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ABSTRACT: Background: Canada’s National Microbiology Laboratory offers diagnostic testing of Creutzfeldt-Jakob disease (CJD) and related
prion diseases. Since 2016, the highly sensitive and specific end-point quaking-induced conversion assay (EP-QuIC) of CSF samples has been
used for antemortem CJD diagnostic testing alongside tests for surrogate biomarkers 14-3-3 and hTau. To assess EP-QuIC’s utility,
we undertook a retrospective study of Canadian CJD diagnostic testing conducted between 2016 and 2024. Methods: Using CJD CSF test
results collected between 2016 and 2024, we analyzed the CJD incidence in Canada, estimated based on positive EP-QuIC tests. Multivariate
regression models were used to further evaluate CJD CSF testing between CJD subtypes, genders, age groups and codon 129 genotypes.
Results: From 2016 to 2024, the CJD incidence across Canada was estimated at 1.51 cases per million population per year. CJD incidence did
not vary significantly across provinces, although a slight increase in CJD incidence was detected in New Brunswick due to increased sampling
rates. EP-QuIC offered higher test sensitivity than both surrogate biomarker tests. Analysis of biomarker abundances and test positivity rates
across biochemical subtypes revealed significant differences. We also detected variation in CSF test positivity rates across age groups and a
trend of increasing biomarker abundance with age within EP-QuIC-negative cases. No significant variation was detected between males and
females. Conclusion: EP-QuIC exhibits exceptional specificity and sensitivity for antemortem diagnosis of CJD, providing a valuable tool for
the diagnosis of human prion diseases and for improved surveillance.

RESUME : Diagnostic de la maladie de Creutzfeldt-Jakob au Canada : mise a jour des analyses du liquide céphalorachidien, de 2016 a
2024. Contexte : Le Laboratoire national de microbiologie du Canada offre ses services d’examen de diagnostic de la maladie de Creutzfeldt-
Jakob (MC]J) et des maladies a prions connexes. Depuis 2016, on y utilise le test de conversion provoquée par tremblement au point final
(conversion end-point quaking-induced conversion assay; EP QulC) des échantillons de liquide céphalorachidien (LCR), test hautement
sensible et spécifique, en vue du diagnostic ante mortem de la maladie, et ce, en paralléle avec les analyses des biomarqueurs de substitution 14
3 3 ethTau. Aussi avons-nous entrepris une étude rétrospective des analyses de diagnostic de la MC]J réalisées au Canada, entre 2016 and 2024,
afin d’évaluer 'utilité du test EP QuIC. Méthode : Pour ce faire, nous avons analysé, a 'aide des résultats d’analyse du LCR a I'égard de la MC]
recueillis entre 2016 et 2024, I'incidence la MCJ au Canada fondée sur une estimation des résultats positifs obtenus au test EP QuIC. Des
modeéles de régression a plusieurs variables ont aussi servi a évaluer davantage les résultats d’analyse du LCR a I’égard de la MC]J, en fonction
des sous-types de la maladie, du sexe, des tranches d’age et des génotypes du codon 129. Résultats : L'incidence de la MCJ au Canada, entre
2016 et 2024, était estimée a 1,51 cas pour 1 000 000 de personnes, par année. Ce rapport variait peu entre les provinces, si ce n’est une légere
augmentation de I'incidence de la maladie au Nouveau-Brunswick en raison d'une augmentation du taux de prélévements. Le test EP QuIC
s’est montré plus sensible que les deux autres analyses de biomarqueurs de substitution. L’analyse du nombre de biomarqueurs et du taux de
positivité aux tests a révélé des différences importantes entre les sous-types biochimiques. Des variations du taux de positivité a I'analyse du
LCR ont aussi été observées entre les tranches d’4ge, de méme qu’une tendance a la hausse du nombre de biomarqueurs en fonction de I'age
dans les cas négatifs au test EP QulC. Par contre, aucune variation importante n’a été relevée entre les hommes et les femmes. Conclusion : Le
test EP QulC a révélé une spécificité et une sensibilité exceptionnelles dans la pose du diagnostic ante mortem de la MC]J, ce qui permet d’en
faire un outil précieux de diagnostic de maladies a prions chez '’humain et de surveillance accrue.
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Highlights

« EP-QuIC is a nationally accessible, highly sensitive and specific
antemortem test for CJD that outperforms existing surrogate biomarker
tests.

« A positive EP-QuIC test provides a reliable measure for monitoring CJD
prevalence and can enhance prion disease surveillance.

« CJD incidence across Canada is estimated at 1.51 cases per million using
EP-QuIC.

