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Abstract 

The human prion diseases are a diverse set of often rapidly progressive neurodegenerative 

conditions associated with abnormal forms of the prion protein. We review work to 

establish diagnostic biomarkers and assays that might fill other important roles, particularly 

those that could assist the planning and interpretation of clinical trials. The field now 

benefits from highly sensitive and specific diagnostic biomarkers using cerebrospinal fluid: 

detecting by-products of rapid neurodegeneration or specific functional properties of 

abnormal prion protein, with the second generation real time quaking induced conversion 

(RT-QuIC) assay being particularly promising.  Blood has been a more challenging analyte, 

but has now also yielded valuable biomarkers.  Blood-based assays have been developed 

with the potential to screen for variant Creutzfeldt-Jakob disease, although it remains 

uncertain whether these will ever be used in practice. The very rapid neurodegeneration of 

prion disease results in strong signals from surrogate protein markers in the blood that 

reflect neuronal, axonal, synaptic or glial pathology in the brain: notably the tau and 

neurofilament light chain proteins. We discuss early evidence that such tests, applied 

alongside robust diagnostic biomarkers, may have potential to add value as clinical trial 

outcome measures, predictors of future disease course (including for asymptomatic 

individuals at high risk of prion disease), and as rapidly accessible and sensitive markers to 

aid early diagnosis.  
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Introduction 

Prion diseases, prions and the prion protein 

The human prion diseases are a group of uncommon and fatal neurodegenerative disorders in which 

the misfolding and aggregation of a normal human protein, the prion protein (PrP), plays a central 

and necessary pathogenic role (1, 2).  The pathogenic agent of prion diseases, the prion, is thought 

to comprise multi-chain assemblies of misfolded PrP and is devoid of nucleic acids. Disease 

aetiologies include an apparently random protein misfolding event causing sporadic Creutzfeldt-

Jakob disease (sCJD) (by far the most common form), a mutation in the gene encoding the prion 

protein (PRNP) causing the inherited prion diseases (IPD), and exposure to an exogenous source of 

prions from another human or animal causing the acquired prion diseases: variant CJD (vCJD), 

iatrogenic CJD (iCJD) and kuru. 

Public and scientific interest in the prion diseases was fuelled by the appearance of a novel human 

prion disease in the UK during the 1990s: vCJD(3). This followed a major epidemic of a prion disease 

amongst UK cattle, bovine spongiform encephalopathy (BSE)(4), which was soon shown to be the 

source of the human disease (5-7). The incidence of vCJD peaked in the year 2000, with 178 people 

in the UK affected to date, and only one case diagnosed in the last five years (8).  

Prion strains, most likely encoded by the molecular structure of the prion, confer distinct clinical and 

pathological phenotypes that can be maintained on transmission to other humans or animals (9). 

vCJD is the human form of the prion strain that causes BSE, which is distinct from those that cause 

sCJD.  

Concerns about risks to public health from prion disease have led to the establishment of national 

epidemiological surveillance centres offering diagnostic biomarkers, sometimes associated with 

specialist clinical teams assisting in the diagnosis and care of patients. Enabled by this infrastructure, 

biomarker research has focussed largely on the development and optimisation of diagnostic assays. 

At present, there is no proven disease-modifying treatment for prion disease, and clinical trials are 

challenging. Biomarkers may be able to make several important contributions to accelerate the 

discovery of therapies(10). 

Here we focus on fluid biomarkers for the following roles:   

 Diagnosing prion disease in symptomatic individuals, including those at a very early stage of 

disease, and those with atypical clinical presentations 

 Diagnosing prion infection by screening asymptomatic populations to identify those could 

pose a risk for onward transmission of disease 

 Quantifying the severity or rapidity of the underlying disease process 

 Stratifying patients according to the likely phenotype of their future disease course 

 Whilst there is almost no directly relevant data to review, we note that predicting the timing 

of symptom onset in asymptomatic individuals at elevated risk of developing prion disease, 

such as those carrying pathogenic mutations in PRNP, would be a potentially valuable role. 

In Table 1, we give a summary overview of the range of biomarkers and their usefulness in these 

different roles. 
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Diagnostic biomarkers 

Prion diseases are defined by the presence of abnormal forms of PrP, which have a range of 

physical, biochemical, and functional properties. Abnormal PrP can be identified by its 

abundance, location and morphology (using immunohistochemistry), its relative resistance 

to protease digestion (when it is termed PrPSc, and typically detected by Western blot), and 

its functional properties (e.g. transmission of disease to laboratory animals, or seeding the 

misfolding of PrP in vitro). However, until recently it has been surrogate markers of the 

downstream effects of the disease process, rather than markers directly related to the 

pathognomonic molecular process itself, that have predominated in diagnosis of patients.   

Current pre-mortem diagnostic criteria for sCJD combine clinical features with several 

biomarkers: derived from magnetic resonance imaging (MRI) of the brain (abnormal signal 

on diffusion weighted or FLAIR images in the caudate/putamen and/or two cortical regions), 

generalised periodic complexes on electroencephalography (EEG), and laboratory analysis of 

cerebrospinal fluid (CSF) (11). sCJD typically causes a remarkably rapid clinical progression: 

the average time from symptom onset to death from sCJD is around 4 months (12).  In 

clinical practice, the important differential diagnosis is often with non-degenerative, and 

potentially treatable, processes such as encephalitis or vasculitis, or systemic conditions 

such as hepatic encephalopathy.  These alternative diagnoses can almost always be 

distinguished from sCJD by clinical assessment combined with MRI of the brain and 

examination of CSF (13, 14), although by the time this has taken place patients are often at a 

relatively advanced stage of disease. 

There are ways in which diagnosis of sCJD needs to improve, and where biomarkers are 

likely to play a vital role.  Improving early diagnosis is a key objective, to allow patients and 

their families to plan for the end of life unburdened by the ongoing search for a diagnosis, 

and to enable participation in clinical trials before too much irreversible neurological 

damage has occurred. Atypical cases are undoubtedly under-ascertained (particularly sCJD 

in the elderly and those with phenotypes that are more slowly progressive and less easy to 

distinguish from common neurodegenerative disorders), exemplified by the steady and 

striking increase in incidence of sCJD over recent decades (8, 15). In typical cases with 

established disease, diagnostic biomarkers often serve to reinforce an already high level of 

clinical suspicion. In atypical cases and at very early stages they may have a more decisive 

role to play, but this is largely unexplored at present. 

The inherited prion diseases (IPD) are caused by autosomal dominant, usually highly 

penetrant mutations in the prion protein gene (PRNP).  They are diagnosed based on a 

consistent clinical syndrome in a patient carrying one of these mutations.  Their clinical 

phenotypes are highly variable between different mutations, and to a lesser extent between 

different individuals carrying the same mutation and even within affected families (16-19). 
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The primary diagnostic biomarker for IPD is sequencing of the PRNP gene, sometimes 

combined with clinical investigations to rule out common conditions that might mimic the 

presentation. 

The acquired prion diseases may be strongly suspected when there is a history of a specific 

iatrogenic exposure, and they can have distinct investigation features. vCJD diagnosis is 

based on clinical features combined with biomarkers: the presence of a characteristic 

pattern of abnormality (“pulvinar” sign) on MRI brain scan, and in cases where diagnostic 

uncertainty persists by tonsil biopsy demonstrating the presence of abnormal prion protein 

with specific biochemical properties (20, 21). 

Tissue biopsy 

Examination of brain tissue (using standard histological methods, immunohistochemistry, 

and Western blotting of PrP after partial protease digestion) is the gold standard method for 

confirming a diagnosis of sporadic or acquired prion disease.  This allows the classical 

neuropathological hallmarks of prion disease to be demonstrated (spongiosis, neuronal loss, 

PrP deposition and gliosis) (22).  It also allows strain-typing of the accumulated protease-

resistant PrP, which distinguishes vCJD from sCJD (5) and the different molecular sub-types 

of sCJD from each other (in combination with PRNP codon 129 genotyping) (23, 24).  

However, brain biopsy in patients suspected of having prion disease is increasingly rare in 

practice as the accuracy of less invasive tests has improved.  It may still be considered if 

there is reason to suspect an alternative treatable condition which has not been confirmed 

by less invasive testing (such as a primary CNS vasculitis or lymphoma) (25, 26).  

The distribution of abnormal PrP deposition in vCJD is more widespread than in sCJD, and it 

can be identified and analysed from lymphoreticular tissues, including palatine tonsil biopsy 

(21, 27, 28). 

Cerebrospinal fluid (CSF) 

CSF has been the primary fluid analyte for identifying biomarkers in human prion diseases.  

Although methods for detecting biomarkers in blood have recently started to show real 

promise (as they have in many neurodegenerative diseases), those in CSF remain the most 

well-established, and the only ones which are currently applied in clinical practice.  In 

addition to allowing analysis of biomarkers associated with prion disease, lumbar puncture 

allows vital CSF tests necessary to rule out alternative treatable diagnoses that might mimic 

prion disease (for example, a raised CSF white blood cell count, which would suggest an 

inflammatory or infective aetiology)(13, 29).  

Approaches to identifying CSF biomarkers of prion disease have fallen broadly into 2 

categories:  detecting by-products of the very rapid neurodegeneration of prion disease 

(“surrogate markers” below), and detecting specific molecular species related to the 

fundamental disease process. 
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Surrogate markers in CSF 

14-3-3 proteins  

These are a family of highly conserved intra-neuronal proteins, which together constitute 

around 1% of the total cytosolic protein content of neurons (30).  The presence of 14-3-3 

proteins in the CSF of patients with CJD was first identified by carrying out 2D gel 

electrophoresis and silver staining on CSF samples from patients with CJD and a range of 

controls, and identifying bands that appeared to be specific to CJD (31).  When the proteins 

in two CJD-specific protein spots were identified, they proved to be members of the 14-3-3 

family of proteins.  This represents an early success for using an unbiased proteomic 

approach to identify a clinically applicable biomarker. 

