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ABSTRACT: Sensitive and specific antemortem diagnostic tests are a prerequisite for effective management
of chronic wasting disease (CWD). Paired with readily accessible samples that accurately reflect
CWD status, the real-time quaking-induced conversion (RT-QuIC) assay has the potential to enable
more effective CWD surveillance and interventions. We evaluated the feasibility of RT-QuIC as a
CWD diagnostic test using 6-mm ear tissue biopsies from elk (Cervus canadensis). First, we evaluated
the effect of ear spatial location on seeding activity. We observed an effect of ear punch spatial
location on the amyloid formation rate (AFR): Samples collected from the periphery of the ear
evidenced a statistically significant increase in AFR relative to ear punches from the ventral midline.
Gross microdissection of an ear pinna suggested that there was more small nerve innervation around
the periphery of the ear. Second, we evaluated the diagnostic sensitivity, specificity, and predictive
value of RT-QuIC using ear punches from elk that had been previously diagnosed via ELISA testing.
We evaluated the impact of nonstatistical and statistical approaches on diagnostic accuracy. Specificity
and positive predictive value were perfect when statistical analyses were used to evaluate the binomial
distribution (CWD positive versus CWD negative) of the data. Conversely, sensitivity and negative
predictive value were modest, independent of the application of statistical analysis, indicating that RT-
QuIC may be susceptible to false-negative data in this context. Taken together, our data support the
idea that RT-QuIC, when paired with US Department of Agriculture–approved diagnostic tests, may
provide more time to stakeholders for making major management decisions.
Key words: Amyloid formation rate, antemortem testing, diagnostic concordance, predictive value,

prion, sensitivity, specificity, surveillance.

INTRODUCTION

Chronic wasting disease (CWD) is an insid-

ious and invariably fatal neurodegenerative

disease of cervids (Williams and Young 1980)

that is caused by an infectious misfolded prion

protein (Prusiner 1982). The prions of CWD

maintain infectivity for extremely long periods

of time and have remarkably low infectious

doses (Denkers et al. 2020; Kuznetsova et al.

2020). Prions are putatively transmissible via

oronasal exposure to environmental vectors

such as soil (Johnson et al. 2006, 2007), plants

(Pritzkow et al. 2015; Carlson et al. 2023),

deer scrapes (Huang et al. 2024), and arthropods

(Inzalaco et al. 2023; Soto et al. 2024). As of 1
August 2024, CWD has been detected in free-
ranging cervids in 35 US states, four Canadian
provinces, Finland (Sun et al. 2023), Norway
(Pirisinu et al. 2018), and Sweden (SVA 2024).
It has also been detected in captive cervid facili-
ties in 19 states, three Canadian provinces
(USGS 2024) and South Korea (Kim et al. 2005;
Lee et al. 2013). The spread of CWD across
North America is expected to have significant
social and economic implications. Furthermore,
CWD is a One Health issue, as it has implications
for animal health and the environment in addition
to its potential impact on human health (Gilch
2022). This disease presents many challenges for
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wildlife management agencies (Opsahl 2003;
Chiavacci 2022). The worst-case scenario might
involve the death of many cervids, resulting in
substantial environmental contamination with
infectious prions. Social implications include
the loss of an important food source and cul-
tural focus for many people, particularly indige-
nous and rural communities. Although there
are no known instances of human CWD zoono-
sis (Tranulis and Tryland 2023) and the human
species barrier appears to be robust (Groveman
et al. 2024), the precedent for prion zoonoses
exists (Will et al. 1996).
Key tools in the management of any disease

are easy-to-use antemortem tests with high
diagnostic sensitivity, specificity, and predic-
tive value. Antemortem testing for CWD is a
challenging endeavor because of the exceed-
ingly slow progression of prion diseases gen-
erally. Body-wide dissemination of infectious
prions accelerates in later stages of the disease
but is slow initially (Henderson et al. 2020).
Furthermore, the relative sensitivities of anti-
body-based methods (ELISA, western blot) are
far lower than would be necessary for antemor-
tem testing of readily accessible tissues (McNulty
et al. 2019; Schwabenlander et al. 2022). Ante-
mortem testing for CWD has been met with
some success using tonsillar biopsies or rec-
toanal mucosa–associated lymphoid tissue
(RAMALT) by either ELISA or immunohisto-
chemistry (IHC; Wild et al. 2002; Keane et al.
2009; Spraker et al. 2009). However, sampling
RAMALT or tonsils antemortem can be highly
invasive for the cervid and can be technically
challenging for the collector, requiring training
as well as veterinary care.
The cervid ear represents an attractive biopsy

