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Abstract in Norwegian

Bakgrunn: Pa verdensbasis er livmorhalskreft den fjerde mest utbredte kreftformen blant
kvinner. HPV-vaksine og screening (ved hjelp av celleprgve eller HPV-test) kan redusere
forekomst og dgdelighet av livmorhalskreft. Siden cellepravebasert screening har lav
sensitivitet for & oppdage hgygradige celleforandringer (CIN3+), har flere land erstattet
celleprgve med HPV-test. Mens HPV DNA-tester oppdager tilstedeveerelse av virus, som kan
indikere en forbigaende infeksjon, undersgker HPV mRNA-tester for onkogen aktivitet som
medfarer gkt risiko for hgygradige celleforandringer og kreft.

Formal: | denne doktorgradsavhandlingen hadde vi som mal &: Artikkel 1) sammenligne
ytelsen til en HPV-mRNA- og en HPV-DNA-test for pavisning av ulike HPV-typer i
vevsprgver fra kvinner med livmorhalskreft; Artikkel 11) undersgke evnen til en HPV-mRNA-
test til & forutsi langsiktig risiko for hgygradige celleforandringer (CIN3+) blant kvinner med
normal celleprgve ved screening; og Artikkel 111) sammenligne ytelsen til en HPV-mRNA-

test og en HPV-DNA-test i triage av unge kvinner med lavgradige celleforandringer.

Materialer og metoder: | artikkel I ble det utfart tester pa 167 livmorhalskreftprgver fra Ser-
Afrika ved hjelp av en 9-typer HPV mRNA-test og en 45-typer HPV DNA-test, og deres evne
til & pavise ulike HPV-typer i kreftvev. Data som ble brukt i artikkel 11 og Il ble hentet fra
Kreftregisteret. Artikkel Il inkluderte 9582 norske kvinner med normal celleprgve som ble
screenet med en 5-typer HPV mRNA-test. Kvinnene ble deretter fulgt opp i opptil 11 ar og 8
maneder med tanke pa forekomst av CIN3+. Artikkel 111 inkluderte 4115 kvinner mellom 25
og 33 ar med lavgradig celleprave, og de ble triagert ved hjelp av enten en 5-typer HPV
MRNA-test (n=1559) eller en 13-typer HPV DNA-test (n=2556). Resultatene som ble
evaluert inkluderte positivitetsrate, henvisningsrate til kolposkopi/biopsi og andel med
gjentatt testing, samt forekomst av CIN3+ blant kvinner med positiv og negativ HPV-test
opptil 6 ar etter triage.

Resultater: Artikkel | viste tilsvarende evne til & pavise ulike typer HPV bade for HPV-
MRNA- og HPV-DNA-testene (91,6 %). Totalt sett var 83,8 % av pragvene positive for de
samme HPV-typene med begge testene. | Artikkel 11 ble 20,8 % av HPV mRNA-positive
kvinner og 1,1 % av HPV mRNA-negative kvinner diagnostisert med CIN3+ ved senere
oppfelging. Det var ingen signifikant forskjell i forekomst av CIN3+ for ulike HPV-typer. |
Artikkel 111 var 23,3 % av kvinnene HPV-mRNA-positive og 52,8 % var HPV-DNA-positive
ved triage (p<0,001). Henvisningsrater til kolposkopi/biopsi (24,9 % vs. 18,3 %) og gjentatt



cytologi (27,9 % vs. 5,1 %), samt CIN3+-deteksjonsrater (13,1 %/ vs. 6,9 %; p<0,001) var
signifikant hgyere hos kvinner triagert av HPV DNA-testen. Av de 10 tilfellene av
livmorhalskreft som ble diagnostisert i lgpet av oppfelgingsperioden, oppsto atte hos kvinner
som ble analysert med HPV DNA-testen.

Konklusjoner: Evnen til HPV-mRNA- og HPV-DNA-testene til & oppdage HPV-typer i
livmorhalskreftprever var lik. Langtidsrisiko for CIN3+ var hgy blant HPV mRNA-positive
kvinner og lav blant HPV mRNA-negative kvinner. Dette gjar en 5-typer HPV mRNA test
godt egnet i screening av kvinner uavhengig av alder. | triage av unge kvinner med lavgradig
cellepragve viste MRNA-testen tilsvarende effekt som HPV DNA-testen i kreftforebygging,

samtidig som den krevde betydelig mindre bruk av helsetjenester.
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Abstract

Background: Cervical cancer is the fourth most prevalent cancer in women worldwide.
Cervical cancer screening (cytology or human papillomavirus [HPV] testing) and HPV
vaccination can decrease cervical cancer incidence and mortality. However, because cytology-
based screening has a low sensitivity to detect high-grade cervical lesions, several countries
have replaced it with HPV test-based screening. While HPV DNA tests detect the presence of
the virus, which may indicate a transient infection, HPV mRNA tests examine for oncogenic
activity that carries an increased risk of high-grade cell changes and cancer.

Aims: In this PhD thesis, | aimed to: Paper I) compare the performance of an HPV mRNA
and an HPV DNA test in the detection of HPV types in cervical cancer specimens; Paper I1)
examine the ability of an HPVV mRNA test to predict the long-term risk of cervical
intraepithelial neoplasia grade 3 or worse (CIN3+) among women with normal cytology at
screening; and Paper 111) compare the performance of an HPV mRNA test and an HPV DNA

test in the triage of young women with minor cytological abnormalities at screening.

Materials and Methods: In Paper I, 167 cervical cancer specimens from South Africa were
tested with a 9-type HPV mRNA test and a 45-type HPV DNA test, and HPV detection rates
were calculated. Papers 11 and 111 were based on data obtained from the Cancer Registry of
Norway. Paper Il included 9582 Norwegian women with normal cytology and results from a
5-type HPV mRNA test at screening. We then followed these women for up to 11 years and 8
months for CIN3+. Paper 111 included 4115 women aged 25-33 years with minor cytological
abnormalities at screening who were triaged with either a 5-type HPV mRNA test (n=1559)
or a 13-type HPV DNA test (n=2556). The outcomes were positivity rate, referral rates to

colposcopy/biopsy and repeat testing, and CIN3+ detection rate up to 6 years after triage.

Results: Paper | showed equal HPV detection rates for the HPV mRNA and HPV DNA tests
(91.6%). Overall, 83.8% of specimens were positive for the same HPV types with both tests.
In Paper I1, 20.8% of HPV mRNA-positive women and 1.1% of HPV mRNA-negative
women were diagnosed with CIN3+ during follow-up. There was no difference in CIN3+
incidence by HPV type. In Paper I11, 23.3% of women were HPV mRNA-positive and 52.8%
were HPV DNA-positive at triage (p<0.001). Referral rates to colposcopy/biopsy (24.9% vs.
18.3%) and repeat cytology (27.9% vs. 5.1%), as well as CIN3+ detection rates (13.1%/ vs.
6.9%; p<0.001) were significantly higher in women triaged by the HPV DNA test. Of the 10
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cancers diagnosed during the study period, eight occurred in women triaged by the HPV DNA

test.

Conclusions: The ability of the HPV mRNA and HPV DNA tests to detect HPV types in
cervical cancer specimens was similar. The risk of CIN3+ during our long-term follow-up
was low among HPV mRNA-negative women, and high among HPV mRNA-positive
women. This adds to and strengthens existing evidence on the appropriateness of using the 5-
type HPV mRNA in the screening of women, regardless of age. In the triage of young women
with minor cytological abnormalities, the mRNA test demonstrated similar efficacy as the

HPV DNA test in cancer prevention, while requiring significantly less healthcare utilization.
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1. Introduction

1.1. Human Papillomavirus and Other Papillomaviruses

Human papillomavirus (HPV) has a single-stranded circular DNA containing about 8000 base
pairs (bp) [1]. The HPV genome has eight open reading frames and one upstream regulatory
region [1]. HPV genes are classified according to their expressions in the early (E) or late (L)
differentiation stage of the epithelium [1]. For example, E1, E2, E5, E6, and E7 are genes
involved in the early differentiation stage, while the E4 gene is expressed during the
differentiation stage, and L1 and L2 genes are involved throughout the final differentiation
stage [1]. The DNA of HPV is maintained at the basal layer of the epithelium, where HPV

infection occurs [1].

Papillomaviruses have been discovered in birds and most mammals [2]. They are vastly
diverse, and their isolations are labelled as ‘types’ [2, 3]. Throughout decades of research,
thousands of papillomavirus types have been sequenced and isolated to form a classification
system [2]. The open reading frame of the L1 gene is the most conserved region of HPV
DNA. Therefore, in order for any newly discovered HPV type to be truly considered new and
recorded as such at the International HPV Reference Center in Heidelberg, Germany, the
nucleotide sequences of its L1 gene should have a variation of at least 10% from the
corresponding sequences of the nearest identified HPV types [2, 3]. If the variation is less than

2%, it is defined as a ‘variant’, and if it is between 2% and 10%, it is defined as a ‘subtype’

[2].

1.2. Cervical Cancer and Precancerous Lesions

1.2.1. Anatomy of Involved Organs

The cervix is the lower fibromuscular part of the uterus [4, 5] and is located between the
lower and upper genital tract [6]. The cervix permits spermatozoa to travel to the genital tract
and protects the uterus and upper genital tract against bacterial infection [7]. The cervix is
usually between 3 and 4 cm in length and 2.5 cm in diameter, but its size and shape vary
depending on women’s age, parity, and menstrual status [4]. Embryologically, the cervix
originates from the lower segment of the fused Mullerian ducts [6]. While the upper half of

cervix remains above vagina, its lower half (the portio vaginalis), extends into the vagina
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through an orifice called the external os [4]. The most visible part of the cervix is the
ectocervix, which is covered by pink stratified squamous epithelium composed of multi-
layered cells, whereas the endocervix is the portion that is proximal to the external os and
covered by red columnar epithelium made of a single, mostly invisible, layer of cells [4]. The
endocervical canal crosses the endocervix and ties the uterine cavity with the vagina from the
internal to the external os, where it opens into the vagina [4]. The length and width of this
canal varies depending on a woman’s age and hormonal status, with widths reaching 6-8 mm
in women of reproductive age [4]. Two types of epithelium, stratified nonkeratinizing
squamous and columnar epithelium, cover the cervix [4]. These two epithelia join at the
sgquamocolumnar junction [4]. The cervical transformation zone is a circle of mucosa where
the stratified squamous epithelium of the ectocervix gradually replaces the mucus-producing
glandular epithelium of the ectocervix [1]. This zone changes its position as women age,

moving towards and into the endocervical canal [1].

1.2.2. Cytological and Histological Classifications and Features

During the last decades, the scientific community has gained a deeper understanding of the
pathogenesis and natural history of cervical cancer, which had led to changes in the
cytological and histological classifications of cervical cancer and its precursors [8]. A new
classification for reporting cervical cytology results, the Bethesda System, was invented after
two workshops organized by the United States National Cancer Institute (NCI) held in 1988
and 1991 [4]. The main aspect of the Bethesda System was the establishment of the term
squamous intraepithelial lesion, and the classification of this term into two-levels: low-grade
squamous intraepithelial lesion (LSIL) and high-grade squamous intraepithelial lesion (HSIL)
[4]. The histological nomenclature of dysplasia and carcinoma in situ are being phased out [9]
in favor of the World Health Organization (WHO) system (WHO 2014), including a two-level
histological classification of LSIL and HSIL, which is biologically more related and
reproducible than the former three-level classification of cervical intraepithelial neoplasia
(CIN) [10].

The cytological features of low-grade CIN include cellular enlargement, multinucleation,
nuclear hyperchromasia, nuclear irregularity, and perinuclear halos presence [8]. The
cytological and histological features of high-grade CIN include immature basaloid-type cells
with a high ratio of nucleus to cytoplasm, immature basaloid-type cells in the upper part of the
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epithelium, mitoses in the upper part of the epithelium, irregular and hyperchromatic nuclei,

and abnormal mitotic figures [8].

1.3. Etiology of Cervical Cancer and Precancerous Lesions

1.3.1. HPV Infection and Carcinogenesis

HPV can infect all types of cervical epithelia [10]. It is assumed that HPV accesses basal cells
through microabrasions in the cervical epithelium [11], which allows HPV to interact with
cervical basal cells, after which the virus is transferred to the nucleus, where the HPV genome
discharges few episomes [10]. Infection is followed by E1, E2, E4, E5, E6, and E7 expression
and viral DNA replication from episomal DNA [11]. DNA replication continues in the
midzone and superficial zone of the epithelium, where L1, L2, and E4 are expressed [11]. L1
and L2 encapsulate the viral genomes to shape offspring virions in the nucleus so that a new
infection can be initiated by the shed virus [11]. HPV DNA integration into the host
chromosomes is associated with the loss or disruption of E2. This, followed by upregulated

expression of the E6 and E7 oncogenes, can lead to microinvasive and invasive cancer [11].

High-risk HPV infection is separated into three phases: latent, permissive, and transforming
[10, 12]. The latent phase occurs immediately after the infection and discharge of the viral
genome, when the virus has no genetic activity and remains clinically hidden [12]. The
permissive phase is characterized by low viral genome activity, low virus replication,
expansion of the infection to cervical squamous basal cells, and the presence of CIN grade
1(CIN1) [12]. In the transforming phase, especially in the metaplastic epithelium of the
transformation zone, viral gene activity changes from replication to transformation, with high
E6/E7 gene expression followed by overexpression of the p16-inhibiting cyclin-dependent
kinase-4 gene [10, 12]. This makes the host genome unstable [10, 12] and is followed by
aberrant mitosis and proliferation of atypical basaloid cells [10]. The nuclei of the host cells
are then customized to permit local expansion of HPV-transformed epithelial cells, i.e., CIN
grade 2 or worse (CIN2+) [12]. While E gene expression is restricted to basal cells, L gene
expression is involved in the packing of viral genome copies [10]. At this stage, morphologic
changes, such as LSIL, can be detected [10]. Transforming infections can result in HSIL and
adenocarcinoma in situ (AIS), some of which may progress to invasive cervical cancer (ICC)
[10].
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The expression patterns of HPV genes are identical during CIN1 (LSIL) and CIN grade 2
(CIN2) [1], but the expression of genes involved during CIN2 and CIN grade 3 (CIN3) is
delayed, limiting the effects of the infection to a small zone around the epithelial surface [1].
These changes take place when the HPV genome integrates into the host DNA and begins to
cause alterations in E7 gene expression, damage to E1 proteins, and replication of E2 proteins
[1]. Once the lesion has progressed to cervical cancer, the productive phases of the viral life

cycle are no longer effective, and the episomes of virus are mostly lost [1].

Most women contract at least one HPV infection throughout their life, but few women
actually develop ICC [11]. A better understanding of the natural history of HPV infection and
type-specific HPV infection is needed to identify associations with, and better markers of,
disease progression [11]. Another issue to consider is the importance of HPV host genome
integration in carcinogenesis, as after this integration, the negative feedback of oncogene
expression and E2 gene regulation are disrupted [11]. HPV host genome integration can be
determined from an mRNA test; a negative test may reflect an episomal viral state [13].
Logically, HPV host genome integration should confer a higher risk of progression to high-
grade lesions and cervical cancer, whereas an infection in the episomal state would be more
likely to clear spontaneously [13]. Women positive for both HPV DNA and HPV mRNA tests

at screening have been reported to have a higher chance of persistent infection [14].

Moreover, the prevalence of integrated HPV forms differs by HPV type [11]. Contrary to
HPV16, HPV18 host genome integration is almost complete in women with CIN3+ or ICC
[11]. The integrated form of HPV16 is more frequently detected in women with severe
cervical neoplasia, and the episomal form is rare in women with ICC [11]. On the other hand,
in women with high-grade CIN and ICC, HPV18 is almost always detected in its integrated
form only [11]. Viral load is too complicated to measure and is not clinically useful due to its
variation by HPV type, the physical state of HPV, and the heterogeneity of cervical lesions
[11].

It is common to detect concurrent or sequential infections of more than one HPV type, and
there is evidence that the life cycles of different HPV types are not independent [11]. HPV
oncogenes can stimulate methylation in the cells, and these methylation patterns change with
the life cycle of the virus, and the occurrence of disease [11]. Numerous epigenetic changes,
such as aberrant methylation of CpG islands in the promoter regions of tumor suppressor

genes, can contribute to carcinogenesis [11]. Thus, if we can detect epigenetic alterations in
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exfoliated cervical cells, we can enhance the efficiency of cervical cancer screening programs
[11].

1.3.2. Persistence of HPV Infection and Progression of Cervical Lesions

HPV infections can be transient or persistent, the latter can manifest either as a constant
low/high amount of viral activity or as progressive, periodic latent and active viral phases
[11]. Although it has been reported that persistent HPV infection is necessary for the
development of high-grade CIN and ICC [1, 10, 15], the definition of persistence varies.
Woodman et al. defined persistent infection as detecting the same HPV type twice, with at
least 6 months between tests [11]. In a systematic review from 2008, 78% of included studies
defined HPV persistence as positivity at more than two visits (two-test setting), 19.5% of
studies defined it as positivity at more than three visits, 4.9% defined it as the proportion of
positive visits, and one study each defined it as HPV positivity through follow-up and as time
to clearance of HPV infection (i.e., duration of HPV infection) [16]. The different HPV
detection methods, research methods, HPV classifications, and definitions of clearance used
in the aforementioned studies make the definition of persistent infection even more

complicated [16].

A two-test setting is not perfect for identifying persistence and clearance (Figure 1). Indeed, if
a single infection is detected in the first test but not the second test in several individuals, it
would only show HPV prevalence (Figure 1, Part A). If the first test is negative and the
second is positive, it becomes as a measure of HPV incidence (Figure 1, Part B). Another
possibility is that the two-test setting detects a persistent infection without determining
duration or clearance (Figure 1, Part C). Most studies evaluate HPV infection as a
combination of the aforementioned scenarios (Figure 1, Part D). Studies that use this scenario
do not give enough information on length of persistence, duration, or clearance of HPV
infection. Instead, they use cytology and histology results to provide measures of cumulative

risk of high-grade cervical lesions after an incident or persistent HPV infection.
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Figure 1. Two-test setting scenarios to detect HPV infection and persistence. The green rectangles represent the
period of HPV detection. Derived from Woodman et al. [11].

As the number of tests performed increases, the certainty of detecting a persistent infection
may also increase; however, choosing the proper interval is important. In a two-test setting,
performing more tests with short intervals may detect persistence but miss initiation and
clearance (Figure 2, Part A). Ho et al. showed a median duration of an incident infection of 8
months, with 70% and 91% of these infections clearing after 12 and 24 months, respectively
[17]. The median duration of high-risk HPV infections is longer: 11 and 12 months for
HPV16 and 18, respectively [17]. Therefore, a more desirable test setting is one that is long
enough and performs more HPV tests at appropriate intervals (Figure 2, Part B). Woodman et
al. tested 1075 women at 6-month intervals over 3 years [18], with an average of four HPV
tests per women. Only two had four positive test results during the 3-year study period; 15
had three; 81 had two; and 407 had one positive test result [18].
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Figure 2. Possibilities for improved HPV test settings to determine persistent HPV infection. Derived from
Woodman et al. [11]. A) Method with several tests at short intervals, but that may miss infection initiation and
clearance. B) Ideal method with several tests at proper intervals which provides information on persistent HPV
infection as well as infection initiation and clearance (if it regressed). The green rectangles represent the period of
HPV detection.

Observations at unknown times during the natural history of HPV infection make it difficult
to distinguish transient and persistent infections [18]. The definition of transient and persistent
infections is dependent on the timing of sample collection with respect to the natural history
of the infection, and on the sampling intervals [18]. Most studies do not have information on
the history of HPV infection in participating women, but some restrict their analyses to HPV-
negative women and/or women with normal cytology/histology at screening. For example,
Kim et al. reported a 48-month cumulative incident rate for HPV16 and 18 of 25% and
13.6%, respectively [19] in a cohort of Norwegian women who were HPV DNA/serology-

negative at screening and had tests performed every 6 months [19].

The risk of cervical lesions in follow-up studies can vary greatly between women with
incident and persistent infections [20]; phylogenetic group has been found to predict both the
persistence and carcinogenicity of individual HPV types. HPV types in the alpha 9 group
(HPV16, 31, 33, 35, 52, and 58) are reported to be more likely to persist and to progress when
they persist [20]. HPV16 was reported to be the most prevalent and persistent type, and had
the highest potential to progress when it persisted [20], with a 12-year cumulative risk of
CIN3+ of 17.3% for women who were negative at screening and positive 2 years thereafter
(incident infection). This risk increased to 47.4% in women who were positive at both tests

(persistent infection) [20].

Chan et al. used a three-test setting: one at enrolment, one at 3 months, and one at 6 months

before CIN diagnosis [21]. Persistent infection was defined as HPV DNA positivity both at

enrollment and at 6 months [21]. The majority of patients had only one persistent HPV type,
but a few tested positive for multiple HPV types [21].
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Despite the wide range of definitions and research methods, the reported associations between
HPV persistence and CIN2-3/HSIL are consistent and strong, though duration of infection and
test intervals change the magnitude of the associations [16]. Table 1 summarizes and

compares the definition of persistence across studies [14, 17, 18, 20-33].

The amount of time needed for high-grade lesions to regress to low-grade lesions/normal is
dependent on HPV type. It takes longer for lesions induced by oncogenic HPV types than
non-oncogenic types to regress [34]. Although about 40% of undiagnosed CIN2 will regress
within 2 years, regression of HPV16-induced CIN2 is less probable than that induced by other
oncogenic HPV types [35]. Of CIN1 lesions, 60% regress, 30% persist, 10% progress to
CIN3, and only 1% progress to ICC [36]. The corresponding measures for CIN2 lesions are
40%, 40%, 20%, and 5%, respectively [36]. Of CIN3 lesions, 33% regress and 12% progress
to ICC [36].
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Table 1. A summary of published definitions of persistent HPV infection.

Test

Information on

Interval/ Background/
Reference Length of Deflmtlon of Persistence/ Test Endpoints
Study Persistence CerHa;z\i/nce Types
0
(Months) Infection
Koutsky et al., 1992 . . HPV
[22] 4/24 Not provided Not provided DNA CIN2/3
. Squamous
Positive at 2 . HPV | . o
Hoetal., 1995 [23] | 3/15 visits Not provided DNA intraepithelial
lesions
Giuliano et al., 1997 3/6 Positive at both Not provided HPV | Antioxidant
[24] tests P DNA | nutrient
At least one of
the types Negative at HPV Squamous
Hoetal, 1998 [17] | 6/36 continued to be | screening//median 8 DNA intraepithelial
positive at next | months lesions
visits
HPV test and
If not incidence | histological
Nobbenhuis et al., (-/+) or characteristics at HPV
1999 [25] 3-4/72 clearance (+/-), | screening, number of | DNA CIN3
it is persistence. | negative, persistent,
clearance
Hopman et al., 2000 Positive at to and . HPV
[26] 6/48 t, Not provided DNA CIN1+
Repeated
positivity of
Ahdieh et al., 2001 same HPV type . HPV o
[27] 6/36 at consecutive Not provided DNA HPV positivity
visits 6-36
months apart
An
uninterrupted
\zl\égid[r?g? etal, 6/36 sequence of one | Not provided BE\A High-grade CIN
or more HPV-
positivity
. Positivity of
E;er etal., 2002 24/? same type at Not provided BE\;\ HSIL
both visits
Any HPV
Chan et al., 2003 positivity both . HPV | Regression of
[21] 3/6 at screening and Not provided DNA | CIN2/3
6 months
2 or more
P consecutive
([32|g]llano etal.,, 2003 4/12 tests positive for | Not provided BE\A Dietary intake
the same HPV
type
. Positivity of an
Cuschieri et al., 2004 24/24 HPV DNA type | Not provided HPV Dyskaryosis
[14] both at DNA
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screening and HPV
follow up RNA
Piyathilake et al., Repeated HC-2 . HPV
2004 [30] 6/24 positivity Not provided DNA Folate
Positivity of
same types at HPV
Lillo et al., 2005 [31] | 6-12/?(61) TO Not provided High-grade CIN
DNA
T1,and T2 or at
Tland T2
Elfgren et al., 2005 19 (12- Repeated HPV . HPV
[32] 54)/54 DNA positivity | 'Ot Provided pna | CIN2/3
Positivity at
Castle et al., 2009 enrollment and . HPV
[33] 12 (9-21)/36 after about a Not provided DNA CIN2+
year
- Positivity of
Eg;er etal,, 2010 24 same type at Not provided BE\A CIN3+
both visits

1.3.3. HPV and Other Cancers

HPV has also been associated with other cancers, including vaginal [37, 38], vulvar [38, 39],
head and neck [38, 40, 41], anal [38, 42, 43], penile [38, 44, 45], prostate [46], and breast
cancers [47]. Vulvar intraepithelial neoplasia [39] and vaginal intraepithelial neoplasia [37],
precursors of vulvar and vaginal cancer, respectively, are associated with high-risk HPV
infection. One study detected HPV in 75% of invasive vaginal cancer samples; HPV16 was
the most prevalent type (55%) followed by HPV33 (18.3%) [48]. However, a systematic
review of 22 studies in the United States revealed that HPV16 and 18 (72.7%) are the most
common types in invasive vaginal cancer, while HPV16 and 33 (55.5%) are the most
prevalent types in invasive vulvar cancer [49]. According to a global meta-analysis, HPV16
(53.7%), 18 (7.6%), and 31 (5.6%) are the most frequent types found in vaginal cancer [50].
The most prevalent HPV types in vulvar carcinoma were HPV16 (32.2%), 33 (4.5%), and 18
(4.4%) [50]. Yet another study reported that HPV16 is the most prevalent type in all vulvar
and vaginal cancers and precursor lesions (vulvar cancer: 29.3%, vaginal cancer: 55.4%,
vulvar intraepithelial neoplasia grades 2/3: 71.2%, vaginal intraepithelial neoplasia grades 2/3:
65.8%) [51].

