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Introduction

1.

Cervical cancer

of one cell layer. The ectocervix is covered
with non-keratinizing squamous epithelium
and is multi-layered. The border between the
glandular and squamous epithelium is called
the squamocolumnar epithelium junction (SJC)
and in young adolescent women it is located
on the ectocervix. During puberty, metaplastic
changes at the SJC result in the replacement
of the columnar epithelium by squamous
epithelium. This results in a shift of the SJC
from the ectocervix to the endocervix. The
area between the original and the new SJC is
called the transformation zone and is assumed
to be susceptible to oncogenic influences
(11). Cervical cancer typically develops in this
zone and can be classified into 4 different
histologic subtypes of which squamous cell
carcinoma (SSC) is most common, followed by
adenosquamous carcinoma, adenocarcinoma
(AdCa), and the very rare small cell
carcinoma.
Cervical SCCs arise from a series
of squamous premalignant lesions, which
are classified on the basis of the extent of
dysplastic changes as cervical intraepithelial
neoplasia (CIN) grade 1 to 3, the latter
including carcinoma in situ. In CIN 1 less than
one third of the epithelial layer is involved,
while in grade 2 one to two thirds and in grade
3 more than two thirds of the epithelial layer

1.1
Epidemiology, incidence, and
pathogenesis
Cervical cancer is a serious global health
issue as it is the second most common
cancer in women worldwide causing death
particularly among women aged from 30 to 50
years (8). In developing countries the threat is
even higher as it is the most common cancer
among women. Approximately 493,000 new
cases were globally diagnosed and 274,000
deaths occurred from this disease in 2002, of
which 83% in developing countries (9). In the
Netherlands the age-standardized incidence
rate of cervical cancer is relatively low (6.2
per 100,000 person years); 584 women
were newly diagnosed and 235 deaths were
reported in 2005 (10). The low incidence rate
in developed countries is mainly a result of
well-organized cervical screening programs,
which will be discussed in more detail in
section 1.2 and 3.2.
Cervical cancer arises in the cervix,
which is the lower constricted segment of the
uterus that encompasses the cervical canal.
The cervix consists of two parts, an inner
(endocervix) and an outer part (ectocervix)
(Figure 1). The endocervix is covered with
glandular columnar epithelium that consists

Figure 1. The uterus, cervix, and transformation zone. Partially adapted from (1).
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shows dysplastic features (Figure 2) (12). The
precursor lesion for AdCa is adenocarcinoma
in situ (AIS) (13). Most CIN lesions will regress
spontaneously, although the possibility of
regression decreases with increasing CIN
grade. Together, CIN 2 and 3 lesions are
also referred to as high-grade CIN. In clinical
practice, high-grade CIN and AIS are treated
to prevent cervical cancer. Gynecologists can
visualize cervical lesions by a colposcopic
examination of the cervix following application
of an acetic acid solution. When lesions are
visible a biopsy is taken for histopathological
diagnosis. Treatment modalities include large
loop excision of the transformation zone
(LLETZ), laser evaporation, cryoagulation,
cone biopsy, or hysterectomy (complete
removal of the uterus), the choice of which
depends on the severity and extension of the
lesion.
The idea that cervical cancer is a
complication of a sexually transmitted infection
was firstly postulated in 1842. This was
based on the relatively low incidence rate of
cervical cancer observed in virgins and nuns
compared to high numbers in prostitutes (14).

It was not until 1983 when the first human
papillomavirus (HPV) type was isolated from
cervical cancer (15) that a viral etiology was
strongly linked to the development of cervical
cancer. After several technological advances
that allowed the detection of a broad spectrum
of HPV genotypes in clinical specimens it
became clear that a persistent infection with
one of the so-called high-risk HPV (hrHPV)
types is a necessary cause of cervical
cancer (16-18). This is reflected by that fact
that hrHPV DNA can be detected in up to
99.7% of cervical SCCs (16;17) and 94% to
100% of cervical AdCa and adenosquamous
carcinomas (19;20). It takes on average 15
years for invasive cancer to develop after an
initial hrHPV infection. The involvement of
HPV in cervical carcinogenesis will be further
discussed in section 2.4. Cofactors that
are associated with cervical cancer include
high parity, smoking, long-term use of oral
contraceptives, and other sexually transmitted
agents (e.g. Chlamydia Trachomatis,
herpes simplex virus type 2 and the human
immunodeficiency virus) (21).

Figure 2. Schematic representation of cervical squamous precursor lesions relative to normal
epithelium and invasive carcinoma. Adapted from (7).
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1.2
Cervical screening programs
Initial observations made in 1941 by
Papanicolaou and Traut indicated that
exfoliative cytology of the transformation
zone can be used to detect cervical cancer
and its precursors (22). This evolved into
the Pap smear test, a tool for early detection
of cervical cancer that is currently used
in cervical screening programs. Various
cytomorphological classification systems are
in use in various countries. In the Netherlands
the CISOE-A coding system is routine
practice (23;24) whereas in the United States
of America and several other countries the
Bethesda system of 2001 is used (25). The
CISOE-A system can easily be converted
into the Bethesda system (24). In the CISOEA cytological classification Pap1 indicates
normal cytology, Pap2 borderline dyskaryosis,
Pap3a1 mild dyskaryosis, Pap3a2 moderate
dyskaryosis, Pap3b severe dyskaryosis,
Pap4, suspicion of carcinoma in situ, and
Pap5, suspicion of invasive carcinoma. The
cytological outcome is only an indication of the
possible underlying histological abnormality
and therefore histopathological analysis of
colposcopy-directed biopsy is necessary to
confirm the presence of a clinically relevant
lesion.
In the Netherlands, a population-based
cervical screening system based on cervical
cytology by Pap classification was introduced
in the late seventies. In the current screening
program women between 30 and 60 years
of age are invited every 5 years for a routine
Pap smear taken by a general practitioner. In
case the smear is classified as normal (Pap1)
women are recalled at the next screening
round after 5 years. Women with borderline
or mild dyskaryosis (Pap2/3a1, hereafter
referred to as BMD) get an advice for a repeat

smear after 6 and 18 months and are only
referred for colposcopy in case persistence
of BMD or cytological progression becomes
manifest at one of these repeat visits. About
10% of women with BMD have or develop
high-grade CIN (26-28). In case the smear is
classified as moderate dyskaryosis or worse
(≥Pap3a2, hereafter referred to as >BMD)
women are directly referred to a gynecologist
for colposcopy, given their high-risk of CIN2/3
or cervical cancer. Approximately 96.5% of
women participating in the Dutch screening
program has normal cytology, 2.5% BMD, and
1.0% >BMD (29).
Overall, population-based cervical
screening programs let to a decrease in
cervical cancer incidence in developed
countries with an estimated 60% compared to
that of 1960 (30-33). In the Netherlands a 51%
decline in the incidence of cervical cancer was
observed from 1980 to 2003 (10). However,
recent data indicate that this decrease
mainly can be attributed to a decrease in
SSC, whereas no change is observed in
the incidence of cervical AdCa (34-36). This
suggests that cytology fails to detect cervical
AdCa and its precursor lesion in an efficient
manner. In addition, cytomorphological testing
is subjective and is known to have a high false
positivity and false negativity rate, both of at
least 20% (37;38). Given these shortcomings,
it is not surprising that a recent overview
of European and North American studies
revealed that the sensitivity of cytology for
high-grade CIN lesions and cervical cancer is
on average not higher than about 55% (39).

12
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2.

Human papillomavirus (HPV)

The homology in DNA sequence of the
HPV L1 genes determines whether an HPV is
a different type (<90% homology), a subtype
(homology of 90% to 98%), or intratype variant
(>98% homology) (4;42). Currently, there are
more than 100 different HPV types identified
and each type has a designated number
based on the historical order of isolation
(Figure 4). HPV types have been grouped
together into species, and species into genera.
HPVs have a tropism for either mucosal or
cutaneous epithelium, and consequently are
referred to as mucosal or cutaneous types,
respectively. This thesis will focus on the
mucosal types (most of which are also referred
to as genital), which belong to the alpha genus
(α-genus). The mucosal HPV types are divided
into high-risk (hr) and low-risk (lr) HPV types.
HrHPV types can cause high-grade CIN and
cervical cancer. LrHPV types are associated
with genital warts or low-grade CIN lesions,
which do not develop into malignancy.
Based on large epidemiological casecontrol studies at least 12 genital HPV types
of the α-genus were classified as high-risk
(carcinogenic) to human beings (i.e. HPV16,
-18, -31, -33, -35, -39, -45, -51, -52, -56, -58,
and -59) (18;43). Debate is ongoing about a
series of possible high-risk types comprising
HPV26, -53, -66, -68, -73, and –82 (44).
Twelve HPV types are indicated as low-risk
(HPV6, -11, -40, -42, -43, -44, -54, 61, -70, 72, -81, and CP6108) (18), although -6 and -11
are also suggested as possible carcinogenic to
human beings (43).

2. 1 Genome and taxonomy
Human papillomaviruses (HPVs) belong to the
DNA viruses and the family of
Papillomaviridae. HPVs consist of an
icosahedral-shaped 72-capsomere capsid
containing the viral genome and are 45-55 nm
in size (40). Papillomaviruses are doublestranded DNA viruses and all open reading
frames (ORFs) are situated on one DNA
strand. The circular genome is approximately
7.9 kilo bases in size and consists of a noncoding region termed long control region
(LCR) and a coding region encoding the viral
proteins (Figure 3). The coding region is
compactly organized in eight ORFs and is
distributed over three reading frames with
considerable overlap (41;42). Alternative
splicing gives rise to a number of partial and
fused proteins that exceeds the number of
ORFs. The eight viral genes are grouped into
‘early’ (E) and ‘late’ (L) genes, based upon
their expression during the viral life cycle
(indicated in more detail in section 2.3). ‘Early’
indicates expression before and ‘late’ after the
onset of viral replication.

Figure 3. Genomic organization of HPV.
Adapted from (2).
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Figure 4. Phylogenetic tree of papillomaviruses. Adapted from (4).
2.2
Epidemiology
Genital HPVs are sexually transmitted and it
is estimated that about 80% of sexually active
individuals encounter an HPV infection during
their life (45), most of which pass unnoticed.
The HPV prevalence depends on age and
geographic area and is worldwide the highest
(~20%) among women between 16 and 25
years of age that become sexually active (46).
This number declines markedly (to about 5%)
in women that are 40 years or older (46).
The highest prevalence rates have been
detected in Africa and America, and the lowest
rates in Europe and Asia (46). HPV16 is the
predominant genital type in cervical cancers
causing ~55% of all tumors worldwide,
followed by HPV18 (~16%), and HPV33 (~4%)
(47). The most common types in genital warts
are HPV6 and HPV11 (48).

2.3
Viral life cycle
The viral life cycle is closely linked with
the differentiation program of the infected
epithelium. A productive infection begins when
viral particles gain access to the epithelial
basal layer and enter the basal cells following
binding to proteoglycans and secondary
receptors on the cell surface (49;50). In these
cells only low levels of viral early gene activity
is present, sufficient to facilitate genome
maintenance by co-replication with the host
cell genome (Figure 5). This is particularly
mediated by E1 and E2. E2 can bind to a
motif in the LCR adjacent to the viral origin
of replication, thereby recruiting E1 (51).
E2 is also responsible for the non-covalent
interaction between the viral genome and
the mitotic chromosomes in order to maintain
a viral copy in each daughter cell after cell
14
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division. E1 acts as a helicase required for
initiation and elongation of the viral episome
(52). Except for E1 and E2, HPVs rely entirely
on the cellular replication machinery for viral
DNA synthesis.
After cell division, one of the daughter
cells moves from the basal layer and
migrates towards the epithelial surface. This
is accompanied by a differentiation process,
during which cells loose the capability to
divide. During cellular differentiation the
viral differentiation-dependent promoter is
up-regulated, which results in increased
levels of viral proteins necessary for viral
genome amplification, including E1, E2, E4,
and E5 (Figure 5). In addition, expression of
E6 and E7 increases during differentiation.
The main function of E7 is to associate with
the cell cycle regulator pRb and related
pocket proteins causing disruption of their
complex with the transcription factor E2F. The
released E2F trans-activates cellular genes
necessary for the onset of DNA replication,
creating an S-phase environment allowing
differentiating non-dividing cells to support
viral DNA replication (53;54). At the same time

E6 binds p53, thereby initiating the ubiquitinmediated degradation of p53 and preventing
p53-mediated apoptosis that is normally
induced in cells displaying high E7 expression
(55-57). E5 inhibits the degradation of the
epidermal growth factor receptor (EGFR).
As a consequence, the cell becomes more
susceptible for EGF stimulation, which may
contribute to a supportive environment for viral
replication (58;59). The function of E4 in viral
genome replication is less well understood
but it has been reported that the inability to
express E4 results in a reduced ability to
support viral genome amplification (3;60).
The final stage of the viral life cycle
involves the packaging of the infectious
particles and shedding from the epithelial
surface. The major and minor viral-capsid
proteins L1 and L2 are only expressed
in cells that already underwent viral DNA
amplification and contain E4 in the cytoplasm.
This E4 protein triggers the collapse of the
cytoskeleton enhancing virus release from
the infected cell (61). The assembly of the
viral capsids occurs in the nucleus where
the viral genome is packed into the capsids

Figure 5. Life-cycle organization and viral protein expression of hrHPV. Adapted from (3).
15
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and, ultimately, the virus is released when the
cells reach the surface and are lost through
desquamation (Figure 5) (3).

cancer is a rare complication of an hrHPV
infection.
I
nfection with hrHPV is necessary,
but not sufficient to develop cervical cancer.
From data obtained from model systems
and well defined clinical material a multi-step
concept of cervical carcinogenesis can be
deduced (Figure 6) (7). A first crucial step
in this process is viral persistence. A likely
important factor for persistence is interindividual variation in the capacity to clear the
infection by an effective immune response.
Indeed, certain alleles of the polymorphic
human histocompatibility leukocyte antigen
(HLA) class I and II as well as killer
immunoglobulin-like receptor (KIR) genes
have been associated with either protection
against or susceptibility to high-grade CIN

2.4
HPV-mediated cervical carcinogenesis
Eighty percent of all hrHPV infections are
transient and will not result in lesions (Figure
6). From the remaining 20%, a majority
develops into non-progressive CIN1 lesions
that reflect a tolerant state of a productive
infection and will regress spontaneously over
time. A minority of the HPV infections persists
and induces high-grade CIN lesions, i.e. CIN2
and CIN3. It is estimated that only 5% of the
CIN lesions, when left untreated, would result
in cervical cancer, which equals at maximum
1% of all hrHPV infections. Thus, cervical

Figure 6. Progression model of cervical cancer. Arrow size indicates the progression level from
‘normal cervix’ to ‘carcinoma’. Chromosomes are indicated by number. (↑) increased activity, (↓)
decreased activity. Numbers in row ‘molecular events’ indicate chromosome number, p and q
represent short and long chromosome arm, respectively. HLA, human leukocyte antigen;
MHC-1, major histocompatibility complex. Adapted from (7).
16
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(62;63). In addition, there exist HPV-type
specific differences in clearance rates, which
in part explains type-specific differences in risk
of high-grade CIN (64;65). Amongst hrHPV
positive women with normal cytology and BMD
participating in a population-based cervical
screening program particularly HPV 16, and to
a lesser extent HPV 18, 31 and/or 33 exhibited
significantly lower 18-month clearance rates
(66). For HPV type 16, low amounts of viral
DNA (viral load) in cervical smears were
associated with an increased change of viral
clearance (67). Hence, low viral loads may
be a sign of future clearance. Thus, a crucial
decision maker in the early stages following
an hrHPV infection involves the individual
susceptibility for certain HPV types depending
on the host genetic make-up of immune
surveillance determinants.
Once a CIN lesion has developed
deregulated expression of the E6/E7
genes in proliferating basal cells probably
provides the subsequent important step
towards malignancy. This event, which is
often accompanied by viral DNA integration,
results in chromosomal instability at both the
numerical and structural level and provides the
driving force for further progression (7). E6/E7
deregulation generally becomes manifest at
the level of CIN2 lesions and is thought to
distinguish the process of cell transformation
from a productive viral infection. E7-mediated
pRb inactivation results in interference with
a negative feedback loop that regulates
expression of the cyclin-dependent kinase
inhibitor p16INK4A. As a result of the loss of
this negative control, p16INK4A is expressed
at elevated levels in proliferating cells that
over-express E7, a feature that is considered
to be a valuable marker for transforming
hrHPV infections (68). A series of additional

(epi)genetic alterations that subsequently
accumulate in high-grade CIN lesions are
necessary for the development of an overt
malignancy via immortality and growth
conditions that are gradually becoming less
sensitive to growth-modulating influences
mediated by cytokines, cell-cell and cellmatrix adhesions (7). Affected host cell genes,
whose altered expression might be involved in
these subsequent transforming steps include
hTERT, TSLC1 (renamed as CADM1), and
genes encoding AP-1 complex members (7).
Support for this multi-step nature of cervical
carcinogenesis comes from the observation
that a CIN 3 lesion can develop rather fast
(after 2 to 3 years) following an hrHPV
infection, whereas it takes another 10 to 12
years for invasive cancer to develop (Figure 6)
(7).

17
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3.

Cervical cancer prevention

HPV vaccines are promising, results are too
limited to be conclusive about the feasibility
of this approach. This thesis will not further
discuss prophylactic and therapeutic HPV
vaccines.

The discovery of a causal relationship
between persistent hrHPV infection and the
development of high-grade CIN and cervical
cancer has led to two new directions of
cervical cancer prevention: primary prevention
by prophylactic vaccination against high-risk
HPV-16 and HPV-18 (together responsible for
approximately 70% of cervical cancers) and
secondary prevention by cervical screening
with HPV DNA testing.

