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The ongoing Triage and Risk Assessment of Cervical Precancer by Epigenetic Biomarker (TRACE) prospective, multicenter study

aimed to provide a clinical evaluation of the CONFIDENCETM assay, which comprises a human papillomavirus (HPV) DNA and a

human epigenetic biomarker test. Between 2013 and 2015 over 6,000 women aged 18 or older were recruited in Hungary.

Liquid-based cytology (LBC), high-risk HPV (hrHPV) DNA detection and single target host gene methylation test of the promoter

sequence of the POU4F3 gene by quantitative methylation-specific polymerase chain reaction (PCR) were performed from the

same liquid-based cytology sample. The current analysis is focused on the baseline cross-sectional clinical results of 5,384

LBC samples collected from subjects aged 25 years or older. The performance of the CONFIDENCE HPVTM test was found to be

comparable to the cobasVR HPV test with good agreement. When applying the CONFIDENCE MarkerTM test alone in hrHPV posi-

tives, it showed significantly higher sensitivity with matching specificity compared to LBC-based triage. For CIN31 histological

endpoint in the age group of 25–65 and 30–65, the methylation test of POU4F3 achieved relative sensitivities of 1.74 (95%

CI: 1.25–2.33) and 1.64 (95% CI: 1.08–2.27), respectively, after verification bias adjustment. On the basis of our findings,

POU4F3 methylation as a triage test of hrHPV positives appears to be a noteworthy method. We can reasonably assume that
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its quantitative nature offers the potential for a more objective and discriminative risk assessment tool in the prevention and

diagnostics of high-grade cervical intraepithelial neoplasia (CIN) lesions and cervical cancer.

Cervical cancer is by far the most common human papillo-
mavirus (HPV)-related disease, resulting in 270,000 women
deaths annually worldwide.1

Cytology-based screening was successful in the developed
countries due to organized screening programs. However,
cytology has several limitations like subjectivity, interobserver
variability, modest sensitivity, indication of unnecessary treat-
ment and cost burdens on the healthcare system.2–4

The newest guidelines recommend primary high-risk
HPV (hrHPV) screening as an alternative to cytology-based
cervical cancer screening.5–7 Molecular hrHPV detection has
several benefits compared to cytology being more reproduc-
ible and reliable, which enables objective evaluation with the
possibility of quality-controlled and automated high-
throughput application.3,8,9 Although HPV testing as a viral
marker offers the best negative predictive value for high-
grade cervical intraepithelial neoplasia (CIN) lesions with
long-term confidence, further aspects are to be considered
when used in the clinical setting.5,10–14 Although hrHPV
detection has high sensitivity, because of its moderate spe-
cificity, HPV testing cannot be applied for screening alone,
but triage methods are required. Additionally, the adequate
risk stratification of hrHPV positive women is not yet
clear.4,15,16

The most recent guidelines recommend different triage
strategies including cytology alone as a reflex test6 or combina-
tion of genotyping for HPV16/18 and cytology5 after primary
hrHPV screening. At the same time, new molecular bio-
markers were proposed for the management of hrHPV posi-
tive women. These alternatives are currently under evaluation
including immunostaining, host methylation, viral methylation
testing and detection of microRNA expression.15 The DNA
methylation of C-phosphate-G (CpG) islands in promoter
regions of tumor suppressor genes was also shown to be a
potential biomarker for early cancer detection. DNA methyla-
tion of various host cell genes has been detected in cervical
cancer and precancer.17–19 In concurrent or sequential screen-
ing strategies the combination of DNA methylation and a
highly sensitive test such as HPV detection, may be a reason-
able screening option.20 The methylation status of different
genes, including CADM1, MAL and PAX1,20–27 was tested as
possible triage options in hrHPV positive women.

The methylation of gene POU4F3 (POU Class 4 Homeobox
3) was described as a potential molecular triage tool in HPV
positives for cervical intraepithelial lesion grade three or worse
(CIN31) by Pun et al.28 POU4F3 showed 74% sensitivity and
89% specificity, which represented the best performance com-
pared to other evaluated biomarkers.28 However, the combined
use of hrHPV assay and POU4F3 methylation marker warrants
further investigations.28

The Triage and Risk Assessment of Cervical Precancer by
Epigenetic Biomarker (TRACE) ongoing clinical trial evaluat-
ed the host gene methylation of POU4F3 as a cervical bio-
marker and as a potential triage method of hrHPV positive
women. A complex molecular assay was applied in the study,
which comprises a newly developed HPV DNA test and a
human epigenetic biomarker test.

Materials and methods
Objectives, study design and interventions

The TRACE prospective, multicenter clinical study aimed to
assess a quantitative methylation-specific PCR (qMSP) assay
designed to detect the promoter sequence methylation of the
gene POU4F3 as the candidate test compared to cytology-
based triage as the reference test in HPV positive women.
The aim of our study was to validate the CONFIDENCETM

assay on >6,000 cervical samples evaluating the clinical per-
formance of the CONFIDENCE MarkerTM as a potential
host methylation-based triage test of hrHPV positives.

The study was intended for noninferiority in specificity
assuming 90% specificity of the reference test with a lower
confidence bound not exceeding 85%, whereas a superiortiy
design was used to compare sensitivity assuming 60% sensi-
tivity3 of the reference test and supposing that the candidate
test is able to reach 80% sensitivity. To detect the established
performance with a significance level of 5% and power of
90%,29 the required sample size was calculated to be 194 for
cervical intraepithelial neoplasia grade two or worse (CIN21)
cases and 1,565 for patients without CIN21. Assuming
16.3% CIN2 positivity rate among hrHPV positive patients,30

the total required sample size of hrHPV positives was esti-
mated to be 1,869.

