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Abstract

Background: Blood neurofilament light (Nfl) and total-tau (t-tau) have been described to be increased in several
neurological conditions, including prion diseases and other neurodegenerative dementias. Here, we aim to
determine the accuracy of plasma Nfl and t-tau in the differential diagnosis of neurodegenerative dementias and
their potential value as prognostic markers of disease severity.

Methods: Plasma Nfl and t-tau were measured in healthy controls (HC, n = 70), non-neurodegenerative neurological
disease with (NND-Dem, n = 17) and without dementia syndrome (NND, n = 26), Alzheimer’s disease (AD, n = 44),
Creutzfeldt-Jakob disease (CJD, n = 83), dementia with Lewy bodies/Parkinson’s disease with dementia (DLB/PDD, n=
35), frontotemporal dementia (FTD, n = 12), and vascular dementia (VaD, n = 22). Biomarker diagnostic accuracies and
cutoff points for the diagnosis of CJD were calculated, and associations between Nfl and t-tau concentrations with
other fluid biomarkers, demographic, genetic, and clinical data in CJD cases were assessed. Additionally, the value of
Nfl and t-tau predicting disease survival in CJD was evaluated.

Results: Among diagnostic groups, highest plasma Nfl and t-tau concentrations were detected in CJD (fold changes of
38 and 18, respectively, compared to HC). Elevated t-tau was able to differentiate CJD from all other groups, whereas
elevated Nfl concentrations were also detected in NND-Dem, AD, DLB/PDD, FTD, and VaD compared to HC. Both
biomarkers discriminated CJD from non-CJD dementias with an AUC of 0.93. In CJD, plasma t-tau, but not Nfl, was
associated with PRNP codon 129 genotype and CJD subtype. Positive correlations were observed between plasma Nfl
and t-tau concentrations, as well as between plasma and CSF concentrations of both biomarkers (p < 0.001). Nfl was
increased in rapidly progressive AD (rpAD) compared to slow progressive AD (spAD) and associated to Mini-Mental
State Examination results. However, Nfl displayed higher accuracy than t-tau discriminating CJD from rpAD and spAD.
Finally, plasma t-tau, but not plasma Nfl, was significantly associated with disease duration, offering a moderate survival
prediction capacity.
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Conclusions: Plasma Nfl and t-tau are useful complementary biomarkers for the differential diagnosis of CJD.
Additionally, plasma t-tau emerges as a potential prognostic marker of disease duration.
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Background

Neurodegenerative dementias are a group of clinically het-
erogeneous diseases characterized by gradual progression
of cognitive dysfunction, psychiatric and behavioral symp-
toms, and movement deficits. They can be associated ei-
ther with the aggregation and accumulation of misfolded
proteins (i.e, Alzheimer’s disease (AD), fronto-temporal
dementia (FTD), dementia with Lewy bodies (DLB),
Parkinson’s disease dementia (PDD), and Creutzfeldt-
Jakob disease (CJD)) or with brain damage due to im-
paired blood flow, leading to vascular dementia (VaD).

The presence of overlapping symptomatology in neurode-
generative dementias is frequent, thus differential diagnosis,
currently based on clinical evaluation and biological and
topological markers, may be challenging [1-3]. Cerebrospinal
fluid (CSF)-based tests for total-tau (t-tau), phospho-tau (p-
tau) and amyloid [ (AP42) are included in the diagnostic cri-
teria of AD [4], while 14-3-3 protein and PrP%¢ detection by
the real-time quacking induced conversion (RT-QulC) are
included in the diagnostic criteria of CJD [5, 6]. Other CSF
biomarkers such as neurofilament light (Nfl) are increased in
the CSF of all neurodegenerative dementias studied, as well
as in motor neuron diseases, being considered as a general
marker of neurodegeneration. Its low specificity undermines
its potential use in the differential diagnostic context, but fa-
vors its use to identify and grade, or exclude, neurodegenera-
tion. In addition, the observation that NIfl is associated to
survival and disease severity in many neurodegenerative con-
ditions suggests a potential role as dynamic and prognostic
marker [7-9].

Blood-based biomarkers offer important advantages
over CSF-based biomarkers. In contrast to lumbar punc-
ture, blood collection is time- and cost-effective and can
be easily obtained in primary care. Thus, development of
blood-based assays may lead to the implementation of
non-invasive front-line tests for early diagnosis, screen-
ing of populations, and follow-up analysis of patients
(disease monitoring). Despite the potential advantages of
blood biomarkers, the low concentrations of brain-
derived biomarkers in blood impeded their study and
validation as robust biomarkers until the recent develop-
ment of antibody-based ultrasensitive technologies [10].
In this regard, alterations of brain biomarkers in blood
have been recently reported in several neurodegenerative
dementias. Nfl and t-tau are two of the most promising
ones to be translated into clinical grounds regarding

their diagnostic and prognostic value, especially in CJD,
where both proteins are highly increased compared with
controls and other neurodegenerative diseases [11-16].
Since Nfl and t-tau are associated with neuronal damage,
a common hallmark in neurodegenerative dementias, it
is crucial to determine their specificity and accuracy in
the differential diagnostic context.