High-grade anal intraepithelial neoplasia is a precursor of anal cancer and is associated with
HPV16 and 18 infections [42]. A study found 88% of anal tumors in both sexes were positive
for HPV [43]. Similar to HPV type-specific prevalence in cervical cancer, HPV16 and 18

were the most prevalent HPV types: 73% for men and 6.9% for women [43]. HPV prevalence
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in men with anal cancer is as high as 97.7% [43]. A global meta-analysis showed that the
most prevalent HPV types in anal cancer were HPV16 (73.4%), 18 (5.2%), and 33 (4.8%)
[50]. Due to the high detection of HPV in anal tumors, it has been suggested that, similar to

cervical cancer, HPV infection is a necessary cause of anal cancer [43].

A worldwide meta-analysis studied type-specific HPV prevalence in vulvar, vaginal, and anal
precancerous lesions and cancers, and revealed that the most prevalent types in vulvar,

vaginal, and anal cancers are HPV16 and 18, in that order [50].

It is now clear that HPV can also cause a portion of head and neck squamous cell carcinoma
(SCC) [40], with the most prevalent types being HPV16 (40.0%) and 18 (11.9%) [52]. A
systematic review reported overall HPV positivity of 25.9% in head and neck SCC (23.5% in
oral cavity cancer, 35.6% in oropharyngeal cancer, and 24.0% in laryngeal and
hypopharyngeal cancer) [41]. HPV16 and 18 were found in 16% and 8% of oral cavity
cancer, 30.1% and 1.0% of oropharyngeal cancer, and 16.6% and 3.9% of laryngeal and

hypopharyngeal cancers [41].

A review of penile cancer studies revealed that infection with high-risk HPV was a common
among males with penile intraepithelial neoplasia [44]. Penile cancers are classified as HPV-
positive and HPV-negative [45], with prevalence ranging from 70-100%, and a strong
association between basaloid and warty penile SCC and high-risk HPV infection [45]. The
prevalence of high-risk HPV positivity in other penile SCC was 30% [45]. A systematic
review of 31 worldwide studies containing 1466 penile carcinomas showed on overall HPV
prevalence of 46.9%, with the most frequent types being HPV16 (60.23%), 18 (13.35%), 6/11
(8.13%), 31 (1.16%), 45 (1.16%), 33 (0.97%), 52 (0.58%), and other types (2.47%) [53].

A review of 46 studies showed that overall HPV prevalence in prostate cancer was 19% on
average [46]. The most frequent types were HPV16 (13.68%), 31 (11.82%), 33 (8.39%), 18
(6.60%), 58 (3.55%), 11 (2.34%), and 6 (1.02%) [46].

Summary odd ratios in a recent meta-analysis on 22 case-control studies showed that HPV
infection increases the risk of breast cancer (summary odd ratio=4.02) [47]. A global review
of 29 studies stated a 23.0% average overall HPV prevalence in breast cancer samples [54].

23



1.4. Cervical Cancer Incidence and Mortality

In 2018, there were 569 847 incident cases of cervical cancer (3.54% of all incident cancer
cases in both sexes, ranked 9™") and 311 365 deaths (3.52% of all cancer deaths in both sexes,
ranked 9™") worldwide [55]. The global cervical cancer incidence rate was 13.1 per 100 000
woman-years, with the highest incidence rates observed in the Southern Africa (43.1 per

100 000) and the lowest in Western Asia (4.1 per 100 000) [55]. In 2020, cervical cancer was
ranked third in terms of cancer incidence and mortality among women worldwide [56, 57].
And in 2021, the incidence rate in Northern Europe was 9.5 per 100 000 [55].

The global cervical cancer mortality rate in 2018 was 3.5 per 100 000, with the highest rates
recorded in Eastern Africa (16 per 100 000) and the lowest in Australia and New Zealand
(0.86 per 100 000) [55]. The mortality rates in Northern, Southern, and Western Europe were
the same (1.1 per 100 000) [55].

In 2016, Norway had a cervical cancer mortality rate of 3.4 per 100 000 [58]. In 2017, the
country recorded 316 new cases of cervical cancer, and 74 women who died from the disease
[59]. In 2021, the incidence rate in Northern Europe and in Norway alone was 9.5 per 100 000
[55], and 12.6 per 100 000 [58], respectively.

1.5. Cervical Cancer Screening

Cervical cancer screening is meant to detect cervical cancer in its early stages, when it is more
treatable and has high survival rates [60, 61], in patients with no signs or symptoms. A proper
screening test must be accurate (i.e., give correct results), reproducible, affordable, easy to
perform, acceptable for patients and providers, and safe (no or minimal side effects) [60, 61].
Health care systems are always looking to improve screening programs by using tests with
higher sensitivity and specificity [62]. Indeed, tests with higher sensitivity will find more
early-stage morbidity/precancerous lesions and disease, which will subsequently lower
disease-specific mortality. Screening tests with high specificity will reduce referrals,
overtreatment, economic costs, and stress for those screened. When the cut-off level for a
positive test is set at a point that increases disease detection, sensitivity will increase, but
specificity may decrease; inversely, when the cut-off level shifts to a point that increases the

exclusion of disease, specificity will increase, but sensitivity may decrease [63].
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However, the screening test alone does not have definitive preventive value; it should be
paired with follow-up and treatment [60, 61] into an organized cervical cancer screening
program in order to decrease morbidity and mortality in the population. The overall quality of
a screening program is dependent upon the efficacy of the combination of screening for and
treatment of precancerous lesions [60, 61]. A poor screening test could lead to overdiagnosis
and overtreatment, or false-negative screening results that could preclude early treatment [60,
61].

1.5.1. Visual Inspection

For visual inspections with acetic acid, acetic acid is applied to the cervical epithelium, which
turns abnormal cervical tissue white (i.e., acetowhite) making it possible for the practitioner or
gynecologist to perform a rapid assessment of the tissue [4, 60]. This acetowhite change is
due to the higher concentration of abnormal protein in the nuclei of abnormal tissue and to the
existence of numerous dysplastic cells in the superficial layers of the epithelium [4]. For
visual inspections with Lugol’s iodine, the iodine turns precancerous/cancerous lesions a thick
mustard or saffron-yellow color [60]. When iodine is applied to the squamous epithelium, it
turns brown or black [60]. lodine does not change the normal pink color of columnar
epithelium [60].

1.5.2. Cytology

In 1943, George Papanicolaou suggested a diagnostic method that classified normal and
abnormal vaginal and cervical epithelium (cytology). Through a test called the Pap smear,
cells were scraped from the cervical surface with a spatula and fixed on a glass slide with 95%
ethanol [64-66]. The examination was not expensive and became globally attractive. The Pap
smear later became the basis of the Bethesda System [67] (section 1.2.2). The terms Pap test,
Pap smear, cytology test, cytology specimen, and cervical cytology are often used
interchangeably. However, sometimes authors distinguish between conventional cytology and
liquid-based cytology (LBC). In conventional cytology, cervical cells are collected and fixed
on a slide for microscopic assessment [68, 69]. LBC was introduced in the mid-1990s, and
preserves cervical cells in a liquid medium [68, 69]. Nowadays, all hospitals in Norway use
LBC.
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1.5.3. HPV Testing

Given the etiological association between HPV and cervical cancer, HPV testing represents a
viable alternative to cytology in screening programs [70]. HPV tests differ in their clinical
performance, sensitivity, specificity [71-75], the nucleic acids they target (DNA or RNA), the
genes they target in the HPV genome, and in their ability to distinguish different genotypes
[76].

The different methods available to detect HPV DNA include polymerase chain reaction
(PCR), reverse line blot (RLB), sequencing, in situ hybridization (ISH), and enzyme
immunoassay (EIA). However, PCR is the most common. PCR-based methods apply either
consensus PCR primers that detect a broad spectrum of DNA types, or type-specific PCR
primers. The size of the PCR-amplified fragment changes according to the applied PCR
primers; the PCR product of MY09/11 is nearly 450 bp, while the PCR product of GP5/6 is
about 140 bp [77]. The aim of short PCR fragment primers (SPF10) is the universal detection
of HPV, so they target only 65 bp of the L1-open reading frame for more than 43 HPV types
[78, 79]. The sensitivity of SPF10 primers is higher than that of other primers, especially in
the presence of multiple HPV types [79, 80]. As the PCR primers in the HPV DNA test are
designed to be shorter (fewer bp), the ability of the test to detect HP\VV DNA in tumor tissues
increases, along with test sensitivity [81]. However, the specificity decreases, and the test
gives less information on oncogenic properties [81].

There are different commercial diagnostic kits available for HPV DNA testing. The digene
hybrid capture 2 (HC2) test is based on a nucleic acid hybridization assay for detecting

HPV, Chlamydia trachomatis, and Neisseria gonorrhea [82]. The digene HC2 High-Risk
HPV DNA Test, also known as the Digene HPV Test, detects 13 high-risk HPV types
(HPV16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, and 68) by applying full genome probes
complementary to HPV DNA, hybridization, antibody capture, and signal amplification using
qualitative chemiluminescent analyzing [82, 83]. The cobas HPV test is an automated
qualitative in vitro test based on the PCR amplification of HPV DNA and nucleic acid
hybridization that detects 14 high-risk HPV types (HPV16, 18, 31, 33, 35, 39, 45, 51, 52, 56,
58, 59, 66, and 68) in a single analysis [84]. It reports results on HPV16 and 18 individually,

and a gives a pooled result for all other types [85].

HPV mRNA tests target the E6 and E7 expression of HPV and are based on the real-time

multiplex nucleic acid sequence base amplification (NASBA) assay, branded as PreTect
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HPV-Proofer [86]. The other HPVV mRNA test, the Aptima HPV assay, also targets E6/E7
MRNA and identifies 14 high-risk HPV types [87].

1.5.4. Implementation of HPV Testing in Screening Algorithms

European guidelines recommend HPV testing every 5 years until age 30 years and cytology
thereafter until age 60-65 years [88-90]. However, European countries have implemented
HPV testing in different ways. Sweden used conventional cytology/LBC for women aged 23-
29 years and HPV testing for those aged 30-64 years [91] until 2019, when screened by HPV
testing was adopted for both age groups [92]. The screening program in Denmark uses LBC
for women aged 23-59 years and HPV testing for those aged 60-64 years [88]; in the case of a
negative HPV test, these older women can stop screening for the rest of their life [85, 88, 93,
94]. Denmark is currently considering expanding HPV test-based screening to women aged
over 50 years [85, 94]. At present, HPV DNA testing is used to triage younger women with
abnormal cytology at screening, while women who are HPV-positive at screening are triaged
by either repeat HPV testing or cytology [85]. Finland is currently working towards the
implementation of high-risk HPV testing for women aged 30-60 years at 5-year intervals [95,
96].

In the Netherlands, all cervical cancer screening is done with HPV testing. Screening begins
at age 30 at continues at 5-year intervals until age 60; screening at earlier ages is not
recommended [88, 97]. If an HPV test is positive at age 60, the test is repeated at age 65, if

the test is negative at age 40 or 50, the screening interval widens to 10 years [97].

By 2019, high-risk HPV testing had replaced cytology in the United Kingdom for all women
aged 25-64 years, with 3-year screening intervals for women aged under 50 years, and 5-year
intervals for those aged 50 years and older [88, 98]. If the HPV test is positive, cytology is
performed as a triage test; if that is normal, repeat HPV testing is done after 12 months [99].
HPV-positive women and those with abnormal cytology are referred to colposcopy [99] and
HPV16/18 testing if available [100, 101]. Women who are HPV16/18-positive at screening
and have normal cytology at triage attend repeat HPV testing in 12 months. HPV16/18-

positive women with abnormal cytology at triage are referred to colposcopy [100, 101].

Turkey adopted a new screening algorithm in December 2012, applying HPV testing for
women aged 30-65 at 5-year intervals [102]. Triage of positive women consists of HPV
genotyping and cytology [101]. Women positive for HPVV16/18 (regardless of cytology) or

27



atypical squamous cells of undetermined significance (ASC-US) or worse (ASC-US+) are
referred to colposcopy [101]. Women positive for an HPV type other than HPV16/18 and
normal cytology are sent to high-risk HPV testing within 3-6 months as a second triage [101].

Screening guidelines in the United States recommend high-risk HPV testing, either alone or in
combination with cytology, for women aged 25-65 years [90, 101, 103]. HPV testing is also
used for triage, by genotyping specific HPV types, including HPV16/18 [90, 103]. When
women are screened by HPV testing alone, those positive for HPV16/18 are referred to
colposcopy, those positive for other high-risk HPV types are referred to reflex cytology.
Women with ASC-US+ at reflex cytology are referred to colposcopy/biopsy and those with
normal reflex cytology are referred to repeat co-testing in 12 months as a second triage [101,
103].

In Australia and New Zealand, a partial-genotyping HPV test has been implemented in
screening at 5-year intervals for women aged 25-74 years; reflex cytology is used as a triage
test [90, 101, 104]. Women positive for HP\VV16/18 are referred to colposcopy, while those
positive for other HPV types are referred based on reflex cytology; women with high-grade
cytology are referred to colposcopy, and all others are followed-up with repeat HPV testing
after 12 months [90, 101, 104].

In Italy, cytology/LBC or HPV testing (in some regions only) is used to screen women aged
25-30/35 years at 3-year intervals, and HPV testing is used to screen women aged 30/35-64
years at 5-year intervals [88, 93].

1.6. HPV Vaccination

There are two HPV vaccines currently available: Gardasil, made by Merck in the United
States; and Cervarix™, made by Glaxo-SmithKline in the United Kingdom. Cervarix is a
bivalent vaccine composed of L1 virus-like particles from HPV16 and 18 [105]. Gardasil is a
quadrivalent vaccine that contains virus-like particles from HPV16, 18, 6, and 11 [106].
Merck has also created another, nonavalent version of Gardasil, Gardasil9, which includes
virus-like particles from HPV16, 18, 31, 33, 45, 52, 58, 6, and 11 [106]. Gardasil9 has three
times the antigenic load for HPV16 and 18 that Cervarix does [106].

Gardasil9 and Cervarix have equal efficacy against CIN2+ [106], although Cervarix has the

highest cost-effectiveness, with proven efficiency after one dose. Still, the WHO recommends
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two doses of Gardasil9 or Cervarix among women younger than 15 years old, and three doses
for women 15 years of age or older [106]. Both Gardasil and Cervarix showed 98% efficacy
against HPV16/18-related CIN2+ [106]. The term efficacy is defined as the prevention of
persistent, type-specific HPV infection [106]. A global review carried out after the first
decade of vaccine availability showed efficacies related to CIN2+ for Gardasil9, Cervarix,
and Gardasil of 63%, 62%, and 22%, respectively [106]. The efficacies of HPV vaccines
against CIN3+ were reported at 93% for Cervarix and 43% for Gardasil [106].

A Finnish study followed 98 561 women randomized to HPV16/18-vaccinated/unvaccinated
arms for 10 years and reported 75 CIN3 and four ICC cases in the unvaccinated arm, while
there were only four CIN3 cases, and no ICC cases, in the vaccinated arm [107]. The efficacy
of HPV vaccination against CIN3+ related to any HPV type in the Finnish study was 66%
[107]. Another randomized controlled trial with HPV16/18-vaccinated/unvaccinated arms
reported 100% efficacy of vaccination against HP\VV16/18-related CIN during 4.5 years of
follow-up [108].

1.7. Cervical Cancer Screening and HPV Vaccination in the

Norwegian Setting

1.7.1. The Norwegian Cervical Cancer Screening Programme and the

Cancer Registry of Norway

The organized Norwegian Cervical Cancer Screening Programme (NCCSP) aims to screen
women aged 25-69 years and is managed by the Cancer Registry of Norway (CRN) [109],
which was established in 1951 and collects data on cancer prevalence in Norway [110]. From
1953, all cytology and pathology departments in Norway have had to report all cancer and
precancerous lesions to the CRN [110]. Cervical cytology results are available from 1991;
cervical histology from 2002, and HPV test results from 2005 [110].

Cytology samples obtained within the framework of the NCCSP are analyzed by local
cytology laboratories according to national guidelines, and results are recorded in the CRN
following the Bethesda System classification as normal (i.e., negative for intraepithelial
lesions or malignancy), unsatisfactory, ASC-US, LSIL, atypical squamous cells where a high
grade squamous intraepithelial lesion cannot be excluded (ASC-H), HSIL, atypical glandular
cells of undetermined significance (AGUS), AlS, and cervical cancer [111]. Histology
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samples are reviewed by qualified pathologists, and outcomes are recorded following the
WHO criteria on CIN: CIN1, CIN2, CIN3, AlS, and cervical cancer [60]. At birth or
immigration, all Norwegian citizens or residents are assigned an 11-digit personal

identification number, which can be used to merge all data reported to the CRN.

1.7.2. Cervical Cancer Screening Algorithms

In 2009, a working group was appointed by the Norwegian Directorate of Health to
investigate the possibility of transitioning from cytology-based screening to HPV-based
screening in the NCCSP [112]. Following their report in February 2014, a new screening
algorithm was introduced in July 2018 [113]. This algorithm classified targeted women into
two age groups: 25-33 years old and 34-69 years old [113]. Cytology was specified as the
screening method for the younger age group (Figure 3); and women with normal cytology
continue screening at the standard 3-year interval [113]. For women with ASC-US/LSIL, the
LBC sample is used to perform an HPV test (reflex testing) [113]. Those with negative results
are returned to the standard 3-year screening interval, while those with positive results are
referred to repeat HPV testing in 12 months’ time. If results are still positive at repeat HPV
testing, the woman is sent to colposcopy/biopsy. Women with high-grade cytology are

immediately referred to colposcopy/biopsy (Figure 3) [113].

In the older age group, HPV testing is used as the screening method, with reflex cytology
performed in HPV-positive women [113]. HPV-negative women continue screening at the
standard 5-year interval. HPVV16/18-positive women with abnormal/unknown cytology are
referred to colposcopy/biopsy (Figure 3) [113]. This HPV test-based algorithm was
implemented for all women in the older age group in 2021 [114].

Regardless of the age group, women with a combination of HPVV16/18 positivity and low-
grade cytology are referred to colposcopy/biopsy [113]. However, women positive for HPV
types other than HPV16/18 are only referred to colposcopy/biopsy if they also have high-
grade cytology; in all other cases, women are referred to repeat testing [113].

The screening algorithm described above changed again in 2023, when Norway started

screening women aged 25-33 years with HPV testing every 3 years [115].
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Figure 3. The NCCSP flowchart for evaluating LBC, valid from July 2018, revised in March 2020 (available in
Norwegian on the official website of the CRN) [113].

1.7.3. HPV Vaccination

In Norway, the National Institute of Public Health is responsible for HPV vaccination [116].
From 2009, the quadrivalent Gardasil vaccine was offered to seventh-grade girls through the
Childhood Immunization Programme [117, 118]. In November 2016, a 2-year catch-up
program offered free HPV vaccination to all women born in/after 1991 [117-119]. Almost 45
000 girls were vaccinated through the Childhood Immunization Programme by December
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2018 [118]. Since autumn 2018, Norway has been using a two-dose regimen of Cervarix and

has extended vaccination to boys [117-119].
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2. Aims

In order to improve HPV-based screening strategies, it is important to compare the

performance of HPV tests applied in cervical cancer screening and triage.
Therefore, in this PhD thesis, we aimed to:

1) Compare the performance of an HPV mRNA and an HPV DNA test in the detection of

HPV types in cervical cancer specimens.

2) Examine the ability of an HPV mRNA test to predict the long-term risk of CIN3+

among women with normal cytology at screening.

3) Compare performance of an HPV mRNA test and an HPV DNA test in the triage of

young women with minor cytological abnormalities at screening.
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3. Materials and Methods

3.1. Paper |

3.1.1. Study Sample

This comparative study included 188 women aged 18 years or older who were diagnosed with
cervical cancer from January 2008 through July 2011 at the Gynecologic Oncology Unit,
Department of Obstetrics and Gynecology, University of Pretoria, South Africa. Three women
who did not have a validated histological diagnosis of cervical cancer in the slides adjacent to
those collected for HPV testing, and 18 women with negative intrinsic sample control at
MRNA/ DNA detection, were excluded, leaving a final analytical sample of 167 women with

cervical cancer.

3.1.2. Data Collection

Cervical tumor tissue biopsies were collected from each woman, conserved in formalin, and
sent to the Department of Anatomical Pathology at the University of Pretoria for histological
diagnosis and HPV mRNA and DNA analyses. All histological diagnoses were reviewed by

two pathologists until consensus was achieved.

3.1.3. HPV Testing

PreTect HPV Proofer was used to detect the mRNA of nine HPV types (HPV16, 18, 31, 33,
45, 35, 51, 52, and 58). GP5+/6+ PCR using RLB was employed to detect the DNA of 45
HPV types (HPVS6, 11, 16, 18, 26, 30, 31, 32, 33, 34, 35, 39, 40, 42, 43, 44, 45, 51, 52, 53, 54,
55, 56, 57, 58, 59, 61, 64, 66, 67, 68, 69, 70, 71, 72, 73, 81, 82/MM4, 82/1S39, 83, 84, 85, 86,
CP6108, and JC9710) [120, 121].

3.1.4. Data Analysis

Statistical analyses were performed in SPSS (versions 24.0 through 29.0), applying a two-
tailed, two-proportion Z-test to compare positivity rates between the HPV tests, with the

significance level set at p<0.05. Multiple-type infections were assigned to a single HPV type
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in hierarchical fashion, according to the decreasing prevalence order in our own data

(hierarchical analyses).

3.2. Paper Il

3.2.1. Study sample

The study included 19 153 women aged 13-87 years who were screened by both cytology
(conventional or LBC) and HPV mRNA from May 2003 through December 2004 (baseline)
identified in the NCCSP dataset. Women outside the target screening age (<25 and >69
years), with a history of CIN1+ or ASC-US+, with unsatisfactory cytology or no cytology at
baseline, or with no follow-up information, were excluded. This rendered a final study sample

of 9582 women.

3.2.2. Data Collection

Women screened by conventional cytology had an extra sample taken for HPV mRNA
testing; for women who received LBC, the LBC sample was used for HPV mRNA testing. All
data on cytology, HPV testing, and histology were taken from the CRN.

3.2.3. HPV Testing

PreTect HPV-Proofer was used to detect the mRNA of five HPV types (HPV16, 18, 31, 33,
and 45), based on real-time NASBA technology. All HPV testing at baseline was performed

in a single laboratory.

3.2.4. Follow-up

We followed women in the CRN through December 2015 for histologically confirmed
CIN3+. Only cervical cancer cases that were validated by the CRN against hospital pathology
reports were considered true cases of cancer. Cases less severe than CIN3+ were not

considered.
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3.2.5. Data Analysis

Statistical analyses were performed in SPSS (version 29.0), applying the Pearson Chi-square
test and the Wilcoxon (Gehan) statistical method to make pairwise comparisons for
categorical variables with the significance level set at p<0.05. Multiple-type infections were
assigned to a single HPV type in hierarchical fashion, according to oncogenicity: HPV16,
HPV18, and HPV31/33/45 (hierarchical analyses).