source, as it is relatively easy to collect. Two
publications have evaluated the diagnostic sensi-
tivity and specificity of ear punches using real-
time quaking-induced conversion (RT-QuIC;
Ferreira et al. 2021; Burgener et al. 2022). RT-
QuIC is an extremely sensitive seeded amplifi-
cation assay that uses fluorescence intensity as
a quantitative proxy for the presence of prions
in samples of unknown status (Ferreira et al.
2021). Ferreira et al. (2021) reported that mule

deer (Odocoileus hemionus) and white-tailed
deer (Odocoileus virginianus) ear punch sam-
ples tested with RT-QuIC after iron oxide mag-
netic bead extraction showed 81% diagnostic
sensitivity and 91% diagnostic specificity rela-
tive to retropharyngeal lymph node (RPLN)
ELISA. Burgener et al. (2022) reported 95%
diagnostic sensitivity and 100% diagnostic
specificity using white-tailed deer ear punches
and belly skin respectively, using traditional
RT-QuIC. Taken together, these studies suggest
that RT-QuIC testing of ear punches holds
promise as an antemortem CWD diagnostic tool
for mule and white-tailed deer. To date, no diag-
nostic evaluation of elk (Cervus canadensis) ear
tissue has been conducted. Importantly, differ-
ences in physiology and disease progression
between Odocoileus spp. and elk may lead to
differences in the relative abundance and subse-
quent detectability of prions in ear tissue. Earlier
work (Race et al. 2007) suggests that prion dis-
semination in elk is lower than in the Odocoileus
spp. To address this knowledge gap, we evalu-
ated the diagnostic concordance of RT-QuIC
using elk ear punches relative to ELISA-tested
obex and/or RPLN from matched animals.

MATERIALS AND METHODS

Sample sources

This study used tissues obtained opportunistically
from culling (for population control in areas where
hunter harvest is not permitted), hunter harvest,
predation, or elk found dead in the Black Hills
and other areas in southwestern South Dakota.
No animal-use protocol approval was required. In
total, 38 elk ear pinnae were received from South
Dakota Game Fish & Parks and frozen at �80 C.
Specific circumstances of sample collection and
demographic details are shown in Supplementary
Material Table S1.

Sample preparation

We collected 6-mm ear punches using Integra
Miltex disposable biopsy punches (Fisher Scien-
tific, Hampton, New Hampshire, USA) from five
locations on each intact ear. The samples gener-
ally weighed 100620 mg. We designated those
locations ventral, medial, dorsal, lateral, and central
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(Fig. 1). These designations correspond roughly to
locations 7, 2, 1, 6, and 5 respectively in Burgener
et al. (2022). They correspond to a site intermedi-
ate of 2 and 3, 4, 6, 5, and 1 respectively in Ferreira
et al (2021). All samples were digested using the
protocol described in Burgener et al. Ear punches
(�100 mg) were homogenized in 900 mL of a solu-
tion of 0.25% w/v collagenase A (Sigma Aldrich, St.
Louis, Missouri, USA), 2 mM CaCl2 in 13 phos-
phate-buffered saline (PBS) using a Beadblaster 24
microtube homogenizer (Neta Scientific, Marlton,
New Jersey, USA) with 1.5-mm zirconia beads
(Millipore Sigma, Burlington, Massachusetts, USA)
for 1 min at 4 m/s. This yielded �10% (or 10�1)
homogenates that were heated and mixed using a
ThermoMixer (Eppendorf, Hamburg, Germany)
for 24–27 h at 45 C at 700 RPM. Supernatants
were collected and frozen at �80 C after the
homogenates were centrifuged for 3 min at 3,0003
G. Gross anatomical dissection of the remaining
pinnae was performed in a biosafety cabinet using a
scalpel and hemostat forceps (Fisher Scientific).