The main objective of this study was to validate previous
observations on the diagnostic accuracy of plasma Nfl and
t-tau in CJD with additional consideration of relevant
non-neurodegenerative and neurodegenerative differential
diagnoses such as rapidly progressive AD (rpAD). Further,
we investigated plasma Nfl and t-Tau in CJD-subtypes, as-
sociations with other known CJD-biomarkers, influence of
disease stage, and prognostic values. Finally, we compared
the diagnostic and prognostic accuracy of both biomarkers
between plasma and CSF.

Methods

Study design, population, and data acquisition

Data and samples were collected in the framework of a
prospective study on CJD surveillance and diagnostics.
For this retrospective analysis, we utilized the clinical data-
base and the biobank of the German National Reference
Center for Transmissible Spongiform Encephalopathies.
CJD cases were selected on the base of availability of
plasma samples, clinical information, and sufficient diag-
nostic characterization. The clinical and demographic in-
formation had been recorded during the diagnostic
process through a standardized questionnaire including a
third-party anamnesis. Samples from neurological disease
control groups and neurodegenerative dementias were ob-
tained at the Department of Neurology of the University
Medical Center and the National Reference Center for
Creutzfeldt-Jakob disease and healthy controls (HC) at the
Department of Transfusion Medicine, University Medical
Center Gottingen (Germany). A total of 309 plasma sam-
ples were used in this study. Blood was collected in EDTA
tubes and centrifuged at 1500xg and 4 °C for 10 min under
same pre-analytical conditions. CSF sampling in CJD cases
was performed at the same day as blood uptake or up to a
maximum of 15 days earlier.

Case and sample characterization
The healthy control (HC) group was composed of
healthy blood donors with absence of any relevant
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clinical findings. The neurological disease control group
was composed of cases diagnosed with neurological con-
ditions either without (NND) or with cognitive impair-
ment or dementia at the time of sampling (NND-Dem).
NDD-Dem cases were initially suspected of CJD (“CJD-
mimics”) but prion diseases were subsequently excluded.
NND and NND-Dem cases were diagnosed according to
acknowledged standard neurologic clinical and para-
clinical findings based on the ICD 10 definitions. The
NND group included the following diagnostic groups:
epilepsy, psychiatric disorders, headache, hypoxia, cere-
bral lymphoma, paraneoplasia, vertigo, vascular enceph-
alopathy, and pain syndromes, while the NND-Dem
group included cerebral vasculitis, normal-pressure
hydrocephalus, Wilson’s disease, CNS neoplasia, enceph-
alitis, ischemic stroke, and dementia due to alcohol
abuse. Alzheimer’s disease (AD) was diagnosed accord-
ing to the National Institute on Aging - Alzheimer’s
Association workgroups (NIA-AA) criteria [4]. Stratifica-
tion of AD cases in slow progressive AD (spAD), and
rapid progressive AD (rpAD) was based on rate of cogni-
tive decline. Rapid progression was defined by a cogni-
tive decline of more than 6 points per year on the Mini
Mental Status Examination (MMSE) scale. Cases with
no rapid progression 1 year before or after blood collec-
tion were classified as rpAD. Velocity of decline was cal-
culated using linear regression (least square method) as
described before [17]. Sporadic Creutzfeldt-Jakob disease
(CJD) cases were diagnosed according to consensus cri-
teria in either probable (clinical diagnosis, 7 = 15) or def-
inite (neuropathological confirmation, n=68) [6].
Diagnosis of dementia with Lewy bodies (DLB) was
based on the criteria of McKeith [18]; Parkinson’s dis-
ease dementia (PDD) diagnosis was based on the task
force of the Movement Disorder Society criteria [19] and
differentiated from other Parkinson-plus syndromes
using established diagnostic criteria for corticobasal de-
generation [20], progressive supranuclear palsy [21], and
multiple system atrophy [22]. Fronto-temporal dementia
(FTD) was diagnosed according to the International
Behavioural Variant FTD Criteria Consortium for
bvFTD [23]. Vascular dementia (VaD) diagnosis was
based on clinical and radiological criteria as described by
the (National Institute of Neurological and Communica-
tive Disorders and Stroke and the Alzheimer’s Disease
and Related Disorders Association) [24]. Relevant co-
pathologies were excluded in all diagnostic groups by
clinical criteria and review of the records from the diag-
nostic work-up, including MRI scans. In the VaD group,
CSF p-Tau and beta-amyloid 1-42 were considered to
exclude concomitant AD pathology as far as possible.

