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A quantitative DOPA decarboxylase 
biomarker for diagnosis in Lewy  
body disorders
 

Accurate diagnosis of dementia with Lewy bodies (DLB) remains 
challenging, with misdiagnosis potentially leading to harmful treatment 
decisions. DOPA decarboxylase (DDC) shows promise as a cerebrospinal 
fluid (CSF) biomarker for DLB and Parkinson’s disease (PD), but quantitative 
assays are needed for its clinical implementation. Here we report on 
the development of two DDC immunoassays and the extensive clinical 
validation of DDC across three clinical cohorts (n = 740), one biologically 
defined cohort (n = 253), one cohort with detailed dopamine transporter 
imaging information (n = 102) and one autopsy-confirmed cohort (n = 78). 
CSF DDC levels were significantly higher in DLB and PD (up to 2.5-fold versus 
controls; 1.9-fold versus AD), showing area under the curve values > 0.9 
for differential diagnosis. Elevated CSF DDC was linked to the presence, 
but not severity, of motor impairment. In autopsy-confirmed DLB, 
higher CSF DDC correlated with progressing α-synuclein pathology and 
immunohistochemistry in DLB and PD brain tissue revealed colocalization 
of DDC and α-synuclein in the substantia nigra. These findings underscore 
DDC’s value to support DLB and PD diagnosis, paving the way for its clinical 
implementation using the here-presented developed immunoassays.

Lewy body disorders (LBDs) including DLB and PD are the second most 
common neurodegenerative diseases after Alzheimer’s Disease (AD) 
in older people1. The pathological hallmark of LBDs is the abnormal 
aggregation of proteins, lipids and organelles into so-called Lewy 
bodies (LBs) and Lewy neurites (LNs). The main constituent of these 
structures is the misfolded form of alpha-synuclein (α-syn), the first 
biological anchor in recently suggested characterization systems2,3. LBs 
are present in different brain areas, in the brainstem and/or amygdala 
in early stages and later also in the neocortex. The exact cause of their 
formation as well as their role is still not fully understood. The loss of 
dopaminergic neurons in the substantia nigra4, and related nigrostri-
atal dopaminergic dysfunction, is another pathological hallmark in 
LBDs2,5. In addition to the pathological similarities, LBDs also share 
some clinical features, such as motor signs of bradykinesia and rigidity. 

While PD is mainly characterized by impaired motor functioning6, DLB 
core features additionally include fluctuations of cognition, visual 
hallucinations and rapid eye movement REM sleep behavior disorder 
(RBD)7, and cognitive impairment/dementia is an overlapping feature 
with AD. Due to the wide pathological and clinical overlap with AD and 
the heterogeneous clinical manifestation, an accurate diagnosis of DLB 
is still challenging8. This hampers prediction of the disease course and 
patient stratification for clinical trials, and can lead to inappropriate 
treatment approaches with harmful effects on the patients, highlighting 
the need for disease-specific biomarkers to facilitate DLB diagnosis. 
Although clinical diagnosis of PD is less ambiguous, biomarkers will 
allow a deeper understanding of the underlying disease mechanisms 
to enable early detection, disease monitoring, clinical trial design and 
biological staging9. Disease-specific, quantitative, easily accessible and 
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In addition, the Simoa assay for use in serum also met the acceptance 
criteria, results of which are summarized in Extended Data Fig. 1a–e 
and Supplementary Methods 3.

We measured CSF DDC in six independent cohorts, and in paired 
plasma samples in one cohort. DDC levels were above the detection 
limit in 100% of the samples. Demographic characteristics of the 
included fluid cohorts are summarized in Extended Data Tables 1–3.

In two of these cohorts (Amsterdam Dementia Cohort (ADC) Dis-
covery and UNIPG αS-SAA), we measured CSF DDC with both of the 
immunoassays. DDC measurements correlated strongly between the 
two platforms (ADC Discovery: ρ = 0.95, P = 6.06 × 10−73; UNIPG αS-SAA: 
ρ = 0.842, P = 1.13 × 10−58), with a proportional difference between the 
Ella and Simoa measurements, that is, higher absolute concentrations 
being measured on the Ella assay (Extended Data Fig. 1f,g).

We observed strong correlations between proximity extension 
assay (PEA) DDC measurements and our in-house-developed assays 
(ρ = 0.7–0.97, P = 4.86 × 10−37–1.43 × 10−63; Extended Data Fig. 1h–k). 
Taken together, we have developed two DDC immunoassays for use in 
CSF (Ella and Simoa) and plasma/serum (Simoa), which demonstrate 
strong analytical performance and correlate with each other, and 
PEA results.

DDC concentrations differentiate clinically defined DLB and 
PD from controls and AD
To assess the diagnostic accuracy of CSF DDC in a memory clinic set-
ting, we first assessed CSF DDC concentrations in clinically defined 
cohorts from different memory clinics: the ADC Discovery reflects 
part of the discovery cohort from our previous proteomics study. The 
ADC/Sant Pau Initiative on Neurodegeneration (SPIN) Validation is 
a multicenter cohort and was also part of the previous proteomics 
study (controls, n = 108; DLB, n = 106; mild cognitive impairment with 
underlying amyloid pathology (MCI-A+), n = 101; AD, n = 104). Due to 
the pathological and clinical similarities between DLB and PD, and 
previously reported elevated CSF DDC concentrations in both of these 
diseases, we additionally included a DLB/PD cohort from the Danish 
Dementia Biobank and Bispebjerg Movement Disorder Biobank (DDBB/
BMDB Validation), including patients with DLB and PD. DDC CSF con-
centrations were significantly elevated in all cohorts within the DLB and 
PD groups compared to controls (fold changes 1.6 to 2.4) and AD (fold 
changes 1.2 to 1.9; ADC Discovery Ella: F(2) = 42.3, P = 4.94 × 10−15; Simoa: 
F(2) = 35.2, P = 4.47 × 10−13; ADC/SPIN Validation on Ella: F(3) = 12.0, 
P = 1.51 × 10−7; DDBB/BMDB Validation: F(3) = 33.91, P = 2.85 × 10−17; 
Extended Data Table 4 and Fig. 2a–d). We also observed slightly elevated 
CSF DDC levels in AD compared to controls in ADC/SPIN and DDBB/
BMDB Validation. CSF DDC concentrations in PD were slightly elevated 
compared to DLB in the DDBB/BMDB Validation. Of note, n = 20 of these 
patients with PD (54%) received dopaminergic treatment.

We assessed the potential of CSF DDC for differential diagnosis 
of DLB and PD from other groups by receiver operating characteristic 
(ROC) analysis. The models including DDC, age and sex discriminated 
DLB and PD with area under the curve (AUC) values of 0.94 to 0.97 
from controls and with AUCs of 0.70 to 0.94 from patients with AD, 
independently of the platform used (Fig. 2i–l and Table 1). See model 
performances for models including DDC, or age and sex, alone in 
Extended Data Table 5. These results highlight the diagnostic poten-
tial of CSF DDC in a clinically defined patient population that reflects 
individuals commonly seen in memory clinics.

DDC concentrations differentiate biologically and 
pathologically defined patients with DLB and PD from  
controls and AD
We next measured CSF DDC in two cohorts including patients with 
PD + DLB who were biologically confirmed through αS-SAA measure-
ments and patients with DLB who were pathologically confirmed. Also 
in these cohorts, we observed that CSF DDC was significantly elevated 

cost-efficient fluid biomarkers could support the differential diagno-
sis of DLB, facilitate DLB and PD research and aid in disease staging 
and monitoring.

The α-syn seed-amplification assay (αS-SAA) has been shown valu-
able to detect α-syn pathology already at early disease stages and to 
predict conversion from nonsymptomatic stages to clinical LBDs10,11. 
αS-SAA-defined co-pathology is present in ~30% of individuals with 
AD, significantly affecting disease progression and possibly affecting 
the efficacy of disease-modifying therapies12,13. Imaging techniques, 
such as dopamine transporter (DaT)-Scan, are used to detect nigros-
triatal dopaminergic dysfunction7,14,15, but these costly techniques are 
often not reimbursed and require the use of radioactive tracers. A fluid 
biomarker could thus present advantages in terms of costs and safety.

In recent array-based proteomics studies16–19, the protein DDC was 
identified as a biomarker candidate for DLB and PD18. DDC catalyzes 
the decarboxylation of L-DOPA to dopamine20 and 5-HTP to serotonin21, 
both of which are impaired in LBDs. DDC levels in CSF were elevated 
in several LBDs compared with controls and AD, already in early dis-
ease stages17, predicted progression to disease16–19 and correlated 
with markers of disease severity16,17,19. Blood DDC levels are strongly 
influenced by dopaminergic treatment and, therefore, do not reflect 
the presence of LBDs in the central nervous system22,23. However, this 
feature makes it worthy to investigate DDC as a potential biomarker of 
dopaminergic treatment response. Altogether, these findings strongly 
suggest DDC as a fluid biomarker to support diagnosis, prognosis and 
treatment monitoring in LBDs. To translate these findings for use in 
clinical practice, scalable and accurate laboratory tests measuring 
absolute DDC concentrations are imperative. While we found that 
commercial enzyme-linked immunosorbent assay (ELISAs) lack the 
sensitivity to detect DDC in CSF, a recent preprint reports a mesoscale 
discovery assay24, but shows rather high analytical variability (<30%)24.

Here, we report on the development of two robust immunoassays 
on highly sensitive immunoassay platforms, Ella and Simoa, for DDC 
quantification in CSF, plasma and serum. We evaluated the diagnostic 
potential of CSF DDC for the differentiation of DLB and PD from AD 
and controls, and analyze associations with αS-SAA status, cognitive 
dysfunction, DaT imaging, disease severity measures and paired plasma 
DDC levels. Moreover, we studied DDC tissue expression in relation to 
relevant pathological features in DLB and PD. Our findings suggest that 
DDC measured with our immunoassays may serve as a supportive bio-
marker for the diagnosis of LBDs and gives insights into its association 
with cognition, clinical features and pathology markers.

Results
DDC biomarker assay development and analytical validation
We developed immunoassays for the detection of DDC in CSF on two 
platforms: the Ella and Simoa systems (Supplementary Methods 1). The 
Simoa assay was additionally optimized for use in plasma and serum. 
All assays demonstrated strong analytical performance, meeting inter-
national consensus guidelines25. Analytical validation results of the Ella 
assay (Supplementary Methods 2 and Fig. 1a–e) were an intra-assay 
coefficient of variation of 4.1%, inter-assay coefficient of variation of 
11.5%, parallelism ranging from 85% to 108% (Fig. 1a), dilution linear-
ity between 86% and 117% (Fig. 1b) and spike recovery of 121% (high 
spike), 85% (medium spike) and 333% (low spike; Fig. 1c). Analytical 
validation results of the Simoa assay in CSF (Supplementary Meth-
ods 2 and Fig. 1f–j) were an intra-assay coefficient of variation of 4.3%, 
inter-assay coefficient of variation of 12.4%, parallelism ranging from 
84% to 87% (Fig. 1f), dilution linearity between 86% and 114% (Fig. 1g) and 
spike recovery of 95% (high spike), 99% (medium spike) and 84% (low 
spike; Fig. 1h) and results for the Simoa assay in plasma (Fig. 1k–o) were 
an intra-assay coefficient of variation of 7.4%, inter-assay coefficient 
of variation of 12.3%, parallelism ranging from 99% to 101% (Fig. 1k), 
dilution linearity between 88% and 118% (Fig. 1l) and spike recovery 
of 95% (high spike), 97% (medium spike) and 70% (low spike; Fig. 1m). 
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Fig. 1 | Results of analytical validation of Ella and Simoa DDC assays in CSF and 
plasma. a–o, Visual presentation of analytical validation results of the in-house-
developed Ella and Simoa assays for the parameters parallelism (a (Ella, CSF),  
f (Simoa, CSF) and k (Simoa, plasma)), dilution linearity (b (Ella, CSF), g (Simoa, CSF) 
and l (Simoa, plasma)), recovery (c (Ella, CSF), h (Simoa, CSF) and m (Simoa, plasma)), 
freeze–thawing stability (d (Ella, CSF), i (Simoa, CSF) and n (Simoa, plasma)) and 