3.2
High-risk HPV testing in primary
screening
Previously, hrHPV DNA testing showed to
be of additive value for the triage of women
with BMD and monitoring of women after
treatment for a high-grade CIN lesion (26;7073). In recent years multiple studies have also
focused on the potential value of hrHPV DNA
testing in primary cervical screening. A meta
analysis and overviews of several studies
already revealed that hrHPV testing has a
markedly higher sensitivity for high-grade CIN
(approximately 95%) than cytology testing
(displaying a sensitivity of at maximum 65%),
with the costs of a slight reduction in specificity
(70). Whether the use of hrHPV testing in
cervical screening increases the effectiveness
of cervical screening is determined in
longitudinal population-based randomized
controlled trials (29;74-77). Follow-up data of
some of these trials indicate that HPV testing
leads to earlier detection of high-grade CIN
lesions or cervical cancer, permitting longer
screening intervals (78-80). In addition, the
risk of ≥CIN 2 after a screen-negative test is
almost similar for hrHPV testing and combined
hrHPV and cytology testing (78). Therefore,
the cost-effectiveness of adding cytology to
HPV DNA testing is doubtful and primary HPV
DNA testing alone at increased intervals with
cytology as triage tool is the preferred strategy
of cervical screening.
In the Dutch screening program
approximately 5.0% of the women are hrHPV-

3.1
Prophylactic vaccination
Worldwide, researchers have focused on the
development of prophylactic vaccines that
generate neutralizing antibodies protecting
against de novo HPV infections, and
accordingly hrHPV-associated diseases. The
discovery that the HPV L1 protein, with or
without L2 protein, could self assemble into
virus like particles (VLPs) when expressed
from a suitable expression system (i.e. yeast
and baculovirus), was a major drive towards
the development and clinical application
of such HPV vaccines. The first results of
clinical trials on current HPV VLP vaccines
are promising (69) and raise excitement
and prospect for primary prevention of
cervical cancer and other HPV-associated
malignancies. The two currently available
vaccines, Cervarix and Gardasil have been
approved by the European Medicines
Agency (EMEA), and Gardasil also by the
Food and Drugs Administration (FDA, USA)
for application to women age 9-26 years.
In the Netherlands, the discussion about
implementation of the HPV vaccine in the
National Immunization program has started.
Also therapeutic vaccines have been topic
of research. Though first data on therapeutic
18
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positive as determined by the GP5+/6+-PCR
assay. After stratification for cytology, 3.6%
of the women with normal cytology is hrHPVpositive by GP5+/6+-PCR and ~1/10th of these
hrHPV-positive women (which equals 0.3% of
the total screening population) will present with
high-grade CIN or cancer (29;81). Between
35% and 40% of women with BMD is positive
for hrHPV and about one third of these women
(which equals 0.3% of the total screening
population) will have or develop high-grade
CIN or cervical cancer (29). In addition, 88.3%
of women having >BMD are hrHPV-positive
and the majority (~70%) of these women has
high-grade CIN or cancer (29). In summary,
about 5.0% of women between 30 and 60
years of age participating in population-based
screening in the Netherlands is hrHPV positive
by GP5+/6+-PCR, of which about 1/4th (i.e.
1.3% of the whole screening population) has
or develops high-grade CIN or cervical cancer.
The ratio between the number of high-grade
CIN or cancer and hrHPV positivity is highest
in the >BMD group and lowest for normal
cytology. Nonetheless, the latter group still

has an increased risk of 210 times to develop
high-grade CIN compared to hrHPV-negative
women having normal cytology (82). It should
be realized that when cytology is to be
replaced by hrHPV testing, all hrHPV-positive
women require follow-up (83;84). In order
to attain the most cost-effective screening
strategy further risk stratification of the hrHPVpositive women is warranted to discern those
who have or will develop high-grade CIN or
cancer from those who will not.

3.3
HPV detection methods
Various assays have been developed for direct
or indirect detection of hrHPV in biological
material. Most assays that have been
developed so far detect HPV nucleic acids.
Some currently available hrHPV detection
assays are discussed below.
A) Assays for viral nucleic acid detection
Viral nucleic acids can be detected either
by target or signal amplification assays.
Target amplification assays mainly comprise

Table 1. Performance characteristics of viral nucleic acid detection assays. Partially adapted from (5).
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polymerase chain reaction (PCR)-based
methods (85) and isothermal amplification
methods such as nucleic acid sequence-based
amplification (NASBA) (86), the latter of which
are ideal for detecting RNA. An extensive
overview of available HPV detection methods
has recently been described (83).
As a result of the heterogeneity
between HPV types most DNA PCR methods
use consensus primers that target the same
conserved region within the viral genome,
although more recently also multiplex systems
targeting different regions for different types in
one reaction have been described. The most
commonly applied consensus PCR assays
include GP5+/6+-PCR (redesigned from
GP5/6-PCR) (87), PGMY09/11 (redesigned
from MY09/11 PCR) (88), SPF10 (89) and
Roche Amplicor HPV test (90) (Table 1).
Detection of a PCR product is usually
performed by enzyme-immuno-assays
that use a cocktail of type-specific or a mix
of universal probes (89-91). Subsequent
genotyping of the infection is nowadays
mostly performed by hybridization assays like
reverse line blot (RLB) (92), line probe assay
(LiPA) (93), linear array (94), micro-chip based
oligonucleotide arrays (95), or bead-based
multiplex HPV genotyping (96).
In the beginning of the 21st century
also real-time PCR assays have been
introduced, allowing accurate quantification
of the target gene or amplicon (97). These
methods are based on fluorescent-labeled
probe(s) added to a standard PCR reaction
that can hybridize with the amplicon during
the annealing step. The more PCR product is
formed, the more fluorescent-labeled probe
will bind. The increase in fluorescence signal is
continuously monitored after each PCR cycle
(real-time) and directly related to the amount
20

of target DNA.
HPV DNA PCR methods can be
applied to a wide variety of specimens either
or not preceded by sample DNA purification.
These include scrapings from the cervix or
other anogenital sites collected in phosphatebuffered saline (PBS) or liquid-based
cytological (LBC) preservation media, frozen
and formalin-fixed (paraffin) tissues, and
archival smears.
A recent introduction of preservation
media for cervical smears that, apart from
cell morphology and DNA, also conserve
RNA enhanced the development of RNA
detection methods. Detection of HPV E6/E7
RNA indicates viral oncogene activity rather
than sole presence and might therefore be
more specific for clinically relevant cervical
lesions (98). An example of a RNA detection
assay is the commercially available PreTect
HPV-proofer® assay (by Norchip) that detects
and genotypes E6/E7 mRNA from five hrHPV
types (16, 18, 31, 33, and 45) using NASBA
(table 1). However, up to now the significance
of this assay has not been demonstrated in
clinical practice. A broad spectrum (14 hrHPV
types) isothermal E6/E7 mRNA amplification
method has recently also been developed by
GenProbe (99).
Signal amplification methods either
have a liquid-phase or an in situ hybridization
(ISH) format. The commercially available and
FDA (USA) approved hybrid capture 2 (hc2,
Digene Corporation) is an example of the
liquid-phase format and detects 13 genital
hrHPV types using a mixture of full-length RNA
probes. Hybridization of one or more of the
probes to hrHPV DNA present in heat-alkalinedenatured clinical samples is detected by
peroxidase-labeled antibodies that recognize
the RNA/DNA hybrids, and are visualized by
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electro-chemiluminescence (ECL) (100) (Table
1). The outcome of the hc2 is expressed
in relative light units per calibrator cut-off
(RLU/CO), a semi-quantitative measurement
of the cumulative viral load of all HPV types
that might be present in a scrape. The
manufacturer’s cut-off for positivity is set at 1
RLU/CO, which equals 1 pg/ml HPV16. The
hc2 is not able to perform genotyping of an
infection. Hc2 can be used on scrapings from
the cervix or other anogenital sites collected in
specimen transport medium (STM), universal
collection medium (UCM), or liquid-based
cytological (LBC) preservation medium like
PreservCyt. Examples of ISH methods to
detect HPV DNA are the Inform HPV Test
(Ventana medical systems) and Genpoint HPV
biotinylated DNA probe (DakoCytomation),
both of which can be performed on cytological
preparation and tissue sections.

in women with severe cervical lesions is
generally underestimated (103). Nevertheless,
with the introduction of prophylactic HPV
vaccines, serological assays will gain interest
to monitor vaccine efficacy. Serological assays
will not be further discussed in this thesis.
C) Assays for host-cellular markers
Malignant transformation induced by hrHPV
can also be identified by deregulated
expression of host-cellular markers. As
already mentioned before, one of these
markers involve p16INK4a overexpression as
a marker of a transforming hrHPV infection
(68). Immunostaining for p16INK4a has been
found to be associated with intraepithelial or
invasive neoplasia in cervical cytology (104)
and histology specimens (105). Research
is ongoing to adapt the format of p16INK4a
immunostaining towards an ELISA read-out
on extracts of cervical scrapings. Host-cell
markers other than p16INK4a that have been
studied so far include Ki-67, PCNA, and
MCM5. Host-cell markers will not be further
discussed in this thesis.

B) Assays for serology markers
Detection of serum antibodies is an indirect
measure of (current or past) HPV infection
(101). Serology assays are based on
the detection of genotype-specific HPV
antibodies against the capsid proteins, or the
transforming proteins E6/E7, in serum. Most
assays use an enzyme-linked immuno sorbent
assay (ELISA) format. However, these assays
lack multiplicity. Recently, the development
of a multiplex bead-based suspension assay
(xMAP, Luminex Corp.) allowed detection of
multiple antibodies against up to 100 different
HPV type-specific antigens in one serum
specimen in one assay (102). These assays
form the basis for many epidemiological
studies regarding HPV infections. However,
have they limited value in screening and
management of women with minor cytological
abnormalities because HPV presence

3.4
Clinical sensitivity and specificity
and HPV test requirements
Within a clinical setting it is evident that a
hrHPV test should correctly identify all women
who have or are at risk of developing highgrade CIN or cancer, and preferably gives a
negative test result for women with transient
hrHPV infections who are not at risk of highgrade lesions. As indicated before hrHPV
infections are widespread, often self-limiting,
and only a small fraction of women exposed
to hrHPV will ultimately develop cervical
cancer (7). Therefore, it is important to limit
the detection of transient infections in order
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to limit the number of redundant follow-up
smears and referrals to the gynecologist that
are the result of a positive hrHPV test. In other
words, for the use in clinical and screening
settings the assays should preferably detect
women at risk of having disease rather than
all those having hrHPV infections (many of
which are spontaneously cleared anyway).
In order to address these issues correctly
it is important to understand the difference
between analytical sensitivity and specificity
versus clinical sensitivity and specificity.
Analytical sensitivity in principle refers to the
sensitivity of the assay to detect HPV and
is theoretically 100% in case one HPV copy
in a given sample would be detectable. In
practice, it refers to the proportion of HPVpositive women who are correctly identified
by a given test. Analytical specificity, on the
other hand, deals with the proportion of HPV-

negative women who are correctly identified
by a negative test result. Instead, clinical
sensitivity refers to the proportion of women
with high-grade CIN and cancer who are
correctly identified by a positive HPV test
(i.e. ‘screening-relevant’ sensitivity), whereas
clinical specificity indicates the proportion of
women without high-grade CIN and cancer
who are correctly identified by a negative test
result (6). Furthermore, the statistical term
‘negative predictive value’ (NPV) indicates the
proportion of women with a negative test that
indeed have no disease and the term ‘positive
predictive value’ (PPV) refers to the proportion
of women with a positive test that indeed have
the disease (106).
There is sufficient evidence that
clinical sensitivity is not synonymous with
hrHPV presence and a distinction between
so-called clinically relevant and irrelevant

Figure 7. The concept of HPV load in cervical scrapes in relation to clinical behavior (right) and
analytical sensitivity of HPV tests (left). The blocked lines indicate potential informative viral
load thresholds for women with normal and abnormal cytology. On the y-axis, the viral load
values in copies per scrape (c/s) are depicted with the potential analytical sensitivities of the hc2,
GP5+/6+-PCR, PGMY, and SPF10 using different target materials (crude and isolated). The viral load values are estimates and exact sensitivity values may differ slightly from those indicated
and the estimated analytical sensitivities levels may show subtle variations depending on the
HPV type. Adapted from (6).
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hrHPV infections should be made when
considering HPV tests for screening purposes.
A comparison study between the ultra
sensitive SPF1/2 (a former version of SPF10)
and the GP5+/6+-PCR showed that the SPF
scored significantly more cervical smears of
women with normal cytology positive than the
GP5+/6+-PCR, whereas no differences were
found for women with abnormal smears (89).
This led to the suggestion that the analytical
sensitivities of HPV tests are, to a certain
extent, inversely proportional to their clinical
specificity, which suggests that the application
of assays having a higher analytical sensitivity
will result in decreased clinical specificity
(Figure 7) (6).
Moreover, quantitative real-time PCR
data indicated that not HPV presence per sé
but an increased HPV16 load within a cervical
smear is a determinant of high-grade CIN and
cancer (67;107). Consequently, the amount
of HPV in a cervical scrape is probably an
important parameter to distinguish clinically
relevant lesions (Figure 7).

higher compared to those in women with
normal cytology (Figure 7) (67). Lower HPV16
loads conferred an increased change of viral
clearance and cytological regression (67). For
types different from HPV16, the same trend
has been observed but data are not conclusive
(109-115).

3.5
Viral load
The introduction of quantitative real-time PCR
has enhanced the research on the amount of
HPV DNA (viral load) as a possible risk factor
for high-grade CIN and cancer. Women with
increased HPV16 load proved to have a 30fold higher risk of cervical carcinoma in situ
(107) and the load remained consistently high
in these cases (108). Subsequently, women
with HPV16 positive-normal cytology with
the 50% highest viral load displayed a 7-fold
increased risk of incident high-grade CIN.
This was similar for women with abnormal
cytology (≥BMD), although, in this group
the median viral load levels were a 200-fold
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4.

Aim and outline of this thesis

Chapter 2: The performances of the
hrHPV hybrid capture 2 and Ventana in
situ hybridization assays are described and
compared for detection of high-grade CIN
and cancer in cervical scrapes of women who
visited the out-patient clinic and tested hrHPV
positive by GP5+/6+-PCR.

Before cost-effective implementation of nationwide hrHPV testing in cervical screening can
be envisaged an optimal balance between
clinical sensitivity and specificity should be
reached to minimize redundant follow-up
procedures. In order to translate such clinical
requirements to analytical test performances
a thorough comparison in clinical settings of
various HPV tests with different analytical
properties is necessary. Such comparisons
will allow determining which tests, amongst
those that are currently available, are best
suited for primary cervical screening purposes.
In addition, viral load analysis might be
informative to determine the maximal clinical
specificity that can be expected from HPV
DNA tests without a marked reduction in
clinical sensitivity. This is of utmost importance
to guide further test optimization or consider
reflex viral load analysis of hrHPV DNApositive women in order to enhance the
stratification of those who are at highest risk
of high-grade CIN or cervical cancer. Such
analyses, that form the basis of this thesis,
should provide directions to guidelines for
hrHPV DNA test requirements for use in
primary screening. In order to achieve these
goals the studies described in this thesis deal
with the following questions:

Chapter 3: This cross-sectional study involved
a two-way comparison of the hybrid capture
2 using an automated instrument (rapid
capture system; hc2-RCS) and GP5+/6+-PCR
on cervical scrapings of 8,132 women that
participated in an extension of a populationbased screening study (POBASCAM).
Assay outcomes were related to cytological
results and the histological results in women
with >BMD. Discrepancy analysis included
assessment of PCR inhibition and viral
parameters, such as viral type distribution and
viral load.
Chapter 4: In this chapter we compared the
GP5+/6+-PCR and SPF10 –LiPA to detect
women with normal cytology that had or
developed CIN3 lesions. A subsequent
discrepancy analysis includes viral load
analysis by type-specific real-time PCR.

Is viral load assessment feasible to stratify
hrHPV-positive women within a screening
setting for risk of high-grade CIN or cancer?

Which hrHPV DNA detection assay has the
most optimal clinical performance for highgrade CIN and cervical cancer?

Chapter 5: In this chapter, the development
and validation of quantitative and typespecific HPV real-time PCR assays was
described. A new real-time PCR assay based
on fluorescence resonance energy transfer
(LightCycler) was developed and compared
with a previously described real-time PCR

In Chapter 2 to 4 several of the most
commonly used hrHPV detection assays were
compared to each other with respect to clinical
performance in terms of clinical sensitivity,
specificity, PPV and NPV for high-grade CIN
lesions or cervical cancer.
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assay based on fluorigenic 5’ nuclease
chemistry (TaqMan) and the semi-quantitative
GP5+/6+-PCR-EIA assay for their ability to
assess the HPV16 load in cervical scrapings.
Chapter 6: A comprehensive viral load
analysis for the 4 most common hrHPV types
16, 18, 31 and 33 in cervical scrapings was
performed. The clinical performance of viral
load thresholds was determined using a
large reference group of women with normal
cytology participating in a population-based
cervical screening trial (POBASCAM) and a
group of women with underlying histologically
confirmed CIN. We succeeded in setting viralload threshold levels for these 4 hrHPV types
below which prevalent CIN 3 may be excluded
in women with normal cytology participating in
a population-based screening program, who
are GP5+/6+-PCR-positive for respective HPV
types.
Chapter 7: In this study, we analyzed the
previously formulated viral loads thresholds
(Chapter 7) for risk of high-grade CIN using
a population-based cervical screening cohort
(POBASCAM) followed-up for 18 months. This
involved women that were hrHPV GP5+/6+PCR positive and had single infections with
HPV 16, 18, 31, or 33 at baseline.
To conclude, Chapter 8 contains an overview
of data collected from the studies described
in this thesis. Based on our findings,
directions to guidelines regarding the hrHPV
test requirements in cervical screening are
projected.
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BACKGROUND. The performance of two commercially available detection systems
for high-risk HPV (hrHPV), Hybrid Capture 2 (HC2) and in situ hybridization (ISH),
were compared on cervical scrapings.