To calculate the influence of sampling and disease se-
verity in biomarkers concentrations, CJD cases were
stratified in three categories according to whether blood
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was collected in the first, second, or third tertial of the
total disease duration. Additionally, CJD cases were clas-
sified as early stage, in which at least one clinical
hallmark for CJD [6] but no complete loss of communi-
cation ability and voluntary movement was present, and
late stage, akinetic mutism. To evaluate the prognostic
value of plasma Nfl and t-tau as prognostic markers, dis-
ease duration was recorded as the time (in days) from
symptom onset or from blood uptake to the death of the
patient. Symptom onset was evaluated through a third-
party questionnaire (wife, spouse, or 1st grade relative)
and defined as the date either cognitive, visual, balance,
or movement disturbances had become apparent.

Plasma and CSF tests

Plasma Nfl and total tau levels were measured using com-
mercially available kits on the Single molecule array (Simoa)
HD-1 Analyzer (Quanterix). YKL-40 was measured using
the MicroVueYKL-40 EIA ELISA kit from Quidel as previ-
ously described [25]. Total-Prion protein (t-PrP) was quanti-
fied using a fluorometric custom-made ELISA as described
before [26]. CSF Nfl and total-tau (t-tau) were quantified
using the enzyme-linked immunosorbent assay kits NF-light
(UmanDiagnostics) and INNOTEST hTAU-Ag (Fujirebio),
respectively. CSF was analyzed for the presence of 14-3-3
protein using western blot [27]. Amyloid [ (Ap42) was mea-
sured using the INNOTEST® 3-AMYLOID ELISA kit from
Fujirebio.

Statistical analysis

Comparison of mean age between diagnostic groups was
performed with ANOVA-test and Tukey correction. Dif-
ferences in the sex ratio were compared with chi-
squared test, and p values were adjusted with the Holm
method. Comparison of biomarker levels among diag-
nostic groups was performed with linear regression
models. Biomarker data were log-transformed, and age
and sex were included as covariates. Multiple compari-
sons of means were performed with Tukey contrasts,
available in the multcomp R package [28]. The same
analysis was applied in the investigation of the influence
of the PRNP codon 129 genotype and the time of sam-
pling on biomarkers levels. Comparison of biomarker
levels in 14-3-3 positive and negative groups was per-
formed using the Mann-Whitney test. Spearman rank
coefficients were used to quantify associations between
continuous biomarkers levels. To assess the diagnostic
accuracy of plasma Nfl and t-tau, receiver operating
characteristic (ROC) curve analyses were carried out and
areas under the curve (AUC) with 95% confidence inter-
vals (95% CI) were calculated. AUC values were com-
pared with pROC R package, using the Bootstrap
method [29]. The best cutoff values were estimated
based on the Youden index. The CJD cases were
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stratified in two groups based on the duration of the dis-
ease: short course (when disease duration from onset
was below mean disease duration =165days) or long
course (otherwise). Differences on biomarker levels be-
tween these two groups were assessed with linear regres-
sion models controlling for demographic covariates
where the biomarker data were log transformed. Rela-
tionship between disease duration and each biomarker
was explored with the non-parametric Spearman correl-
ation coefficient and with Cox proportional hazards
(PH) models controlling for significant covariates (age,
sex, and PRNP codon 129 genotype), using the survival
R package [30]. PH assumption was tested with the
Schoenfeld residuals against the transformed time. To
allow for non-linear associations between biomarker
data and disease duration, we employed the multivari-
able fractional polynomial method, using the mfp pack-
age in R [31]. Graphical representation of regression
models was performed with visreg R package [32]. Statis-
tical significance was considered at p < 0.05.

Results

Plasma Nfl and t-tau in controls, CJD, and differential
diagnoses

Data on age, sex, and plasma biomarkers for the study
cohort are presented in Table 1. No significant differ-
ences on age were detected between diagnostic groups.
Statistically significant differences in the sex ratio were
detected in CJD compared to DLB/PDD (p =0.04) and
to HC (p =0.0016). In HC, mean values of Nfl differed
between sexes (female = 8.03 pg/mL, male =9.75 pg/mL)
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with borderline significance (p = 0.044) whereas no sig-
nificant differences were detected for Nfl in CJD and for
t-tau in both groups.