storage stability (e (Ella, CSF), j (Simoa, CSF) and o (Simoa, plasma)). Mean recovery 
and corresponding standard deviation (error bars in c (Ella, CSF), h (Simoa, CSF) and 
m (Simoa, plasma)) were calculated based on three (only medium spike recovery of 
Ella assay) or four individual CSF or plasma samples. For all parameters, a range of 
85% to 115% compared to the reference condition was accepted. AEB, average number 
of enzymes per bead; RFU, relative fluorescence unit; RT, room temperature.
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in the PD + DLB and DLB groups compared with controls (fold changes 
of 1.8 to 2.2) and AD (fold changes of 1.5 to 1.9; UNIPG αS-SAA on Ella: 
F(2) = 38.8, P = 4.51 × 10−15, and Simoa: F(2) = 79.7, P = 2.92 × 10−27; BIO-
DEM/UAntwerp Autopsy: F(2) = 11.5, P = 4.52 × 10−5; Fig. 2e–g). Of note, 
the PD + DLB group in UNIPG αS-SAA included patients on dopaminer-
gic treatment (Extended Data Table 2). Previous studies have shown that 
dopaminergic treatment can further elevate CSF DDC concentrations. 
Hence, we repeated the analysis in the UNIPG αS-SAA Cohort stratify-
ing the PD + DLB group for use of dopaminergic treatment. We did not 
observe differences in CSF DDC levels between the different PD + DLB 
subgroups (Extended Data Fig. 1l,m), but CSF DDC levels were higher 
in treated patients compared with drug-naive patients (fold changes 
1.2 (Ella) and 1.4 (Simoa)). However, CSF DDC concentrations were still 
significantly higher in the drug-naive PD + DLB group compared with 
controls and AD (Fig. 2e,f).

Regarding diagnostic performance, DDC combined with age and 
sex discriminated PD + DLB with AUCs of 0.89 (Ella) and 0.93 (Simoa) 
from controls and from patients with AD with AUCs of 0.90 (Ella) and 
0.92 (Simoa). ROC analysis in drug-naive patients only, led to slightly 
lower, yet high AUCs of 0.87 (Ella) and 0.91 (Simoa) for the discrimina-
tion from controls and 0.87 (Ella) and 0.90 (Simoa) for the discrimina-
tion from AD (Fig. 2m,n and Table 1). In the BIODEM/UAntwerp Autopsy, 
the AUC was 0.998 for the combined model to discriminate DLB from 
controls and 0.87 to discriminate DLB from AD (Fig. 2o and Table 1). 
AUCs for models including only DDC, or age and sex, are reported 
in Extended Data Table 5. Taken together, the results verify the high 
diagnostic potential for CSF DDC in biologically and pathologically 
defined patient groups.

Plasma DDC does not have diagnostic potential
Blood-based biomarkers are less invasive than CSF biomarkers and show 
high diagnostic potential in AD. Therefore, we next assessed the diag-
nostic value of plasma DDC in the αS-SAA-defined cohort (UNIPG). We 
did not observe altered plasma DDC levels between diagnostic groups 
(F(2) = 2.8, P = 0.066; without correction for use of dopaminergic treat-
ment), but we observed elevated levels in patients with PD + DLB on 
dopaminergic treatment (Fig. 2h and Extended Data Table 4). These 
results underline that plasma DDC is strongly influenced by dopamin-
ergic treatment and holds no diagnostic potential for DLB and PD.

Robustness of results and estimation of reference values
Subsequently, we conducted a meta-analysis combining data from all 
cohorts, showing large overall effect sizes for the comparison of DLB 
and PD versus controls (standardized mean difference (SMD) = 1.41 (95% 
confidence interval (CI) 0.92 to 1.89); I2 = 78.7%, P = 0.003; Fig. 2p), as 
well as DLB and PD versus AD (SMD = 1.00 (95% CI 0.55 to 1.44); I2 = 83.5%, 
P = 2.36 × 10−6; Fig. 2q). These findings indicate that CSF DDC levels 
are robustly elevated in DLB and PD, with values approximately 1.41 
standard deviations higher than in controls and 1.00 standard devia-
tion higher than in AD.

We further evaluated stability of Youden cutoff values. Cutoff 
values on the Ella platform showed variation, but cutoff values on the 
Simoa platform were remarkably consistent for the differentiation of 
DLB and PD from controls (ADC Discovery: 27.1 pg ml−1, DDBB/BMDB 
ValidationDLB: 31.1 pg ml−1, DDBB/BMDB ValidationPD: 31.5 pg ml−1, UNIPG  
αS-SAA: 29.4 pg ml−1) and from AD (ADC Discovery: 27.7 pg ml−1,  
DDBB/BMDB ValidationDLB: 30.1 pg ml−1, DDBB/BMDB ValidationPD: 
30.3 pg ml−1, UNIPG αS-SAA: 28.0 pg ml−1; Extended Data Table 5).

Association with cognition and clinical features
Associations of DDC with cognition were analyzed within the DLB and 
PD groups. In the ADC Discovery, higher CSF DDC levels were asso-
ciated with higher Mini-Mental State Examination (MMSE) scores 
when measured with Simoa (βElla(s.e.) = −0.35 (0.21), P = 0.104, Fig. 3a; 
βSimoa(s.e.) = −0.51 (0.25), P = 0.047, Fig. 3b; of note, estimated values are 
negative due to transformation of MMSE scores). In a subset of patients 
with DLB from the ADC Validation (n = 29), we observed an association 
at a trend level of higher CSF DDC levels with lower Montreal Cognitive 
Assessment (MoCA) scores (β(s.e.) = −9.4 (5.50), P = 0.100; Fig. 3d). No 
associations of CSF DDC with cognitive scores were observed in the 
other cohorts (Fig. 3c,e–g).

Information on the presence of DLB core features was available in 
the DLB group of the ADC and SPIN cohorts (Extended Data Table 6). 
We observed higher CSF DDC levels in patients with DLB presenting 
with parkinsonian symptoms compared with those without (β = 0.13 
(95% CI: 0.018 to 0.233), P = 0.023; Fig. 3h) and in patients with visual 
hallucinations compared to patients without hallucinations (β = 0.107 
(95% CI: 0.034 to 0.180), P = 0.005; Fig. 3i)). No significant associa-
tions with DDC have been observed for the presence or absence of 
the other two DLB core features, that is, fluctuations of cognition 
and RBD (Fig. 3j,k).

We next assessed if there was a linear association to motor impair-
ment severity, as measured with the unified Parkinson disease rating 
scale part 3 (UPDRS-III) scale, in UNIPG αS-SAA and YUHS DaT-positron 
emission tomography (PET). There was no association between DDC 
concentrations and motor impairment in either cohort (UNIPG: 
βElla(s.e.) = −10.30 (10.84), P = 0.348; βSimoa(s.e.) = −8.75 (7.35), P = 0.238; 
and YUHS: β(s.e.) = 8.82 (5.06), P = 0.084; Fig. 3l–n).

Association with dopaminergic treatment and imaging
As we have observed significantly higher DDC concentrations in 
patients with PD + DLB under dopaminergic treatment compared to 
drug-naive patients, we analyzed a possible relation between CSF DDC 
and dopaminergic treatment dosage expressed as levodopa equiva-
lent daily dosage (LEDD). Information on LEDD was available in the 
UNIPG αS-SAA and the YUHS DaT-PET cohorts. We did not observe 
an association between LEDD and CSF DDC concentrations in treated 
patients of either cohort (UNIPG: βElla(s.e.) = −0.048 (0.120), P = 0.696; 
βSimoa(s.e.) = −0.152 (0.147), P = 0.312; YUHS: β(s.e.) = −0.094 (0.210), 
P = 0.657).

Fig. 2 | CSF DDC levels across diagnostic groups and ROC analysis. a–h, Box 
plots illustrate DDC levels across diagnostic groups in the ADC Discovery 
(CTRL, n = 50; DLB, n = 41; AD, n = 51; a (CSF Ella) and b (CSF Simoa)), ADC/SPIN 
Validation (CTRL, n = 108; DLB, n = 106; MCI-A+, n = 101; AD, n = 104; c), DDBB/
BMDB Validation (CTRL, n = 44; DLB, n = 46; PD, n = 37; AD, n = 52; d), UNIPG 
αS-SAA (CSF Ella: CTRL, n = 51; PD + DLB (DN), n = 36; PD + DLB (T), n = 19; AD, 
n = 110 (e); CSF Simoa: CTRL, n = 60; PD + DLB (DN), n = 48; PD + DLB (T), n = 27; 
AD(S−), n = 110 (f)), BIODEM/UAntwerp Autopsy (CTRL, n = 30; DLB, n = 18; AD, 
n = 30; g) and the plasma UNIPG αS-SAA (CTRL, n = 18, PD + DLB (DN), n = 32; 
PD + DLB (T), n = 20; AD, n = 22; h). i–o, ROC curves for the differentiation of DLB 
and PD from the other diagnostic groups based on DDC levels are shown for the 
ADC Discovery (i (CSF Ella) and j (CSF Simoa)), ADC/SPIN Validation (k), DDBB/
BMDB Validation (l), UNIPG αS-SAA in CSF (m (CSF Ella) and n (CSF Simoa)) and 
the BIODEM/UAntwerp Autopsy (o). p,q, Meta-analyses of SMDs between DLB 

and PD and controls (p) and AD-continuum (q) are visualized by forest plots. 
DDC differences between diagnostic groups were assessed across groups by 
analysis of covariance (ANCOVA) corrected for age and sex (and center in ADC/
SPIN Validation) with two-sided post hoc Tukey’s test and Bonferroni correction. 
Box plots show DDC levels across diagnostic groups. Lines through the boxes 
indicate the median value, and lower and upper lines correspond to the first and 
third quartiles, respectively. Dots represent individual data points, and whiskers 
extend to 1.5 times the interquartile range. Forest plots indicate the SMD of two-
sided group comparisons in different diagnostic cohorts and whiskers indicate 
confidence intervals. Diamonds indicate the pooled effects with confidence 
intervals. DN, drug-naive; MCI-A+, mild cognitive impairment with underlying 
amyloid pathology; S−, normal seed-amplification assay; S+, abnormal seed-
amplification assay; T, treated with dopaminergic medication.
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We further assessed if CSF DDC measurements are related to DaT 
imaging. DaT-Scan results were available for a subset of the DLB group 
in the ADC and SPIN cohorts (Extended Data Table 6). There was no 
significant difference in DDC concentrations within the DLB group 
between patients with normal (n = 10) or abnormal (n = 38; F(1) = 0.170, 
P = 0.683, β = 0.026 (95% CI: −0.102 to 0.154); Fig. 3o) DaT-Scan results. 
Similar results were found in the YUHS DaT-PET regarding DaT-PET 
status (normal = 24, abnormal = 78, F(1) = 0.279, P = 0.598, Fig. 3p and 
Supplementary Methods 4). We did not observe an association between 
CSF DDC levels and DaT uptake, as represented by median 18F-FP-CIT 
PET standardized uptake value ratios, in the caudate or putamen within 
the whole cohort (n = 102) or only drug-naive patients (n = 60), respec-
tively (Extended Data Table 7 and Fig. 3q,r). However, we observed that 
higher CSF DDC levels were associated with a lower caudate/puta-
men DaT uptake ratio in drug-naive patients (β(s.e.) = −0.201 (0.060), 
P = 0.0015, q = 0.0045; Extended Data Table 7 and Fig. 3s).