RT-QuIC assay

The RT-QuIC assays were performed as
described (Burgener et al. 2022; Schwabenlander
et al. 2022). Briefly, ear punch supernatants were
diluted to 10�2 into RT-QuIC sample dilution

buffer, which consisted of 1% N2 supplement
(Fisher Scientific) and 0.1% sodium dodecyl sul-
fate in 13 PBS. Next, 2 mL of the diluted sample
was added to 98 mL of RT-QuIC reaction buffer,
which consisted of 13 PBS, 500 mM EDTA, 50
mM thioflavin T (ThT), 300 mM sodium chloride,
and 0.1 mg/mL recombinant prion protein (rPrP)
substrate (MNPROtein; Minnesota Center for
Prion Research and Outreach, St. Paul, Minne-
sota, USA). Eight technical replicates were tested
for each ear punch. RT-QuIC assays were run
using sealed black 96-well clear-bottom plates
(Thermo Scientific, Waltham, Massachusetts,
USA) on a FluoStar Omega plate reader (BMG
Labtech, Cary, North Carolina, USA). Samples
were incubated for 48–49 h with 60 s of double
orbital shaking followed by 60 s of rest, for a total
of 15 min. A 448-10 excitation filter and a 482-10
emission filter were used to measure ThT fluores-
cence every 15 min, with a manual gain setting of
1,000. The means of the relative fluorescence
intensity units (RFU) of cycles 2 and 3 were used
to calculate background fluorescence for each well,
in order to control for any RFU variability among
wells and to compensate for the greater ThT fluo-
rescence typically found in the first cycle because
of viscosity effects (Stsiapura et al. 2008). Cycles 4
onward were normalized to this mean.

Data analysis

The amyloid formation rate (AFR) for each
sample was calculated as the inverse of the time
to threshold in seconds (calculated as the time
required to cross the threshold of twice the back-
ground fluorescence), a modification of previously
described data processing (Burgener et al. 2022;
Schwabenlander et al. 2022) using MARS data
analysis software (BMG Labtech). Because there
is no consensus on the analysis of RT-QuIC data
(Rowden et al. 2023) we first qualitatively described
the data. We classified seeding activity across the
five punch biopsies of an ear as “strong” or “sus-
pect” (Supplementary Material Table S1). A repli-
cate with “strong” seeding activity generally reached
the exponential phase within 6 h of the initiation of
the RT-QuIC reaction, similar to CWD-positive
lymph node or brain tissue. These reactions were
also generally characterized by a fluorescence
intensity of 1,000 or more RFU. Conversely, “sus-
pect” seeding activity generally did not reach the
exponential phase until 30 h or longer after the

FIGURE 1. (A) Rostral (concave) view of elk (Cervus
canadensis) ear, left side, and (B) caudal (convex) view of
elk ear, left side. Five 6-mm ear punches were made in
each ear. Ear punches were designated dorsal (D), lateral
(L), ventral (V), medial (M), and central (C).
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initiation of the RT-QuIC assay and was charac-
terized by sub-1,000 RFU (Supplementary Mate-
rial Fig. S1).

Nonparametric statistical analysis of ear punch

spatial location

Because the AFR data were not normally dis-
tributed, we used a nonparametric Kruskal-Wallis
H test followed by a Dunn pairwise comparison
(Graphpad Prism, Graphpad Software LLC, Bos-
ton, Massachusetts, USA) to evaluate the statisti-
cal significance of ear punch location.

Nonstatistical assessment

We explored two diagnostic assessments to evalu-
ate the ability of RT-QuIC testing of ear punch
samples to discriminate CWD infection status of an
elk as defined by ELISA test results of the RPLN
and/or obex. For both diagnostic assessments, we
used RT-QuIC AFR data from the ear location that
had the highest seeding activity as determined from
the nonparametric analysis of ear punches from var-
ious spatial locations. For the first nonstatistical
diagnostic assessment, we designated an ear punch
biopsy as CWD positive if 50% (4/8) or more of the
RT-QuIC technical replicates evidenced any seed-
ing activity for the duration of the assay (Burgener
et al. 2022; Supplementary Material Table S1).