3.3. Paper lll

3.3.1. Study Sample and Screening Algorithm during the Study Period

The study sample included 4115 women (1559 tested by HPV mRNA and 2556 tested by
HPV DNA) aged 25-33 years with a screening result of ASC-US or LSIL recorded in the
NCCSP in 2005-2010 and no previous diagnosis of CIN1+ or HSIL. Women with no follow-
up, direct biopsy, no or inconclusive HPV test, and with ASC-H/HSIL at triage were

excluded.

The NCCSP screening algorithm during the study period recommended that women with
ASC-US/LSIL at screening attend triaged 6-12 months thereafter. At triage women were to
receive both HPV testing and repeat cytology. The results of triage tests determined whether
women should attend further follow-up or be returned to the 3-year screening interval (routine
screening). To reflect best practices at during the study period, we categorized the post-triage
study sample into three screening algorithm-recommended (SAR) groups: SAR referral to
colposcopy/biopsy, SAR referral to repeat testing (HPV and cytology), or SAR return to
routine screening. However, it is important to note that actual clinical practice may not always
follow the screening algorithm. To increase study power, we expanded the window for triage

to 3-18 months after screening results.

3.3.2. Data Collection

All data on cytology, HPV testing, and histology were taken from the CRN.
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3.3.3. HPV Testing

HPV mRNA testing was done with PreTect HPV-Proofer, which detects five HPV types (16,
18, 31, 33, and 45). HPV DNA testing was done with HC2, which detects 13 HPV types (16,
18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, and 68).

3.3.4. Follow-up and Outcomes

We followed women through December 2013 in the CRN for HPV positivity at triage, referral
to colposcopy/biopsy or repeat testing after triage, and CIN3+. We used this data to calculate
the following outcomes: HPV positivity rates at triage, SAR referral rates for
colposcopy/biopsy or repeat testing after triage, and CIN3+ detection rates from triage to the
end of follow-up. We also explored CIN3+ detection rates at 42 (one screening interval: 36

months + 6 months) and 78 months (two screening intervals: 72 + 6 months) post-screening.
3.3.5. Data Analysis

Statistical analyses were performed in SPSS (version 29.0), applying Pearson Chi-square test

with p<0.05 as the significance level.

3.4. Ethical Permissions

3.4.1. South Africa

The study protocol (27/2008, 108/2008, 189/2012) was reviewed and approved by the
Research Ethics Committee of the Faculty of Health Sciences of the University of Pretoria,

and all participants gave written informed consent.

3.4.2. Norway

The study reported in Paper Il was reviewed by the Regional Committee for Medical
Research Ethics, Region East, Oslo, Norway. Data on HPV, cytology, and histology from the
CRN was linked without informed consent from the participants, as was approved by the
committee (REK Sgr-@st 2010/2858).

The study reported in Paper 111 was done following Norwegian law with regard to national

health registries. The law states that national health registries are exempted from informed
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consent because participants are informed about their rights to withhold information on
demand. We worked with anonymous data, with no access to laboratory identification nor any

personal data except for age. The ethical committee approved the research (REK 2016/2584).

38



4. Results

4.1. Paper |

Of the 167 women diagnosed with cervical cancer in our final study sample, 77.2% were
older than 40 years (age range: 25-89 years), 41.3% were human immunodeficiency virus
(HIV)-positive, 92.2% were diagnosed with SCC, 4.8% with adenocarcinoma (ADC), and
3.0% with adenosquamous carcinoma. Overall, 95.2% (159/167) of specimens were either
HPV mRNA- or DNA-positive, while the individual positivity rates for the HPV mRNA and
DNA tests were identical at 91.6% (153/167). The same number of specimens were positive
by only one of the HPV tests: 13 each for the HPV mRNA and DNA tests (7.8%). While
eleven double infections were detected by the HPV mRNA test, only four were identified by
the HPV DNA test.

In hierarchical analyses restricted to the 9 high-risk HPV types in the mRNA test, 91.6%
(153/167), and 88.0% (147/167) of specimens were positive by the HPV mRNA and DNA
tests (P=0.28), respectively. In hierarchical analyses that considered the 9 HPV types included
in both the HPVV mRNA and DNA tests, concordance was 83.8% (140/167), while
discordance was observed in 26 specimens. Type-specific concordance across the two tests
was 66/67, 25/27, 19/21, and 33/45 for HPV16, HPV18, HPV45, and for HPV31, 33, 35, 51,
52 and 58 combined, respectively. While eight specimens were HPV-negative by both tests,
the individual tests each detected six HPV-negative biopsies. The positivity rates by both tests
for HPV16, 18, and 45 combined ranged from 66-68%; for HPV16, 18, 45, 33, and 35
combined, this range was 80-83%.

4.2. Paper Il

The 9582 women with normal cytology included in our study population were followed up to
12 years. Overall, 3.2% were positive for HPV mRNA at baseline; 1.5% for HPV16, 15% for
HPV18, and 1.2% for HPV31/33/35. About one-third of our study population was aged 25-33
years at screening and two-thirds were aged 34-69 years (27.2% vs. 72.8%). HPV mRNA
positivity was 2.6 times higher in the younger age group.

The cumulative incidence of CIN3+ during follow-up was 20.8%. The cumulative incidence
of CIN3+ during follow-up was 2.2% and 1.6% in the younger and older age groups,

respectively (p=0.028), and no significant difference in cumulative incidence was observed by
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HPV type. The overall cervical cancer incidence rate was 5 per 100 000 woman-years; 99 and

2 per 100 000 woman-years for HPV-positive and HPV-negative women, respectively.

4.3. Paper lll

We observed considerable similarities in age, cytology result at screening, most recent

cytology result before screening, and adherence to the screening algorithm between mRNA-

tested and DNA-tested women (Table 2).

Table 2. Screening adherence between most recent cytology before screening and screening.

HPV DNA- | HPV mRNA-
tested women | tested women
N=2556 N=1559
(%) (%)
No Previous
] ) 35.5 36.0
Adherence to the screening algorithm Test
between most recent cytology r_esults before Compliant 18.8 173
screening and screening
Non-Compliant 45.7 46.8

HPV positivity rates at triage were 52.8% and 23.3% among HPV DNA-tested and HPV
MRNA-tested women, respectively (p<0.001). The SAR referral rate to colposcopy/biopsy
(24.9% vs. 18.3%) and repeat testing (27.9% vs. 5.1%) after triage was higher in DNA-tested
than mMRNA-tested women (p<0.001).

Overall, CIN3+ detection rates were 13.1% and 8.3% in DNA-tested and mRNA tested
women, respectively (p<0.001). CIN3+ detection rates at 42 months and 78 months post-
screening among women with SAR referrals to colposcopy/biopsy after triage were 31.7% vs.
30.5% (p=0.72) and 33.4% vs. 32.3%; (p=0.73), in DNA-tested and mRNA-tested women,
respectively. Eight cancer cases were diagnosed during follow-up in DNA-tested women and

two in mRNA-tested women.
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5. General Discussion of Papers

In my research, the detection ability of a 9-type HPV mRNA test was compared to that of a
45-type HPV DNA test. Then, we evaluated the long-term ability of a 5-type HPV mRNA test
to predict CIN3+ within the framework of the NSSCP. We observed a high positive predictive
value of the HPV mRNA test for CIN3+ and a low risk of developing CIN3+ among women
who were HPV mRNA-negative at screening. Finally, we compared a 5-type HPV mRNA test
with a 13-type HPV DNA test in the triage of young women with minor cytological
abnormalities. While the HPV DNA test had a higher CIN3+ detection rate, it also had
significantly higher referral rates, and follow-up examinations, and consequently led to more

utilization of health resources.

5.1. Summary of Main Findings

5.1.1. Paper |

In our direct comparison of two HPV tests in cervical cancer specimens, we found:

An HPV detection rate of 95.2% in cervical cancer specimens when results of both the

9-type HPV mRNA test and the 45-type HPV DNA test were considered.

- When considered separately, both the 9-type HPV mRNA test and the 45-type HPV
DNA test showed equal HPV detection rates (91.6%).

- Overall, 83.8% of cervical cancer specimens were positive for the same HPV types by
both tests.

- Hierarchical analyses restricted to the 9 high-risk types included in HPV mRNA test
reduced the HPV DNA detection rate to 88.0%.

- Hierarchical analyses of the 9 HPV types included in both the HPVV mRNA and DNA
tests showed concordance in 66/67 specimens for HPV16, 25/27 specimens for
HPV18, 19/21 specimens for HPV45, and in 33/45 specimens for HPV31, 33, 35, 51,
52, and 58.

- The positivity rate for 3 high-risk HPV types (16, 18, and 45) was 66% by the HPV

MRNA test and 68% by the HPV DNA test. When considering 5 high-risk types (16,

18, 45, 33, and 35), these values added up to 80% and 83%, respectively.
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5.1.2. Paper Il

In our longitudinal study on the performance of a 5-type HPV mRNA test in the screening of

Norwegian women, we found:

3.2% HPV positivity; 1.5% for HPV16, 0.5% for HPV18, and 1.2% for HPV31/33/45.
Significantly higher positivity in the younger age group (25-33 years).

Of the 303 women who were HPV-positive at baseline, the cumulative incidence of
CIN3+ was 20.8% for HPV-positive and 1.1% for HPV-negative women.

No difference in the cumulative incidence of CIN3+ by HPV type.

A higher 10-year cumulative incidence of CIN3+ in the younger age group, but no
difference after adjustment for HPV positivity.

Five cervical cancer cases in 100 000 woman-years.

5.1.3. Paper llI

In our comparison of the HPV mRNA and HPV DNA tests in the triage of young women with

minor cytological abnormalities, we found:

5.2.

HPV positivity rates of 23.3% for mRNA-tested and 52.8% for DNA-tested women at
triage (p<0.001).

Significantly higher SAR referral rates to direct colposcopy (24.9% vs. 18.3%) and to
repeat cytology (27.9% vs. 5.1%) when the HPV DNA test was used at triage
compared to the HPV mRNA test.

Higher overall CIN3+ detection rates for the HPV DNA test compared to the HPV
MRNA test (13.1% vs. 6.9%; p<0.001).

More cancer cases in DNA-tested women (8/2556) than mRNA-tested women
(2/1559) during the study period.

Methodological Considerations

5.2.1. Study Design

Paper | was a direct comparison of two tests applied to the same samples. Paper 1l was a

nationwide register-based cohort study in which only one test was applied in the study

population. Paper 111 had two different study groups, with a different test applied in each.
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5.2.1.1. Cancer Registries

There are two main types of cancer registries: hospital-based and population-based [122].
Hospital-based cancer registries seek to record information on the cancer cases diagnosed in a
particular hospital [122]; population-based cancer registries aim to collect, classify,
consolidate, and link data on the occurrence of cancer in a particular population and to
provide a framework for scientific and clinical analyses and policy assessments [122, 123].
Sources of information for population-based cancer registries can be hospital reports, medical
records, pathology reports, hospital discharge abstracts, death certificates, etc. [123].

Over time, population-based cancer registries generate more valuable data, which can be used
to identify distributions, patterns, and trends of cancers in different populations [123]. Cancer
registries collect information about both exposures and outcomes that can sometimes be
linked to other population data to explore associations between hypothetical risk factors and
outcomes. Indeed, it would be difficult to investigate the cause of cancers without any

exposure or outcome data in the years prior to cancer diagnosis.

Population-based cancer registries can also be used to describe the nature of the cancer burden
in a community and assist in the organization of public health policies; they can serve as a
data source for biomedical and epidemiological studies; and they can offer opportunities to
monitor and assess the effectiveness of cancer controlling activities [122, 123]. The data
included in population-based cancer registries are collected independently over time, which
minimizes selection bias in the studies that use these data [124]. However, cancer registries
may have some missing data, such as information on confounders [124]. Moreover, in its first
years, a cancer registry may overestimate incident cases, as there will be individuals who had

history of disease before the registry was established [124].

5.2.2. Validity (Systematic Error)

Validity refers to the deviation of a measurement from its true value that originates from
systematic error [125]. Systematic error is mainly divided into selection bias, information
bias, and confounding (although confounding is sometime categorized separately from bias).
A number of other biases have also been discussed in different epidemiological sources, but in
this chapter, | will elaborate on the main and most relevant biases in the papers included in
this PhD thesis.
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5.2.2.1. Selection Bias

Bias that originates from the selection of a study population is called selection bias [126],
which reduces as the study population increases. In Paper |, selection bias might be higher
than in Papers Il and 111, as the initial study sample was chosen from a single department in
South Africa and was limited to 188 women. The selection bias was increased by our
exclusion of three women without a validated histological diagnosis of cervical cancer in
adjacent slides, and of an additional 18 women with intrinsic sample control-negative
DNA/mMRNA detection. The final study sample comprised 167 cases of cervical cancer.

There is a debate on whether a study sample must be representative or highly selected [126].
Representativeness is required in studies that are trying to comprehend causality in health
phenomena [126], but in some studies, a representative population might not be important or
even necessary [126]. Indeed, in some cases it may be beneficial to perform smaller, more
focused, quicker, and cheaper studies, especially when it is unlikely that the results will be
generalizable [126]. In Paper I, we aimed to compare the performances of an HPV mRNA test
and an HPV DNA test to detect HPV types in cervical cancer specimens. We did not aim to
investigate causality or to generalize our findings. Therefore, the representativeness of the
study sample may not be important. In addition, it is very time-consuming and expensive to

collect and test cervical cancer specimens.

5.2.2.2. Information Bias

Information bias refers to any error or systematic differentiation from the truth in the
collection, recall, recording, and handling of study information [127]. Information bias has
subclasses, including observer bias, misclassification bias, and recall bias [127]. Observer bias
occurs when there is systematic error from true values due to observer variation [128]. In
Papers Il and 11, observer bias may have occurred, as different pathologists observed and
reported cytology and histology results. It may also have occurred in DNA analyses in Paper
I11, as HC2 was performed in different laboratories across Norway. On the other hand, in
Paper I, all DNA analyses were done in a central laboratory. The DNA analyses in Paper I11
were done in local hospitals. However, all mMRNA analyses in Papers I, 11, and 111 were

performed by the PreTect laboratory.

Misclassification bias is a systematic error that happens when individuals are categorized

incorrectly [128]. This can happen at any stage of the research, and it can be derived during
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the collection of exposure or outcome data [128]. If individuals are misclassified with equal
likelihood between study groups, it is called non-differential misclassification [129]. If
misclassification occurs with a different probability between study groups, it is called
differential misclassification [129]. Our research could be affected both by differential and
non-differential misclassification. We used HPV test results in all our papers, and any false-
positive and false-negative results could be regarded as misclassification. This
misclassification would be non-differential in a study that used one type of HPV test, like in
Paper II, but the misclassification would be differential if it occurred in a study where more
than one HPV test was applied, such as in Papers I and I1l. We used SAR referrals in Paper
I11, which was dependent on the results of HPV testing and cytology. Similar to HPV testing,
misclassification would have been non-differential if a single pathologist assigned cytology
and histology results, and differential if this was done by several pathologists, which was the
case in Papers Il and I11. Misclassification bias can be reduced if another pathologist checks
and confirms the diagnoses assigned by of the first one, as was done in Paper I, in which two

pathologists reviewed all histological diagnosis until consensus was achieved.

In Papers 11 and 111, we selected the study sample based on cytology results prior to study start
and at screening. In Paper 11, we selected women with normal cytology, and in Paper 111, we
selected women with ASC-US/LSIL. However, cervical cytology has poor accuracy [130].
One Norwegian study that evaluated the accuracy of cytology results assigned by four
pathologists for the same samples showed that the sensitivity and specificity for CIN2+ varied
between 68.8-93.8% and 70.6-95.6%, respectively [130]. Moreover, there was a trade-off
between sensitivity and specificity; the pathologist with the highest sensitivity for CIN2+ had
the highest false-positive rate and the lowest specificity [130]. The accuracy of cytology for
CIN2+ was between 74.1-83.8% [130]. Therefore, our studies could be affected by non-

differential misclassification of cytology results.

Papers Il and 11 also looked at histological outcomes. During the study periods covered in
Papers Il and I11, histological segments were visually assessed by pathologists. Because visual
assessment carries a high chance of misclassification, in the case of high-grade dysplasia
(CIN2+), two independent pathologists usually confirmed the diagnosis. This could reduce the
chance of misclassification for CIN2+, but, if one pathologist classified a biopsy as CIN1,
there was no second pathologist to confirm it. Hence, in our studies, the misclassification of
CIN2+ as normal/CIN1 is more likely than misclassification of normal/CIN1 as CIN2+.

Therefore, it is possible that there was differential misclassification between the diagnoses of
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normal/CIN1 and CIN2+. Automated histopathological analysis may result in more accurate
CIN classification [131].

5.2.2.3. Verification Bias

In Paper I, one HPV test was performed, and this was done at screening. The lack of a second
test performed later in the study period may be considered as verification bias for HPV
infection at screening. Such verification bias limits our knowledge about the persistence of
HPV infection (discussed in section 1.3.3.).

5.2.3. Confounding

Confounding is defined as an alteration in the measurement of the effect of an exposure on an
outcome because that exposure is also associated with other factors that affect the outcome
[129]. There is a strong causal association between persistent infection with high-risk HPV
types and ICC [16], but prior to the discovery of this association, sexual behavior was
associated with this cancer [132]. Indeed, sexual behavior is a confounder in this PhD thesis,
as it influences both the exposure (high-risk HPV infection) and outcomes (precancerous
cervical lesions and ICC). Therefore, any risk factors that are related to or affect sexual
behavior (e.g., age, parity, number of sexual partners, etc.) may also be considered
confounders, and it is wise to consider these confounders in studies that evaluate causality or
that include different populations. In our papers, we did not aim to assess the causal
association between exposures and outcomes. Moreover, Papers | and Il each had a single
population. When considering age and HPV prevalence, adjustment for age can give a good
overview of the confounding effect of age on HPV prevalence and outcomes. In Paper 1, the
majority of patients (77.2%) were older than 40 years, while nearly 23% were younger than
40 years. Moreover, women over 40 were more often HPV mRNA- and DNA-negative. We
also observed an HIV prevalence of 81.6% among women younger than 40 years in Paper I.
Adjustment for age in Paper 11 showed that age was a confounder for CIN3+, and the
cumulative incidence of CIN3+ was higher in the younger age group. After stratifying for
HPV status in Paper Il, there was no difference in the cumulative incidence of CIN3+
between the age groups throughout the study period. Paper 1l included two different study
populations, and evaluated characteristics like age, cytology results at screening, the most
recent cytology results prior to screening, and screening adherence in the most recent cytology
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result prior to screening. We observed high similarity in the characteristics of both study
groups, indicating that these confounding factors did not affect the comparison of our

outcomes in these two populations.

5.2.4. Overscreening, Overdiagnosis, and Overtreatment

Overscreening (unnecessary screening among individuals in the target population who are
likely to be free of the disease), overdiagnosis (unnecessary diagnosis of individuals whose
disease status is likely to regress from high/low-grade to a lower grade or normal status
[133]), and overtreatment (unnecessary treatment of falsely diagnosed or overdiagnosed
individuals) have always been issues of concern for health care systems. Overdiagnosis and
overtreatment can cause psychological, behavioral, and physical harms and side effects.
Moreover, they may negatively affect people’s quality of life and waste health care resources
[134]. Screening of very young women can end in overscreening, overdiagnosis, and
overtreatment, so the recommended age to begin cervical cancer screening is 25 years old
[135]. In Norway, cervical cancer screening is offered to women aged 25-69 years [110].

Other important concerns are HPV prevalence, infection clearance, incidence of high-grade
cervical lesions, and progression or regression of cervical lesions, which may not be similar in
all age groups. Choosing the proper tests for specific age groups is important to avoid
overmanagement. The prevalence of genital HPV infection in Norwegian women younger
than 30 years is as high as 32% [136]. Furthermore, 70% of HPV infections in young women
clear within 1 year, and 91% clear within 2 years [17]. Moreover, it has been shown that the
incidence rate of high-grade cervical lesions is lower [137], and the regression rate of high-
grade lesions is higher [138], among young women compared to adolescents. Considering all
of the above-mentioned issues, the use of an HPV DNA test for screening in women younger
than 30 years may cause overscreening and overtreatment, thus cytology may still be regarded
as a better screening method [139]. On the other hand, the high rate of cytological
abnormalities in young women raises concerns about management strategies [114]. Another
shortcoming of cytology-based screening is its low sensitivity for CIN3+ [70]. Therefore,
some countries, like the United Kingdom and Australia, have replaced cytology with HPV
testing in cervical cancer screening, even for young women [104, 140]. The European
guidelines recommend the use of HPV testing in cervical cancer screening with 5-year

intervals for women aged 30-60 years [88-90]. Since 2015, some counties of Norway have
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applied HPV DNA testing for screening in women 34-69 years old at 5-year intervals, while
cytology-based screening is still in place for women aged 25-33 years at 3-year intervals
[113]. Since 2023, The HPV testing is also applied for women aged 25-33 years at 5-year

intervals [141]. Table 3 shows types of testing in cervical cancer screening in some example
countries.
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Table 3. Cervical cancer screening strategies in selected countries that have implemented HPV testing in

screening.
Cytology screening HPV screening
. Ages Interval Ages Interval
Country/Region (years) (years) (years) (years)
23-50 3
Sweden [92] - -
51-70 7
25) 30- -
Finland* - selected counties from 2016 [96] () 5 30 (25) 5
60 (65) 60 (65)
Norway — selected counties from 2023 [141] - - 25-69 5
30-40 5
Netherlands — nationally from 2017 [142] - -
40-60 10
25-50 3
UK — nationally from 2020 [140] - -
51-64 5
Turkey — nationally from 2012 [102] - - 30-65 5
21-25 3 25-65* 3
UsS [90]
21-65 3 30-652 5
Australia/New Zealand — nationally from 2017 ) i 95.74 5
[104]
Tuscany (ltaly) — from 2013 [143] 25-34 3 35-64 5

10Only HPV test. 2Co-testing. * Screening test is cytology but it can be also HPV [96].

In Paper 11, we analyzed the performance of a 5-type HPV mRNA test at screening with 10
years of follow-up. The cumulative incidence of CIN3+ we observed for the HPV mRNA test
was similar to that reported in screening studies that used HPV DNA tests. We also observed
low HPV mRNA detection rates and a similar cumulative incidence of CIN3+ among mRNA-
positive women in both age groups (25-33 years and 34-69 years). This suggests that the HPV
MRNA test may not lead to overdetection, overreferral, or overmanagement when used to
screen young women, and maintains the same ability to predict CIN3+ as HPV mRNA or

DNA tests in older women.
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Management of screening outcomes is also important in preventing overreferral,
overdiagnosis, and overtreatment. Most minor cytological lesions regress spontaneously
[144], therefore careful triage is important to prevent overmanagement. Direct referral of all
women with ASC-US or LSIL to colposcopy represents overreferral and increases
overtreatment [145]. In Paper 111, we compared an HPV mRNA and an HPV DNA test in the
delayed triage of ASC-US/LSIL among women aged 25-33 years. We evaluated HPV
positivity rates, SAR referral rates, and CIN3+ detection rates from triage to the end of
follow-up. The HPV DNA group had a higher positivity rate, higher referral rates, and more
follow-up examinations compared to the HPVV mRNA group. However, the overall CIN3+
detection rate was higher in the HPV DNA group. This underlines the trade-off that exists
between utilization of health resources and detection of CIN3+.

5.3. Interpretation of Main Results of Papers

5.3.1. Paper |

In Paper I, we directly compared the ability of two tests to detect HPV infection overall, as
well as type-specific HPV detection in cervical cancer specimens. However, it is difficult to
compare the HPV positivity rates we observed in ICC specimens with other studies of

different sample sizes and from different regions (Table 4).