Between 2013 and 2015 the study recruited 6,761 cervical
samples collected from subjects over 18 years of age

What’s new?

Combining DNA methylation biomarker detection with high-risk human papillomavirus (hrHPV) testing is a promising screening

option for cervical cancer. Currently, one of the largest clinical studies designed to evaluate human epigenetic biomarker test-

ing for cervical screening is the Triage and Risk Assessment of Cervical Precancer by Epigenetic Biomarker (TRACE) study. In

this TRACE analysis, methylation of the POU4F3 promoter, a candidate marker for high-grade HPV-positive cervical intraepithe-

lial lesions (CIN31), showed significantly higher sensitivity and similar specificity for CIN31 than liquid-based cytology. The

findings suggest that quantitative methylation of POU4F3 is a valuable tool for high-grade CIN detection.
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including 1,685 hrHPV positives. The follow-up phase of the
study is ongoing. The liquid-based cytology (LBC) samples
were collected from women aged between 18 and 65 years,
who underwent cervical sampling at one of the five partici-
pating clinical sites.

Four sites participating in the study were outpatient clin-
ics. The characteristics of samples received from these four
sites were similar (Supporting Information Table S3). The
women visiting these sites constituted the outpatient popula-
tion of the study; they were screened and followed-up
according to the Hungarian guidelines.31 In their case, LBC
sampling was performed followed by colposcopy-assisted
visual inspection of the cervix with acetic acid test (VIA).
Depending on the result of VIA, LBC and HPV detection
gynecologists made medical decisions and if necessary
referred these women for cone or punch biopsy. In the Hun-
garian screening guidelines there is no referral to colposcopy
per se. Accordingly, this population is lacking also from our
study, but at the same time all women underwent
colposcopy-assisted VIA.

The rest of the patients constituted the oncology center
population. These women visited a site which as a regional
oncology center manages patients referred for treatment. At
this site, LBC sampling was taken prior to the intervention
(cone biopsy or hysterectomy). The sample characteristics of
this population were different compared to the outpatient
population (Supporting Information Table S3). Not all
patients of the oncology center were referred by one of the
four outpatient clinics and likewise, several patients were not
referred and were treated by the outpatients clinics.

Since each test was performed on each sample enrolled,
we were able to estimate how the different strategies would
have performed in a triage setting by post hoc analysis. Con-
firmation was based on the diagnostic test results in line with
the clinical protocols.

In order to assess the clinical performance of the CONFI-
DENCETM assay, histology was considered as the gold stan-
dard confirmation method. In selected cases, negative
confirmation was accepted based on the result of a subse-
quent LBC cytology and HPV test performed between 5 and
24 months (mean5 9.9 months) after the baseline sampling
(i.e., negative HPV test result with regression or no progres-
sion in previously negative for intraepithelial lesion or malig-
nancy [NILM], atypical cells of undetermined significance
[ASCUS] or low-grade squamous intraepithelial lesion [LSIL]
cases). The study design (Fig. 1) accomodated the precondi-
tion of the Ethics Committee approval, which required that
the patients were managed as per the applicable clinical
guidelines and protocols.31 Due to this, blinded referral for
histology was not feasible.

The eligibility criteria for the baseline data analysis
excluded subjects who did not fulfill the age limit, cases with
invalid or absent result of any of the applied tests, if LBC
sample was collected >12 months before the respective

cervical cone or punch biopsy, or if the patient was treated
within 12 months prior to the baseline sampling.

Cervical sample collection and evaluation

The LBC samples were collected by Cervex BrushVRCombi
(RoversV

R

, Oss, Netherlands) in ThinPrepVR PreservCytV
R

Solution
(HologicVR , Marlborough, MA). LBC (ThinPrepVR , HologicVR ,
Marlborough, MA), hrHPV detection (CONFIDENCE
HPVTM, NEUMANN Diagnostics Ltd, Budapest, Hungary;
cobasV

R

HPV, Roche, Branchburg, NJ; Full Spectrum HPV,
Synlab GenoID Laboratory, Budapest, Hungary) and biomark-
er test (CONFIDENCE MarkerTM, NEUMANN Diagnostics
Ltd., Budapest, Hungary) were performed using the same LBC
sample in all cases irrespective of the HPV status.

VIA was performed according to the international stand-
ards.32 LBC was performed and evaluated respecting the
quality assurance and quality control protocols and in line
with the current international standards blinded to the HPV
detection result and using the Bethesda system 200133 for
reporting the result.

Technical reliability was ensured by using liquid-based
cytology sampling technique with automated slide processing
using ThinPrepVR 2000 Processor (HologicVR , Marlborough,
MA) unit. All involved gynecologists were trained for LBC
sampling, while all cytotechnologists and pathologists were
skilled in processing the LBC samples and evaluating the
slides. LBC slide preparation and clinical evaluation were
conducted at two clinical laboratories. Thirty percent of the
negative slides, which were selected randomly, were
rescreened via rapid manual review performed by a qualified
supervisory cytotechnologist.

The cone or punch biopsy samples were evaluated by the
local pathologist of each clinical sites, no consensus review
was applied.

CONFIDENCETM assay

The CONFIDENCETM assay developed by NEUMANN Diag-
nostics offers quality controlled high-throughput and highly
automated protocols. The assay comprises the CONFIDENCE
HPVTM and the CONFIDENCE MarkerTM tests (NEUMANN
Diagnostics Ltd., Budapest, Hungary). The CONFIDENCE
HPVTM is a viral DNA test, based on multiplex real-time PCR.
The CONFIDENCE MarkerTM is a human epigenetic biomark-
er test, which measures the methylation level of a single target
gene by quantitative methylation-specific real-time PCR
(qMSP).