The highest Nfl concentrations were detected in CJD
followed by NND-Dem, VaD, DLB/PDD, AD, FTD,
NND, and HC (Table 1 and Fig. 1la). In a multi-
comparative analysis corrected for covariates, Nfl con-
centrations were increased in CJD compared to HC,
NND, AD, DLB/PDD, FTD, and VaD (p <0.001), in AD
compared to HC (p<0.001) and NND (p=0.002), in
DLB/PDD compared to HC and NND (p<0.001), in
FTD compared to HC (p = 0.020), and in VaD compared
to HC and NND (p <0.001). Additionally, significantly
higher Nfl concentrations were observed in NND-Dem
compared to HC, NND, AD, DLB/PDD, FTD, and VaD
(p<0.001) (Fig. 1a, c). In contrast, t-tau was exclusively
increased in CJD, with significantly different concentra-
tions when compared to HC, NND, NND-Dem, AD,
DLB/PDD, FTD, and VaD (p < 0.001) (Fig. 1b, c).

The diagnostic accuracy of Nfl and t-tau discriminat-
ing the different diagnostic groups was calculated using
the areas under the curve (AUC) and 95% confidence in-
tervals (95% CI) (Table 2). Nfl was able to differentiate
HC and NND from neurodegenerative dementias with
good accuracy (AUC > 0.81 in all cases, with the excep-
tion of the NND vs. FTD comparison, AUC = 0.66). Nfl
displayed a remarkable discriminatory value for CJD
compared with non-demented controls (AUC=1, vs.
HC and AUC =0.97 vs. NND). High Nfl levels in NND-
Dem were translated in AUC values ranging from 0.88
to 0.97 discriminating AD, DLB/PDD, FTD, and VaD

Table 1 Demographic and biomarkers data from the study population

n Sex Age Duration Plasma Nfl (pg/mL) Plasma t-Tau (pg/mL)
(£/m) (years) (days)* Mean +SD 95% Cl Mean +SD 95% Cl
Controls
HC 70 22/48 64.7+5.1 - 92+34 84-10.0 25+1.2 23-28
NND 26 13/13 64.1+69 - 234+396 74-39.5 37+24 2.7-47
NND-Dem 17 9/8 632+ 169 - 1822+ 1515 104.3-260.1 3.1+£24 1.8-43
Neurodegenerative and vascular dementia
AD 44 26/18 685+ 109 - 349+334 24.7-45.8 36+24 28-43
@]} 83 53/30 66.6 £ 8.8 27342769 349.7 £ 5054 239.4-460.1 45.1 £487 34.5-55.7
MM 51 36/16 66.8+9.6 2369+ 2137 384.5+492.7 246.0-523.1 598 £ 544 446-75.1
MV " 4/7 656+7.1 3163+ 20.1 1749+ 1184 95.3-2544 23.7£249 6.9-404
W 18 11/7 689 +6.7 3695+417.3 395.1 £689.4 52.3-7379 165+19.3 6.9-26.2
DLB/PDD 35 11/24 69.8 £83 - 46.8+37.1 33.8-59.7 23+£14 1.8-2.7
FTD 12 8/4 695+72 - 27.8+296 79-47.8 23+£13 14-3.1
VAD 22 15/5 700£99 - 56.35+51.7 334-79.3 32+£28 20-4.8

Number of cases studied, sex (number of female and male cases), age at onset (mean age with SD), and plasma Nfl and t-tau (mean concentrations with SD and
95% Cl) are indicated. Information on disease duration (onset to death, mean days, SD) is only available for the CJD group. HC, healthy controls; NND, neurological
diseases without dementia; NND-Dem, neurological diseases with dementia; AD, Alzheimer’s disease; CID, Creutzfeldt-Jakob disease; MM/MV/VV, PRNP codon 129
methionine/valine polymorphism; DLB/PDD, dementia with Lewy bodies/Parkinson’s disease dementia; FTD, fronto-temporal dementia; VaD, vascular dementia;
Nfl, neurofilament light; t-tau, total-tau. *Information on disease duration was available from 82 of 83 CJD cases
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Fig. 1 Plasma Nfl and t-tau in the differential diagnosis of neurodegenerative dementia. Dot plot displaying a Nfl and b t-tau concentrations in
the differential diagnosis of neurodegenerative dementia. ¢ Statistical significance derived from a multi-comparative analysis corrected for
covariates for Nfl and t-tau among the diagnostic groups (linear regression models were used, as explained in the “Statistical analysis” section).
The Tukey-corrected p values for each pair of diagnostic group comparison are indicated. HC, healthy controls; NND, neurological diseases
without dementia; NND-Dem, neurological diseases with dementia; AD, Alzheimer’s disease; CJD, Creutzfeldt-Jakob disease; DLB/PDD, dementia
with Lewy bodies/Parkinson’s disease dementia; FTD, fronto-temporal dementia; VaD, vascular dementia; Nfl, neurofilament light; t-tau, total-tau; f,
female; m, male; SD, standard deviation