Association with AD co-pathology
Since CSF DDC concentrations were also elevated in patients with AD 
and AD co-pathology is a common feature in DLB and PD, we assessed 
the relationship between CSF DDC and AD pathology based on the 
AD CSF core biomarkers Aβ42 (ADC, DDBB/BMDB Validation and BIO-
DEM/UAntwerp Autopsy) or Aβ42/40 (SPIN, UNIPG αS-SAA), pTau181 (all 
cohorts) and tTau (all cohorts) in the overall cohorts and the DLB and 
PD groups, respectively.

DDC was negatively associated with amyloid in the ADC/SPIN 
Validation. In patients from the ADC, CSF DDC was associated with 
Aβ42 within all diagnoses together (β(s.e.) = −0.11 (0.05), P = 0.028), 
and in patients with DLB from the SPIN, DDC was associated with 
Aβ42/40 (β(s.e.) = −2.09 (0.87), P = 0.020). DDC and pTau were posi-
tively associated in the PD + DLB group of the UNIPG αS-SAA (Simoa, 
β(s.e.) = 0.26 (0.12), P = 0.026). In the BIODEM/UAntwerp Autopsy, a 
positive association of DDC and tTau was observed in the whole cohort 

(β(s.e.) = 0.21 (0.10), P = 0.037), while in the DDBB/BMDB Validation 
a positive association was observed in the PD group (β(s.e.) = 0.54 
(0.16), P = 0.007). When stratifying for AD CSF biomarker status, we 
confirmed that amyloid-positive patients with DLB had higher CSF 
DDC levels than amyloid-negative patients in ADC/SPIN Validation 
(F(1) = 7.7, P = 0.007; β = 0.09 (95% CI: 0.02–0.15)). Besides that, AD 
CSF biomarker-positive patients had similar CSF DDC levels com-
pared with AD CSF biomarker-negative patients. Overall, while asso-
ciations between CSF DDC and certain AD CSF biomarkers were 
observed in some cohorts, these findings were not consistent across 
all study cohorts.

Association with α-syn pathology
To assess the association of CSF DDC with α-syn, we first analyzed if 
elevated CSF DDC levels in AD are related to LB pathology by compar-
ing DDC concentrations between αS-SAA normal (n = 54) and αS-SAA 
abnormal (n = 56) patients with AD. CSF DDC levels did not significantly 
differ regarding the αS-SAA status, but a trend toward higher CSF DDC 
in αS-SAA positive patients with AD was observed when measured by 
Simoa (βElla(s.e.) = −1.31 (4.97), P = 0.793; βSimoa(s.e.) = 2.41 (1.59), P = 0.134; 
Fig. 4a,b). We next evaluated this relation in pathologically confirmed 
patients with AD within the BIODEM/UAntwerp Autopsy. Here, patients 
with AD and LB co-pathology had higher CSF DDC concentrations than 
patients with pure AD (β(s.e.) = 0.21 (0.08), P = 0.014; Fig. 4c). Next, 
we analyzed CSF DDC levels in relation to LB pathology, based on the 
regional LB stage, α-syn Braak stages and α-syn load in different brain 
areas. We observed higher CSF DDC levels in patients (DLB and AD) with 
LB pathology in the limbic and neocortical brain areas compared to 
patients with AD without LB co-pathology (F(3) = 5.64, P = 0.002; Fig. 4d) 
and higher CSF DDC levels were associated with higher α-syn Braak 
stages (F(5) = 5.05, P = 0.001; Fig. 4e). In addition, CSF DDC correlated 
with α-syn load in various brain regions, with the strongest correlation 
in the substantia nigra (P = 0.66, P = 5.36 × 10−7; Fig. 4f).

Table 1 | Accuracy parameters of ROC analysis. Predictors include age, sex and log10-transformed DDC concentrations

Cohort AUC Specificity Sensitivity Positive predictive value Negative predictive value

ADC Discovery Cohort  
(CSF, Ella)

DLB versus CTRL 0.966 0.94 0.93 0.93 0.94

DLB versus AD 0.939 0.90 0.88 0.88 0.90

ADC Discovery Cohort  
(CSF, Simoa)

DLB versus CTRL 0.960 0.94 0.93 0.93 0.94

DLB versus AD 0.945 0.88 0.90 0.86 0.92

ADC/SPIN Validation Cohort 
(CSF, Ella)

DLB versus CTRL 0.960 0.95 0.88 0.95 0.89

DLB versus MCI-A+ 0.782 0.89 0.64 0.86 0.71

DLB versus AD 0.762 0.73 0.72 0.74 0.73

DDBB/BMDB Validation 
Cohort (CSF, Simoa)

DLB versus CTRL 0.937 0.88 0.83 0.89 0.82

DLB versus AD 0.702 0.56 0.83 0.63 0.78

PD versus CTRL 0.947 1 0.89 1.00 0.91

PD versus AD 0.823 0.75 0.86 0.71 0.89

UNIPG αS-SAA Cohort  
(CSF, Ella)

PD + DLB versus CTRL 0.894 0.88 0.89 0.88 0.78

PD + DLB versus AD 0.895 0.78 0.91 0.68 0.95

PD + DLB (DN) versus CTRL 0.867 0.82 0.78 0.76 0.84

PD + DLB (DN) versus AD 0.872 0.74 0.92 0.53 0.96

UNIPG αS-SAA Cohort  
(CSF, Simoa)

PD + DLB versus CTRL 0.930 0.88 0.93 0.79 0.91

PD + DLB versus AD 0.917 0.84 0.88 0.79 0.91

PD + DLB (DN) versus CTRL 0.910 0.87 0.88 0.84 0.90

PD + DLB (DN) versus AD 0.897 0.84 0.85 0.69 0.93

BIODEM/UAntwerp Autopsy 
Cohort (CSF, Ella)

DLB versus CTRL 0.998 0.97 1.00 0.95 1.00

DLB versus AD 0.872 0.90 0.78 0.82 0.87

CTRL, controls; DN, drug-naive.
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These results indicate that CSF DDC concentrations increase with 
disease progression and with increasing LB pathology, particularly in 
the brainstem.

DDC characterization in human brain tissue
As results from the BIODEM/UAntwerp Autopsy suggest an associa-
tion of higher CSF DDC concentrations with more pronounced LB 
pathology in specifically the brainstem (substantia nigra), we next 
analyzed the (co)localization of DDC and α-syn within brainstem tis-
sue from controls (n = 4), patients with DLB (n = 4) and PD (dementia) 
(PD(D); n = 4), using the detection antibody of our immunoassays. 
Demographics and neuropathological characteristics of the tissue 
donors are listed in Extended Data Table 8. Of note, staining was inter-
preted qualitatively by visual inspection to assess presence, distribu-
tion and relative intensity of the target antigens. Positive DDC signal 
was detected within the nucleus, soma and processes of dopamin-
ergic neurons, as indicated by overlapping DDC, tyrosine hydroxy-
lase (stains dopaminergic neurons) and neuromelanin (abundant in 
dopaminergic neurons of substantia nigra) positivity in these cells 
(Fig. 5a–g and Extended Data Fig. 2a–f). Positive DDC staining was 
sparsely observed in tyrosine hydroxylase-negative cells in all groups. 
Positive DDC signal was also detected in the nucleus, soma and pro-
cesses of serotonergic neurons in the raphe nuclei (Supplementary 
Methods 5 and Extended Data Fig. 2g–j). In all patients, DDC positivity 
was present within LBs, LNs and pale bodies in dopaminergic neurons 
(Fig. 5e–g,l,m,p,q,t,u). Furthermore, DDC colocalized with phosphoryl-
ated Ser129 α-syn staining in these neurons (Fig. 5h–w). While fewer 
DDC-positive cells were observed in the DLB and PD groups, strong 
DDC signal was observed in the nucleus and soma of remaining neurons 
and within LBs and LNs. These findings show that DDC colocalizes with 
α-syn, that tyrosine hydroxylase-negative cells still express DDC and 
that DDC is also detected in serotonergic neurons.

Discussion
In the present study we show the clinical value of CSF DDC as a bio-
marker for DLB and PD and introduce two quantitative immunoassays 
advancing clinical implementation. We developed two robust in-house 
immunoassays to measure DDC in CSF (and plasma and serum) with 
high analytical sensitivity (100% detectability) and excellent techni-
cal performance, correlating strongly with PEA measurements. We 
validated the use of CSF DDC in six cohorts: three clinical cohorts, 
one DaT imaging cohort, one biologically defined cohort and one 
autopsy-confirmed DLB and PD patient cohort, consistently show-
ing significantly elevated CSF DDC levels in the DLB and PD groups 
and demonstrating high AUCs of up to 0.93 for differential diagnosis 
throughout. Stable cutoff values of ~30 pg ml−1, to differentiate DLB 
and PD from the other groups, were observed with the Simoa assay. 

Within participants that largely presented with cognitive impairment 
and parkinsonian symptoms, CSF DDC was not associated with normal/
abnormal DaT imaging status, but higher CSF DDC was associated with 
a lower caudate/putamen DaT uptake ratio. Higher CSF DDC values 
were related with the presence of parkinsonism and visual hallucina-
tions in DLB, but were not associated with motor impairment sever-
ity in PD + DLB. Furthermore, we show that CSF DDC concentrations 
increased with more pronounced α-syn pathology, that DDC colo-
calized with phosphorylated Ser129 α-syn, and show DDC positivity 
in dopaminergic and serotonergic neurons in human postmortem 
brainstem tissue.

We show that CSF DDC was significantly elevated in DLB and PD 
compared with controls, MCI-A+ and AD, and our meta-analysis showed 
strong pooled effect sizes for the comparison of DLB and PD versus 
controls and DLB and PD versus AD, which further underscores the 
robustness of DDC differences across diagnostic groups. Upon addi-
tion of DDC to basic demographic models including age and sex as 
predictors, these AUCs increased further, reaching 0.97 in clinically 
defined cohorts and 0.998 in the autopsy-confirmed cohort. These 
findings are in concordance with previous proteomics studies16, but 
now measured by scalable methods, with stable cutoff values advancing 
clinical implementation. We observed slightly higher CSF DDC con-
centrations in patients receiving dopaminergic treatment compared 
to drug-naive patients, both in CSF and plasma. Similar findings have 
been reported previously17,19,23. However, DDC levels in CSF were still 
significantly upregulated in drug-naive patients, and this factor can 
likely be disregarded in the context of initial diagnosis, as patients 
will still be drug-naive. Upregulation was only observed in plasma of 
dopaminergic-treated patients, confirming our previous findings on 
limited diagnostic utility in plasma22. Our findings suggest that CSF 
DDC is a promising biomarker to support clinical DLB and PD diagnosis, 
ultimately facilitating and improving the diagnostic process.