Since they were first described, it has been clear that their presence in CSF is not intrinsically 

specific to the disease process of CJD:  patients with viral encephalitis and those with recent 

cerebral infarction, for example, were often found to have 14-3-3 protein present in their 

CSF, as did occasional patients with other more common causes of dementia (31, 32).  

Conversely, it has been shown that CSF 14-3-3 is less likely to be detectable in atypical, more 

slowly progressive forms of sCJD (33-35).  It seems that the presence of 14-3-3 proteins at 

detectable levels in the CSF is an indicator of recent or ongoing rapid neuronal damage from 

any cause.  As such, its sensitivity and specificity as a test for sCJD varies depending on how 

highly selected a patient group is being studied. 

A number of large studies assessing the diagnostic performance of CSF 14-3-3 protein have 

been carried out in the context of national CJD surveillance and CSF testing centres (36-44).  

Sensitivity and specificity as a diagnostic test for sCJD in these individual studies ranged 

from 89 to 94% and from 67 to 98% respectively, and a meta-analysis concluded an overall 

sensitivity of 92% and specificity of 80% (45). Even in the last few years, further technical 

refinements of the methods for detecting 14-3-3 protein continue to be published (46-48), 

and it remains part of the diagnostic criteria for sCJD. 

Tau  

The microtubule-associated protein tau is implicated in the pathophysiology of a range of 

neurodegenerative diseases, but also has a role as a non-specific biomarker of neuronal 

damage.  In a misfolded and phosphorylated state it is a principal component of disease-

associated protein aggregates in a range of so-called “tauopathies” including Alzheimer’s 

disease, corticobasal degeneration, progressive supranuclear palsy and some forms of 

frontotemporal dementia (49). Although not a classical pathological hallmark of prion 

disease, it has been shown that phosphorylated tau deposits are a prominent autopsy 

finding in some inherited prion diseases (50).  In sCJD, the prevalence of tau deposition does 

not appear to be markedly increased above age-related expectations, but some distinct and 
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atypical patterns of deposition are observed suggesting that it may not proceed entirely 

independently of the co-existing prion disease pathology(51). 

Similar to 14-3-3 protein, total tau concentration in CSF appears to increase as a result of 

neuronal damage from any cause.  Patients with rapidly progressive sCJD typically have very 

high levels, and if a high cut-off value is used to classify the test as positive, CSF tau has good 

diagnostic performance for sCJD amongst patients with rapidly progressive dementia.  

Different studies have shown sensitivities ranging from 75% to 98% and specificities from 

67% to 99% (52-58). Direct comparison suggests that total tau is superior to 14-3-3 protein 

when the latter is tested using Western blot, particularly in terms of specificity (56) and 

amongst those with an equivocal “weak-positive” 14-3-3 result (59), although probably no 

better than newer ELISA-based methods for quantifying 14-3-3(47, 60). 

The diagnostic performance of CSF tau is also dramatically affected by the selection of 

population in which it is studied.  In a test population with a low prevalence of sCJD cases 

(e.g. less than 10%), the likelihood that a positive CSF tau result indicates a diagnosis of sCJD 

drops dramatically (56).  As such, neither 14-3-3 nor total tau are appropriate for use in 

isolation to screen for CJD cases amongst unselected dementia cases or other patient 

populations where prevalence will be low.  Confirming this, one study looked at 200 cases 

with high CSF tau identified through 3 memory clinics in France.  The majority had either AD 

(73.8%) or mixed vascular/AD (18.8%) while only 4 patients (2%) had a final diagnosis of CJD 

(61). 

Comparing total tau concentration with that of phosphorylated tau addresses this lack of 

specificity to some extent.  In Alzheimer’s disease the ratio of p-tau:t-tau is typically 

increased, whereas in sCJD this is reversed (with high levels of total tau without a 

commensurate increase in p-tau).  This was studied in a large cohort and an optimal ratio 

cut-off <0.0713 for distinguishing CJD from AD (including both rapid and typical slower 

cases) was derived, giving a sensitivity of 99% and specificity of 94%.  In the memory-clinic-

based study mentioned above, taking a similar ratio of <0.075 as indicative of sCJD correctly 

identified all 4 sCJD cases, and incorrectly classified only 2 of 148 AD cases (61).  Another 

study has also shown good performance of specifically measuring non-phosphorylated tau 

in CSF in the differential diagnosis of AD and CJD (62) (although this compared CJD with an 

unselected AD group with whom there would be little clinical overlap).   

Neurofilament light chain (NfL) 

NfL is a neuronal cytoskeleton component, and is released when there is neuronal damage 

in a wide range of conditions. CSF NfL concentration is substantially elevated in patients 

with sCJD, including those with more slowly progressive, atypical disease courses where the 

more established diagnostic biomarkers (14-3-3, tau and even RT-QuIC) have a lower 

sensitivity.  However it is also raised in a range of other conditions causing dementia: as a 

result it appears to have a very high level of sensitivity but relatively limited specificity for 
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sCJD when a clinically relevant control group is used to evaluate its diagnostic performance 

(63).  Although this is likely to limit its value as a diagnostic test applied in isolation, it may 

still have useful roles to play.  CSF NfL concentrations are also raised in several types of 

inherited prion disease where other established CSF biomarkers have tended to have lower 

sensitivity, and it may have greater value in distinguishing atypical slower cases of sCJD from 

particular alternative diagnoses such as rapidly progressing AD (64, 65).  It might also have 

potential as a highly sensitive, inclusive initial step in a diagnostic algorithm aiming to 

increase ascertainment of atypical cases, but would need to be combined with other more 

specific tests, and this would need to be evaluated directly in the relevant patient 

populations. 

α-synuclein 

α-synuclein, a key protein in the pathogenesis of several other neurodegenerative 

conditions, also appears to act as a surrogate marker of neuronal damage in prion disease.  

Measured in CSF, it appears to have remarkable diagnostic value for sCJD (with a sensitivity 

of 98% and specificity of 97% in one study), and also to be elevated in rapid CJD-like forms 

of IPD (66, 67). This recent discovery shows considerable promise for use as a diagnostic 

assay, and will need to be replicated in other large patient cohorts. 

Other surrogate CSF biomarkers 

Various other markers of downstream aspects of prion disease pathology have been 

identified and evaluated as potential diagnostic markers, notably the S100b protein, Glial 

Fibrillary Acidic Protein (GFAP) and neuron-specific enolase (NSE).  While these do have 

some sensitivity and specificity for CJD, they have not really challenged 14-3-3 or the other 

markers discussed above in terms of diagnostic performance, or for other purposes. For 

example, in one direct comparative study the sensitivity of S100b in the diagnosis of sCJD 

was 65% compared with 86% for 14-3-3(53). 

PrP-based markers in CSF 

Total PrP concentration 

Total PrP levels in the CSF of patients with prion disease tend to be reduced relative to 

controls (68).  It has been speculated that this may result from sequestration of soluble 

monomeric protein into aggregates in the brain (analogous to the proposed mechanism for 

reduction of CSF Aβ1-42 in Alzheimer’s disease).  This has been investigated in more detail in 

a large cohort recently and shown to have moderate diagnostic value, with reductions in 

sCJD, iCJD and some IPD (69).  However, findings on the specificity of reduced total PrP in 

CSF to prion disease have varied between studies (68, 70). Overall it seems unlikely that it 

will have a role in differential diagnosis, but it may have some other useful properties (see 

below).  
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Protease resistant and/or aggregated PrP 

The unusual physical properties of disease-related prion protein aggregates, particularly 

their resistance to protease digestion, have been exploited for prion disease diagnosis in 

solid tissues.  However attempts to apply the same methods to CSF have failed (71). Some 

novel methods have shown that there are detectable aggregates in CSF (e.g. dual colour 

scanning for intensely fluorescent targets (72)), but these are methodologically involved and 

have been largely superseded by those taking advantage of the specific property of PrP 

aggregates to seed PrP misfolding and aggregation. 

PrP seeding activity and infectivity (RT-QuIC, PMCA) 

The defining property of prion diseases is infectivity, which appears to result from the ability 

of abnormal forms of PrP to “seed” the misfolding and aggregation of other PrP molecules.  

Testing for evidence of infectivity using animal bio-assays (e.g. intracerebral inoculation of 

human tissue homogenates or fluid into laboratory animals) represents the gold standard 

for demonstrating the presence of prion infectivity, and therefore prion disease. However, 

primate transmission experiments carried out at NIH found that only 4 of 27 CSF samples 

from patients with CJD transmitted disease (73), and it is not practical or ethical to apply 

animal bio-assay for routine clinical diagnosis.   

Replicating this process in vitro has theoretical appeal as the basis for a biomarker assay, as 

it lends itself to the detection of very small amounts of disease-associated protein aggregate 

through repeated cycles of seeded misfolding (analogous to the polymerase chain reaction 

used to amplify tiny amounts of DNA), and as it exploits the fundamental biological 

mechanism of prions it would be hoped it could provide high specificity. This process also 

has the potential to maintain the molecular phenotype of the prion strain through 

conformational templating, so could convey other valuable information about aetiology or 

likely phenotype. 

Simulating the seeded misfolding process in vitro has been used as the basis for a range of 

assays with applications for both research and as clinical biomarkers.  Protein misfolding 

cyclic amplification (PMCA) uses a normal mouse brain homogenate (or alternative) 

substrate to provide normal PrP and any other cofactors needed for seeded misfolding to 

proceed. This is mixed with a test sample and subjected to repeated cycles of sonication and 

incubation:  if the test sample contains a misfolded prion seed, it converts the normal PrP in 

the substrate, so that β-sheet-rich, fibrillar, protease-resistant material composed largely 

(but not exclusively) of PrP gradually accumulates, and can be detected by Western blotting 

after protease digestion.  This process produces material that is infective (causing disease if 

inoculated into susceptible animals), and preserves some of the biochemical properties of 

the misfolded prion protein in the seed, including those associated with strain (74, 75). 

PMCA can detect seeding activity in CSF in sCJD (76), while a more recent modified PMCA 
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method showed positive results from 40 of the 41 vCJD cases tested but not from any sCJD 

cases or controls tested (77). 