Introduction

Human prion diseases are rare, fatal neurodegenerative conditions
caused by the misfolding of cellular prion proteins (PrPC) into an
infectious amyloid form (PrP%) that accumulates in the brain of
affected individuals. The most common phenotypic presentation
of human prion disease is referred to as Creutzfeldt-Jakob disease
(CJD). CJD usually occurs sporadically (sCJD) with an annual
incidence of 1-2 cases per million, although heritable (familial
CJD, Gerstmann-Straussler-Scheinker syndrome, fatal familial
insomnia, 5%-15% of cases) and acquired (iatrogenic CJD, <1% of
cases) forms also exist. The clinical presentation of sCJD is
heterogeneous but is typically characterized by a rapidly
progressing neurological decline.

CJD’s heterogeneous presentation is partly attributed to the
existence of prion strains, which are accepted to represent different
structural conformations of PrP%. CJD cases are classified using
biochemical analysis of PrP% in brain tissue, which is often
described as type 1 or type 2 based on electrophoretic mobility of
protease-resistant PrP%. The presence of methionine or valine at
position 129 of the PRNP gene (M/M, M/V or V/V) is also known
to influence CJD susceptibility and presentation. Thus, sCJD is
often categorized by integrating codon 129 genotype with PrP%
biochemical subtype into six canonical molecular sCJD subtypes:
MM, VVI1, MM2, VV2, MV1 and MV2.!2

Historically, antemortem diagnosis of CJD has primarily relied
on the detection of increased levels of surrogate protein
biomarkers, including 14-3-3 and tau in patient CSF, along with
clinical criteria and neuroimaging. However, the recent develop-
ment of the real-time quaking-induced conversion assay
(RT-QuIC) has altered the landscape of CJD testing by providing
a sensitive and specific test able to detect prion seeds directly in
CSF. This obviates the need to rely on the detection of nonspecific
markers of neurodegeneration.’ The Prion Diseases Section (PDS)
at the National Microbiology Laboratory (NML) is funded by the
Public Health Agency of Canada to support surveillance of human
prion disease in the Canadian population. Since 2016, all CSF
specimens submitted to the NML have been tested by the end-
point quaking-induced conversion assay (EP-QulC). Like RT-
QuIC, EP-QuIC has been proven to be highly specific and sensitive
for the detection of CJD prions.

Here, we report PDS’s data on CJD CSF testing conducted
between 2016 and 2024, following EP-QuIC’s introduction. The
Canada-wide average of annual positive EP-QuIC tests was 1.51
per million. We demonstrate consistent CSF test results over time
and across Canadian Provinces, and we provide additional analysis
on a cohort of confirmed sCJD cases. We further report on the
demographics of individuals tested and provide comparative
observations between EP-QuIC results and levels of the biomarker
proteins 14-3-3 and hTau. Overall, our findings serve as an update
on Canadian CJD surveillance and verify EP-QuIC’s specificity and
sensitivity for antemortem sCJD diagnosis.
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Results
Study cohort

Table 1 summarizes CSF test results and demographic information
in the cohort used for this study. We assessed 2667 EP-QuIC tests,
2659 14-3-3 ELISA tests and 2655 hTau ELISA tests collected
between 2016 and 2024. Clinicians may request CSF testing on any
patient suspected of CJD. While there are no strict criteria for CSF
testing, clinicians typically submit samples from patients present-
ing with rapid neurological decline. EP-QuIC has been imple-
mented on all submitted CSF specimens beginning in 2016, in
addition to measurement of 14-3-3 and hTau in most samples,
unless the amount of CSF was insufficient. Among all 2677 CSF
specimens, we identified 284 cases that were subsequently
confirmed as CJD following autopsy and 35 confirmed non-CJD
cases. Our group performed biochemical subtyping of PrP%
glycoforms via Western blotting of brain tissues from 280/284
confirmed CJD cases and ascribed 274 cases a subtype based on the
combination of biochemical subtyping result (type 1, type 2 or
mixed) and codon 129 genotype (M/M, M/V or V/V). Most brain
tissues were assigned to the MM1 subtype, followed by VV2, MV1,
MV2 and MM2. We also identified 25 individuals with CJD-
causing mutations that underwent CSF testing over the study
period, and these were excluded from this cohort.

Overview of Canadian CJD CSF testing

Of the 2667 CSF samples tested, 563 were EP-QuIC-positive, 2069
were negative and 35 were indeterminate. Among EP-QuIC-
positive specimens, 77% were also positive for 14-3-3, and 88%
were positive for hTau, while 10% and 12% of EP-QuIC-negative
samples had positive 14-3-3 and hTau tests, respectively (Table 1).
Among 284 confirmed CJD cases, 95% were positive via EP-QuIC,
91% were positive via hTau and 81% were positive via 14-3-3.
Among the 35 confirmed non-CJD cases, we identified 1 EP-QuIC
“false positive,” 4 hTau “false positives” and 8 14-3-3 “false
positives.” Of the 15/282 false-negative QulC tests from confirmed
CJD patients (Table 1), 6/15 were xanthochromic CSF specimens
and were not reported to clinicians (xanthochromia indicates
blood contamination and inhibits QulIC reactions). EP-QuIC’s
positivity rate was 96.7% (267/276) upon removing these six
xanthochromic tests, which better reflects EP-QuIC’s performance
in the context of test results reported to clinicians.