CSF DDC levels were slightly elevated in patients with AD (fold 
change up to 1.5). LB co-pathology is a frequent feature observed in 
~30% of patients with AD26–28 as confirmed by CSF αS-SAA analysis12,13. 
In the BIODEM/UAntwerp Autopsy, we observed that patients with AD 
and LB co-pathology had significantly higher CSF DDC levels than those 
patients with pure AD. When using the αS-SAA, we observed trend-level 
differences in patients with AD with or without LB pathology. These 
findings suggest that LB co-pathology in AD might not be the only 
cause for elevated DDC levels in AD, or may affect CSF DDC differently 
than in DLB/PD. One possible explanation is that AD and DLB/PD affect 
distinct brain regions, potentially dysregulating DDC expression in 
different ways even when LB co-pathology is present. Additionally, 
since DDC is also involved in serotonin synthesis, and serotonin defi-
cits occur both in DLB/PD and AD, this could contribute to increases 
in CSF DDC levels in pure AD cases. Elevated CSF DDC levels have also 

Fig. 3 | Associations of DDC with cognition, DLB core features, motor 
impairment and DaT imaging. a–s, DDC levels were borderline associated 
with MMSE in the ADC Discovery (a (Ella) and b (Simoa)), but not in the ADC/
SPIN Validation (c) and the DDBB/BMDB Validation (e), or with MoCA in the ADC 
Validation (d) and UNIPG αS-SAA (f (Ella) and g (Simoa)) within DLB and PD  
(DLB ADC Discovery, n = 41; DLB ADC/SPIN Validation, n = 106; DLB DDBB/BMDB 
Validation, n = 46; PD DDBB/BMDB Validation, n = 37; PD + DLB UNIPG αS-SAA 
(CSF Ella), n = 55; PD + DLB UNIPG αS-SAA (CSF Simoa), n = 75). Associations of 
CSF DDC with DLB core features were analyzed within the DLB group of the ADC/
SPIN Validation. Patients with DLB that presented with parkinsonism (h; n = 70) or 
visual hallucinations (i; n = 48) had higher CSF DDC levels than patients without 
these features (n without parkinsonism = 11, n without hallucinations = 31). 
No association was observed between CSF DDC and the other core features 
fluctuations of cognition (n with fluctuations of cognition = 53, n without 
fluctuations of cognition = 18; j) and RBD (n with RBD = 42, n without RBD = 32; 
k). No association with CSF DDC and UPDRS-III scores was observed in the UNIPG 
αS-SAA (n Ella = 55, n Simoa = 75; l (Ella) and m (Simoa)) or YUHS DaT-PET (n = 102; 
n). CSF DDC did not differ between DaT imaging normal and abnormal status 

(n DaT-Scan normal/abnormal = 10/38 (o), n DaT-PET normal/abnormal = 24/78 
(p)). In drug-naive patients (n = 60), no association between CSF DDC and 18F-FP-
CIT uptake in the caudate (q) or putamen (r) was observed, respectively, but 
higher CSF DDC concentrations were associated with lower caudate/putamen 
18F-FP-CIT uptake ratios (s). Associations with cognitive scores and median 18F-FP-
CIT standardized uptake value ratio (SUVRs) were assessed by linear regression 
corrected for age, sex and education (when available) and associations with 
UPDRS-III scores were assessed by linear regression corrected for age, sex, LEDD 
and disease duration. Regression lines with 95% CIs of cognition models are 
presented in DLB (light red), PD (dark red) and PD + DLB (red) and of models 
for motor impairment in PD + DLB (gray). Associations of CSF DDC with clinical 
DLB core features and DaT imaging status were assessed by ANCOVA, corrected 
for age and sex, with two-sided post hoc Tukey’s test. Box plots represent DDC 
levels, lines through the boxes represent the median value, and lower and upper 
lines correspond to the first and third quartiles, respectively. Dots represent 
individual data points and whiskers extend to 1.5 times the interquartile range. 
Adj., adjusted.
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been shown in atypical parkinsonian disorders (multiple system atro-
phy, progressive supranuclear palsy, corticobasal syndrome), albeit 
lower than in LBD17. These disorders, similarly to DLB and PD, exhibit 
varying degrees of dopamine and serotonin deficits. However, they 

do not have underlying α-syn pathology (progressive supranuclear 
palsy and corticobasal syndrome29), or in the case of multiple system 
atrophy, α-syn pathology differs from that observed in DLB and PD to an 
extent that it can be challenging to detect it with αS-SAA30–32. Therefore, 
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CSF DDC could possibly be a valuable biomarker to better define and 
distinguish these atypical parkinsonian syndromes from each other, 
which requires more research. Following this hypothesis, it may also 
be worth investigating CSF DDC in psychiatric disorders affecting the 
dopaminergic and serotonergic systems, such as major depressive 
disorder33 or schizophrenia, particularly considering the fact that DDC 
is also involved in the production of serotonin20.

Dopaminergic imaging by DaT-Scan is a supportive biomarker for 
the diagnosis of DLB. We did not observe an association between CSF 
DDC and normal/abnormal DaT-Scan and DaT-PET, nor with DaT uptake 
in the caudate or putamen in patients with DLB, respectively, in line with 
previously reported findings for DDC in PD24,34. However, we observed 
that higher CSF DDC concentrations were associated with lower cau-
date/putamen DaT uptake ratios. Previous studies have shown that 
patients with DLB present with lower caudate/putamen DaT uptake 
ratios than patients with PD35,36. Given that almost all participants in 
the YUHS DaT-PET cohort were cognitively impaired with additional 
parkinsonian symptoms, we hypothesize that here elevated CSF DDC 
may reflect more widespread dopaminergic degeneration, including 
involvement of the caudate nucleus, likely related to the presence of 
cognitive impairment and, consistent with a DLB-like dopaminergic 
pattern, in contrast to a pattern involving mainly the putamen in PD.

In pathologically confirmed patients, we observed higher CSF 
DDC levels in patients with limbic and neocortical LB stages compared 
to patients with AD without LB pathology. Additionally, CSF DDC was 
associated with higher α-syn Braak stages and correlated with α-syn 

load in various brain regions, particularly in the substantia nigra, cor-
roborating our previous findings16. Our findings further show that DDC 
colocalizes with phosphorylated Ser129 α-syn in the substantia nigra. 
While colocalization alone does not confirm a functional interaction, 
this spatial proximity, particularly within LBs and LNs, raises the possi-
bility of an interplay between these proteins. α-synuclein pathology has 
been proposed to possibly interfere with the dopaminergic pathway, by 
increasing the risk of developing neuronal dopaminergic dysfunction2. 
This rationale is further supported by findings of previous studies that 
associated abnormal α-syn production with decreased DDC activity37. 
A decrease in DDC activity and resulting shortage of dopamine could 
lead to a compensatory overproduction of DDC in remaining neu-
rons, which could be an explanation for the elevated concentrations 
observed in CSF, as suggested previously19. Supporting this hypothesis 
is the here-observed positive correlation of CSF DDC levels with α-syn 
in the substantia nigra, where loss of dopaminergic neurons is most 
pronounced. A positive correlation between CSF DDC and α-syn could 
hence indicate an overproduction of DDC in the remaining neurons. 
Another possible explanation for elevated CSF DDC could be ongo-
ing degeneration of dopaminergic neurons in DLB and PD, leading to 
release of DDC into the extracellular matrix and CSF. This explanation 
is supported by our observation of fewer dopaminergic neurons within 
DLB and PD(D) substantia nigra brain tissue compared with controls. 
DDC was also detected in tyrosine hydroxylase-negative cells. Tyro
sine hydroxylase negativity can be observed when dopaminergic cell 
degeneration processes start and the cells initiate cytoprotective 
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Fig. 4 | Associations of CSF DDC with α-syn pathology. a–f, In the UNIPG αS-SAA 
Cohort, no significant difference of CSF DDC was observed between αS-SAA 
normal (n = 54) and αS-SAA abnormal (n = 56; a (Ella) and b (Simoa)) patients with 
AD. In the BIODEM/UAntwerp Autopsy Cohort (DLB, n = 18; AD, n = 30), higher 
CSF DDC levels were associated with LB co-pathology in AD (c), Lewy pathology 
in the limbic and neocortical brain areas (d) and higher α-syn Braak stages (e), 
and correlated with α-syn load in various brain regions (f). Associations of CSF 
DDC with αS-SAA status, LB co-pathology in AD, Lewy pathology and α-syn Braak 

stages were assessed by ANCOVA, corrected for age and sex, with two-sided 
post hoc Tukey’s test. Box plots represent DDC levels, lines through the boxes 
represent the median value, and lower and upper lines correspond to the first and 
third quartiles, respectively. Dots represent individual data points, and whiskers 
extend to 1.5 times the interquartile range. Correlation of CSF DDC with α-syn 
load was analyzed in different brain regions by Spearman correlation. Positive 
correlation coefficients are indicated by the blue color and the size of the dots 
indicates strength of correlation. S−/S+, αS-SAA normal/abnormal.
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processes38. In addition to these findings in dopaminergic neurons, 
we also observed positive staining for DDC in serotonergic neurons of 
the raphe nuclei. Together, these findings suggest that measured CSF 

DDC may reflect both dopaminergic and serotonergic dysfunction to 
some extent. However, the underlying reasons for elevated CSF DDC, 
as well as the extent to which α-syn pathology and impairment of the 
nigrostriatal dopaminergic and serotonergic pathway are intercon-
nected and influence CSF DDC levels, remain to be elucidated.

Elevated CSF DDC levels were associated with clinical symptoms, 
such as the presence of parkinsonism and visual hallucinations in 
patients with DLB. While the molecular mechanism causing visual 
hallucinations is not yet understood, the observed associations are in 
line with our findings of higher CSF DDC in relation to LB pathology 
in the limbic and neocortical brain regions, which are involved in, for 
example, sensory processing, emotion and perception39,40. While par-
kinsonian symptoms are known to be directly caused by nigrostriatal 
dopaminergic dysfunction, the lack of association of DDC levels with 
continuous UPDRS-III scores tentatively suggests that CSF DDC levels 
may not be directly related to nigrostriatal dopaminergic degenera-
tion. We did not observe consistent associations of DDC with cognitive 
impairment or AD CSF biomarkers, corroborating previous findings 
suggesting rather weak correlations between these clinical symptoms 
and biological disease severity16–19. Future studies should thoroughly 
assess how DDC associates with clinical disease parameters.

To allow for the implementation of biomarkers into clinical and 
research practice, quantification of absolute protein concentrations 
is essential, which is a common limitation of biomarker discovery 
technologies, including PEA. Nevertheless, using antibody-based 
discovery approaches, as applied for DDC, increased success rates 
and shortened the time to develop a biomarker assay ready for clinical 
implementation, as shown here and before41–43.

Our study has limitations. We cannot exclude misdiagnosis of 
DLB cases. However, clinical diagnoses were made by DLB experts 
according to consensus guidelines7, and in two cohorts confirmed by 
αS-SAA or neuropathology, and DDC findings were consistent across 
cohorts. Further, data availability for certain severity measures was 
limited. These results should hence be seen as a starting point for more 
extensive studies. Most patients in the YUHS DaT-PET presented with 
parkinsonian symptoms and multiple co-pathologies. In addition, the 
study lacked a control group of cognitively unimpaired individuals. As 
a result, we were unable to compare CSF DDC levels with DaT uptake 
in pathological versus healthy conditions. To advance clinical imple-
mentation, future studies should evaluate diagnostic performance 
in longitudinal and prospective cohorts, including different disease 
stages, as well as analyzing the association of CSF DDC with seroton-
ergic dysfunction in different diseases.

