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Abstract
Background and purpose: Cerebrospinal fluid (CSF) real- time quaking- induced con-
version (RT- QuIC) has a high degree of sensitivity and specificity for the diagnosis of 
sporadic Creutzfeldt– Jakob disease (sCJD) and this has led to its being included in re-
vised European CJD Surveillance Network diagnostic criteria for sCJD. As CSF RT- QuIC 
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INTRODUC TION

The development of cerebrospinal fluid (CSF) real- time quaking- 
induced conversion (RT- QuIC) has been a major advance in the 
timely ante- mortem diagnosis of sporadic Creutzfeldt– Jakob disease 
(sCJD) [1, 2]. RT- QuIC exploits the ability of small amounts of the 
disease- associated form of prion protein (PrPSc) found in CSF and 
other tissues such as olfactory mucosa to convert native PrP into an 
aggregated beta- sheet enriched form.

This technique uses recombinant PrP (rPrP) as a substrate that 
misfolds and aggregates on the addition of CSF or other tissues con-
taining PrPSc. The addition of Thioflavin T allows the reaction to be 
monitored in real time, due to a change in the Thioflavin T emission 
spectrum on binding to aggregated PrPSc [3].

Cerebrospinal fluid RT- QuIC has a high degree of sensitivity 
(69%– 93%) and specificity (99%– 100%) for the diagnosis of sCJD 
in both retrospective and prospective studies [1, 4– 11]. This high 
degree of specificity has led to CSF RT- QuIC being introduced into 
the revised European CJD Surveillance Network diagnostic crite-
ria for sCJD [12– 14]. A single study from Germany has shown that 
the inclusion of CSF RT- QuIC into the clinical criteria increases the 
assessed incidence of CJD from 1.7 to 2.2 per million [13]. As CSF 
RT- QuIC becomes more widely established it is crucial that the ana-
lytical performance of individual laboratories is closely monitored to 
ensure consistency between laboratories. This will also ensure that 
sCJD prevalence data from countries performing RT- QuIC analysis 
are not affected by differences in CSF RT- QuIC performance.

As CSF RT- QuIC becomes more widely established there are 
resultant changes in methodology, notably in the choice of rPrP 

substrate. A small number of CSF RT- QuIC ring- trials have been un-
dertaken which have shown a high degree of concordance between 
centres; however, these studies have been undertaken before the 
inclusion of CSF RT- QuIC into the diagnostic criteria or have only 
included a small number of participants [15– 17].

With an increasing number of laboratories undertaking CSF RT- 
QuIC, there is a need to ensure that analytical performance is opti-
mal, that there is high concordance between laboratories to maintain 
diagnostic accuracy and that subsequent prevalence data are compa-
rable between centres. The aim of this study was to undertake a CSF 
RT- QuIC ring- trial that includes all laboratories performing CSF RT- 
QuIC within the European Creutzfeldt– Jakob Disease Surveillance 
Network to assess the degree of concordance between centres.

MATERIAL S AND METHODS

Participants

A total of 13 laboratories from 11 countries participated in this 
study. Participating centres were the Institut du Cerveau et de la 
Moelle épinière, Salpêtrière Hospital, Paris, France (Laboratory 1); 
Immunoneurology Laboratory, Centro de Diagnóstico Biomédico, 
Hospital Clínic de Barcelona, Barcelona, Spain (Laboratory 
2); Tzartos NeuroDiagnostics, Athens, Greece (Laboratory 3); 
Public Health Agency of Sweden, Solna, Sweden (Laboratory 4); 
Neurochemistry Laboratory— Translational Metabolic Laboratory, 
Department of Laboratory Medicine, Radboud University Medical 
Centre, Nijmegen, The Netherlands (Laboratory 5); Laboratory 

Funding information
This study was supported by the 
European Creutzfeldt– Jakob Disease 
Surveillance Network and funded 
by the European Centre for Disease 
Prevention and Control. SH received 
research support from Santé Publique 
France and funding from the programme 
‘Investissements d'avenir’ ANR- 10-  
IAIHU- 06. The NCJDRSU, UK, is funded 
by the Department of Health and Social 
Care Policy Research Programme and the 
Scottish Government (PR- ST- 0614- 00008; 
NMCK, GP, MA, KB, SP and AG); the 
funders had no role in study design, data 
collection and analysis, decision to publish 
or preparation of manuscript. For the 
purpose of open access, the author has 
applied a Creative Commons Attribution 
(CC BY) licence to any Author Accepted 
Manuscript version arising from this 
submission.