The CONFIDENCE HPVTM is a TaqManVR -based L1
region-specific multiplex real-time PCR assay for viral DNA
detection. The test detects HPV16 and HPV18 separately and
other high-risk types (HPV31, 33, 35, 39, 45, 51, 52, 56, 58,
59, 66 and 68) in group. The DNA extraction for HPV detec-
tion was performed on 200 ll LBC sample applying a silica-
filter-plate-based purification method on the Tecan EVOVR

liquid handling platform using standardized, contamination
safe workflow with high reliability. After the 96-channel
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automated PCR setup, 5-plex quantitative real-time PCR was
performed on the QuantStudioTM 6 Flex platform in 384-well
plate format in four reactions per sample. The input DNA
volume was 10 ll per reaction well. The sample quality was
assured by the amplification of cellularity control in each
sample. The DNA preparation process was controlled by the
amplification of an artificial internal DNA control sequence
added to the sample during the process.

The CONFIDENCE MarkerTM test measures the methyla-
tion level of CpG sites in the promoter region of POU4F3 by

qMSP. The quantitative measurement of the gene COL2A1
(type II collagen) is used as internal reference to normalize the
methylation level of the POU4F3. The applied M-index (meth-
ylation index) calculation was proposed by Huang et al.34 The
M-index value ranges from 1 to 10,000 where the unit of M-
index refers to a methylated ratio of 0.01% of the cells. The
direct bisulfite treatment was performed on the LBC sample in
96-well plate format by using the EZ-96 DNA Methylation-
DirectTM Kit (Zymo Research Co., Irvine, CA, ref. no.: D5023)
according to the instructions of the manufacturer. The PCR

Figure 1. TRACE study patient distribution diagram (a, b). The TRACE study consists of an outpatient and an oncology center population.

The medical management of the women enrolled was based on patient history, VIA, cytology and the result of diagnostic HPV tests as per

the Hungarian clinical guidelines. The distribution of the CONFIDENCETM assay test results are shown for the per protocol study population.
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setup was implemented using the Tecan EVOVR (Tecan,
M€annedorf, Switzerland) liquid handling system with stan-
dardized, highly reliable workflow. The amplification of the
recovered bisulfite converted genomic target DNA and the
internal reference sequence were performed using a TaqManVR

probe system on the QuantStudioTM 6 Flex Real-Time PCR
platform (LifeTechnologies Co., Carlsbad, CA) in 384-well
plate format. The input DNA volume was 5 ll per reaction
well. The sample quality was controlled by the amplification of
the COL2A1 internal reference. The applied primer and probe
system were previously described by Chen et al.35

The optimal cut-off value of POU4F3 biomarker positivity was
established within the enrolled sample population aiming to
achieve a predefined sensitivity level. The predefined sensitivity
threshold level was determined based on the result of the PALMS
study.36 The Ct values of the qMSP reactions were determined
and evaluated using the QuantStudioTM Real-Time PCR Software
v1.2 (LifeTechnologies Co., Carlsbad, CA). If the Ct value for
COL2A1 exceeded 31 and the value of M-index was below the
cut-off value, the result of the methylation test was classified as
detection failure.

The reproducibility of the methylation marker test was
evaluated assessing Ct measurements of control DNA and
randomly selected clinical samples, where the total coefficient
of variation (CV) was between 1.1 and 3.8% (Supporting
Information Fig. S5).

Diagnostic HPV tests

In the TRACE study the diagnostic HPV test results were
provided by two tests: the first 60% of the samples were

tested by cobasV
R

HPV test (Roche, Branchburg, NJ),37 while
the remaining 40% was tested by the Full Spectrum HPV
test38 (SYNLAB GenoID Laboratory, Budapest, Hungary) in
order of receipt.

The real-time PCR-based cobasV
R

HPV test detects the
HPV DNA of HPV16, 18 and other hrHPV types in a pooled
manner. It was applied in line with the user manual of the
system.

The Full Spectrum HPV test38 (SYNLAB GenoID Labora-
tory, Budapest, Hungary) detects the high-risk and low-risk
HPV types in group and subsequently performs genotyping
via type-specific probes. Other HPV types are detected as
pooled result without genotyping.

For study purposes, the cobasV
R

HPV test was selected as a
clinically validated comparator test to evaluate the CONFI-
DENCE HPVTM test, while the Full Spectrum HPV test pro-
vided diagnostic results only.

Statistics and data analysis

To assess the clinical performance, four triage strategies were
compared including POU4F3 methylation alone, LBC cytolo-
gy alone and both in combination with HPV genotyping.
The comparison of the clinical performance of different tri-
age methods was evaluated in the outpatient population and
the oncology center population separately (Supporting Infor-
mation Table S6). Since the rate of the negative cases was
very low in the latter, only crude sensitivity could be mean-
ingfully calculated in the oncology center population (Sup-
porting Information Table S6). In the main analysis of the

Figure 1. TRACE study patient distribution diagram (a, b). (Continued)
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study, the total population of the enrolled women was evalu-
ated collectively (Table 2).

Absolute and relative sensitivity and specificity were calcu-
lated for the study endpoints of histologically confirmed
high-grade CIN lesions, i.e., CIN2 or worse (CIN21) and
CIN3 or worse (CIN31), respectively. The statistical analysis
was performed mainly in the age group of 25–65 and partial-
ly in the age groups of 25–29 and 30–65 years.

