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Abstract

Background

Despite a well-established cervical cancer (CC) screening program in Norway, the incidence

of CC in young women is increasing, peaking at 35 years of age. 25 percent of all women

diagnosed with CC had normal cytology within 3 years prior to cancer diagnosis, addressing

the need to improve the screening programme to further reduce cancer incidences missed

by cytology.

Objective

We wanted to investigate the detection rate of CIN3+ in women 25–39 years with normal

cytology by using a 3-type HPV mRNA test as a targeted quality assurance measure. The

control group is women with normal cytology.

Methods

During 2014–2017, samples from 13,021 women 25–39 years of age attending cervical can-

cer screening were analysed at Nordlandssykehuset, Bodø, Norway, including 1,896

women with normal cytology and HPV mRNA test (intervention group), and 11,125 women

with cytology only (control group). The HPV mRNA testing was performed using a 3-type

HPV E6/E7 mRNA test (PreTect SEE; direct genotyping 16, 18 and 45). The women were

followed-up according to national guidelines throughout December 2021.

Results

Of the 13,021 women, 429 women (3.3%) had CIN3+ confirmed by biopsy in the follow-up,

including 13 cases of invasive cervical cancer. Of the 1,896 women with normal cytology

and HPV mRNA test (intervention group), 49 women (2.6%) had a positive test. The risks of

CIN3+ among women with either a positive or negative HPV mRNA test were 28.6% (14/49)

and 0.8% (14/1847). None of the women in the intervention group developed cervical cancer

during follow-up. Of the 11,125 women with cytology only (control group), 712 women
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(6.4%) had abnormal cytology (ASC-US+). The risks of CIN3+ among women with abnor-

mal and normal cytology were 17.7% (126/712) and 2.6% (275/10,413).

Conclusion

By testing women 25–39 years of age with a normal cytology result using a specific 3-type

HPV mRNA test, an increase in screening programme sensitivity can be achieved without

an excessive additional workload. Women with normal cytology and a negative HPV mRNA

test have a very low risk of cervical cancer.

Introduction

Human papillomavirus (HPV) is the established cause of cervical cancer [1]. Therefore, HPV

testing is performed for the early detection of cervical disease, both as a reflex test following cytol-

ogy or as a primary screening method [2]. While it is proven that HPV-DNA testing is more sen-

sitive for the detection of cervical dysplasia compared to cytology, its specificity for identifying

women with high-grade lesions and cancer (CIN3+) is lower, especially in women under 30

years of age, largely due to the prevalence of transient, clinically benign infections [3, 4].

In Norway, cytological high-grade lesions are detected in 1.0–1.2% of the population in

each screening round of the national cervical cancer screening programme [5]. The major

challenge in any cervical cancer screening programme is the management of minor cervical

lesions such as ASC-US and LSIL [6]. By the end of 2022, Norway aims to complete implemen-

tation of HPV-DNA primary screening for women 34–69 years of age, to improve screening

sensitivity. Based on the high prevalence of HPV-infections among young women [7], cytology

will remain the primary screening tool for women aged 25–33 years old. In 2019, a total of 306

cervical cancers were diagnosed among the screening population (25–69 years), where 120

(39.2%) of the cases were diagnosed in young women 25–39 years of age. Among those, 74.2%

(89/120) had followed the screening programme by having a cytological sample taken within

10 years prior to diagnosis. As many as 53.9% (48/89) had a negative cytology reading before

the cancer diagnosis [5]. The re-evaluation of previous cytology samples from women with

cervical cancer despite attending screening often reveals cell abnormalities that were misinter-

preted or overlooked the first time [8, 9]. Based on the subjectivity of cytology readings, diag-

nosis may vary between personnel and laboratories, and the low sensitivity remains an issue

for improved prevention [10–13]. Younger women are screened using cytology and given the

high number of precancerous lesions in this group, an HPV mRNA reflex test following a neg-

ative cytology result could be used as a quality assurance measure to increase screening sensi-

tivity [14].

The HPV genome is divided into three major regions (early genes, late genes, and an

upstream regulatory region). The major transforming activity of high-risk HPV is shown to be

caused by the E6 and E7 oncoproteins, which interfere with the regulators of the host cell cycle

and control of transcription [15, 16]. Therefore, using a test which is directed towards the

detection of E6 and E7 HPV mRNA transcripts may increase the specificity of HPV testing

[17, 18]. By further targeting only the three HPV types (16, 18, 45) shown to be the most preva-

lent types identified in about 90% of all cases of cervical cancers in young women below 40

years of age [19–21], it might be a cost-effective test to identify the women with high risk for

future abnormalities among women with normal cytology.

The aim of this study was to evaluate the performance of a 3-type HPV mRNA test used as

quality assurance of cytology negative women 25–39 years, by the means of test positivity rate
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and risk of cervical intraepithelial neoplasia (CIN3+) compared to women with normal cytol-

ogy without HPV-test.

Material and methods

The Department of Pathology at Nordlandssykehuset-Bodø receives about 19,000 cervical

cytology samples from women in Nordland County attending the national screening pro-

gramme every year. During 2014–2017, a total of 41,007 women 25–69 years of age attended

screening, including 13,914 women 25–39 years. After exclusion of women with previous

high-grade lesions (CIN2+) and women with invalid index cytology, the final study population

consisted of 13,021 women including 1,896 women with normal cytology and HPV mRNA

test (intervention group), and 11,125 women with cytology only (control group), Fig 1.

All specimens were received in PreservCyt solution (Hologic, Marlborough, USA), a metha-

nol-based preservative and processed by ThinPrep 2000 system (Cytyc Corporation, Marlbor-

ough, USA) prior to cytological examination to screen for abnormal/dysplastic cells and

reported according to Norwegian guidelines.

Classification

The department used the Bethesda system for classification of cervical cytology [22] and the

WHO histological classification of tumours in cervical biopsies [23].