In conclusion, our data show strong evidence for DDC as a bio-
marker to support the clinical diagnosis of DLB and PD: (1) we showed 
substantially elevated levels in DLB and PD versus controls or patients 
with AD, and we verified elevated CSF DDC in DLB and PD patients who 
were confirmed by ex vivo and postmortem gold standards; (2) we 
assured robustness of our quantitative immunoassays and consist-
ency of measurements by analytical validation according to consensus 
guidelines25; (3) we confirmed specificity of the detection antibody 
used in the immunoassays by immunostainings in human brain tissue 
and showed DDC upregulation in remaining dopaminergic neurons 
and colocalization with phosphorylated Ser129 with α-syn aggrega-
tion. Altogether, we propose CSF DDC as a biomarker to support the 
diagnosis of DLB and PD. Our robust immunoassays offer accessible 
tools to accurately quantify DDC, advancing possible future imple-
mentation of DDC.
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Fig. 5 | DDC immunohistochemical staining (DDC+) in postmortem substantia 
nigra tissue. a–w, DDC (gray) was detected in the nucleus, soma and processes 
of dopaminergic neurons (neuromelanin in brown) in control (a and d), PD(D) 
and DLB donors (b, c, h and i). In PD(D) and DLB donors, some neurons showed 
single or multiple DDC-positive LBs (e–g; arrowhead). Multi-labeling confirmed 
colocalization of DDC (green; i, m, q and u) with phosphorylated Ser129 α-syn 
(red; j, n, r and v) in pale bodies (arrow), LBs (arrowhead) and LNs in the substantia 
nigra. Nuclei were stained with DAPI (blue; k, o, s and w). Overlay of DDC, 
phosphorylated Ser129 α-syn and DAPI is shown in h, l, p and t. Stainings were 
performed in postmortem brain tissue from neurologically healthy controls  
(n = 4), patients with DLB (n = 4) and patients with PD(D) (n = 4; Extended  
Data Table 8). Representative stainings are shown for n = 1 control, n = 1 
patient with PD and n = 3 patients with DLB. a–g, Brightfield microscopy 
images of single-DDC labeling. h–w, Fluorescence microscopy of multi-DDC/
phosphorylated Ser129 α-syn/DAPI labeling. a,d, Control, 20× and 60× 
magnification, respectively. b,e, PDD, 20× and 60× magnification, respectively. 
c,f,g, DLB, 20× and 60× magnification, respectively. h,l,p,t, Overlay of multi-DDC/
phosphorylated Ser129 α-syn/DAPI labeling in different regions. i,j,k, Isolated 
DDC (i), phosphorylated Ser129 α-syn (j) and DAPI (k) signal corresponding to 
the overlaid image in h. m,n,o, Isolated DDC (m), phosphorylated Ser129 α-syn 
(n) and DAPI (o) signal corresponding to the overlaid image in l. q,r,s, Isolated 
DDC (q), phosphorylated Ser129 α-syn (r) and DAPI (s) signal corresponding to 
the overlaid image in p. u,v,w, Isolated DDC (u), phosphorylated Ser129 α-syn (v) 
and DAPI (w) signal corresponding to the overlaid image in t. DAPI, 4′,6-diamidin-
2-phenylindol; PD(D), Parkinson’s disease (dementia). Scale bars: 50 µm (a–c,p–s), 
10 µm (d–g,t–w), 25 µm (h–k), 75 µm (l–o).
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Methods
Inclusion and ethics
Informed written consent was given by all participants or their legal 
representatives, for their medical data and biomaterials to be used 
for scientific research. The study was conducted in accordance with 
the Declaration of Helsinki44 and was approved by the local ethical 
committees of each participating center (ADC: AD CSF biobank METC 
no. 2017.315, SPIN: COLLECTION 16/2013, DDBB/BMDB Validation: 
H-23001553, UNIPG αS-SAA: Comitato Etico Aziende Sanitarie Regione 
Umbria 19369/AV and 20942/21/OV, BIODEM/UAntwerp Autopsy: EC 
of ZNA (approval no. 4363) and EC UZA / UAntwerp (14/12/130), YUHS 
DaT-PET: review board of Severance Hospital (IRB No. 4-2018-0944 
and IRB No. 4-2024-0877)).

Immunoassay development and optimization
Immunoassay development was performed on the SimplePlex Ella 
platform (ProteinSimple) in CSF and the Quanterix Simoa platform 
(Quanterix) in CSF, plasma and serum. Both assays are based on a 
sandwich ELISA setup and were optimized for customizable assay 
parameters, that is, antibody combinations and concentrations, buffer 
conditions, sample dilution and volume. The Simoa assay was addition-
ally optimized for addition of helper beads, incubation steps and times, 
and substrate concentration. A more detailed description of the assay 
optimization steps is given in Supplementary Methods 1.

Analytical validation
Analytical validations of the in-house-developed immunoassays were 
performed according to consensus guidelines25. Both assays were 
validated for lower limit of detection, precision, parallelism, dilution 
linearity, recovery and sample stability for the use in CSF (Supplemen-
tary Methods 2), and the Simoa assay was additionally validated for the 
use in plasma and serum (Supplementary Methods 3). Coefficients of 
variations of <20% were considered acceptable, and for parallelism, 
dilution linearity, recovery and sample stability, the accepted range of 
deviation of the samples from the reference condition was 85% to 115%.

Study population
We included participants from six different cohorts: ADC16 Discovery 
(CTRL, n = 50; DLB, n = 41; AD, n = 51), a clinical multicenter validation 
cohort from the ADC and SPIN45 (ADC/SPIN Validation; CTRL, n = 108; 
DLB; n = 106; MCI-A+, n = 101; AD dementia, n = 104), a DLB/PD cohort 
from the DDBB/BMDB (DDBB/BMDB Validation; CTRL, n = 44; DLB, 
n = 46; PD, n = 37; AD; n = 52), a biologically confirmed cohort from 
the University of Perugia, which consisted of participants with αS-SAA 
measurements previously performed with the 24-h Amprion protocol12 
(UNIPG αS-SAA; CTRL (negative αS-SAA), n = 65; AD continuum, n = 110 
(MCI-AD, n = 61; pre-AD, n = 11; AD dementia, n = 38); PD + DLB, n = 78 
(all αS-SAA positive; cognitively normal PD, n = 33; PD-MCI, n = 34; PDD/
DLB, n = 11)), an autopsy-confirmed cohort from the Reference Center 
for Biological Markers of Dementia (BIODEM) and the neurobiobank 
of the Institute Born-Bunge of the University of Antwerp (BIODEM/
UAntwerp Autopsy; CTRL, n = 30; pathologically confirmed DLB, 
n = 18; pathologically confirmed AD, n = 30) and a cohort with detailed 
DaT-PET imaging data from the Yonsei University Health System of 
which n = 90 (88.2%) presented with significant parkinsonism (YUHS 
DaT-PET; total, n = 102, DaT-PET normal/abnormal, n = 24/78), which 
did not include healthy controls. Of note, the ADC Discovery Cohort, 
ADC/SPIN Validation Cohort and the BIODEM/UAntwerp Autopsy 
Cohort were also included in our previous proteomics study16.

AD core CSF biomarkers (Aβ42 or Aβ42/40, pTau181 and tTau) were 
used to support the clinical diagnosis of AD (abnormal Aβ42 or Aβ42/40 
ratio and abnormal pTau181) and to confirm underlying amyloid pathol-
ogy in the MCI group (as defined by abnormal Aβ42 or Aβ42/40 ratio) in the 
ADC Discovery, ADC/SPIN Validation and DDBB/BMDB Validation. In 
the UNIPG αS-SAA, AD was defined based on abnormal Aβ42/40 ratio and 

abnormal pTau181 (ref. 46) and in the YUHS DaT-PET AD was defined 
based on cerebral amyloid deposition measured by Florbetaben PET47. 
These markers were measured at each center with commercially avail-
able assays (ELISA INNOTEST Aβ1–42, hTAUAg, phospho-Tau(181 P) 
(Fujirebio-Europe): ADC, BIODEM-IBB/University of Antwerp, 
Danish Dementia Biobank; Aβ1–42, total-Tau, phospho-Tau181 Elec-
sys biomarker assays (Roche Diagnostics): ADC; Lumipulse G600 
(Fujirebio-Europe): SPIN, University of Perugia). To determine bio-
marker abnormality, lab-specific cutoff values were applied (ADC48,49:  
Aβ42Innotest < 813 pg ml−1, pTauInnotest > 52 pg ml−1, tTauInnotest > 375 pg ml−1  
or Aβ42Elecsys < 1,000 pg ml−1, pTauElecsys > 19 pg ml−1, tTauElecsys >  
235 pg ml−1; SPIN50: Aβ42/40Lumipulse < 0.062, pTauLumipulse > 63 pg ml−1,  
tTauLumipulse > 456 pg ml−1; BIODEM/U Antwerp51: Aβ42Innotest  
< 638.5 pg ml−1, pTauInnotest > 56.5 pg ml−1, tTauInnotest > 296.5 pg ml−1; 
Danish Dementia Biobank52: Aβ42Innotest < 400 pg ml−1 (for measure-
ments before 2013), <550 pg ml−1 (for measurements 2013–2018) 
or Aβ42Innotest < 1,016 pg ml−1 (for measurements between 2018 and 
July 2022), or Aβ42Elecsys < 1,030 pg ml−1 (for measurements after July 
2022), pTauInnotest > 60 pg ml−1 (for patients younger than 60 years 
old) or >80 pg ml−1 (for patients older than 60 years old) before 2022 
or pTauElecsys > 25 pg ml−1 from 2022 onward, tTauInnotest > 400 pg ml−1  
before 2022 or tTauElecsys > 250 pg ml−1 from 2022 onward; Univer-
sity of Perugia53: Aβ42/40Lumipulse < 0.072, pTauLumipulse > 50 pg ml−1,  
tTauLumipulse > 392 pg ml−1). AD CSF biomarker measurements were avail-
able for subsets of the patients with DLB and PD: ADC Discovery, n = 38; 
ADC/SPIN Validation, n = 106; DDBB/BMDB Validation (PD), n = 14, 
DDBB/BMDB Validation (DLB), n = 32; UNIPG αS-SAA (CSF Ella), n = 55; 
UNIPG αS-SAA (CSF Simoa) Aβ42/40, n = 73; pTau and tTau, n = 75; UNIPG 
αS-SAA (Plasma Simoa) Aβ42/40, n = 50; pTau and tTau, n = 52; BIODEM/
UAntwerp Autopsy, n = 13. In the YUHS DaT-PET, AD CSF biomarkers 
were available for all patients.

Information on DaT-Scan status was available for subsets of 
patients with DLB and PD; ADC Discovery (n DaT-Scan performed = 6), 
ADC/SPIN Validation (n DaT-Scan performed = 48) and DDBB/BMDB 
Validation (n DaT-Scan performed in DLB = 7; n DaT-Scan performed 
in PD = 19). Abnormal DaT-Scan could support the clinical diagnoses 
of 50/61 patients with DLB and 19/19 patients with PD. All patients 
in the YUHS DaT-PET underwent DaT-PET imaging (Supplementary  
Methods 4). Information on presence of DLB core features was avail-
able for subsets of the DLB group in ADC Discovery and ADC/SPIN 
Validation (Extended Data Table 6).

In all cohorts, participants underwent standard neurological 
and cognitive assessments and patients with DLB, PD, mild cogni-
tive impairment and AD were diagnosed according to the respective 
diagnostic criteria6,7,46,54,55, or were defined according to international 
neuropathological examination guidelines for AD56 and DLB7,57 (BIO-
DEM/UAntwerp Autopsy). Additionally, all patients with PD + DLB 
from the UNIPG αS-SAA, had positive CSF αS-SAA. Approximately 
50% of the patients with AD in the UNIPG αS-SAA had positive CSF 
αS-SAA. Diagnoses in the YUHS DaT-PET were made based on clinical 
examination, neurological examination, AD CSF biomarkers and brain 
magnetic resonance imaging and included one or more etiologies for 
cognitive decline including AD, DLB, normal pressure hydrocephalus, 
vascular cognitive impairment, progressive supranuclear palsy and 
semantic variant primary progressive aphasia. Patients who exhibited 
parkinsonism or mild fluctuations and visual hallucinations that were 
not sufficient to be classified as DLB were categorized as possible LBD 
(pLBD). Controls in ADC Discovery and ADC/SPIN Validation were 
participants with subjective cognitive decline who did not present with 
any cognitive abnormalities during the diagnostic workup (ADC), or 
volunteers with normal neuropsychological scores (SPIN45). Controls 
in the DDBB/BMDB Validation were cognitively healthy individuals 
who were referred to diagnostic evaluation at the Danish Dementia 
Research Centre’s memory clinic but who were found without demen-
tia or MCI. Controls of the UNIPG αS-SAA were cognitively normal 
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individuals (n = 32) or individuals with MCI who had a normal AD 
CSF biomarker profile (n = 33) and negative CSF αS-SAA. Controls in 
the BIODEM/UAntwerp Autopsy were not pathologically confirmed 
and consisted of volunteers without any neurological or psychiatric 
diseases and did not present with any cognitive abnormalities58. Demo-
graphic characteristics of the included fluid cohorts are summarized 
in Extended Data Tables 1–3.