becomes more widely established, it is crucial that the analytical performance of indi-
vidual laboratories is consistent. The aim of this ring- trial was to ascertain the degree of 
concordance between European countries undertaking CSF RT- QuIC.
Methods: Ten identical CSF samples, seven from probable or neuropathologically con-
firmed sCJD and three from non- CJD cases, were sent to 13 laboratories from 11 coun-
tries for RT- QuIC analysis. A range of instrumentation and different recombinant prion 
protein substrates were used. Each laboratory analysed the CSF samples blinded to the 
diagnosis and reported the results as positive or negative.
Results: All 13 laboratories correctly identified five of the seven sCJD cases and the re-
maining two sCJD cases were identified by 92% of laboratories. Of the two sCJD cases 
that were not identified by all laboratories, one had a disease duration >26 months with a 
negative 14- 3- 3, whilst the remaining case had a 4- month disease duration and a positive 
14- 3- 3. A single false positive CSF RT- QuIC result was observed in this study.
Conclusions: This study shows that CSF RT- QuIC demonstrates an excellent concord-
ance between centres, even when using a variety of instrumentation, recombinant prion 
protein substrates and CSF volumes. The adoption of CSF RT- QuIC by all CJD surveil-
lance centres is recommended.
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of Neuropathology, IRCCS Istituto delle Scienze Neurologiche, 
Bologna, Italy (Laboratory 6); Department of Neuroscience, 
Istituto Superiore di Sanità, Rome, Italy (Laboratory 7); Division of 
Neuropathology and Neurochemistry, Department of Neurology, 
Medical University of Vienna, Vienna, Austria (Laboratory 8); 
Laboratory of Neurology, University of Antwerp, Antwerp, Belgium 
(Laboratory 9); Neuropathology Laboratory, University of Verona, 
Verona, Italy (Laboratory 10); National Reference Center for 
Transmissible Spongiform Encephalopathies, Göttingen, Germany 
(Laboratory 11); Institute of Neuropathology, Zürich, Switzerland 
(Laboratory 12); National CJD Research and Surveillance Unit, 
University of Edinburgh, Edinburgh, UK (Laboratory 13).

Cerebrospinal fluid samples

The CSF samples were provided by the National CJD Research and 
Surveillance Unit (NCJDRSU) BioResource tissue bank, UK, and had 
ethical approval for use in research (North- West Haydock REC, 19/
NW/0403; Scotland A REC, 18/SS/0041). The inclusion criteria in-
cluded the presence of appropriate consent for research and a CSF 
volume of greater than 6 ml. Ten CSF samples were selected; of these 
seven were from neuropathologically confirmed or clinically prob-
able sporadic CJD [13, 14] and three were from patients on whom 
the diagnosis of CJD was excluded on clinical grounds (Table 1). One 
CSF sample (CSF 2) was from a patient with dementia and ataxia and 
in whom the diagnosis of sCJD was ruled out on the basis of lack of 
clinical progression and no supportive investigations. The CSF 14- 
3- 3 was negative, the magnetic resonance imaging (MRI) was normal 
and the electroencephalography was not supportive. One CSF sam-
ple (CSF 5) was from a patient with frontotemporal dementia and 
the remaining CSF sample (CSF 6) was from a patient with delirium 
secondary to a urinary tract infection who subsequently recovered. 
CSF samples from sCJD cases with either PRNP codon 129 methio-
nine/methionine (MM) or methionine/valine (MV) genotype were in-
cluded. No known sCJD- VV cases with sufficient CSF volume were 
available for selection. The CSF panel also included sCJD cases with 
both short and long disease durations. CSF samples were coded and 
aliquoted into polypropylene tubes with sufficient sample for each 
laboratory to undertake the RT- QuIC analysis twice. The coded CSF 
samples were sent to each laboratory on dry ice.