Categorical variables are presented as count (%), continu-
ous variables are presented as mean (6standard deviation
[SD]) and/or median (interquartile range [IQR]) [min]-
[max]. The comparison of different HPV tests was evaluated
by overall agreement, positive (PPA, Chamberlain’s PPA)
and negative percent agreement (NPA, Chamberlain’s
NPA),39,40 prevalence-adjusted and bias-adjusted kappa value
(PABAK) and Cohen’s kappa.41 The McNemar’s test was
used to test for the presence of bias.41

Receiver operating characteristic (ROC) and area under the
ROC curve (AUC) analysis were performed to determine the
sensitivity and specificity of the POU4F3 methylation in the
whole sample population and in the hrHPV positive subpopu-
lation as well.

As mentioned before, the M-index cut-off was set to
achieve a sensitivity matching a predefined value, which also
determined the level of specificity. Since the same sample set
was used for both tuning and testing the cut-off threshold of
the candidate marker, in order to establish the unbiased value
of relative and absolute sensitivity and specificity, bootstrap

and cross-validation were applied in data analysis. More spe-
cifically, nonparametric bootstrap resampling was used to
avoid overfitting with 1,000 replicates to provide point esti-
mates with 95% confidence intervals (CI).42 In addition, five-
fold cross-validation was used with 100-times repetition to
confirm point estimates with high confidence43 (Supporting
Information Table S5).

As subjects were mainly referred for verification on the
basis of the positive test result, verification rate was highly
different between test-positive and test-negative cases. Ignor-
ing this aspect, i.e., assessing merely crude estimates based on
subjects with case confirmation, would have led to substantial
verification bias. Therefore, verification bias adjustment was
performed using the weighted generalized estimating equa-
tions approach described by Xue et al.44 In both the crude
and verification bias-adjusted estimations, absolute and rela-
tive parameters were calculated with 95% CIs.

Statistical analysis was carried out using R statistical soft-
ware (v0.99.491; http://www.R-project.org), FileMakerV

R

Pro
database management software (13.0v5, FileMaker) and
MATLABVR R2010a (v7.10; The MathWorks).

Results
Study characteristics

A total of 6,215 women aged 18 or older with valid test results
were enrolled into the study (Fig. 1). The mean age in the
whole population was 35.8 (69.9) years, and most of the sub-
jects were aged between 25 and 40 (n5 3,505). Out of the

Figure 2. M-index levels by hrHPV positivity, women aged 25–65. Distribution of POU4F3 methylation (Mindex) level in different subpopula-

tions: cases with no confirmation, confirmed <CIN2 and CIN21.
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5,793 baseline samples collected from women aged 25–65
overall 5,384 had valid test results, which were included in the
current cross-sectional baseline subanalysis (Table 1a). The test
results of the baseline samples belonging to women aged 18–
65 are also presented (Supporting Information Table S4).

Overall 23.9% (n5 1,287) of the LBC samples was hrHPV
positive by the CONFIDENCE HPVTM test. The prevalence
was 7% (n5 376) for HPV16, 2% (n5 109) for HPV18, and
18.4% for other hrHPV types (n5 993), respectively, while
14.5% (n5 186) of the infections were multiplex (Table 1a).
Overall 86% (n5 4,628) of the LBC specimens were classified
as negative for NILM. The prevalence of abnormal cytology
is detailed in Table 1a. The rate of borderline cases (i.e.,
ASCUS and LSIL) was 12.5% (n5 665), while 1.7% (n5 91)
of the subjects had high-grade lesions (i.e., high-grade squa-
mous intraepithelial lesion [HSIL], atypical squamous cells-
cannot exclude HSIL [ASCH], cervical carcinoma [CC] and
atypical glandular cells [AGC]).

As it is demonstrated in Table 1a, the median M-index
level showed age-related distribution: 8 (12.1), 9.8 (16.3), 14
(22.3), 20.6 (33.4) and 21.5 (28,8) for the corresponding age
groups, respectively.

Overall 139 of the enrolled subjects were confirmed histo-
logically following the clinical protocol based on the interna-
tional standards,45 i.e., 28 negative, 111 positive including 95
CIN21, 77 CIN31 (Table 1a).

In addition, 28 samples with no histology were accepted as
CIN2 negatives based on follow-up. Therefore, the total number
of samples with valid disease verification was 167 (i.e., 56 negative,
111 positive). Out of the total 167 confirmed cases 144 (86.2%)
were hrHPV positive, 108 (64.7%) were ASCUS1 and 95 (56.9%)
were evaluated as biomarker positive (MET1). The methylation
index of POU4F3 was elevated in all of the 12 histologically con-
firmed invasive or in situ carcinoma cases (Table 1b).

Validation of the CONFIDENCE HPVTM test

In the samples colllected from women over 25 years of age,
the CONFIDENCE HPVTM was compared to cobasVR HPV
on 3,150 samples resulting in 92.3% overall agreement. PPA
was 83.3% (95% CI: 81.2–85.4) and NPA was 95% (95% CI:
94.4–95.6). Agreement levels for HPV16, HPV18 and other
hrHPV types were comparable. The value of PABAK was
0.85 (95% CI: 0.83–0.86), while Cohen’s kappa was 0.78
(95% CI: 0.75–0.82). The clinical sensitivity and specificity
for CIN21 cases were found to be equivalent for the CON-
FIDENCE HPVTM and the cobasV

R

HPV tests (Table 1c).

Characteristics and optimization of POU4F3 biomarker

positivity

The distribution of M-index value by hrHPV status and confir-
matory results (i.e., no confirmation, <CIN2, CIN21) are pre-
sented in Figure 2. In the age group over 25 years the median
value of M-index was 11.1 (18.0) in the hrHPV negative NILM
cases, where the median age was 37.3 (12.3). Among the
hrHPV positive NILMs the median value of M-index was 11.9

(22.5) with median age of 33.2 (10.7) (Fig. 2). Since the median
value of methylation level was similar, we can reasonably
assume that the methylation of POU4F3 is independent from
hrHPV positivity, which can be a major advantage in the triage
of hrHPV positive women. Among hrHPV positives our study
yielded a median M-index value of 8 (15.1) vs. 164.8 (573.3) in
negative (<CIN2) and positive (CIN21) confirmed lesions,
respectively (Fig. 2) with 35.4 (12.1) and 36.4 (9) median age
levels. Based on the above findings, it can be concluded that the
significant elevation in POU4F3 methylation reflected the
underlying high-grade CIN.