METHODS. Using general primer (GP)-mediated GP5/6-polymerase chain reaction (PCR)-enzyme immunoassay and reverse line blot genotyping, 76 liquid-based
cervical samples were identiﬁed with  1 of the 12 hrHPV types present in the
probes of the HC2 and ISH assays. The positivity rate of the assays and the HC2
viral load were determined and related to cytologic ﬁndings (n  76 samples) and
histologic ﬁndings (n  43 samples).

RESULTS. Overall, HC2 scored signiﬁcantly more samples positive compared with
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ISH (P  0.01). Seventy-four of 76 samples (97%) were positive according to HC2.
Forty-six of 76 samples (61%) were positive according to ISH, including 80% and
70% of samples that were classiﬁed cytologically as moderate dysplasia and severe
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dysplasia, respectively. All women with underlying cervical intraepithelial neoplasia (CIN) lesions and 67% of women without CIN had positive HC2 samples. ISH
scored 33%, 66%, 88%, and 73% of samples positive of women with no CIN, Grade
1 CIN (CIN 1), CIN 2, and CIN 3, respectively. The HC2 viral load was signiﬁcantly
higher in women who had a cytologic diagnosis of dysplasia (P  0.01) and in
women who had an underlying diagnosis of CIN (P  0.01) compared with women
who had neither. In addition, the viral load was signiﬁcantly higher in ISH positive
samples compared with ISH negative samples (P  0.01).

CONCLUSIONS. An increased HC2 viral load was associated with an increased
chance of underlying high-grade CIN disease in women who tested hrHPV GP5/
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6-PCR positive. Moreover, although positive ISH results were associated with an
increased overall viral load in the sample, the analytic sensitivity of ISH was too low
to detect all women with prevalent high-grade CIN. Cancer (Cancer Cytopathol)
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I

t has been well established that infection with high-risk human
papillomavirus (hrHPV) is the main causative factor of cervical
carcinoma.1,2 Consequently, adding an hrHPV test to the classic Papanicolaou (Pap) smear may improve the efﬁcacy of cervical carcinoma screening programs, the triage of women with ambiguous or
borderline cervical smears, and the monitoring of women who have
been treated for high-grade cervical intraepithelial neoplasia (CIN).3–5
Several studies have revealed that HPV testing yields a superior negative predictive value (i.e., the proportion of women without disease
among those with negative test results), approaching 100%, for Grade
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3 CIN (CIN 3) lesions and cervical carcinomas (lesions  CIN 3).6 –10 However, the clinical speciﬁcity
(i.e., the proportion of women with negative test results among those without lesions  CIN 3) is subject
to improvement, because a substantial subset of
women who do not have or who develop lesions 
CIN 3 test positive for hrHPV.4,6,8 Recent data based
on real-time polymerase chain reaction (PCR) and
semiquantitative methods indicate that an increased
viral load within a cervical smear is associated with an
increased relative risk of both prevalent and incident
lesions  CIN 3,11–15 although differential effects between different viral genotypes have been reported.16,17
Currently, two commercial hrHPV testing systems
are available that are not based on target DNA ampliﬁcation. In theory, these methods have a lower analytic sensitivity for detecting hrHPV infections compared with most PCR assays. Consequently, these
assays may detect women who have an increased risk
of lesions  CIN 3 with greater speciﬁcity than PCR.
Among these, the United States Food and Drug Administration-approved Hybrid Capture 2 (HC2) system (Digene Corporation, Gaithersburg, MD) uses a
liquid hybridization format followed by signal ampliﬁcation to detect 13 hrHPV types (i.e., HPV-16, HPV18, HPV-31, HPV-33, HPV-35, HPV-39, HPV-45, HPV51, HPV-52, HPV-56, HPV-58, HPV-59, and HPV-68)
using an RNA cocktail probe with a sensitivity of approximately 100,000 viral copies per milliliter of a cervical sample suspension.18 The other system involves
a DNA in situ hybridization (ISH) assay (Ventana Medical Systems, Tucson, AZ) using a cocktail probe that
represents 13 hrHPV types (i.e., HPV-16, HPV-18,
HPV-31, HPV-33, HPV-35, HPV-45, HPV-51, HPV-52,
HPV-56, HPV-58, HPV-59, HPV-68, and HPV-70). HC2
and ISH share 12 common HPV types, with each
methodology also containing 1 unique type: HPV-39
(HC2) and HPV-70 (ISH). ISH has an analytic sensitivity of approximately 40 HPV copies per nucleus of a
given cell. Both methods can be applied to samples
collected for liquid cytology.
In this study, we tested the performance of the
HC2 and Ventana ISH assays on liquid-based samples
of cervical scrapings that, on the basis of general
primer (GP)-mediated GP5/6-PCR and subsequent
reverse line blot typing,19 were found to contain  1 of
the 12 hrHPV types represented in the probe cocktails
of both assays. The speciﬁc objectives of this study
were to determine 1) whether application of either or
both assays would increase the clinical speciﬁcity of
detecting prevalent lesions  CIN 3 without loosing
sensitivity and 2) whether ISH positivity of at least one
cell reﬂects an increased overall viral load in a cervical
sample.

Collection of Cervical Scrapings
A total of 115 cervical samples used for the purpose of
this study were collected from 115 women during a
3-month period in a routine gynecologic setting at the
Department of Obstetrics and Gynecology, VU University Medical Center. Indications for visiting a gynecologist included having an abnormal cervical smear in
the population-based screening program and monitoring after treatment for CIN 3. Of each sample, a
classic Pap smear was obtained for cytomorphologic
analysis using the CISOE-A classiﬁcation system,
which is used currently in the Netherlands.20 According to this system, smears are classiﬁed as normal,
borderline dysplasia, mild dysplasia, moderate dysplasia, severe dysplasia, suspected carcinoma in situ, or
suspected carcinoma. The brush with the remaining
material was placed in a container with 20 mL PreservCyt medium (Cytyc Corporation, Boxborough,
MA). This suspension was used to make a liquid-based
preparation on coated slides using a T2000 device
(Cytyc Corporation). Of the material left in the PreservCyt medium, 2 mL were centrifuged for 10 minutes at  10,000 g; and the pellet was resuspended in
500 L Tris-HCl, pH 7.4, for subsequent DNA extraction using the High Pure PCR Template Preparation kit
(Roche, Penzberg, Germany) for HPV PCR purposes. A
second 4-mL sample was prepared for HC2 analysis.
In patients who underwent a colposcopy-directed biopsy within 6 months after the cervical smear, the
histology data were correlated with HC2 and ISH results.
This study followed the local ethical guidelines of
the Institutional Review Board of the VU University
Medical Center, Amsterdam. Consent was obtained
from all patients after the nature of procedure had
been explained.
HPV Detection by GP5/6 PCR and Selection of
Samples
Extracted DNA was analyzed ﬁrst by -globin gene
PCR21 to determine whether it was suitable for HPV
PCR analysis. All 115 cervical samples were positive
according to -globin PCR and subsequently were
subjected to the GP5/6-PCR enzyme immunoassay
followed by reverse line blot typing, as described previously.19 Of 101 samples that were identiﬁed as
GP5/6-PCR positive, 86 samples contained, as a
single infection or as multiple infections,  1 of the 12
hrHPV types (i.e., HPV-16, HPV-18, HPV-31, HPV-33,
HPV-35, HPV-45, HPV-51, HPV-52, HPV-56, HPV-58,
HPV-59, and HPV-68) represented in the cocktail
probes of both the HC2 assay and the ISH assay. In 10
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for HPV (Ventana Medical Systems), as recommended
by the manufacturer. Brieﬂy, slides were incubated
ﬁrst with the HPV LBP high-risk probe and, subsequently, with a biotinylated antiﬂuorescein antibody
to bind the probe. The bound antibody was visualized
with an indirect biotin streptavidin system coupled to
alkaline phosphatase. Samples were scored positive in
the Ventana ISH assay when at least one cell in the
slide showed clear nuclear staining. Two individuals
independently scored slides. In four samples with discrepant ﬁndings, revision was performed by a third individual for deﬁnitive scoring. Liquid-based preparations of CaSki cells (containing  500 copies of HPV-16)
served as positive controls in all assays. CaSki cells also
were tested with the ISH negative control probe (Ventana Medical Systems). In addition, slides with SiHa cells
(containing 1–10 copies of HPV-16) were included in the
assays. CaSki cells were consistently ISH positive,
whereas SiHa cells did not stain in any of the assays.
CaSki cells did not stain after hybridization with the ISH
HPV negative probe.

samples, insufﬁcient residual material remained for
testing with HC2, leaving a total of 76 cervical samples
that were used ultimately in this study. The 76 samples
were from women with a mean age of 35 years (range,
19 – 63 years). These included 23 samples that were
classiﬁed as normal (mean age, 33 years; age range,
22–55 years), 14 samples that were classiﬁed as borderline dysplasia (mean age, 31 years; age range, 22–58
years), 14 samples that were classiﬁed as mild dysplasia (mean age, 40 years; age range, 19 – 63 years), 15
samples that were classiﬁed as moderate dysplasia
(mean age, 36 years; age range, 25–57 years), and 10
samples that were classiﬁed as severe dysplasia (mean
age, 37 years; age range, 25–54 years).

HC2
Sample material collected in PreservCyt medium was
made suitable for HC2 using a sample conversion kit
(Digene Corporation). In brief, 400 L of conversion
buffer were added to 4 mL of sample material, mixed
vigorously, and centrifuged at  3000 g for 15 minutes.
The pellet was resuspended in a mixture of 50 L
denaturation reagent containing indicator dye and
100 L specimen transfer medium (STM) and was
incubated for 15 minutes at 65 °C. The suspension was
mixed vigorously and incubated for another 30 minutes at 65 °C. Seventy-ﬁve microliters of the sample
suspension were used for HC2 testing with the hrHPV
cocktail probe speciﬁc for 13 hrHPV types (i.e., HPV16, HPV-18, HPV-31, HPV-33, HPV-35, HPV-39, HPV45, HPV-51, HPV-52, HPV-56, HPV-58, HPV-59, and
HPV-68) according to recommendations of the manufacturer.22 Positive controls containing 1 pg/mL of
cloned HPV-16 DNA and negative controls (provided
by the manufacturer) were included in each assay.
Positive controls tested positive throughout, whereas
negative controls were negative consistently in the
HC2 assay.
The results of the HC2 assay were expressed as
relative light units (RLU), representing the ratio between the emission from a sample to the average of
three positive controls. Samples with an RLU  1 were
scored HC2 positive. Moreover, RLU values, including
those from samples with values  1 RLU, were used to
assess the viral load.

Statistical Analysis
For a mutual comparison of the positive rates of the
HC2 assay and the ISH assay and their relation to
cytology and histology, a two-sided sign test for paired
scores was used. The positive rates of each test separately were compared using the chi-square test or the
Fisher exact test for small group sizes. For comparison
of the viral load between the different histopathologic
categories and between ISH positive versus ISH negative samples, the mean RLU values were compared
using the Mann–Whitney U test. P values  0.05 were
considered signiﬁcant for .

RESULTS

HPV GP5/6-PCR Typing
Fifty-three of 76 HPV GP5/6-PCR positive cervical
samples used in this study contained a single HPV
type, and 23 samples contained multiple HPV types.
The latter included 16 samples that also contained
HPV types that differed from the 12 hrHPV types that
the cocktail probes of the HC2 and ISH assays had in
common (Table 1).
Multiple infections were most common in normal
smears (35%), borderline dysplastic smears (36%), and
mild dysplastic smears (43%); and their frequency decreased to 13% and 20% in smears classiﬁed as moderate dysplasia and severe dysplasia, respectively (Table 1).
Among the 12 hrHPV types that were selected
speciﬁcally for this study, HPV-16 was most prevalent
and was found in 33 samples as single infection (n 
22 samples) or as multiple infections (n  11 samples).

ISH
Liquid-based preparations were subjected to ISH using the Ventana HPV lipopolysaccharide-binding protein (LBP) high-risk cocktail probe (speciﬁc for HPV16, HPV-18, HPVv31, HPV-33, HPV-35, HPV-45, HPV51, HPV-52, HPV-56, HPV-58, HPV-59, HPV-68, and
HPV-70), the automatic BenchMark device, and the
standardized BenchMark ISH View Blue Detection Kit
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TABLE 1
Distribution of Positive Hybrid Capture 2 and In Situ Hybridization in Relation to HPV Type and Cytology
Normal

Borderline dysplasia

Mild dysplasia

Moderate dysplasia

Severe dysplasia

HPV type

ISH

HC2

ISH

HC2

ISH

HC2

ISH

HC2

ISH

HC2

Total

16a
18a
31a
33a
35a
45a
51a
52a
56a
59a
6/16a
6/18a
6/31a
11/56a
16a/18a
16a/39
16a/51a
16a/52a
16a/56a
16a/70
16a/81
16a/82
16a/58a/59a/66
16a/31a/42/51a/52a/66
18a/31a
31a/33a
31a/42
31a/39/68a
35a/73
51a/56a/58a
52a/CP6108
56a/83a
40/58a
Total

1/5

5/5

1/2

2/2

3/4

4/4

6/7

7/7

3/4
0/1

4/4
1/1

1/1
0/1

1/1
1/1

1/1

1/1

2/2

1/1
1/1
1/1

2/2
1/1
1/1

2/2

0/1
1/1
0/1

2/2
0/1
1/1

0/1

1/1

1/1

1/1

0/2

2/2

0/1

1/1

1/1

1/1

1/1

1/1

1/1

1/1

1/1

1/1

7/10

10/10

22
1
4
4
2
4
3
2
10
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
—

2/2
1/1
0/1
1/4

2/2
1/1
1/1
4/4

0/1

1/1

0/1
1/1
1/1

1/1
1/1
1/1

0/1
1/1
0/1

1/1
1/3
0/1

1/1
2/3
1/1

1/1

1/1

1/1

1/1

1/1
1/1

0/1
1/1
1/1

1/1

1/1

0/1

1/1
1/1

1/1

1/1

10/23

22/23

8/14

1/1
1/1

1/1

14/14

0/1
1/1

1/1
1/1

1/1
9/14

1/1
13/14

1/1

1/1

12/15

15/15

HPV: human papillomavirus; ISH: in situ hybridization; : positive; HC2: Hybrid Capture 2
a
Human papillomavirus types that were included in both the Hybrid Capture 2 probe and the in situ hybridization probe cocktails.

cells per slide, but most positive samples exhibited
between 5 and 15 positive nuclei. Representative examples of ISH staining are shown in Figure 1. Women
who had any degree of dysplasia showed a higher ISH
positive rate (36 of 53 women; 68%) compared with
women who had normal smears (10 of 23 women;
43%; P  0.05). ISH positivity increased from 43% in
normal smears to 80% in moderately dysplastic
smears but declined to 70% in severely dysplastic
smears (Table 2, section A). However, the differences
in ISH positivity between the various cytologic categories were not statistically signiﬁcant.
Nondetection of HPV with the ISH assay was not
related speciﬁcally to the lack of certain HPV types as
probes or to a particular HPV type in the specimens.

This was followed by HPV-56 (n  14 samples);
HPV-31 (n  10 samples); HPV-33, HPV-51, and
HPV-52 (n  5 samples each); HPV-18 and HPV-45
(n  4 samples each); HPV-35 and HPV-58 (n  3
samples each); and HPV-59 and HPV-68 (n  1 sample
each) (Table 1).

HC2 and ISH in Relation to Cytology
Seventy-four of 76 samples (97%) were scored positive
by the HC2 assay. The two negative HC2 samples
included 1 normal sample that contained HPV-16 and
HPV-81 and 1 mildly dysplastic sample that contained
HPV-56 (Tables 1, 2A).
The ISH assay was positive in 46 samples (61%).
The number of positive cells varied from 1 to  100
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TABLE 2
Positive Hybrid Capture 2 and In Situ Hybridization Results in Relation to Cytology and Histology
No. of patients (%)

RLU HC2

Result

ISH

HC2

P valuea

Median

IQR

A. Cytology
Normal
Borderline dysplasia
Mild dysplasia
Moderate dysplasia
Severe dysplasia
Total

10/23 (43)
8/14 (57)
9/14 (64)
12/15 (80)
7/10 (70)
46/76 (61)

22/23 (96)
14/14 (100)
13/14 (93)
15/15 (100)
10/10 (100)
74/76 (97)

 0.01
0.03
0.22
0.25
0.25
 0.01

17
34
143
629
94
—

3–85
7–221
22–834
310–1068
24–480
—

B. Histology
No CIN
CIN 1
CIN 2
CIN 3/ACIS
Total

1/3 (33)
6/10 (60)
7/8 (88)
16/22 (73)
30/43 (70)

2/3 (67)
10/10 (100)
8/8 (100)
22/22 (100)
42/43 (98)

1.00
0.13
1.00
0.03
 0.01

3
101
447
346
—

1–5
22–430
70–933
83–825
—

ISH: positive in situ hybridization results; HC2: positive Hybrid Capture 2 results; RLU: relative light units; IQR: interquartile range; CIN 1–3: Grade 1–3 cervical intraepithelial neoplasia; ACIS: adenocarcinoma
in situ.
a
In situ hybridization compared with Hybrid Capture 2 using a two-sided binomial test for paired scores.

FIGURE 1. In situ hybridization staining of CaSki cells (A) and representative
examples of cervical smears with moderate dysplasia (B) and severe dysplasia:
(C) Overview. (D) Detail. Original magniﬁcation  1000 (A,B,D);  400 (C).