cases and lower accuracy discriminating from CJD cases
(AUC=0.67). In contrast, t-tau exclusively displayed a
good discriminatory value in the differentiation of CJD
from HC, NND, and NND-Dem (AUCs values ranging
from 0.91 to 0.95). Significant differences in AUC values
between Nfl and t-tau for each comparison indicates
high specificity for t-tau in the discrimination of CJD
cases from the other diagnostic groups, while Nfl re-
sulted in a less specific test with a good diagnostic value
in the discrimination of all conditions associated to de-
mentia from HC and NND (Fig. 1c, Table 2). Overall,
Nfl presented a slightly superior, but not significant, ac-
curacy compared to t-tau in discriminating CJD from
neurodegenerative dementias, with the exception of the
AD vs. CJD comparison where Nfl significantly over per-
forms t-tau (Table 2).

Plasma Nfl and t-tau displayed a positive and significant
association in the NND-Dem (cc: 0.6957, p = 0.0019) and
CJD (cc: 0.3676, p < 0.001) groups (Additional file 1A and
1B), while no other significant correlations were detected

in the rest of the diagnostic groups (p >0.05). In CJD, a
significant positive correlation was observed between
plasma and CSF Nfl concentrations (cc: 0.5125, p < 0.001)
(Additional file 1C) and between plasma and CSF t-tau
concentrations (cc: 0.5425, p < 0.001) (Additional file 1C).
Plasma Nfl was associated with CSF t-tau (cc: 0.3266, p =
0.0109), but plasma t-tau was not associated with CSF Nfl.
Plasma t-tau was associated with CSF 14-3-3 positivity
(p=0.0211). Plasma Nfl and t-tau were associated neither
with CSF AB42 nor with CSF t-PrP. Plasma Nfl, but not t-
tau, significantly correlated with plasma YKL-40 (cc:
0.4030 p = 0.0081) (Additional file 1C).

Plasma Nfl and t-tau cutoff points for the differential
diagnosis of CJD

Cutoff points and associated sensitivity and specificity
values for the discrimination of CJD from HC and non-
CJD-Dem (NND-Dem, AD, FTD, DLB/PDD and VaD)
were determined. Due to the significant differences on
Nfl concentrations between AD, FTD, DLB/PDD, VaD
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Table 2 Diagnostic value of plasma Nfl and t-tau in the
differential diagnosis of neurodegenerative dementias

Nfl t-tau

AUC 95%Cl AUC 95%Cl p value
HC vs. AD 097 094-099 067 057-0.77 <0.001
HC vs. CJD 1 1 095 091-098 0.003
HC vs. DLB/PDD 095 091-099 057 046-0.70 <0.001
HC vs. FTD 081 061-1 060 042-080 0.1
HC vs. VaD 099  0.99-1 055 039-067 <0.001
NND vs. AD 082 070-093 052 037-067 <0.001
NND vs. CJID 097  094-1 091 086-096 0.05
NND vs. DLB/PDD 084 072-095 071 057-085 0.1
NND vs. FTD 066 046-087 069 052-087 0.7
NND vs. VaD 090 0.80-1 062 045-078 0.002
NND-Dem vs. AD 095  0.90-1 062 044-080 <0.001
NND-Dem vs. CJD 067 053-080 093 0.89-098 <0.001
NND-Dem vs. DLB/PDD 091  083-099 056 042-0.77 0.001
NND-Dem vs. FTD 097  090-1 058 036-079 <0.001
NND-Dem vs. VaD 088 078099 051 032-069 0.002
AD vs. CJID 098  0.96-1 091 087-096 0.01
AD vs. DLB/PDD 062 049-075 072 061-084 03
AD vs. FTD 066 046-085 070 051-088 0.7
AD vs. VaD 069 056-082 063 048-079 06
CJD vs. DLB/PDD 096 093-099 096 092-099 0.7
CJD vs. FTD 098  095-1 096 092-099 02
CJD vs. VaD 094 088-099 093 088-098 08
DLB/PDD vs. FTD 072 054-090 051 030-0.70 0.08
DLB/PDD vs. VaD 047 037-068 060 045-0.75 03
FTD vs. VaD 082 065-099 063 040-082 0.1