The most fruitful adaptation of in vitro seeded misfolding for clinical application has been 

the assay known as real-time quaking induced conversion, RT-QuIC.  This advantageously 

uses recombinant PrP as a substrate, and cycles of vigorous shaking in place of sonication. 

The accumulation of misfolded PrP is detected using thioflavin T which fluoresces on binding 

to amyloid fibrils as they form (78).  This has proved to be a very valuable diagnostic CSF test 

for sCJD, with a sensitivity of between 80 and 91% and specificity of between 98 and 100% 

(79-81). It is now becoming established as the main laboratory diagnostic test for sCJD at 

referral/surveillance centres, taking over from 14-3-3 and tau, and it has been shown to 

have excellent inter-laboratory reproducibility in formal ring-trials (79).  In its established 

form it gives a binary positive or negative result.  It may be somewhat less sensitive to 

atypical, more slowly progressive strains of sCJD, and its performance in other prion disease 

types is variable(82).  CSF from patients with rapid, CJD-like IPD reliably produces positive 

RT-QuIC reactions, while CSF from patients with less rapidly progressive forms of IPD and 

with vCJD appears to less readily seed the reaction(83).  

A number of modifications and improvements to the RT-QuIC method have been proposed, 

both to improve its diagnostic performance and to provide a quantitative (rather than a 

binary positive/negative) result, which might allow exploration of further roles as a 

biomarker beyond diagnosis.  A second-generation RT-QuIC method (using a truncated 

Syrian hamster recombinant PrP substrate and some modifications to incubation conditions) 

appears to have improved sensitivity without loss of specificity (giving a positive result in 

80% of samples testing negative with the original assay method)(84-86).  This method also 

demonstrates some strain-specific differences in the kinetics of amplification. 

Using a process of end-point dilution, RT-QuIC can be used to determine the concentration 

of “seeds” in a test sample in a quantitative way (87), although any clinical significance of 

applying this approach to human CSF as a quantitative biomarker has not yet been explored.  

Some other approaches such as quantifying aspects of the reaction kinetics (e.g. duration of 

lag phase, area under the curve, maximal fluorescence) have been explored with some 

promise (88). 

Blood 

Since the start of the BSE/vCJD public health crisis there were concerns about the onward 

(human-to-human) transmission of vCJD by blood transfusion. These concerns were realised 

as iatrogenic vCJD was diagnosed in three recipients of blood from donors who themselves 

went on to die from vCJD, and asymptomatic infection was seen in a fourth transfusion 

recipient at post-mortem (89-91). These circumstances have been extensively reviewed 

elsewhere (92). This transmission of vCJD from human to human through transfusion of 

blood that was donated during the asymptomatic incubation phase of the disease, 
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combined with the fact that there is likely to have been very widespread dietary exposure of 

the UK population to BSE prions, raised major public health concerns around the safety of 

blood products from UK blood donors. This prompted a number of changes in transfusion 

practice (including routine leucodepletion of donated red cells, and disposal of plasma 

fractions from UK donors), and also drove efforts to develop assays that could detect vCJD 

infection in blood and be applied for screening.  Prion infectivity (determined by 

transmission to laboratory mouse models) has been demonstrated in both vCJD and sCJD 

plasma (93), but no clinical cases of prion disease attributable to blood-borne transmission 

from a patient with sCJD have been identified. 

One of the striking characteristics of the acquired prion diseases is that the incubation 

period – the time between exposure to exogenous prion-infected material and symptom 

onset – can be extremely long.  In iatrogenic CJD related to cadaveric human growth 

hormone and in kuru, it is thought that incubation periods can be 40 years or even longer 

(94-96). In the case of vCJD, the incidence of the human disease peaked around 8 years after 

the peak incidence of BSE amongst UK cattle, and has subsequently fallen steadily.  

However, prior to 2009, all patients diagnosed with vCJD and tested were found to be PRNP 

codon 129 methionine homozygotes, raising the possibility that there might be a 

genetically-determined variation in incubation period (as appears to be the case for both 

iCJD and kuru).  Subsequently two patients heterozygous at codon 129 have been diagnosed 

with vCJD, and it remains to be seen whether this represents the beginning of a further 

disease outbreak amongst this genetic group (97, 98).  

It should be remembered that while the compelling motivations regarding public health 

have led to a focus on blood biomarkers for diagnosis of vCJD infection and for screening 

blood donations, blood biomarkers for sCJD could also be very useful and could have 

advantages over CSF in several respects.  Blood samples can be taken easily, without 

involving specialist neurological clinicians, and so would be ideal for an early diagnostic test.  

Repeated blood sampling to track disease progression (and possibly response to 

experimental therapeutics) is much more feasible and acceptable to patients than repeated 

lumbar puncture. 

PrP-based markers in blood 

Exploiting the peculiar physical, chemical and biological properties of disease-related PrP 

aggregates has been the mainstay of many assays for prion disease.  This is a particularly 

appealing approach for blood based assays, where there is a significant challenge of 

detecting very small amounts of disease-specific PrP isoforms against a background of the 

substantial amounts of normal PrP present in blood.  These properties include protease 

resistance, adherence to steel surfaces, the ability to seed the misfolding and aggregation of 

monomeric PrP in vitro, and the ability to infect susceptible animals with prion disease.   

PrP concentration and protease resistant/aggregated PrP  
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The prion protein is normally expressed in blood, so detecting small variations in its 

concentration related to CNS disease is challenging.  Using highly sensitive methods (DELFIA) 

in a small set of patients with sCJD, vCJD and healthy and neurological controls showed that 

normal PrP levels in whole blood appear to be reduced in vCJD but also in the neurological 

control group, while levels were increased in plasma of patients with sCJD relative to both 

healthy and neurological controls. There was substantial overlap between groups.(99) 

Classical methods for detecting protease-resistant PrP, as used to demonstrate and 

characterise disease-related PrP aggregates in solid tissues, have not been able to do so in 

blood. 

Immunoassay of steel-binding PrP species (“Direct Detection Assay”) 

An approach based on the avid adherence of prions to steel surfaces was pursued to 

develop a blood test for vCJD, which uses stainless steel powder to capture disease-

associated PrP for immunodetection(100, 101). In the initial report this was studied in 21 

whole blood samples from patients with vCJD, 27 from patients with sCJD, 42 other 

neurological diseases and 100 healthy controls (UK blood donors).  15 (71%) of the vCJD 

cases were classified as positive using the assay while no other samples were, suggesting a 

high level of specificity.  This was further investigated by testing 5000 blood samples from 

healthy volunteers from a population not exposed to BSE (USA), from which there were no 

false positives, suggesting extremely high specificity (95% CI of 99.93 – 100%). 2 patients 

with sCJD have subsequently tested positive, showing that the test is not entirely specific to 

vCJD. This assay has not been used to test blood samples taken during the pre-symptomatic 

incubation phase of vCJD so there is no direct evidence that it can identify these, although 

the same assay methodology has been shown to identify blood samples from mice in the 

very early incubation period of prion infection (102). 

In vitro PrP seeding methods 

The clinical transmission of vCJD by transfusion of blood donated prior to symptom onset 

clearly implies that prion infectivity can be present in the blood of affected individuals 

during the pre-symptomatic phase.  A large number of transmission studies in small and 

large animals also suggest that prion infectivity is present in the blood of asymptomatic 

infection carriers (summarised in (103)). Assay methods based on detecting PrP seeding 

activity in blood as a surrogate for infectivity therefore have a promising theoretical basis. 

In 2016, two groups published methods based on PMCA that were able to identify small sets 

of vCJD blood samples (14 and 18 in each study) with almost perfect sensitivity and 

specificity against mixed control groups including patients with sCJD, various non-prion 

neurological diagnoses and healthy controls (104, 105).  These appear to be the most 

promising blood-based diagnostic tests for symptomatic vCJD currently available.  However, 

the necessarily small numbers of patients included in these studies, and the lack of any 
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opportunity for prospective validation given the thankfully minimal incidence of vCJD in 

recent years, should be borne in mind.  

These PMCA methods (104, 105) have not yet been applied to large sample sets to establish 

their specificity in this context as far as we are aware, and as they both rely on substrate 

derived from transgenic mouse brain, prolonged rounds of incubation and sonication, and 

on Western blotting, there would be major practical challenges to overcome before they 

could be applied for large-scale screening.  However their reported levels of sensitivity and 

specificity are very promising.  

Uniquely, the method published by Bougard et al has also been applied to blood samples 

taken from patients with vCJD prior to the onset of symptoms.  This was made possible by 

the practice of the French Blood Service storing aliquots of all blood donations, including 

those from two vCJD patients who were regular blood donors in the years prior to their 

illnesses.  For both patients, multiple pre-symptomatic samples were available for testing 

and it was found that the earliest samples tested negative but those closer to symptom 

onset were positive.  The earliest positive sample was taken 31 months prior to symptom 

onset (104). 

Surrogate markers in blood 

Tau 

Quantifying total tau in serum using standard ELISA methods showed promise that this may 

provide a useful marker, but most controls and some CJD cases were below the limit of 

detection of this sort of assay, limiting its potential (106).  Using new ultra-sensitive 

immuno-assay methods (Simoa) several groups have now shown that tau is often markedly 

increased in the serum and plasma of patients with sCJD and some other prion disease types 

relative to healthy controls and a number of neurodegenerative and other conditions (107-

109).  Significantly this includes conditions that may have an overlapping clinical 

presentation with less typical cases of prion disease. Correlation of plasma tau with CSF tau 

is strong (Spearman R=0.59) (108). Comparing plasma tau in sCJD with other non-prion 

diagnoses causing rapidly progressive dementia, the areas under ROC curves were 0.722 for 

non-AD pathologies and 0.756 for rapidly progressive AD (108). 