Real- time QuIC analysis

Cerebrospinal fluid RT- QuIC analysis was undertaken as previously 
described [4, 15, 17], using either a FLUOstar Omega or FLUOstar 
Optima microtitre plate reader (BMG LabTech). Eleven of the 13 
laboratories used hamster full- length (23- 231aa) rPrP as a substrate: 
six laboratories produced this in- house and five laboratories used 
a hamster full- length (Ha FL) rPrP produced by the NCJDRSU, UK. 
In addition two laboratories used a truncated form of hamster (Ha 
Tr) rPrP (90- 231aa) produced in- house according to a previously TA
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reported methodology [5]. One laboratory used a chimeric rPrP 
composed of the Syrian hamster residues 14– 128 followed by sheep 
residues 141– 234 of the R154 Q171 polymorphic haplotype [15]. 
The volume of CSF used, the number of replicates analysed and the 

criteria for a positive RT- QuIC result for each laboratory are given 
in Table 2.

Each laboratory returned results to laboratory 13 and included a 
positive, negative, equivocal interpretation, the number of replicates 

TA B L E  2  Details of CSF RT- QuIC substrate, instrumentation, CSF volume and number of replicates used by each laboratory

Lab ID
Type and source 
rPrP Instrument used

Volume CSF 
used (μl)

Number of 
replicates used Positive criteria

1 Ha FL rPrP, 
in- house

FLUOstar Omega 30 4 90 h, cut- off >38,400 RFU in at least 2/4 wells

2 Ha FL rPrP, UoE FLUOstar Omega 30 4 96 h, cut- off >50,000 RFU in at least 2/4 wells

3 Ha FL rPrP, 
in- house

FLUOstar Omega 30 4 96 h, cut- off >25,000 RFU in at least 2/4 
(obligatory: sigmoid growth curve)

4 Ha FL rPrP, UoE FLUOstar Omega 30 and 15 4 80 h, cut- off >25,000 RFU in at least 2/4 wells

5 Ha FL rPrP, UoE FLUOstar Optima 30 and 15 4 96 h, >mean signal +5SD of the negative control in 
at least 2/4 wells (obligatory: sigmoid growth 
curve)

6 Ha FL rPrP, UoE
Ha Tr rPrP 

(Caughey)

FLUOstar Optima
FLUOstar Omega

15
20

4
4

90 h, >10,344 RFU in at least 2/4 wells
40 h, cut- off >13,233 RFU in at least 2/4 wells

7 Ha FL rPrP, 
in- house

FLUOstar Omega 30 and 15 4 90 h, cut- off >32,000 maximum RFU in at least 
2/4 wells

8 Ha FL rPrP, 
in- house

FLUOstar Omega 30 4 90 h, cut- off >50,000 RFU in at least 2/4 wells

9 Ha FL rPrP, UoE FLUOstar Omega 20 4 90 h, cut- off >38,000 RFU in at least 2/4 wells

10 Ha Tr rPrP, 
in- house

FLUOstar Omega 20 4 55 h, >1/4 wells exceed minimum reading plate 
+10% maximum plate reading [17]

11 Sheep- Ha 
chimeric

FLUOstar Optima 15 3 80 h, >10,000 RFU in >1/3 wells

12 Ha FL rPrP, 
in- house

FLUOstar Omega 28 3 or 4 90 h, cut- off >40,000 RFU in at least 2/4 wells

13 Ha FL rPrP, UoE FLUOstar Omega 30 and 15 4 90 h, >25,000 RFU in at least 2/4 wells 
(obligatory: sigmoid growth curve)

Abbreviations: CSF, cerebrospinal fluid; FL, full length; Ha, hamster (Mesocricetus auratus); RFU, relative fluorescence units; rPrP, recombinant prion 
protein; RT- QuIC, real- time quaking- induced conversion assay; Tr, truncated; UoE, University of Edinburgh.

CSF ID Diagnosis
CSF RT- QuIC 
positive Concordance

1 Neuropathologically confirmed sCJD 13/13 100%

2 Not CJD (dementia, ataxia) 1/13 92%

3 Probable sCJD 13/13 100%

4 Probable sCJD 13/13 100%

5 Not CJD (FTD) 0/13 100%

6 Not CJD (delirium) 0/13 100%

7 Probable sCJD 13/13 100%

8 Probable sCJD 13/13 100%

9 Probable sCJD 11/12a 92%

10 Probable sCJD 11/12a 92%

Abbreviations: CJD, Creutzfeldt– Jakob disease; CSF, cerebrospinal fluid; FTD, frontotemporal 
dementia; RT- QuIC, real- time quaking- induced conversion assay; sCJD, sporadic Creutzfeldt– Jakob 
disease.
aOne laboratory did not return results on CSF 9 and CSF 10.