Table 2 provides an overview of annual age-adjusted CSF tests
per million and test positivity rates for all of Canada and within
individual provinces. Canada-wide means of age-adjusted positive
CSF tests per million per year were 1.51, 1.73 and 2.02 for the EP-
QulIC, 14-3-3 and hTau tests, respectively. These numbers align
with the expected incidence of sCJD, commonly reported as
between 1 and 2 per million per year. Test positivity rates were 0.21,
0.24 and 0.28 for the EP-QuIC, 14-3-3 and hTau tests, respectively.
Poisson regression analysis revealed no difference between the
Canada-wide incidence of positive EP-QuIC and 14-3-3 tests,
while hTau had a significantly higher positive test incidence
compared to both EP-QuIC (OR = 1.30, p = 8.7¢-6) and 14-3-3
(OR = 1.16, p = 0.014).

Temporal and geographic dynamics of CJD CSF tests in
Canada

To assess CSF test performance over time, we examined temporal
trends in the age-adjusted annual number of positive and negative
EP-QuIC, 14-3-3 and hTau tests per million, smoothed by yearly
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Table 1. Creutzfeldt-Jakob disease (CJD) cohort demographics and CSF positivity rates. EP-QuIC result, sporadic CJD (sCJD) diagnosis following autopsy and sCJD
subtype categorize CSF samples. Rates are provided with 95% confidence intervals (Cl). Mean age at testing is provided with standard errors (SE)

Proportion females + CI Mean age (years)

Group n [female/total] at testing + SE CSF positivity rate + Cl [positive/total]

14-3-3 hTau EP-QuIC
By EP-QuIC result
Indeterminate 35 0.57 + 0.16 [20/35] 70.7 + 1.7 0.22 + 0.14 [7/32] 0.34 + 0.16 [11/32] N/A
Negative 2069 0.48 + 0.02 [991/2065] 65.7 + 0.3 0.10 + 0.01 [205/2065] 0.12 + 0.01 [255/2064] N/A
Positive 563 0.46 + 0.04 [258/559] 68.6 + 0.4 0.77 + 0.03 [427/553] 0.88 + 0.03 [487/553] N/A
By sCJD diagnosis
cJD 284 0.44 + 0.06 [123/279] 69.0 + 0.5 0.81 + 0.05 [218/269] 0.91 + 0.03 [246/270] 0.95 + 0.03 [267/282]*
Not CJD 35 0.49 + 0.16 [17/35] 67.8 2.0 0.24 + 0.14 [8/34] 0.12 + 0.11 [4/33] 0.03 + 0.07 [1/35]
By sCJD subtype
MM1 118 0.39 + 0.09 [44/114] 69.6 + 0.8 0.88 + 0.06 [96/109] 0.95 + 0.04 [104/110] 0.93 + 0.05 [108/116]
MM2 13 0.54 + 0.24 [7/13] 66.3+3.1 0.50 + 0.25 [6/12] 0.83 + 0.20 [10/12] 1.00 + 0.11 [13/13]
MM mixed 17 0.47 £ 0.21 [8/17] 71.1+2.0 0.88 £+ 0.16 [15/17] 0.94 + 0.13 [16/17] 1.00 £ 0.09 [17/17]
MVl 32 0.45 + 0.17 [14/31] 67.7+2.2 0.67 + 0.16 [20/30] 0.83 + 0.13 [25/30] 0.97 + 0.08 [31/32]
MV2 28 0.43 +0.17 [12/28] 68.1+1.2 0.59 + 0.17 [16/27] 0.81 + 0.14 [22/27] 0.93 + 0.10 [26/28]
MV mixed 11 0.73 + 0.23 [8/11] 751 +21 0.70 + 0.25 [7/10] 0.90 + 0.19 [9/10] 0.91 + 0.18 [10/11]
V2 51 0.45 + 0.13 [23/51] 68.1 +1.3 0.96 + 0.06 [49/51] 0.98 + 0.05 [50/51] 0.98 + 0.05 [50/51]
VW mixed 4 0.50 + 0.35 [2/4] 67.1+3.8 0.75 + 0.33 [3/4] 1.00 + 0.24 [4/4] 1.00 + 0.24 [4/4]

*Of the 282 CJD cases tested via EP-QuIC, 267/282 were positive, 5/282 were indeterminate and 10/282 were negative. Among the 15 EP-QuIC false negatives, 6/15 were from xanthochromic CSF
specimens and were not reported to physicians. When these six xanthochromic CSF specimens were removed, EP-QuIC’s positivity rate was 0.967 (267/276).

rolling averages (Figure 1a). While the total number of CSF test
submissions exhibited some fluctuations over time, the incidence
of positive test results was stable, except for a decrease in positive
testing from 2020 to 2022 that can be attributed to the COVID-19
pandemic. When examined longitudinally through yearly rolling
averages, CSF positive rates were also stable, although the decline
in positive CSF tests during the pandemic was again evident
(Figure le).