In a recent analysis of the clinical performance POU4F3
was found to be 74% sensitive and 89% specific when used in
triage of hrHPV positives by Pun et al.28 Even though DNA
methylation provides a quantitative result, currently no gen-
erally accepted methods exist to determine the cut-off value
for methylation biomarkers. However, the importance to set
the qMSP thresholds in order to avoid missing relevant high-
grade CIN lesions was previously mentioned.27 Since the
methylation level may show age-related distribution,46 the
optimal cut-off value has to be selected with respect to the
age of the subject. Since the median M-index level of CIN2+
cases in the population under 30 years differs significantly
from that of the population over 30 years, showing remark-
able differences in the distribution of M-index values as well,
namely 35.2 (IQR 32.5; min-max 5.9–536.1) vs. 255.1 (IQR
864.5; min-max 4.1–5276.2) (Table 1a), it was deemed rea-
sonable to adjust the cut-off threshold respecting these age
groups. Consequently, the cut-off value of POU4F3 methyla-
tion biomarker test needs to be different in the age group
under 30 in order to avoid missing relevant high-grade CIN
lesions and achieve high sensitivity.

The PALMS study is one of the largest studies assessing a
cervical nonmethylation biomarker, where p16/Ki67 showed
93.3 and 87.8% sensitivity for CIN21 in women under and
over 30 years of age, respectively.36 In light of these findings,
in the TRACE study the cut-off threshold of M-index was
determined to be the 93.3th and 87.8th percentile ranking for
CIN21 cases under and over 30 years of age, respectively.
Using this threshold, the M-index cut-off level among hrHPV
positives was calculated to be 11.3 for subjects aged under 30
and 29.2 for those aged 30 and over, respectively. The overall
rate of methylation positivity was 26.6% in the age group of
over 25 years (n5 1,431, Table 1a).

The characteristics of methylation is presented in Figure 3
by ROC curves with respect to the population under and
over 30 years of age. Figure 3 demonstrates the performance
of the cut-off value which was determined to be the prede-
fined percentiles ranking for CIN21 cases in the whole
enrolled population under and over 30 years of age.

Evaluation of POU4F3 methylation in HPV triage

As mentioned before, there are differences in the sample char-
acteristics of samples collected from the outpatient clinics and
the oncology center population. In the latter one, HPV
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Table 1. Study characteristics, women aged 25–65 (A–C). CIN21 included cervical intraepithelial neoplasia grade 2 (CIN2), cervical intraepithe-
lial neoplasia grade 3 (CIN3), cervical in situ carcinoma (CIS), invasive cervical carcinoma (CC), adenocarcinoma in situ (AIS), adenoid cystic carci-
noma (ACC), respectively. Categorical variables are presented as count (percentage), continuous variables are presented as mean (6SD), median
(interquartile range [IQR]), [min]-[max]. HPV test performance was described by sensitivity (SE), specificity (SP), positive predictive value (PPV),
negative predictive value (NPV) for endpoints (CIN21 and CIN31). Agreement of the HPV tests compared was demonstrated by overall agree-
ment, positive percent agreement (PPA), Chamberlain’s PPA, negative percent agreement (NPA) Chamberlain’s NPA, Cohen’s kappa, prevalence-
adjusted and bias-adjusted kappa (PABAK), sensitivity and specificity for cobas

VR

as comparator test (SE and SP for REF).

A. Valid test results of samples collected from women aged 25–65 (n 5 5,384)

Age groups 25–29 30–39 40–49 50–59 60–65 Total 25–65

All samples LBC sample 1,136 (21.1%) 2,379 (44.2%) 1,269 (23.6%) 458 (8.5%) 142 (2.6%) 5,384 (100%)

hrHPV detection1 hrHPV2 714 (17.4%) 1,817 (44.3%) 1,057 (25.8%) 386 (9.4%) 123 (3%) 4,097 (100%)

hrHPV1 422 (32.8%) 562 (43.7%) 212 (16.5%) 72 (5.6%) 19 (1.5%) 1,287 (100%)

HPV16 123 (32.7%) 170 (45.2%) 55 (14.6%) 23 (6.1%) 5 (1.3%) 376 (100%)

HPV18 45 (41.3%) 38 (34.9%) 17 (15.6%) 7 (6.4%) 2 (1.8%) 109 (100%)

Other HR 339 (34.1%) 426 (42.9%) 164 (16.5%) 50 (5%) 14 (1.4%) 993 (100%)

Multiplex HPV 82 (44.1%) 70 (37.6%) 24 (12.9%) 8 (4.3%) 2 (1.1%) 186 (100%)

Cytology2 NILM 949 (20.5%) 2,035 (44%) 1,086 (23.5%) 424 (9.2%) 134 (2.9%) 4,628 (100%)

ASCUS 7 (13.7%) 28 (54.9%) 14 (27.5%) 2 (3.9%) 0 (0%) 51 (100%)

LSIL 165 (26.9%) 268 (43.6%) 146 (23.8%) 29 (4.7%) 6 (1%) 614 (100%)

ASCH 2 (8.3%) 14 (58.3%) 5 (20.8%) 2 (8.3%) 1 (4.2%) 24 (100%)