HPV mRNA test

The HPV mRNA test used was PreTect SEE (PreTect AS, Klokkarstua, Norway), a qualitative

assay utilising NASBA technology (targeting full length E6/E7 transcripts) with direct genotyp-

ing of amplified mRNA using molecular beacons corresponding to the HPV types 16, 18, and

45, including an intrinsic sample control ensuring sample adequacy. Artificial oligonucleotides

corresponding to the viral mRNA were used as positive controls. Negative controls consisted

of RNase-free water and were included in each run, according to the manufacturer’s

instructions.

Total nucleic acids were isolated from 1 ml of the leftover LBC material and analysed with

PreTect SEE according to the manufacturer’s instructions. A detailed laboratory manual is

available at protocols.io [24].

Follow-up and outcomes

Index cytology from women with a positive HPV mRNA test were re-evaluated by a second

cytology technician (re-examination of the existing slide) and revised cytological diagnoses

were confirmed by a pathologist. All women were followed-up in line with the Norwegian

national guidelines until December 2021. In the study period, the Norwegian cervical cancer

screening programme recommended women aged 25–69 to be screened with cervical cytology

every three years, though some women choose to have annual screening outside of the official

programme. Women with high-grade cytology were recommended colposcopy and biopsy,

while women with low-grade cytology were triaged by a 14-type HPV-test. Women with nor-

mal cytology and a positive HPV-test were recommended to be re-screened after 12 months.

Women with repeated positive HPV-test (HPV pos. x 2) were recommended colposcopy and

biopsy. We used histologically confirmed CIN3+ as the study endpoint.

P16(INK4a) (Roche mtm laboratories AG) was used to conclude the histology diagnosis

upon cellular uncertainties. If there were any discrepancies between the biopsy and treatment

histology, the most severe histology was used as endpoint.
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SPSS V.28 was used to conduct all statistical analyses, which entailed χ2 tests, Mann-Whit-

ney tests and survival analyses (Kaplan-Meier estimator). A p value <0.05 was considered sta-

tistically significant.

Ethical approval

The Regional Committee for Medical and Health Research Ethics (REC Nord) has approved

the protocol as a quality assurance study in laboratory work (2013/497/REK Nord). Such stud-

ies are exempt from having a written informed consent from the patients.

Fig 1. Study population by cytology (ASC-US+), HPV mRNA and histology (CIN3+) for 5–7 years follow-up.

CIN2+ = cervical intraepithelial neoplasia grade 2 (CIN2), CIN3, ACIS and cervical cancer. CIN3+ = CIN3, ACIS and

cervical cancer. ASC-US+ = abnormal cytology (ASC-US, LSIL, ASC-H, HSIL, ACIS and cervical cancer).

CxCa = Cervical cancer.

https://doi.org/10.1371/journal.pone.0275858.g001
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Results

Of the 13,021 women 25–39 years of age with index cytology in 2014–2017, 429 women (3.3%)

had CIN3+ confirmed by biopsy in the follow-up through 2021, including 13 cases of invasive

cervical cancer (14.3 per 100,000 women per year).

Of the 1,896 women with normal cytology and HPV mRNA test (intervention group), 49

women (2.6%) had a positive test. The cytology diagnoses were revised from normal to abnor-

mal in 53.1% (26/49) of the HPV mRNA positive cases, while 23 cases remained normal after

re-examination (true cytology negative, data not shown). The risks of CIN3+ among women

with either positive or negative HPV mRNA test were 28.6% (14/49) versus 0.8% (14/1847),

p<0.001 (Figs 1 and 2, S1 Table). The detection rates of HPV mRNA 16, 18 and 45 were 1.4%

(26/1896), 0.5% (10/1896), 0.7% (13/1896), data not shown. The risks of CIN3+ in the follow-

up for women having overexpression of HPV mRNA E6/E7 from types 16, 18 and 45 were

30.8% (8/26), 40.0% (4/10) and 15.4% (2/13), data not shown. None of the women in the inter-

vention group developed cervical cancer during follow-up.

Of the 11,125 women with cytology only (control group), 712 women (6.4%) had abnormal

cytology (ASC-US+). The risk of CIN3+ in women with abnormal and normal cytology were

17.7% (126/712) and 2.6% (275/10,413), p<0.001 (Figs 1 and, 2, S1 Table).

ASC-US+ = abnormal cytology (ASC-US, LSIL, ASC-H, HSIL, ACIS and cervical cancer)

Using the Kaplan-Meier estimator, the cumulative incidence ratios (CIR) during seven years

of follow-up for the four categories were: “Normal cytology / HPV mRNA negative” 0.8%

(95% CI 0.4–1.2), “Normal cytology / Not HPV-tested” 2.7% (95% CI 2.4–3.0), “ASC-US+ /

Not HPV-tested” 18.7% (95% CI 15.7–21.6) and “Normal cytology / HPV mRNA positive”

34.8% (95% CI 17.3–48.6) (Fig 3 and S1 Fig).

ASC-US+ = abnormal cytology (ASC-US, LSIL, ASC-H, HSIL, ACIS and cervical cancer)

Of the fourteen CIN3+ with a negative 3-type HPV mRNA test at baseline, HPV testing

(Cobas 4800) during follow-up identified two HPV 16, two HPV 18, five HPV “others” (not

HPV 16/18), two HPV positive (not specified) and three women were not HPV-tested before

the CIN3+ diagnosis. For seven of the fourteen women, the CIN3+ was detected 4–6 years

after index cytology and might be a result of a new HPV-infection after baseline.

Fig 2. The difference in risk of CIN3+ at specific branching points of the study. CIN3+ = CIN3, ACIS and cervical

cancer.

https://doi.org/10.1371/journal.pone.0275858.g002
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Of the 13 women (without an HPV mRNA test at baseline) who developed cervical cancer

during the follow-up, 7 had normal and 6 had abnormal cytology at baseline. The risk of cervi-

cal cancer in women with normal cytology at baseline was 9.6 per 100,000 women per year.