5.3.1.1. HPV Prevalence in Cervical Cancer Specimens

We obtained an overall HPV positivity rate of 95.1% in cervical cancer specimens, while the
positivity rate for the individual HPV tests was 91.6% each. The HPV positivity rate in
African countries is usually higher than the global positivity rate [146-149], and our overall
positivity rate was slightly higher, but in line with overall HPV positivity rates reported for
African countries in recent updates of the global meta-analyses by Clifford et al., in which 19
HPV types (94.0%) [147] and 27 HPV types (94.2%)[148] were considered. Clifford et al.
have performed four global meta-analyses on HPV type distribution in ICC: in 2003 [146],
2007 [147], 2011 [148], and 2012 [149]; all of which used HPV DNA data from PCR testing.
We observed a higher positivity rate than those reported in other African studies from Ghana,
Nigeria, and South Africa (90.4%) [150]. Our overall positivity by both HPV DNA and HPV
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MRNA tests was higher than that in European countries (95.1% vs. 91.8%) [151], but if we
consider only HPV DNA positivity, they were similar (91.6% vs. 91.8%) (Table 4).

In a global context [146-149], the sample size in Paper | (n=167) may appear small; however,
on a regional and national scale, our sample size was above average (Table 4). For example,
the meta-analyses by Clifford et al. included six studies from Africa, which considered nine
countries. The average sample size in each of these nine countries was 67, and the average
sample size in each of the six studies from Africa was 101 [146]. The meta-analysis by
Ogembo et al. included 4067 ICC specimens from 71 studies in 23 African countries, which

included an average of 168 samples per country and 57 samples per study [152].
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Table 4. A comparison of some different studies on HPV prevalence and type distribution in cervical cancer

specimens.
HPV HPV HPV
Country, Year mMRNA = mRNA DNA Total | Com™mon
of Publication Test Positivity Positivity | positivity
Specimens i (Decreasing
Rate (Types included) Rate
(Types Rate %0) | den)
included) (%) (%)
45 —type GP5*/6*
PCR /RLB
(6, 11, 16,18, 26, 30, Both tests:
9-Type 31, 33, 34, 35, 39, 16, 18, 45,
South Africa, P UEe: 40, 42, 43, 44, 45, 35, 33, 52,
Proofer16,
2017 [81] 167 oL | °LO2OIHAS, 1 g1 952 31,5851,
e 18,31, 33, 56, 57, 58, 59, 61, ONA o
aper only:
k 35, 45, 51, 64, 66, 67, 68, 69, 6 30 535/
52, 58 70,71, 72, 73, 81, o
69, 73
82/MM4, 82/1S39,
CP6108,32, 83, 84,
85, 86, JC9710)
Meta-analysis
(23 African Different methods
. 4067 NA NA 67.7 67.7 16, 18
countries), 16 and 18s
2015 [152]
25-type SPF10 16, 18, 45,
PCR-DEIA-LiPA25 35, 33, 52,
Ghana,
o 16, 18, 31, 33, 35 51, 31, 68,
Nigeria, South 570 NA NA e o e me 90.4 90.4 73, 56, 59
Africa, 2014 39, 45,51, 52, 56, ' ' thas
[150] 58, 59, 66, 68, 73, 6, 39, 11, 54,
11, 34, 40, 42, 43, 66, 6, 44,
44,53, 54, 70, 74 53,70, 74
Austria, Czech 25-type SPF10
Republic, PCR-DEIA-
i 16, 18, 45,
Denmark, 3162 NA NA LiPA2516, 18, 31, 918 918
Estonia, 33, 35, 39, 45, 51, 33,31
Greece, 52, 56, 58, 59, 66,
Hungary, 68, 73, 6, 11, 34, 40,
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HPV HPV HPV
Country, Year mMRNA = mRNA DNA Total | Com™mon
o N of L HPV DNA Test L Types
of Publication Test Positivity Positivity | positivity
Specimens i (Decreasing
Rate (Types included) Rate Rate (%
(Types (4) Order)
included) (%) (%)
Ireland, 42,43, 44, 53, 54,
Norway, 70,74
Poland,
Portugal,
Romania,
Russia, Spain,
Belgium,
Germany,
Scotland,
Wales, 2013
[151]
Malaysia, 25-type SPF10
Vietnam, PCR16, 18, 31, 33,
Singapore, 35, 39, 45, 51, 52,
16, 18, 52,
South Korea, 500 NA NA 56, 58, 59, 66, 68, 93.8 93.8 45
the 73, 6,11, 34, 40, 42,
Philippines, 43, 44, 53, 54, 70,
2013 [153] 74
16, 18, 33,
13-type PCR-
Global meta- 31, 58, 52,
. based16, 18, 31, 33,
analysis, 2012 36374 NA NA 89 89 35, 45, 59,
35, 39, 45, 51,52,
[149] 39, 51, 56,
56, 58, 59, 68
68
13-type PCR-
Africa, 2012 based16, 18, 31, 33,
2402 NA NA 90 90 NA
[149] 35, 39, 45, 51, 52,
56, 58, 59, 68
. . 16, 18, 58,
Global meta- 27-type PCR 33 45. 31
analysis, 2011 | 30848 NA NA | Dasedl6,18,26,30, | g9 89.9 T
31, 33, 34, 35, 39, 52, 35, 59,
[148] 29
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HPV HPV HPV
Country, Year mMRNA  mRNA DNA Total | Com™mon
o N of L HPV DNA Test L Types
of Publication Test Positivity Positivity | positivity
Specimens i (Decreasing
Rate (Types included) Rate Rate (%
(Types (4) Order)
included) (%) (%)
58, 59, 66, 67, 68,
69, 70, 73, 82, 85,
97,6, 11
Africa
(Algeria,
Benin,
Ethiopia,
) 27-type PCR-
Guinea,
) based16, 18, 26, 30,
Kenya,1 Mali, 16, 18, 45,
31, 33, 34, 35, 39,
Morocco, 33, 35, 52,
. 2011 NA NA 45, 51, 52, 53, 56, 94.2 94.2
Mozambique, 51, 31, 58,
58, 59, 66, 67, 68,
Senegal, South 68
. 69, 70, 73, 82, 85,
Africa,
. 97,6, 11
Tanzania,
Uganda,
Zimbabwe),
2011 [148]
Thailand, 2011 GP5*/6" PCR not
120 NA NA ) 93.3 93.3 16, 18
[154] provided
5-Type 16, 18, 31,
. PreTect 33, 45, 56,
India, 2009 My09/My11 PCR
278 Proofer 83.3 . 83.4 91.7 52, 53, 59,
[155] Not provided.
16, 18, 31, 62, 67, 69,
33,45 73
19-type PCR-based
Global meta- 6, 16, 18, 31, 33, 35, 16, 18, 33,
analysis, 2007 14595 NA NA 39, 45, 51, 52, 56, 87.0 87.0 45, 31, 58,
[147] 58, 59, 66, 68, 70, 52,35
73,82, 11
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HPV HPV HPV

Country, Year mMRNA = mRNA DNA Total | Com™mon
o N of L HPV DNA Test L Types
of Publication Test Positivity Positivity Positivity
Specimens i (Decreasing
Rate (Types included) Rate Rate (%
(Types () Order)
included) (%) (%)
Africa
(Algeria,
Benin,
Ethiopia,

Guinea, lvory

19-type PCR-based
Coast, Kenya,

16, 18, 33,
Mali, Morocco, 1339 NA NA NN 94.0 94.0 45, 35, 31
Mozambique, 35, 39, 45, 51, 52, : : ,;-’8 [;2 J
Senegal, South 2l 58, 92, 6, 6 '
Africa, 70, 73, 82, 11
Tanzania,
Uganda,
Zimbabwe),
2007 [147]
5-Type
PreTect
My09/My11 &
Proofer
PPF1/ CP5 PCR &
\ - & GP5*/6* PCR- 16, 18, 45,
orway, _

[1;/6] 204 3-type 92.0 EIA/RLB 92.0 97.0 33, 31,52,
real-time & 35, 58
multiplex ISH
16, 18, 31, .

Not provided.
33, 45, 35,
52, 58
16, 18, 45,
18-type PCR-based
31, 33, 58,
Global meta- (6, 16, 18, 31, 33,
, 52, 35, 59,
analysis, 2003 10058 NA NA 35, 39, 45, 51, 52, 86.9 86.9 56 6 51
[146] 56, 58, 59, 66, 68, T
68, 39, 82,
70, 73, 82
73, 66, 70
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HPV HPV HPV

Country, Year mMRNA  mRNA DNA Total | Com™mon
o N of L HPV DNA Test L Types
of Publication Test Positivity Positivity Positivity
Specimens i (Decreasing
Rate (Types included) Rate
(Types Rate (0 1 rden)
included) (%) (%)
Africa
Algeria,
(_ J . 16, 18, 45,
Benin, Guinea, 18-type PCR-based
. 33, 31, 52,
Mali, Morocco, (6, 16, 18, 31, 33,
56, 58, 35,
Senegal, South 609 NA NA 35, 39, 45, 51, 52, 88.8 88.8
. 51, 68, 73,
Africa, 56, 58, 59, 66, 68,
. 59, 6, 82,
Tanzania, 70, 73, 82
66, 39, 70
Uganda), 2003
[146]

The blue highlighted row represents the results of Paper I. The green highlighted rows are the results of meta-
analyses from African countries. NA: not applicable/not provided.

5.3.1.2. HPV Type Distribution in Cervical Cancer Specimens

We used hierarchical analyses in Paper I, in which multiple-type infections were assigned to
only one HPV type by order of decreasing prevalence. The six most prevalent HPV types we
observed (in decreasing order: HPV16, 18, 45, 35, 33, and 52) was exactly the same as the
most prevalent types in sub-Saharan Africa [150]. The six most prevalent HPV types in
African countries reported in the meta-analysis by Li et al. were also very similar to ours,
except for HPV33, which was more common than HPV35 [148]. Smith et al. did not include a
hierarchical analysis, and instead counted each HPV type once; thus multiple-type infections
could have been counted twice or three times if they were double or triple infections [147].
However, we observed a lower HPV16 prevalence, a similar HPV18 prevalence, and a higher
HPV45, 33, and 52 prevalence than did Smith et al. [147] or another study from sub-Saharan
Africa [150]. We found a lower prevalence of HPV16, and relatively a higher prevalence of
HPV45, 35, and 52, than was reported in a European study [151]. The five most prevalent
HPV types in the European study (16, 18, 45, 33, and 31) [151] were similar to ours, except
for HPV35, which was replaced by HPV31 in Europe. The eight most prevalent HPV types in
Norway (16, 18, 45, 33, 31, 52, 35, and 58) [156] were also similar to ours, except for the
order after the third most prevalent type (Table 4). HPV16, 18, 45, and 33 were among the
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five most prevalent HPV types in our study, as well as in most of other global studies [146-
148], studies from Africa [146-148, 150], studies from Europe [151, 156], or studies from
other regions [153, 155].

5.3.1.3. HPV Detection Rate by HPV mRNA Test vs. HPV DNA Test

Generally, when more than one HPV test is applied to the same specimens, the positivity rates
for the individual tests are lower than when their results are combined to determine overall
HPV positivity. Similar to our study, other research found equal HPV positivity rates by HPV
MRNA testing and HPV DNA testing on the same ICC specimens [155, 156] (Table 4). A
Norwegian study that performed an 8-type E6/E7 HPV mRNA test and a consensus GP5+/6+
PCR HPV DNA test reported the same, individual positivity rate (92%), but the overall HPV
positivity rate when both tests were combined was 97% [156]. Likewise, another study from
India used a 5-type E6/E7 HPV mRNA test and a MY09/11 L1 consensus PCR HPV DNA
test and reported an individual positivity rate for each test of 83%, but an overall HPV
positivity rate of 91.7% [155]. These studies suggest that HPV mRNA tests have a detection
rate that is at least as high as that of HPV DNA tests.

5.3.2. Paper Il

NCCSP guidelines categorize women into two age groups: 25-33 and 34-69 years [113]. HPV
testing is used to screen women in the older age group, but cytology screening is still used in
younger women [113]. Many countries have recently substituted HPV testing for cytology in
cervical cancer screening, and there are many validated HPV tests available for this purpose.
Their main differences are the molecular pieces of HPV they identify (genes or gene
transcripts) and the HPV types they detect [76]. It is known that persistent infection with
high-risk HPV types is a necessary cause of cervical cancer. The central dogma in molecular
biology is that DNA produces mMRNA and mRNA produces protein. Gene expression of a
virus in its host takes place after the integration of HPV DNA into the genome [11].
Therefore, viral gene expression may imply that the virus has been present in the host longer.
Moreover, cervical cancer is not caused by HPV infection per se, but by the constant
overexpression of the viral E6/E7 oncogenes of high-risk HPV types [11]. The expression of
the E6/E7 oncogenes of HPV16, 18, 31, 33, and 45 have been detected in most cervical
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carcinomas [156], and HPV mRNA tests are able to detect continuous transcription of viral
E6/E7 oncogenes [81].

The risk of high-grade cervical lesions in women screened by different tests has been
evaluated in many studies. However, when it comes to HPV, most studies have looked at
DNA-based screening; few have analyzed the long-term risk of high-grade lesions in women
screened by HPV mRNA. Paper 11 was an effort to fill this knowledge gap, and represented an
update of research published in 2016 [157]. In addition to the extended length of follow-up
from 72 to 120 months, the selection criteria in the updated study excluded women with
undetermined cytology results at screening, thus the study sample was smaller than that in the
2016 study. Table 5 compares some recent longitudinal studies on women screened by HPV

testing with Paper I1.

Both the HPV DNA and HPV mRNA tests showed high sensitivity for CIN3+; however, the
HPV mRNA test had higher specificity [158]. A highly specific screening test will produce
fewer false-positive results and thus will result in fewer unnecessary referrals to follow-up.
All of these factors can improve the efficacy of screening programs and help avoid

overmanagement.

We obtained 3.2% positivity by HPV mRNA at screening in Paper Il. This positivity was
slightly lower than that reported in a Dutch study that used a 5-type HPV DNA test (3.8%)
[159] (Table 5), and was much lower than what was reported in two studies from the United
States: the Kaiser Permanente study, which used HPV DNA (HC2, positivity rate 5.1%)
[160], and another study that used a 14-type HPV DNA test (Cobas/Amplicor/Linear array,
positivity rate 8.3%) [161] (Table 5). The overall detection rate of HPV DNA in a European
meta-analysis was 9.4% [162]. The HPV DNA positivity rates were 9.4% in 46 680 women in
Italy, 4.9% in 21 996 women in the Netherlands, 9.5% in 6238 women in Sweden, and 15.7%
in 18 386 women in England [162].
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Table 5. A comparison of recent studies on women screened by HPV testing and the risk of high-grade cervical

lesions during long-term follow-up.

Cumulative | Cumulative
Country and o Follow- | |ncidence of | Incidence of
Year of ) Positivity up CIN3+in CIN3+in
Study Cytolpgy Screening Test Screening n were HPV- were HPV-
Population Inclusions (%) (Month =~ Positiveat | Negative at
(N) s) Screening Screening
(%) (%)
Norway 2023,
(N=9582) Normal >"yPe HPV'mMRNA 3.2 120 20.8 1.1
(PreTect)
[163]
Norway 2021, | Genital/cer |  6-type HPV DNA
(N=642) vical/vulva (ONCOR) 34.7 360 46.6 10.5
[164] rsymptoms | (MY09/MY11 PCR)
Netherlands
2017, 5-type HPV DNA
(N=19 286) Normal (GP5+/6+ PCR) 3.8 60 35 0.2
[159]
Norway 2016, Normal o ESVATT
N=11 220 . -lype m
( ) Undetermi (PreTect) 3.6 72 19.7 0.62
[157] ned
The United
States 2015, 14-type HPV DNA
(N=38 284) Normal (Cobas, Amplicor, 8.3 36 6.1 0.3
Linear array)
[161]
The United
States 2011,
(N=331 818) Normal HPV DNA (HC2) 5.1 60 5.9 0.16
[160]

The blue highlighted row represents the results of Paper Il. The green highlighted row represents the results of

our previous research in 2016. NA: not applicable/not provided.
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In Paper 11, the cumulative incidence of CIN3+ in HPV mRNA-positive women was much
higher than that reported in any other study, and that difference increased with increasing
follow-up time. The cumulative incidence of CIN3+ in Paper Il was 20.8%, 15.8%, and
10.9% within 10, 5, and 3 years of HPVV mRNA testing. The 5-year cumulative incidence of
CIN3+ in Paper Il was more than four times higher than the rate (3.5%) observed in a Dutch

study [159] and more than two times higher than the rate (5.9%) in an American study [160].

One issue to consider is that HPV negativity may be less reassuring when it comes from a 5-
type test than from a test that includes more high-risk HPV types. However, the considerably
low long-term cumulative incidence of CIN3+ after a negative 5-type HPV mRNA test at
screening may provide more reassurance and trust. The 10-year cumulative incidence of
CIN3+ in HPV mRNA-negative women in our study was 1.1%, which is considered a very
low risk. This may also imply that frequent screening of HPV mRNA-negative women might

not be necessary.

Another important issue is choosing which HPV types should be included in an HPV test. The
strong association between persistent infection with the five HPV types included in the HPV
MRNA test (HPV16, 18, 31, 33, and 45) and the risk of ICC is well-known [20, 33, 165-171],
as they are attributed to 84.3% of ICC [172]. A Swedish study showed that six high-risk HPV
types (HPV16, 18, 31, 33, 45, or 52) were detected in 85.3% of ICCs [173]. The inclusion of
HPV types 35, 39, 51, 56, 58, 59, 66, or 68 to the 6-type HPV test would only increase HPV
prevalence by 1.5% [173]. Therefore, restricting screening to the HPV types in the 6-type test
could considerably enhance the specificity of screening programs [173]. Moreover, 60.6% of
ICCs were positive for HPV16 infection alone, and 70.8% were positive for HPV16 and/or
HPV18 infections [172]. HPV16 and 18 are included in both the Cervarix and Gardasil9
vaccines, though the latter also includes HPV®6, 11, 16, 18, 31, 33, 45, 52, and 58. Therefore,
women vaccinated with Gardasil9 should be screened by tests limited to the seven high-risk
HPV types (16, 18, 31, 33, 45, 52, and 58). Indeed, screening for more HPV types can create a
suboptimal balance of harms and benefits [174]. The results from Paper Il suggest that the
five HPV types included in the HPV mRNA test might be sufficient for cervical cancer
screening.

Before applying HPV testing in the screening of young women, the prevalences of HPV and
high-grade lesions in the target population should be considered. Applying an HPV test with a
high detection rate in a population with a high prevalence of transient HPV infections can
result in overdiagnosis and overmanagement. A global meta-analysis reported an HPV DNA
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positivity as high as 13.9% in women aged 25-34 years [175]. Although cytology is neither
highly sensitive nor highly specific, the high HPV DNA positivity rate in young women
pushed the healthcare system in Norway to continue with cytology-based screening of women
aged 25-33 years, in order to avoid overreferrals and overmanagement. On the other hand, the
HPV mRNA positivity rates for women aged 25-33 and 34-69 years in Paper Il were 5.7%
and 2.2%, respectively. Although the rate was higher in the younger age group, it was still low
by HPV mRNA test standards, and much lower than positivity rates for HPV DNA in this age
group. Moreover, although the cumulative incidence of CIN3+ remained higher in the
younger age group throughout our study period, there was no difference in incidence between
age groups after adjustment for HPV status. In other words, the cumulative incidence of
CIN3+ remained similar in both age groups, regardless of HPV mRNA positivity. This
implies that the 5-type HPV mRNA test is an appropriate candidate screening test for both age
groups.

Another important aspect when implementing HPV testing in screening is the incidence rate
of ICC. To eliminate cervical cancer, the WHO aims state that all countries must achieve and
maintain a cervical cancer incidence rate below 4 per 100 000 woman-years [176]. The
incidence rate of ICC in HPV mRNA-negative women was 2 per 100 000 woman-years,

which is in line this initiative.

5.3.3. Paper il

As was mentioned in previous sections, Norway still uses cytology-based cervical cancer to
screen women aged 25-33 years [113]. However, starting in 2023, the use of HPV test-based

screening was implemented for all women aged 25 years and older [115].

According to the follow-up guidelines in effect from 2005 through 2013, women with normal
cytology were returned to the 3-year screening interval. Women with unsatisfactory, ASC-US,
or LSIL cytology were triaged in 6-12 months by repeat cytology and HPV testing. Women
with normal repeat cytology and positive HPV test at triage were referred to follow-up
cytology and HPV testing within 12 months, and women with unsatisfactory, normal, ASC-
US, or LSIL repeat cytology and HPV negative results at triage were returned to 3-year
screening. Women with HSIL, or with unsatisfactory, ASC-US, or LSIL repeat cytology and a
positive HPV-test at triage, were referred to colposcopy/biopsy examination, applying CIN2+
as threshold for treatment.

61



The performance of HPV testing at triage in young age groups in Norway is a matter of
concern. In a systematic review of 40 studies on screening, the sensitivity of LBC to predict
CIN2+ ranged from 52-94% while the sensitivity of HC2 was 61-100% [70]. HC2 had the
highest pooled sensitivity to predict CIN2+ (89.9%), followed by LBC (72.9%), and
conventional cytology (62.5%) [70]. However, the corresponding estimates for pooled
specificity were 89.9%, 90.3%, and 96.6% [70].

Another review evaluated the use of cytology and HPV DNA testing in secondary screening
for low-grade cervical lesions, and concluded that the pooled sensitivity of HC2 to detect
high-risk HPV types was higher than the sensitivity of repeat cytology to detect CIN2/3+
(relative sensitivity 1.27 and 1.23, respectively) [177]. There was no significant difference in
the pooled specificity of these methods to triage women with ASC-US [177]. However, the
specificity of HC2 was considerably lower than that of cytology in the triage of women with
LSIL (relative specificity 0.66) [177].

Another study randomly assigned women with LSIL to one of three screening groups and
followed them for 2 years using 6-month testing intervals. The screening groups were:
immediate colposcopy, in which all women were referred to colposcopy; HPV triage, in
which women were referred to colposcopy only if they were HPV DNA-positive or had HSIL
at enrollment; and conservative management, in which women were referred to repeat
cytology and those with HSIL were referred to colposcopy [178]. Sensitivity for cumulative
diagnosis of CIN3+ was 65.9%, 55.9%, and 48.4%, respectively for the HPV triage,
immediate colposcopy, and conservative management groups [178]. Although the 2-year
cumulative diagnosis of CIN3+ in all arms was equal (15%), the timing of CIN3 diagnosis
was significantly different [178]: a much more rapid diagnosis was observed in the HPV

triage and immediate colposcopy groups than the conservative management group [178].

In a comparison of the Roche Cobas 4800 DNA test (14 HPV types) and the PreTect HPV-
Proofer mMRNA test (5 HPV types) in the triage of women with ASC-US/LSIL, both tests
were 100% sensitive among CIN3+ cases [158]. Among CIN2+ cases, the sensitivity of the
HPV DNA test was higher than that of the HPV mRNA test (100% vs. 79%), but the
specificity of HPV mRNA test was higher (91% vs. 84%) [158]. This higher specificity of the
HPV mRNA test in the triage of women with ASC-US/LSIL was also shown in another study
[179].

However, an evaluation and comparison of the properties of HPV testing in the triage of low-
grade cytology is also needed, and Paper 111 aimed to fill this knowledge gap. Several studies
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have compared triage tests, but the settings and outcomes were not specifically aligned with
the Norwegian screening algorithm. In Paper 111, adherence to follow-up was shown at
screening, and the triage outcomes were analyzed and shown within 42 months and 78 months
post-screening.

The HPV DNA positivity rate at triage that we observed in Paper 11l was twice that of HPV
MRNA (52.8% vs. 23.3%), but similar to that reported in other studies [180-183]. The global
average HPV DNA positivity rate (59.4%) at triage among women with minor cytological
abnormalities at screening visit was reported to be slightly higher [184] (Table 6) than what
we found in Paper I1l. The positivity rate of a 13-type HPV DNA test at triage in women aged
25-33 years with low-grade cytology was even higher (65%) in a previous Norwegian study
[185] (Table 6). The huge difference between the positivity rates of HPV DNA and HPV
MRNA testing at triage among women with minor cytological abnormalities at screening was
also shown in other Norwegian studies [158, 179, 186] (Table 6). In comparisons of triage
HPV DNA positivity rates, we should consider that this rate is usually higher in women with
LSIL than ASC-US at screening. In a global meta-analysis, the HPV DNA positivity rate at
triage was 42.8% for women with ASC-US and 75.9% for women with LSIL at screening
[184] (Table 6).