HSIL 13 (20%) 34 (52.3%) 17 (26.2%) 1 (1.5%) 0 (0%) 65 (100%)

CC 0 (0%) 0 (0%) 0 (0%) 0 (0%) 1 (100%) 1 (100%)

AGC 0 (0%) 0 (0%) 1 (100%) 0 (0%) 0 (0%) 1 (100%)

M-index distribution
in NILMs3

Median (IQR) 8 (12.1) 9.8 (16.3) 14 (22.3) 20.6 (33.4) 21.5 (28.8) 11.3 (18.6)

min-max 0–492.1 0–3449.4 0–1484.2 0.1–775.8 1–4629.4 0–4629.4

M-index distribution in
CIN21 cases3

Median (IQR) 35.2 (32.5) 294.3 (879.5) 164.8 (573.3)

164.7 (392.6) 766.8 (2059.4) 488.4 (1499.3) 1990.8 (550.4)

min-max 5.9–536.1 4.1–5276.2 4.1–5276.2

4.1–5276.2 6.4–2916.3 11.1–3009.7 1440.4–2541.2

POU4F3 Methylation4 MET2 703 (17.8%) 1,940 (49.1%) 928 (23.5%) 294 (7.4%) 88 (2.2%) 3,953 (100%)

MET1 433 (30.3%) 439 (30.7%) 341 (23.8%) 164 (11.5%) 54 (3.8%) 1,431 (100%)

Confirmation5 NEG by second visit 10 (35.7%) 11 (39.3%) 4 (14.3%) 3 (10.7%) 0 (0%) 28 (100%)

NEG by histology 7 (25%) 10 (35.7%) 6 (21.4%) 3 (10.7%) 2 (7.1%) 28 (100%)

CIN1 3 (18.8%) 11 (68.8%) 2 (12.5%) 0 (0%) 0 (0%) 16 (100%)

CIN2 4 (22.2%) 8 (44.4%) 6 (33.3%) 0 (0%) 0 (0%) 18 (100%)

CIN3 12 (18.5%) 39 (60%) 11 (16.9%) 3 (4.6%) 0 (0%) 65 (100%)

CIS, CC, AIS, ACC 0 (0%) 5 (41.7%) 5 (41.7%) 0 (0%) 2 (16.7%) 12 (100%)

<CIN2 20 (27.8%) 32 (44.4%) 12 (16.7%) 6 (8.3%) 2 (2.8%) 72 (100%)

CIN21 16 (16.8%) 52 (54.7%) 22 (23.2%) 3 (3.2%) 2 (2.1%) 95 (100%)

CIN31 12 (15.6%) 44 (57.1%) 16 (20.8%) 3 (3.9%) 2 (2.6%) 77 (100%)

Not confirmed 1,100 (21.1%) 2,295 (44%) 1,235 (23.7%) 449 (8.6%) 138 (2.6%) 5,217 (100%)
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positivity (87%) and the rate of the confirmed cases CIN21
(99%) were higher, since all of these women were referred for
treatment and the negativity rate of the samples collected from
these subjects was very low.

Notwithstanding these differences, the medical decisions
were based on the same principles and methods both in the
outpatient and in the oncology center population. Also the
methylation level of CIN21 samples was found to be similar
in the two populations (median M-index level of 158 and
185) (Supporting Information Table S3).

The oncology center samples provided an opportunity to
increase the number of confirmed cases used for the verifica-
tion bias adjustment model allowing to assess the difference
between the triage tests compared in the study with higher
reliability. Pooling together these samples did not produce
any additional bias because the two tests, LBC cytology and
methylation achieved comparable crude sensitivity in the out-
patient and in the oncology center populations. In addition,
both tests found a similar number of false positives among
the confirmed negatives of the oncology center population;

Table 1. Study characteristics, women aged 25–65 (A–C). (Continued)

B. Test results of carcinoma and carcinoma in situ cases (n 5 12)

No. hrHPV1 (CONFIDENCETM & cobas
VR

) Citology2 M-index3 Histology5 Age

#1 HPV161 Negative 652 ACC 33

#2 negative Negative 42 CC 42

#3 HPV161 ASCH 2,541 CIS 62

#4 HPV181, other hrHPV1 HSIL 2,227 CC 48

#5 HPV181 HSIL 2,916 AIS, CIS, CIN3 42

#6 HPV161 Negative 443 CIS 31

#7 other hrHPV1 Negative 2,929 CIS 36

#8 other hrHPV1 ASCH 2,898 CIS 43

#9 HPV161, other hrHPV1 HSIL 80 CIS 31

#10 HPV161 HSIL, CC 1,440 CIS 60

#11 other hrHPV1 HSIL 1,137 CIS 43

#12 HPV161, HPV181, other hrHPV1 HSIL 1,768 CIS 36

C. CONFIDENCE HPVTM test results compared to cobas
VR

test (n 5 3,150).

25–65, CIN21 CONFIDENCE HPVTM cobas
VR

HPV Relative ratio

SE 95.2 (88.1–98.7) 96.4 (89.8–99.3) 0.99 (0.93–1.05)

SP 77.8 (76.2–79.2 79.9 (78.5–81.4) 0.97 (0.95–0.99)

PPV 10.4 (8.2–12.8) 11.5 (9.2–14.1) 0.90 (0.67–1.21)

NPV 99.8 (99.6–99.9) 99.8 (99.6–99.9) 0.99 (0.99–1.01)

25–65, CIN31 CONFIDENCE HPVTM cobas
VR

HPV Relative ratio

SE 98.5 (91.8–99.9) 98.5 (91.8–99.9) 1.00 (0.96–1.04)

SP 77.4 (75.9–78.9) 79.6 (78.1–81.4) 0.97 (0.95–0.99)