Table 2 compares the geographic distribution of CSF testing
across Canadian provinces through annual age-adjusted tests per
million and CSF test positivity rates. Positive annual age-adjusted
CSF tests in Canadian provinces are also provided as a map
(Figure 1c), along with provincial odds ratios from Poisson
regression analysis (Figure 1d). CSF positive test incidences and
positivity rates were comparable across most Canadian provinces,
apart from New Brunswick. New Brunswick submits higher total
numbers of CSF samples per capita (Table 2), and this was reflected
inlower CSF positivity rates (Figure 1d). Despite the enhanced CSF
testing conducted in New Brunswick, the incidence of positive EP-
QuIC tests is only slightly higher than the rest of the country, at
2.53 positive tests per million per year. New Brunswick’s positive
EP-QuIC test incidence did not differ significantly via Poisson
regression (Figure 1d), indicating that this difference reflects New
Brunswick’s high numbers of test submissions. Indeed, we
observed no significant differences in positive test incidence when
comparing individual tests across provinces.

Comparison of CSF testing across sCJD subtypes

We also examined CJD CSF testing in the cohort of 274 autopsy-
confirmed cases for which biochemical subtyping was per-
formed. The CSF positivity rates for these cases were determined

and are provided in Table 1. For each sCJD subtype, we also
provide odds ratios from logistic regression analysis of CSF
positivity rates (Figure 2a) and 14-3-3 and hTau abundances
(Figure 2b).
As expected, EP-QuIC’s reported sensitivity was reflected by
positivity rates of 1 across most sCJD subtypes. Only 8/272
confirmed sCJD cases were associated with a negative EP-QuIC
result, with another 5 cases producing an indeterminate EP-
QuIC result. Most of these false negatives (8/13) originated from
cases of sCJD MM1, the most common sCJD subtype.
Although QuIC is the most accurate CSF test for CJD, it was
interesting to explore any relationship between 14-3-3 and hTau
biomarkers and sCJD subtypes. The following trends in 14-3-3 and
hTau positivity rates and signal intensities were observed among
sCJD subtypes: VV2 > MM1 > MV1 > MV2 ~= MM2 (Table 1,
Figure 2a and 2b). MM2 and MV2 were associated with
significantly lower 14-3-3 positivity rates compared to VV2
(MM2/VV2: OR = 0.050, p = 0.013; MV2/VV2: OR = 0.072, p =
0.013) and MM1 (MM2/MM1: OR = 0.14, p = 0.039; MV2/MM1:
OR = 0.20, p = 0.21). CSF abundances of 14-3-3 and hTau were
also found to quantitatively differ based on CJD subtype. For
instance, MM2 and MV2 were associated with significantly lower
biomarker abundances compared to VV2 and MM1: 14-3-3 MV2/
VV2: OR = 0.36, p = 3.2e-13; hTau MV2/VV2: OR = 0.26, p =
3.4e-13; 14-3-3 MM2/VV2: OR = 0.39, p = 1.0e-6; hTau MM2/
VV2: OR = 0.26, p = 2.1e-7, 14-3-3 MV2/MM1: OR = 043, p =
8.0e-12; hTau MV2/MMI1: OR = 0.31, p = 1.0e-12; 14-3-3 MM2/
MMI: OR = 0.46, p = 4.1e-5; hTau MM2/MM1: OR = 0.32, p =
3.0e-6. Overall, these results indicate that the 14-3-3 and hTau tests
do not perform equivalently across all CJD subtypes. Notably, the
MV2 and MM2 subtypes were associated with lower levels of CSF
biomarkers 14-3-3 and hTau.
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Table 2. Creutzfeldt-Jakob disease CSF testing across Canadian provinces. Annual tests per million were age-adjusted and are provided with 95% confidence intervals

(€1

Province Annual positive tests per million + CI Annual negative tests per million + CI Positivity rate + Cl [positive/total]
EP-QuIC

Canada 151 +0.14 5.61 + 0.26 0.21 + 0.02 [562/2629]
ON 1.35+0.21 4.41 £ 0.38 0.23 + 0.03 [188/811]
QC 1.89 + 0.34 6.26 + 0.61 0.24 + 0.03 [171/725]
BC 1.57 £ 0.40 5.66 £ 0.73 0.21 + 0.04 [78/375]
AB 1.36 £ 0.36 4.00 £ 0.61 0.25 + 0.06 [48/191]
MB 1.95 + 0.79 5.05 + 1.25 0.28 + 0.09 [24/85]

SK 1.50 + 0.82 5.69 + 1.47 0.18 + 0.09 [13/72]