Statistical assessment of binomial distribution

using receiver operating characteristic analysis

For the second statistical diagnostic assessment,
we conducted a semiparametric receiver operating
characteristic (ROC) curve analysis (Pepe 2000)
that established an AFR threshold for RT-QuIC
positivity. To conduct the ROC analysis, we first
normalized AFR values by plate, so the data were
in the range (0, 1). We used the following formula
to normalize the AFR values by plate:

Xscaled ¼ X � xmin=xmax� xmin

where Xscaled is the normalized AFR value, X is
the AFR value for each technical replicate of each
elk ear biopsy on a given plate and xmin and xmax
are the minimum and maximum AFR values
respectively of all technical replicates of elk ear
biopsies on a given plate.

To obtain fitted values for the ROC analysis,
we fit the median of the normalized AFR values
into a generalized linear model with a binomial
distribution and logit link function,

logðl=1� lÞ ¼ b0 þ b1x1;

where l represents the log odds of the ELISA
test having a positive test result (coded as 0, nega-
tive, or 1, positive), b0 is the intercept of the
model, and b1 is the coefficient associated with
the predictor variable, x1, which is the median of
the normalized AFR values. We determined the
optimal threshold for AFR associated with an
optimal combination of sensitivity and specificity
from area under the curve (AUC). We used the
pROC package (Robin et al. 2011) in R statistical
software (R Core Team 2024) to plot ROC and
determine AUC.

Assessment of diagnostic test performance

We evaluated each method of assessing the
binomial distribution (statistical and nonstatisti-
cal) by calculating sensitivity, specificity, positive
predictive value (PPV), and negative predictive
value (NPV). We calculated these metrics as
described by Dohoo et al. (2009) in comparison
with ELISA of obex and/or RPLN. We estimated
sensitivity as the number of elk positive by both
tests divided by the total number positive by
ELISA and specificity as the number negative by
both tests divided by the total number negative
by ELISA. We calculated PPV, or the probability
that an elk that tests positive by RT-QuIC of an
ear punch is also positive by ELISA (of obex and/
or RPLN), as the number of elk positive by both
tests divided by the total number of elk positive
by RT-QuIC. We calculated NPV, or the proba-
bility that an animal negative by RT-QuIC is also
negative by ELISA, as the number of elk negative
by both tests divided by the total number of elk
negative by RT-QuIC. We calculated exact 95%
confidence intervals (CIs) for binomial counts or
proportions using the epi.R package (Carstensen
et al. 2023).

To determine the level of agreement beyond
chance between ELISA and RT-QuIC to discrim-
inate the presence of CWD prions at the animal
level, we computed McNemar test, kappa statis-
tics, and 95% CIs for each diagnostic assessment
using the epi.R package. If the McNemar test was
significant or prevalence was ,20 or .80%, we
reported the prevalence-adjusted and bias-
adjusted kappa statistic (PABAK; Sim and Wright
2005). Otherwise, we reported the Cohen kappa
statistic (KAPPA). The strength of agreement was
classified using the criteria described for kappa
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statistics by Landis and Koch (1977), which consid-
ered kappa statistics of 0.41–0.60 to be moderate
agreement, 0.61–0.80 to be substantial agreement,
and greater than 0.81 to be almost perfect. Statisti-
cal tests were considered significant at a¼0.05.

RESULTS

Specific details about ELISA (TeSeE Kit,
Bio-Rad, Hercules, California, USA) testing
and diagnosis are indicated in Supplementary
Material Table S1. The ELISA data from the
three diagnostic laboratories indicated that
18/38 (47%) of the elk tested were CWD posi-
tive. Of these, 15/18 (83%) exhibited strong
(RFU.1,000) RT-QuIC seeding activity
(Supplementary Material Table S1). Of the 20
ELISA-diagnosed CWD-negative elk, one bio-
logical replicate (5%) exhibited strong RT-QuIC
seeding activity. All 10 of the animals designated
Wind Cave National Park Surveillance (Supple-
mentary Material Table S1) were culled and
exhibited suspect (RFU,1,000) seeding activity.
Two of the four animals designated “research”
had been found dead: One of these was a coyote
predation victim and the other was of unknown
status. Four of the five (75%) animals designated
“sick/surveillance” were ELISA-diagnosed posi-
tive and RT-QuIC positive; the fifth was
ELISA-diagnosed negative and RT-QuIC nega-
tive. No further details were available to us for
sick/surveillance animals. The remaining elk
were collected via hunter harvest.