PPV 8.5 (6.7–10.8) 9.4 (7.3–11.8) 0.91 (0.66–1.27)

NPV 99.9 (99.8–99.9) 99.9 (99.8–99.9) 0.99 (0.99–1.01)

Agreement hrHPV (any) HPV16 HPV18 Other hrHPV

Overall agreement 92.3 97.5 99.3 93.4

PPA (cPPA) 83.3 (81.2–85.4) [71.4] 81.1 (77.1–85.2) [68.3] 84.5 (78.1–90.9) [73.2] 81.3 (78.8–83.8) [68.5]

NPA (cNPA) 95.0 (94.4–95.6) [90.5] 98.7 (98.4–98.9) [97.4] 99.6 (99.5–99.8) [99.3] 95.9 (95.4–96.5) [92.3]

Cohen’s kappa 0.78 (0.75–0.82) 0.79 (0.76–0.83) 0.84 (0.81–0.88) 0.77 (0.74–0.81)

PABAK 0.85 (0.83–0.86) 0.95 (0.94–0.96) 0.99 (0.98–0.99) 0.87 (0.85–0.88)

SE for REF 87.3 (84.6–89.7) 83.7 (77.9–88.5) 88.2 (78.1–94.8) 85.8 (82.6–88.7)

SP for REF 93.7 (92.7–94.6) 98.4 (97.9–98.9) 99.5 (99.2–99.8) 94.9 (93.9–95.7)

Valid test results of the enrolled samples: 1CONFIDENCE HPVTM; 2LBC cytology; 3,4CONFIDENCE MarkerTM; 5Confirmation (LBC re-testing in second vis-
it or histology by cone/punch biopsy).
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therefore, there was no discrimination of either tests with
regard to specificity. Therefore, it was deemed appropriate to
evaluate all of the enrolled samples collectively for the rela-
tive analysis of different triage strategies as it is provided
below.

The clinical performance of POU4F3 methylation was
evaluated by comparing the performance of methylation and
cytology in triage6 of hrHPV positives (n5 1,287). Methyla-
tion and cytology combined with HPV16/18 genotyping5

were also evaluated. Absolute and relative sensitivities (both
crude and adjusted) calculated using bootstrap approach are
shown in Table 2. The result of cross validation corroborates
these findings (Supporting Information Table S5). Both crude
and adjusted estimations calculated for CIN21 and CIN31

endpoints in the age groups of 25–60, 25–29 and 30–65 were
provided (Table 2a, 2b and 2c). All results described below

were subjected to verification bias adjustment, if not noted
otherwise.

In the hrHPV positive population aged 25–65, sensitivity
and specificity of cytology using ASCUS or worse cutoff for
CIN21 was 42.7% (95% CI: 33–56.3) and 80.4% (95% CI:
75.4–85.5), respectively. The adjusted sensitivity and specif-
icity of POU4F3 methylation in discriminating CIN21

among hrHPV positives aged 25–65 was 70.1% (95% CI:
55.5–84.5) and 81.4% (95% CI: 58.0–95.4), respectively.
When comparing POU4F3 and cytology in triage, methyla-
tion was found to be significantly more sensitive than cytol-
ogy: relative sensitivity and specificity yielded 1.67 (95% CI:
1.23–2.24) and 1.01 (95% CI: 0.7–1.22), respectively, in the
age group of 25–65 for CIN21. For CIN31 endpoint in the
age group of 25–65 and 30–65, relative sensitivities were
found to be 1.74 (95% CI: 1.25–2.33) and 1.64 (95% CI:

Figure 3. ROC curves (a–d). Receiver operating characteristic (ROC) analysis was performed to show the sensitivity and specificity for CIN21

detection in four subpopulations (age groups between 25–29 and 30–65 years, respectively; hrHPV positives and all patients irrespective

of HPV status). The figure demonstrates the performance of the cut-off value which was determined to be the 93.3th and 87.8th percentile

ranking for CIN21 cases in the whole enrolled population (i.e., aged 18–65) under and over 30 years of age (calculated to be 11.3 and

29.2, respectively).
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1.08–2.27), respectively. Based on the above, it is reasonably
assumed that methylation of POU4F3 can achieve signifi-
cantly higher sensitivity than cytology-based triage with
comparable specificity (Table 2).

Sensitivity increased, whereas specificity decreased when
cytology and methylation were used in combination with
HPV16/18 genotyping. In case of combined triage of cytology
and genotyping, 75.3% (95% CI: 62.2–89.7) sensitivity and
65.0% (95% CI: 56.5–72.2) specificity were estimated for
CIN21 (Table 2). POU4F3 marker combined with genotyping
showed 82.3% (95% CI: 69.9–95.1) sensitivity and 67.5% (95%
CI: 58.0–76.8) specificity for CIN21 in the population aged
25–65. When comparing cytology and POU4F3 methylation
both combined with HPV16/18 genotyping, methylation-based
triage was found to be significantly more specific than cytology
based triage with comparable sensitivity for CIN21 in crude
analysis, i.e., crude relative specificity was 1.59 (95% CI: 1.00–
2.56) and relative sensitivity was 0.98 (95% CI: 0.92–1.06) in
the age group of 25–65, respectively. The performance of gen-
otyping combined triage methods was similar in verification
bias-adjusted analysis. The triage strategies under evaluation
showed similar differences for CIN31 and in the age group of
30–65, respectively (Table 2).