All the six women with cervical cancer after an abnormal cytology (ASC-US+) at baseline

had squamous cell carcinoma (SCC). Most of them got their cancer diagnosis a short time

after baseline. Of the seven women with normal cytology at baseline there were five women

with adenocarcinoma (ADC) and two women with SCC. Most of them were detected in the

next screening round after three years (36 months), S2 Table. HPV testing (Cobas 4800) dur-

ing follow-up identified five cases of HPV type 16 and one case of HPV type 18 as the causative

agent among the cervical cancer incidents in the cytology control group. Seven women were

not HPV DNA tested during follow-up. Two of the women with cervical cancer died in the

study period, data not shown.

Discussion

In this study, we observed that by testing women 25–39 years of age who have a normal cervix

cytology result with a specific 3-type HPV mRNA test, an increase in screening programme

sensitivity can be achieved without a substantial additional workload being imposed.

Cervical cancer is a preventable disease. The main cause of invasive cervical cancer is the

deregulated and persistent production of HPV E6 and E7 oncoproteins [1]. Based on this fact,

HPV E6/E7 mRNA could be a rational target for detecting the HPV infections that might lead

to cellular transformation, offering advantages in preventing the harms of over screening and

overtreatment that currently is challenging the management of patients, especially in younger

women. This study found that only 2.6% (49/1,896) of the women aged 25–39 years showed an

overexpression of HPV mRNA E6/E7, having negative cytology readings initially.

It is well known that cervical cytology is inherently limited in sensitivity and reproducibility

due to being a subjective analysis method as opposed to molecular diagnostics which are objec-

tive [6, 10–13, 25, 26]. In the ATHENA study, the sensitivity of cytology varied from 42.0% to

73.0% [13]. In our study, out of 429 women with CIN3+ in the follow-up, only 29.4% (126/

429) had abnormal cytology at baseline.

In Norway, the age standardised risk of cervical cancer was 12.3 per 100,000 women per

year in 2021 (https://www.kreftregisteret.no/). In our study, the 7-year cumulative incidence

Fig 3. Cumulative incidence ratio of CIN3+ for 7 years follow-up. P< 0.001. CIN3+ = cervical intraepithelial

neoplasia grade (CIN3), ACIS and cervical cancer. Normal cyt = Normal cytology = normal findings in screening of

liquid-based cytology (LBC).

https://doi.org/10.1371/journal.pone.0275858.g003
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of cervical cancer was 14.3 per 100,000 women per year before screening and 9.6 per 100,000

women per year in women with normal cytology at baseline. These findings are in line with

the reported incidence among normal cytology screening samples in the Netherlands, as

described in the observational population based study by Rozemeijer et al. [27], In present

material, there were no cases of cervical cancer in double negative women (Cyt-/HPV mRNA-

), but by comparing the risk of CIN3+ in women with normal cytology (2.6%) versus the risk

of CIN3+ in double negative women (0.8%), double test negative women are estimated to have

a risk of cervical cancer of 3.0 per 100,000 women per year (9.6 per 100,000 x 0.8% / 2.6% = 3.0

per 100,000), using a 3-type HPV mRNA test. In a study from Kaiser Permanente Northern

California (Berkeley, CA, USA), in 315,061 women, the 5-year cumulative incidence of cancer

was 7.5 per 100,000 women per year for women with normal cytology, and 3.2 per 100,000 in

double negative women, using the 13-type HPV DNA test Hybrid Capture II [26].

Reviewing the distribution of HPV mRNA genotypes towards histology diagnosis, we

observed that HPV 16 and 18 were the most prevalent among CIN3+ cases, counting 30.8%

(8/26) and 40.0% (4/10) followed by HPV 45 with 15.4% (2/13). This supports the findings by

Froberg et al., showing that the presence of HPV 16 and 18 represent a significant risk of future

cervical abnormalities needing to be treated, even if the cytology is negative at the time of

infection. In the 9-year Swedish nested case-control follow-up study, Froberg et al. found that

young women with normal cytology and a positive HPV-test for HPV16/18 need close follow-

up. For women younger than 30 years of age, HPV type16/18 was significantly associated with

the future risk of CIN2+, even though cytology was normal [28].

Norway has started, aiming to complete by the end of 2022, implementation of HPV DNA-

based primary screening for cervical cancer for women 34–69 years old, with a more intense

follow-up of the HPV 16/18 positives over the other 12 genotypes reported [29]. This will evi-

dently improve screening sensitivity, while the risk of developing cervical cancer despite nor-

mal cytology remains unchanged for women 25–33 years old.

In the Nordic countries this age group (25–33 years old) carries the highest risk for CIN3+,

where cervical cancer peaks at the age of 35 [30], highlighting the importance to focus on

improved prevention for this specific age group. To prevent more cases of cervical cancer,

effective quality assurance measures of cytology for the female subpopulation aged 25–33 years

are investigated [14]. To tailor the most optimal algorithm for prevention, a trade-off between

benefits (detected CIN3+), and harms (unnecessary colposcopies /biopsies) must be consid-

ered. Even though the benefits of a sensitive 14-type HPV DNA test are more numerous, the

3-type HPV mRNA test detecting oncogene activity from the most prevalent genotypes associ-

ated with cervical cancer makes a targeted quality control measure possible.

Several publications have compared the performance of different HPV tests in direct refer-

ral to colposcopy after an abnormal cytology diagnosis, ranging from mild dyskaryosis or

worse [31, 32]. Sørbye et al. showed that the HPV mRNA test was more specific than DNA in

triage of women with minor cervical lesions [33] and the work presented by Reinholdt et al.

confirms a higher specificity of a 5-type HPV mRNA test especially among the younger

women compared to a 14-type HPV mRNA test. “..the estimated specificity of the 14-type

mRNA was low in women aged<40 years (10%-19%), indicating a potential high risk of

unnecessary referrals in this age group [. . .]. The estimated specificity of the 5-type mRNA test

was (64%-71%) respectively” [34].