A Kruskal-Wallis H test of ELISA-diag-
nosed CWD-positive (only) ear punch AFR
data indicated a statistically significant effect
of spatial location (H¼14.95, P¼0.0048). Post
hoc Dunn tests indicated a statistically signifi-
cant reduction in the ventral punch AFR rela-
tive to medial (mean rank difference¼�96.49,
P¼0.0067), dorsal (mean rank difference¼
�81.75, P¼0.0396), and lateral (mean rank
difference¼81.71, P¼0.0398) ear punches
(Fig. 2). Based on these data, and because
few people would simultaneously collect five
ear punches per elk in practice, we performed
a nonparametric analysis and semiparametric
analysis on the medial ear punches only

Nonparametric statistical analysis of all of our
data showed a statistically significant reduc-
tion (P¼0.0067, 0.0396, 0.0398 respectively)
in the AFR of samples collected from the ven-
tral area of the elk ear, relative to medial, dor-
sal and lateral areas. A statistically nonsignificant
reduction in AFR (P¼0.9288) was also observed
in the central punch.
Supplementary Material Table 2 shows the

sensitivity, specificity, PPV, and NPV of RT-
QuIC relative to ELISA, using the 50% of 40
technical replicates threshold; i.e., across all
technical replicates and spatial locations per
elk ear). All other spatial comparisons were
statistically insignificant. We found that 15/38
elk were CWD positive based on seeding in
50% of the eight replicates of the medial ear
punch location. A total of 12/38 elk were clas-
sified as CWD positive based on the median
AFR threshold for detection established by
the ROC analysis. Using the seeding in 50%
of the eight technical replicates approach,
RT-QuIC had a sensitivity of 67% (95% CI,
41.0–86.7%), a specificity of 85% (95% CI,
62.1–96.8%), a PPV of 80% (95% CI, 51.9–
95.7%), and an NPV of 74% (95% CI, 51.6–
89.8%; Table 1). The threshold of the median
normalized AFR was 0.2198, and AUC was
78.3%. Using ROC analysis, RT-QuIC had a
sensitivity of 67% (95% CI, 41.0–86.7%),
a specificity of 100% (95% CI, 83.2–100%), a
PPV of 100% (95% CI, 73.5–100.0%), and an
NPV of 77% (95% CI, 56.3–91.0%; Table 2).
When comparing detection of CWD prions

between ELISA and the RT-QuIC method
based on seeding in 50% of the eight technical
replicates of the medial ear punch location,
McNemar test was not significant (v2¼1.00;
P¼0.317), and KAPPA was 0.52 (0.25–0.79),
indicating moderate agreement between the two
methods. When comparing detection of CWD
prions between ELISA and ROC, McNemar
test was significant (v2¼ 6.00; P¼0.014), and
PABAK was 0.68 (0.37–0.88), indicating sub-
stantial agreement between the two methods.
On the caudal (i.e., convex) surface of the

pinna there were two main cartilage ridges and
three visible neurovascular bundles. Figure 3A
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provides the clearest visualization of the ear

punch locations on the caudal surface of the
pinna. At the base of the pinna, there were three
to four locations where neurovascular bundles

entered the auricular cartilage (Fig. 3B, C).

DISCUSSION

Based on our data, we recommend the appli-
cation of ROC curve analysis to AFR data in

order to obtain the best achievable RT-QuIC
diagnostic accuracy. This recommendation is
based on our evaluation of the sensitivity,

specificity, and predictive value of RT-QuIC
testing of elk ear punches in the context of
CWD diagnosis. Sensitivity and specificity are

calculated to evaluate diagnostic performance,
whereas predictive value is calculated to predict
the likelihood that, given a certain test result, the
subject does or does not have the disease (Mona-
ghan et al. 2021). In contrast to sensitivity and
specificity, which are a function of the test itself,
predictive value varies as a function of disease
prevalence, such that PPV increases and NPV
decreases when disease prevalence increases.
In our study, ELISA of the obex and/or