The higher positivity rate of the HPV DNA test, both at screening and triage, yields higher
referral rates to colposcopy/biopsy [179]. In opportunistic screening programs, the specificity
of a screening test is more important than its sensitivity, as the former can affect referral rates
to colposcopy/biopsy, and consequently, attendance rates [179]. Moreover, the HPV DNA test
resulted in a referral rate to colposcopy/biopsy that was more than twice that of the HPV
MRNA test [179]. In the triage of women with ASC-US/LSIL at repeat cytology, the HPV
MRNA test was more specific and relevant in clinical applications than the HPV DNA test
[179]. In order to achieve a balance in the trade-offs related to sensitivity and specificity, the

HPV mRNA test was suggested for use in screening [157].

In Paper 111, more HPV DNA-triaged women were referred to direct colposcopy/biopsy
(24.9% vs. 18.3%) and to repeat cytology/HPV testing (27.9% vs. 5.1%; p<0.001) than
MRNA-triaged women, which was in accordance with other studies [158, 179, 187-189]
(Table 6), including a model-based economic evaluation on the triage of young women with
minor cytological abnormalities [190]. In a Danish study of women younger than 30 years of
age with ASC-US/LSIL cytology at screening, the referral to biopsy rate was 67% for women
triaged with an HPV DNA test (any assay) and 58% when triage was done with a 5-type HPV
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MRNA test [145]. This suggests that applying HPV DNA tests in triage may double the
workload of gynecologists and laboratories, and increased health care costs, overtreatment,
the negative impact of cervical treatment on pregnancy outcomes, and psychological stress for

women.

The number of HPV types included in a test may also affect positivity, referral, and detection
rates. In Paper I11, the five-fold higher referral rate to repeat cytology/HPV testing we
observed in DNA-tested women compared to mRNA-tested women could be due to the
inclusion of more oncogenic HPV types in the DNA test. Conformingly, two Danish studies
showed that the biopsy rates of women with minor cytological abnormalities were higher in
those triaged by a 14-type HPV mRNA test compared to those triaged by a 5-type HPV
mRNA test [145, 191].
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Table 6. A comparison of Paper Il and other studies that used HPV DNA and/or HPV mRNA tests in the triage of
women with minor cytological abnormalities at screening [70, 158, 177, 183-201].

Country
and year
of
publicatio

n

Age
(years)

Screenin
g with
HPV

Screening
with
Cytology

Triage
Interval
(Month

)

Triage
Cytology

Triage
DNA

Triage
mRNA

Max.
Follow-
up Time
(Month
S)

Selected and Abstracted
Results

2023
Norway
[202]

25-33

NA

ASC-US
LSIL

3-18

Repeat
Adjacent

N=2556
13-type
HC2
(study
group

N=1559
5-type
Proofer
(study

group
B)

78

DNA vs. mRNA:

Positivity rate:
52.8% vs. 23.3%

SAR referral at triage:
colposcopy/biopsy 24.9% vs.
18.3%
repeat cytology/HPV test
27.9% vs. 5.1%
return to screening 47.2% vs.
76.7%

CIN3+ within 42 months
post-screening, among SAR
referrals to:
colposcopy/biopsy 31.7% vs.
30.5%
repeat cytology/HPV test
18.5% vs. 25.3%
return to screening 0.9% vs.
1.8%

CIN3+ 78 months post-
screening, among SAR
referrals to:
colposcopy/biopsy 33.4% vs.
32.3%
repeat cytology/HPV test
19.9% vs. 27.8%
return to screening 1.4% vs.
2.8%

Overall CIN3+:

42 months post-screening:
13.1% vs. 8.3%

78 months post-screening:
14.6% vs. 9.4%

Denmark
2021
[145]

<30

NA

ASC-US
(N=
19 946)
LSIL (N=
19 825)

NA

Any
assay

24

DNA vs. 14-type mMRNA
vs. 5-type mRNA
Positivity Rate:
Total: 82.5%, 73.5%, 40%

Biopsy rate:
Total: 67% vs. 77% vs.
58%

Denmark
2019
[191]

23-65

NA

LSIL

NA

NA

N=21
76
5-type
Proof
er

36

Aptima vs. Proofer/ 36
months,

Positivity Rate:
Total: 66.7% vs. 42.8%
23-39: 53.1% vs. 34.7%
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Country . Max.
and year Screenin| Screening Triage . . . Follow-
of Age g with with Interval| Triage | Triage | Triage up Time Selected and Abstracted
publicatio (years) HPV | Cytology (Month|Cytology] DNA | mMRNA (Month Results
n s) s)
N=42
6 Sens. for CIN2+, 94% vs.
14- 77%, spec. 34% vs. 69%.
type Sens. for CIN2+/ 23-29
Aptim yrs., 93% vs. 80%, spec.
a 19% vs. 64%.
Sens. for CIN2+/ 30-39
yrs., 93% vs. 77%, spec.
10% vs. 71%.
PPV for CIN2+., 37.6% vs.
54.3%
PPV for CIN2+/ 23-29 yrs.,
42.3% vs. 55.6%
PPV for CIN2+/ 30-39 yrs.,
37.6% vs. 58.3%
NPV for CIN2+., 5.9% vs.
13.1%
NPV for CIN2+/ 23-29 yrs.,
13.1% vs. 15.2%
NPV for CIN2+/ 30-39 yrs.,
7.7% vs. 14.1%
DNA:
Positivity Rate:
N=60 Total: 45%
Norway 58 25-33: 65%
2018 | 23-69 | NA AE(S:I'ES 6-12 A%‘}gg:;t 13- | NA | 36 34-69: 38%
[185] type 3-years cumulative CIN3+:
HC2 Total: 18%
25-33: 26%
34-69: 15%
N=10
000*
Reflu
x/co-
testin
g with
delay | N=10 Strategies involving HPV
ed 000* MRNA testing required
Dual
staining cytolo fewer resources, whereqs
0 ay Refle HPV DNA-based strategies
Norway ASC-US | (refle . witho x5 detected >50% more
2017 25-33 NA LSIL X) - Adjacent ut types 36 precancers, but were more
(DNA X ;
[190] 12 co-test) types costly and required twice as
cytology Refle many colposcopy referrals
Reflu | x 14 compared with the current
X types guidelines
typel
6/18
Reflu
x5
types
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Country . Max.
and year Screenin| Screening Triage . . . Follow-
of Age g with with Interval| Triage | Triage | Triage up Time Selected and Abstracted
publicatio (years) HPV | Cytology (Month|Cytology] DNA | mMRNA (Month Results
n ) s)
Reflu
x 14
types
DNA vs. mRNA:
Positivity Rate:
30.3% vs. 18.6%
Referral status at triage:
Return to screening 71 % vs.
N=564 | N=564 81 %
N;J(;\ivg Y | 25-69 NA Aics:lll_J S 3-18 A%?gg:;t 14-type | 5-type 33 to colposcopy/biopsy 29 %
[158] Cobas | Proofer vs. 19 %
Sens. for CIN2+, 100% vs.
79%
Spec. for CIN2+ in solved
cases, 84% vs. 91%
PPV for CIN2+, 34% vs. 39%
LA vs. HC2 vs. Proofer
Average positivity rate of
ASC-US/LSIL of all tests age
N=9405 25-34:54.9%
HC2
After 5 years follow-up, LA
Denmark NL—i;Sa3r3 N=3226 VS. HCZg/ISN;:qofer/ for
[2108176] 30-65 | NA | ASC-US | <3 | NA | Array Ifr'z?gr 14 ) sens. 88.7%. vs. 83.5% vs.
(LA) 37.5%
HPV- Spec. 66.1% vs. 63.4% vs.
Genotyp 91.0%
ing PPV 40.4% vs. 35.0% vs.
57.2%
NPV 97.4% vs. 97.6% vs.
88.8%

Norway Period 1 (repeat cytology
2015 only) vs. period 2 (repeat
[192] Repeat only) vs. period 2 (repeat
1999- Unsatisfacto only cytology & adjacent HPV
2001 ry HC2/A test):

(N=75852| 2209 | NA | aqcys | 118 R;’;éat mplicor | "To0Ter | 36 Status at triage:
) LSIL Adjacent In screening 62.7% vs. 54.5%

2004-08 vs. 65.7%

(N=66616 Diagnostic referral 5.2% vs.
) 3.6% vs. 23.7%
DNA vs. mRNA:
Positivity Rate:
36.7% vs. 18.3%
N=311 | N=311

Norway ASC-US Repeat
2014 | 2569 | NA LSIL 3-18 Adjacent 1é(;%’;: PE)r-;)(;E‘Jgr 57 Referral status at triage:
[179] Colposcopy/biopsy: 23.8% vs.

10.0%
Cytology: 32.0% vs. 40.2%
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Country
and year
of
publicatio

n

Age
(years)

Screenin
g with
HPV

Screening
with
Cytology

Triage
Interval
(Month

s)

Triage
Cytology

Triage
DNA

Triage
mMRNA

Max.
Follow-
up Time
(Month

5)

Selected and Abstracted
Results

Return to screening 44.1% vs.
49.8%

Sens. 100% (reference) vs.
64.3%

Spec. 70.8% vs. 89.5%
PPV for CIN2+ 21.5% vs.
34.6%

Odds ratio for referral to
colposcopy 2.8 times higher
in DNA than mRNA.

Equal CIN3+ detection rate!
(One case more in DNA)

Norway
2014
[194]

25-69

NA

Unsatisfacto
ry
ASC-US
LSIL

3-15

Repeat
Adjacent

N=4715

13-type

AMPLI
COR

N=9162
13-type
HC2

N=5188
5-type
Proofer

36

Amplicor vs. HC2 vs. Proofer
Positivity Rate:
57.3% vs. 69.9% vs. 32.6%.

Referral:
Cytology/HPV f/u for HPV
positives in 3 yrs.: 95% vs.

95% vs. 95%
Cytology/HPV f/u for HPV
negatives in 3 yrs.: 64% vs.

64% vs. 88%

Biopsy f/u for HPV negatives
in3yrs.: 12% vs. 12% vs.
19%

3-year risk for CIN2+:

HPV-positive: 48.1% vs. 43%
vs. 48.2%

HPV-negative: 2.1% vs. 4%
vs. 7.2%

Norway
2013
[195]

15-69

NA

ASC-US

6-12

N=964
Repeat
only

VS.
N=542

Repeat
Adjacent

NA

N=542
5-type
Proofer

40

Repeat only vs. repeat
cytology and mRNA:

Referral status at triage:
Colposcopy/Biopsy 3.4% vs.
3.5%

In screening 83.2% vs. 91.5%

PPV: 85.7% vs. 79.2%

Global
Meta-
analysis
2013
[188]

NA

NA

ASC-US
LSIL

NA

NA

13-type
HC2

5-type
Proofer

NA

HC2 vs. Proofer:

For outcome CIN3+:
among ASC-US:
Pooled Sens. 95.7% vs. 86.1%
Pooled Spec. 35.1% vs.
79.9%
among LSIL:

Pooled Sens. 99.1% vs. 81%
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Country . Max.
and year Screenin| Screening Triage . . . Follow-
of Age g with with Interval| Triage | Triage | Triage up Time Selected and Abstracted
publicatio (years) HPV | Cytology (M;))nth Cytology| DNA | mRNA (Month Results
n s)
Pooled Spec. 18.8% vs.
71.5%
HC2 vs. repeat cytology
(ASC-USH):
For outcome CIN2+:
Overall:
among ASC-US:
Relative Sens. 1.27
Global Relative Spec. 0.99
Meta- among LSIL:
analysis | NA | NA Aﬁg;ES NA A%?gg:;t HC2 | NA | NA Relative Sens. 1.23
2013 Relative Spec. 0.66
[177]
Among <30 years:
among ASC-US:
Relative Sens. 0.97
Relative Spec. 0.44
among LSIL:
Relative Sens. 0.98
Relative Spec. 0.21
Reflex: Performance for CIN2+,
N=472 NASBAS vs. NASBAL16 vs.
5-type flowcytometry:
NASBA
Among ASC-US:
N=472 Sens. 55.6% vs. 27.3% vs.
15-type 54.6%
N=472 OncoTe Spec. 93.7% vi. 98.7% vs.
Reflex st 83.1%
Flowcyt PPV, 37.5% vs. 60% vs.
35-type ometry 15.8%
Creece | 35 | na | ASCUS | g | A |Clinical 0 | NPV,96.7vs. 95.1%vs.
2012 LSIL Arrays N=472 96 7%
70
[203] (Not 16-type
Corg';’are NASBA Among LSIL:
Sens. 61.3% vs. 45.1% vs.
N=472 67.7%
P16 Spec. 82.5% vs. 92.2% vs.
immuno 67.3%
staining PPV, 33.3% vs. 45.1% vs.
(Not 22.1%
compare NPV, 93.7% vs. 92.2% vs.
d) 93.8%
Performance of HC2 for
Spain N=493 Some 0 90
2012 25-65 NA ASC-US 3 NA |13-type| NA 36 S eC' 68'3(V
[196] HC2 Pec. 08.570
PPV 14.3%
NPV 99.6%
_ DNA vs. mRNA vs. repeat
Ngc;\iv;y 18-83 | NA | ASCUS | g4y | N=625 Emg?isc N=6251 4 __ Ccytology
[186] LSIL Repeat or Proofer Positivity rate ASC-US/LSIL:

51.6% vs. 28.2%
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Country
and year
of
publicatio
n

%

Age

Screenin
g with

ears)

HPV

Screening

Cytology

with

Triage
Interval
(Month

s)

Triage
Cytology

Triage

DNA

Triage
mMRNA

Max.

Follow-
up Time
(Month

s)

Selected and Abstracted
Results

(ASC-US+ threshold) for
CIN2+:
PPV 41.3% vs. 52.8% vs.
41%
NPV 98.2% vs. 89.7% vs.
91.2%

Norway
2011
[197]

25-69

NA

LSIL

N=225
Repeat
only

VS.
N=297

Repeat
Adjacent

NA

Proofer

N=297
5-type

24

US+) vs. repeat cytology only
(ASCH+) vs. mRNA only vs.

Repeat cytology only (ASC-

combined repeat cytology
(ASC-US+) and mRNA vs.
combined repeat cytology
(ASCUH+) and mRNA:

Sens. 85.7% vs. 33.9% vs.
94.2% vs. NA vs. 98.6%
Spec. 54.4 % vs. 97.6% vs.
86.0% vs. 47.4% vs. 83.8%
PPV 38.4% vs. 82.6% vs.
67.0% vs. 36.5% vs. 64.8%
NPV 92% vs. 81.7% vs. 98%
vs. NA vs. 99.5%

England
2011
[198]

25-64

NA

ASC-US
LSIL

NA

N=1005

HC2

NA

15

PPV for CIN2+ in ASC-
US/LSIL:
Among 25-34: 18%
Among 35-49: 14.5%
Among 50-64: 6.7%
Total:16.3%

Italy 2011
[189]

18-83

13-type
HC2

29-type
MX Bio
PCR

ASC-US
LSIL
(and HPV
DNA+)

NA

N=912

13-type
HC2
and/or
29-type
MX Bio
PCR

N=912
5-type
Proofer

12

Status at triage:
57.3% had colposcopy
follow-up

DNA vs. mRNA in ASC-
US/LSIL for CIN2+:
Sens. 93% vs. 67%
Spec. 18% vs. 45%
PPV 20% vs. 80%
NPV 97% vs. 31%

Norway
2010
[199]

25-69

NA

ASC-US
LSIL

N=1798
Repeat

NA

N=1798
5-type
Proofer

36

MRNA for CIN2+ among
ASC-US/LSIL:
Sens. 81%

Spec. 91%

PPV 57.5%

NPV 97%

Global
Meta-
analysis20
09 [184]

NA

NA

ASC-US
LSIL

NA

NA

HC2

N=2631

NA

NA

DNA positivity
Overall:
among ASC-US: 42.8%
among LSIL: 75.9%

except in Italy/ In women <30
years
among LSIL: > 80%
among ASC-US: > 48%

25-60

NA

ASC-

US/AGUS

NA

NA

N=1242

NA

NA

DNA Sensitivity vs. DNA

Specificity for CIN2+
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Country . Max.
and year Screenin| Screening Triage . . . Follow-
of Age g with with Interval| Triage | Triage | Triage up Time Selected and Abstracted
publicatio (years) HPV | Cytology (M(S))nth Cytology| DNA | mRNA (Month Results
n s)
Italy2007 LSIL 13-type
[183] HC2 among 25-34 years
1 RLU: 96% vs. 44.5%
2 RLU: 96% vs. 47.5%
4 RLU: 91.5% vs. 50%
10 RLU: 87% vs. 53%
20 RLU: 87% vs. 57.5%
among 35-60 years
1 RLU: 95% vs. 69%
2 RLU: 95% vs. 74%
4 RLU: 91.5% vs. 76%
10 RLU: 88% vs. 78.5%
20 RLU: 77% vs. 80%
DNA vs. mRNA for CIN2+
among ASC-US/LSIL:
Norway ASC-US N=77 | N=77 Sens. 85.7% vs. 85.7%
2005 >30 NA LSIL 0 NA |Gp5+/6| 5-type 24 Spec. 50% vs. 84.9%
[200] + PCR | Proofer PPV 15.4% vs. 37.5%
NPV 97.1% vs. 98.3%
OR 5.7% vs. 69.8%
HC2 (1 pg./mL) vs. Repeat
(ASC-US+):
among all ages:
Referred to colposcopy at
triage: 69.4% vs. 69.8%
The N=3046 CIN3+ASens, 962.3% vs. 88.1%
. _ = mong <29 years:
lé{];::;j >18 NA AECS:IE S NA ’\Flz;igg,? 13-type| NA NA Re_ferred to colposcopy at
2002 HC2 triage: 77.7% vs. 72.9%
[201] CIN3+ Sens, 97.9% vs. 87%
Among >=29 years:

Referred to colposcopy at
triage: 53% vs. 63.9%
Sens. for CIN3+, 88.6% vs.

91.3%

The blue highlighted row represents results from Paper Ill. *The study was a simulation. Sens.: Sensitivity; Spec.:
Specificity; PPV: Positive predictive value; NPV: Negative predictive value; NA: not applicable/not provided.
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An important issue in screening is adherence to follow-up, which influences the effectiveness
of a program to detect precancerous cervical lesions [204]. In Paper I11, 99% of women with
SAR referral to colposcopy/biopsy, and 95-96% of women with SAR referral to repeat
cytology/HPV testing, attended their follow-up visits (Table 7). We consider this to be high
adherence especially compared to low- and middle-income countries [204, 205], where
reported adherence was half that in our study. Of women with SAR referral to repeat
cytology/HPV testing, more than 75% adhered to the timing of follow-up. Among women
returned to routine screening, a considerable proportion of both DNA-tested and mRNA-
tested women did not attend screening according to recommendations. Significantly more
MRNA-tested than DNA-tested women attended their next screening round earlier than
recommended (p<0.01) (Table 7), and about two-thirds attended the next screening round

within the recommended time interval.
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Table 7. Adherence to follow-up guidelines by triage recommendation and study group.

Adherence to HPV
SAR Referrals follow-up HPV DNA MRNA p p
N=637 N=285
% %
Not met 1.1 0.4 0.29
Colposcopy/Biopsy Too early (NA) 0 0 0
- 0.001
Adherence (1-6 67.2 78.9 0.0003
mo.)
Too late 317 20.7 0.0006
In total 100.0 100.0 -
N=713 N=79
% %
Not met 5.2 3.8 0.59
Repeat Too early 7.7 15.2 0.023
cytology/HPV Adh ]
testing erence (4-18 76.6 75.9 0.88 0.069
mo.)
Too late 10.5 51 0.129
In total 100.0 100.0 -
N=1,206 N=1,195
% %
Not met 25.5 20.2 0.002
] Too early 34.2 49.5 <0.00001
Return to Screening - <0.001
Adnerence (24-42 | 459 22.2 <0.00001 |
mo.)
Too late 9.3 8.2 0.34
In total 100.0 100.0 -

NA: Not applicable.

Table 8 displays screening and follow-up characteristics of the 10 cervical cancer cases

diagnosed within 78 months of cytology screening. Eight cases occurred in DNA-tested

women, and two were among mRNA-tested women. Among the four HPV-positive cases that

were adherent to follow-up guidelines, average time to diagnosis was 14 months (range 7-19

months), relative to 60 months (range 41-73 months) among the three HPV-positive cases that

were non-adherent. Three cases were most likely false-negative at triage, among which two

cases were diagnosed more than 5 years after screening, while the third HPV-negative case

was diagnosed 19 months after screening, probably due to the appearance of symptoms.
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Table 8. Characteristics of cervical cancer cases.

Screening visit Triage visit Follow-up
Months Follow
up Adherence | Months Age at
Age | Cytology | to | Cytology HPV visits to 10 | cancer | Histology
outcome diagnosis diagnosis
triage* () | follow-up |
31 | ASC-US 7 Normal | DNA pos. 2 Adherent 17 33 SCC
28 | ASC-US 7 ASC-US | DNA pos. 1 Adherent 19 30 SCC
33 | ASC-US 5 ASC-US | DNA pos. 2 Adherent 13 34 SCC
27 | LSIL 3 | Normal | DNApos. | 1 Non- 73 33 scc
POS. adherent
Non-
33 | ASC-US 5 Normal | DNA pos. 3 41 37 AC.
adherent
Non-
30 | ASC-US 6 LSIL DNA pos. 4 66 35 AC
adherent
26 | ASC-US 5 ASC-US | DNA neg. 8 Adherent 72 32 SCC
Non-
27 | ASC-US 10 Normal | DNA neg. 1 19 29 AC
adherent
MRNA
31 LSIL 6 LSIL 1 Adherent 7 31 SCC
pos.
MRNA Non-
32 | ASC-US 8 Normal 2 62 37 SCC
neg. adherent

IMeasured from screening visit.
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6. Conclusions

The ability of the HPV mRNA and HPV DNA tests to detect HPV types in cervical cancer
specimens was similar. The risk of CIN3+ during our long-term follow-up was low among
HPV mRNA-negative women, and high among HPV mRNA-positive women. This adds to
and strengthens existing evidence on the appropriateness of using the 5-type HPV mRNA test
in the screening test for women of all ages. Although CIN3+ incidence was high in young
women, the HPVV mRNA detection rate for CIN3+ was low even among younger women. In
the triage young women with minor cytological abnormalities, the mRNA test demonstrated
similar efficacy as the HPV DNA test in cancer prevention, while requiring significantly less
healthcare utilization. Therefore, the HPV mRNA test can be regarded as an appropriate tool
in cervical cancer screening, regardless of age, and as an appropriate triage test for minor

cytological abnormalities among younger women.
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7. Future Prospective

HPV mRNA tests are based on technologies that are newer than those used in HPV DNA
tests. In this PhD thesis, | tried to take a closer look at the abilities, performance, advantages,
and flaws of an HPV mRNA test in comparison to an HPV DNA test. These results could
help improve cervical cancer screening guidelines in Norway and in other countries, although
future research might be needed to determine whether the HPV mRNA test is a proper test for

screening and triage.

It may be interesting to examine the long-term ability of the HPV DNA test to predict CIN3+
and compare it with that of the HPVV mRNA test in cervical cancer screening. This would only
be possible for the study sample included in Paper Il, as some diagnostic material still remains
and could be used for another test. Although there were no guidelines or funding for HPV
MRNA testing, PreTect AS (former NorChip AS) paid for HPV mRNA testing as a part of the
screening program in Norway. Therefore, testing on the same population with another HPV
DNA test is currently impossible. A future study in which women are screened using both
HPV DNA and HPV mRNA tests could provide a good comparison of the predictive abilities
of these tests.

Another, more important issue is to understand the persistence of HPV infection across
different studies. Additional HPV testing after screening can indicate the proportion of HPV
infections that persist and that clear in the population. Another interesting future study would
be one that is similar to Paper 11, but that includes HPV DNA and HPV mRNA testing at
screening. This would provide information on the persistence and clearance of HPV infection
at triage, and the long-term ability of HPV testing at screening to predict CIN3+.
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Abstract

~

N

Accurate identification of human papillomavirus (HPV)-types in cervical cancer tissue may be important for tailoring tests for primary |
screening and types to be included in a vaccine. The aim of this study was to compare test-performance of a 45-type HPV
deoxyribonucleic acid (DNA)-test with a 9-type HPV messenger ribonucleic acid (mRNA)-test in cervical cancer tissues.