Also St. Martin et al. investigated the outcome of different management strategies of low-

grade cytology in young women below 30 years of age, comparing 5- and 14-type mRNA,

14-type DNA test, direct referral and repeat cytology. Their main findings were that HPV test-

ing resulted in higher numbers of biopsies taken and that more women had insignificant find-

ings which does not indicate treatment. “Except for the 5-type mRNA test, the relative risks for
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biopsies with<CIN2 were higher than the relative risks for high grade lesions, indicating over

management” [35].

In this study population the associated risk of CIN3+ among women positive for the 3-type

HPV mRNA test was high (28.6%), even in this considered low-risk population having “nor-

mal” cytology readings prior to the re-examination of index cytology. Presented results are in

line with the findings of Westre et al., where 32.2% (9/28) of the HPV mRNA positive / pre-

sumably cytology negative women were confirmed CIN3+ during follow-up [36].

Numerous studies have shown the long-term protection of HPV testing in women at risk of

cervical cancer by comparing cumulative incidence ratio values between test combinations of

HPV/Cytology.

Katki et al. [37] found that after an HPV positive/cytology negative test result, women had a

5-year CIN3+ risk at 4.5% (95% CI 4.2–4.8) [36], while Castel et al. reported CIR 2.8% (95% CI

2.1–3.7) respectively [38]. In another study, evaluating co-testing in a Spanish population of

under screened women, the 5-year risk of CIN3+ among HPV positive/cytology negative

women was reported to be 5.8% [39].

Our presented data (S1 Fig) show a 5-year CIN3+ risk at 34.7% in HPV mRNA 16, 18, 45

positive/cytology negative young women versus 0.8% in women being 3-type HPV mRNA

negative/normal cytology. This supports the 3-type mRNA test in being a highly relevant bio-

marker for the identification of young women at higher risk and stresses the fact that the num-

ber of genotypes included in an HPV test carefully need to be balanced towards the

corresponding low risk of developing CIN3+ observed for some of the genotypes such as type

39, 51, 56, 59 and 68. Commonly, young women below 40 years of age have higher number of

CIN2+ cases, while the reported 5-year risk of CIN3+ is lower, reflecting the relative high

number of CIN2 cases that regress if left untreated [40].

Finally, the additional workload of re-screening normal cytology cases which test positive

with the 3-type HPV mRNA test is low, as only 2.6% cases in our study required rescreening.

This volume is considered very low compared with other quality control measures currently

used in cervical cytology, for example the use of different double screening methods like rapid

pre-screening or rapid re-screening trying to reduce the risk of abnormal cells being misinter-

preted or overlooked.

Inevitably, the suggested practice using mRNA HPV testing as a co-test to cytology negative

samples in young women, to some extent increases the workload in the labs presumably as

well as the cost of screening. However, molecular HPV-testing is considered less time-consum-

ing compared to the manual evaluation of cytology slides in microscope. Research on how to

further improve cytology readings seem quite limited, justified by the worldwide transition to

a more sensitive HPV test in primary screening. Still, recent work making use of AI (Artificial

Intelligence) reports that this might improve cytology readings [41–43], thus computer-aided

screening might be an alternative to the 3-type HPV mRNA approach.

This study has not evaluated the cost-effectiveness of making use of a 3-type HPV mRNA

test as a quality control measure of normal cytology, and detailed analysis must be done to ver-

ify suitability.

Strengths and limitations

A major strength of this study is that it is population based, including all women participating

in the Norwegian Cervical Cancer Screening Programme in Nordland County. The Depart-

ment of Pathology at Nordlandssykehuset-Bodø receives all screening samples from this

county. Overall, the coverage of the national screening program is 70% after three years and

80% after five years. As a result of the written personal invites to all women eligible for
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screening, and the official reminders sent by the programme, close to 100% of the women

screened during the study period 2014–2017 had a subsequent screen of follow-up within the

end of 2021. Furthermore, all HPV mRNA test positive women at baseline have been fol-

lowed-up with cytology and HPV-test after 12 months, even if the re-examination of index

cytology resulted in a true negative result.

This study has some limitations, firstly the fact that only a small part of the study population

(14.6%) has been HPV mRNA tested. Secondly, HPV mRNA testing was only performed at

baseline, not in subsequent follow up nor testing of biopsies. Thirdly, due to compliance with

national guidelines, cytology normal, HPV mRNA positive women were not referred to

colposcopy and biopsy. This bias favouring cytology positive women to have a more thorough

follow-up/increased surveillance might underestimate the performance of the mRNA test in

our analysis. The lack of cost effectiveness studies to weigh the benefits of detecting more

CIN3+ cases versus the added costs of molecular testing of normal cytology in young women

is a drawback that needs to be pursued prior to implementation of such practice.

Conclusions

By testing women 25–39 years of age with normal cytology with a specific 3-type HPV mRNA

test, an increase in screening programme sensitivity can be achieved without an excessive addi-

tional workload. The volume of re-screened cytology samples is low (2.6%). The risk of CIN3

+ among cytology normal, HPV mRNA E6/E7 types 16, 18, 45 positive women during follow-

up is high (28.6%). The routine use of mRNA HPV test as an adjunct to cytology will identify

women at an elevated risk, enabling a targeted quality control of cytology readings, thus

improving programme sensitivity by early detection of cell abnormalities. When more women

with CIN3+ are correctly identified and treated, less women will develop cervical cancer.

Supporting information

S1 Fig. Cumulative incidence ratio (CIR) of CIN3+ in the four groups for 5–7 years follow-

up with confidence intervals (95% CI).

(PDF)

S1 Table. Category and risk of CIN3+ during follow-up (2014–2021).