RPLN results were represented as “true dis-
ease” status. There is a possibility that an ani-
mal may be classified as negative because of a
nondetect using ELISA with RPLN while still
actually being CWD positive. This could arise
because of the animal being in the earliest

FIGURE 2. Amyloid formation rate (entire real-time quaking-induced conversion run) of elk ear punches
sorted by spatial location and ELISA status. Five spatially distinct samples were collected from each of 38 bio-
logical replicates. Eight technical replicates were run for each sample. ELISA-diagnosed chronic wasting dis-
ease (CWD)–positive (n¼18 biological replicates) and CWD-negative ear punches (n¼20 biological replicates)
are indicated by þ and �, respectively. ELISA-diagnosed CWD-positive (n¼12) and CWD-negative (n¼14)
elk retropharyngeal lymph nodes (RPLNs) are also plotted for comparison. The median and 95% confidence
interval are indicated by horizontal bars. Deer CWD-positive and CWD-negative plate controls are subsam-
pled from 1 biological replicate each. A Kruskal-Wallis H test of ELISA-diagnosed CWD-positive ear punches
was statistically significant (H¼14.95, P,0.0048). Post hoc Dunn tests indicated a statistically significant reduc-
tion in the ventral punch AFR relative to medial (**mean rank difference ¼�96.49, P¼0.0067), dorsal (*mean
rank difference¼�81.75, P¼0.0396) and lateral (*mean rank difference¼81.71, P¼0.0398) ear punches. All other
post hoc comparisons of ELISA-diagnosed, CWD-positive samples were statistically insignificant.
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stages of disease progression, reduced prion
trophism in elk relative to deer (Race et al.
2007), the somewhat low sensitivity of ELISA
(at least compared to seeded amplification
assays), or the lack of obex for testing. The
temporal gap between detectability in RPLN
vs. obex is reasonably small and is only pre-
sent in about 12% of animals (Spraker et al.
2004). Keeping the aforementioned caveat in
mind, we observed no false-positive data
using the ROC-established threshold for
CWD positivity: A positive test using ROC
curve analysis to determine the binomial dis-
tribution (CWD positivity) correctly identified
subjects with CWD. Our ROC PPV data indi-
cated that subjects that returned a positive
RT-QuIC ear punch were highly likely to
have a positive obex and/or RPLN by ELISA.
These data are consistent with prior publica-
tions that observed 91% and 100% specificity
in RT-QuIC testing of ear punches from white-
tailed and mule deer (Ferreira et al. 2021) and
white-tailed deer (Burgener et al. 2022), respec-
tively. Conversely, we did observe false-positive
data in the nonstatistical 50% of technical repli-
cates approach, indicating that this analysis is

suboptimal for management decision-making: 3/
20 ELISA-diagnosed negative animals were des-
ignated CWD positive by RT-QuIC using this
approach.
The RT-QuIC testing of elk ear punch

biopsies may be susceptible to false-negative
data. We found that the statistical approach
was a slight improvement over the nonstatisti-
cal approach. A 74–77% NPV indicates a 23–
26% chance that a subject diagnosed CWD
negative by ear punch biopsy using RT-QuIC
may actually be CWD positive by ELISA of
the obex and/or RPLN. Sensitivity using ear
punch biopsy RT-QuIC (67%) was compara-
ble to testing of RAMALT by RT-QuIC and
IHC in elk (Haley et al. 2016). Under condi-
tions of relatively low sensitivity, it may be
worthwhile to employ various tactics such as
more extensive sampling of the ear, enhanced
(iron oxide magnetic extraction) RT-QuIC
assays (Ferreira et al. 2021), and US Depart-
ment of Agriculture (USDA)–approved tests
such as ELISA or IHC using RPLN or obex.
Along these lines, the qualitative descriptions
“strong” and “suspect” were employed in the
current study to evaluate data that incorrectly

TABLE 2. Sensitivity, specificity, positive predictive
value, and negative predictive value of chronic wast-
ing disease (CWD) diagnosis using real-time quaking-
induced conversion (RT-QuIC) on elk (Cervus cana-
densis) ear biopsies, with a semiparametric receiver
operating characteristic (ROC) analysis used to estab-
lish the threshold for RT-QuIC diagnosis of CWD
positivity. Sensitivity, specificity, and predictive value
were subsequently calculated relative to the ELISA
data as a reference standard.