NS 1.14 £ 0.90 3.57 +1.48 0.25 + 0.12 [11/44]
NB 2.53 + 1.44 35.06 + 4.72 0.07 + 0.03 [21/302]
NL 1.36 £ 1.32 3.14+1091 0.33 + 0.18 [8/24]
14-3-3

Canada 1.73 £ 0.15 5.36 + 0.26 0.24 + 0.02 [640/2656]
ON 1.57 £ 0.22 4.15 £ 0.36 0.26 + 0.03 [218/824]
QC 2.06 * 0.35 6.05 + 0.60 0.25 + 0.03 [185/735]
BC 1.76 £ 0.42 5.45 + 0.72 0.23 + 0.04 [87/379]
AB 1.57 £ 0.38 3.81 +0.59 0.29 + 0.06 [56/191]
MB 1.84 £ 0.77 5.09 + 1.26 0.26 + 0.09 [22/84]

SK 191 +£0.88 5.08 £ 1.37 0.27 £+ 0.10 [19/71]

NS 1.36 £ 0.92 3.07 + 1.35 0.31 + 0.13 [14/45]
NB 3.46 + 1.63 33.83 £4.61 0.10 + 0.03 [31/303]
NL 1.30 £ 1.33 3.20+1.91 0.33 £ 0.18 [8/24]
hTau

Canada 2.02 £ 0.16 5.07 + 0.25 0.28 + 0.02 [752/2652]
ON 1.75 £ 0.24 3.97 + 0.36 0.29 + 0.03 [241/822]
QC 2.35 +0.38 5.77 + 0.58 0.29 + 0.03 [216/734]
BC 2.17 £ 0.46 4.94 £ 0.68 0.30 + 0.05 [114/378]
AB 1.78 + 0.41 3.59 + 0.58 0.34 + 0.07 [65/191]
MB 2.52 + 0.89 4.48 £ 1.19 0.36 + 0.10 [30/84]

SK 2.10 £ 0.93 4.96 £ 1.36 0.28 + 0.10 [20/71]

NS 1.54 £ 1.03 3.06 + 1.35 0.33 £ 0.13 [15/45]
NB 4,70 £ 1.81 32.59 + 4.54 0.14 + 0.04 [41/303]
NL 1.74 + 1.48 3.25+211 0.42 + 0.18 [10/24]

ON = Ontario; QC = Quebec; BC = British Columbia; AB = Alberta, MB = Manitoba; SK = Saskatchewan; NS = Nova Scotia; NB = New Brunswick; NL = Newfoundland.

CJD CSF test positivity rates differ across age groups

Sporadic CJD typically presents in individuals between 55 and 75
years of age (median age of onset = 67 years), and so we examined
the age distribution at the time of CSF testing between samples that
tested positive and negative via EP-QuIC (Table 1). EP-QuIC-
positive CSF specimens were associated with a mean age at testing
of 68.6 years, which was significantly higher than EP-QuIC-
negative CSF specimens that had a mean age of 65.7 years
(p = 0.0025). We next compared CSF test positivity rates across
different age groups using odds ratios from logistic regression
(Figure 2f). The highest positivity rates were evident in individuals
between 60 and 85 years of age, with significantly lower EP-QuIC

and hTau positivity rates in individuals < 50. For example, in all
three tests, the greatest differences were observed between
individuals 60-64 compared to those < 50 years of age, producing
odds ratios of 6.6 (p = 4.6e-6) for EP-QuIC, 2.8 (p = 6.0e-4) for
hTauand 2.2 (p = 0.039) for 14-3-3. We also examined 14-3-3 and
hTau abundances in EP-QuIC-positive and EP-QuIC-negative
CSF samples broken down by age group through GLM regression
analysis (Figure 2g). As expected, EP-QuIC-positive samples were
associated with significantly higher biomarker abundances within
each individual age group. When only considering CSF samples
that tested positive via EP-QuIC, 14-3-3 and hTau signal
intensities were similar across age groups. A trend of elevated
14-3-3 and hTau signal intensities in EP-QulC-negative CSF
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samples from older age groups was evident, although differences
between individual age groups did not reach significance. This
observation reinforces the fact that 14-3-3 and hTau are
nonspecific biomarkers of neuronal degeneration and are elevated
in association with age-related diseases.

CJD 14-3-3 and hTau CSF biomarker abundance is associated
with codon 129 genotype