The samples that remained negative in the ISH assay
included smears containing single infections of
HPV-16 (n  8 smears), HPV-18 (n  1 smear), HPV-31
(n  2 smears), HPV-33 (n  2 smears), HPV-35 (n 
1 smear), HPV-45 (n  1 smear), HPV-51 (n  1
smear), HPV-52 (n  1 smear), HPV-56 (n  8 smears),
HP-V59 (n  1 smear), and several multiple infections.
HPV-56 was missed most often by ISH. ISH was neg-

ative in 8 of 10 scrapings that contained HPV-56 as a
single infection (Table 1).
Overall, the difference in the positivity rate between the HC2 assay and the ISH assay was statistically signiﬁcant (P  0.01). Although HC2 scored more
samples positive in all cytologic categories (Table 2,
section A), the difference in the positivity rate between
the methods was statistically signiﬁcant only for nor-
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TABLE 3
Proportion of Positive In Situ Hybridization and Hybrid Capture 2 Results in Relation to Cytology and Histology
No. of positive histology results (%)
No biopsy

No CIN

CIN 1

CIN 2

CIN 3/ACIS

Cytology results

ISH

HC2

ISH

HC2

ISH

HC2

ISH

HC2

ISH

HC2

Normal
Borderline dysplasia
Mild dysplasia
Moderate dysplasia
Severe dysplasia
Total

8/20 (40)
5/7 (71)
1/3 (33)
2/3 (67)
—
16/33 (48)

19/20 (95)
7/7 (100)
3/3 (100)
3/3 (100)
—
32/33 (97)

0/1 (0)
—
1/2 (50)
—
—
1/3 (33)

1/1 (100)
—
1/2 (50)
—
—
2/3 (67)

1/1 (100)
1/3 (33)
2/4 (50)
2/2 (100)
—
6/10 (60)

1/1 (100)
3/3 (100)
4/4 (100)
2/2 (100)
—
10/10 (100)

1/1 (100)
—
2/2 (100)
3/4 (75)
1/1 (100)
7/8 (88)

1/1 (100)
—
2/2 (100)
4/4 (100)
1/1 (100)
8/8 (100)

—
2/4 (50)
3/3 (100)
5/6 (83)
6/9 (67)
16/22 (73)

—
4/4 (100)
3/3 (100)
6/6 (100)
9/9 (100)
22/22 (100)

CIN: cervical intraepithelial neoplasia; CIN 1–3: Grade 1–3 CIN; ACIS: adenocarcinoma in situ.; ISH: positive in situ hybridization results; HC2: positive Hybrid Capture 2 results.

CIN 2. However, the HC2 assay scored signiﬁcantly
more samples positive in women with CIN 3 (P 
0.03). When women were subgrouped according to
histology into 2 categories (i.e.,  CIN 1 and  CIN 2),
differences in positivity rate between both assays appeared statistically signiﬁcant only for the category 
CIN 2 (P  0.02). Data on the ISH positive and HC2
positive results in relation to both cytology and histology are summarized in Table 3.

mal smears (P  0.01) and for borderline dysplastic
smears (P  0.03; Table 2, section A). However, when
smears were subgrouped into 3 categories (i.e., normal, borderline and mild dysplasia [BMD], and moderate and severe dysplasia [ BMD]), differences in
the positivity rate between both assays appeared statistically signiﬁcant for all categories (normal, P 
0.01; BMD, P  0.01;  BMD, P  0.03).

HC2 and ISH in Relation to Histology
Colposcopy-directed biopsies were undergone by 44
women, and 33 women did not undergo biopsy. Histopathologically, the biopsies comprised no CIN (n 
3 women; mean age, 44 years; age range, 37–52 years),
CIN 1 (n  11 women; mean age, 42 years; age range,
30 – 63 years), CIN 2 (n  8 women; mean age, 37
years; age range, 26 –57 years), and CIN 3/adenocarcinoma in situ (n  22 women; mean age, 36 years; age
range, 25–54 years).
The HC2 positivity rate was 67% (i.e., 2 of 3 samples) for women with no CIN and 100% for the 40
women with any CIN lesion (Table 2, section B). ISH
results were positive in 33% of women (1 of 3 samples)
without CIN and in 73% of women (29 of 40 samples)
with any CIN lesion. These differences were not statistically signiﬁcant, possibly due to the small sample
size. Among women with CIN, the ISH results were
positive in 60% of women with CIN 1, in 88% of
women with CIN 2, and in 73% of women with CIN 3;
again, these differences were not statistically signiﬁcant.
Overall, in women who underwent biopsy, the
HC2 positivity rate was signiﬁcantly higher compared
with the ISH positivity rate (P  0.01). After stratiﬁcation into the different histologic categories, no significant differences in the positivity rate between the two
assays were found for women with no CIN, CIN 1, and

HC2 Viral Load in Relation to Cytology, Histology, and
ISH Positivity
Considering the cytologic categories, HC2 viral load
levels were signiﬁcantly higher in women who had any
degree of dysplasia (median RLU, 182; interquartile
range [IQR], 21–726) compared with women who had
normal smears (median RLU, 17; IQR, 3– 85; P  0.01).
Among women with dysplasia, the highest viral load
levels were found in those with moderate dysplasia
(median RLU, 629; IQR, 310 –1068) (Table 2, section A).
These levels, however, did not differ signiﬁcantly from
those in mildly dysplastic samples (median RLU, 143;
IQR, 22– 834) and severely dysplastic samples (median
RLU, 94; IQR, 24 – 480) but were signiﬁcantly higher
compared with the viral load in normal and borderline
dysplastic smears (borderline: median RLU, 34; IQR,
7–221; P  0.01). After stratiﬁcation of samples into
normal, BMD, and  BMD, the viral load levels appeared signiﬁcantly higher in  BMD smears (n  25
smears; median RLU, 321; IQR, 94 –985) compared
with BMD smears (n  28 smears; median RLU, 80;
IQR, 10 – 654) and normal smears (n  23 smears;
median RLU, 17; IQR 3– 85; P  0.01). There were no
meaningful differences in these values when only
smears that contained single infections were included
in the analysis.
With respect to histology, women who had CIN
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out and without CIN when the cut-off point of 1
pg/mL was used. Consequently, when using this cutoff point, the HC2 assay is unlikely to increase markedly the clinical speciﬁcity of lesions  CIN 3 compared with GP5/6-PCR. However, HC2 viral load
levels were signiﬁcantly higher in women who had
cytologic and/or histologic abnormalities compared
with their normal counterparts. Moreover, the viral
load was signiﬁcantly higher in  BMD smears compared with  BMD smears and in smears from women
that revealed  CIN 2 compared with smears that
revealed  CIN 1. These values did not alter substantially after an analysis of samples with single infections
only, indicating that these differences were not due to
potential differences in the frequency of multiple HPV
infections or bias due to a cumulative level of viral
loads in samples that were infected by multiple HPV
types.
The data collected are in line with the concept that
increased viral loads are associated with an increased
chance of CIN, with a sustained high load or even an
increased load implying an increased risk of progression
to high-grade CIN or cervical carcinoma.23 Whether a
low viral load in women with CIN is predictive of future
viral clearance and regression of the lesion could not be
addressed in this cross-sectional study, which lacked
follow-up.
The HC2 viral load data collected in this study
were in line with data from recent studies17,24 showing
that viral load analysis, to a certain degree, can differentiate women with normal histology or cytology from
women with any level of cytologic or histologic abnormality, respectively. However, compared with those
studies, median viral load levels tended to be higher in
our study, in line with the ﬁnding that HC2 with the 1
pg/mL cut-off point was positive for almost all GP5/
6-PCR positive samples. This seems to contradict
ﬁndings by others showing that PCR-based methods
score more samples positive than HC2.17 However, it
is worth noting that this study involved a selected
group of women who visited a gynecologic outpatient
clinic, and data collected from this hospital population cannot be extrapolated simply to a normal
screening population. In addition, due to the conversion protocol for samples collected in PreservCyt Solution, as used in this study, an approximately twofold concentrated sample was tested ultimately in the
HC2 compared with samples that would have been
collected in 1 mL STM. Therefore, the sensitivity of
this assay may have been slightly higher than that in
samples collected in STM.
A potential differential effect of viral load by different HPV types, as reported by others,16,17 could not
be addressed in this study because of the small sample

(n  40) had higher viral loads (median RLU, 301; IQR,
55–771) (Table 2B) compared with women who did
not have CIN (n  3 samples; median RLU, 3; IQR, 1–5;
P  0.01). Among women with CIN lesions, the median RLU values were 101 (IQR, 22– 430) for CIN 1, 447
(IQR, 70 –933) for CIN 2, and 346 (IQR, 83– 825) for CIN
3, with none of these values differing signiﬁcantly.
After the categorization of women into groups with 
CIN 1 and  CIN 2, median viral load levels appeared
signiﬁcantly higher in samples from women who
had  CIN 2 (median RLU, 346; IQR, 83– 825) compared with women who had  CIN 1 (RLU, 28; IQR,
7–235; P  0.04).
Moreover, the HC2 viral load was signiﬁcantly
higher in ISH positive samples (n  46 samples; median RLU, 346; IQR, 87–970) compared with ISH negative samples (n  30 samples; median RLU, 10; IQR,
4 –143; P  0.01). In addition, when only samples with
single infections were taken into account, the viral
load remained signiﬁcantly higher in ISH positive
samples (RLU, 373; 95% conﬁdence interval, 138 –502)
compared with ISH negative samples (RLU, 8; 95%
conﬁdence interval, 9 – 69; P  0.01).

DISCUSSION
In this study, two commercially available hrHPV detection methods were applied to liquid-based samples
of 76 cervical scrapings that were positive for  1 of 12
hrHPV types according to GP5/6-PCR analysis.
HC2 scored signiﬁcantly more samples positive compared with ISH and, compared with PCR, only two
samples were HC2 negative, and neither of those two
women had CIN. This difference in the positivity rate
can be explained at least in part by the fact that HC2
is a signal-ampliﬁcation technology, whereas the ISH
test does not use an ampliﬁcation step.
We found that ISH positivity was correlated
strongly with increased HC2 viral loads and, consequently, reﬂected an overall increased viral load in a
cervical sample. Given the relation between viral load
and CIN disease, it may be assumed that this method
allows differentiation between women with and without CIN disease. However, the ISH assay missed a
substantial subset of women (i.e., 23%; 7 of 30 samples) with high-grade CIN lesions, indicating that its
analytic sensitivity of  40 HPV copies per cell is too
low for use in clinical practice or cervical cancer
screening programs. Whether an increase in sensitivity of this method would result in a better performance in terms of clinical sensitivity and speciﬁcity
remains a subject for future studies.
In this series of samples, the HC2 assay could not
differentiate between women with normal cytology
and women with dysplasia or between women with-

40

18

CANCER (CANCER CYTOPATHOLOGY) February 25, 2004 /Chapter
Volume 1022/ Number 1

numbers. Finally, it is noteworthy that no deﬁnitive
conclusions can be drawn about the clinical sensitivity
and speciﬁcity of HC2 and ISH compared with PCR,
because the study involved a selected group that did
not include GP5/6-PCR negative samples or samples that contained HPV types that differed from the
set studied here.
The current data suggest that not HC2 positivity,
per sé, but an increased HC2 viral load is associated
with an increased chance of underlying, high-grade
CIN disease in women who have positive hrHPV
GP5/6-PCR results. Moreover, although positive
ISH results are linked tightly to increased viral loads in
cervical samples, the sensitivity of ISH is too low to
detect all women with high-grade CIN disease.
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liquid handling, plate handling, incubation, shaking, and washing via software specifically designed to run the hc2 assay.
Another clinically validated hrHPV detection assay involves
the hrHPV GP5�/6� PCR-EIA, which tests for 14 hrHPV
types in one assay in which PCR products are ultimately hybridized to a mixture of specific oligonucleotides. The application of the GP5�/6� PCR-EIA assay on crude extracts has
an analytical sensitivity which is estimated to be in the range of
about 1,000 HPV copies per cervical scrape, with variations of
about 10-fold, depending on the HPV type (24, 27). This assay
has the advantage that direct genotyping is possible on the
hrHPV-specific PCR products by reverse line blot analysis
(27). Both hc2 and GP5�/6� PCR show good to excellent
interlaboratory reproducibility (8, 14). Despite their good clinical performances in terms of sensitivity and specificity in detecting cervical intraepithelial neoplasia grade 3 lesions or cervical cancer (�CIN3) (5, 17, 20–22), the two methods have not
been directly compared in large population-based studies. This
is of particular importance, since there is now compelling evidence that there exists a differential risk posed by the different
hrHPV types for cervical cancer (1, 4, 15). These findings ask
for HPV typing as a follow-up test to distinguish those hrHPVpositive women that would benefit from more aggressive management on the basis of the HPV type present. Therefore,
when hrHPV testing would be implemented in screening pro-

Nowadays, the role of a persistent infection with high-risk
human papillomavirus (hrHPV) in the development of cervical
cancer is undisputed (2, 18, 29). As a result, multiple studies
have investigated the value of adding an hrHPV DNA test to
the classical Pap smear to improve the efficacy of cervical
cancer screening programs, the triage of women with ambiguous or borderline cervical smears, and the monitoring of
women after treatment for high-grade cervical intraepithelial
neoplasia (CIN) (5, 10, 30, 31).
However, only a limited number of assays that detect DNA
of hrHPV types as a pool have proven to be of clinical value in
longitudinal studies involving large cohorts of women. One of
these involves the commercially available, FDA-approved hybrid capture 2 (hc2) test. This assay is based on the hybridization of target DNA with a cocktail of full-length RNA probes
of 13 hrHPV types, which has an analytical sensitivity of about
450,000 human papillomavirus (HPV) copies per cervical
scrape suspension (26). Digene recently introduced a rapid
capture system (RCS) allowing high-throughput hc2 testing for
population screening in an automated format. The hc2-RCS is
a programmable 96-well microplate processor that integrates
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In this cross-sectional study, clinical performances of the hybrid capture 2 assay using an automated
instrument (i.e., rapid capture system) (hc2-RCS) and the high-risk human papillomavirus GP5�/6� PCRenzyme immunoassay (EIA) test were compared using cervical scrape specimens from 8,132 women that
participated in a population-based screening trial. The hc2-RCS test scored significantly more samples positive
(6.8%) than the GP5�/6� PCR-EIA (4.8%) (P < 0.0005). This could be attributed largely to a higher positivity
rate by the hc2-RCS test for women with cytologically normal, borderline, or mild dyskaryosis. A receiver
operator characteristics analysis of the semiquantitative hc2-RCS results in relation to different cytology
categories revealed that these differences are owing to differences in assay thresholds. For women classified as
having moderate dyskaryosis or worse who also had underlying histologically confirmed cervical intraepithelial
neoplasia grade 3 or cervical cancer (>CIN3), the hc2-RCS scored 97% (31/32) of samples positive, versus 91%
(29/32) by GP5�/6� PCR-EIA. However, this difference was not significant (P � 0.25). After increasing the
hc2-RCS cutoff from 1.0 to 2.0 relative light units/cutoff value of the HPV16 calibrator (RLU/CO), no additional
CIN3 lesions were missed by hc2-RCS, but the number of test-positive women with normal, borderline, or mild
dyskaryosis was significantly decreased (P < 0.0005). However, at this RLU/CO, the difference in test positivity
between hc2-RCS and the GP5�/6� PCR-EIA was still significant (P � 0.02). The use of an RLU/CO value of
3.0 revealed no significant difference between hc2-RCS and GP5�/6� PCR-EIA results, and equal numbers of
smears classified as >CIN3 (i.e., 29/32) were detected by both methods. In summary, both assays perform very
well for the detection of >CIN3 in a population-based cervical screening setting. However, adjustment of the
hc2-RCS threshold to an RLU/CO value of 2.0 or 3.0 seems to produce an improved balance between the
clinical sensitivity and specificity for >CIN3 in population-based cervical screening.
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grams, the advantages of the hc2-RCS (i.e., high-throughput
and automated handling) and GP5�/6 PCR (i.e., easy genotyping) assays could be combined in a combination test in
which hc2-RCS is applied first and then GP5�/6� PCR genotyping as a reflex test on hc2-RCS-positive samples.
This cross-sectional study involved a two-way comparison of
the hc2-RCS and GP5�/6� PCR hrHPV test on cervical
scrapings in relation to the cytological results and histological
outcome, the latter for women referred for colposcopy because
of a cytology reading of moderate dyskaryosis or worse. To that
end, cervical scrape specimens from 8,132 women that participated in an extension of a population-based screening (i.e.,
POBASCAM [5]) trial were analyzed by both methods. To
ultimately explain discrepant test results between hc2-RCS and
GP5�/6� PCR, a further comprehensive analysis was performed involving possible PCR inhibition and viral parameters, such as viral type distribution and viral load.
Although the hc2-RCS test showed an overall higher positivity rate than the GP5�/6� PCR-EIA, particularly cervical
scrape specimens classified as normal, borderline, or mild dyskaryosis, adjustment of the hc2 cutoff point resulted in similar
positivity rates for both methods. These results suggest that the
clinical performances (i.e., clinical sensitivity and specificity for
�CIN3) of both methods can be compatible, which is of importance when viral typing by GP5�/6� PCR is envisaged as a
follow-up test for hc2-RCS-positive women.
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TABLE 1. GP5�/6� PCR and hc2-RCS test results
No. of specimens tested
by GP5�/6� PCR

hc2-RCS
assay
result

Positive

Negative

Positive
Negative

358
35

197
7,542

555
7,577

Total

393

7,739

8,132

Total no. of
specimens

MATERIALS AND METHODS
Study population, collection of cervical samples, and cervical cytology. The
study, initiated as an extension of the POBASCAM (population-based cervical
screening trial Amsterdam) (5), started in April 2003, and the intake finished in
April 2004. Women were recruited from the national screening program via the 242
general practitioners participating in the POBASCAM trial (5). POBASCAM was
initiated to compare the efficacy of hrHPV testing in conjunction with cytology to
that of sole classical cytology. The two-armed trial was carried out within the
setting of the regular Dutch nationwide cervical screening program, in which
women between 30 and 60 years old are invited with screening intervals of 5
years. Further details about POBASCAM have been described previously (5).
Informed consent was obtained from all participating women. For this study, we
collected scrape specimens from 10,051 women participating in an extension of
the POBASCAM trial. We excluded women who had a history of abnormal
cytology or CIN disease within the preceding 2 years. As a consequence, of the
10,051 women recruited, 8,132 were ultimately enrolled.
Cervical smears were taken using a Cervex brush or a cytobrush. After a
conventional smear was made for cytological examination, the brush was placed
in a vial containing 5 ml universal collection medium (UCM) (Digene Corporation) for hrHPV testing. Upon arrival in the testing laboratory, cervical samples
were concentrated to 1 ml UCM by centrifugation of vials for 10 min at 4,000 �
g, and 4 ml UCM supernatant was discarded. The pellet was resuspended in 1 ml
UCM and stored at �80°C until use.
Cytomorphological analysis was performed according to the CISOE-A classification, which can be translated easily to the Bethesda 2001 classification (3).
Briefly, smears were classified as inadequate, normal, borderline dyskaryosis,
mild dyskaryosis, moderate dyskaryosis, severe dyskaryosis, suspected of carcinoma in situ, or suspected of invasive cancer. In the Bethesda classification, 2001
borderline/mild dyskaryosis equals ASC-US/ASC-H/LSIL, and moderate and
severe dyskaryosis and suspected of carcinoma in situ are equal to high-grade
squamous intraepithelial lesion (3, 25).
Women with cervical smears classified as moderate dyskaryosis or worse (highgrade squamous intraepithelial lesion according to the Bethesda classification)
were immediately referred to the gynecologist for colposcopy-directed biopsy,
and histological data for these women were used in this study. Biopsies were
histologically classified as no CIN, CIN 1, 2, or 3, or cervical carcinoma. Histological follow-up data were retrieved from the Nationwide Pathology register.
Hc2-RCS. Hc2 was performed using the High-Risk HPV DNA test executed
on the RCS. This test detects 13 hrHPV types (i.e., HPV16, -18, -31, -33, -35, -39,