AUC derived from ROC curves, with 95% Cl in the comparative analysis of HC,
NND, and NND-Dem vs. neurodegenerative dementia and between the
different neurodegenerative dementia groups are indicated. Statistical
differences (p values) between AUC values for Nfl and t-tau in the
comparisons between pairs of diagnostic groups calculated as explained in
the “Statistical analysis” section. AUC, area under the curve; ROC, receiver
operating characteristic; 95% Cl, 95% confidence interval; HC, healthy controls;
NND, neurological diseases without dementia; NND-Dem, neurological
diseases with dementia; AD, Alzheimer’s disease; CJD, Creutzfeldt-Jakob
disease; DLB/PDD, dementia with Lewy bodies/Parkinson’s disease dementia;
FTD, fronto-temporal dementia; VaD, vascular dementia; Nfl, neurofilament
light; t-tau, total-tau

and NND-Dem, an additional group including only neu-
rodegenerative dementias (AD, FTD, DLB/PDD and
VaD) named non-CJD neurodeg-Dem was defined and
included in the analysis. At 33 pg/mL Nfl cutoff, CJD
was discriminated from HC with 100% sensitivity and
specificity. At 70 pg/mL Nfl cutoff, CJD was discrimi-
nated from non-CJD-Dem with 79% sensitivity and 96%
specificity and from non-CJD neurodeg-Dem (excluding
NND-Dem) with 88% sensitivity and 96% specificity
(Table 3). At 6.0 pg/mL t-tau cutoff, CJD was discrimi-
nated from HC with 84% sensitivity and 100% specificity.
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At 6.1 pg/mL t-tau cutoff, CJD discriminated from non-
CJD-Dem and non-CJD neurodeg-Dem with 95% sensi-
tivity and 84% (Table 3).

Plasma Nfl and t-tau in the differential diagnosis of CJD
from AD subtypes

Rapid progressive forms of AD have been widely de-
scribed, being one of the main differential diagnosis of
CJD due to their partial overlap on clinical presentation
and biomarker profile [33]. Thus, we examined whether
different Nfl and t-tau profiles were observed between
slow progressive (spAD) and rapid progressive (rpAD)
AD cases. Plasma Nfl displayed significantly higher con-
centrations in rpAD (52.1 +49.6 pg/mL) than in spAD
(25.5+11.7 pg/mL) (Fig. 2a), with an associated AUC of
0.79 (95%CI = 0.64—0.93). In contrast, no differences in
t-tau concentrations were observed between rpAD
(3.3+1.7pg/mL) and spAD (3.3+ 1.1 pg/mL) (Fig. 2b),
with an associated AUC of 0.57 (95%CI = 0.37-0.77).
The higher NIfl concentrations in rapid progressive
forms of AD were in agreement with a significant nega-
tive correlation between Nfl and MMSE score (Fig. 2c),
an association that was not observed for t-tau (Fig. 2d).
To investigate this further and to exclude that the
plasma Nfl differences between spAD and rpAD are
solely associated with lower MMSE scores in the rpAD
group, we performed an additional linear regression
model. When age, sex, and MMSE scores were included,
higher Nfl concentrations still showed a significant asso-
ciation with rpAD (p =0.028). Nfl had a higher accuracy
than t-tau discriminating CJD from spAD (Nfl AUC =
0.99 vs. t-tau AUC=0.95) and CJD from rpAD (Nfl
AUC =0.95 vs. t-tau AUC = 0.92). However, differences
between AUCs were only significant for the spAD vs.
CJD comparison (Fig. 2e).

Influence of codon 129 PRNP genotype and CJD subtype

To further investigate the role of different CJD subtypes
in plasma Nfl and t-tau concentrations, CJD cases were
stratified according to codon usage (Methionine (M) or
Valine (V)) at position 129 of the PRNP gene. It deter-
mines the clinico-pathological features of the disease
[34] and is a well-known modifier of Nfl and t-tau ac-
curacy in biological fluids in prion diseases [7, 14, 15,
35]. In a multi-comparative analysis corrected for covari-
ates, no significantly different Nfl concentrations were
detected between MM (384.5+492.7 pg/mL), MV
(1749 + 1184 pg/mL), and VV (395.1 +689.4 pg/mL)
cases (Fig. 3a). In contrast, t-tau concentrations were sig-
nificantly higher in MM (59.4 + 54.4 pg/mL) compared
to MV (23.6 £24.9pg/mL) and to VV (16.5+19.3 pg/
mL) cases (Fig. 3b). Given the influence of codon 129
PRNP genotype on Nfl and t-tau profiles in CJD cases,
we sought to determine the diagnostic performance of
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Table 3 Diagnostic accuracy of plasma Nfl and t-tau in the discrimination of CJD