Ina case-series design 188 women with diagnosed cervical cancer during the period January 2008 to July 1, 2011 at the Gynaecological
Oncology Unit, University of Pretoria, South Africa were recruited to the study. After cases with negative internal controls for DNA/mRNA
detection (n=18) and unconfirmed histology (n=3) of cervical cancer were excluded, 167 women remained eligible for analysis. We
compared 45 DNA-types detected through general primer (GP)5*/6" polymerase chain reaction (PCR) and reverse line blot (RLB)
genotyping with a modified version of the mRNA test PreTect HPV-Proofer detecting 9 genotypes (16, 18, 31, 33, 35, 45, 51, 52, 58).

Histological types were 92.2% squamous cell carcinoma, 4.8% adenocarcinoma, and 3.0% adenosquamous carcinoma. Overall,
HPV was detected in 95.2% (159/167) of specimens. The DNA- and mRNA tests each rendered 153/167 (91.6%) HPV positive
results. When restricting the analysis to the 9 high-risk HPV-types included in the mRNA test, 91.6% (153/167) and 88.0% (147/167)
were positive by the mRNA- and DNA-tests (P=.28), respectively. After hierarchical categorization of 9 comparable types, we found
concordance in 66 of 67 specimens for HPV16, 25 of 27 specimens for HPV18, 19 of 21 specimens for HPV45, and only in 33 of
45 for HPV31, 33, 35, 51, 52, 58. The positivity rate for the HPV types 16, 18, and 45 and the positivity rate for HPV 16, 18, 45, 33 and
35 by both tests was 66% to 68% and 80% to 83%, respectively.

Overall and when considering established high-risk types, the mRNA test has at least as high detection rate as the DNA test. The
mMRNA test can be an appropriate research tool to describe causative HPV-types in cervical cancer tissue for health care planning
PUrposes.

Abbreviations: bp = base pairs, CIN3 = cervical intraepithelial neoplasia grade 3, DNA = deoxyribonucleic acid, dsDNA = double
strand DNA, EIA = enzyme immunoassay, GP = general primer, HIV = human immunodeficiency virus, HPV = human papillomavirus,
IARC = international agency for research on cancer, ICC = invasive cervical cancer, ISC = intrinsic sample control, ISH = in situ
hybridization, ISM = Department of Community Medicine (Norwegian: Institutt for samfunnsmedisin), mRNA = messenger
ribonucleic acid, NASBA = nucleic acid sequence based amplification, ORF = open reading frame, PCR = polymerase chain
reaction, pRb = protein retinoblastoma, RLB = reverse line blot, SCC = squamous cell carcinoma, SPF = short PCR fragment, SPSS

= Statistical Package for the Social Sciences.

Keywords: cervical cancer, DNA diagnostics, HPV-type distribution, mRNA diagnostics, prevalence
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1. Introduction

Cervical cancer ranks in women as the fourth most common
cancer worldwide.!" In South Africa, cervical cancer is the most
frequent cancer in women aged 15 to 44 years and the second
among women of all ages.”!

Human papillomavirus (HPV) infection is the necessary, but
not sufficient, cause for cervical cancer.”=! Persistent HPV
infection is the most important risk factor for cervical cancer.!®’
HPV-targeted screening programs and HPV vaccination are
implemented in many countries to reduce cervical cancer
incidence, morbidity, and mortality.”! Knowledge of HPV type
distribution in cervical precancerous and cancer histology is
important to prioritize HPV types in future HPV prophylactic
vaccines and HPV-based screening tests.®!

Evaluation of the carcinogenic properties of HPV lacks
longitudinal studies with cervical cancer as endpoint.”1!
Meta-analysis on prevalence of HPV types detected in cervical
cancer reutilize the same studies,'>®"'? which lack consistency
in HPV detection methods applied, number of HPV types
targeted, and often validation of histological diagnoses are
missing. In addition, most studies report all HPV types identified
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without a hierarchical approach to the types that are major
drivers in the oncogenesis. This may overestimate the role of the
low prevalent types, which often are appearing as coinfections in
cervical cancer tissue. Knowledge on the biological mechanisms
of HPV carcinogenicity is limited to basic research applied mostly
to HPV16- and less to HPV18-infected cell lines,*3 ! while
evidence from basic research on the carcinogenic properties of
other HPV types is lacking.

HPV tests differ in their clinical performance, sensitivity, and
specificity.'®2%! The characteristics of HPV tests are different in
targeted nucleic acid (deoxyribonucleic acid [DNA] or ribonu-
cleic acid [RNA]), targeted genes in HPV genome, and the ability
of separate genotyping.?’! The general primer (GP)S+/6+
polymerase chain reaction (PCR)-enzyme immunoassay (EIA)
(polymerase chain reaction-reverse line blot) assay targets the
L1 region of HPV DNA with no ability to report genotypes
separately, while PreTect HPV-Proofer targets E6/E7 regions of
HPV messenger ribonucleic acid (mRNA) and can detect types
16, 18, 31, 33, and 45, separately.!*!!

DNA-based HPV tests detect the presence of HPV at DNA level
and not necessarily the transcriptional and translational activity
of the HPV DNA. The oncogenic activity of HPV type 16 is
known to be through the expression of viral genes E6 and E7,
following inactivation of cell tumor suppressor proteins p53 and
protein retinoblastoma (pRB).1*?! The E6 and E7 gene expression
from HPV types 16, 18, 31, 33, and 45 has been confirmed in the
majority of cervical carcinomas.'**! The mRNA-based HPV test
detects the E6 and E7 oncogenic expression of HPV and it is
based on the real-time multiplex nucleic acid sequence-based
amplification (NASBA) assay called PreTect HPV-Proofer.**! On
the other hand, there are several methods to test the presence of
HPV DNA including PCR, reverse line blot (RLB) sequencing, in
situ hybridization (ISH) and EIA, with PCR being the most
commonly applied method for HPV DNA analysis. The PCR-
based tests are using either consensus PCR primers that can cover
a range of DNA types or type-specific PCR primers that work for
specific genotypes. Depending on PCR primers, the size of the
PCR-amplified fragment differs; for instance, the amplified
fragment for MY09/11 is about 450 base pairs (bp) while the
GP5/6 fragment size is approximately 140 bp.!**! The short PCR
fragment primers (SPF10), which were developed for universal
detection of HPV, target only 65 bp of the L1 open reading frame
(ORF) in at least 43 HPV genotypes.*®*”! The SPF10 primers are
more sensitive than other primers, especially when multiple HPV
genotypes are present.””*8! It is noticeable that as the applied
primers in HPV DNA test have fewer base pairs, the ability of the
test to detect the presence of HPV DNA in tumor tissues and,
consequently the test sensitivity, increases. Conversely, the
specificity of these tests drops and it becomes less informative
on the oncogenic properties. The DNA-based HPV tests detect
the HPV viral DNA presence, which might be in transient phase
and not active oncogenes while mRNA test positivity implies
continuous expression of the viral E6 and E7 oncogenes.

The aim of this study was to compare the test-performance of a
45-type HPV DNA-test with a nine-type HPV mRNA-test in
cervical cancer tissues.

2. Materials and methods

This study was performed in collaboration between the Institute
of Community Medicine (ISM) and Department of Clinical
Pathology, Faculty of Health Sciences, University of Tromso,
Norway; PreTect AS, Klokkarstua, Norway; and the Gynecologic

Medicine

Oncology Unit, Departments of Obstetrics and Gynaecology and
Anatomical Pathology, University of Pretoria, South Africa. The
Research Ethics Committee of the Faculty of Health Sciences of
the University of Pretoria reviewed and approved the study
protocol (27/2008, 108/2008, 189/2012). All the participants
gave written informed consent. At the time of presentation for the
evaluation and staging of disease, tissue biopsies were taken for
histological confirmation of the diagnosis of invasive epithelial
cervical cancer and HPV analysis. Two adjacent punch biopsies
were taken at the 3 o’clock and 9 o’clock positions. One biopsy
from each position was preserved in formalin and sent to the
Department of Anatomical Pathology at the University of
Pretoria for histological diagnosis. Two pathologists reviewed
all histological diagnosis until consensus was reached.

The second biopsy from each position was preserved in a
standard commercially available methanol-buffer solution,
PreTect TM (PreTect AS) and shipped to Norway for HPV
DNA and mRNA analyses. These biopsies were cut in small
pieces on a cold metal block using a scalpel and transferred to a
microcentrifuge tube prior to addition of 1 mL lysis buffer
(NucliSens, BioMerieux, France), followed by homogenization
for 30seconds using a pellet pestle and incubation at 37°C for
30 minutes. Total nucleic acids (DNA/RNA) were extracted
using NucliSENS miniMAG (BioMerieux, 200297, Boxtel, The
Netherlands) according to the manufacturer’s instructions and
kept at —70°C prior to DNA/mRNA testing performed on the
same extracts. All laboratory testing was performed blindly.

Human papillomavirus DNA analysis, testing for 39 individual
types (HPV 6, 11, 16,18, 26, 30, 31, 33, 34, 35, 39, 40, 42, 43,
44,45, 51, 52, 53, 54,55, 56,57, 58, 59, 61, 64, 66, 67, 68, 69,
70, 71, 72, 73, 81, 82/MM4, 82/1S39, and CP6108) and 6 rare
HPV types (HPV32, 83, 84, 85, 86, and JC9710) as a pool, was
performed on GP5+/6+ polymerase chain reaction products using
RLB assay.*”*%! Polymerase chain reaction toward the B-globin
gene was included as DNA control for all HPV-negative samples.

Human papillomavirus mRNA E6/E7 analysis, testing for 9
individual HPV types (HPV 16, 18, 31, 33, 45, 35, 51, 52, 58)
was performed using an extended version of PreTect HPV-
Proofer, a diagnostic kit for the qualitative detection and direct
typing of E6/E7 mRNA from 5 HPV types!'®!8317331 plys 4
additional HPV types (35,51,52,58). The kit is based on real-time
NASBA technology combining nucleic acid amplification and
simultaneous detection with specific Molecular Beacon probes.
NASBA is an enzymatic 1-step amplification process that is able
to specifically amplify RNA in a double-strand DNA (dsDNA)
background under isothermal conditions (41°C). By using an
RNA T7-polymerase promoter to generate multiple RNA
products at 41°C, double-stranded DNA is not denatured and
consequently not amplified, hence the presence of genomic
dsDNA will not cause false positives.[!!

Intrinsic sample control (ISC) directed against mRNA from a
human housekeeping gene is included in the kit to assess specimen
quality and reveal possible factors that may inhibit the
amplification, hereby monitoring the entire test process.
Standardized artificial oligonucleotides corresponding to the
respective viral sequences were used as positive controls for each
of the HPV types and water as negative control. The PreTect
Analysis Software (PAS, PreTect AS) performed all assay
validation, where all controls and specimen ISC results have to
be valid to report an HPV result.

A total of 188 patients with invasive cervical cancer referred to
the gynaecologic oncology unit at the University of Pretoria
during the period January 1,2008 to July 31,2011 were recruited
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Study population characteristics, HIV status, and histology by age
(%).

25-39y 40-89 y 25-89y

Characteristics N=38 N=129 N=167
HIV status

Unknown 0 0.8 0.6

Negative 18.4 69.8 58.1

Positive 81.6 29.5 41.3
Histology

Squamous carcinoma 100 89.9 92.2

Adenocarcinoma 0 6.2 4.8

Adenosquamous carcinoma 0 3.9 3.0

HIV = human immunodeficiency virus.

to the study. We excluded women without validated histological
diagnosis of cervical cancer (n=3) and samples with low quality
of genomic material by using ISC (n=18). The final study
population comprised 167 patients.

All data analyses were done in SPSS, version 24.0. We applied a
2-tailed 2-proportion Z-test to compare positivity rates between
the tests with significance level P<.035.

We applied a hierarchical approach where one type is counted
only once by decreasing prevalence order of HPV types in our
own data.

3. Results

The majority of patients (77.2%) were older than 40 years (range
25-89 years), and 41.3% (69/167) were HIV positive. Histology
results showed 92.2% (154/167) cases of squamous cell
carcinoma (SCC), 4.8% adenocarcinoma, and 3.0% adenosqu-
amous carcinoma. Among women less than 40 years, 81.6% (31/
38) were HIV-positive. All women in this age group had SCC.
Among women older than 40 years, 29.5% (38/129) were HIV-
positive, and 90% (116/129) were diagnosed with SCC (Table 1).

Considering both the DNA- and mRNA test results, 95.2%
(159/167) of the specimens were HPV positive in at least 1 test,
while the DNA- and the mRNA-tests each rendered 91.6% (153/
167) HPV positive results. In 7.8% (13/167) specimens
HPV were detected only by the DNA test and similarly in
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7.8% (13/167) specimens, HPV were detected only by mRNA
test. There were 11 double infections detected by mRNA analysis
and 4 double infections detected by DNA analysis.

When analyzing the 9 most prevalent HPV types hierarchically
(16>18>45>35>33>52>31>58>51), 91.6% (153/167) were
positive by the mRNA test and 88.0% (147/167) by the DNA-test
(P=.28). In total, 83.8% (140/167) were positive for the same
HPV type by both tests, while there were 26 discordant results.
We found concordance in 66 of 67 cases of HPV16, 25 of 27
cases of HPV18, 19 of 21 cases of HPV45, 15 of 18 cases of
HPV335, and 18 of 27 cases of HPV types 33, 52, 31, 58, and 51
collectively. HPV types 30, 56, 69, 73, 82 were not included in the
mRNA test, which added 6 more positive cases by the DNA test
(Table 2, lower panel).

Among the HPV-negative cases, 8 biopsies were negative in
both the tests. In addition, 6 biopsies were negative only by the
DNA test and 6 biopsies were negative only by the mRNA test.

The positivity rate for the HPV types 16, 18, and 45 and the
positivity rate for HPV 16, 18, 45, 33, and 35 by both tests
summarized to 66% to 68% and 80% to 83%, respectively.
Thirty-eight women were less than 40 years of age, among whom
31 women were HIV-positive. Twenty-nine of these 31 HIV
infected women tested positive for HPV by both tests; 29 and 26
out of 31 HIV positive women were positive for the 9 high risk
types by the mRNA- and the DNA-test, respectively. Table 3
displays a more complete comparison of the concordance and
discordance in DNA/mRNA analyses among HIV negative and
positive women. Positivity rates of type-specific HPV by DNA-
and mRNA-tests did not differ in any of the comparisons (data
not shown).

4. Discussion

In this case-series of 167 women diagnosed with cervical cancer,
95.2% (159/167) were HPV positive in at least 1 test. There were
no differences in overall comparison with types detected by the 45
types DNA test (91.6%) and the 9 types mRNA test (91.6%).

4.1. Overall positivity rate

In most prevalence studies of HPV detection in cervical cancer
tissue, 2 to 5 different methods are used to diagnose the virus. A

Concordant and discordant pairs in DNA/mRNA analysis of type-specific HPV detection.

Total numbers mRNA-positive Both mRNA and DNA-positive
HPV-type positive (N) only (N) DNA positive (N) only (N)
Types present in both tests 16 67 0 66 1
18 27 2 25 0
45 21 2 19 0
35 18 1 15 2
33 9 3 6 0
52 7 2 5 0
31 4 0 3 1
58 4 1 0 3
51 3 2 1 0
Types present in the DNA-test, only 30 1 NA 1
56 1 NA 1
69 1 NA 1
73 1 NA 1
82 2 NA 2
Total 13 140 13

DNA = deoxyribonucleic acid, HIV = human immunodeficiency virus, HPV = human papillomavirus, mRNA = messenger ribonucleic acid.
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Comparison in DNA/mRNA analysis of type-specific HPV detection in HIV negative/positive women stratified by age.

HIV negative N=7

HIV positive N=31

Age HPV type mRNA DNA mRNA DNA

25-39y Negative 0 0 2 2
16 4 4 6 6
18 1 1 10 9
45 1 1 6 5
35 1 1 3 3
33 0 0 0 0
52 0 0 1 0
31 0 0 1 2
58 0 0 0 0
51 0 0 2 1
30 NA 0 NA 0
56 NA 0 NA 0
69 NA 0 NA 1
73 NA 0 NA 1
82 NA 0 NA 1

HIV negative N=90 HIV positive N=38
HPV type mRNA DNA mRNA DNA

40-89 y Negative 10 10 2 2
16 39 39 16 17
18 12 12 4 3
45 6 5 8 8
35 11 1 1 2
33 5 5 4 1
52 4 3 2 2
31 2 2 0 0
58 1 1 0 2
51 0 0 1 0
30 NA 1 NA 0
56 NA 1 NA 0
69 NA 0 NA 0
73 NA 0 NA 0
82 NA 0 NA 1

DNA = deoxyribonucleic acid, HIV = human immunodeficiency virus, HPV = human papillomavirus, mRNA = messenger ribonucleic acid.

valid positive test result is based on at least 1 test being positive.
Our overall 95.2% HPV positivity rate was higher than in
another African study (Ghana, Nigeria, and South Africa
(90.4%))P* and similar to what has been reported from a
European study that tested for HPV DNA in cervical cancer
tissue.**! Another study from Norway found an overall 97%
HPV positivity rate in tissue from squamous cell carcinoma,?!
while the type-specific PCR primers, consensus Gp5+/6+ PCR
primers for HPV DNA, and 8-types E6/E7 mRNA test had equal
92% positivity rates.!**! Similarly, a study from India reported an
overall 91.7% positivity rate of HPV in cervical cancer specimens
with no difference in positivity rate between MY09/11 L1
consensus PCR applied HPV DNA test and the PreTect HPV-
Proofer (5 types).*>! A meta-analysis summarizing results from
case-series of HPV prevalence in cervical cancer tissue, regardless
of method and number of methods used, demonstrated overall
87% HPV DNA positivity, reaching 94% in cervical cancer
specimens from Africa.!®!

4.2. HPV type distribution

Our analyses are based on a hierarchical approach where each
type is counted only once by order of decreasing prevalence. We
found the same order of prevalence as summarized by Smith et al

181in 5 studies from Africa, except for HPV 33 and HPV 52. Smith
et al®® counted each type more than once if they occurred as
double/tripled infections. However, we found a lower prevalence of
HPV 16, similar prevalence of HPV 18, and higher prevalence for
HPV 45, 33, and 52 than displayed by Smith et al'® and in another
study from Ghana, Nigeria, and South Africa.**! Compared with a
European study on prevalence of HPV types in cervical cancer
tissue, we again found a lower prevalence of HPV16, and relatively
higher prevalence of HPV 45, 35, and 52.5%!

4.3. Prevalence, persistency, and progressive ability

Evaluation of the carcinogenic properties of HPV suffers from the
lack of long-term prospective studies with cervical cancer as
endpoint.!”' Most of the reviews and meta-analysis considered
prevalence from case-control or case-series studies.!>%1112!
Although HPV types may differ by order of magnitude in risk
for cervical cancer,*®! the International Agency for Research on
Cancer (IARC) did not rank the HPV types according to this risk,
except for types 16 and 18. They simply concluded that HPV
types 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, and 59 are
carcinogenic in the human cervix.!3¢37!

In cervical carcinogenesis, genotype-specific HPV persistence is
associated with higher risk of cervical cancer than transient HPV
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infection.! %3849 [ ongitudinal prospective studies showed that
some of the HPV types that are classified by the IARC and other
above-mentioned studies as high risk or carcinogenic, had no or
little potentiality for progression to high-grade cervical lesions
and cancer.[!041=43]

HPV types 16, 18, and 45 have been detected more frequently
in invasive cervical cancer (ICC) than cervical intraepithelial
neoplasia grade 3 (CIN3) cases, suggesting differences in type-
specific risks for progression and the necessity of treatment for
cervical lesions related to these types.!®*23! This, together with
the narrow median age differences between CIN3 and SCC in
women diagnosed with HPV types 16, 18, and 45, indicates the
progressive nature of HPV types 16, 18, and 45.1%*!

4.4. HPV types distribution among HIV positive/negative
women

In this study, similar to other studies from Mozambique,*®!

Kenya,”! and South Africa,*”! we did not detect significant
differences in positivity rates of HPV types by HIV status. Since
cell-mediated immunity is crucial in clearing HPV infection
and for regression of cervical lesions,*® we expected a different
HPV-type distribution. Among immunocompromised women
“low risk types” could become more “oncogenic,” but our results
did not confirm such a theory. Lack of knowledge on the time of
HIV acquisition is another difficulty in determining the oncogenic
potential of HPV types by HIV status.*”! In case the HIV
infection took place after HPV infection and, especially, in the
last years before cervical cancer development, the HIV-associated
immune impairments would not affect the responsible HPV
type.[*”] Moreover, it is supposed that micronutrient deficiency
and chronic infections in African countries may also suppress the
immune system and, consequently, fade the association between
type-specific HPV infection and HIV status.[*”!

4.5. Strengths

We consider the application of NASBA technology as a strength
in mRNA detection method. This technology amplifies RNA
under isothermal conditions, which avoids denaturing and, in
turn, amplification of double stranded DNA. Therefore, the false
positives from the presence of genomic dsDNA in the background
of mRNA may be prevented.>! The usage of 2 different methods
for HPV detection, together with the high concordance (84%) in
type detection between methods, is considered another strength.
In addition, we consider the hierarchical approach in
performing analyses for multiple infection cases as a strength.
The hierarchical analysis of single infections avoids overestima-
tion of the less prevalent types in cervical cancer specimen.
The results from hierarchical studies provided more accurate
information on the role of HPV16/18 compared with other
oncogenic HPV types for the risk of CIN3 and cancer./*3*!

4.6. Limitations

In a global perspective, our sample size may be considered a
limitation,®** however, from a regional or national perspective,
our sample size is above average of published studies. Some HPV
types that tested positive using the DNA test were not covered by
the mRNA test and thus could not be confirmed as carcinogenic.
This could be a limitation for the mRNA detection and also type
specific comparisons. However, these HPV-types are considered
to have low oncogenic properties.
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5. Conclusion

Overall and when considering established high-risk types, the
mRNA test has at least as high a detection rate as the DNA test.
The mRNA test can be an appropriate research tool to describe
causative HPV-types in cervical cancer tissue for health care
planning purposes.
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Simple Summary: Cervical cancer is the fourth most common cancer in women worldwide. Persis-
tent high-risk human papillomavirus (HPV) can cause invasive cervical cancer through a series of
precancerous lesions. Screening women with either cytology examinations or a test detecting HPV
infection can prevent cervical cancer. HPV tests are substituting cytology examinations in cervical
cancer screening, but more knowledge is needed about the screening performance of HPV tests,
especially among younger women. We aimed to determine the long-term performance of a five-type
HPV mRNA test to predict CIN3+. These results contribute to the knowledge of the reliability of
HPV mRNA testing in cervical cancer screening. Our findings suggest that women with a negative
result may extend the screening interval up to 10 years.

Abstract: Background: The study’s purpose was to evaluate the performance of a five-type HPV
mRNA test to predict cervical intraepithelial neoplasia grade 3 or worse (CIN3+) during up to
12 years of follow-up. Methods: Overall, 19,153 women were recruited by gynecologists and general
practitioners in different parts of Norway between 2003 and 2004. The study population comprised
9582 women of these women, aged 25-69 years with normal cytology and a valid five-type HPV
mRNA test at baseline. Follow-up for CIN3+ through 2015 was conducted in the Norwegian Cervical
Cancer Screening Programme. Results: The cumulative incidence of CIN3+ by baseline status for
HPV mRNA-positive and mRNA-negative women were 20.8% and 1.1%, respectively (p < 0.001).
Age did not affect the long-term ability of the HPV mRNA test to predict CIN3+ during follow-up.
Conclusion: The low long-term risk of CIN3+ among HPV mRNA-negative women and the high
long-term risk among HPV mRNA-positive women strengthen the evidence that the five-type HPV
mRNA test is an appropriate screening test for women of all ages. Our findings suggest that women
with a negative result may extend the screening interval up to 10 years.

Keywords: cervical cancer screening; screening; HPV mRNA test; CIN3+

1. Introduction

According to the last global ranking by the World Health Organization (WHO) in
2020, cervical cancer was ranked as the fourth most common cancer in women [1]. High-
risk human papillomavirus (HPV) infection is a necessary cause of cervical cancer, which
develops slowly over the course of several years through a series of precancerous lesions [2].
By cervical cancer screening of women in the target age group, followed by treatment of
detected precancerous lesions and the development of invasive cervical cancer can be
prevented. Several randomized trials have shown that cervical cancer screening by HPV
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testing is more effective than cytology-based screening [3] and several HPV tests have been
validated for this purpose. The main differences between HPV tests are which nucleic
acid they detect—that of targeted HPV genes (DNA) or that of the transcription of the
HPV genome (nRNA)—and the ability of the test to detect and distinguish among HPV
types [4].