RESULTS
Hc2-RCS and GP5�/6� PCR test results in relation to
cytology. A total of 8,132 cervical scrape specimens were analyzed by two hrHPV detection methods, i.e., hc2-RCS and
GP5�/6� PCR-EIA. The hc2-RCS test scored 555 (6.8%)
samples positive overall, whereas the GP5�/6� PCR assay
revealed positivity for 393 (4.8%) samples (Table 1). The two
tests gave concordant test results for 358 positive and 7,542
negative samples, with a good overall level of agreement
(kappa � 0.74). A total of 232 samples had discrepant test
results between hc2-RCS and the GP5�/6� PCR assay. The
number of hc2-RCS positive but GP5�/6� PCR-negative samples (n � 197) was significantly higher than the number of
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-45, -51, -52, -56, -58, -59, and -68). For hc2-RCS testing, 500 �l of UCM sample
was mixed with 75 �l of guanidine-hydrochloride (8 M) and 250 �l denaturation
reagent with indicator dye, briefly shaken, and denaturated for 45 min at 65°C.
The samples were further processed on the RCS according to the recommendations of the manufacturer (Digene Corporation). Ultimately, of each denaturated sample, 75 �l was used for testing. Samples with relative light unit per
cutoff value (RLU/CO) of �1 were initially scored hc2 positive.
HPV PCR testing. Sample material was prepared for GP5�/6� PCR testing as
follows: 150 �l UCM sample material was centrifuged for 10 min at 4,000 � g,
and the pellet was resuspended in 1 ml Tris-HCl (pH 8.0). DNA was released
after “freezing and boiling” of this 1-ml sample, and subsequently, 10 �l of this
sample material was used as input in the PCR. The GP5�/6� PCR and subsequent EIA readout system using a probe cocktail of 14 h-HPV types (i.e.,
HPV16, -18, -31, -33, -35, -39, -45, -51, -52, -56, -58, -59, -66, and -68) were
performed essentially as described previously (27). The cutoff value of the
GP5�/6� PCR-EIA was calculated as three times the average EIA value of four
negative blanks that are included in each PCR run. Reverse line blot was used to
genotype HPV-positive samples, which can detect up to 27 additional HPV types
besides the above-mentioned 14 hrHPV types (27).
Type-specific HPV E7 PCR was performed as described previously (29) for the
following types: HPV16, -18, -31, -33, -35, -39, -45, -51, -52, -56, -58, -59, -66,
and -68.
HPV 16 DNA load assessment. Quantification of HPV16 type-specific DNA
load and the amount of cells in a scrape sample was performed by real-time PCR
using the LightCycler instrument (13, 23). Viral load assessment was performed
on a subset of samples that were GP5�/6� PCR positive for HPV16 that
revealed either a hc2-RCS negative (n � 11) or hc2-RCS positive (n � 12) test
result.
Statistics. For comparison of the positivity rates of hc2-RCS and GP5�/6�
PCR and their relation to cytologic and histologic parameters, the McNemar test
was used. The agreement was determined using the kappa value. To determine
whether differences in performance of hc2-RCS and GP5�/6� PCR can be
attributed to assay threshold differences, the receiver operator characteristics
curve (i.e., ROC curve) was computed for the semiquantitative hc2-RCS using
moderate dyskaryosis or worse as the outcome measure. All HPV16 load values
obtained by real-time PCR were log normalized. For baseline parameters, we
computed median and range to describe the variety in the measurements. Oneway analysis-of-variance (ANOVA) analysis was used to compare the mean
HPV16 and �-globin loads between the hc2-negative and the hc2-positive
groups. P values of 0.05 or less were considered statistically significant. All
analyses were performed using SPSS 11.5 software.
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TABLE 2. GP5�/6� PCR and hc2-RCS results in relation to cytology
No. of specimensa

Total no. of
specimens

P value b

190

7,977

�0.0005

1

4

60

34

194

8,037

Cytology result

Positive by GP and
hc2-RCS

Negative by GP and
hc2-RCS

Positive by GP but negative
by hc2-RCS

Negative by GP by positive
by hc2-RCS

Normal, borderline, or
mild dyskaryosis
Moderate dyskaryosis
or worse

301

7,453

33

52

3

Total

353

7,456

a
b

0.38
�0.0005

GP, GP5�/6� PCR.
McNemar statistics.

TABLE 3. GP5�/6� PCR and hc2-RCS results in
relation to histology a

FIG. 1. ROC curve for hc2-RCS using the cytology threshold of
moderate dyskaryosis or worse. Positivity rates of hc2-RCS for smears
representing moderate dyskaryosis or worse were plotted versus “1 �
negativity rate” of the hc2-RCS test for normal, borderline, or mild
dyskaryosis for increasing threshold values of the hc2-RCS test. The
area under the curve was 0.976. The “x” indicates the hc2-RCS threshold value of 1.0 RLU/CO. The “o” marks the point for the GP5�/6�
PCR-EIA positivity and negativity values (i.e., 88.3% and 95.8%, respectively), which equals an hc2-RCS threshold value of 3.2 RLU/CO.

Intake (nb)

No. (%) of
GP5�/6� PCR-positive
specimens

No. (%) of
hc2-RCS-positive
specimens

P valuec

No CIN (2)
CIN 1 (1)
CIN 2 (13)
CIN 3 (32)

1 (50)
1 (100)
12 (92)
29 (91)

1 (50)
1 (100)
12 (92)
31 (97)

—d
—
1.00
0.25

Total (48)

43 (90)

45 (94)

0.73

a

Mean time between cytology and biopsy: 2.1 months (range, 0 to 8 months).
n, number of samples.
McNemar.
d
—, no discrepant cases; not possible to determine P value.
b
c
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hc2-RCS RLU/CO values were used to plot positivity rates for
moderate dyskaryosis or worse and negativity rates for normal,
borderline, or mild dyskaryosis in an ROC curve, and these
rates were compared to that of the GP5�/6� PCR (Fig. 1). An
increase of the hc2-RCS threshold to 3.2 RLU/CO resulted in
positivity and negativity rates similar to those of the GP5�/6�
PCR. This value did not differ meaningfully when different
cytological categories (i.e., normal cytology versus borderline
dyskaryosis or worse and normal or borderline dyskaryosis
versus mild dyskaryosis or worse) were used for ROC analysis
(data not shown).
Hc2-RCS and GP5�/6� PCR test results in relation to
histology. In this cross-sectional study, histologic data could be
collected only from women with moderate dyskaryosis or
worse, since these women were directly referred for colposcopy. Data from colposcopy-directed biopsy were available
from 48 women, 46 of whom had an underlying CIN lesion.
The latter comprised 1 CIN1 lesion, 13 CIN2 lesions, and 32
CIN3 lesions. The mean time interval between cytological diagnosis and biopsy was 2.1 months (range, 0 to 8 months).
GP5�/6� PCR-EIA and hc2-RCS positivity rates in relation
to histology are summarized in Table 3. Hc2-RCS scored 31 of
32 �CIN3 cases positive and GP5�/6� PCR two fewer cases,
resulting in sensitivities for �CIN3 of 97% (95% confidence
interval, 93.8 to 100%) and 91% (95% confidence interval, 85.1
to 95.8), respectively. However, this difference was not statistically significant (P � 0.25).
When the hc2-RCS threshold value was arbitrarily increased
to 2.0 RLU/CO, the number of positive scrape specimens for
women with �CIN3 remained the same as at 1.0 RLU/CO,

hc2-RCS negative, GP5�/6� PCR-positive samples (n � 35;
McNemar P � 0.0005).
To compare the clinical value of the hc2-RCS and GP5�/6�
PCR assays, their results were first related to the cytomorphologic findings. The 8,132 smears comprised 95 (1.2%) samples classified as inadequate, 7,841 (96.4%) as normal, 116
(1.4%) as borderline dyskaryosis, 20 (0.2%) as mild dyskaryosis, 28 (0.3%) as moderate dyskaryosis, 22 (0.3%) as severe
dyskaryosis, and 10 (0.1%) suspected of carcinoma in situ. For
further analysis, the adequate smears were categorized into
two groups, i.e., normal, borderline, or mild dyskaryosis and
moderate dyskaryosis or worse. Hc2-RCS and GP5�/6� PCR
test results in relation to these cytologic categories are given in
Table 2. Only in women with normal, borderline, or mild dyskaryosis, the hc2-RCS positivity rate was significantly higher
than that of the GP5�/6� PCR (McNemar, normal, borderline, or mild dyskaryosis, P � 0.0005; moderate dyskaryosis or
worse, P � 0.38). The semiquantitative nature of the hc2-RCS
assay allowed further exploration of whether these differences
in performance of the hc2-RCS and GP5�/6� PCR tests can
be explained by differences in assay thresholds. Therefore, the

Chapter
3
COMPARISON

VOL. 44, 2006

TABLE 4. Positivity rates of GP5�/6� PCR and hc2-RCS at
different RLU/CO thresholds in relation to cytology and
histologically confirmed �CIN3

GP5�/6� PCR-EIA
Hc2-RCS
RLU/CO 1.0
RLU/CO 2.0
RLU/CO 3.0

Normal,
borderline,
or mild
dyskaryosis

Moderate
dyskaryosis
or worse

�CIN3

340 (4.3)

54 (90)

29 (91)

b

499 (6.3)
371 (4.7)c
333 (4.2)d

e

56 (93)
56 (93)e
54 (90)e
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TABLE 5. Potential cross-reactivities of the hc2-RCS probe
with other HPV types
HPV type(s)

No. (%) of specimens from women with a:
Assay

OF hc2 ASSAY and GP5�/6� PCR METHOD

No. of specimens
containing type

30....................................................................................................
42....................................................................................................
53....................................................................................................
53, 67 .............................................................................................
54, 70, 81, LRa ..............................................................................
67....................................................................................................
70....................................................................................................
70, 39 .............................................................................................
72....................................................................................................
82....................................................................................................
LRa .................................................................................................

31 (97)e
31 (97)e
29 (91)e

a
For normal, borderline, or mild dyskaryosis, n � 7,977; for moderate dyskaryosis or worse, n � 60; for �CIN3, n � 32.
b
P � 0.0005 compared to positivity rate of GP5�/6� PCR (McNemar).
c
P � 0.02 compared to positivity rate of GP5�/6� PCR (McNemar); P �
0.0005 compared to positivity rate at RLU/CO 1.0 (McNemar).
d
No significant difference in positivity rate compared to that of GP5�/6�
PCR (McNemar, P � 0.76); P � 0.0005 compared to positivity rate at RLU/CO
1.0 (McNemar).
e
No significant difference in positivity rate compared to that of GP5�/6�
PCR (McNemar).

3
3
6
1
1
6
7
1
1
5
1

Total...............................................................................................35
a

LR, low-risk HPV, not further specified.

whereas a significant reduction in test positivity was obtained
for women with normal, borderline, or mild dyskaryosis (i.e.,
4.7% versus 6.3% at 1.0 RLU/CO; McNemar P � 0.0005)
(Table 4). Nevertheless, at an RLU/CO value of 2.0, hc2-RCS
positivity among women with normal, borderline, or mild dyskaryosis was still significantly higher than that with GP5�/6�
PCR (McNemar, P � 0.02). With use of an RLU/CO value of
3.0, the hc2-RCS positivity rate for women with normal, borderline, or mild dyskaryosis was no longer significantly different from that of the GP5�/6� PCR (4.2% versus 4.3%; McNemar P � 0.76), while both tests scored the same number of
women with �CIN3 positive.
Analysis of hc2-RCS positive, GP5�/6� PCR-negative samples. It is unlikely that the extra positivity scored by hc2-RCS
with smears read as normal, borderline, or mild dyskaryosis is
owing to low copy numbers of hrHPV that fall below the
detection limit of the PCR assay, since the analytical sensitivity
of the GP5�/6� PCR is higher than that of hc2-RCS. To
support this notion, we determined the HPV16 load by realtime PCR for 23 samples harboring a single HPV16 infection
as determined by GP5�/6� PCR followed by reverse line blot
genotyping. One subset of these samples had tested negative
with the hc2-RCS test (n � 11), and the other subset had tested
positive with the hc2-RCS test (n � 12). Indeed, the HPV16
DNA load in the hc2-RCS negative group (median, 1.0 � 105;
range, 1.3 � 104 to 1.5 � 106 copies/scrape specimen) was
significantly lower (ANOVA, P � 0.0005) than the HPV16
load in the hc2-RCS positive group (median, 4.9 � 106; range,
1.0 � 106 to 8.7 � 107 copies/scrape specimen). These numbers
were not influenced after stratification for cytology.
To further explain the occurrence of hc2-RCS-positive,
GP5�/6� PCR-negative cases, we addressed the influence of
other potential possibilities: (i) false-negative GP5�/6� PCR
result owing to (a) inadequate crude samples for PCR due to
the presence of PCR inhibitors or (b) viral integration events
disrupting the GP5�/6� PCR primer binding region in L1; (ii)
false-positive hc2-RCS results owing to cross-reactivity of the
hc2-RCS with other HPV types.
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In order to address the first possibility, all 197 GP5�/6�
PCR-EIA negative, hc2-RCS-positive samples were retested
by �-globin PCR. Only 11 (5.6%) of these samples tested
negative and therefore can be considered invalid for PCR. Of
the three CIN3 cases that tested negative by GP5�/6� PCR,
one case, which was also negative by hc2-RCS, was inadequate
for PCR testing on the crude extract due to inhibition of the
PCR. This sample, however, revealed HPV16 positivity by
GP5�/6� PCR after DNA extraction.
To determine possible integration of the HPV genome in
the GP5�/6� primer region, type-specific E7 PCR was performed on the crude extracts of the other two GP5�/6� PCRnegative �CIN3 cases that were hc2-RCS positive. Both tested
positive by E7 PCR and are likely to contain integrated virus
with disrupted L1. These included one case containing HPV16
and one case with HPV18.
Of the remaining 186 samples that were �-globin PCR positive, the GP5�/6� PCR was repeated, and PCR products
were subjected to overall HPV typing by reverse line blotting
to determine the level of cross-reactivity of the hc2-RCS test.
A total of 35 (17.8%) samples were found to contain HPV
types not present in the hc2-RCS probe (Table 5). Most of
these cases fell in the category of normal cytology. The level of
cross-reactivity of GP5�/6� PCR could not be determined in
this study, since hc2-RCS is unable to determine the HPV
genotype of an infection.
Analysis of GP5�/6� PCR-positive, hc2-RCS-negative samples. Of the 35 GP5�/6� PCR-positive, hc2-RCS-negative
samples, 32 (91%) harbored an HPV type that is present in the
hc2-RCS probe (Table 6). HPV types that were most often
missed by hc2-RCS were HPV16, HPV45, HPV56, and
HPV31. Most of these cases (28/32) were cytologically normal
or borderline dyskaryotic.
In the 23 samples used for HPV 16 load analysis by real-time
PCR (as detailed above), we also determined the amount of
cells per scrape by �-globin gene real-time PCR. Interestingly,
the amount of cells per scrape in the hc2-RCS positive smears
(median, 4.0 � 106; range, 2.8 � 105 to 2.3 � 107 cells/scrape)
was significantly higher than that found in the hc2-RCS negative group (median, 1.2 � 106; range, 1.5 � 105 to 8.6 � 106
cells/scrape; ANOVA, P � 0.04). The smaller amount of DNA
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No. of
specimens
containing type

16......................................................................................................
16, 31 ...............................................................................................
18......................................................................................................
31......................................................................................................
33......................................................................................................
35......................................................................................................
45......................................................................................................
52......................................................................................................
56......................................................................................................
56, 66, 73 .........................................................................................
58......................................................................................................