Plasma Nfl Plasma t-tau
CJD vs. Cutoff Sensitivity (%) Specificity (%) Cutoff Sensitivity (%) Specificity (%)
HC >33 pg/mL 100 100 > 6.0 pg/mL 84 100
Non-CJD-Dem > 70 pg/mL 79 96 > 6.1 pg/mL 95 84
Non-CJD-neurodeg-Dem > 70 pg/mL 88 9% > 6.1 pg/mL 95 84

Sensitivity (in %), specificity (in %), and associated cutoff points (in pg/mL) for plasma Nfl and t-tau in the discrimination of CJD from HC, non-CJD-Dem, and
non-CJD neurodeg-Dem
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Fig. 2 Plasma Nfl and t-tau in different AD subtypes and discrimination from CJD. Dot plot displaying a Nfl and b t-tau concentrations in HC (n =
70), NND (n = 26), spAD (n = 24), and rpAD (n = 16). Statistical significance derived from a comparative analysis corrected for covariates is
indicated. Correlation analysis between plasma Nfl (c) and t-tau (d) concentrations with MMSE in AD cases. Correlation coefficients with 95% Cl
and associated p values derived from Spearmen test analysis are indicated. @ AUC derived from ROC curves, with 95% Cl in the comparative
analysis of spAD and rpAD from CJD cases. p values derived from the comparative analysis of AUCs are indicated (corresponding statistical test is
explained in Statistical analysis). AD, Alzheimer's disease; spAD, slow progressive AD; rpAD, rapid progressive AD; Nfl, neurofilament light; t-tau,
total-tau; AUC, area under the curve; ROC, receiver operating characteristic; 95% Cl, 95% confidence interval
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Fig. 3 Influence of codon 129 PRNP genotype and subtype in plasma Nfl and t-tau in CJD. a Nfl and b t-tau concentrations in CJD stratified by
prion protein gene (PRNP) codon 129 genotype (MM, n=51; MV, n=11; W, n = 18). Statistical significance derived from a multi-comparative
analysis corrected for covariates for Nfl and t-tau is indicated (linear regression models were used, as explained in the “Statistical analysis” section).
Dot plots with mean (line) values are shown. ROC curves for Nfl (c) and t-tau (d) in the comparative analysis of non-CJD-Dem vs. CJD cases
stratified by codon 129 PRNP genotype. AUC derived from ROC curves, with 95% Cl in the comparative analysis of non-CJD-Dem vs. total CJD
cases and CJD cases stratified by codon 129 PRNP genotype are shown. e Nfl and f t-tau concentrations in CJD MM1/MV1 (n=23) and W2 (n =
12) subtypes. Statistical significance derived from a comparative analysis corrected for covariates is indicated. Dot plots with mean (line) values
are shown. Non-CJD-Dem, non-neurodegenerative dementia; Nfl, neurofilament light; t-tau, total-tau

both biomarkers in the discrimination of CJD from
neurodegenerative dementias from a non-prion eti-
ology. To this purpose, different types of dementias
(NND-Dem, AD, DLB/PDD, FTD, and VaD) were
grouped under the non-CJD dementia label (non-
CJD-Dem), and AUC values calculated for CJD cases
stratified by codon 129 genotype. In total CJD cases,
equal AUCs were obtained for Nfl and t-tau in the
discrimination of non-CJD-Dem (AUC=0.93) (Fig. 3c,
d). Stratification by PRNP codon 129 genotype had a

stronger influence in t-tau (AUCs ranging from 0.86
to 0.96), than in Nfl (AUCs ranging from 0.90 to
0.94).

Regarding CJD subtype, data were available for the
two most prevalent subtypes. While no differences were
detected in Nfl concentrations between MM1/MV1
(423.1 +561.9 pg/mL) and VV2 (233.6 +£122.9 pg/mL)
cases (Fig. 3e), t-tau was significantly increased in MM1/
MV1 (75.0 £ 58.2 pg/mL) compared to VV2 (17.4 +21.7
pg/mL) cases (Fig. 3f).
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Relation with disease stage and prognostic value of
plasma Nfl and t-tau in CJD

To evaluate a potential association between Nfl and t-
tau levels at the time of blood collection and the timeli-
ness of the disease in CJD patients, samples were strati-
fied in early (1st Ter), middle (2nd Ter) and late stages
(3rd Ter). However, neither Nfl nor t-tau concentrations
were significantly different between disease stages
(Fig. 4a, b). Next we stratified cases according whether
patients presented early symptoms or akinetic mutism at
the time of sampling (as explained in Study Population).
Cases in akinetic mutism showed significantly higher Nfl
and t-tau levels than those at early stage of the disease
(Fig. 4c, d).