The presence of methionine or valine at codon 129 of the PRNP
gene (M/M, M/V or V/V) is associated with CJD presentation and
susceptibility, and so we next compared CSF testing in samples
stratified by codon 129 genotype. Unlike EP-QuIC, 14-3-3 and
hTau positivity rates differed between codon 129 genotypes
(Figure 2c). Compared to M/M, CSF biomarker positivity rates
were lower in M/V samples (14-3-3: OR = 0.40, p = 0.0013; hTau:
OR = 0.48, p = 0.028) and higher in V/V samples (14-3-3: OR =
3.00, p =0.018; hTau: OR =2.85, p =0.060). We also compared 14-
3-3 and hTau abundances between codon 129 genotypes in EP-
QulC-negative and EP-QuIC-positive CSF samples (Figure 2d).
As reflected by positivity rates, EP-QuIC-positive M/V samples
were associated with significantly lower 14-3-3 and hTau CSF
abundances compared to M/M (14-3-3: OR = 0.62, p = 1.6e-4;
hTau: OR=0.52, p = 8.0e-5) and V/V (14-3-3: OR = 0.48, p = 3.9¢-7;
hTau: OR = 0.40, p = 1.4e-6). Interestingly, EP-QuIC-negative
V/V samples were associated with higher 14-3-3 (OR = 2.06,
p = 0.11) and hTau (OR = 3.44, p = 0.018) CSF abundances
compared to M/V. The distribution of codon 129 genotypes was
also compared between CSF samples that tested positive and
negative via each test (Figure 2i). In all three tests, positive CSF
samples were enriched with M/M and V/V genotypes and depleted
with the M/V genotype relative to CSF samples that tested

Annual age
adjusted positive
tests per million
0.5

1.0

1.5

Figure 1. Temporal and geographic
trends of Creutzfeldt-Jakob disease
CSF testing in Canada. (A) Canada-wide
annual age-adjusted CSF tests per

million  (positive and  negative)
2.0 smoothed using 1-year rolling averages
3.0 over time. (B) Canada-wide CSF test
4.0 positivity rates smoothed using 1-year

rolling averages over time. (C) Heatmaps
illustrating geographic distributions of
annual age-adjusted positive CSF tests
per million. (D) Odds ratios from
Poisson regression comparing annual
age-adjusted positive CSF tests per
million across provinces (error bars =
95% confidence interval). ON = Ontario;
QC = Quebec; BC = British Columbia;
AB = Alberta; MB = Manitoba; SK =
Saskatchewan; NS = Nova Scotia; NB =
New Brunswick; NL = Newfoundland.

negative. Overall, these results support the theory that hetero-
zygosity at codon 129 is protective against CJD.

CJD CSF testing is comparable between males and females

CSF test positivity rates were also compared between males and
females (Figure 2h). As expected, EP-QuIC positivity rates were
identical between males and females. We found that males
exhibited a slight trend toward lower positivity rates for the 14-3-3
(OR = 0.82, p = 0.053) and hTau (OR = 0.82, p = 0.040)
biomarkers. We also compared 14-3-3 and hTau abundances
across EP-QuIC-positive and EP-QulC-negative CSF samples
collected from males and females and did not identify any
biological sex-associated differences (Figure 2i).

Discussion

We estimated the Canadian annual CJD incidence to be 1.51 cases
per million based on 563/2667 EP-QuIC-positive CSF samples
collected between 2016 and 2024. While we did not apply case
definitions to our cohort in this study, our laboratory previously
reported comparable EP-QuIC sensitivity and specificity in a
smaller cohort.* The general trend of increasing CJD incidence® is
supported by comparing our estimate of 1.51 positive EP-QuIC
tests per million with the crude sCJD mortality rate of 1.18 per
million per year reported by the Canadian CJD Surveillance System
between 1998 and 2013.5 This increase in CJD incidence has been
attributed to an aging population, increased disease awareness and
improved antemortem tests for CJD.”

Estimated CJD incidences were similar across Canadian
provinces, although New Brunswick exhibited a slightly higher
incidence that we attribute to a higher sampling rate. Over the
study period, New Brunswick averaged 37.5 CSF test submissions
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per million compared to 7.1 test submissions per million from the
rest of Canada. Indeed, this New Brunswick cohort represents the
highest density of CJD testing performed in a focused Canadian
population to date.®? This localized increase in sample submissions
was driven by concerns of individuals who exhibited neurological
syndromes of an unknown cause.!® Of 303 samples submitted by
the Province of New Brunswick, 21 were EP-QuIC positive.
Although this translates to an annual CJD incidence of 2.5 per
million, slightly higher than the national average, we attribute this
to a general increase in vigilance and heightened awareness of CJD
testing in local healthcare communities. Similar instances of
enhanced surveillance in a geographically restricted area have been
linked with elevated detection of CJD cases.?

Our findings support the use of QulC for routine CJD diagnosis
and surveillance. EP-QuIC’s positivity rate was 95% among
postmortem confirmed sCJD cases that underwent CSF testing,
surpassing both 14-3-3 and hTau biomarker tests and corrobo-
rating previous data.*”!!2 Notably, EP-QuIC’s exceptional
specificity was further evidenced by the lack of false-positive tests
reported for the province of New Brunswick, despite higher
numbers of test submissions per population. We confirmed a
single false-positive case in our cohort overall, in an individual who
was diagnosed with immune-mediated encephalopathy, a class of

Gender by QuIC Result

neurological disease that has been reported to occasionally result in
positive QuIC tests.'* EP-QuIC positivity was also uninfluenced by
sCJD subtype, codon 129 genotype and biological sex — factors that
we demonstrated to be associated with the measurement of the
nonspecific biomarkers 14-3-3 and hTau.