(PDF)

S2 Table. Characteristics of cancer cases.

(PDF)

S1 File. Minimal dataset.

(XLSX)

Acknowledgments

We would like to extend our gratitude to the staff at the department of pathology at Nor-

dlandssykehuset-Bodø for their kind co-operation, and to all the laboratory staff performing

HPV-testing for their great work and collaboration during this study.

Author Contributions

Conceptualization: Khalid Al-Shibli, Sveinung Wergeland Sørbye.

Data curation: Hiba Abdul Latif Mohammed, Ramona Maurseth, Mikkel Fostervold, Sebas-

tian Werner.

PLOS ONE Impact of HPV mRNA detection on the risk of CIN3+ in women with normal cytology

PLOS ONE | https://doi.org/10.1371/journal.pone.0275858 November 22, 2022 9 / 12

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0275858.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0275858.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0275858.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0275858.s004
https://doi.org/10.1371/journal.pone.0275858


Formal analysis: Khalid Al-Shibli, Mikkel Fostervold, Sveinung Wergeland Sørbye.

Investigation: Khalid Al-Shibli, Hiba Abdul Latif Mohammed, Ramona Maurseth, Sebastian

Werner, Sveinung Wergeland Sørbye.

Methodology: Khalid Al-Shibli, Sebastian Werner, Sveinung Wergeland Sørbye.

Project administration: Khalid Al-Shibli, Mikkel Fostervold.

Resources: Khalid Al-Shibli.

Validation: Sveinung Wergeland Sørbye.

Writing – original draft: Khalid Al-Shibli, Sveinung Wergeland Sørbye.

Writing – review & editing: Khalid Al-Shibli, Hiba Abdul Latif Mohammed, Ramona Maur-

seth, Mikkel Fostervold, Sebastian Werner, Sveinung Wergeland Sørbye.

References
1. Zur HH. Papillomaviruses and cancer: from basic studies to clinical application. Nat Rev Cancer. 2002;

2(5):342–50. https://doi.org/10.1038/nrc798 PMID: 12044010

2. Bulkmans NW, Berkhof J, Rozendaal L, van Kemenade FJ, Boeke AJ, Bulk S, et al. Human papilloma-

virus DNA testing for the detection of cervical intraepithelial neoplasia grade 3 and cancer: 5-year fol-

low-up of a randomised controlled implementation trial. Lancet. 2007; 370(9601):1764–72. https://doi.

org/10.1016/S0140-6736(07)61450-0 PMID: 17919718

3. Davies P, Arbyn M, Dillner J, Kitchener HC, Meijer CJ, Ronco G, et al. A report on the current status of

European research on the use of human papillomavirus testing for primary cervical cancer screening.

Int J Cancer. 2006; 118(4):791–6. https://doi.org/10.1002/ijc.21611 PMID: 16287075

4. Mayrand MH, Duarte-Franco E, Rodrigues I, Walter SD, Hanley J, Ferenczy A, et al. Human papilloma-

virus DNA versus Papanicolaou screening tests for cervical cancer. N Engl J Med. 2007; 357

(16):1579–88. https://doi.org/10.1056/NEJMoa071430 PMID: 17942871

5. Engesæter B, Skare GB, Groeneveld L, Trope A. [The Norwegian cervical cancer screening pro-

gramme. Annual report 2019] Oslo: Kreftregisteret. Institutt for populasjonsbasert kreftforskning.; 2021

[updated 2021]. https://www.kreftregisteret.no/.

6. Arbyn M, Roelens J, Simoens C, Buntinx F, Paraskevaidis E, Martin-Hirsch PP, et al. Human papillo-

mavirus testing versus repeat cytology for triage of minor cytological cervical lesions. Cochrane Data-

base Syst Rev. 2013(3):CD008054. https://doi.org/10.1002/14651858.CD008054.pub2 PMID:

23543559

7. Cuschieri KS, Cubie HA, Whitley MW, Seagar AL, Arends MJ, Moore C, et al. Multiple high risk HPV

infections are common in cervical neoplasia and young women in a cervical screening population. J Clin

Pathol. 2004; 57(1):68–72. https://doi.org/10.1136/jcp.57.1.68 PMID: 14693839

8. Castanon A, Ferryman S, Patnick J, Sasieni P. Review of cytology and histopathology as part of the

NHS Cervical Screening Programme audit of invasive cervical cancers. Cytopathology. 2012; 23

(1):13–22. https://doi.org/10.1111/j.1365-2303.2011.00948.x PMID: 22243289

9. Kirschner B, Poll S, Rygaard C, Wahlin A, Junge J. Screening history in women with cervical cancer in a

Danish population-based screening program. Gynecol Oncol. 2011; 120(1):68–72. https://doi.org/10.

1016/j.ygyno.2010.09.021 PMID: 21035171

10. Bigras G, Wilson J, Russell L, Johnson G, Morel D, Saddik M. Interobserver concordance in the assess-

ment of features used for the diagnosis of cervical atypical squamous cells and squamous intraepithelial

lesions (ASC-US, ASC-H, LSIL and HSIL). Cytopathology. 2013; 24(1):44–51. https://doi.org/10.1111/j.

1365-2303.2011.00930.x PMID: 22007754

11. Sorbye SW, Suhrke P, Reva BW, Berland J, Maurseth RJ, Al-Shibli K. Accuracy of cervical cytology:

comparison of diagnoses of 100 Pap smears read by four pathologists at three hospitals in Norway.