To ascertain whether plasma Nfl and t-tau were asso-
ciated to disease duration, CJD cases were stratified in
those displaying short and long course (lower and higher
than mean disease duration, respectively). Nfl concentra-
tions were not significantly different between CJD cases
displaying short and long survival times. In contrast,
higher t-tau concentrations were detected in CJD cases
with short survival time (p =0.0088). Association be-
tween disease duration and biomarker data was explored
with Spearman correlation coefficients. Due to the diffi-
culty to precisely define disease duration in prion dis-
eases, in our study, we considered two starting points:
from disease onset to death and from blood uptake to
death. Significant associations were observed in the case
of t-tau (cc=-0.3236 and cc=-0.3166, when disease
duration was considered from disease onset and blood
uptake respectively), but not in the case of Nfl (Fig. 4d—
f). Given these results, we built Cox PH models with t-
tau and Nfl as predictors to observe the effect over
disease duration. As expected, only t-tau behaved as a
significant predictor, although with very modest hazard
ratios (HR), which is not surprising considering the unit
used to measure the biomarker (pg/mL) (Add-
itional file 2). Non-linear relationships between disease
duration and plasma t-tau were also explored (Add-
itional file 2), but the best models displayed only moder-
ate fitting, with concordance indices of 0.6 (i.e., 60% of
concordant prediction-value pairs) [36].

Comparative analysis of plasma and CSF accuracy in CJD
diagnosis and prognosis

In order to comparatively evaluate the accuracy of
plasma and CSF Nfl and t-tau, both biomarkers were
measured in available paired CSF cases in CJD and neu-
rodegenerative dementia (non-CJD-Dem) cases. Plasma
and CSF Nfl showed a similar accuracy in discriminating
non-CJD-Dem from CJD (plasma AUC=0.91 and CSF
AUC=0.90) (Fig. 5a). In contrast, CSF t-tau (AUC =
0.97) displayed superior accuracy than plasma t-tau
(AUC =0.93) in the same comparative analysis (Fig. 5b).
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Association between biomarkers and disease duration
was explored with Spearman correlation coefficient to
compare the potential prognostic value of CSFE vs.
plasma markers in the group of available paired cases.
While both CSF t-tau and Nfl levels were strongly in-
versely associated with disease duration, particularly
when this was measured from blood uptake (cc=-
0.5093 and cc =-0.3983 for CSF t-tau and CSF Nfl, re-
spectively), only plasma t-tau showed association with
disease duration (cc = —0.2803). As also observed in the
previous section, plasma Nfl totally lacked of prognostic
value (Fig. 5c¢).

Discussion

Plasma Nfl and t-tau in the differential diagnosis of CJD
The differential diagnosis of neurodegenerative dementia
may be challenging due to overlapping clinical features
among different conditions. Here, we explored the diag-
nostic accuracy of plasma Nfl and t-tau in the differen-
tial diagnosis of CJD, identified the influence of
demographic and genetic factors on biomarker levels
and determined the diagnostic value of both biomarkers
in the differential diagnostic context. Our data validate
previous reports describing elevated blood Nfl and t-tau
in CJD compared to HC [14, 15] as well as to non-
demented controls [11].

Additionally, we observed that, despite the overall ac-
curacy of both biomarkers discriminating CJD from
non-CJD dementias is similar (AUC =0.93), t-tau con-
centrations are dependent on the genetic characteristics
of the CJD population (codon 129 genotype). Import-
antly, the accuracy of both biomarkers is highly
dependent to the diagnostic group to which CJD is com-
pared. In this regard, while Nfl displays a high sensitivity
discriminating CJD from non-demented controls, test
specificity is hampered by the presence of high concen-
trations in non-CJD dementias. In contrast, t-tau was
somewhat less sensitive than Nfl discriminating CJD
form non-demented controls, but offers higher test spe-
cificity for CJD. This, together with the observation that
Nfl concentrations are significantly higher in NND-Dem
compared with non-CJD neurodegenerative dementias,
discloses the complementarity of both biomarkers in the
differential diagnosis of CJD. Thus, t-tau performs better
than Nfl in discriminating CJD from NND-Dem,
whereas Nfl becomes more useful in discriminating early
CJD with non-specific symptoms from NND. For the
differentiation of CJD from neurodegenerative demen-
tias, slightly superior but not significantly higher accur-
acies were achieved by Nfl compared to t-tau, with the
exception of the CJD vs. AD comparison for which Nfl
significantly outperforms t-tau. In this regard, we also
explored the value of plasma Nfl and t-tau in rpAD,
which represents a recurrent alternative diagnosis in
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