We also report 15/282 confirmed CJD cases that either tested
negative or inconclusive by EP-QuIC in our cohort. Six of 15
EP-QuIC false negatives were from xanthochromic CSF speci-
mens, which we do not report as negative to clinicians because
blood contamination inhibits QuIC reactions. False-negative QuIC
tests can also occur in early stages of disease, and repeat testing is
encouraged if there is a strong suspicion of CJD. Additionally,
some inherited prion diseases, particularly fatal familial insomnia
and cases of dominantly inherited prion amyloidosis such as
Gerstmann-Straussler-Scheinker disease, as well as other atypical
subtypes with slow disease progression, can also test negative in
QuIC assays. Therefore, while a QuIC-negative result means CJD is
unlikely, it does not exclude the possibility of a prion disease, and
test results should be interpreted alongside clinical findings,
neuroimaging and family history.

We determined that EP-QuIC, 14-3-3 and hTau positivity rates
were highest in Canadian individuals between 60 and 85 years old,
consistent with international data reporting sCJD’s median age of
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symptom onset at 67 years of age.'>!*"1¢ We also observed an age-
dependent increase in 14-3-3 and hTau signal intensities in EP-
QulC-negative samples that further highlights the limited
specificity of these surrogate biomarkers. Indeed, elevated CSF
14-3-3 and hTau levels are detected in other age-associated
neurodegenerative conditions, including Alzheimer’s disease,
frontotemporal dementia, dementia with Lewy bodies and vascular
dementia.!”"" High 14-3-3 levels have also been observed in
carcinomatous meningitis and anoxic encephalopathy,® which are
also associated with aging.

Furthermore, we detected trends in 14-3-3 and hTau CSF
abundances across sCJD subtypes, reflecting sCJD’s considerable
phenotypic heterogeneity. Cases of sCJD VV2 were associated with
the highest levels of CSF 14-3-3 and hTau, whereas in sCJD MM2
and MV2, the levels were conspicuously lower. Previous studies
also reported higher 14-3-3 levels in classical MM1, VV2 and MV1
molecular sCJD subtypes compared to nonclassical subtypes,*
with tau levels following similar trends.”!~2* CSF 14-3-3 and hTau
levels show some correlation with codon 129 genotype, since we
observed low biomarker levels in M/V individuals and high
biomarker levels in V/V individuals. We were also surprised to
observe high biomarker levels in EP-QuIC-negative V/V individ-
uals, which seems to suggest that PRNP genotype influences 14-3-3
and hTau levels independently of prion disease. Many biological
functions have been attributed to PrP®, and so an indirect
relationship between PRNP genotype and CSF protein levels is
plausible.

Collectively, this study serves as an update on Canadian CJD
surveillance and supports the use of EP-QuIC for antemortem CJD
diagnosis. Our analyses focused solely on laboratory testing
without cross-referencing clinical or pathological case informa-
tion. For this reason, while the distribution of sCJD subtypes in our
cohort was consistent with those reported from other countries’
national surveillance systems, we could not distinguish non-
classical sCJD subtypes like MM2C, MM2T, MV2K, MV2C or the
recently characterized VM1 subtype.”* Nevertheless, our
thorough analyses of CJD CSF testing in a comparatively large
cohort of Canadian CJD cases verified the utility of EP-QuIC as a
specific and sensitive test. Continued CJD surveillance remains
especially important in light of ongoing concerns of zoonotic
transmission from chronic wasting disease. This prion disease is
prevalent among cervids in the western Canadian provinces of
Alberta and Saskatchewan and has recently spread east to
Manitoba and further west into British Columbia.

Methods
Study population

We retrospectively analyzed data from 2677 patient CSF samples
submitted for diagnostic testing to the Prion Diseases Section,
National Microbiology Laboratory, between 2016 and 2024. This
unit serves as Canada’s national reference laboratory for diagnostic
testing and surveillance. Samples are tested on demand and are not
prescreened with respect to any clinical criteria.

Laboratory testing

Samples were processed through three testing streams. CSF samples
were tested using EP-QuIC, 14-3-3 and hTau tests, as described in
our service guide: https://cnphi.canada.ca/gts/reference-diagnostic-
test/4462%labld=1025. EP-QuIC was performed using an in-house
assay, as previously described.”® Briefly, 15 pL of CSF is added in