To assess whether the HPV test used had an impact on
the performance, a separate post hoc analysis and comparison
were implemented on a subset of samples collected from
women aged 25–65 (total of n5 3,150): first, the CONFI-
DENCE MarkerTM applied with the CONFIDENCE HPVTM

test (n5 761 HPV1) and second, the CONFIDENCETa
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Figure 4. Number of cases identified by the test results among

hrHPV positives. Distribution of positives into different categories

as per POU4F3 methylation positivity (455 MET1) and abnormal

LBC (364 ASCUS1) results. Number of cases confirmed as CIN21

(91) and <CIN2 (53) are also shown. HPV was detected by CONFI-

DENCE HPVTM test.
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MarkerTM applied with the cobasV
R

HPV test (n5 694 HPV1).
The clinical performance was found to be independent of the
type of HPV test used (Supporting Information Table S7).

Distribution of referred number of CIN21 cases

Out of the total of 1,287 hrHPV positive women over 25
years of age, 364 ASCUS1 and 455 MET1 (methylation
positive) cases were detected. From the total 364 ASCUS1
cases, 97 were referred for confirmation: 73 and 24 were veri-
fied as CIN21 and <CIN2, respectively.

Out of the 91 histologically confirmed CIN21 patients,
overall 66 would have been referred based on the result of
the methylation test, which is 90% of the 73 ASCUS1 and
CIN21 cases. Consequently, POU4F3 was found to be a
remarkable marker with excellent potency to identify the
severe cases. Eighty-eight further samples with increased
methylation level and ASCUS positivity may be verfied by
the ongoing follow-up phase of the study (Fig. 4).

The distribution of confirmed CIN21 and <CIN2 cases
among ASCUS1 and MET1 samples reflects the perfor-
mance of the two tests in triage. Among hrHPV positives 7
vs. 14 of the CIN21 cases were referred based on cytology
results alone and would have been referred based on methyl-
ation results, respectively. However, cytology and methylation
alone identified 19 vs. 10 false positive samples from <CIN2
confirmed cases (Fig. 4).

These differences among cases with verified disease can be
explained by the lower sensitivity and specificity of cytology
compared to POU4F3 methylation among hrHPV positive
confirmed cases. The results of the ongoing follow-up phase
may provide further opportunities for a more accurate evalu-
ation of the clinical performance in different triage strategies.

Discussion
The goal of the ongoing TRACE trial was to demonstrate the
clinical utility of POU4F3 as a biomarker for cervical lesions by
post hoc analysis and the study aimed to clinically validate the
CONFIDENCETM assay. The trial involves >6,000 women,
which makes it one of the largest epigenetic biomarker validation
studies conducted up to date.25

The CONFIDENCE HPVTM test showed good agreement
in comparison with the cobasVR HPV test considering the
results of the HORIZON study where the performance of
four HPV tests were evaluated (HC2, cobas, CLART,
APTIMA), and 42–58% positive agreement was found on
any compared pair of assays with 0.53–0.75 kappa value.47

In the TRACE study population, the promoter sequence meth-
ylation of the POU4F3 gene showed significant elevation in high-
grade CIN cases independently of the hrHPV status. The median
M-index was 164.8 (573.3) vs. 8 (15.1) in CIN21 cases and in
samples with no high-grade lesions, respectively. This significant
difference in the M-index values highlight the discriminative pow-
er of the quantitative nature of the POU4F3 biomarker.

As the current analysis demonstrated, the performance of
the POU4F3 biomarker was characterized by high sensitivity.

The advantage of POU4F3 marker over cytology was shown
in the triage of women with hrHPV infection. The relative
sensitivity of POU4F3 was found to be 1.74 (95% CI: 1.25–
2.33) and 1.64 (95% CI: 1.08–2.27) for CIN31 endpoint in
the age group of 25–65 and 30–65, respectively, without a
compromise on specificity. As mostly test positive subjects
were referred for verification, we used weighted generalized
estimating equations to adjust for this verification bias.44 The
application of bootstrap approach and repeated k-fold cross-
validation offered a rigorous internal validation in the analyt-
ical step, thereby improving the general applicability of the
results. These findings provided solid evidence that molecular
cervical cancer screening is feasible using hrHPV as first line
method and POU4F3 methylation as triage method.

The study has limitations which need to be pointed out.
The performance of the tests in the outpatient and oncology
center study populations may not be fully applicable to a
screening population. Colposcopy centers are not part of the
Hungarian screening protocol; nevertheless, all women
underwent colposcopy-assisted VIA in the study. Due to the
conditions set in the Ethics Committee approval, it was not
possible to alter the management of the patients for the pur-
pose of the study, including referring patients with negative
test results or based on the methylation level in their sample
for verification. Our verification bias-adjusted analysis lived
on the assumption that the test results were the only varia-
bles that influenced whether or not diagnostic verification
was performed.

The study samples were tested for POU4F3 methylation
only once without replicates; however, the reproducibility of
the assay was determined satisfactory based on control DNA
tests and a subset analysis of clinical samples.

Given that an age dependent shift of the median M-index
level was observed from 25 to 65 years of age, a complex
age-related cut-off optimization may be beneficial to further
improve the study outcomes and the clinical performance of
POU4F3. A revision of the ethical approval will make it pos-
sible to follow-up and confirm cases indicated also by meth-
ylation positivity.

In conclusion, POU4F3 alone showed significantly higher sen-
sitivity than LBC-based triage with comparable specificity. The
ongoing follow-up phase of the study may support the verifica-
tion bias-adjusted estimations presented above and may lead to a
more accurate evaluation of the clinical performance of POU4F3
DNAmethylation. On the basis of our findings and further litera-
ture data,28 the promoter sequence methylation of POU4F3 gene
as a triage test for hrHPV positives appears to be a noteworthy
method. We can reasonably assume that its quantitative nature
offers the potential for a more objective and discriminative risk
assessment tool16,48,49 in the prevention and diagnostics of high-
grade CIN lesions and cervical cancer.
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