Cervical cancer is not caused by the HPV infection per se but by the continuous
over-expression of the E6 and E7 oncogenes of high-risk HPV types [5]. Expression of the
E6 and E7 oncogenes of HPV16, 18, 31, 33 and 45 have been detected in the majority of
cervical carcinomas [6]. HPV mRNA tests detect the presence of HPV at the transcriptional
level, which indicates continuous expression of the E6 and E7 oncogenes [7]. While both
HPV DNA and HPV mRNA tests show high sensitivity to predict cervical intraepithelial
neoplasia grade 3 or worse (CIN3+), HPV mRNA tests have a higher specificity than HPV
DNA tests [8-10]. The lower specificity of HPV DNA tests is more pronounced in younger
women [11].

Most longitudinal studies have evaluated the risk of high-grade cervical lesions in
women screened with HPV DNA tests. A 10-year cohort study showed cumulative inci-
dence rates for CIN3+ of 17.2% and 13.6%, respectively, in women who were either HPV16+
or HPV18+ at the screening time [12]. However, the corresponding cumulative incidence
rate in women positive for all other HPV types was only 3.0%, which was still higher
than the rate among women who were HPV negative at the screening time (0.8%) [12].
Another longitudinal study reported 12-year cumulative risks of CIN3+ among women
positive for HPV16, 18, 31 and 33 at the screening time of 26.7%, 19.1%, 14.3% and 14.9%,
respectively [13].

In Norway, HPV DNA testing started to be implemented for cervical cancer screen-
ing in women aged 34-69 years in 2015 but women 25-33 years are still screened with
cytology [14]. Since 2023, HPV DNA testing started to be applied every five years for all
women aged 25-69 years in Norway [15]. HPV mRNA tests have been reported to be
more specific than HPV DNA tests in the triage of women with minor cervical lesions at
screening [9,16,17], but there is a gap in the literature and few published studies on the
long-term performance of HPV mRNA tests in screening. This study aimed to evaluate the
ability of a five-type HPV mRNA test to predict high-grade cervical lesions during approxi-
mately 12 years of follow-up. This study is an update of our previous publication on the
performance of a five-type HPV mRNA test (PreTect HPV-Proofer, PreTect AS, Klokkarstua,
Norway) in screening with histologically confirmed CIN3+ [18] with extended follow-up
time. In this update, the “normal” and “unsatisfactory” cytology status were distinguished
in our data source.

2. Materials and Methods
2.1. Data Source and Study Sample

This study received and used data from the Norwegian Cervical Cancer Screening Pro-
gramme (NCCSP), a division of the Cancer Registry of Norway (CRN), which records the
cytology results, HPV results and biopsy results generated in all Norwegian laboratories.
Cytology results are classified according to the Bethesda system [19], and histology results
are reported applying CIN nomenclature [20]. We applied the 11-digit personal identifica-
tion number appointed to all Norwegian citizens or immigrants to merge lifetime data on
cervical cytology and histology from four national registries administered by the CRN.

Opverall, 19,153 women, 13-87 years of age were recruited by gynecologists and general
practitioners in different parts of Norway between 1 May 2003 and 31 December 2004. This
study was conducted by the departments of pathology and microbiology, University
Hospital of Northern Norway, Tromse. We then excluded women outside the target
screening age (younger than 25 and older than 69 years old), women with previous atypical
squamous cells of undetermined significance or worse (ASC-US+) cytology, women with a
previous histology diagnosis of CIN1+, women with unsatisfactory cytology or no cytology
sample collected at baseline and those with no follow-up information. This resulted in a
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final analytical sample of 9582 women (Table 1). We then followed these women for CIN3+
through 2015.

Table 1. Selection of study sample from 19,153 eligible women. Characteristics at baseline. ASC-US+:
atypical squamous cells of undetermined significance or worse, CIN1+: cervical intraepithelial
neoplasia grade 1 or worse.

Eligible for Study Participation 19,153
Exclusion Criteria n

Age < 25 years 2020
Age > 69 years 223
Previous diagnosis of CIN1+ 883
Previous ASC-US+ cytology 4756
Unsatisfactory cytology 501
No cytology sample collected 627
No follow-up information 561
Total exclusions 9571

Final study sample 9582

2.2. Screening Guidelines

During the screening period, Norwegian health authorities recommended all women
aged 25-69 years be screened with cytology every 3 years [21]. There were no recommen-
dations for HPV testing. The follow-up recommendations during the baseline period were
precisely clarified on the website of the CRN [21]. Women with high-grade cytology (atypi-
cal squamous cells cannot rule out high-grade lesions/high-grade squamous intraepithelial
lesions) were immediately referred to colposcopy and biopsy. Women with ASC-US or
low-grade squamous intraepithelial lesions were recommended repeated cytology after
6 months. Women with twice repeated ASC-US/LSIL received triage by repeated cytology
after an additional 12 months. Women with 3 times ASC-US/LSIL within 18 months
were referred to colposcopy and biopsy. In 2005, delayed HPV triage was implemented in
Norwegian screening guidelines. Women with ASC-US/LSIL were referred to repeat cytol-
ogy and HPV testing after 6-12 months. Women with a positive HPV test and abnormal
cytology were recommended for colposcopy and biopsy. Women with a positive HPV test
and normal cytology were referred to repeat HPV testing after 12 months. Women with
two positive HPV tests in row were referred for colposcopy and biopsy.

2.3. Human Papillomavirus mRNA Testing

All HPV mRNA testing conducted during the baseline period took place at the same
laboratory. The HPV mRNA test was performed only one time for each woman in the study
at the screening time. Among women screened by conventional cytology, an extra specimen
was collected and placed in a methanol-containing transport medium (PreTect TM, PreTect
AS, Klokkarstua, Norway) for the purpose of HPV mRNA testing. For women screened
by liquid-based cytology (LBC), the residual LBC sample preserved in ThinPrep-solution
(Hologic Inc., Marlborough, MA, USA) was used for HPV mRNA analysis. From the
cervical material, RNA was isolated and preserved in PreTect TM or Thin-Prep medium.
HPV mRNA analysis was conducted for all samples by PreTect HPV-Proofer (PreTect AS,
Klokkarstua, Norway) according to manufacturer’s instructions. The test detects E6/E7
mRNA transcripts from HPV types 16, 18, 31, 33 and 45 with simultaneous genotype-
specific identification including a sample integrity control ensuing sample adequacy. The
HPV mRNA testing for women took place between 1 May 2003 and 31 December 2004.

2.4. Outcome

The women in the study sample were followed through 2015 for histologically con-
firmed CIN3+. Only cervical cancer cases that were validated by the CRN against hospital
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pathology reports were considered true cases of cancer. CIN2, CIN1 and no CIN were
considered as absence of disease.

2.5. Statistical Analyses

We applied the Pearson Chi-square test for comparisons, Kaplan-Meier survival
analyses to show the cumulative status of considered variables during follow-up, and the
Wilcoxon (Gehan) statistical method to make pairwise comparisons of categories. 1-survival
curves were used to display the cumulative incidence of CIN3+ by HPV status, type and
age group.

HPV status was assessed as positive or negative by type: HPV16, HPV18 and HPV31/33/45
(the prevalence of these three types was low, so they were combined). Categorization by
HPV type was conducted in hierarchical fashion, i.e., women with multiple infections were
assigned to a single category in the following order: HPV16, HPV18 and HPV31/33/45
to reflect the oncogenicity of these HPV types. Age was categorized as 25-33 years and
34-69 years. We had a total of 11 years and 8 months follow-up (mean of 99.8 months),
but data are shown for 10 years (120 months), due to the small number of women that
remained in the analyses thereafter. All analyses were performed in SPSS version 29.0, and
p-values < 0.05 were considered significant.

3. Results
3.1. Human Papillomavirus Status at Baseline

Of the 9582 women included in the present analysis, 3.2% (n = 303) were HPV mRNA-
positive at baseline; 1.5% (n = 140) for HPV16, 0.5% (n = 44) for HPV18 and 1.2% (1 = 119)
for HPV31/33/45. Among HPV mRNA-positive women, 46.2% were positive for HPV16,
14.6% for HPV18 and 39.3% for HPV31/33/45. HPV 16 is the most prevalent HPV type,
which is followed by HPV45, HPV18, HPV33 and HPV31. At the screening time, 27.2%
of women were aged 25-33 years and 72.8% were aged 34-69 years. The HPV positivity
rate was 2.6 times higher in the younger than the older age group (5.7% vs. 2.2%; p < 0.001;
Table 2). Similar age differences were observed for type-specific HPV positivity (p < 0.001;
Table 2).

Table 2. Human papillomavirus (HPV) status at baseline by age. Positivity rates were significantly
different in each row (p < 0.001).

25-33 Years 34-69 Years Total
HPYV Status * n=2610 n=6972 n =9582

(%) (%) (%)

HPV Negative 94.3 97.8 96.8
HPV Positive 5.7* 22% 3.2
HPV16 2.8% 1.0* 1.5
HPV18 0.8* 0.3% 0.5
HPV31/33/45 2.1* 0.9* 1.2

* Categorization by HPV type was conducted in a hierarchical approach, i.e., women with multiple infections were
assigned to a single category in the following order: HPV16, HPV18 and HPV31/33/45, to reflect the oncogenicity
of these HPV types. Paired comparisons in each row of the table were significant according to Pearson X test
results (p < 0.001).

3.2. Cumulative Incidence of Cervical Intraepithelial Neoplasia Grade 3 or Worse

Of the 303 women who were HPV-positive at the screening time, the cumulative
incidence of CIN3+ during follow-up was 20.8% (n = 63). Among the 9279 women who
were HPV-negative, this incidence was 1.1% (n = 104) (p < 0.001).

3.3. Cervical Intraepithelial Neoplasia Grade 3 or Worse by Human Papillomavirus Type

The cumulative incidence of CIN3+ was alike among HPV16+ and HPV18+ women
(22.9% and 22.7%, respectively; p = 0.836) (Figure 1). The cumulative incidence of CIN3+
was higher among HPV16+ or HPV18+ women than HPV31/33/45-positive women, but
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CIN3+

CIN3+

this difference was not statistically significant (15.1%; p = 0.118). Among HPV-negative
women, the cumulative incidence of CIN3+ was 1.1% (Figure 1).

%
HPV16
30 —_
| HPV18(-16
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-
20 HPV31/33/45(-16/-18)
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Follow-up Time (Months)
Figure 1. Cumulative incidence of cervical intraepithelial neoplasia grade 3 or worse (CIN3+) (%) by
human papillomavirus (HPV) type from baseline throughout 120 months of follow-up.
3.4. Cervical Intraepithelial Neoplasia Grade 3 or Worse by Age
The cumulative incidence of CIN3+ among women aged 25-33 years was significantly
higher than that among women aged 34-69 years during follow-up (2.2% vs. 1.6%, respec-
tively; p = 0.028). After stratifying for HPV status, we observed no statistically significant
differences in the cumulative incidence of CIN3+ between the age groups (Figure 2). During
the follow-up period, the difference between the cumulative incidence of CIN3+ among
women aged 25-33 years and women aged 34-69 years remained insignificant.
%
30 1-69 old: HPV positiv
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Figure 2. Cumulative incidence of cervical intraepithelial neoplasia grade 3 or worse (CIN3+) (%) by
human papillomavirus (HPV) status and by age group during 120 months of follow-up.
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3.5. Cancer Cases

Five cervical cancers were diagnosed during follow-up; all in women aged older than
38 years. Two were HPV-negative at baseline, one was positive for HPV16, one for HPV18
and one for HPV45. The overall cervical cancer incidence rate was 5 per 100,000 woman
years. Cervical cancer incidence rates for HPV-positive and HPV-negative women were
99 (CI: 79.5-118.5) and 2 (CI: 0.8-4.8) per 100,000 woman years, respectively. Three women
were diagnosed within the NCCSP, after being referred due to abnormal cytology, whereas
two cases were diagnosed during delayed screening or after referral due to the appearance
of symptoms. Four cases were in cancer stage I. One case was in cancer stage 2B. Table 3
displays the characteristics of the five cervical cancer cases over the study years.

Table 3. Characteristics of cervical cancer cases.

At Study Start At Diagnosis
Screenin Time to Last Time from
Case No. Age HPV . 8 Smear Priorto ~ Diagnosed Histological
(yrs.) Type History Prior Study Start in Study Start Type Stage
to Study Start (Months) (Months)
1 38 1 normal smear 32 Regul_ar 93 SCC 1
screening
2 39 8 normal 23 Regular 38 scc 1
smears screening
3 41 3 normal 34 Delayed 58 ADC 2B
smears screening
4 18 Neg. 4 normal 33 Regular 28 scC 1A
smears screening
5 51 Neg. 6 normal 27 Delayed 65 scc 1
smears screening

SCC stands for squamous cell carcinoma. ADC stands for adenocarcinoma. yrs. stand for years. Neg. stands
for negative.

4. Discussion
4.1. Cervical Intraepithelial Neoplasia Grade 3 or Worse among Human Papillomavirus-Positive Women

The 10-year cumulative incidence of CIN3+ among the HPV mRNA-positive women
was 20.8% (CI: 16.2-25.4). The ability of the five-type HPV mRNA-positive test to predict
CIN3+ in our study was higher than the 12-year cumulative risks of CIN3+ among 13-type
HPV DNA-positive women in a Danish study (14%) [13] and the 10-year cumulative risks
of CIN3+ among 13-type HPV DNA-positive women in a US study (11.3%) [12].

4.2. Cervical Intraepithelial Neoplasia Grade 3 or Worse among Human Papillomavirus-Negative Women

The cumulative incidence of CIN3+ within 6 years of follow-up was 0.62% in our
previous study [18] while the cumulative incidence of CIN3+ within 10 years of follow-up
increased slightly to 1.1% in this study, which can be compared to the 10-year cumulative
risk of CIN3+ in 13-type HPV DNA-negative women aged over 16 years [12]. The HPV
mRNA test showed equally high sensitivity to predict CIN3+ compared to HPV DNA tests,
and it showed a higher specificity than HPV DNA tests [8-10]. Considering these findings,
it is rational to argue that women with a negative HPV mRNA test result could wait up to
10 years for their next screening.

This is consistent with the 2021 WHO guideline for screening and treatment of cervical
pre-cancer lesions, which recommends that the screening interval be extended to 10 years
for women with an HPV DNA-negative test [22].

Therefore, our data support the effectiveness of the five-type HPV mRNA test as an
appropriate screening test for women of all ages. However, further research is required to
confirm the long-term effectiveness of the HPV mRNA test and to determine the optimal
screening interval.
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4.3. Age-Independent Ability to Predict Cervical Intraepithelial Neoplasia Grade 3 or Worse

Although the HPV prevalence was higher in the younger than the older age group, the
cumulative incidence of CIN3+ was similar among HPV-positive women and HPV-negative
women (Figure 2). In a 30 year follow-up study of women screening by HPV DNA test,
the highest prevalence of HPV was observed among women aged 25-33 years; however,
the risk of cervical cancer was low among women in this age group [23]. Moreover, due
to the high HPV DNA positivity rate and low specificity of the HPV DNA test, screening
of women younger than 35 years old by HPV DNA test was not recommended [3]. This
age-related difference in performance between the HPV mRNA test and an HPV DNA
test might be due to what the tests detect on a molecular level. While detection at the
DNA level might be infections in a transient phase, with a higher probability of regression,
detection at the mRNA level implies an integration phase of the virus into the host genome
with more likelihood to progress to a cervical lesion.

4.4. Human Papillomavirus Positivity Rate

The specificity of a screening test is an essential characteristic for an effective screening
program, as it accurately identifies individuals who will not develop the disease, minimiz-
ing false-positive results. A highly specific screening test with a low positivity rate results
in a low follow-up rate, which is a critical aspect of screening programs. In this study, we
applied a five-type HPV mRNA test in screening, which has been demonstrated to have
higher specificity and lower positivity rates than 14-type HPV DNA tests [8,9,24,25]. The
overall HPV mRNA positivity rate was 3.2% at screening time, with higher rates observed
in women aged 25-33 years (5.7%) compared to those aged 34-69 years (2.2%). This posi-
tivity rate was lower than the HPV DNA positivity rates reported in other studies [12,13]
such as an American study reporting a positivity rate of 5.1% in women aged 30 years
and older [26]. In a European meta-analysis, the overall HPV DNA positivity rate was
9.4% in women aged 20-64 years with variations observed between different countries [27].
The lower positivity rate of the HPV mRINA test in this study is consistent with its higher
specificity, suggesting that it may cause fewer false-positive results and a lower referral rate.
Although we were unable to determine the sensitivity and specificity of the HPY mRNA
test in this study due to the lack of confirmed histological results for all women, its low
positivity rate and the observed low long-term risk of CIN3+ among HPV mRNA-negative
women support its effectiveness as an appropriate screening test for women of all ages.

4.5. Human Papillomavirus Types Included in the mRNA Test

The question of which HPV types should be included in an HPV test used for screening
is a matter of discussion. The risk of CIN3+ is strongly associated with persistent infection
with HPV16, 18, 31, 33 and 45 [12,13,28-34]. The HPV mRNA test in our study detects these
five high-risk HPV types. A previous report showed that 60.6% of invasive cervical cancers
were attributable to HPV16 infection alone, and 70.8% were attributable to HPV16 and/or
HPV18 infections [35]. The proportion increases to 84.3% of invasive cervical cancers when
expanding the number of high-risk HPV types to five (HPV16, 18, 31, 33 and 45) [35].
A Swedish study examined 808 screen-detected invasive cervical cancers and found six
HPYV types (16, 18, 31, 33, 45 or 52) in 85.3% of the cases [36]. HPV35, 39, 51, 56, 58, 59,
66 and 68 were detected in only 12 cases (1.5%, for all eight types combined). Therefore,
limiting screening to the types included in the five-type HPV mRNA test could greatly
improve the specificity of screening programs [36]. The nine-valent HPV vaccine (Gardasil
9) includes HPV®6, 11, 16, 18, 31, 33, 45, 52 and 58. Thus, for HPV-vaccinated women,
screening tests should be limited to the seven high-risk HPV types (16, 18, 31, 33, 45, 52 and
58), as screening for all 14 HPV types might result in a suboptimal balance of harms and
benefits [37]. The results from our study indicate that five HPV types may be sulfficient for
use in cervical cancer screening.
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4.6. Cancer Cases

The incidence rates of cervical cancer in HPV mRNA-positive and -negative women
were 99 (CI: 79.5-118.5) and 2 (CI: 0.8—4.8) per 100,000 woman per year. The incidence of cer-
vical cancer in women with a negative five-type HPV mRNA test in this study is comparable
to that among women with a negative 13-type HPV DNA test in other studies [26,27]. In a
meta-analysis of four European countries, the cumulative incidence rate of cancer in women
with a negative HPV DNA test at the screening was 2 per 100,000 woman per year [27] at
6.5 years of follow-up. The cumulative cancer rates among HPV DNA-negative women in
Italy, the Netherlands, Sweden and England were 0.5, 0.3, 2.9 and 2.6 per 100,000 woman
per year, respectively [27]. In an American study including 315,061 women, the inci-
dence rate of cervical cancer was 3.8 per 100,000 woman per year in HPV DNA-negative
women [26]. The low incidence rates of cervical cancer after a negative HPV test are in line
with the World Health Organization’s strategy and goals to reach and maintain a cervical
cancer incidence rate below 4 per 100,000 woman per year [38]. Another point regarding
the results of cancer cases in our study is that three to eight years had passed from the HPV
mRNA test positive results at the screening time until cervical cancer cases were diagnosed
(Table 3). If the women with a positive HPV mRINA test were followed up more closely
and received treatment for the precancerous stages before the development of cancer, more
cancer cases could be prevented.

4.7. Strengths

The NCCSP at the CRN is a nationwide, register-based platform starting in 1995.
Compulsory reporting from cytology and pathology departments to the CRN is unique
and allowed us to obtain improved information on cytology and histology some years
prior to the study’s start, at baseline and during follow-up. Other advantages of this study
include the relatively large study sample of women with normal cytology and the long
follow-up time.

The HPV laboratory worked independently of cytology laboratories. They were, thus,
blinded to cytology results at baseline; cytology laboratories were similarly blinded to HPV
mRNA results at baseline.

4.8. Limitation

Due to the lack of HPV tests before and/or after the HPV mRNA test at screening,
it was impossible for us to know about the persistence of HPV infections before and/or
after screening. Another limitation was incomplete screening histories and treatment
of CIN before 1995. Determining the sensitivity and specificity of the HPV mRNA test
would be desirable; however, the study did not comprise confirmed histological results for
all women.

5. Conclusions

The low long-term risk of CIN3+ among HPV mRNA-negative women, and the high
long-term risk among HPV mRNA-positive women strengthens the evidence that the
five-type HPV mRNA test is an appropriate screening test for women of all ages. Our
findings suggest that women with a negative HPV mRINA result may extend the screening
interval up to 10 years.
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Abstract: Background: A specific, cost-effective triage test for minor cytological abnormalities is
essential for cervical cancer screening among younger women to reduce overmanagement and
unnecessary healthcare utilization. We compared the triage performance of one 13-type human
papillomavirus (HPV) DNA test and one 5-type HPV mRNA test. Methods: We included 4115 women
aged 25-33 years with a screening result of atypical squamous cells of undetermined significance
(ASC-US) or low-grade squamous intraepithelial lesions (LSIL) recorded in the Norwegian Cancer
Registry during 2005-2010. According to Norwegian guidelines, these women went to triage (HPV
testing and repeat cytology: 2556 were tested with the Hybrid Capture 2 HPV DNA test, which detects
the HPV types 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, and 68; and 1559 were tested with the PreTect
HPV-Proofer HPV mRNA test, which detects HPV types 16, 18, 31, 33, and 45). Women were followed
through December 2013. Results: HPV positivity rates at triage were 52.8% and 23.3% among DNA-
and mRNA-tested women (p < 0.001), respectively. Referral rates for colposcopy and biopsy and
repeat testing (HPV + cytology) after triage were significantly higher among DNA-tested (24.9% and
27.9%) compared to mRNA-tested women (18.3% and 5.1%), as were cervical intraepithelial neoplasia
grade 3 or worse (CIN3+) detection rates (13.1% vs. 8.3%; p < 0.001). Ten cancer cases were diagnosed
during follow-up; eight were in DNA-tested women. Conclusion: We observed significantly higher
referral rates and CIN3+ detection rates in young women with ASC-US/LSIL when the HPV DNA
test was used at triage. The mRNA test was as functional in cancer prevention, with considerably
less healthcare utilization.

Keywords: cervical cancer screening; triage; HPV DNA test; HPV mRNA test; CIN3+

1. Introduction

Cytology-based screening has reduced the incidence and mortality of cervical cancer in
countries with organized screening programs [1]. However, because cytology-based screen-
ing has low sensitivity in detecting high-grade lesions (cervical intraepithelial neoplasia
grade 3 or worse, CIN3+) [2], several countries have replaced it with human papillo-
mavirus (HPV) test-based screening [3-5]. Organized cervical screening programs aim
to obtain the best possible balance between reducing the risk of cervical cancer and lim-
iting over-management [6]. European guidelines recommend HPV test-based screening
at 5-year intervals for women aged 30-60 years [7], and several countries follow these
guidelines [3,8], though some have targeted screening populations of different ages [4,9].
In 2015, Norway implemented HPV DNA testing at 5-year intervals in selected counties to
screen women aged 34-69 years [10] but continued to use cytology at 3-year intervals to
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screen women aged 25-33 years [10]. Since 2023, HPV testing is also applied for women
under 34 years [11].