TA B L E  3  Summary of the CSF RT- QuIC 
results obtained
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that were positive and the relative fluorescent units at the decision 
point for each replicate.

RESULTS

All 13 laboratories correctly identified seven of the 10 CSF samples, 
which included five sCJD cases and two non- CJD cases. One labora-
tory did not return results for two of the CSF samples and insufficient 
CSF was available for repeating the analysis (Table 3). In this specific 
case, CSF 9 and 10 showed unclear results (one replicate out of four 
positive in one run, two or three replicates above the cut- off but with 
unusual aspects of the curves in a second run) and a third analysis 
would have been necessary to conclude. CSF samples 2, 9 and 10 
were identified correctly by 92% of laboratories. CSF 2 (classified as 
‘Not CJD’) was reported as positive by one laboratory which used a 
sheep- hamster chimeric PrP as substrate for the RT- QuIC assay. The 
MRI was reported as normal and the CSF 14- 3- 3 was negative in this 
patient. CSF 9 was reported as an inconclusive result by one labora-
tory as only one of the four replicates was positive. This laboratory 
used 20 μl to seed the reaction. It is interesting to note that, of the 
four other laboratories that used both 30 and 15 μl, three reported 
negative results when using 15 μl and only one obtained positive re-
sults when using 30 μl. This CSF sample was from a sCJD- MV patient 
with disease duration of >2 years. The sensitivity of CSF RT- QuIC has 
been reported to be lower in longer disease duration cases [15] and in 
PRNP codon 129 MV cases [9, 18]. Based on the above it is conceiv-
able that the lower CSF volume (either 20 or 15 μl) may be the cause of 
the inconclusive result in this case. CSF 10 was reported as RT- QuIC 
negative by one laboratory using 28 μl CSF to seed the reaction. This 
was an sCJD case (classified as ‘probable sCJD’) with a disease dura-
tion of 4 months with a positive CSF 14- 3- 3 and MRI showing both 
basal ganglia changes and cortical ribboning in more than two regions.

Of the 11 laboratories that used Ha FL as substrate, five used 
both 30 and 15 μl CSF to seed the RT- QuIC analysis. Of these, four 
used the FLUOstar Omega and one the FLUOstar Optima. Of the 
four laboratories using the FLUOstar Omega, three only obtained 
positive RT- QuIC results when using 30 μl. For these laboratories 
using 15 μl gave negative results or only one positive replicate out 
of four when investigating CSF 4 and CSF 9. This suggests that using 
30 μl may be more sensitive than 15 μl when using the FLUOstar 
Omega, particularly in long disease duration cases. In contrast, the 
one laboratory that used the FLUOstar Optima and seeded the RT- 
QuIC reaction with both 30 and 15 μl CSF obtained positive results 
with 15 μl for CSF 7 and CSF 8 but only one of the four replicates 
were positive when 30 μl of these same samples was used (Table 4). 
This suggests that the optimal volume of CSF to seed the RT- QuIC 
reaction may depend on the instrumentation used.

Two laboratories used the FLUOstar Omega and Ha Tr rPrP as 
substrate. One laboratory used 15 μl CSF and the other 20 μl CSF 
to seed the RT- QuIC reaction. Both of these laboratories identified 
all 10 CSF samples correctly with all replicates being positive for all 
sCJD cases, including CSF 9 (Table 5). TA
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Laboratory 6 undertook RT- QuIC analysis using both FLUOstar 
Optima and FLUOstar Omega with Ha FL rPrP and Ha Tr rPrP, re-
spectively, as substrates. Using the FLUOstar Optima, Ha FL rPrP 
and 15 μl CSF this laboratory failed to identify CSF 4 correctly, but 
did so when using the FLUOstar Omega, Ha Tr rPrP and 20 μl CSF.

DISCUSSION

The harmonization of analytical performance and interpretation of 
CSF RT- QuIC between centres is vital for CJD surveillance, as a posi-
tive CSF RT- QuIC has the ability to classify a patient with a progres-
sive neurological disorder as probable sCJD in the absence of any 
other clinical features or supportive investigations. The high degree 
of concordance between all 13 laboratories that participated in this 
study is encouraging and helps to ensure that sCJD surveillance data 
between countries can be compared in a meaningful manner. These 
results also support the findings of previous ring- trials that found 
CSF RT- QuIC to be a robust and reliable test with a high degree of 
concordance between laboratories [15, 17, 19].