BMC Clin Pathol. 2017; 17:18. https://doi.org/10.1186/s12907-017-0058-8 PMID: 28860942

12. Stoler MH, Schiffman M. Interobserver reproducibility of cervical cytologic and histologic interpretations:

realistic estimates from the ASCUS-LSIL Triage Study. JAMA. 2001; 285(11):1500–5. https://doi.org/

10.1001/jama.285.11.1500 PMID: 11255427

13. Wright TC Jr., Stoler MH, Behrens CM, Sharma A, Sharma K, Apple R. Interlaboratory variation in the

performance of liquid-based cytology: insights from the ATHENA trial. Int J Cancer. 2014; 134(8):1835–

43. https://doi.org/10.1002/ijc.28514 PMID: 24122508

PLOS ONE Impact of HPV mRNA detection on the risk of CIN3+ in women with normal cytology

PLOS ONE | https://doi.org/10.1371/journal.pone.0275858 November 22, 2022 10 / 12

https://doi.org/10.1038/nrc798
http://www.ncbi.nlm.nih.gov/pubmed/12044010
https://doi.org/10.1016/S0140-6736%2807%2961450-0
https://doi.org/10.1016/S0140-6736%2807%2961450-0
http://www.ncbi.nlm.nih.gov/pubmed/17919718
https://doi.org/10.1002/ijc.21611
http://www.ncbi.nlm.nih.gov/pubmed/16287075
https://doi.org/10.1056/NEJMoa071430
http://www.ncbi.nlm.nih.gov/pubmed/17942871
https://www.kreftregisteret.no/
https://doi.org/10.1002/14651858.CD008054.pub2
http://www.ncbi.nlm.nih.gov/pubmed/23543559
https://doi.org/10.1136/jcp.57.1.68
http://www.ncbi.nlm.nih.gov/pubmed/14693839
https://doi.org/10.1111/j.1365-2303.2011.00948.x
http://www.ncbi.nlm.nih.gov/pubmed/22243289
https://doi.org/10.1016/j.ygyno.2010.09.021
https://doi.org/10.1016/j.ygyno.2010.09.021
http://www.ncbi.nlm.nih.gov/pubmed/21035171
https://doi.org/10.1111/j.1365-2303.2011.00930.x
https://doi.org/10.1111/j.1365-2303.2011.00930.x
http://www.ncbi.nlm.nih.gov/pubmed/22007754
https://doi.org/10.1186/s12907-017-0058-8
http://www.ncbi.nlm.nih.gov/pubmed/28860942
https://doi.org/10.1001/jama.285.11.1500
https://doi.org/10.1001/jama.285.11.1500
http://www.ncbi.nlm.nih.gov/pubmed/11255427
https://doi.org/10.1002/ijc.28514
http://www.ncbi.nlm.nih.gov/pubmed/24122508
https://doi.org/10.1371/journal.pone.0275858


14. Westre B, Giske A, Guttormsen H, Wergeland SS, Skjeldestad FE. Quality control of cervical cytology

using a 3-type HPV mRNA test increases screening program sensitivity of cervical intraepithelial neo-

plasia grade 2+ in young Norwegian women-A cohort study. PLoS One. 2019; 14(11):e0221546.

https://doi.org/10.1371/journal.pone.0221546 PMID: 31689301

15. DiMaio D, Petti LM. The E5 proteins. Virology. 2013; 445(1–2):99–114. https://doi.org/10.1016/j.virol.

2013.05.006 PMID: 23731971

16. Longworth MS, Laimins LA. Pathogenesis of human papillomaviruses in differentiating epithelia. Micro-

biol Mol Biol Rev. 2004; 68(2):362–72. https://doi.org/10.1128/MMBR.68.2.362-372.2004 PMID:

15187189

17. Cuschieri KS, Beattie G, Hassan S, Robertson K, Cubie H. Assessment of human papillomavirus

mRNA detection over time in cervical specimens collected in liquid based cytology medium. J Virol

Methods. 2005; 124(1–2):211–5. https://doi.org/10.1016/j.jviromet.2004.11.005 PMID: 15664071

18. Graham SV. Human papillomavirus: gene expression, regulation and prospects for novel diagnostic

methods and antiviral therapies. Future Microbiol. 2010; 5(10):1493–506. https://doi.org/10.2217/fmb.

10.107 PMID: 21073310

19. de Sanjose S, Quint WG, Alemany L, Geraets DT, Klaustermeier JE, Lloveras B, et al. Human papillo-

mavirus genotype attribution in invasive cervical cancer: a retrospective cross-sectional worldwide

study. Lancet Oncol. 2010; 11(11):1048–56. https://doi.org/10.1016/S1470-2045(10)70230-8 PMID:

20952254

20. Powell N, Cuschieri K, Cubie H, Hibbitts S, Rosillon D, De Souza SC, et al. Cervical cancers associated

with human papillomavirus types 16, 18 and 45 are diagnosed in younger women than cancers associ-

ated with other types: a cross-sectional observational study in Wales and Scotland (UK). J Clin Virol.

2013; 58(3):571–4. https://doi.org/10.1016/j.jcv.2013.08.020 PMID: 24051043

21. Tjalma WA, Fiander A, Reich O, Powell N, Nowakowski AM, Kirschner B, et al. Differences in human

papillomavirus type distribution in high-grade cervical intraepithelial neoplasia and invasive cervical can-

cer in Europe. Int J Cancer. 2013; 132(4):854–67. https://doi.org/10.1002/ijc.27713 PMID: 22752992

22. Nayar R, Solomon D. Second edition of ’The Bethesda System for reporting cervical cytology’—atlas,

website, and Bethesda interobserver reproducibility project. Cytojournal. 2004; 1(1):4. https://doi.org/

10.1186/1742-6413-1-4 PMID: 15504231

23. Robertson AJ, Anderson JM, Beck JS, Burnett RA, Howatson SR, Lee FD, et al. Observer variability in

histopathological reporting of cervical biopsy specimens. J Clin Pathol. 1989; 42(3):231–8. https://doi.

org/10.1136/jcp.42.3.231 PMID: 2539400

24. Falang BM. PreTect SEE. protocols.io 2019 [updated 2019]. http://doi.org/10.17504/protocols.io.

2q6gdze.