Neurofilament light chain 

NfL, measured in serum or plasma using the same ultrasensitive immunoassay platforms, 

has recently shown great promise as a biomarker across a range of neurological diseases 

(neurodegenerative and otherwise).  Several studies have shown that NfL concentration is 

very substantially increased in the blood of patients with sCJD, with little or no overlap with 

levels found in healthy controls (107-109). Correlation of plasma NfL with CSF NfL is also 

strong (Spearman R=0.69) (108).  However, as expected, there does seem to be an overlap 

with clinically relevant control groups.  In Kovacs et al’s paper comparing plasma NfL in sCJD 
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with groups of rapidly progressive dementia caused by Alzheimer’s disease or a mixture of 

other pathologies, the areas under ROC curves were 0.657 and 0.497 respectively.  This 

means plasma NfL is unlikely to have a role in distinguishing established CJD (i.e. at the stage 

that patients are typically referred to specialist clinical services currently) from other 

conditions that can cause a similar clinical presentation, but it may nevertheless be very 

useful.  For example, it might have a role as a screening or “triaging” test for patients with 

early or mild symptoms, providing evidence that a patient has a destructive neurological 

condition of some kind, and prompting further definitive and disease-specific investigations. 

Work to directly evaluate this potential application will be useful. 

Other analytes 

The potential use of olfactory mucosa and skin as relatively accessible tissues to sample for 

the diagnosis of sCJD has recently been explored.  Olfactory mucosa can be sampled with a 

relatively non-invasive brush or swab procedure under fibre-optic guidance, and when 

tested using RT-QuIC appears to have high sensitivity and specificity comparable to that of 

CSF (110-112).  A single study using RT-QuIC to test skin samples, albeit mostly obtained at 

autopsy, showed promising results in a small group of patients including sCJD and 

vCJD(112), and would warrant further evaluation in in vivo samples. 

Urine may also have potential as a minimally-invasive analyte.  While no protease-resistant 

PrP can be identified in urine, a PMCA assay was able to detect PrP seeding activity in 13 out 

of 14 tested samples from patients with vCJD, with no positive results from 68 sCJD patients 

and 152 mixed controls(113).  Interestingly, a study using an adapted Direct Detection Assay 

(immunodetection of steel-binding PrP) found positive results in 40% of sCJD and only 8% of 

vCJD cases tested, with no false positives amongst 125 mixed controls(114). 

Fluid biomarkers of disease severity and/or rapidity 

There are considerable challenges for clinical trials in a rare, rapidly progressive and highly 

disabling condition like sCJD (10, 115). Clinical symptoms and signs in sCJD can be highly 

variable between different patients, particularly in the early stages, as can their rate of 

progression over time. Consequently, comparing or combining clinical parameters derived 

from different patients in a statistically robust way can be challenging(116, 117). Biomarkers 

that provide objective measures of severity (meaning the degree of disease progression, on 

a continuum from onset of neurodegeneration to death) or rapidity of the underlying 

disease process could be very helpful as outcome measures both in the symptomatic and 

asymptomatic phases of illness. However, development of biomarkers for these purposes 

itself faces some of the same difficulties. Suggestive conclusions can be drawn from studying 

cross-sectional data from many patients studied at different stages of disease, but this 

requires caution in the knowledge of the make-up of these patient populations and 

potential confounding factors.  For example, patients with rapidly progressive disease will 

tend to be enrolled to clinical and biomarker studies at a later stage of disease than those 
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with more slowly progressive disease, so disease severity and rate of decline will be strongly 

associated and may lead to misleading results if only one is considered. On the other hand, 

longitudinal data will inevitably be enriched for patients with more slowly progressive 

disease, as those with the most rapidly progressive symptoms will have died or become too 

disabled to participate in research studies. 

Israel has a particularly high prevalence of IPD related to the E200K mutation of PRNP. 

These patients have been studied in respect of the role of tau as a CSF biomarker of disease 

severity. Correlation was seen between CSF tau and disease severity measured by multiple 

rating scales, and also with extent of cortical involvement on diffusion-weighted MRI 

sequences (118, 119).  Serial measurement of CSF tau suggests it may increase from early to 

mid-stage, and possibly tail off at late stage disease (42), but larger studies would be useful. 

A study looking at several brain-derived proteins measured in CSF (total tau, p-tau, 14-3-3, 

NSE) and correlating these with different aspects of brain pathology assessed at post 

mortem concluded that different markers showed different patterns (120).  Interestingly, 

this suggested that there was a negative correlation between tau and 14-3-3 and the extent 

of cortical neuropathology. However this careful study, with CSF markers assessed at a 

single in vivo time-point and pattern of brain pathology assessed at the single post mortem 

time-point, is open to multiple interpretations. 

Both CSF α-synuclein and NfL appear to show some association with total disease duration, 

with higher concentrations in patients with shorter disease duration (attributed to their 

having more rapid disease progression, although the caveats above should be borne in 

mind).   α-synuclein showed relative stability in individual patients across different disease 

stages, and NfL showed some tendency to gradual increase (in the small number of patients 

in each study with serial CSF samples) (63, 121).  Comparing lumbar punctures done at 

different disease stages (defined by dividing each patient's total disease duration into 3 

equal parts), one large study showed that CSF 14-3-3, tau, S100b and NSE had higher 

sensitivity at later disease stages, suggesting that these may become progressively more 

abnormal through individual disease courses, and this appeared to be corroborated by the 

subset of individual patients with serial samples tested (122). 
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Total PrP concentration in CSF measured on more than one occasion in a small number of 

patients with sCJD showed a trend towards progressive reduction through the disease 

course, although this was not consistent across all individual patients (69). 

The MRC Prion Unit/National Prion Clinic have recently published data showing that serum 

tau correlates with rate of clinical progression in sCJD when this is quantified using a 

validated CJD-specific rating scale, and also measured serum tau and NfL in serial samples 

from a small number of individual patients (109, 123).  We and others have also shown that 

tau concentration in blood varies with PRNP codon 129 genotype in sCJD.  This mirrors, and 

may well result from, the marked difference in rate of disease progression (and presumably 

neuronal loss) between these groups, but might also indicate a strain-specific phenomenon. 

The considerable practical advantages of a readily accessible blood biomarker for 

monitoring disease activity warrant further study of this area. 

Stratification – predictors of disease phenotype 

Rate of clinical progression (disease rapidity) is highly variable both between and within the 

different prion diseases, as is the specific constellation of symptoms that predominate 

(particularly early in the disease course).  The most rapidly progressing sCJD patients survive 

for only a few weeks after symptom onset, whereas atypical slowly progressing patients can 

have illnesses lasting several years. This represents a substantial challenge to the design of 

therapeutic trials with clinical end-points, as any ‘signal’ of a treatment effect must be 

detected against the ‘noise’ of this natural variation.  If aspects of subsequent clinical 

progression can be predicted at the point of enrolment to therapeutic trials, allowing 

stratified analysis of more homogenous patient groups, statistical power might be 

substantially improved – making it more likely that the conclusions of the trial will be correct 

(124).  Giving patients and families more detailed and accurate predictions of the likely 

course of their illness is also of value in itself.  Several established and emerging biomarkers 

may contribute to this. 

The most well-established single modifier of prion disease phenotype is PRNP codon 129 

genotype (124, 125).  As a stratification biomarker this has the major strength of being 

unchanging in each patient, with the same result obtained whether the patient is tested 

prior to symptom onset or at the end stage of disease, as well as being readily testable from 

a standard blood sample. 

In IPD, different pathogenic PRNP mutations are associated with vastly different clinical 

phenotypes, some of which progress slowly over the course of many years, while others 

have very rapid clinical progression indistinguishable from that of sCJD (126). Some present 

with gradual cognitive decline as the predominant symptom (18), while others present with 

a progressive cerebellar syndrome with relatively preserved cognition (Gerstmann-

Straussler-Scheinker syndrome).  Clearly, stratifying patients according to PRNP mutation 
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will be essential in therapeutic trials for mixed inherited prion diseases, to allow appropriate 

choice of outcome measures and meaningful analysis.   

Prion strain type, defined according to the pattern seen on Western blot of disease-related 

PrP after partial protease digestion, interacts with codon 129 genotype as a phenotype 

modifier of sCJD.  In practice, this can usually be established only by post mortem analysis of 

brain tissue, and as such cannot act as a predictor of phenotype in practice.  A biomarker 

that determines strain type during life, without resorting to brain biopsy, would be useful.  

Some efforts have been made to identify specific patterns of surrogate markers in CSF in 

different sCJD subtypes (82), and there is some indication that CSF total tau and NfL are 

differentially altered in different sCJD strains (64).  There are promising indications that RT-

QuIC, particularly in its second-generation form, may allow differentiation of prion strains 

(85, 86).  However none of these CSF-based markers have yet been studied specifically as 

predictors of subsequent clinical progression, and it is unclear how much additional 

predictive value they will add to the strong effect of PRNP codon 129 genotype. 
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Conclusions and directions for future work 

The current repertoire of fluid biomarkers for human prion diseases has some major 

strengths but there are also important unmet needs, and there is great promise for the 

future. 

We are fortunate to have highly sensitive and specific assays available to diagnose sCJD 

once it is suspected in a patient. Whilst CSF is relatively invasive to obtain, for the 

foreseeable future it will be essential in the urgent diagnostic work-up of patients to exclude 

mimicking treatable disorders.  The RT-QuIC CSF assay represents a significant advance in 

the molecular diagnosis of prion disease during life, and may prove to be the prototype for a 

novel class of biomarker techniques across a range of neurodegenerative diseases (127-

129).  It continues to be developed and refined, and may have roles to play beyond 

diagnosis. 

Nevertheless, epidemiological data over time makes a strong case for continued under-

ascertainment of prion diseases, and making a diagnosis at an earlier stage of disease is an 

important goal that remains difficult to achieve.  A sensitive but less specific test using a 

readily accessible biofluid like blood could encourage and accelerate the consideration of 

sCJD in patients with possible early symptoms and in less selected patient populations (e.g. 

all patients with dementia), if this is then followed by more specific tests.  Some of the 

surrogate blood biomarkers show potential for this role, but will require direct evaluation in 

the relevant clinical populations.  

Novel analytes such as olfactory mucosa (sampled using a brush or swab), skin biopsy and 

urine are intriguing and potentially important avenues for future biomarker research. 