Indeed, HPV test-based screening for women aged 30 years or younger is not cost-
effective, given the high prevalence of HPV infection [12] and low incidence of high-grade
cervical lesions in this age group [13,14]. The global HPV prevalence in women aged
25-34 years was reported to be 13.9% [12], compared to 32% in women younger than
30 years in Norway [15]. Moreover, most young women clear their HPV infections within
1 (70%) or 2 years (91%) [16], so cytology-based rather than HPV test-based screening is
considered better for young women [17]. Still, the proportion of women with abnormal
cytology results in this age group is quite high, making good management strategies es-
sential [18]. Compared to women with normal cytology, women with minor cytological
abnormalities have a higher risk of high-grade dysplasia [19]. However, as most minor
cytological abnormalities regress spontaneously [20], careful triage is crucial to avoid unnec-
essary referrals and healthcare utilization. The referral of all women with cytology results
of atypical squamous cells of undetermined significance (ASC-US) or low-grade squamous
intraepithelial lesions (LSIL) would result in overmanagement and overtreatment [21].

In a previous study, the reported 5-year risks of CIN3+ for women with screening
results of ASC-US and LSIL were 2.6% and 5.2%, respectively [22]. Moreover, the pro-
gression rates from normal cytology and ASC-US/LSIL to CIN3 vary by HPV type, being
faster for HPV16 than for HPV18, 31, 33, 45, and other oncogenic types [23]. This may
make younger women particularly prone to the overtreatment of CIN [21], as a positive
HPV test in this age group could trigger a referral and treatment process for infections
that would otherwise have cleared spontaneously [20]. The degree of overtreatment will
depend upon the number of HPV types targeted by the applied HPV tests, as well as other
test properties [23].

It has been shown that a 5-type HPV mRNA test has a higher clinical specificity
and positive predictive value than a 14-type HPV DNA test in the triage of women with
minor cytological abnormalities at screening [24]. In the present study, we compared the
performance of two triage tests—one 13-type HPV DNA test and one 5-type HPV mRNA
test—among women aged 25-33 years with screening results of ASC-US or LSIL.

2. Materials and Methods
2.1. Data Source and Study Population

Data were obtained from the Norwegian Cervical Cancer Screening Programme
(NCCSP), a division of the Cancer Registry of Norway (CRN). All cytology and pathology
departments in Norway must report their results to the CRN, where results are classified
according to the Bethesda System [25] and the World Health Organization dysplasia nomen-
clature [26], respectively. There were 47,705 women with ASCUS/LSIL registered in the
NCCSP database during the time of the study. The 11-digit personal identification number
assigned to all persons in Norway at birth or immigration was used to merge NCCSP data
with that from other databases of the CRN.

2.2. Study Sample and Screening Algorithm

In the present analysis, we aimed to assess the performance of HPV DNA testing
(using Hybrid Capture II) and HPV mRNA testing (using PreTect HPV-Proofer) in a
specific subpopulation of women in Norway. Our study sample consisted of women
aged 25-33 years who underwent cervical cancer screening between 2005-2010 and had a
recorded screening result of ASC-US or LSIL in the NCCSP. Inclusion in the study sample
required the absence of a previous diagnosis of CIN1+ or HSIL. Pragmatically, we identified
4115 women who met these criteria, thus forming our final study sample. Subsequently,
we followed their medical records until 31 December 2013. This population was of interest
as, unlike women aged 34—69 years and older who have been screened using HPV testing
since 2015, women aged 25-33 years underwent cytological screening, and in cases with
minor cytological abnormalities, HPV testing was used for triage. At the end of the post-
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screening follow-up period, we defined women with indication for colposcopy and biopsy
or repeat testing (HPV and cytology) without it being performed as women with incomplete
follow-up.

The screening algorithm that was in effect in Norway during the study period rec-
ommended that women with screening results of ASC-US/LSIL attend triage within
6-12 months thereafter; triage consisted of both HPV testing and repeat cytology. Depend-
ing on the triage results, the screening algorithm recommended either further follow-up or
a return to the 3-year screening interval without further follow-up. To reflect best practices,
we categorized the post-triage study sample into three screening algorithm-recommended
(SAR) groups: SAR referral for colposcopy and biopsy, SAR referral for repeat testing
(HPV and cytology), or SAR return to the 3-year screening interval (i.e., return to routine
screening, Figure 1). However, actual clinical practice may deviate from the recommended
practice. To increase study power, we expanded the window for triage to 3—-18 months after
screening results.

2.3. HPV Testing

Data on the type of HPV test used for triage in different laboratories were taken from
the NCCSP database. The type of HPV test was not randomized; laboratories in each
geographical region made their own decisions about which commercial HPV test to use.
When women with minor cytological abnormalities were triaged using conventional or
liquid-based cytology (LBC), extra specimens were collected and placed in preservation
and transport media for DNA (digene Specimen Transport Medium [27]) and mRNA tests
(PreTect TM [28]). We confined our analyses to data reported from laboratories that used
either Hybrid Capture 2 (HC2, Qiagen), an HPV DNA test that detects 13 HPV types
(16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, and 68) [29], or PreTect HPV-Proofer (PreTect
AS, Klokkarstua, Norway), an mRNA test that genotypes the E6/E7 full-length mRNA
transcripts of five HPV types (16, 18, 31, 33, and 45) [30]. The qualitative assays were based
on real-time, nucleic acid sequence-based amplification (NASBA) technology, targeting
full-length E6/E7 transcripts, and included an intrinsic sample control to ensure sample
adequacy [31]. Positive and negative assay controls corresponding to the viral mRNA
for all targets validate the results reported by PreTect Analysis Software (https://www.
pretect.no/pretecthpvprooferorg, available online: 22 February 2023). Total nucleic acids
were isolated from 1 mL of the leftover LBC material preserved in ThinPrep using PreTect
X (PreTect AS, Klokkarstua, Norway) and subsequently analyzed for mRNA expression
according to the manufacturer’s instructions. The HPV DNA status of the specimens was
detected by the hc2 HPV kit following the manufacturer’s protocols [29]. The HC2 reports
only positive/negative results based on positivity for at least one included HPV type.
Consequently, we report positive/negative HPV results for both DNA and mRNA tests.

2.4. Outcomes and Follow-Up

The primary study outcomes were HPV positivity rates at triage, SAR referral rates
for colposcopy and biopsy or repeat testing after triage, and CIN3+ detection rates from
triage to the end of follow-up (31 December 2013). We also explored CIN3+ detection
rates at 42 (one screening interval: 36 months + 6 months) and 78 months (two screening
intervals: 72 + 6 months) post-screening. We compared these outcomes between women
who received HPV DNA and HPV mRNA testing at triage.
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Figure 1. Screening algorithm in Norway during the study period. HPV, human papillomavirus; ASC-
US, atypical squamous cells of undetermined significance; LSIL, low-grade squamous intraepithelial
lesions; return to routine screening, return to the 3-year screening interval without further follow-up.

2.5. Statistical Analyses

All analyses were conducted in SPSS 29.0. Chi-square tests were performed for
categorical variables, with a p-value < 0.05 as the significance level. In order to compare the
age distributions among HPV DNA-tested and HPV mRNA-tested women, we divided
women into age groups of 25-29 and 30-33 years old.
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3. Results

Of the 4115 included women, 62.1% (2556 /4115) received HPV DNA testing and 37.9%
(1559/4115) received HPV mRNA testing at triage. The distributions for age, screening
result (ASC-US or LSIL), and the most recent cytology result before screening are reported
for DNA-tested and mRNA-tested women in Table 1.

Table 1. Comparison of characteristics among HPV DNA-tested and HPV mRNA-tested women.

HPV DNA HPV mRNA
n = 2556 n =1559 p-Value
(%) (%)
25-29 60.4 59.9
Age (years) 0.771
30-33 39.6 40.1
ASC-US 65.9 68.8
Screening result 0.06
LSIL 34.1 31.2
Most recent cytology No Previous Test 35.5 36.0
result before Unsatisfactory 3.0 3.5 0.603
screening Normal 61.5 60.5

Abbreviations: HPV, human papillomavirus; ASC-US, atypical squamous cells of undetermined significance;
LSIL, low-grade squamous intraepithelial lesion.

The HPV positivity rate at triage among DNA-tested women was more than twice that
of mRNA-tested women (52.8% vs. 23.3%; p < 0.001) (Table 2). Moreover, the SAR referral
rate for colposcopy and biopsy after triage was significantly higher among DNA-tested
women compared to mRNA-tested women (24.9% vs. 18.3%; p < 0.01), a pattern that
was also observed for the SAR referral rate for repeat testing after triage (27.9% vs. 5.1%;
p < 0.001). Consequently, according to the screening algorithm, more mRNA-tested than
DNA-tested women should have returned to routine screening (76.7% vs. 47.2%; p < 0.01)
(Table 2).

Table 2. HPV and cytology results at triage among HPV DNA-tested and HPV mRNA-tested women.

Triage Results HPV DNA HPV mRNA
n = 2556 n =1559
HPV Cytology (%) (%)
Normal 713 (27.9%) 79 (5.1%)
Unsatisfactory 32 (1.3%) 3(0.2%)
Positive ASC-US 285 (11.2%) 131 (8.4%)
LSIL 320 (12.5%) 151 (9.7%)
Total 1350 (52.8%)* 364 (23.3%) *
Normal 1042 (40.8%) 852 (54.7%)
Unsatisfactory 43 (1.7%) 26 (1.7%)
Negative ASC-US 93 (3.6%) 206 (13.2%)
LSIL 28 (1.1%) 111 (7.1%)
Total 1206 (47.2%) * 1195 (76.7%) *

*p < 0.001. Abbreviations: HPV, human papillomavirus; ASC-US, atypical squamous cells of undetermined
significance; LSIL, low-grade squamous intraepithelial lesion.

The CIN3+ detection rate at 42 months post-screening among women with SAR
referrals for colposcopy and biopsy after triage was similar in DNA-tested and mRNA-
tested women (31.7% vs. 30.5%; p = 0.72) (Table 3). This similarity remained when looking
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at the CIN3+ detection rates at 78 months post-screening (33.4% vs. 32.3%; p = 0.73), as
there were few cases of CIN3+ diagnosed at 42 months (Table 3).

Table 3. Status and CIN3+ detection rates at 42 and 78 months post-screening by the screening
algorithm-recommended (SAR) group after triage among HPV DNA-tested and HPV mRNA-
tested women.

SAR Group after

42 Months Post-Screening 78 Months Post-Screening

Triage Status HPV DNA arvmrNa P T apvDNA HPVmRNA D e
n =637 (%) n =285 (%) n =637 (%) n =285 (%)
Daife;‘gt 7(1.1) 1(0.4) 7(1.1) 1(04)
SAR Referral for Incomplete follow-up 292 (45.8) 113 (39.6) 135 (21.2) 45 (15.8)
COIPE?Z;E; wnd Retursrgge;oi;guﬁ“e 86 (13.5) 38 (13.3) 229 (35.9) 99 (34.7)
CIN2 50 (7.8) 46 (16.1) 53 (8.3) 48 (16.8)
CIN3+ 202 (31.7) 87 (30.5) 0.72 213 (33.4) 92 (32.3) 0.73
n =713 (%) n=79 (%) n =713 (%) n=79 (%)
Did not attend 37 (5.2) 3(3.8) 37 (5.2) 3(3.8)
sﬁR Referral for =y 0 olete follow-up 376 (52.7) 45 (57.0) 181 (25.4) 17 (21.5)
epeat Testing
gﬁj;y"; Retursrgje;c’i;gut“‘e 139 (19.5) 8(10.1) 322 (45.2) 34 (43.0)
CIN2 29 (4.1) 3(3.8) 31 (4.3) 3(3.8)
CIN3+ 132 (18.5) 20 (25.3) 0.145 142 (19.9) 22 (27.8) 0.099
1 = 1206 (%) n = 1195 (%) n = 1206 (%) 1 = 1195 (%)
Zifeggt 308 (25.5) 241 (20.2) 308 (25.5) 241 (20.2)
Incomplete follow-up 799 (66.3) 819 (68.5) 560 (46.4) 511 (42.8)
SAR Rett}rn to Returned to routine
Screening sercening 87 (7.2) 103 (8.6) 319 (26.5) 398 (33.3)
CIN2 1(0.1) 10 (0.8) 2(02) 12 (1.0)
CIN3+ 11(0.9) 22 (1.8) 0.05 17 (1.4) 33 (2.8) 0.02

Abbreviations: HPV, human papillomavirus; CIN2, cervical intraepithelial neoplasia grade 2; CIN3+, cervical
intraepithelial neoplasia grade 3 or worse; return routine to screening, return to the 3-year screening interval
without further follow-up.

Eight cases of cervical cancer (5 squamous cell carcinomas and 3 adenocarcinomas)
had been diagnosed at 78 months post-screening among DN A-tested women, while only
two squamous cell carcinomas had been diagnosed among mRNA-tested women. Two of
the DNA-tested women and one mRNA-tested woman most likely had false-negative HPV
results at triage (data not shown).

Although there were only marginal differences in the detection rate of CIN3+ at 42
and 78 months post-screening (Table 3), different HPV positivity rates at triage led to large
differences in SAR referral rates for colposcopy and biopsy and repeat testing after triage,
resulting in an overall CIN3+ detection rate that was significantly higher among DNA-
tested (13.1%; 345/2556) compared to mRNA-tested women (8.3%; 129/1559) at 42 months
post-screening (p < 0.001). The corresponding values at 78 months post-screening were
14.6% (372/2556) and 9.4% (147/1559) (p < 0.001). The proportion of both DNA-tested
and mRNA-tested women with incomplete follow-up decreased from 42 to 78 months
post-screening; accordingly, the proportion of women that returned to routine screening
increased among all SAR groups after triage (Table 3). Our findings showed a 6-year CIN3+
risk of 2.8% among women with triage results of ASC-US/LSIL and a negative HPV mRNA
test, versus 1.4% among women with triage results of ASC-US/LSIL and a negative HPV
DNA test (Table 3).
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4. Discussion

In this study, we evaluated the background characteristics of women who underwent
HPV DNA testing (using Hybrid Capture II) and those who underwent HPV mRNA testing
(using PreTect HPV-Proofer). We assessed factors that could impact the outcomes of the
tests, including the age distribution, the distribution of ASC-US and LSIL results in the
screening process, and the most recent cytology results before screening occurred. Our
analysis indicated a high level of homogeneity between the two groups, thus reducing the
risk of selection bias. The HPV DNA test detects 13 HPV types, whereas the HPV mRNA
test only detects 5 types, leading to a higher HPV positivity rate among the DNA-tested
women. In accordance with the Norwegian screening algorithm, this higher positivity rate
resulted in a higher referral rate for colposcopy/biopsy and repeat testing for the DNA-
tested women, leading to a higher overall rate of CIN3+ detection. However, this came at a
cost of significantly more health resources, as measured by the number of follow-up visits
and colposcopy /biopsy procedures. Our findings reveal that despite the higher resource
utilization and CIN3+ detection rate in the DN A-tested women, the HPV DNA test was not
more effective in preventing cervical cancer, which was the primary goal of the screening.

4.1. HPV Positivity Rates at Triage

In our low-risk population of women aged 25-33 years with ASC-US/LSIL, the HPV
positivity rate at triage among DNA-tested women was lower (52.8%) than the global
rate observed among women of all ages with ASC-US/LSIL who received this triage test
(59.4%) [32]. The HPV positivity rate observed when a 5-type HPV mRNA test was used
in the triage of Danish women aged 23-39 years with LSIL (34.7%) [33] was higher than
the rate we recorded among our mRNA-tested women (23.3%). This could be because
only women with LSIL were included in the Danish study, as HPV prevalence is generally
higher in women with LSIL than those with ASC-US [32]. Another Danish study of women
under 30 years of age with ASC-US/LSIL reported HPV positivity rates at triage for DNA-
(any assay), 14-type mRNA-, and 5-type mRNA-tested women of 82.5%, 73.5%, and 40%,
respectively [21]. However, HPV prevalence tends to decrease with age [12]; therefore, the
higher positivity rate in the Danish study compared to ours might be due to the inclusion
of women who were younger than those in our study population.

4.2. Referral Rates for Colposcopy and Biopsy and Repeat Testing after Triage

According to Norwegian guidelines, significantly more DNA-tested women in our
study sample were to be referred for colposcopy and biopsy and repeat testing. In the
Danish study, which included women under 30 years of age with ASC-US/LSIL, biopsy
rates in DNA- (67%), 14-type mRNA- (77%), and 5-type mRNA-tested women (58%) [21]
were generally higher than the SAR referral rates for colposcopy and biopsy we observed
in our study. However, the Danish referral rate lessened as the HPV types included in the
assay decreased.

4.3. CIN3+ Detection Rate

As a consequence of the higher SAR referral rates for colposcopy and biopsy and
repeat testing, DNA-tested women had a significantly higher overall CIN3+ rate compared
to mRNA-tested women at 42 months post-screening. Our results support the general
conclusions that, in the triage of women with minor cytological abnormalities, an HPV
mRNA test has lower referral rates than an HPV DNA test [24,34,35]. However, compared
to the 14-type HPV DNA test, the reliability of the 5-type HPV mRNA test to rule out CIN3+
among women who test negative has been considered too low to be used as a basis for the
determination to return to routine screening. Considering the 6-year CIN3+ risk of 2.8%
among women with triage results of ASC-US/LSIL and a negative HPV mRNA test versus
1.4% among women with triage results of ASC-US/LSIL and a negative HPV DNA test in
our study—and based on the principle of “equal management for equal risk”, which guides
patient management in screening—our results suggest that women who are HPV-negative
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at triage require a further 1-year surveillance period, in order to respect the accepted 5-year
CIN3+ risk threshold (>0.55 <5.0%), as the 5-year CIN3+ risk rate is 2.6% for ASC-US
alone [22,36,37]. In accordance with a model-based economic evaluation analysis of the
triage of young adult women with minor cervical lesions [38], SAR referral for colposcopy
and biopsy was twice as high among our DNA-tested women as our mRNA-tested women.
Thus, compared with the mRNA test, the usage of the DNA test at triage increased the
workload of gynecologists and laboratories by more than double.

4.4. HPV Types Included in the Test

The number of HPV types included in the test may influence positivity, referral, and
CIN3+ detection rates. A previous report showed that only 5-6 HPV types (16, 18, 31,
33, 45, or 52) were present in 85% of invasive cervical cancer cases, while the other eight
HPYV types included in 13-14 type HPV DNA tests were detected just in 1.5% of invasive
cervical cancer cases [39]. Thus, the 5-fold higher SAR referral rate for repeat testing
that we observed among DNA-tested women compared to mRNA-tested women may
be attributed to the higher number of oncogenic HPV types included in the DNA test.
This observation was also made in a Danish study, in which a 14-type HPV mRNA test
yielded higher positivity rates than a 5-type HPV mRNA test [33]. The influence of the
number of HPV types included in the mRNA test on both positivity rates and referral
rates was also observed in the other Danish study of women under 30 years of age with
ASC-US/LSIL [21]; when the 14-type and 5-type HPV mRNA tests were compared, the
positivity rate decreased from 73.5% to 40% and the biopsy rate decreased from 77% to
58% [21]. Moreover, generally, when more types are included in the HPV test, the sensitivity
for CIN2+/CIN3+ increases, but the specificity for CIN2+/CIN3+ decreases. A 14-type
HPV DNA test (Cobas) showed higher sensitivity to detect CIN2+ than a 5-type HPV
mRNA test (Proofer) in the triage of women with ASC-US/LSIL (100% vs. 79%), while its
specificity was lower (84% vs. 91%) [34]. This reduction in specificity with an increasing
number of HPV types is more visible with the decreasing age of the study population. A
14-type HPV mRNA test (Aptima) showed higher sensitivity to detect CIN2+ in the triage
of women with LSIL aged 23-65 years compared to a 5-type HPV mRNA test (Proofer)
(94% vs. 77%), while its specificity was considerably lower (34% vs. 69%) [33]. Although
the gap in test sensitivity (93% vs. 80%) did not change substantially, the gap in specificity
(19% vs. 64%) widened among women aged 23-29 years [33].

4.5. Overmanagement and Overtreatment

The Norwegian health care system has allocated limited resources for colposcopy and
biopsy examinations [40]; therefore, the risk of overmanagement and overtreatment is of
great concern in the NCCSP. The number of cervical cancers has increased from 311 in 2012
to 340 in 2021 in Norway, and the incidence rate showed an increasing trend (from 12.4/ 10°
in 2010 to 14.5/10° in 2019) before decreasing slightly to 12.6/ 10° in 2021 [18].

The higher overall CIN3+ detection rate among our DNA-tested women compared
to mRNA-tested women was attributable to significantly higher healthcare utilization
in the former group, as measured by the number of SAR referrals for colposcopy and
biopsy or repeat testing. Overall, 345 DNA-tested women (13.1%) had been diagnosed with
CIN3+ at 42 months post-screening, with 17 more diagnosed at 78 months post-screening.
Among mRNA-tested women, 129 (8.3%) had been diagnosed with CIN3+ at 42 months,
and 33 more at 78 months, post-screening. This revealed the burden of overmanagement
among DNA-tested women, as 216 (345 — 129 = 216) more DNA-tested women with CIN3+
received treatment to avoid 16 (33 — 17 = 16) more women having CIN3+ results within
36 months, i.e., before the next screening round.

The number of treatments using the loop electrical excision procedure (LEEP) in Nor-
way has increased from 3743 in 2010 to 7354 in 2021 without any reduction in the number
of women with cervical cancer [18]. A low SAR referral rate for colposcopy and biopsy
will reduce healthcare costs, as well as the use of LEEP treatment and its negative impacts
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(e.g., unfavorable pregnancy outcomes, such as preterm birth, spontaneous abortion, and
psychological stress [41]).

Not all CIN3 cases, and only a minority of CIN2 cases, will progress to cancer [42—44].
Research has shown that only 30% of large CIN3+ lesions will progress to cervical cancer
during 30 years if left untreated [43], meaning that a substantial proportion of women with
these conditions will undergo biopsy, and potentially LEEP treatment, unnecessarily. The
purpose of the NSSCP is not to find as many CIN3+ as possible but to prevent as many
cancer cases as possible and simultaneously balance benefits and harms. Even though
more DNA-tested women in our study received LEEP treatment, eight cases of cervical
cancer appeared among them during the study period, while only two cancer cases were
diagnosed among mRNA-tested women. This illustrated the possibility of preventing more
cancer cases and avoiding overtreatment by using a more specific triage test and targeting
women with the highest cancer risk [34].

4.6. Strengths

The importance of this study lies in the long-term comparison of the predictive and
performative value of HPV DNA and HPV mRNA tests in the triage of a large number
of 25-33-year-old women with minor cytological abnormalities at screening. We used the
NCCSP database, a nationwide, register-based platform embedded within the CRN, which
allowed us to identify women with minor cytological abnormalities in Norway. Moreover,
we used the 11-digit personal identification number assigned to all persons at the time
of birth or immigration in Norway to merge data on cytology results, histological results,
cancer cases, etc.

Although ours is not a randomized study, we consider the similarity in the character-
istics of our DNA- and mRNA-tested women (Table 1) as an advantage, because it mimics
the condition of randomized selection. Another unique advantage of our study is that we
followed all women for up to 6 years after triage.

4.7. Limitations

Our analysis assumed that women, general practitioners, and gynecologists consis-
tently followed the screening algorithm perfectly; however, in real clinical practice, there
are probably more referrals for cytology/biopsy and repeat testing. Therefore, we also
investigated the CIN3+ detection rate among women who were returned to screening
(Table 3), to reflect the reality that some women are referred for colposcopy and biopsy
even when such a referral is not recommended in the screening guidelines. The propor-
tions of women with incomplete follow-up decreased during the study period. However,
the proportions of women who did not attend and women with incomplete follow-up
remained considerably high, especially among women with SAR referral for routine screen-
ing (63-71.9% at 78 months post-screening). This research was conducted in Norway, a
country with the highest human development index between 2005-2010 and free public
access to essential healthcare services. With a generally high socio-economic status and
high coverage for vaccination and screening, it should also be expected that women would
have a high rate of adherence to follow-up.

5. Conclusions

In this study, we evaluated the performance of HPV DNA testing (using Hybrid
Capture II) and HPV mRNA testing (using PreTect HPV-Proofer) in a population of young
women with ASC-US/LSIL. We found that when the HPV DNA test was used for triage,
there was a significantly higher rate of referral for colposcopy and biopsy, repeat testing, and
CIN3+ detection. However, this did not result in improved cancer prevention compared
to the mRNA test. The mRNA test demonstrated similar efficacy in cancer prevention
while requiring significantly less healthcare utilization. Based on these findings, healthcare
authorities considering a triage test for minor cytological abnormalities among younger
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women may prefer the mRNA test to minimize overmanagement and reduce unnecessary
healthcare utilization.
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