8
1
2
4
2
1
7
1
4
1
1

Total.................................................................................................32

in these smears may have contributed to the negative test
results of the hc2-RCS. However, clinical follow-up data need
to be gathered before conclusions can be made as to what
extent these cases reflect clinically relevant infections.
DISCUSSION
In this study we compared the performances of the hc2-RCS
test and the hrHPV GP5�/6� PCR-EIA in relation to cytologic and histologic parameters of women participating in a
population-based screening trial. The overall agreement between both tests was good and was comparable to that found
by Kulmala et al. (2004) between the manual hc2 and
GP5�/6� PCR assays (i.e., kappa 0.67) (16).
Differences in performances of hc2-RCS and GP5�/6�
PCR could mainly be explained by differences in assay thresholds. Still, the higher positivity rate of the hc2-RCS at an
RLU/CO value of 1.0 compared to that of the GP5�/6� PCR
in our study is somewhat surprising, given the lower analytical
sensitivity of the hc2 assay. The latter was supported by higher
viral load values in HPV16 PCR-positive samples that were
also hc2/RCS positive than in those that were hc2-RCS negative. However, we collected evidence that part of the hc2-RCS
positivity in GP5�/6� PCR-negative samples can be attributed to some cross-reactivity of the hc2-RCS assay with HPV
types that are not covered by the probes of the hc2-RCS test.
Similar results have been obtained in other studies (6, 12). A
much smaller proportion of hc2-RCS-positive/GP5�/6� PCRnegative samples could be explained by PCR failures due to
PCR inhibitors in the crude extracts, while the presence of
integrated viral DNA with a disrupted GP5�/6� region is
likely to be a rare event that only occasionally may occur in
high-grade lesions. A major part of hc2-RCS-positive/
GP5�/6� PCR-negative test results, which mainly involved
scrapings from women with normal, borderline, or mild dyskaryosis and weakly positive hc2/RCS values, is likely to reflect
a certain level of background noise when the hc2-RCS assay is
applied at an RLU/CO value of 1.0. However, our data indicate that a more optimal signal-to-noise ratio of the hc2-RCS
method can be obtained by adjusting the threshold of this assay
to levels at which the results of this test better match those of
GP5�/6� PCR. Moreover, since an interlaboratory reproduc-
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ibility evaluation by Castle et al. (2004) revealed that the reproducibility of an hc2-positive test is lowest for women with
normal cytology, particularly those with RLU/CO values between 1 and 3, adjustment of the hc2 thresholds is likely to also
increase the reproducibility of the assay (8).
Our results seem to contradict the findings of Kulmala et al.
(2004), who detected a higher positivity rate with GP5�/6�
PCR than with the manual hc2 assay (i.e., 33.8% and 27.9%,
respectively). This difference may be explained by the fact that
their study population generally involved younger women displaying a much higher HPV prevalence rate that may have
masked the potential hc2 noise. On the other hand, the overall
hc2-RCS positivity rate (i.e., 6.8%) in our study is in the same
range as that obtained with the manual hc2 in the HART study
(i.e., 7.6%), which involved women of a population-based
screening cohort with a similar age distribution (10).
In this study a threshold of 2.0 RLU/CO for the hc2-RCS
test would result in an increased clinical specificity for women
with �CIN3, while no additional lesions �CIN3 were missed.
Therefore, in case the hc2 is used as a primary screening tool,
we, like others (7, 10), feel that the assay threshold easily can
be increased to 2.0 RLU/CO, since this would result in a higher
specificity, thereby minimizing the unnecessary follow-up of
women with transient infection. Alternatively, when genotyping by GP5�/6� PCR is envisaged as a reflex test for hc2RCS-positive women without cytological abnormalities, adaptation of the hc2-RCS cutoff is less crucial, since in that
scenario, the cutoff of the GP5�/6� PCR assay would be
decisive for further management. Still, it should be realized
that definitive figures about clinical sensitivity and specificity
for �CIN3 (24) and consequently the clinically most informative RLU/CO threshold can be calculated only when all follow-up information on women with normal, borderline, or mild
dyskaryosis has been gathered.
Conversely, Ordi et al. (19) advocated the use of 1.0 RLU/
CO, since their data showed that increasing the cutoff level
would not lead to an increase in specificity. However, the
women in their study were selected on the basis of cytological
abnormality (ASC-US or worse). For such a high-risk population, specificity is rather low regardless of which cutoff level is
used. We even feel that in case the hc2-RCS cutoff is increased
to 2.0 or 3.0 RLU/CO, the clinical specificity of hrHPV testing
for �CIN3 still needs improvement, since a substantial number of women that score hc2 positive at these cutoff values do
not have or develop �CIN3. This may be achieved by further
stratifying HPV-positive women by genotyping (4), viral load
assessment (11, 28) and/or analysis of the presence of E6/E7
mRNA (9).
Most importantly, when sensitivity and specificity to detect
lesions �CIN3 are considered equally important aspects of
overall accuracy, both assays studied herein are similarly accurate, provided that the hc2-RCS cutoff is slightly adapted. For
primary and secondary screening, this opens possibilities for a
combination test of hc2-RCS and GP5�/6� PCR, in which the
hc2-RCS test, being easy and robust and therefore an ideal tool
for application in large screening programs, is used first and
the GP5�/6� PCR as a reflex test (i.e., testing only of hc2RCS-positive samples) for genotyping of hc2-RCS-positive
women. The latter assay requires special skills and a more
stringent infrastructure to reduce PCR-related contamination

TABLE 6. Distribution of HPV types in GP5�/6� PCR-positive
but hc2-RCS-negative cases
HPV
type(s)
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risks and therefore preferably should be performed in wellequipped, specialized centers.
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Abstract
Using a case-control approach, we performed
a two-way comparison study between
GP5+/6+-PCR and HPV SPF10 Line Blot
25 (i.e. SPF10) assays for 14 high-risk HPV
(hrHPV) types to detect women with normal
cytology having or developing CIN 3. Cases
(n=45) were women with histologically
confirmed CIN 3 diagnosed within a median
follow-up time of 2.7 (range: 0.2-7.9) years.
Control women (n=264) developed at
maximum CIN 1 lesions (median follow-up:
5.8 (range: 1.1-10.1) years). An identical
number of cases tested positive for one or
more of the 14 hrHPV types by both systems
(40/45; McNemar P=1.0). Conversely, SPF10
scored more controls hrHPV-positive than
GP5+/6+-PCR (95/264 versus 29/264;
McNemar, P<0.001), resulting in a significantly
lower specificity for CIN 3 (64% (95%CI 5870) versus 89% (95%CI 85-93); McNemar,
P<0.001). Consequently, women with normal
cytology and a hrHPV GP5+/6+-PCR-positive
test exhibited a 4.5 times higher risk of CIN
3 (OR 65, 95%CI: 24-178) than those with a
hrHPV-positive by SPF10 test (OR 14, 95%CI:
5-38). Discrepancy analysis by viral load
assessment for the most common discordant
hrHPV types (HPV16,-18, and –52), showed
that samples, which were only SPF10 positive

Introduction
Based on the fact that a persistent infection
with high-risk human papillomavirus (hrHPV)
is the necessary cause of cervical cancer
(1;2), hrHPV testing has been recognized as a
potentially valuable tool not only for the triage
of women with borderline cytomorphological
abnormalities but also for primary cervical
screening, either or not in conjunction with
cytology. Support for this comes from various
clinical studies (3-8). It should be realized,
however, that hrHPV tests might detect both
transient and persistent hrHPV infections,
only the latter of which represent a condition
that ultimately may result in the development
of cervical intraepithelial neoplasia grade
3 lesions and cervical cancer (≥CIN 3) and
therefore should be considered as clinically
relevant. We previously hypothesized that
various hrHPV tests, although similarly
efficient in detecting persistent infections, may
differ considerably in the extent with which
transient, clinically irrelevant hrHPV infections
are detected (9).
A clinically valuable hrHPV test
should perform in such a way that the number
of transient infections detected is as low
as possible to ensure an optimal balance
between clinical sensitivity and specificity
for ≥CIN 3. This is important to minimize the
number of unnecessary follow-up procedures,
particularly for women with normal cytology.
Based on data from longitudinal clinical
studies involving large cohorts, so far only the
GP5+/6+-PCR and the commercially available
hrHPV hybrid capture 2 (hc2) assays have
proven to reach such an optimal balance and
therefore can be considered clinically validated
(5;7;10-12). In a previous two-way comparison
study we showed that these assays, which
both detect hrHPV types as a pool, perform

for these types had significantly lower viral
loads than samples that were positive by both
assays (ANOVA, P≤0.006). Our data indicate
that GP5+/6+-PCR has a better clinical
performance than SPF10 for CIN 3 diagnosed
in women with preceding normal cytology.
The extra positivity scored by SPF10 mainly
involved infections characterized by a low viral
load that do not result in CIN 3.
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equally well for the detection of ≥CIN 3 in a
population-based cervical screening setting
(13).
Besides GP5+/6+-PCR and hc2,
also the consensus HPV SPF10 Line Blot 25
(SPF10-LiPA version 1) PCR assay (14) (i.e.
SPF10) is a commonly used HPV detection
assay, particularly in epidemiological studies
and vaccination trials (15). However, this
method has so far has not been tested in a
comparison study in relation to the occurrence
or development of ≥CIN 3.
We here performed a comparison
study between GP5+/6+-PCR and SPF10
to detect women with normal cytology that
have or develop CIN 3 lesions on the basis of
detectability of 14 hrHPV types. A subsequent
discrepancy analysis included viral load
analysis by type-specific real-time PCR.

histopathologically confirmed CIN 1, or at
least 2 consecutive normal smears during a
median follow-up time of 5.8 (range: 1.1-10.1)
years. Median age was 33 (range: 22-60) and
41 (range: 20-54) years for case and control
women, respectively. Case women were
younger and had a shorter follow-up time
than control women (ANOVA, both P<0.001).
Informed consent was obtained from all
participating women and this study followed
the local ethical guidelines of our medical
center.
Cytology and HPV testing
Cervical scrapes were taken from the cervix
uteri with a Cervix brush (Rovers, Oss, The
Netherlands). A smear was made on a glass
slide for cytomorphological analysis and
the brush with remaining cell material was
subsequently placed in a tube containing
5 ml PBS/0.05% Merthiolate. Upon arrival
in the laboratory the samples were spun
down and pellets were resuspended in 1
ml Tris-HCL (pH 8) and stored at –80°C
for subsequent HPV analysis. In none of
the women HPV test results were used for
triage. Cytomorphological classification was
performed as described before (17).
The high pure PCR template
preparation (HPPTP) kit was used for DNA
extraction from 100 µl Tris-HCl sample
according to the recommendations of the
manufacturer (Roche, Mannheim, Germany),
except that samples were eluted with 100 µl
elution buffer. Ultimately, 10 µl of eluate was
used for each PCR assay. To assess sample
quality, DNAs were subjected first to β-globin
PCR (18). Seven samples were negative in this
assay, leaving 264 controls and 45 cases that
could be subjected to further HPV PCR analysis
on the basis of a positive β-globin result.

Material and Methods
Study population
For this case control study we pooled a total
of 316 women with normal cytology who
were recruited from 1988 to 1993 during
the course of various studies (11;16) in the
Amsterdam area and of whom cervical scrape
samples were collected and stored at -80°C.
The studies comprised women who either
participated in a population-based cervical
screening trial (n=4,079) or attended a
gynecological outpatient clinic (n=2,311). In
case women (n= 45; 25 from the populationbased cohort and 20 from the hospital group)
histologically confirmed CIN 3 was diagnosed
during a medium follow-up time of 2.7 (range:
0.2-7.9) years. Control women (n=271; 199
from the population-based cohort and 72 from
the hospital group) either had at maximum
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The GP5+/6+-PCR followed by
enzyme immunoassay (EIA) read-out system
using a probe cocktail of 14 hrHPV types (i.e.
HPV16, -18, -31, -33, -35, -39, -45, -51, -52,
-56, -58, -59, -66, and -68) was performed at
the Department of Pathology, VU University
medical center (Amsterdam, The Netherlands)
as described before (19). Reverse line blot
(RLB) was used to genotype hrHPV in all
EIA-positive samples (19). HPV testing and
genotyping using the HPV SPF10 Line Blot 25
(i.e. SPF10) was performed at the Department
of Medical Microbiology, Radboud University
Nijmegen Medical Center (Nijmegen, The
Netherlands) according to a routinely used
protocol, in which DNA EIA (DEIA) was the
first read-out system of SPF10 PCR products
using a probe cocktail of 14 of the abovementioned hrHPV types and 24 low-risk HPV
types (i.e. HPV6, -11, -16, -18, -26, -30, -31,
-33, -34, -35, -39, -40, -42, -43, -44, -45, 51, -52, -53, -54, -55, -56, -58, -59, -61, -62,
-64, -66, -67, -68, -69, -70, -72, -73, -74, -82
(MM4), MM7, and MM8) (14;20). DEIA positive
samples were subsequently subjected to LiPA
typing. Both GP5+/6+-PCR and SPF10 target
the L1 region in the HPV genome. Testing
with both methods was performed in parallel
by different technicians who were unaware
of each others test result and blinded for the
case/control status of the samples.
For final analysis the GP5+/6+-PCR
and the SPF10 assays were considered
hrHPV positive when subsequent genotyping
revealed one or more of the 14 hrHPV
genotypes that can be detected by (D)EIA of
both assays. Samples that showed a positive
(D)EIA signal but failed to reveal a positive
signal in the subsequent typing assays were
designated as containing HPV-X, which
may indicate (sub)types or variants that

were not available on the respective typing
blots. Genotyping results were considered
concordant if there was complete agreement
between both assays for one or more of the
14 hrHPV types listed above. Results were
considered compatible in case at least one
type was detected with both assays while
one or more other types were not detected by
either of the assays. Genotyping data were
considered discordant in case no similarity
between genotypes detected by both assays
was found.
Viral load analysis
Viral load analysis was performed by typespecific real-time PCR for HPV16, -18, and -52
on the LightCycler instrument essentially as
described before (21;22). Real-time PCR was
performed on 5 µl DNA isolate, representing
about 1/200 of the DNA of the total scrape.
Primers and probes used for HPV16 and
-18 real-time PCR were described before
(21;22). The oligonucleotide sequences
for primers and probes used for HPV52
real-time PCR were as follows: forward
primer 5’-ATGGACAAGCAGAACAAGCCA3’ (nt position 683-704), reverse primer
5’-CCCTCCCTTTCGCCCTCT-3’ (nt
position 884-902), donor probe 5’TGCGACGGACCTTCGTACTCTACAGC-3’
(nt position 773-799), the 3’ end labeled
with fluorescein, and the acceptor probe
5’-TGCTGTTGGGCACATTACAAGTTGTG3’(nt position 803-828), the 5’ labeled with
LCRed640. Viral loads were expressed as
HPV DNA copies per scrape.
Statistical analysis
Sensitivity and specificity of GP5+/6+-PCR
and SPF10 to detect CIN 3 were calculated and
Mantel Haenszel’s common odds ratio was
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computed to study assay positivity in relation
to development of CIN 3. The sensitivity,
specificity, and odds ratio were relative to the
procedure. The McNemar test was used for
mutual comparison of the positivity rates of
the GP5+/6+-PCR and the SPF10 in the two
subgroups, i.e., cases and controls. The level
of agreement was determined using kappa
statistics. All HPV viral load values were log
normalized. One-way ANOVA analysis was
used to compare the viral load between the
‘GP5+/6+-PCR negative / SPF10 positive’
group and the ‘GP5+/6+-PCR positive / SPF10
positive’ group. GP5+/6+-PCR and/or SPF10
positive samples that were negative in the
LightCycler tests, thus containing numbers of
HPV copies under the detection level, were
set at 10 copies (21;23), which corresponds
to approximately 250 copies per scrape. Level
of statistical significance was set at 0.05. All
analyses were performed using SPSS 11.5
software.

129/264 controls). However, it should be noted
that, whereas the cocktail probe for GP5+/6+PCR EIA detects only 14 hrHPV types (i.e.
HPV16, -18, -31, -33, -35, -39, -45, -51, -52,
-56, -58, -59, -66, and -68) that of SPF10
detects 24 additional low-risk HPV types as
well. Subsequent genotyping by the respective
reverse hybridization methods revealed that 2
of the 71 GP5+/6+-PCR-EIA-positive samples
and 36 of the 171 SPF10 DEIA-positive
samples did not show a positive typing result
for one or more of the 14 hrHPV types. These
included 2 cases for both GP5+/6+-PCR
and SPF10, and an additional 34 controls for
SPF10 only. Both GP5+/6+-PCR-EIA-positive,
typing negative cases can be designated as
containing HPV-X, whereas one SPF10 DEIApositive case contained HPV-X and another
HPV6. Of the 34 SPF10 DEIA-positive, typing
negative controls, 24 contained low-risk HPV
and 10 HPV-X.
The data obtained after restricting
the analysis to the 14 hrHPV types are
summarized in Table 1. Overall, the GP5+/6+PCR assay scored significantly less samples
hrHPV positive (n=69) compared to SPF10
assay (n=135; McNemar, P<0.001). However,
the hrHPV positivity rate (i.e. sensitivity)
of GP5+/6+-PCR and SPF10 in cases was
similarly high, namely 89% (40/45; 95%CI: 8098), and did not significantly differ (McNemar;
P=1.0). The overall higher hrHPV positivity of
the SPF10 assay was owing to a significantly
higher hrHPV positivity rate in control women
(36% (95/264); 95%CI: 31-43) compared to
that of GP5+/6+-PCR (11% (29/264); 95%CI:
7-15; McNemar, P<0.001). The strength of
the overall agreement in assay positivity
was moderate (kappa values of 0.42). When
stratified according to cases and controls, this
strength was poor in controls (kappa value of

Results
Clinical performance of hrHPV detection by
GP5+/6+-PCR and SPF10. In order to compare
the clinical performance of GP5+/6+-PCR
and SPF10 for CIN 3 in women with normal
cytology, a case-control design was used
including 45 cases, consisting of women with
CIN 3 diagnosed within a median follow-up
period of 2.7 years and 264 controls, women
without evidence of a clinically meaningful
lesion up to 10.1 years. Both assays were
performed on equal amounts of the same DNA
isolates that had a positive β-globin PCR test
result. After (D)EIA detection using cocktail
probes GP5+/6+-PCR tested positive for 71
samples (42/45 cases and 29/264 controls)
and SPF10 for 171 samples (42/45 cases and
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0.24) and good in cases (kappa value of 0.78).
The significantly lower specificity of SPF10 to
detect women who were diagnosed with CIN 3
during follow-up (64% (95%CI: 58-70) versus
89% (95%CI: 85-93) for GP5+/6+-PCR) was
reflected in the common odds ratio (OR) of
both assays for CIN 3. The ORs (MantelHaenszel) were 14 (95%CI: 5-38; P<0.001)
for SPF10 and 65 (95%CI: 24-178; P<0.001)
for GP5+/6+-PCR, indicating that women with
normal cytology testing hrHPV-positive by
GP5+/6+-PCR were 4.5 times more likely to
have or develop CIN 3 lesions than those who
were hrHPV positive by SPF10.

assays, 17 (74%) showed concordant, 2 (9%)
compatible, and 4 (17%) discordant typing
results. For cases, these numbers were 31
(79%), 7 (18%), and 1 (3%), respectively.
Thus, one or more of the same hrHPV types
were detected by both assays in 83% of the
controls and 97% of the cases that were
positive by both assays. The single discordant
case had HPV16 as determined by GP5+/6+PCR and HPV52 by SPF10. Furthermore, 1
hrHPV-negative case by SPF10 was GP5+/6+PCR-positive for HPV16 and 1 case hrHPV
GP5+/6+-PCR-negative case contained
HPV52 by SPF10.