Unsurprisingly, in the past the focus for blood biomarker development has been on the 

concern that vCJD infection is being transmitted by blood transfusion. Promising tests have 

been developed that may have the potential to be adapted and applied for screening 

donors, but as the number of primary vCJD cases have dwindled, and there have been no 

further cases of secondary (iatrogenic) vCJD, the investment and prospective samples 

required to develop these tests further is in question. 

For potential use in clinical trials, blood biomarkers of neurodegeneration show promise but 

need to be evaluated in larger cohorts that have been well studied, both clinically and 

longitudinally, and we anticipate examples of use in a clinical trial setting.  

There are good reasons to expect that treatments for human prion diseases will be more 

effective when started as early as possible in the disease course, or even before the onset of 

symptoms in individuals identified as being at high risk of prion disease.  In this context a 

“proximity marker”, indicating that a high-risk individual (e.g. a PRNP mutation carrier) is 

likely to be close to the onset of symptoms would be valuable.  Recent work shows some 

potentially interesting properties of total prion protein concentration in CSF, with low 
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concentrations before the onset of symptoms in a few of the small number of asymptomatic 

PRNP mutation carriers tested(69).  Another study included testing of several biomarkers 

(including tau and NfL in both CSF and blood) in a single patient with IPD before and after 

the onset of symptoms, providing a hint that several of these may be abnormal in the 

presymptomatic phase (107).  However neither of these studies demonstrated any dynamic 

change in these biomarkers relative to timing of symptom onset, so they do not provide any 

direct evidence relevant to predicting this.  Future work needs to address when these and 

other blood and CSF biomarkers change by following individuals from the asymptomatic into 

the symptomatic phase of the disease.  

Acknowledgements 

AT is a National Institute of Health Research (NIHR) Academic Clinical Lecturer, and has 

funding from Alzheimer’s Research UK.  SM is funded by the Medical Research Council (UK) 

and is an NIHR Senior Investigator; he receives funding from the NIHR Biomedical Research 

Centre at University College London Hospitals NHS Foundation Trust.  

  

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

References 

1. Puoti G, Bizzi A, Forloni G, Safar JG, Tagliavini F, Gambetti P. Sporadic human prion diseases: 
molecular insights and diagnosis. Lancet Neurol. 2012;11(7):618-28. 
2. Prusiner SB. Novel proteinaceous infectious particles cause scrapie. Science (New York, NY). 
1982;216(4542):136-44. 
3. Will RG, Ironside JW, Zeidler M, Cousens SN, Estibeiro K, Alperovitch A, et al. A new variant 
of Creutzfeldt-Jakob disease in the UK. Lancet (London, England). 1996;347(9006):921-5. 
4. Smith PG, Bradley R. Bovine spongiform encephalopathy (BSE) and its epidemiology. Br Med 
Bull. 2003;66:185-98. 
5. Collinge J, Sidle KC, Meads J, Ironside J, Hill AF. Molecular analysis of prion strain variation 
and the aetiology of 'new variant' CJD. Nature. 1996;383(6602):685-90. 
6. Bruce ME, Will RG, Ironside JW, McConnell I, Drummond D, Suttie A, et al. Transmissions to 
mice indicate that 'new variant' CJD is caused by the BSE agent. Nature. 1997;389(6650):498-501. 
7. Hill AF, Desbruslais M, Joiner S, Sidle KC, Gowland I, Collinge J, et al. The same prion strain 
causes vCJD and BSE. Nature. 1997;389(6650):448-50, 526. 
8. NCJDRSU. Surveillance Data from the UK 2018 [Available from: 
https://www.cjd.ed.ac.uk/sites/default/files/figs.pdf. 
9. Collinge J. Mammalian prions and their wider relevance in neurodegenerative diseases. 
Nature. 2016;539(7628):217-26. 
10. Mead S, Tagliavini F. Clinical trials. Handb Clin Neurol. 2018;153:431-44. 
11. Zerr I, Kallenberg K, Summers DM, Romero C, Taratuto A, Heinemann U, et al. Updated 
clinical diagnostic criteria for sporadic Creutzfeldt-Jakob disease. Brain : a journal of neurology. 
2009;132(Pt 10):2659-68. 
12. Parchi P, Giese A, Capellari S, Brown P, Schulz-Schaeffer W, Windl O, et al. Classification of 
sporadic Creutzfeldt-Jakob disease based on molecular and phenotypic analysis of 300 subjects. 
Annals of neurology. 1999;46(2):224-33. 
13. Rudge P, Hyare H, Green A, Collinge J, Mead S. Imaging and CSF analyses effectively 
distinguish CJD from its mimics. Journal of neurology, neurosurgery, and psychiatry. 2018;89(5):461-
6. 
14. Vitali P, Maccagnano E, Caverzasi E, Henry RG, Haman A, Torres-Chae C, et al. Diffusion-
weighted MRI hyperintensity patterns differentiate CJD from other rapid dementias. Neurology. 
2011;76(20):1711-9. 
15. Bruton CJ, Bruton RK, Gentleman SM, Roberts GW. Diagnosis and incidence of prion 
(Creutzfeldt-Jakob) disease: a retrospective archival survey with implications for future research. 
Neurodegeneration. 1995;4(4):357-68. 
16. Kaski DN, Pennington C, Beck J, Poulter M, Uphill J, Bishop MT, et al. Inherited prion disease 
with 4-octapeptide repeat insertion: disease requires the interaction of multiple genetic risk factors. 
Brain : a journal of neurology. 2011;134(Pt 6):1829-38. 
17. Mead S, Webb TE, Campbell TA, Beck J, Linehan JM, Rutherfoord S, et al. Inherited prion 
disease with 5-OPRI: phenotype modification by repeat length and codon 129. Neurology. 
2007;69(8):730-8. 
18. Mead S, Poulter M, Beck J, Webb TE, Campbell TA, Linehan JM, et al. Inherited prion disease 
with six octapeptide repeat insertional mutation--molecular analysis of phenotypic heterogeneity. 
Brain : a journal of neurology. 2006;129(Pt 9):2297-317. 
19. Krasnianski A, Sanchez Juan P, Ponto C, Bartl M, Heinemann U, Varges D, et al. A proposal of 
new diagnostic pathway for fatal familial insomnia. Journal of neurology, neurosurgery, and 
psychiatry. 2014;85(6):654-9. 
20. Collins S, Boyd A, Fletcher A, Gonzales MF, McLean CA, Masters CL. Recent advances in the 
pre-mortem diagnosis of Creutzfeldt-Jakob disease. Journal of clinical neuroscience : official journal 
of the Neurosurgical Society of Australasia. 2000;7(3):195-202. 

ACCEPTED MANUSCRIPT

https://www.cjd.ed.ac.uk/sites/default/files/figs.pdf


AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

21. Hill AF, Zeidler M, Ironside J, Collinge J. Diagnosis of new variant Creutzfeldt-Jakob disease by 
tonsil biopsy. Lancet. 1997;349(9045):99-100. 
22. Budka H, Aguzzi A, Brown P, Brucher JM, Bugiani O, Gullotta F, et al. Neuropathological 
diagnostic criteria for Creutzfeldt-Jakob disease (CJD) and other human spongiform 
encephalopathies (prion diseases). Brain Pathol. 1995;5(4):459-66. 
23. Hill AF, Joiner S, Wadsworth JD, Sidle KC, Bell JE, Budka H, et al. Molecular classification of 
sporadic Creutzfeldt-Jakob disease. Brain : a journal of neurology. 2003;126(Pt 6):1333-46. 
24. Parchi P, Saverioni D. Molecular pathology, classification, and diagnosis of sporadic human 
prion disease variants. Folia neuropathologica. 2012;50(1):20-45. 
25. Warren JD, Schott JM, Fox NC, Thom M, Revesz T, Holton JL, et al. Brain biopsy in dementia. 
Brain : a journal of neurology. 2005;128(Pt 9):2016-25. 
26. Schott JM, Reiniger L, Thom M, Holton JL, Grieve J, Brandner S, et al. Brain biopsy in 
dementia: clinical indications and diagnostic approach. Acta neuropathologica. 2010;120(3):327-41. 
27. Lukic A, Mead S, Rudge P, Collinge J. Comment on validation of diagnostic criteria for variant 
Creutzfeldt-Jakob disease. Ann Neurol. 2011;69(1):212; author reply -3. 
28. Head MW, Ritchie D, Smith N, McLoughlin V, Nailon W, Samad S, et al. Peripheral tissue 
involvement in sporadic, iatrogenic, and variant Creutzfeldt-Jakob disease: an immunohistochemical, 
quantitative, and biochemical study. Am J Pathol. 2004;164(1):143-53. 
29. Murray K. Creutzfeldt-Jacob disease mimics, or how to sort out the subacute 
encephalopathy patient. Postgraduate medical journal. 2011;87(1027):369-78. 
30. Aitken A, Collinge DB, van Heusden BP, Isobe T, Roseboom PH, Rosenfeld G, et al. 14-3-3 
proteins: a highly conserved, widespread family of eukaryotic proteins. Trends Biochem Sci. 
1992;17(12):498-501. 
31. Harrington MG, Merril CR, Asher DM, Gajdusek DC. Abnormal proteins in the cerebrospinal 
fluid of patients with Creutzfeldt-Jakob disease. N Engl J Med. 1986;315(5):279-83. 
32. Hsich G, Kenney K, Gibbs CJ, Lee KH, Harrington MG. The 14-3-3 brain protein in 
cerebrospinal fluid as a marker for transmissible spongiform encephalopathies. N Engl J Med. 
1996;335(13):924-30. 
33. Gmitterova K, Heinemann U, Bodemer M, Krasnianski A, Meissner B, Kretzschmar HA, et al. 
14-3-3 CSF levels in sporadic Creutzfeldt-Jakob disease differ across molecular subtypes. 
Neurobiology of aging. 2009;30(11):1842-50. 
34. Collins SJ, Sanchez-Juan P, Masters CL, Klug GM, van Duijn C, Poleggi A, et al. Determinants 
of diagnostic investigation sensitivities across the clinical spectrum of sporadic Creutzfeldt-Jakob 
disease. Brain : a journal of neurology. 2006;129(Pt 9):2278-87. 
35. Castellani RJ, Colucci M, Xie Z, Zou W, Li C, Parchi P, et al. Sensitivity of 14-3-3 protein test 
varies in subtypes of sporadic Creutzfeldt-Jakob disease. Neurology. 2004;63(3):436-42. 
36. Beaudry P, Cohen P, Brandel JP, Delasnerie-Laupretre N, Richard S, Launay JM, et al. 14-3-3 
protein, neuron-specific enolase, and S-100 protein in cerebrospinal fluid of patients with 
Creutzfeldt-Jakob disease. Dementia and geriatric cognitive disorders. 1999;10(1):40-6. 
37. Blennow K, Johansson A, Zetterberg H. Diagnostic value of 14-3-3beta immunoblot and T-
tau/P-tau ratio in clinically suspected Creutzfeldt-Jakob disease. International journal of molecular 
medicine. 2005;16(6):1147-9. 
38. Brandel JP, Delasnerie-Laupretre N, Laplanche JL, Hauw JJ, Alperovitch A. Diagnosis of 
Creutzfeldt-Jakob disease: effect of clinical criteria on incidence estimates. Neurology. 
2000;54(5):1095-9. 
39. Collins S, Boyd A, Fletcher A, Gonzales M, McLean CA, Byron K, et al. Creutzfeldt-Jakob 
disease: diagnostic utility of 14-3-3 protein immunodetection in cerebrospinal fluid. Journal of 
clinical neuroscience : official journal of the Neurosurgical Society of Australasia. 2000;7(3):203-8. 
40. Kenney K, Brechtel C, Takahashi H, Kurohara K, Anderson P, Gibbs CJ, Jr. An enzyme-linked 
immunosorbent assay to quantify 14-3-3 proteins in the cerebrospinal fluid of suspected Creutzfeldt-
Jakob disease patients. Annals of neurology. 2000;48(3):395-8. 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