triplicate to a reaction containing 100 pg/mL filtered recombinant
hamster PrP3 231y, 160 mM NaCl, 10 pM EDTA and 10 pM
Thioflavin T in PBS in a final volume of 100 pL. Before shaking,
fluorescence readings are taken at t = 0 h on a FLUOstar Omega
plate reader (Agx = 450 nm; Ag,, = 480 nm). Reactions are incubated
on an Eppendorf Thermomixer C at 42°C, 900 r.p.m. (90 s on, 30 s
rest) for 66 h, and end-point fluorescence values are recorded.
Samples where all three replicates have a >4-fold increase in
fluorescence over t = 0 h are considered positive, where those with
three wells with <4-fold increase are considered negative. Samples
with one or two positive replicates are re-run using 7.5, 15 and 30 pL
CSF. Indeterminate results are reported when tests repeated with
multiple CSF dilutions fail to produce a positive or negative test
result. Commercial kits were used for 14-3-3 (Circulex 14-3-3
Gamma ELISA kit) and hTau (Innotest hTAU ELISA kit) biomarker
testing, following the manufacturer’s instructions. Biomarker tests
were classified as positive or negative based on thresholds of 20,000
absorbance units for 14-3-3 and 976 pg/mL for hTau. A plot
comparing 14-3-3 and hTau abundances between EP-QuIC-positive
and EP-QuIC-negative samples is provided in Supplementary
Figure la.

Genetic sequencing of the PRNP gene was conducted on blood
or brain tissue specimens to determine the codon 129 genotype and
identify CJD-associated mutations. PrP% glycotypes were con-
firmed via Western blot analysis of proteinase K-digested brain
homogenates using methods previously described elsewhere,
with slight modifications.> PrP% glycotypes were classified
as type 1, type 2 or mixed based on the Parchi classification
system."?

Case definitions

Cases with a positive or negative EP-QuIC test were used to
compare biomarker abundances (14-3-3 and hTau). Cases with a
positive biochemical subtyping test were classified as definitive
CJD cases and used to compare test sensitivities for all three CSF
tests (EP-QuIC, 14-3-3 and hTau). Sporadic CJD cases were
defined by a positive subtyping test with no identified PRNP
mutation. Sporadic CJD cases were subtyped based on the
combination of PrP% glycotype (type 1, type 2 or mixed) and
PRNP genotype (M/M, M/V and V/V). Familial CJD cases were
defined by the presence of a known CJD-associated PRNP
mutation, and these cases were not included in the study cohort.

Data analysis and statistics

Data analyses were conducted in R using the dplyr, emmeans,
ggplot2 and complexHeatmap packages for data manipulation,
statistics and visualization. Diagnostic data were cleaned by
associating all test results with individual patients. When multiple
tests were conducted (e.g., CSF testing), the most recent result was
used for analysis. Patient age at testing was calculated using their
birthdate and the date of their most recent test result. Sex and
province were included as reported on test requisition forms. Prior
to analysis, the dataset was filtered based on the most recent test
result (> 2016-01-01 and < 2025-01-01), familial CJD cases were
removed, and patients with at least one CSF test result (EP-QuIC,
14-3-3 and hTau) were retained.

The age-adjusted incidences of positive and negative CSF tests
were calculated using the following age strata, associated with
province-level population data from Statistics Canada: 0-17 years,
18-24 vyears, 25-44 years, 45-64 years, 65 years and older.
Incidences were calculated separately for each stratum using the
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number of positive and negative tests and person-years for each
group from 2016 to 2024 (EP-QuIC was implemented on all CSF
samples beginning in 2016). Canada’s 2011 population was used as
the reference for weighting age strata. Age-adjusted incidences
were calculated as the weighted sum of age-stratified incidences,
with standard errors calculated as sqrt(n/person-years).> To
examine CSF testing incidences longitudinally, annual age-
adjusted incidences were smoothed using 1-year rolling averages,
calculated daily and averaged over 1-year windows.

To compare age-adjusted incidences between tests and
provinces, the number of positive CSF tests was fitted to a
Poisson regression model (log link), with province, age group and
sampling rate as covariates and log(person-years) as an offset.
Pairwise comparisons between tests and provinces were performed
using estimated marginal means to determine odds ratios, with
p-values adjusted using the Tukey method.

Positivity rates were calculated as positive tests/total tests, with
95% confidence intervals calculated using the Wilson score interval
method. Positivity rates were compared using logistic regression,
with test result (positive or negative) fitted to a binary model (logit
link) against province, age group, gender and codon 129 genotype
as covariates. Pairwise comparisons were performed using
estimated marginal means to calculate odds ratios, with p-values
adjusted using the Tukey method.

CSF biomarker abundances (14-3-3 and hTau) were analyzed
using a gamma generalized linear model (log link) against
EP-QuIC status, codon 129 genotype, gender, age group and
province as covariates. Pairwise comparisons between EP-QuIC-
positive and EP-QulIC-negative CSF samples, stratified by other
variables, were conducted using estimated marginal means to
calculate odds ratios, with p-values adjusted using the Tukey
method. Age distributions were analyzed similarly, but using a
Gaussian generalized linear model.

Statistical results (pairwise comparisons) are provided in
Statistical Source Data 1.

Supplementary material. The supplementary material for this article can be
found at https://doi.org/10.1017/cjn.2025.10088
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