Comparison of hrHPV genotypes detected
by GP5+/6+-PCR and SPF10
As specified in Table 2, the smears that scored
hrHPV-positive by SPF10 but negative by
GP5+/6+-PCR displayed a broad variety of
hrHPV genotypes, although HPV52 infections
were relatively frequent. Amongst 23 control
women that were hrHPV-positive with both

Analysis of discordant GP5+/6+-PCR and
SPF10 test results
To investigate whether the non-detection of
hrHPV by GP5+/6+-PCR in SPF10 positive
samples may be owing to low viral loads we
determined the type-specific viral load of three
types (HPV16, -18, and –52 in both single
and multiple infections) that most commonly
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revealed discordant typing results. For this
purpose we tested a total of 56 cervical scrapes
of which sufficient sample material was left
for real-time PCR. These included scrapes of
case and control women with both discordant
(n=13 for HPV16, n=14 for HPV18, and n=15
for HPV52) and concordant (n=6 for HPV16,
and n=4 for both HPV18, and –52) SPF10 and
GP5+/6+-PCR test results. The median HPV16,
-18, and -52 DNA loads in the GP5+/6+-PCR
negative but SPF10 positive group were 7.0·103
(range: 2.5·102-4.4·104), 2.5·102 (range: 2.5·1024.8·104) and 2.5·102 (range: 2.5·102-2.1·108)
HPV copies/scrape, respectively, and were
significantly lower (ANOVA; all P≤0.006) than
those in the GP5+/6+-PCR positive/SPF10
positive group, i.e. 1.1·106 (range: 1.6·1057.7·106), 7.4·107 (range: 4.0·105-8.0·107) and
3.7·106 (range: 2.4·105-3.7·106), respectively
(Figure 1). Only three samples that were
HPV52 positive by SPF10 and GP5+/6+-PCR

negative had viral load levels that overlapped
with those of SPF10 and GP5+/6+-PCR double
positive women for this type. These samples,
all from control women, might contain certain
HPV52 variants that are less efficiently
detected by GP5+/6+-PCR as compared to
SPF10 (24). The viral load of the CIN 3 case
missed by GP5+/6+-PCR, which was positive
for HPV52 by SPF10 revealed 1.0·104 copies/
scrape. After restriction of calculations to control
women, only for HPV16 sufficient samples with
concordant GP5+/6+-PCR and SPF10 results
were available. This analysis revealed similar
findings. Thus, exclusion of cases had no
influence on the relation between lower viral
loads and GP5+/6+-PCR-negative but SPF10positive samples (ANOVA, P<0.001, data not
shown). Altogether, these data indicate that the
extra positivity scored by SPF10 in relation to
GP5+/6+-PCR mainly involved relatively low
viral loads.

Figure 1. Box plot of HPV16, -18, and –52 DNA
loads in GP5+/6+-PCR negative/SPF10 positive (light
boxes) and GP5+/6+-PCR positive/SPF10 positive
(dark boxes) samples. Viral load values are shown
on the Y-axis in HPV copies/scrape and are log
transformed. For all 3 HPV types the viral load was
significantly higher in the GP5+/6+-PCR positive/
SPF10 positive samples compared to GP5+/6+-PCR
negative/ SPF10 positive samples (ANOVA; P<0.001,
P<0.001, and P=0.006 for HPV16, -18, and –52,
respectively). The upper and lower boundary of
the boxes represents the 75th and 25th percentile,
respectively. The thick black line represents the
median, the whiskers represent the minimum and
maximum values, and the asterisks represent
outliers.
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Discussion
Comparison of the clinical performance of
hrHPV detection by GP5+/6+-PCR and SPF10
showed that both assays had similar clinical
sensitivities (i.e. 89%) to detect CIN 3 lesions.
It is of note that the actual sensitivity values of
these assays would be slightly higher (i.e. 93%
(95%CI: 86-100) for GP5+/6+-PCR and 91%
(95%CI: 83-99) for SPF10) in this set when the
outcome is based on hrHPV detection as a
pool by (D)EIA, since two GP5+/6+-PCR-EIApositive cases and one SPF10 DEIA-positive
case were designated as HPV-X and not
included in the final analysis. In practice, in
clinical and experimental screening settings
scoring of hrHPV GP5+/6+-PCR positivity
is based on the EIA read-out only, showing
a good sensitivity (4;10;12). The clinical
specificity was significantly higher for the
GP5+/6+-PCR assay compared to that of the
SPF10. The latter could mainly be attributed to
the fact that SPF10 scored significantly more
control women positive that had viral load
levels apparently falling below the detection
level of the GP5+/6+-PCR. Consequently,
women with normal cytology and a GP5+/6+PCR positive test exhibited a 4.5 times higher
risk of CIN 3 than those with a positive SPF10
test result. Altogether, these data confirm
our previous concept (9) that a too high
analytical sensitivity of a hrHPV test results
in a marked decrease in clinical specificity
without having an impact on the clinical
sensitivity for detecting women who ultimately
develop ≥CIN 3. This is in line with data from
several studies indicating that not hrHPV DNA
presence per sé, but increased viral loads
confer an increased risk of ≥CIN 3 (22;2527). Thus, the threshold for assay positivity
of a given hrHPV test should be at such a
level that an optimal balance between clinical

sensitivity and specificity for identifying women
at risk of having or developing ≥CIN 3 is
reached. This concept finds support by recent
recommendations of the American Society for
Colposcopy and Cervical Pathology (ASCCP)
(28), which indicate that in a cervical screening
setting clinical sensitivities for ≥CIN 3 of at
least 92% ± 3% seem satisfactory only when,
at the same time, clinical specificities are
above 85%. Therefore, the GP5+/6+-PCR
can be advocated above SPF10 for screening
purposes.
Apart from this difference in clinical
performance, both tests showed common
characteristics, since there was a high
concordance in hrHPV genotyping, especially
in case women. We found a relatively high
number of infections with HPV52 amongst the
women that were SPF10-positive and GP5+/6+PCR-negative. This cannot solely be explained
by a potentially lower sensitivity of GP5+/6+PCR for HPV52 compared to that for HPV16
and HPV18 (29). The minimal HPV52 viral
load value determined in SPF10-positive but
GP5+/6+-PCR-negative samples did not differ
markedly from that of HPV16 and -18. In fact,
only three HPV52 discordant control samples
might results from a lower detectability by
GP5+/6+-PCR, possibly because these
infections involve HPV52 variants. Thus, the
majority of HPV52 infections detected by
SPF10 solely represents lower copy numbers of
HPV52 that are, apparently, relatively common
amongst SPF10-positive women with normal
cytology.
In conclusion, application of hrHPV
detection assays with a too high analytical
sensitivity for hrHPV results in a markedly
reduced specificity for CIN 3, without being
beneficial for the clinical sensitivity. Therefore,
hrHPV test requirements, as currently under
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preparation in the Netherlands, should be
incorporated in cervical screening guidelines
to prevent overdetection that would counteract
the benefits of implementing hrHPV testing in
screening programs.
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We compared real-time LightCycler and TaqMan assays and the GP5�/6� PCR/enzyme immunoassay
(EIA) to assess the human papillomavirus type 16 (HPV16) load in cervical scrape specimens. Both real-time
PCR assays determined the HPV16 load in scrape specimens similarly. The level of agreement between these
assays and the GP5�/6� PCR/EIA was low (P � 0.004), suggesting that the latter method is not suited for
quantifying HPV16 DNA.
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Real-time PCR was performed on 100 ng target DNA using
reagents the same as those described by Stevens et al. (10),
except that 3.5 mM MgCl2 was used for HPV16. Details of
primers, probes, and cycling determinants are given in Table 1.
For HPV16 quantification, standard curves of 10-fold dilutions
of pHPV16 plasmid DNA (ranging from 10 to 105 fg) spiked in
100 ng human placental DNA were used, whereas those of the
�-globin gene contained only human placental DNA (ranging
from 3 pg to 30 ng). Samples were tested in duplicate, and the
values obtained were averaged. The real-time PCR assays determined the HPV16 load normalized per cell and per scrape
specimen, whereas the GP5�/6� PCR/EIA assayed the load
per scrape specimen expressed as EIA optical density (OD)
values after a 1-hour substrate incubation (5).
The median HPV16 loads per cell of the 109 cervical samples determined by the LightCycler and TaqMan assays were
4.0 copies/cell (range, 0.0 to 137.4) and 6.7 copies/cell (range,
0.0 to 346.2), respectively. The HPV16 copies/cell values measured by TaqMan were on average 1.6 times higher (95%
confidence interval [CI], 1.3 to 2.1) than those measured by
LightCycler. The correlation between both assays for determining HPV16 copies/cell was strong (Spearman � � 0.84; Fig.
1A) and their agreements were moderate (kappa value calculated after categorization of the variables in tertiles, 0.59).
Correlation and agreement were not significantly influenced by
the level of dyskaryosis (normal cytology or BMD) or the
number of HPV types present in a scrape specimen. None of
the 13 GP5�/6� PCR-negative cervical scrape specimens revealed any HPV16 signal in both LightCycler and TaqMan
assays, whereas all revealed �-globin gene PCR signals with
both assays within the same range as that of the GP5�/6�
PCR-positive scrapings.
Subsequently, the semiquantitative GP5�/6� PCR/EIA was
used to determine the HPV16 load per cervical scrape specimen. The median EIA OD value of the GP5�/6� PCR after
1-hour substrate incubation was 1.17 (range, 0.07 to 1.67). The
median numbers of calculated HPV16 copies/scrape specimen
were 5.1 � 106 (range, 3.3 � 104 to 2.5 �109) and 8.1 � 106

It is now well established that a persistent infection with a
high-risk human papillomavirus (hr-HPV) type is a necessary
cause of cervical cancer (1, 7, 14). In addition, several studies
have shown that an increased human papillomavirus (HPV)
DNA load within a cervical smear specimen is associated with
an increased risk of cervical intraepithelial neoplasia grade 3
(CIN3) and cervical carcinomas (3, 6, 11, 13). Therefore, viral
load assessments as follow-ups of consensus hr-HPV tests may
have implications for the identification of women among those
with hr-HPV infections that have the highest risk of CIN3
lesions or cervical carcinomas (10). However, data on the possible clinical value of viral load are not consistent, which in part
may reflect the use of different quantification assays (4, 8, 9).
Here, we compared a newly developed real-time PCR assay
based on fluorescence resonance energy transfer (LightCycler;
see Table 1) with a previously described real-time PCR assay
based on fluorigenic 5� nuclease chemistry (TaqMan) (13) and
the semiquantitative consensus HPV GP5�/6� PCR enzyme
immunoassay (EIA) (12) for their abilities to assess the HPV16
load in cervical scrapings as a follow-up of GP5�/6� PCR
typing. To that end, a total of 109 cervical scrapings were
randomly selected from a population-based screening study
among scrape specimens that were HPV16 positive by
GP5�/6� PCR genotyping (12). These comprised 54 samples
classified as normal and 55 classified as borderline or mild
dyskaryosis (BMD). BMD equals atypical squamous cells
(ASC) of undetermined significance/ASC–high-grade squamous intraepithelial lesion/ASC–low-grade squamous intraepithelial lesion, according to the Bethesda 2001 classification (2).
The scrape specimens comprised 80 cases with single infections
and 29 cases with multiple infections including HPV16. Thirteen randomly chosen GP5�/6� PCR-negative cervical scrapings were also subjected to real-time PCR assays.
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TABLE 1. Primers, probes, and PCR specifications for the quantification of HPV16 and �-globin targets
Assay (length of PCR
amplicon [bp])

LightCycler HPV16 (158)

LightCycler �-globin (196)

TaqMan HPV16 (139)
TaqMan �-globin (152)

GP5�/6� PCR (141)

Position in
genomeb

Cycling
conditionsc

658–681
816–796
735–706
703–682
62122–62145
62318–62295
62275–62254
62251–62230

den: 95°C/3 s
ann: 56°C/15 s
elon: 72°C/9 s

fw: CAGATACACAGCGGCTGGTTT
re: TGCATTTGCTGCATAAGCACTA
Probe: TGACCACGACCTACCTCAACACCTACACAGG
fw: GAGCCATCTATTGCTTACATTTGC
re: TTGGTCTCCTTAAACCTGTCTTGT
Probe: TCTACCCTTGGACCCAGAGGTTCTTTGAGT

5914–5934
6053–6032
5936–5966
403–426
555–532
471–501

13

fw: TTTGTTACTGTGGTAGATACTAC
re: CTTTTTATTGACATTTAGTATAAG
Probe: GTCATTATGTGCTGCCATATCTACTTCAGA

6624–6646
6741–6764
6662–6691

12

Sequence (5� 3 3�)a

fw: GAGGAGGAGGATGAAATAGATGGT
re: GCCCATTAACAGGTCTTCCAA
dp: ACAAAAGGTTACAATATTGTAATGGGCTCT
ap: CCGGTTCTGCTTGTCCAGCTGG
fw: GAGCCATCTATTGCTTACATTTGC
re: TTGGTCTCCTTAAACCTGTCTTGT
dp: CCAGGGCCTCACCACCAACTTC
ap: CCACGTTCACCTTGCCCCACAG

den: 95°C/3 s
ann: 55°C/15 s
elon: 72°C/10 s

13

(range, 8.0 � 104 to 4.0 � 109) by LightCycler and TaqMan,
respectively. The TaqMan assay determined the number of
HPV16 copies/scrape specimen to be on average 1.7 times
(95% CI, 1.3 to 2.2) higher than the LightCycler assay did.
Conversely, the median amount of cells per scrape specimen
as calculated by both techniques did not differ (mean of
�-globin ratios, 1.00; 95% CI, 1.00 to 1.01). Correlation and
agreement were strong (Spearman � � 0.87) and good
(kappa value � 0.64), respectively, between the two realtime PCR assays in determining the HPV16 load/scrape
specimen (Fig. 1B). These values decreased when comparing either of the two real-time PCR assays with the semiquantitative GP5�/6� PCR/EIA (Fig. 1C and D). Correlation coefficients were 0.81 and 0.77 and kappa values were
0.53 and 0.50 for GP5�/6� PCR/EIA values versus LightCycler and TaqMan values, respectively. The number of
HPV types present in a scrape specimen or the degree of
dyskaryosis did not significantly influence the correlations.
By means of a regression model for standardized values, we
tested for differential effects of TaqMan and GP5�/6�
PCR/EIA on LightCycler values and found a significantly
higher coherence between the results for the different realtime PCR assays than between the results for GP5�/6�
PCR/EIA and the LightCycler assay (P � 0.004).
The fact that TaqMan scored the HPV16 load overall higher
by a factor 1.6 to 1.7 than the LightCycler assay did could be
due to many factors. However, variables such as HPV16 primer
composition and the use of nonlinearized plasmids in the standard curve are most likely to be the underlying cause. Nevertheless, this difference was consistent throughout the whole
detection range, making data obtained with these two methods
still comparable when using a correction factor. Moreover,

data collected so far support the concept that there exist differences in viral load values of several magnitudes between
clinically relevant and irrelevant HPV infections (10, 13).
Therefore, it is unlikely that a factor difference of 1.6 to 1.7 in
HPV16 load measured by the two real-time assays would be of
clinical relevance.
It should be realized that this comparative analysis was performed on a random, cross-sectional series of smear specimens
with normal cytology or BMD. As a high viral load may be an
important determinant of CIN3 lesions or cervical carcinomas
(reviewed in reference 9), the choice of these samples could
potentially have led to studying a range of viral copy numbers
that fall beyond the level that would represent high-grade
cervical lesions. However, preliminary HPV16, -18, -31, and
-33 viral load analysis by LightCycler on cervical smear specimens of women having underlying high-grade CIN lesions revealed ranges of 9.2 � 104 to 5.3 � 108, 7.6 � 104 to 5.1 � 108,
2.4 � 104 to 9.4 � 108, and 2.0 � 106 to 8.5 � 108, respectively
(C. J. Hogenwoning et al., unpublished results). These ranges
correspond to the range of HPV16 copies/scrape specimen
found by the LightCycler assay (i.e., 3.3 � 104 to 2.5 � 109)
analyzed in this comparative study on smear specimens from
women with as-yet-unknown clinical outcomes.
In summary, we demonstrated that the TaqMan and the
LightCycler real-time PCR technologies produce similar results for the quantification of HPV16 DNA in cervical
scrape specimens and that both are therefore useful in the
detection of viral load in clinically relevant HPV infections.
However, the GP5�/6� PCR/EIA assay was not adequate
for a precise assessment of the HPV load. Our data can be
of value for future comparisons of studies involving viral
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a
fw, forward primer; re, reverse primer; dp, donor probe (3� end labeled with fluorescein); ap, acceptor probe (3� end phosphorylated, HPV16 5� end labeled with
LightCycler-Red-640 and �-globin 5� end labeled with LightCycler-Red-705). TaqMan probes are at the 5� end 6-carboxyfluorescein and at the 3� end 6-carboxytetramethylrhodamine labeled; the EIA probe was 5� end digoxigenin labeled.
b
GenBank accession numbers for HPV16 and �-globin are K02718 and U01317, respectively.
c
den, denaturation temperature and time; ann, annealing temperature and time; elon, elongation temperature and time. Cycling conditions for the final three assays
were as described previously by van Duin et al. (13) or by van den Brule et al. (12), as indicated.
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FIG. 1. Correlation of HPV16 DNA loads as determined by different assays. (A) Correlation of TaqMan (y axis) and LightCycler (x axis) assays
stratified for cellular input. (B) Correlation of TaqMan (y axis) and LightCycler (x axis) assays in assessing HPV16 load per scrape specimen.
(C) GP5�/6� PCR/EIA OD values (x axis) plotted against the LightCycler HPV16 load/scrape specimen (y axis). (D) GP5�/6� PCR/EIA OD
values (x axis) plotted against the TaqMan HPV16 load/scrape specimen (y axis). All values determined by real-time PCR are ln normalized in the
plots. The inner line in each plot represents the regression line, whereas the outer lines indicate the 99% confidence interval of the regression line.
Spearman correlation coefficients (�) are indicated in each plot.