41. Otto M, Wiltfang J, Cepek L, Neumann M, Mollenhauer B, Steinacker P, et al. Tau protein and 
14-3-3 protein in the differential diagnosis of Creutzfeldt-Jakob disease. Neurology. 2002;58(2):192-
7. 
42. Van Everbroeck B, Quoilin S, Boons J, Martin JJ, Cras P. A prospective study of CSF markers in 
250 patients with possible Creutzfeldt-Jakob disease. Journal of neurology, neurosurgery, and 
psychiatry. 2003;74(9):1210-4. 
43. Zerr I, Bodemer M, Gefeller O, Otto M, Poser S, Wiltfang J, et al. Detection of 14-3-3 protein 
in the cerebrospinal fluid supports the diagnosis of Creutzfeldt-Jakob disease. Annals of neurology. 
1998;43(1):32-40. 
44. Zerr I, Pocchiari M, Collins S, Brandel JP, de Pedro Cuesta J, Knight RS, et al. Analysis of EEG 
and CSF 14-3-3 proteins as aids to the diagnosis of Creutzfeldt-Jakob disease. Neurology. 
2000;55(6):811-5. 
45. Muayqil T, Gronseth G, Camicioli R. Evidence-based guideline: diagnostic accuracy of CSF 14-
3-3 protein in sporadic Creutzfeldt-Jakob disease: report of the guideline development 
subcommittee of the American Academy of Neurology. Neurology. 2012;79(14):1499-506. 
46. Subramanian S, Mahadevan A, Satishchandra P, Shankar SK. Development of a dot blot assay 
with antibodies to recombinant "core" 14-3-3 protein: Evaluation of its usefulness in diagnosis of 
Creutzfeldt-Jakob disease. Annals of Indian Academy of Neurology. 2016;19(2):205-10. 
47. Leitao MJ, Baldeiras I, Almeida MR, Ribeiro MH, Santos AC, Ribeiro M, et al. Sporadic 
Creutzfeldt-Jakob disease diagnostic accuracy is improved by a new CSF ELISA 14-3-3gamma assay. 
Neuroscience. 2016;322:398-407. 
48. Fourier A, Dorey A, Perret-Liaudet A, Quadrio I. Detection of CSF 14-3-3 Protein in Sporadic 
Creutzfeldt-Jakob Disease Patients Using a New Automated Capillary Western Assay. Molecular 
neurobiology. 2018;55(4):3537-45. 
49. Goedert M. Tau filaments in neurodegenerative diseases. FEBS Lett. 2018;592(14):2383-91. 
50. Reiniger L, Lukic A, Linehan J, Rudge P, Collinge J, Mead S, et al. Tau, prions and Abeta: the 
triad of neurodegeneration. Acta neuropathologica. 2011;121(1):5-20. 
51. Kovacs GG, Rahimi J, Strobel T, Lutz MI, Regelsberger G, Streichenberger N, et al. Tau 
pathology in Creutzfeldt-Jakob disease revisited. Brain Pathol. 2017;27(3):332-44. 
52. Bahl JM, Heegaard NH, Falkenhorst G, Laursen H, Hogenhaven H, Molbak K, et al. The 
diagnostic efficiency of biomarkers in sporadic Creutzfeldt-Jakob disease compared to Alzheimer's 
disease. Neurobiology of aging. 2009;30(11):1834-41. 
53. Chohan G, Pennington C, Mackenzie JM, Andrews M, Everington D, Will RG, et al. The role of 
cerebrospinal fluid 14-3-3 and other proteins in the diagnosis of sporadic Creutzfeldt-Jakob disease 
in the UK: a 10-year review. Journal of neurology, neurosurgery, and psychiatry. 2010;81(11):1243-8. 
54. Coulthart MB, Jansen GH, Olsen E, Godal DL, Connolly T, Choi BC, et al. Diagnostic accuracy 
of cerebrospinal fluid protein markers for sporadic Creutzfeldt-Jakob disease in Canada: a 6-year 
prospective study. BMC neurology. 2011;11:133. 
55. Skillback T, Rosen C, Asztely F, Mattsson N, Blennow K, Zetterberg H. Diagnostic 
performance of cerebrospinal fluid total tau and phosphorylated tau in Creutzfeldt-Jakob disease: 
results from the Swedish Mortality Registry. JAMA neurology. 2014;71(4):476-83. 
56. Hamlin C, Puoti G, Berri S, Sting E, Harris C, Cohen M, et al. A comparison of tau and 14-3-3 
protein in the diagnosis of Creutzfeldt-Jakob disease. Neurology. 2012;79(6):547-52. 
57. Meiner Z, Kahana E, Baitcher F, Korczyn AD, Chapman J, Cohen OS, et al. Tau and 14-3-3 of 
genetic and sporadic Creutzfeldt-Jakob disease patients in Israel. Journal of neurology. 
2011;258(2):255-62. 
58. Pennington C, Chohan G, Mackenzie J, Andrews M, Will R, Knight R, et al. The role of 
cerebrospinal fluid proteins as early diagnostic markers for sporadic Creutzfeldt-Jakob disease. 
Neuroscience letters. 2009;455(1):56-9. 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

59. Leitao MJ, Baldeiras I, Almeida MR, Ribeiro MH, Santos AC, Ribeiro M, et al. CSF Tau proteins 
reduce misdiagnosis of sporadic Creutzfeldt-Jakob disease suspected cases with inconclusive 14-3-3 
result. Journal of neurology. 2016;263(9):1847-61. 
60. Matsui Y, Satoh K, Miyazaki T, Shirabe S, Atarashi R, Mutsukura K, et al. High sensitivity of an 
ELISA kit for detection of the gamma-isoform of 14-3-3 proteins: usefulness in laboratory diagnosis 
of human prion disease. BMC neurology. 2011;11:120. 
61. Grangeon L, Paquet C, Bombois S, Quillard-Muraine M, Martinaud O, Bourre B, et al. 
Differential Diagnosis of Dementia with High Levels of Cerebrospinal Fluid Tau Protein. Journal of 
Alzheimer's disease : JAD. 2016;51(3):905-13. 
62. Ermann N, Lewczuk P, Schmitz M, Lange P, Knipper T, Goebel S, et al. CSF 
nonphosphorylated Tau as a biomarker for the discrimination of AD from CJD. Annals of clinical and 
translational neurology. 2018;5(7):883-7. 
63. Zerr I, Schmitz M, Karch A, Villar-Pique A, Kanata E, Golanska E, et al. Cerebrospinal fluid 
neurofilament light levels in neurodegenerative dementia: Evaluation of diagnostic accuracy in the 
differential diagnosis of prion diseases. Alzheimer's & dementia : the journal of the Alzheimer's 
Association. 2018;14(6):751-63. 
64. Abu-Rumeileh S, Capellari S, Stanzani-Maserati M, Polischi B, Martinelli P, Caroppo P, et al. 
The CSF neurofilament light signature in rapidly progressive neurodegenerative dementias. 
Alzheimer's research & therapy. 2018;10(1):3. 
65. Kanata E, Golanska E, Villar-Pique A, Karsanidou A, Dafou D, Xanthopoulos K, et al. 
Cerebrospinal fluid neurofilament light in suspected sporadic Creutzfeldt-Jakob disease. J Clin 
Neurosci. 2018. 
66. Llorens F, Kruse N, Karch A, Schmitz M, Zafar S, Gotzmann N, et al. Validation of alpha-
Synuclein as a CSF Biomarker for Sporadic Creutzfeldt-Jakob Disease. Molecular neurobiology. 
2018;55(3):2249-57. 
67. Kasai T, Tokuda T, Ishii R, Ishigami N, Tsuboi Y, Nakagawa M, et al. Increased alpha-synuclein 
levels in the cerebrospinal fluid of patients with Creutzfeldt-Jakob disease. Journal of neurology. 
2014;261(6):1203-9. 
68. Meyne F, Gloeckner SF, Ciesielczyk B, Heinemann U, Krasnianski A, Meissner B, et al. Total 
prion protein levels in the cerebrospinal fluid are reduced in patients with various neurological 
disorders. Journal of Alzheimer's disease : JAD. 2009;17(4):863-73. 
69. Villar-Pique A, Schmitz M, Lachmann I, Karch A, Calero O, Stehmann C, et al. Cerebrospinal 
Fluid Total Prion Protein in the Spectrum of Prion Diseases. Molecular neurobiology. 2018. 
70. Dorey A, Tholance Y, Vighetto A, Perret-Liaudet A, Lachman I, Krolak-Salmon P, et al. 
Association of cerebrospinal fluid prion protein levels and the distinction between Alzheimer disease 
and Creutzfeldt-Jakob disease. JAMA neurology. 2015;72(3):267-75. 
71. Wong BS, Green AJ, Li R, Xie Z, Pan T, Liu T, et al. Absence of protease-resistant prion protein 
in the cerebrospinal fluid of Creutzfeldt-Jakob disease. The Journal of pathology. 2001;194(1):9-14. 
72. Bieschke J, Giese A, Schulz-Schaeffer W, Zerr I, Poser S, Eigen M, et al. Ultrasensitive 
detection of pathological prion protein aggregates by dual-color scanning for intensely fluorescent 
targets. Proceedings of the National Academy of Sciences of the United States of America. 
2000;97(10):5468-73. 
73. Brown P, Gibbs CJ, Jr., Rodgers-Johnson P, Asher DM, Sulima MP, Bacote A, et al. Human 
spongiform encephalopathy: the National Institutes of Health series of 300 cases of experimentally 
transmitted disease. Annals of neurology. 1994;35(5):513-29. 
74. Saborio GP, Permanne B, Soto C. Sensitive detection of pathological prion protein by cyclic 
amplification of protein misfolding. Nature. 2001;411(6839):810-3. 
75. Castilla J, Saa P, Hetz C, Soto C. In vitro generation of infectious scrapie prions. Cell. 
2005;121(2):195-206. 
76. Rubenstein R, Chang B. Re-assessment of PrP(Sc) distribution in sporadic and variant CJD. 
PloS one. 2013;8(7):e66352. 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