RT-QuIC

Positive Negative

ELISA

Positive 12 6

Negative 0 20

Sensitivity, % (95% CI) 66.7 (41.0–86.7)

Specificity, % (95% CI) 100 (83.2–100)

PPV, % (95% CI) 100 (73.5–100)

NPV, % (95% CI) 76.9 (56.3–91)

a CI ¼ confidence interval.

TABLE 1. Sensitivity, specificity, positive predictive
value (PPV), and negative predictive value (NPV) of
chronic wasting disease (CWD) diagnosis using real-
time quaking-induced conversion (RT-QuIC) on elk
(Cervus canadensis) ear biopsies, with 50% of 8 medial
biopsy technical replicates (any seeding activity in 4/8
technical replicates) established as the threshold for RT-
QuIC diagnosis of CWD positivity. Sensitivity, specific-
ity, and predictive value were subsequently calculated
relative to the ELISA data as a reference standard.

RT-QuIC

Positive Negative

ELISA

Positive 12 6

Negative 3 17

Sensitivity, % (95% CI) 66.7 (41.0–86.7)a

Specificity, % (95% CI) 85.0 (62.1–96.8)

PPV, % (95% CI) 80 (51.9–95.7)

NPV, % (95% CI) 73.9 (51.6–89.8)

a CI ¼ confidence interval.
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(i.e., fail to) meet the threshold for significance
using statistical or nonstatistical approaches.
For example, elk 38 was ELISA-diagnosed
CWD positive but RT-QuIC negative by sta-
tistical and nonstatistical analysis. Looking at
the “strong” (.1,000 RFU) seeding activity,
an analyst might designate it RT-QuIC posi-
tive, assuming that it is early in the disease
progression. In contrast, elk 42 evidenced
“strong” seeding activity but was diagnosed
negative by ELISA and RT-QuIC. Interpreta-
tion of RFU values generated by RT-QuIC in
the absence of other metrics (AFR, maximum
slope, maximum point ratio, etc.) is basically
impossible. To date there has been no defini-
tive analysis of what exactly is represented by
maximum RFU values or if these values are
representative of any biological phenomenon
at all. In our laboratory, we generally see what
we call “strong” RFU values associated with
true-positive samples, but this is by no means
universal across all samples, or even across
replicates at times. This inconsistency renders

interpretation of RFU values alone mostly
moot. Despite having sufficient statistical
power, our data highlight diagnostic uncer-
tainty that remains in the face of the most
sensitive assays.
Given the profound implications of CWD

management, stakeholder confidence in CWD
diagnostics is important. RT-QuIC has yet to
be formally approved by the USDA as a test
for diagnosing CWD, and its findings should
be interpreted cautiously. Limitations to this
assay include lack of consensus on the analysis
and interpretation of its data (Rowden et al.
2023). Our study advances this conversation
by documenting improved RT-QuIC diagnos-
tic accuracy when ROC curve analysis is used
to determine the binomial distribution of
unknown samples. The value proposition of
RT-QuIC is that it increases antemortem
diagnostic access, providing stakeholders with
more time to be careful and precise with deci-
sion-making. We are unaware of any pub-
lished evidence of successful ELISA or IHC

FIGURE 3. Ear biopsy sampling locations on the auricular cartilage of a right elk (Cervus canadensis) pinna.
(A) An image of the caudal surface (convex) of the auricular cartilage after removal of hair and skin showing
the biopsy locations dorsal (D), lateral (L), ventral (V), medial (M), and central (C). Note the two prominent
ridges and three depressions where neurovascular bundles were found. (B) Medial border of right ear and (C)
ventromedial view at the base of auricular cartilage—both show neurovascular bundles (indicated by the hashtag #
and asterisk *) entering the cartilage. The scutiform cartilage is also labeled.