25. Arbyn M, Buntinx F, Van RM, Paraskevaidis E, Martin-Hirsch P, Dillner J. Virologic versus cytologic tri-

age of women with equivocal Pap smears: a meta-analysis of the accuracy to detect high-grade intrae-

pithelial neoplasia. J Natl Cancer Inst. 2004; 96(4):280–93. https://doi.org/10.1093/jnci/djh037 PMID:

14970277

26. Katki HA, Kinney WK, Fetterman B, Lorey T, Poitras NE, Cheung L, et al. Cervical cancer risk for

women undergoing concurrent testing for human papillomavirus and cervical cytology: a population-

based study in routine clinical practice. Lancet Oncol. 2011; 12(7):663–72. https://doi.org/10.1016/

S1470-2045(11)70145-0 PMID: 21684207

27. Rozemeijer K, Naber SK, Penning C, Overbeek LI, Looman CW, de Kok IM, et al. Cervical cancer inci-

dence after normal cytological sample in routine screening using SurePath, ThinPrep, and conventional

cytology: population based study. BMJ. 2017; 356:j504. https://doi.org/10.1136/bmj.j504 PMID:

28196844

28. Froberg M, Ostensson E, Belkic K, Ostrbenk A, Poljak M, Mints M, et al. Impact of the human papilloma-

virus status on the development of high-grade cervical intraepithelial neoplasia in women negative for

intraepithelial lesions or malignancy at the baseline: A 9-year Swedish nested case-control follow-up

study. Cancer. 2019; 125(2):239–48. https://doi.org/10.1002/cncr.31788 PMID: 30536370

29. Hashim D, Engesaeter B, Baadstrand SG, Castle PE, Bjorge T, Trope A, et al. Real-world data on cervi-

cal cancer risk stratification by cytology and HPV genotype to inform the management of HPV-positive

women in routine cervical screening. Br J Cancer. 2020; 122(11):1715–23. https://doi.org/10.1038/

s41416-020-0790-1 PMID: 32242098

30. Engholm G, Ferlay J, Christensen N, Bray F, Gjerstorff ML, Klint A, et al. NORDCAN—a Nordic tool for

cancer information, planning, quality control and research. Acta Oncol. 2010; 49(5):725–36. https://doi.

org/10.3109/02841861003782017 PMID: 20491528

31. Szarewski A, Ambroisine L, Cadman L, Austin J, Ho L, Terry G, et al. Comparison of predictors for high-

grade cervical intraepithelial neoplasia in women with abnormal smears. Cancer Epidemiol Biomarkers

Prev. 2008; 17(11):3033–42. https://doi.org/10.1158/1055-9965.EPI-08-0508 PMID: 18957520

PLOS ONE Impact of HPV mRNA detection on the risk of CIN3+ in women with normal cytology

PLOS ONE | https://doi.org/10.1371/journal.pone.0275858 November 22, 2022 11 / 12

https://doi.org/10.1371/journal.pone.0221546
http://www.ncbi.nlm.nih.gov/pubmed/31689301
https://doi.org/10.1016/j.virol.2013.05.006
https://doi.org/10.1016/j.virol.2013.05.006
http://www.ncbi.nlm.nih.gov/pubmed/23731971
https://doi.org/10.1128/MMBR.68.2.362-372.2004
http://www.ncbi.nlm.nih.gov/pubmed/15187189
https://doi.org/10.1016/j.jviromet.2004.11.005
http://www.ncbi.nlm.nih.gov/pubmed/15664071
https://doi.org/10.2217/fmb.10.107
https://doi.org/10.2217/fmb.10.107
http://www.ncbi.nlm.nih.gov/pubmed/21073310
https://doi.org/10.1016/S1470-2045%2810%2970230-8
http://www.ncbi.nlm.nih.gov/pubmed/20952254
https://doi.org/10.1016/j.jcv.2013.08.020
http://www.ncbi.nlm.nih.gov/pubmed/24051043
https://doi.org/10.1002/ijc.27713
http://www.ncbi.nlm.nih.gov/pubmed/22752992
https://doi.org/10.1186/1742-6413-1-4
https://doi.org/10.1186/1742-6413-1-4
http://www.ncbi.nlm.nih.gov/pubmed/15504231
https://doi.org/10.1136/jcp.42.3.231
https://doi.org/10.1136/jcp.42.3.231
http://www.ncbi.nlm.nih.gov/pubmed/2539400
http://doi.org/10.17504/protocols.io.2q6gdze
http://doi.org/10.17504/protocols.io.2q6gdze
https://doi.org/10.1093/jnci/djh037
http://www.ncbi.nlm.nih.gov/pubmed/14970277
https://doi.org/10.1016/S1470-2045%2811%2970145-0
https://doi.org/10.1016/S1470-2045%2811%2970145-0
http://www.ncbi.nlm.nih.gov/pubmed/21684207
https://doi.org/10.1136/bmj.j504
http://www.ncbi.nlm.nih.gov/pubmed/28196844
https://doi.org/10.1002/cncr.31788
http://www.ncbi.nlm.nih.gov/pubmed/30536370
https://doi.org/10.1038/s41416-020-0790-1
https://doi.org/10.1038/s41416-020-0790-1
http://www.ncbi.nlm.nih.gov/pubmed/32242098
https://doi.org/10.3109/02841861003782017
https://doi.org/10.3109/02841861003782017
http://www.ncbi.nlm.nih.gov/pubmed/20491528
https://doi.org/10.1158/1055-9965.EPI-08-0508
http://www.ncbi.nlm.nih.gov/pubmed/18957520
https://doi.org/10.1371/journal.pone.0275858


32. Szarewski A, Mesher D, Cadman L, Austin J, Ashdown-Barr L, Ho L, et al. Comparison of seven tests

for high-grade cervical intraepithelial neoplasia in women with abnormal smears: the Predictors 2 study.