Immunohistochemistry was performed in postmortem brainstem 
tissue from pathology-confirmed controls (n = 4), patients with DLB 
(n = 4) and patients with PD(D) (n = 4). Brain tissue from patients with 
DLB and PD(D) was acquired from the Netherlands Brain Bank (http:// 
brainbank.nl/) or from controls through the Normal Aging Brain Collec-
tion Amsterdam (http://nabca.eu/). The neuropathological diagnoses 
were established according to international guidelines of the Brain 
Net Europe II consortium (http://www.brainnet-europe.org/)56,59,60. 
Demographics and neuropathological characteristics of these donors 
are listed in Extended Data Table 8.

DDC measurements
DDC in CSF was measured with the in-house Ella and Simoa assays 
described above. In short, for measurements on the Ella system, 50 µl 
of CSF was measured in a twofold dilution. Inherent to the Ella technol-
ogy, each sample was measured in triplicate. For measurements on the 
Simoa system, 100 µl of CSF were measured in a sixfold dilution. Each 
sample was measured in duplicate. For both assays, DDC concentra-
tions were calculated with a four-parameter logistic curve, describing 
a calibration curve of recombinant human DDC. DDC concentrations 
in CSF were measured with our in-house-developed immunoassays in 
six different cohorts. DDC measurements on the Ella platform were 
performed in the ADC Discovery, ADC/SPIN Validation, BIODEM/
UAntwerp Autopsy and UNIPG αS-SAA, and measurements on the 
Simoa platform were performed in the ADC Discovery, DDBB/BMDB 
Validation, UNIPG αS-SAA and YUHS DaT-PET. Ella measurements in 
the ADC/SPIN Validation were performed on Ella V4 cartridges, while 
the ADC Discovery, BIODEM/UAntwerp Autopsy and UNIPG αS-SAA 
were measured on the updated Ella V5 cartridges. We performed a 
Passing Bablok regression based on 50 samples from the ADC/SPIN 
Validation and identified that levels on the Ella V5 cartridges were 
about 10 pg ml−1 higher compared to measurements on the Ella V4 
cartridges. The Passing Bablok regression resulted in the conversion 
formula as shown in equation (1):

EllaV5 = 9.64 + 1.02 × EllaV4 (1)

This conversion formula has been applied to ADC/SPIN Validation 
before analysis to allow comparability between cohorts.

Additionally, PEA measurements of DDC in CSF were avail-
able for the ADC, SPIN and BIODEM/UAntwerp Autopsy from our 
previous study16.

Detection of DDC with immunohistochemistry
For DDC single stainings, 6-μm-thick formalin-fixed and paraffin 
embedded tissue sections from the brainstem, including the substantia 
nigra (at the level of the midbrain) and raphe nucleus (at the rostral 
level of the pons), were first deparaffinized using a xylene substitute 
and rehydrated in a series of ethanol with decreasing alcohol percent-
ages. Next, antigen retrieval was performed for 30 min in citrate buffer 
(pH 6.0) in a steam cooker. Sections were washed in Tris-buffered 
saline (TBS) and incubated in TBS with 1% hydrogen peroxide (H2O2) for 
30 min at room temperature to block endogenous peroxidase activity. 
Afterward, sections were washed with TBS at room temperature. To 
prevent nonspecific binding of the primary antibody, sections were 
blocked in TBS with 5% of elk milk powder and 0.1% Triton X-100 for 
30 min. Subsequently, sections were incubated with primary anti-DDC 
antibody (1:400 dilution; AF3564, R&D Systems, detection antibody 

from DDC Ella and Simoa immunoassays), diluted in TBS overnight 
at 4 °C. The following day, sections were washed with TBS at room 
temperature and incubated for 30 min with ImmPRESS horse anti-goat 
antibody, coupled to horseradish peroxidase (HRP; MP-7405, Vector). 
After washing with TBS-HCl, Vector SG (SK-4700, Vector) was applied to 
the sections as chromogen for 25 min. Lastly, sections were dehydrated 
and mounted using Entellan.

Triple labeling experiments were performed for DDC, tyrosine  
hydroxylase and phosphorylated Ser129 α-syn on 6-μm-thick 
formalin-fixed and paraffin embedded sections from the substantia 
nigra. After deparaffinization and antigen retrieval as described above, 
sections were subsequently incubated in a blocking buffer containing 
3% normal donkey serum and 0.1% Triton X in TBS for 30 min. After-
ward, sections were incubated with primary anti-tyrosine hydroxy-
lase antibody (MAB318, 1:200 dilution, Chemicon) overnight at 4 °C. 
The following day, sections were washed and incubated for 30 min 
at room temperature with the Envision system, containing second-
ary anti-mouse antibody, coupled to HRP (K400111-2, Dako). Subse-
quently, sections were washed in Tris-HCl and labeled with Tyramid 
Alexa Fluor 568 (B40956, 1:100 dilution, Thermo Fisher Scientific) in 
Tris-HCl + 0.005% H2O2 for 20 min. After the sections were washed in 
TBS and the antigen retrieval and blocking were repeated, sections 
were incubated with primary phosphorylated Ser129 α-syn (EP1536Y, 
1:300 dilution, Abcam) and DDC (1:100 dilution, AF3564, R&D Systems) 
antibodies for 48 h at 4 °C. The following day, the sections were washed 
with TBS and incubated with Alexa Fluor 647-labeled donkey anti rabbit 
(A-31573, 1:400 dilution, Thermo Fisher Scientific) and DAPI (1:1,000 
dilution, Thermo Fisher Scientific) for 2 h at room temperature. Sec-
tions were washed with TBS and incubated with ImmPRESS horse 
anti-goat antibody, coupled to HRP (MP-7405, Vector) for 30 min at 
room temperature, then washed with Tris-HCl and labeled with Tyramid 
Alexa Fluor 488 (B40953, 1:100 dilution, Thermo Fisher Scientific) in 
Tris-HCl with 0.005% H2O2 for 20 min, and subsequently washed in TBS. 
Sections were mounted in Mowiol mounting solution (Sigma-Aldrich) 
using glass coverslips. Negative control stainings lacking primary 
antibodies were performed to control for background/autofluores-
cence levels and unspecific staining. Single labeling for each antibody 
included in multiple-labeling experiments were carefully examined to 
control whether immunoreactivity patterns were caused by possible 
cross-reactivity between antibodies.

Brightfield and confocal laser scanning microscopy
The immunostained sections were first examined qualitatively by 
means of light microscopy (Leica DM5000 B photo microscope). 
High-resolution images were captured with the Leica DFC450 camera 
(HC PL APO ×20 1.30-NA oil or HC PL APO ×63 1.40-NA 0.60 oil objec-
tive) and the LAS 4.0 software. Neuromelanin-positive neurons in the 
substantia nigra of sections immunostained for phosphorylated α-syn/
TH/DDC/DAPI were imaged using the Leica TCS SP8 STED ×3 confocal 
laser scanning microscope (CSLM: Leica Microsystems). All images 
were acquired using a HC PL APO CS2 ×100 1.4-NA oil objective lens, 
with the resolution set to a pixel size of 20 nm × 20 nm. Gated hybrid 
detectors were used in counting mode. Sections were sequentially 
scanned for each fluorophore, by irradiation with a pulsed white light 
laser at different wavelengths. Images were taken as z-stacks to allow 
deconvolution and three-dimensional image analysis (0.6 µm z-stack, 
0.15 µm z-steps). Autofluorescence in the 488-nm and 594-nm channels 
was measured and extracted from the images, and compared to sec-
tions stained without primary antibodies (negative controls) to assess 
background signal. Deconvolution on the image stacks was performed 
using the Huygens Professional software package (Scientific Volume 
Imaging), using the manufacturer-recommended settings and the 
Batch Processor to apply the same settings to all images. Images were 
adjusted for brightness/contrast in the same way using an ImageJ 
(National Institute of Health).
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Statistics and reproducibility
All statistical analyses were performed with R Studio (version 4.0.5)61. 
Distribution of data was analyzed by visual examination and Shap-
iro–Wilk test (pastecs R package62, version 1.4.2). To achieve a nor-
mal distribution, DDC, Aβ42, pTau and tTau concentrations were 
log10-transformed, and MMSE scores were subtracted from 31 and 
subsequently log10-transformed. Differences of DDC concentrations 
across diagnostic groups were assessed by ANCOVA (car R package63, 
version 3.1.2), corrected for age and sex (and center in ADC/SPIN Vali-
dation) with Tukey’s post hoc test. The potential of DDC to separate 
DLB from the other diagnostic groups was determined through ROC 
analysis (pROC R package64, version 1.18.5). First, we performed a ROC 
analysis for a basic model including only age and sex as predictors, or 
models including only DDC as predictor (DDC only) and next evaluated 
the added value of DDC to the basic models. Cutoff values were calcu-
lated from uncorrected and untransformed CSF DDC concentrations 
based on the Youden index. Meta-analyses of SMDs of DDC levels were 
performed between DLB and PD and other diagnostic groups (meta R 
package65, version 8.0.1). In cohorts that were measured with the Ella 
assay only, measurements were transformed to Simoa measurements 
beforehand. Association of DDC levels with cognitive impairment was 
analyzed by linear regression corrected for age and sex (and center in 
ADC/SPIN Validation). In the DLB group, associations between DDC 
levels and presence of DLB core features and AD CSF biomarker status 
were assessed through ANCOVA, corrected for age and sex (and center 
in ADC/SPIN Validation). Association of CSF DDC levels with motor 
impairment was assessed in the PD + DLB group in the UNIPG αS-SAA 
and in the YUHS DaT-PET by linear regression corrected for age, sex, 
LEDD and disease duration. Association between CSF DDC and DaT-PET 
in the caudate and putamen was analyzed by linear regression cor-
rected for age, sex and education in the YUHS DaT-PET, and corrected 
for multiple testing by applying false discovery rate correction using 
the Benjamini–Hochberg procedure with a significance threshold of 
q < 0.05. Lastly, correlations between DDC measurements by PEA and 
by our in-house-developed immunoassays were analyzed with Spear-
man’s correlation. To evaluate the relation between the developed 
Ella and Simoa assays, as well as Ella V4 and Ella V5 cartridge format, 
we performed a Passing Bablok regression (mcr R package66, version 
1.3.3). All statistical tests were two tailed, and a significance level of 
α = 0.05 was accepted.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
Requests for raw data can be sent to the corresponding author (K.B.) 
and will be reviewed by the research team from the Amsterdam UMC, 
typically within 2 weeks. Upon positive evaluation without obligations 
regarding intellectual property or confidentiality, data will be shared 
through Data Transfer Agreements. Source data are provided with 
this paper.
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Extended Data Fig. 1 | Analytical validation results of Simoa assay in 
CSF, inter-method correlations and CSF DDC levels across different LBD 
subgroups. Visual presentation of analytical validation results of the in-house 
developed Simoa serum assay for the parameters parallelism (a), dilution 
linearity (b), recovery (c), freeze-thawing stability (d) and storage stability (e). 
Mean recovery and corresponding standard deviation (error bars in c) were 
calculated based on 4 individual serum samples. For all parameters, a range 
of 85% to 115% compared to the reference condition was accepted. In-house 
developed immunoassays showed a strong, linear correlation allowing for 
transforming values across methods (f, g). Passing Bablok regression was 
used to generate transformation formulas between in-house developed 
immunoassays and is indicated by the blue line. The transparent areas 
represent the 95% confidence intervals around the mean estimated values 
of the regression model. DDC measurements on the in-house developed 
immunoassays correlated strongly with PEA measurements (h–k). Correlation 
between in-house developed immunoassays and PEA was assessed by two-sided 