One laboratory reported a positive CSF RT- QuIC result with CSF 
2 from a control patient. This was the only laboratory that used a 
commercially available chimeric sheep- hamster PrP. The probability 
that this case was sCJD is extremely low. None of the other labora-
tories reported a positive CSF RT- QuIC in this patient and the CSF 
14- 3- 3 and MRI were negative. Ideally, ring- trial studies would use 
CSF samples from patients who had subsequent post- mortem neu-
ropathological examination; however, with the falling autopsy rate 
this is becoming increasingly difficult.

The results of this ring- trial also highlight the importance of op-
timization of the CSF RT- QuIC assay. For those laboratories using 
FLUOstar Omega, Ha FL rPrP and 30 μl CSF to seed the reaction gave 
more accurate results than using 15 μl. Interestingly those laborato-
ries using FLUOstar Omega, Ha FL rPrP and <30 μl CSF to seed the 

reaction resulted in not identifying all sCJD cases. The converse was 
true for the laboratory using FLUOstar Optima and Ha FL rPrP where 
seeding the reaction with 15 μl CSF rather than 30 μl resulted in bet-
ter sensitivity. Two laboratories used Ha Tr rPrP as substrate and 
correctly identified all CSF samples. Interestingly all replicates were 
positive in the sCJD cases, supporting a previous study that showed 
higher sensitivity using Ha Tr rPrP compared to Ha FL rPrP [9– 11].

With increasing numbers of laboratories introducing CSF RT- 
QuIC and producing rPrP substrates, standardized protocols for 
production and evaluation of rPrP substrates are required. The 
success of RT- QuIC depends on the performance of the rPrP used 
as a substrate. It must be stable enough not to spontaneously ag-
gregate whilst being continuously shaken, but also able to readily 
aggregate in the presence of abnormal PrP found in brain or CSF. 
To date the most suitable rPrP substrates for RT- QuIC have been 
hamster PrP, full length, truncated or in a chimera. Human rPrP has 
been used [1]; however, it is more prone to spontaneous aggrega-
tion than hamster PrP.

There were nine different forms of hamster rPrP used in this 
ring- trial and despite this variation the results of the CSF RT- QuIC 
were comparable across all laboratories. The strength of this study 
is the large number of sites involved; however, the lack of post- 
mortem confirmation of both sCJD and non- CJD diseases is a major 
limitation.

CONCLUSIONS

Cerebrospinal fluid RT- QuIC has been incorporated in the diagnostic 
criteria since January 2017 but has not been uniformly adopted by 
all surveillance centres. Many studies have shown that CSF RT- QuIC 
is a very accurate test for sCJD with a high degree of sensitivity and 
specificity. This study shows that CSF RT- QuIC demonstrates an ex-
cellent concordance between centres, even when using a variety of 

TA B L E  5  Number of positive replicates for each CSF sample sent to those laboratories that used an alternative rPrP as substrate

CSF vol/instrument/rPrP Diagnosis

Laboratory 6 Laboratory 10 Laboratory 11

15 μl/Omega/truncated Ha 
rPrP

20 μl/Omega/truncated Ha 
rPrP

15 μl/Optima/Sh- 
Ha chimeric rPrP

CSF 1 sCJD 4/4 4/4 3/3

CSF 2 Not CJD 0/4 0/4 2/3

CSF 3 sCJD 4/4 4/4 3/3

CSF 4 sCJD 4/4 4/4 3/3

CSF 5 Not CJD 0/4 0/4 0/3

CSF 6 Not CJD 0/4 0/4 1/3a

CSF 7 sCJD 4/4 4/4 3/3

CSF 8 sCJD 4/4 4/4 3/3

CSF 9 sCJD 4/4 4/4 2/3

CSF 10 sCJD 4/4 4/4 3/3

Abbreviations: CJD, Creutzfeldt– Jakob disease; CSF, cerebrospinal fluid; rPrP, recombinant prion protein; sCJD, sporadic Creutzfeldt– Jakob disease; 
Sh- Ha, sheep- hamster.
aReported as negative.
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instrumentation, different rPrP substrates and a range of CSF vol-
umes to seed the reaction. The adoption of CSF RT- QuIC by all CJD 
surveillance centres is recommended.
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