J Clin Microbiol. 2012; 50(6):1867–73. https://doi.org/10.1128/JCM.00181-12 PMID: 22422852

33. Sorbye SW, Fismen S, Gutteberg TJ, Mortensen ES, Skjeldestad FE. HPV mRNA is more specific than

HPV DNA in triage of women with minor cervical lesions. PLoS One. 2014; 9(11):e112934. https://doi.

org/10.1371/journal.pone.0112934 PMID: 25405981

34. Reinholdt K, Juul KE, Dehlendorff C, Munk C, Kjaer SK, Thomsen LT. Triage of low-grade squamous

intraepithelial lesions using human papillomavirus messenger ribonucleic acid tests-A prospective pop-

ulation-based register study. Acta Obstet Gynecol Scand. 2020; 99(2):204–12. https://doi.org/10.1111/

aogs.13741 PMID: 31562779

35. St-Martin G, Thamsborg LH, Andersen B, Christensen J, Ejersbo D, Jochumsen K, et al. Management

of low-grade cervical cytology in young women. Cohort study from Denmark. Acta Oncol. 2021 Apr; 60

(4):444–451. https://doi.org/10.1080/0284186X.2020.1831061 PMID: 33030976

36. Westre B, Giske A, Guttormsen H, Sorbye SW, Skjeldestad FE. 5-type HPV mRNA versus 14-type

HPV DNA test: test performance, over-diagnosis and overtreatment in triage of women with minor cervi-

cal lesions. BMC Clin Pathol. 2016; 16:9. https://doi.org/10.1186/s12907-016-0032-x PMID: 27279798

37. Katki HA, Schiffman M, Castle PE, Fetterman B, Poitras NE, Lorey T, et al. Five-year risks of CIN 3+

and cervical cancer among women who test Pap-negative but are HPV-positive. J Low Genit Tract Dis.

2013; 17(5 Suppl 1):S56–63. https://doi.org/10.1097/LGT.0b013e318285437b PMID: 23519306

38. Castle PE, Glass AG, Rush BB, Scott DR, Wentzensen N, Gage JC, et al. Clinical human papillomavi-

rus detection forecasts cervical cancer risk in women over 18 years of follow-up. J Clin Oncol. 2012; 30

(25):3044–50. https://doi.org/10.1200/JCO.2011.38.8389 PMID: 22851570

39. Ibanez R, Roura E, Monfil L, Rodriguez LA, Sarda M, Crespo N, et al. Long-term protection of HPV test

in women at risk of cervical cancer. PLoS One. 2020; 15(8):e0237988. https://doi.org/10.1371/journal.

pone.0237988 PMID: 32853216

40. Castle PE, Schiffman M, Wheeler CM, Solomon D. Evidence for frequent regression of cervical intrae-

pithelial neoplasia-grade 2. Obstet Gynecol. 2009; 113(1):18–25. https://doi.org/10.1097/AOG.

0b013e31818f5008 PMID: 19104355

41. Wang CW, Liou YA, Lin YJ, Chang CC, Chu PH, Lee YC, et al. Artificial intelligence-assisted fast

screening cervical high grade squamous intraepithelial lesion and squamous cell carcinoma diagnosis

and treatment planning. Sci Rep. 2021; 11(1):16244. https://doi.org/10.1038/s41598-021-95545-y

PMID: 34376717

42. Hou X, Shen G, Zhou L, Li Y, Wang T, Ma X. Artificial Intelligence in Cervical Cancer Screening and

Diagnosis. Front Oncol. 2022; 12:851367. https://doi.org/10.3389/fonc.2022.851367 PMID: 35359358

43. Wentzensen N, Lahrmann B, Clarke MA, Kinney W, Tokugawa D, Poitras N, et al. Accuracy and Effi-

ciency of Deep-Learning-Based Automation of Dual Stain Cytology in Cervical Cancer Screening. J

Natl Cancer Inst. 2021; 113(1):72–9. https://doi.org/10.1093/jnci/djaa066 PMID: 32584382

PLOS ONE Impact of HPV mRNA detection on the risk of CIN3+ in women with normal cytology

PLOS ONE | https://doi.org/10.1371/journal.pone.0275858 November 22, 2022 12 / 12

https://doi.org/10.1128/JCM.00181-12
http://www.ncbi.nlm.nih.gov/pubmed/22422852
https://doi.org/10.1371/journal.pone.0112934
https://doi.org/10.1371/journal.pone.0112934
http://www.ncbi.nlm.nih.gov/pubmed/25405981
https://doi.org/10.1111/aogs.13741
https://doi.org/10.1111/aogs.13741
http://www.ncbi.nlm.nih.gov/pubmed/31562779
https://doi.org/10.1080/0284186X.2020.1831061
http://www.ncbi.nlm.nih.gov/pubmed/33030976
https://doi.org/10.1186/s12907-016-0032-x
http://www.ncbi.nlm.nih.gov/pubmed/27279798
https://doi.org/10.1097/LGT.0b013e318285437b
http://www.ncbi.nlm.nih.gov/pubmed/23519306
https://doi.org/10.1200/JCO.2011.38.8389
http://www.ncbi.nlm.nih.gov/pubmed/22851570
https://doi.org/10.1371/journal.pone.0237988
https://doi.org/10.1371/journal.pone.0237988
http://www.ncbi.nlm.nih.gov/pubmed/32853216
https://doi.org/10.1097/AOG.0b013e31818f5008
https://doi.org/10.1097/AOG.0b013e31818f5008
http://www.ncbi.nlm.nih.gov/pubmed/19104355
https://doi.org/10.1038/s41598-021-95545-y
http://www.ncbi.nlm.nih.gov/pubmed/34376717
https://doi.org/10.3389/fonc.2022.851367
http://www.ncbi.nlm.nih.gov/pubmed/35359358
https://doi.org/10.1093/jnci/djaa066
http://www.ncbi.nlm.nih.gov/pubmed/32584382
https://doi.org/10.1371/journal.pone.0275858