BRYANT ETAL.—RT-QUIC CWD DIAGNOSTIC PERFORMANCE IN ELK EAR 71

Downloaded From: https://complete.bioone.org/journals/Journal-of-Wildlife-Diseases on 27 May 2025
Terms of Use: https://complete.bioone.org/terms-of-use



diagnosis of CWD using ear punches or skin.
Current USDA approved ELISA and IHC
tests require obex or RPLN for definitive
CWD diagnosis (USDA, Animal and Plant
Health Inspection Service, 2024). Although
RAMALT and tonsil have been successfully
tested antemortem (Wild et al. 2002; Keane
et al. 2009; Spraker et al. 2009), they are tech-
nically challenging to collect and are highly
invasive. Given the high specificity and PPV
documented by this study and the nascent lit-
erature (Ferreira et al. 2021; Burgener et al.
2022), RT-QuIC analysis of punches from any
ear location is an easy and useful first step for
evaluating the CWD status in cervids.

A secondary aim of this study was to evalu-
ate the extent to which anatomical features
influenced results. Spatial differences in RT-
QuIC seeding activity are likely explained by
prion neurotropism and differences in nerve
innervation patterns. There are few anatomi-
cal descriptions of the cervid ear in the litera-
ture (Rashid et al. 1987). The most relevant
literature used was centered on bovine (Bud-
ras and Habel 2011) and canine ear anatomy
(Evans and de Lahunta 2012). The pinna and
any neurovascular bundles (i.e., veins, arter-
ies, and nerves) entering or exiting the ear
were the focus, as these structures follow
each other as they branch to reach tissues. It

is likely that the largest branches of nerves are
found at the base of the pinna (most ven-
trally), and that branches become smaller as
the nerves reach the medial and lateral edges
and apex of the pinna. Previous studies have
shown that the auricular cartilage has several
neurovascular branches running within the
cartilage and its ridges (Rashid et al. 1987).
These are probably where the nerves of the
rostral (concave) surface enter to provide sen-
sory innervation of the pinna and the external
ear canal. There are four main nerves related to
sensory innervation of the pinna. These nerves
include branches of three cranial nerves: the tri-
geminal (auriculotemporal with rostral auricular
and external acoustic branches), facial (several
internal auricular branches), and vagus (auricu-
lar branch), as well as the second cervical nerve
(great auricular and greater or major occipital
nerves; Budras and Habel 2011; Evans and de
Lahunta 2012). The predicted rostral and cau-
dal distribution of these nerves is shown in
Figure 4A, B. An in-depth study of comparative
ear anatomy across cervids should be a next
step to determine if neurovascular patterns are
consistent, which could increase sampling effi-
cacy. Additionally, it is likely that auricular
branches of the vagus nerve are also intermin-
gled with the facial nerve branches that are
found in the external ear canal (Budras and

FIGURE 4. Diagram showing the predicted distribution of sensory nerves of a right elk (Cervus canadensis)
ear. (A) Rostral (concave) view with four nerves from lateral (L) to medial (M): great auricular nerve (n.), inter-
nal auricular n., greater occipital n., auriculotemporal n. (B) Caudal (convex) view with three nerves from M to
L: auriculotemporal n., greater occipital n., great auricular n.
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Habel 2011; Evans and de Lahunta 2012). This
could be significant in that the vagus nerve, and
potentially other cranial nerves (e.g., facial) are
associated with the autonomic nervous system
pathways, which play a large role in transport
and neuroinvasion of prions in the body (Seelig
et al. 2011).
Although Ferreira et al. (2021) reported

higher seeding activity from punches around
the central nerve of the mule/white-tailed
deer (areas 1, 6, and 7), Burgener et al. (2022)
did not observe an effect of ear punch loca-
tion on seeding activity in white-tailed deer.
Our finding of reduction in the AFR of sam-
ples collected from the ventral area of the elk
ear is somewhat consistent with Ferreira et al.
(2021), as our dorsal location is similar to loca-
tion 6 in that publication. A statistically nonsig-
nificant reduction in AFR was also observed in
the central punch, which corresponds to posi-
tion 1 or 7 in Ferreira et al. (2021). Collectively,
these data have implications for elk tracking
and herd management decisions. The opportu-
nity cost of placing an ear tag where tissue is
biopsied for CWD testing from the periphery
of the elk ear may be reduced tracking efficacy,
as tags may be more easily lost from the ear
over the long term.
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