Spearman’s correlation. Dark lines represent regression lines and transparent 
areas represent 95% confidence intervals. Boxplots illustrate DDC levels across 
diagnostic groups in the UNIPG αS-SAA as measured with Ella (l) or Simoa (m). 
The PD + DLB group was separated into the included sub-diagnoses PD (n = 33), 
PD-MCI (n = 34), and PDD/DLB (n = 11). DDC differences between diagnostic 
groups were assessed by ANCOVA corrected for age and sex with two-sided post-
hoc Tukey’s test and Bonferroni correction. Boxplots show DDC levels across 
diagnostic groups. Lines through the boxes indicate the median value and 
lower and upper lines correspond to the first and third quartiles. Dots represent 
individual data points and whiskers extend to 1.5 times of the interquartile 
range. Abbreviations: AD, Alzheimer’s disease dementia; AEB, Average number 
of enzymes per bead; CTRL, Controls; DDC, DOPA Decarboxylase; DLB, 
Dementia with Lewy bodies; MCI, Mild cognitive impairment; NPX, Normalized 
Protein Expression; PD, Parkinson’s disease; PDD, Parkinson’s disease dementia; 
PEA, Proximity extension array; RT, Room temperature.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Immunohistochemical stainings in post-mortem 
substantia nigra and raphe nuclei tissue. DDC (grey) was detected in the 
nucleus, soma and processes of dopaminergic neurons (neuromelanin in brown) 
in SN tissue from control (a, d), DLB (b, e) and PD(D) donors (c, f). Overall, more 
cells were detected in control tissue, but DDC reactivity was strongly observed 
in DLB and PD(D) tissue. DDC (red) was detected in serotonergic neurons in the 
raphe nuclei in brain tissue from controls (female, 73 years g, h; male, 49 years, 

i) and from a patient with PD (male, 76 years, j). Stainings were performed in 
post-mortem brain tissue from neurologically healthy controls (n = 4), patients 
with DLB (n = 4) and patients with PD(D) (n = 4; Extended Data Table 8). Stainings 
in post-mortem raphe nuclei tissue were performed according to Supplementary 
Methods 5. Representative pictures were taken from individual brain donors. 
Bars a–f = 50 µm and g–j = 50 µm.

http://www.nature.com/naturemedicine


Nature Medicine

Article https://doi.org/10.1038/s41591-026-04212-0

Extended Data Table 1 | Demographic characteristics of the clinically-defined fluid study cohorts

ADC Discovery Cohort CTRL DLB AD p

n 50 41 51

Sex, Female (%) 24 (48.0) 3 (7.3) 26 (52.0) 2.92E-06

Age, years (median [IQR]) 61.0 [58.0, 64.0] 70.5 [64.5, 74.8] 68.0 [62.8, 72.0] 1.90E-07

MMSE (mean (SD)) 28.4 (1.2) 22.4 (4.1) 17.2 (5.2) 2.28E-13

Aβ42, pg/mL (mean (SD))a) 1159.5 (175.1) 817.1(239.8) 586.9 (103.2) 1.42E-32

pTau, pg/mL (mean (SD))a) 39.2 (10.8) 51.8 (20.6) 100.7 (50.9) 4.55E-16

tTau, pg/mL (mean (SD))a) 231.3 (79.3) 344.9 (143.5) 859.9 (462.2) 4.10E-20

DDC in CSF Ella, pg/mL (mean (SD)) 39.47 (16.37) 84.66 (25.88) 45.37 (14.55) 2.45E-22

DDC in CSF Simoa, pg/mL (mean (SD)) 18.19 (7.85)  35.98 (9.53) 21.40 (6.41) 3.43E-20

ADC/SPIN Validation Cohort CTRL DLB MCI-A+ AD p

n 108 106 101 104

Sex, Female (%) 54 (50.0) 30 (28.3) 47 (46.5)  52 (50.0) 0.003

Age, years (median [IQR]) 59.00 [56.00, 64.00] 73.00 [69.00, 78.00]  70.00 [67.00, 73.00] 69.00 [63.00, 74.00] 4.05E-36

MMSE (mean (SD)) 28.79 (1.20) 22.56 (4.16)  25.82 (2.59)  20.81 (3.73) 1.64E-60

MoCA (mean (SD))b) 25.35 (2.18) 19.34 (4.19) 23.00 (2.83) 13.00 (NA) 8.00E-09

Aβ42 (ADC), pg/mL; ADC: 1670.71 (347.57) ADC: 955.22 (456.89) ADC: 789.22 (225.58) ADC: 683.65 (180.35) ADC: 1.03e-39

Aβ42/40 (SPIN) (mean (SD))c) SPIN: 0.1 (0.01) SPIN: 0.07 (0.03) SPIN: 0.04 (0.01) SPIN: 0.04 (0.01) SPIN: 8.37e-52

ADC: 18.31 (8.18) ADC: 19.34 (9.95) ADC: 35.96 (14.87) ADC: 31.08 (18.93) ADC: 1.13e-11

SPIN: 38.36 (11.89) SPIN: 91.55 (70.65) SPIN: 117.24 (58) SPIN: 141.47 (75.95) SPIN: 3.945e-16

ADC: 196.05 (74.28) ADC: 207.74 (83.07) ADC: 326.19 (139.64) ADC: 319.87 (186.44) ADC: 6.08e-09

SPIN: 262.09 (78.36) SPIN: 572.09 (423.74) SPIN: 714.38 (338.22) SPIN: 874.86 (414.83) SPIN: 1.091e-16

DDBB/BMDB Validation Cohort CTRL DLB PD AD p

n 42 47 37 52

Sex, Female (%) 16 (38.1) 8 (17.0) 10 (27.0) 13 (25.0) 0.244

Age, years (median [IQR]) 65.50 [55.00, 72.00] 74.00 [68.00, 77.50] 69.00 [62.00, 76.00] 72.50 [66.00, 77.25] 0.003

MMSE* (mean (SD)) 28.29 (2.72) 24.71 (3.69) 24.44 (4.65) 23.56 (4.89) 5.68E-04

Aβ42, pg/mL* (mean (SD))a) 1143.54 (196.20) 756.78 (285.66) 785.23 (291.57) 487.52 (168.70) 1.96E-21

pTau, pg/mL* (mean (SD))a) 41.71 (9.71) 46.56 (22.29)  41.63 (24.76) 50.13 (38.34) 0.574

tTau, pg/mL* (mean (SD))a) 265.39 (66.72) 363.25 (192.94)  346.29 (292.52) 805.12 (221.11) 8.49E-24

DDC in CSF Simoa, pg/mL (mean (SD)) 20.93 (7.01) 41.16 (13.62) 53.36 (35.96) 32.91 (11.85) 2.48E-10

39.46 (20.89) 2.71E-16

pTau, pg/mL (mean (SD))c)

tTau, pg/mL (mean (SD))c)

DDC in CSF Ella, pg/mL (mean (SD)) 30.27 (7.97) 49.10 (18.81) 35.73 (11.10)

P-values are based on χ2-Test to compare categorical variables, ANOVA to compare variable means and Kruskal-Wallis test to compare variable medians. All tests were two-sided. a) Measured 
by Innotest; b) MoCA was performed in a subset of participants from the ADC: CTRL = 31, DLB = 29, MCI-A+ = 2, AD = 1; c) Measured by Innotest or Elecsys (ADC), and Lumipulse (SPIN). Innotest 
measurements were transformed to Elecsys measurements according to previously published conversion formulas13. Abbreviations: AD, Alzheimer’s disease dementia; CTRL, Controls; DDC, 
DOPA Decarboxylase; DLB, Dementia with Lewy bodies; MCI, Mild cognitive impairment; MMSE, Mini mental stage examination; PD, Parkinson’s disease.
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Extended Data Table 2 | Demographic characteristics of biologically- and pathologically-confirmed fluid study cohorts

UNIPG α-SAA Cohort* CTRL PD+DLB AD p

n 65 78 110

Sex, Female (%) 31 (47.7) 28 (35.9) 74 (67.3) 7.99E-05

Age, years (median [IQR]) 70.0 [63.0, 75.0] 66.0 [62.2, 71.8] 73.0 [70.0, 76.0] 3.88E-07

MMSE/MoCA (mean (SD))a) 26.57 (2.99) 21.88(5.17) 21.01 (5.8) 3.07E-10

Aβ42/40 (mean (SD))b) 0.11 (0.02) 0.10 (0.03) 0.05 (0.01) 2.57E-56

pTau, pg/mL (mean (SD))b) 36.26 (9.44) 41.81 (20.28) 114.63 (60.73) 8.23E-33

tTau, pg/mL (mean (SD))b) 265.43(140.74) 282.28 (178.8) 810.01 (393.85) 1.56E-34

αS-SAA positivity (%) 0 (0.0) 78 (100.0) 56 (50.9) 9.06E-46

DDC in CSF Ella, pg/mL (mean (SD))c) 55.7 (19.1) 99.6 (29.4) 65.7 (25.8) 1.97E-17

DDC in CSF Simoa, pg/mL (mean (SD))d) 21.9 (8.3) 46.4 (21.3) 25.0 (8.5) 6.27E-25

DDC in plasma Simoa, pg/mL (mean (SD))e) 2181.3 (1665.9) 2592.2 (1641.0) 1426.3 (552.7) 0.009

BIODEM/UAntwerp Autopsy Cohort CTRL DLB AD p

n 30 18 30

Sex, Female (%) 13 (43.3) 3 (16.7) 15 (50.0) 0.068

Age, years (median [IQR]) 64.0 [61.2, 65.8] 75.5 [71.0, 81.0] 71.5 [64.0, 75.8] 3.66E-06

Aβ42, pg/mL (mean (SD))f) 1099.2 (201.9) 554.2 (256.3) 436.6 (206.6) 3.53E-17

pTau, pg/mL (mean (SD))f) 49.2 (15.4) 62.1 (37.5) 78.9 (48.5) 0.01

tTau, pg/mL (mean (SD))f) 231.9 (94.2) 507.7 (405.1) 587.0 (300.2) 1.06E-05

DDC in CSF Ella, pg/mL (mean (SD)) 32.71 (13.54) 73.01 (31.21) 41.46 (23.76) 2.68E-07

P-values are based on χ2-Test to compare categorical variables, ANOVA to compare variable means and Kruskal-Wallis test to compare variable medians. All tests were two-sided. * In CSF, 
DDC was measured using both the Ella (n = 216) and Simoa (n = 245) immunoassays. Of these, 214 CSF samples were analyzed using both assays. In plasma, measurements were conducted 
exclusively with Simoa (n = 92). Paired CSF and plasma measurements were available for 88 individuals. a) MMSE was available for CTRL n = 48 and AD n = 108; MoCA was available for PD + DLB 
n = 70. b) Measured by Elecsys. c) CTRL n = 51, PD + DLB n = 55 (drug naïve n = 36, treated =19), AD n = 110. d)CTRL n = 60, PD + DLB n = 75 (drug naïve n = 48, treated n = 27), AD n = 110. e) CTRL n = 18, 
PD + DLB n = 52 (drug naïve n = 32, treated n = 20), AD n = 22 f) Measured by Innotest. Abbreviations: AD, Alzheimer’s disease dementia; CTRL, Controls; DDC, DOPA Decarboxylase; DLB, Dementia 
with Lewy bodies; MMSE, Mini mental stage examination; MoCA, Montreal Cognitive Assessment; PD, Parkinson’s disease; αS-SAA, α-synuclein Seed-amplification assay.
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Extended Data Table 3 | Demographic characteristics of the DaT PET-defined fluid study cohort

YUHS DaT PET Cohort Overall DaT PET normal DaT PET abnormal p

n 102 24 78

Age, years (median [IQR])  77.406 [70.026, 81.983] 71.025 [63.815, 77.919] 78.621 [73.099, 82.603] 0.003

Sex, Female (%) 49 (48.0) 19 (79.2) 30 (38.5) 0.001

MMSE (mean (SD)) 21.552 (4.969) 21.667 (5.615) 21.515 (4.792) 0.904

Aβ42, pg/mL (mean (SD)) 544.294 (359.205)  600.750 (383.541) 526.923 (352.145) 0.381

pTau, pg/mL (mean (SD)) 15.099 (7.696)   14.248 (7.565)  15.362 (7.765) 0.538

pTau/Aβ42 ratio (mean (SD)) 0.036 (0.026) 0.034 (0.027) 0.037 (0.027) 0.574

DDC in CSF Simoa, pg/mL (mean (SD)) 51.311 (30.928) 51.837 (21.463) 51.150 (33.421) 0.925