77. Bougard D, Belondrade M, Mayran C, Bruyere-Ostells L, Lehmann S, Fournier-Wirth C, et al. 
Diagnosis of Methionine/Valine Variant Creutzfeldt-Jakob Disease by Protein Misfolding Cyclic 
Amplification. Emerging infectious diseases. 2018;24(7):1364-6. 
78. Schmitz M, Cramm M, Llorens F, Muller-Cramm D, Collins S, Atarashi R, et al. The real-time 
quaking-induced conversion assay for detection of human prion disease and study of other protein 
misfolding diseases. Nature protocols. 2016;11(11):2233-42. 
79. Cramm M, Schmitz M, Karch A, Mitrova E, Kuhn F, Schroeder B, et al. Stability and 
Reproducibility Underscore Utility of RT-QuIC for Diagnosis of Creutzfeldt-Jakob Disease. Molecular 
neurobiology. 2016;53(3):1896-904. 
80. Atarashi R, Satoh K, Sano K, Fuse T, Yamaguchi N, Ishibashi D, et al. Ultrasensitive human 
prion detection in cerebrospinal fluid by real-time quaking-induced conversion. Nature medicine. 
2011;17(2):175-8. 
81. McGuire LI, Peden AH, Orru CD, Wilham JM, Appleford NE, Mallinson G, et al. Real time 
quaking-induced conversion analysis of cerebrospinal fluid in sporadic Creutzfeldt-Jakob disease. 
Annals of neurology. 2012;72(2):278-85. 
82. Lattanzio F, Abu-Rumeileh S, Franceschini A, Kai H, Amore G, Poggiolini I, et al. Prion-specific 
and surrogate CSF biomarkers in Creutzfeldt-Jakob disease: diagnostic accuracy in relation to 
molecular subtypes and analysis of neuropathological correlates of p-tau and Abeta42 levels. Acta 
neuropathologica. 2017;133(4):559-78. 
83. Sano K, Satoh K, Atarashi R, Takashima H, Iwasaki Y, Yoshida M, et al. Early detection of 
abnormal prion protein in genetic human prion diseases now possible using real-time QUIC assay. 
PloS one. 2013;8(1):e54915. 
84. Groveman BR, Orru CD, Hughson AG, Bongianni M, Fiorini M, Imperiale D, et al. Extended 
and direct evaluation of RT-QuIC assays for Creutzfeldt-Jakob disease diagnosis. Annals of clinical 
and translational neurology. 2017;4(2):139-44. 
85. Franceschini A, Baiardi S, Hughson AG, McKenzie N, Moda F, Rossi M, et al. High diagnostic 
value of second generation CSF RT-QuIC across the wide spectrum of CJD prions. Scientific reports. 
2017;7(1):10655. 
86. Foutz A, Appleby BS, Hamlin C, Liu X, Yang S, Cohen Y, et al. Diagnostic and prognostic value 
of human prion detection in cerebrospinal fluid. Annals of neurology. 2017;81(1):79-92. 
87. Wilham JM, Orru CD, Bessen RA, Atarashi R, Sano K, Race B, et al. Rapid end-point 
quantitation of prion seeding activity with sensitivity comparable to bioassays. PLoS pathogens. 
2010;6(12):e1001217. 
88. Cramm M, Schmitz M, Karch A, Zafar S, Varges D, Mitrova E, et al. Characteristic CSF prion 
seeding efficiency in humans with prion diseases. Molecular neurobiology. 2015;51(1):396-405. 
89. Wroe SJ, Pal S, Siddique D, Hyare H, Macfarlane R, Joiner S, et al. Clinical presentation and 
pre-mortem diagnosis of variant Creutzfeldt-Jakob disease associated with blood transfusion: a case 
report. Lancet (London, England). 2006;368(9552):2061-7. 
90. Llewelyn CA, Hewitt PE, Knight RS, Amar K, Cousens S, Mackenzie J, et al. Possible 
transmission of variant Creutzfeldt-Jakob disease by blood transfusion. Lancet. 2004;363(9407):417-
21. 
91. Peden AH, Head MW, Ritchie DL, Bell JE, Ironside JW. Preclinical vCJD after blood transfusion 
in a PRNP codon 129 heterozygous patient. Lancet. 2004;364(9433):527-9. 
92. Seed CR, Hewitt PE, Dodd RY, Houston F, Cervenakova L. Creutzfeldt-Jakob disease and 
blood transfusion safety. Vox Sang. 2018;113(3):220-31. 
93. Douet JY, Zafar S, Perret-Liaudet A, Lacroux C, Lugan S, Aron N, et al. Detection of infectivity 
in blood of persons with variant and sporadic Creutzfeldt-Jakob disease. Emerg Infect Dis. 
2014;20(1):114-7. 
94. Collinge J, Whitfield J, McKintosh E, Beck J, Mead S, Thomas DJ, et al. Kuru in the 21st 
century--an acquired human prion disease with very long incubation periods. Lancet (London, 
England). 2006;367(9528):2068-74. 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

95. Rudge P, Jaunmuktane Z, Adlard P, Bjurstrom N, Caine D, Lowe J, et al. Iatrogenic CJD due to 
pituitary-derived growth hormone with genetically determined incubation times of up to 40 years. 
Brain : a journal of neurology. 2015;138(Pt 11):3386-99. 
96. Cervenakova L, Goldfarb LG, Garruto R, Lee HS, Gajdusek DC, Brown P. Phenotype-genotype 
studies in kuru: implications for new variant Creutzfeldt-Jakob disease. Proc Natl Acad Sci U S A. 
1998;95(22):13239-41. 
97. Mok T, Jaunmuktane Z, Joiner S, Campbell T, Morgan C, Wakerley B, et al. Variant 
Creutzfeldt-Jakob Disease in a Patient with Heterozygosity at PRNP Codon 129. N Engl J Med. 
2017;376(3):292-4. 
98. Kaski D, Mead S, Hyare H, Cooper S, Jampana R, Overell J, et al. Variant CJD in an individual 
heterozygous for PRNP codon 129. Lancet. 2009;374(9707):2128-. 
99. Fagge T, Barclay GR, Macgregor I, Head M, Ironside J, Turner M. Variation in concentration of 
prion protein in the peripheral blood of patients with variant and sporadic Creutzfeldt-Jakob disease 
detected by dissociation enhanced lanthanide fluoroimmunoassay and flow cytometry. Transfusion. 
2005;45(4):504-13. 
100. Jackson GS, Burk-Rafel J, Edgeworth JA, Sicilia A, Abdilahi S, Korteweg J, et al. Population 
screening for variant Creutzfeldt-Jakob disease using a novel blood test: diagnostic accuracy and 
feasibility study. JAMA neurology. 2014;71(4):421-8. 
101. Edgeworth JA, Farmer M, Sicilia A, Tavares P, Beck J, Campbell T, et al. Detection of prion 
infection in variant Creutzfeldt-Jakob disease: a blood-based assay. Lancet (London, England). 
2011;377(9764):487-93. 
102. Sawyer EB, Edgeworth JA, Thomas C, Collinge J, Jackson GS. Preclinical detection of 
infectivity and disease-specific PrP in blood throughout the incubation period of prion disease. 
Scientific reports. 2015;5:17742. 
103. Diack AB, Head MW, McCutcheon S, Boyle A, Knight R, Ironside JW, et al. Variant CJD. 18 
years of research and surveillance. Prion. 2014;8(4):286-95. 
104. Bougard D, Brandel JP, Belondrade M, Beringue V, Segarra C, Fleury H, et al. Detection of 
prions in the plasma of presymptomatic and symptomatic patients with variant Creutzfeldt-Jakob 
disease. Science translational medicine. 2016;8(370):370ra182. 
105. Concha-Marambio L, Pritzkow S, Moda F, Tagliavini F, Ironside JW, Schulz PE, et al. Detection 
of prions in blood from patients with variant Creutzfeldt-Jakob disease. Science translational 
medicine. 2016;8(370):370ra183. 
106. Noguchi-Shinohara M, Hamaguchi T, Nozaki I, Sakai K, Yamada M. Serum tau protein as a 
marker for the diagnosis of Creutzfeldt-Jakob disease. Journal of neurology. 2011;258(8):1464-8. 
107. Steinacker P, Blennow K, Halbgebauer S, Shi S, Ruf V, Oeckl P, et al. Neurofilaments in blood 
and CSF for diagnosis and prediction of onset in Creutzfeldt-Jakob disease. Sci Rep. 2016;6:38737. 
108. Kovacs GG, Andreasson U, Liman V, Regelsberger G, Lutz MI, Danics K, et al. Plasma and 
cerebrospinal fluid tau and neurofilament concentrations in rapidly progressive neurological 
syndromes: a neuropathology-based cohort. European journal of neurology. 2017;24(11):1326-e77. 
109. Thompson AGB, Luk C, Heslegrave AJ, Zetterberg H, Mead SH, Collinge J, et al. Neurofilament 
light chain and tau concentrations are markedly increased in the serum of patients with sporadic 
Creutzfeldt-Jakob disease, and tau correlates with rate of disease progression. Journal of neurology, 
neurosurgery, and psychiatry. 2018;89(9):955-61. 
110. Bongianni M, Orru C, Groveman BR, Sacchetto L, Fiorini M, Tonoli G, et al. Diagnosis of 
Human Prion Disease Using Real-Time Quaking-Induced Conversion Testing of Olfactory Mucosa and 
Cerebrospinal Fluid Samples. JAMA neurology. 2017;74(2):155-62. 
111. Zanusso G, Ferrari S, Cardone F, Zampieri P, Gelati M, Fiorini M, et al. Detection of 
pathologic prion protein in the olfactory epithelium in sporadic Creutzfeldt-Jakob disease. N Engl J 
Med. 2003;348(8):711-9. 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

