers, assays,
and thresholds; most cohorts come from tertiary centers. Multimodal profiling also has a
cost: every added measure increases expense and patient burden and makes discordant
or false-positive results more likely, and no study has yet shown that it changes outcomes.
For now, in vivo co-pathology profiling is a framework for stratification and research, and
its clinical value has yet to be tested prospectively.
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