αS-SAA abnormality, n(%) 48 (47.1)  10 (41.7) 38 (48.7) 0.642

DaT PET abnormality, n (%) 78 (76.5)  0 (0.0)  78 (100.0) 7.31E-24

Presence of diagnosis a)

DLB, n (%) 41 (40.2)   5 (20.8)  36 (46.2) 0.033

AD, n (%) 50 (49.0)  12 (50.0) 38 (48.7) 1

pLBD, n (%) 56 (54.9)  17 (70.8) 39 (50.0) 0.101

NPH, n (%) 55 (53.9)  8 (33.3)   47 (60.3)  0.034

VCI, n (%) 20 (19.6) 7 (29.2) 13 (16.7) 0.238

PSP, n (%) 3 (2.9) 0 (0.0) 3 (3.8)  1

svPPA, n (%) 1 (1.0)   1 (4.2)  0 (0.0) 0.235

P-values are based on χ2-Test to compare categorical variables, ANOVA to compare variable means and Kruskal-Wallis test to compare variable medians. All tests were two-sided. 
Abbreviations: AD, Alzheimer’s disease; CSF, Cerebrospinal fluid; DaT, Dopamine transporter; DDC, DOPA Decarboxylase; DLB, Dementia with Lewy bodies; MMSE, Mini-Mental State 
Examination; NPH, normal pressure hydrocephalus; PET, positron emission tomography; pLBD, possible Lewy body disease; PSP, progressive supranuclear palsy; αS-SAA, α-synuclein seed 
amplification assay; svPPA, semantic variant primary progressive aphasia; VCI, vascular cognitive impairment. a) One or more etiologies for cognitive impairment were decided based on 
clinical history, neurological examination, CSF AD biomarkers and brain magnetic resonance imaging.
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Extended Data Table 4 | ANCOVA group comparison estimated and significance parameters

Cohort Group comparison β  (95% CI) Fold-change p -value

DLB vs CTRL 0.33 (0.24 to 0.43) 2.2 1.61E-14

DLB vs AD 0.27 (0.19 to 0.36) 1.9 1.80E-12

DLB vs CTRL 0.31 (0.22 to 0.40) 2 1.65E-13

DLB vs AD 0.23 (0.15 to 0.31) 1.7 1.51E-09

DLB vs CTRL 0.14 (0.07 to 0.21) 1.6 9.89E-07

DLB vs MCI-A+ 0.11 (0.06 to 0.16) 1.4 2.74E-06

DLB vs AD 0.08 (0.03 to 0.13) 1.2 0.001

AD vs CTRL 0.06 (0.0005 to 0.12) 1.3 0.048

DLB vs CTRL 0.25(0.16 to 0.34) 2 1.65E-10

DLB vs AD 0.09 (0.01 to 0.18) 1.3 0.02

PD vs CTRL 0.35 (0.26 to 0.44) 2.5 1.11E-16

PD vs AD 0.19 (0.10 to 0.29) 1.6 4.47E-07

PD vs DLB 0.10 (0.008 to 0.19) 1.3 0.026

AD vs CTRL 0.16 (0.07 to 0.24) 1.6 6.60E-05

PD+DLB vs CTRL 0.26 (0.19 to 0.33) 1.8 4.88E-15

PD+DLB vs AD 0.19 (0.12 to 0.26) 1.5 2.36E-10

AD vs CTRL 0.07 (0.005 to 0.13) 1.2 0.03

PD+DLB (DN) vs CTRL 0.23 (0.14 to 0.33) 1.7 6.39E-10

PD+DLB (DN) vs AD 0.16 (0.08 to 0.24) 1.5 2.32E-10

PD+DLB (T) vs CTRL 0.31 (0.20 to 0.43) 2 1.30E-11

PD+DLB (T) vs AD 0.24 (0.14 to0.35) 1.7 3.71E-08

PD+DLB (T) vs PD+DLB (DN) 0.08 (-0.04 to 0.20) 1.2 0.32

PD+DLB vs CTRL 0.31 (0.25 to 0.37) 2.1 0.00E+00

PD+DLB vs AD 0.24 (0.18 to 0.30) 1.9 0.00E+00

AD vs CTRL 0.07 (0.01 to 0.13) 1.1 0.014

PD+DLB (DN) vs CTRL 0.27 (0.19 to 0.35) 1.9 0.00E+00

PD+DLB (DN) vs AD 0.20 (0.13 to 0.27) 1.6 6.46E-12

PD+DLB (T) vs CTRL 0.39 (0.29 to 0.48) 2.5 0.00E+00

PD+DLB (T) vs AD 0.32 (0.23 to 0.40) 1.9 0.00E+00

PD+DLB (T) vs PD+DLB (DN) 0.12 (0.02 to 0.21) 1.4 9.71E-03

PD+DLB vs CTRL 0.06 (-0.11 to 0.23) 1.2 0.663

PD+DLB vs AD 0.17 (-0.001 to 0.34) 1.8 0.052

PD+DLB (DN) vs CTRL -0.02 (-0.22 to 0.18) 0.9 0.998

PD+DLB (DN) vs AD 0.09 (-0.1 to 0.28) 1.1 0.618

PD+DLB (T) vs CTRL 0.21 (-0.02 to 0.43) 1.6 0.089

PD+DLB (T) vs AD 0.31 (0.10 to 0.52) 2.5 1.10E-03

PD+DLB (T) vs PD+DLB (DN) 0.22 (0.04 to 0.42) 1.8 0.011

DLB vs CTRL 0.31 (0.15 to 0.48) 2.2 6.06E-05

DLB vs AD 0.25 (0.10 to 0.39) 1.8 3.33E-04

UNIPG αS-SAA Cohort (Plasma, Simoa)

BIODEM/UAntwerp Autopsy Cohort (CSF, Ella)

ADC Discovery Cohort (CSF, Ella)

ADC Discovery Cohort (CSF, Simoa)

ADC/SPIN Validation Cohort (CSF, Ella)

DDBB/BMDB Validation Cohort (CSF, Simoa)

UNIPG αS-SAA Cohort (CSF, Ella)

UNIPG αS-SAA Cohort (CSF, Simoa)

DDC differences between diagnostic groups were assessed across groups by ANCOVA corrected for age and sex with two-sided post-hoc Tukey’s test and Bonferroni correction. 
Abbreviations: AD, Alzheimer’s disease; CI, confidence interval; DLB, dementia with Lewy bodies; CTRL, Controls; PD, Parkinson’s disease; S, α-synuclein seed-amplification assay status.
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Extended Data Table 5 | ROC analysis with models DDC only and basic models

DLB vs HC 0.926 54.1 0.86 0.9 0.873 0.82 0.78

DLB vs AD 0.904 60.4 0.86 0.83 0.769 0.51 0.98

DLB vs HC 0.914 27.1 0.88 0.88 0.873 0.82 0.78

DLB vs AD 0.899 27.7 0.84 0.88 0.769 0.51 0.98

DLB vs HC 0.835 38.9 0.86 0.69 0.942 0.86 0.9

DLB vs MCI-A+ 0.733 40.7 0.79 0.66 0.682 0.9 0.37

DLB vs AD 0.682 40.8 0.68 0.66 0.726 0.79 0.58

DLB vs HC 0.927 31.1 0.95 0.72 0.725 0.74 0.64

DLB vs AD 0.691 30.1 0.58 0.77 0.562 0.46 0.74

PD vs HC 0.94 31.5 0.95 0.87 0.6 0.24 0.97

PD vs AD 0.778 30.3 0.6 0.89 0.612 0.88 0.32

PD+DLB vs HC 0.885 67.4 0.8 0.85 0.608 0.39 0.84

PD+DLB vs AD 0.827 78.7 0.8 0.75 0.781 0.64 0.84

PD+DLB (DN) vs HC 0.854 67.4 0.8 0.81 0.59 0.39 0.86

PD+DLB (DN) vs AD 0.778 78.7 0.8 0.64 0.771 0.64 0.86

PD+DLB (T)  vs HC 0.945 84.5 0.92 0.95 0.643 0.24 1

PD+DLB (T)  vs AD 0.92 89.5 0.88 0.89 0.8 0.46 1

PD+DLB vs HC 0.926 29.4 0.87 0.88 0.581 0.35 0.84

PD+DLB vs AD 0.886 29 0.72 0.89 0.781 0.59 0.85

PD+DLB (DN) vs HC 0.909 26.8 0.82 0.9 0.575 0.35 0.85

PD+DLB (DN) vs AD 0.852 29 0.72 0.85 0.774 0.59 0.85

PD+DLB (T)  vs HC 0.957 34.5 0.93 0.93 0.591 0.38 0.81

PD+DLB (T)  vs AD 0.946 35.5 0.88 0.93 0.794 0.72 0.74

DLB vs HC 0.927 45.5 0.87 0.89 0.977 1 0.83

DLB vs AD 0.844 47.3 1 1 0.745 0.73 0.72
BIODEM/ UAntwerp Autopsy Cohort (Ella)

Threshold / Cut-off

ADC Discovery Cohort (Ella)

ADC Discovery Cohort (Simoa)

ADC/SPIN Validation Cohort (Ella)

DDBB/BMDB Validation Cohort (Simoa)

UNIPG αS-SAA Cohort (Ella)

UNIPG αS-SAA Cohort (Simoa)

DDC only model Basic model

Cohort AUC Spec. Sens. AUC Spec. Sens.
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Extended Data Table 6 | Status of clinical core features and DaT scan in ADC and SPIN Cohorts

ADC Discovery Cohort ADC/SPIN Validation Cohort
DLB DLB

n 42 106

Parkinsonism (n present/n not present/NA) 5-3-1934 70/11/25

Fluctuations (n present/n not present/NA) 4-4-1934 53/18/35

Hallucinations (n present/n not present/NA) 5-4-1933 48/31/27

RBD (n present/n not present/NA) 5-3-1934 42/32/32

DaT scan (n abnormal/n normal/NA) 5-1-1936 38/10/58

Abbreviations: DaT, Dopamine transporter; DLB, dementia with Lewy bodies; NA, data not assessed; RBD, REM sleep behavior disorder.
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Extended Data Table 7 | Association of CSF DDC concentrations with DaT uptake values

Diagnosis β  (SE) p q β  (SE) p q β  (SE) p q

All participants
-0.315 
(0.303)

0.301 0.452
0.031 

(0.330)
0.926 0.926

-0.097 
(0.054)

0.073 0.219

Drug- naïve 
participants

-0.389 
(0.413)

0.35 0.443
0.329 

(0.425)
0.443 0.443

-0.201 
(0.060)

0.0015 0.0045

Caudate Putamen Caudate/Putamen

Data are results of two-sided general linear models for DaT uptake values using CSF DDC as a predictor after controlling for age, sex, and education. Q-values were adjusted for multiple 
testing by Benjamini-Hochberg correction.
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Extended Data Table 8 | Demographics and neuropathological features of the immunohistochemistry study cohort

Control DLB PD(D)

n 4 4 4

Sex, F (%) 2 (50%) 1 (25%) 1 (25%)
Age at death, years (median 
[IQR])

81 (8.2) 81 (5.2) 73.5 (4.7)

Disease duration, months or 
years (mean (SD))

NA 3.5 (1.3) 19.75 (7.6)

PMD, hh:mm (mean (SD)) 06:57 (00:29) 04:36 (00:32) 06:55 (01:03)

Braak NFT stage (0-6; range) 1-3 1-3 1-2

Braak αSyn stage (0-6; range) 0 6 6

Thal Phase (0-5; range) 0-2 2-3 1-3

Abbreviations: αSyn, alpha-synuclein; ABC, amyloid, Braak, CERAD ((Consortium to Establish a Registry for Alzheimer’s Disease); DLB, dementia with Lewy bodies; hh, hours; mm, minutes; 
NFT, neurofibrillary tangle; PD(D), Parkinson’s disease (dementia); PMD, post-mortem delay.
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