112. Orru CD, Yuan J, Appleby BS, Li B, Li Y, Winner D, et al. Prion seeding activity and infectivity 
in skin samples from patients with sporadic Creutzfeldt-Jakob disease. Science translational 
medicine. 2017;9(417). 
113. Moda F, Gambetti P, Notari S, Concha-Marambio L, Catania M, Park KW, et al. Prions in the 
urine of patients with variant Creutzfeldt-Jakob disease. N Engl J Med. 2014;371(6):530-9. 
114. Luk C, Jones S, Thomas C, Fox NC, Mok TH, Mead S, et al. Diagnosing Sporadic Creutzfeldt-
Jakob Disease by the Detection of Abnormal Prion Protein in Patient Urine. JAMA neurology. 
2016;73(12):1454-60. 
115. Mead S, Ranopa M, Gopalakrishnan GS, Thompson AG, Rudge P, Wroe S, et al. PRION-1 
scales analysis supports use of functional outcome measures in prion disease. Neurology. 
2011;77(18):1674-83. 
116. Mead S, Ranopa M, Gopalakrishnan GS, Thompson AGB, Rudge P, Wroe S, et al. PRION-1 
scales analysis supports use of functional outcome measures in prion disease. Neurology. 
2011;77(18):1674-83. 
117. Thompson AG, Lowe J, Fox Z, Lukic A, Porter MC, Ford L, et al. The Medical Research Council 
Prion Disease Rating Scale: a new outcome measure for prion disease therapeutic trials developed 
and validated using systematic observational studies. Brain. 2013;136(Pt 4):1116-27. 
118. Cohen OS, Chapman J, Korczyn AD, Siaw OL, Warman-Alaluf N, Nitsan Z, et al. CSF tau 
correlates with the degree of cortical involvement in E200K familial Creutzfeldt-Jakob disease. 
Neuroscience letters. 2016;634:76-8. 
119. Cohen OS, Chapman J, Korczyn AD, Warman-Alaluf N, Nitsan Z, Appel S, et al. CSF tau 
correlates with CJD disease severity and cognitive decline. Acta neurologica Scandinavica. 
2016;133(2):119-23. 
120. Boesenberg-Grosse C, Schulz-Schaeffer WJ, Bodemer M, Ciesielczyk B, Meissner B, 
Krasnianski A, et al. Brain-derived proteins in the CSF: do they correlate with brain pathology in CJD? 
BMC neurology. 2006;6:35. 
121. Llorens F, Kruse N, Schmitz M, Gotzmann N, Golanska E, Thune K, et al. Evaluation of alpha-
synuclein as a novel cerebrospinal fluid biomarker in different forms of prion diseases. Alzheimer's & 
dementia : the journal of the Alzheimer's Association. 2017;13(6):710-9. 
122. Sanchez-Juan P, Sanchez-Valle R, Green A, Ladogana A, Cuadrado-Corrales N, Mitrova E, et 
al. Influence of timing on CSF tests value for Creutzfeldt-Jakob disease diagnosis. Journal of 
neurology. 2007;254(7):901-6. 
123. Thompson AG, Lowe J, Fox Z, Lukic A, Porter MC, Ford L, et al. The Medical Research Council 
prion disease rating scale: a new outcome measure for prion disease therapeutic trials developed 
and validated using systematic observational studies. Brain. 2013;136(Pt 4):1116-27. 
124. Mead S, Burnell M, Lowe J, Thompson A, Lukic A, Porter MC, et al. Clinical Trial Simulations 
Based on Genetic Stratification and the Natural History of a Functional Outcome Measure in 
Creutzfeldt-Jakob Disease. JAMA neurology. 2016;73(4):447-55. 
125. Pocchiari M, Puopolo M, Croes EA, Budka H, Gelpi E, Collins S, et al. Predictors of survival in 
sporadic Creutzfeldt-Jakob disease and other human transmissible spongiform encephalopathies. 
Brain : a journal of neurology. 2004;127(Pt 10):2348-59. 
126. Mead S. Prion disease genetics. Eur J Hum Genet. 2006;14(3):273-81. 
127. Fairfoul G, McGuire LI, Pal S, Ironside JW, Neumann J, Christie S, et al. Alpha-synuclein RT-
QuIC in the CSF of patients with alpha-synucleinopathies. Annals of clinical and translational 
neurology. 2016;3(10):812-8. 
128. Salvadores N, Shahnawaz M, Scarpini E, Tagliavini F, Soto C. Detection of misfolded Abeta 
oligomers for sensitive biochemical diagnosis of Alzheimer's disease. Cell Rep. 2014;7(1):261-8. 
129. Saijo E, Ghetti B, Zanusso G, Oblak A, Furman JL, Diamond MI, et al. Ultrasensitive and 
selective detection of 3-repeat tau seeding activity in Pick disease brain and cerebrospinal fluid. Acta 
neuropathologica. 2017;133(5):751-65. 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

Analyte Biomarker 
Diagnosis

: 
Sensitive? 

Diagnosis
: Specific? 

Abnormal in 
pre-

symptomatic
/ carriers? 

Predicts 
phenotype

? 

Marker 
of 

severity
/ 

rapidity
? 

Predicts 
timing of 
onset in 

individuals
? 

Brain 
biopsy 

Histopatholog
y and Western 
Blot 

++++ ++++   ++?   

Lymphoi
d biopsy 
(e.g. 
Tonsil) 

Histopatholog
y and Western 
Blot 

+++ ++++ ++?    

PRNP 
genotype 

Codon 129 
polymorphism 

n/a n/a n/a 

 

+++ 

sCJD 

n/a 

 

+ 
iCJD/some 

IPD 

 
Pathogenic 
mutations 

 

++++ 

IPD 

++++ ++++ +++ n/a 

 

+ 

IPD 

CSF 14-3-3 +++ 
sCJD 

++   +?  

 
RT-QuIC, 
including “2

nd
 

generation” 

 

++++ 

sCJD/rapi
d IPD 

++++ -?? ++?    
 

++ 

vCJD/slow 
IPD 

 
Total tau 
(high cut-off) 

 

+++ 

sCJD 

++ +??   +++?  

 
pTau:tTau 
ratio 

 

+++ 

sCJD 

+++?     

 NfL 

 

++++ 

sCJD 

+++ +??  +?  

 α-synuclein 

 

++++? 

sCJD 

++++?   ++?  

 Total PrP 

 

++ 
sCJD, 

iCJD, IPD 

+? ++?  ++?  

 
Others, 
inc S100b, 
NSE… 

 

++ 
sCJD, vCJD 

+     
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Blood 
Direct 
Detection 
Assay 

 

+++? 

vCJD 

++++     

 
PMCA+ 
methods 

 

++++? 
vCJD 

++++? +++??   ++?? 

 Tau 

 

+++ 

sCJD 

++ -??  

 

+++? 

sCJD 

 

 NfL 

 

++++ 

sCJD 

++ +??    

Olfactory 
mucosa 

RT-QuIC 

 

+++ 
sCJD 

++++     

Skin RT-QuIC 

+++? 

sCJD +++?     

++? vCJD 

Urine PMCA  

+++? 

vCJD +++?     

-? sCJD 

 DDA 
++? sCJD 

+++?     
+? vCJD 

 

KEY 

Usefulness in this biomarker role Quality of evidence flags 

++++ Excellent 

? 

Unconfirmed: including when evidence is 
from a single methodologically sound but 
unreplicated study, different studies are 
conflicting, or potential to fill this role is 
extrapolated from indirect evidence not 
direct evaluation 

+++ Good 

++ Moderate 

+ Weak 

- Some evidence that it is not useful 

  No relevant evidence available ?? Published data from only 1 or 2 cases 

 

Table 1. This table gives an overview of the available fluid and tissue-derived biomarkers 

for human prion disease, and gives a global impression of their usefulness for a range of 

biomarker roles based on the available evidence.  This is based on our review of the 

literature, as discussed in the text.  We also indicate where the evidence is limited, 

conflicting or indirect.  Inevitably this is a simplification and should be considered in 

conjunction with the full discussion in the text. 
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Fluid biomarkers in the human prion diseases. 

Andrew Thompson and Simon Mead 

 

Highlights: 

- There are highly sensitive and specific CSF biomarkers for diagnosis of sporadic CJD 

- The RT-QuIC assay has been an important advance in molecular diagnosis 

- Several tests that can detect variant CJD infection in blood have now been reported 

- Brain-derived proteins measured in blood, such as tau and NfL, show great potential 

- Beyond diagnosis, these and other biomarkers may be valuable for clinical trials 
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