load assessment in relation to the risk of CIN3 lesions or
cervical carcinomas. In our setting, one such study is currently in progress.
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Determination of viral load thresholds in cervical scrapings to rule out
CIN 3 in HPV 16, 18, 31 and 33-positive women with normal cytology
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An increased high-risk human papillomavirus (hrHPV) viral load
in cervical scrapings has been proposed as a determinant for highgrade cervical intraepithelial neoplasia (CIN) and cervical cancer
(�CIN 2), but data so far for HPV types different from HPV 16
are limited and inconsistent. In addition, a viral load threshold to
distinguish hrHPV positive women without �CIN 2 still has not
been deﬁned. Here, we used baseline cervical scrapings of women
with normal cytology participating in a large population-based
cervical screening trial (i.e. POBASCAM) who were GP51/61PCR positive for 4 common hrHPV types, i.e. HPV 16, 18, 31 or
33, as a reference to arbitrarily deﬁne various viral load thresholds (i.e. 25th, 33rd, 50th, 67th and 75th percentiles of the lowest
viral load values) for distinguishing women having single infections with these types without high-grade CIN. Viral load assessment was performed by real time type-speciﬁc PCR. The viral
load threshold values were subsequently validated on abnormal
cervical scrapes of 162 women with underlying, histologically conﬁrmed CIN lesions containing 1 of these 4 hrHPV types. All 59
women with CIN 3 had viral load levels that were higher than
those of 33% of the women with normal cytology containing the
respective hrHPV type detectable by GP51/61-PCR (i.e. higher
than the 33rd percentile of viral load). By using this 33rd percentile viral load cut-off, sensitivity for CIN 3 of 100% (95% CI 93.9–
100) was obtained. Hence, application of this viral load threshold
would increase the speciﬁcity of HPV testing for HPV 16, 18, 31
and 33-associated prevalent CIN 3 without the cost of a marked
reduction in sensitivity. In practice, on the basis of viral load analysis, a less aggressive management can be foreseen for 33% of the
women with normal cytology participating in a population-based
screening program who are GP51/61-PCR positive for HPV 16,
18, 31 or 33.
' 2006 Wiley-Liss, Inc.
Key words: HPV; viral load; CIN; real time PCR

The relationship between high-risk human papillomavirus
(hrHPV) infection and cervical cancer has become evident from
epidemiological and functional studies.1–3 hrHPV DNA has been
detected in almost all cervical squamous cell carcinomas and
adenocarcinomas. This ﬁnding has led to the widely accepted concept that hrHPV infection is a necessary cause of cervical cancer.1–3 The close association between hrHPV and cervical cancer
has resulted in the use of hrHPV testing on cervical scrapes for the
detection of cervical cancer and its precursor stages. Several studies have shown that addition of hrHPV testing to cervical cytology
improves the sensitivity and negative predictive value for highgrade cervical intraepithelial neoplasia (CIN) and cervical cancer
(�CIN 2) compared with cytology alone.4,5 However, the positive
predictive value of the hrHPV test is relatively low because many
hrHPV positive women will clear the virus. Especially, hrHPV
positive women with cytomorphologically normal smears fall in
this category. As a consequence, several groups have studied viral
parameters that can predict which hrHPV positive women will
have or have not cervical cancer. Recent studies suggest that not
the presence of viral DNA per se, but the amount of viral DNA in
a cervical scraping (i.e. viral load) would be a potentially relevant
determinant for risk assessment of �CIN 2.6 In this context, it has
been demonstrated for HPV 16 infections that increased viral
loads would be associated with an increased risk of �CIN 2
whereas reduced amounts of viral DNA reﬂects the absence of
Publication of the International Union Against Cancer
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CIN lesions or viral clearance, which is associated with regression
of CIN lesions.7 Still, data in favor of viral load being informative
for risk of �CIN 2 are mainly based on HPV 16, whereas those of
hrHPV types other than HPV 16 are limited and inconsistent,8–19
obviously because of the generally low numbers of women with
non-HPV 16 types studied so far. Moreover, the potential value of
viral load assessment is quite likely to be dependent on the method
used to deﬁne HPV positivity since its impact seems lower when
the hybridization-based hybrid capture 2 (hc2) is used to deﬁne
HPV positivity when compared with PCR-based assays, which
generally display a higher analytical sensitivity.6,7,11,13,18 Nevertheless, also amongst HPV 16 positive women with normal cytology deﬁned by hc2, semiquantitative viral load assessment could
better predict those women who are more likely to have prevalent
�CIN 3 lesions.19 Still, most studies had in common a substantial
overlap of viral load values amongst women with and without
high-grade CIN, especially in the range of high viral loads. This
precludes setting a cut-off value for high-grade CIN on the basis
of high viral loads. Instead, distinguishing a subset of hrHPV positive women with clinically irrelevant HPV infections who will not
have or develop high-grade CIN on the basis of low viral loads
seems more feasible.6 The latter, however, requires viral load data
to be gathered from a large population of hrHPV positive women
without underlying high-grade CIN.
Here, we performed a comprehensive viral load analysis for the
4 common hrHPV types HPV 16, 18, 31 and 33 on cervical scrapings of a large reference group of women with normal cytology
participating in a population-based cervical screening trial (i.e.
POBASCAM; 18, 19) and of a group of women with underlying
histologically conﬁrmed CIN. In this way, we succeeded in setting
viral load threshold levels for these 4 hrHPV types below which
underlying CIN 3 could be excluded.

Material and methods
Study population
From the 44,102 women participating in the population-based
cervical screening trial POBASCAM,20,21 a total of 674 with normal cytology and a single type HPV infection of HPV 16 (n 5
338), HPV 18 (n 5 107), HPV 31 (n 5 169) or HPV 33 (n 5 60)
at baseline, as determined by GP51/61-PCR followed by reverse
line blot (RLB) genotyping,21,22 were included in this study. In
addition, women with a single type HPV infection by GP51/61PCR RLB having a histologically conﬁrmed cervical intraepithelial neoplasia (CIN) lesion (n 5 162) were included for viral load
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analysis of their cervical scrapes.23 The latter comprised 72 women
with HPV 16, 26 with HPV 18, 36 with HPV 31 and 28 with HPV
33 who had been referred for colposcopy-directed biopsy because
of an abnormal cervical smear. This group included 125 women
with �CIN 2 lesions that were selected from a series of 183 � CIN
2 lesions of which another 20 (11%) harbored high-risk human papillomavirus (hrHPV) types different from HPV 16, 18, 31 and 33,
and the remaining 38 cases (21%) contained multiple hrHPV infections. Twenty-ﬁve (65%) of the latter contained HPV 16.
After a classic cervical smear was made on a slide, cervical
scrapes were collected for HPV testing by placing the brush in 5 ml
sterile phosphate-buffered saline (PBS, 0.82% (w/v); NaCl, 0.19%
(w/v); Na2HPO4Æ2H2O,Æ0.03% (w/v); NaH2PO4Æ2H2O, adjusted to
pH 7.4 with HCl) 0.005% merthiolate. Upon arrival in the laboratory, cells were pelleted at 300g for 10 min and resuspended in 1 ml
10 mM Tris-HCl (pH 7.4).
Informed consents were obtained from all participants, and this
study was approved by the medical ethics review board.
HPV testing and quantiﬁcation of HPV DNA and b-globin
For HPV testing and typing by GP51/61-PCR, cervical scrape
samples were collected and processed as described previously.20,21
For viral load testing, the DNA of 100 ll of cervical scrape suspensions was puriﬁed using an HPPTP kit, according the recommendations of the manufacturer (Roche, Mannheim, Germany).
LightCycler-based real-time HPV type-speciﬁc as well as a b-globin real-time PCR assays were performed in separate reactions to
quantify the number of HPV copies and the number of cells,
respectively. LightCycler real-time PCR assays were applied as
described by Hesselink et al.24 for HPV 16 and b-globin gene with
slight variations depending on the target, which are further
detailed below. All primers and probes were selected with the aid
of Vector NTI 7.0 software (Informax, Frederick, MD), according
to the LightCycler speciﬁcations. The HPV type-speciﬁc oligonucleotides were selected within the viral E7 open reading frame.
Primer and probes sequences for HPV 16 and b-globin gene target
were described previously.24 Sequences for HPV 18 (GenBank
accession number X05015) oligonucleotides were forward primer:
50 -aagaaaacgatgaaatagatgga-30 (nt position 696–718); reverse primer:
50 -ggcttcacacttacaacaca-30 (nt position 780–799); donor probe: 50 -catcaacatttaccagcccgacga-30 (nt position 725–748) and acceptor probe:
50 -ccgaaccaacaacgtcacacaatgt-30 (nt position 750–773). Sequences
for HPV 31 (GenBank accession number J04353) oligonucleotides
were forward primer: 50 -actgacctccactgttatgagcaa-30 (nt position
617–640); reverse primer: 50 -cctgctctgtacacacaaacgaa-30 (nt position 753–775); donor probe: 50 -gatgaggaggatgtcatagacagtccagct-30
(nt position 656–685) and acceptor probe: 50 -acaagcagaaccggacacatccaat-30 (nt position 688–712). Sequences for HPV 33 (GenBank
accession number M12732) oligonucleotides were forward primer:
50 -gagaggacacaagccaacg-30 (nt position 575–593); reverse primer:
50 -gccggtccaagccttc-30 nt position 678–693); donor probe: 50 -atcctgaaccaactgacctatactgctat-30 nt position 619–647) and acceptor probe:
50 -gcaattaagtgacagctcagatgagg-30 (nt position 650–675). Donor
probes were labeled at the 30 end with a ﬂuorescein-group and
acceptor probes at the 50 end with LC-Red 640 and phosporylated
at the 30 end (Eurogentec). Primers and probes were extensively
tested in validation experiments, using serial dilutions of cloned
HPV plasmid and human DNA.24 (data not shown).
Real-time PCR reactions contained 2 ll FastStart DNA master
hybridization probe reaction mixture, 4.0 mM MgCl2, 1.25 lM of
each primer and 0.2 lM of each hybridization probe. Additionally,
reaction mixtures allocated for the HPV standard curve dilution
series were spiked with 100 ng human placental DNA per reaction. Finally, distilled H2O was added to the reaction mixtures to a
ﬁnal volume of 15 ll, after which 5 ll (20 ng/ll) puriﬁed sample
was added. LightCycler reactions were run in duplicate. The
LightCycler PCR conditions for HPV 16 and b-globin gene target
and further performance details were described previously24 and
those of HPV 18, 31 and 33 were as follows: an initial preincuba-

tion step of 10 min at 95C followed by 45 cycles of 3 sec denaturation at 95C, 15 sec annealing at 58C for HPV 18, at 52C for
HPV 31 and at 58C for HPV 33. Elongation was 8 sec for HPV
18, and 9 sec for HPV31 and 33 at 72C. After PCR, samples were
cooled to 40C. Transition rate was set at 20C per second. For
quantiﬁcation of HPV 10-fold dilutions of plasmid DNA containing the full-length genome of the respective HPV types spiked in
100 ng human placental DNA were used ranging from 10 to
100,000 fg plasmid per reaction. The assays for all these 3 HPV
types were reproducible and could linearly detect between 10 fg
and 100,000 fg plasmid DNA. For HPV 18, 31 and 33, R2 values
of the standard curve were 0.994, 0.993 and 0.998, respectively
and efﬁciencies of the standard curves were 1.73, 1.82 and 1.96,
respectively.
Statistical analysis
Viral load values obtained from the duplicate tests were averaged for calculations. Mann-Whitney tests were used to determine
differences in viral load between women with normal cytology
(reference group) and women with CIN (test group). Type-speciﬁc
viral load thresholds were deﬁned by using the values discriminating the lowest 25th, 33rd, 50th, 67th and 75th percentiles of viral
load in the reference group of women with normal cytology. These
values were subsequently used to determine the sensitivity and
95% conﬁdence intervals for underlying �CIN 2 or CIN 3. Student’s t test was used to determine whether the age differed between women with viral load levels above or below the most discriminative viral load threshold (i.e. 33rd percentile). The level of
statistical signiﬁcance was set at 0.05 and SPSS version 12 was
used for all analyses.
Results
Type-speciﬁc viral load in women with normal cytology and CIN
Type-speciﬁc viral load data obtained from analysis of cervical
scrapes of women with normal cytology and underlying CIN displaying single infections with HPV type 16, 18, 31 or 33 are summarized in Table I. The median viral load in women with normal
cytology was 0.61 (range: minimum–maximum): <0.01–456.08)
copies per cell (c/c) for HPV 16 (n 5 338), 0.62 (range: 0.01–
361.05) c/c for HPV 18 (n 5 107), 3.27 (range: 0.02–3979.08) c/c
for HPV 31 (n 5 169) and 10.95 (range: <0.01–623.16) c/c for
HPV 33 (n 5 60). For all these 4 HPV types, the viral load was
signiﬁcantly higher in scrapes of women with �CIN 2 when compared with those of women with normal cytology (Table I). The
median viral load values for women with �CIN 2 were 11.62
TABLE I – TYPE-SPECIFIC RELATIONSHIP BETWEEN HPV DNA LOADS
IN WOMEN WITH NORMAL CYTOLOGY AND CIN
Copy number per cell
HPV type

16

18

31
33

Groups of
women

N

Median

Normal
338 0.61
cytology
CIN 1
14 2.93
58 11.62
�CIN 21
Normal
107 0.62
cytology
CIN 1
9 19.30
�CIN 2
17 10.37
Normal
169 3.27
CIN 1
9 5.70
�CIN 2
27 23.40
Normal
60 10.95
CIN 1
5 33.03
�CIN 2
23 83.70

Range
(minimum–maximum)

p*

<0.01–456.08
0.04–121.17
0.25–530.68
0.01–361.05

0.005
\0.001

0.79–582.80
0.10–4694.10
0.02–3979.08
<0.01–389.90
0.45–1180.80
<0.01–623.16
0.05–1156.15
1.70–5807.72

\0.001
\0.001
0.281
\0.001
0.460
\0.001

*Women with normal cytology are the reference category in the
Mann-Whitney tests. p-Values representing signiﬁcant differences are
indicated in italics.
1
CIN 2 or CIN 3 lesion.
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(range: 0.25–530.68) c/c for HPV 16 (n 5 58, p < 0.001), 10.37
(range: 0.10–4694.10) c/c for HPV 18 (n 5 17, p < 0.001), 23.40
(range: 0.45–1180.80) c/c for HPV 31 (n 5 27, p < 0.001) and
83.70 (range: 1.70–5807.72) c/c for HPV 33 (n 5 23, p < 0.001).
When compared with women with normal cytology, women with
CIN 1 also displayed higher viral loads, although this was only
statistically signiﬁcant for HPV types 16 and 18. Higher viral copy
numbers were found for HPV 16, 31 and 33 in women with �
CIN 2 when compared with those with CIN 1 but in none of these
cases this difference was statistically signiﬁcant.
When comparing the viral load values between the different
HPV types, it was evident that the viral load was lowest for type
16 and 18 and highest for HPV 33 both in women with normal cytology and those with �CIN 2 (Tables I and II). In women with
normal cytology, the viral load for HPV 16 and 18 was signiﬁcantly lower than for HPV 31 (p < 0.001, for both type 16 vs. 31
and type 18 vs. 31) and HPV 33 infections (p < 0.001, for both
type 16 vs. 33 and type 18 vs. 33). In addition, women containing

HPV 31 had signiﬁcantly less viral copy numbers than those harboring HPV 33 (p 5 0.001). Also in women with �CIN 2 , viral
copy numbers per cell were signiﬁcantly higher in HPV 33 positive women when compared with those positive for HPV 16 (p <
0.001), HPV 18 (p 5 0.006) and HPV 31 (p 5 0.038).
Assessment of sensitivity of different viral load threshold values
for �CIN 2 and CIN 3
All HPV 16 positive women with �CIN 2 had equal to or more
than 0.25 viral c/c in their cervical scrapes (Table I). When comparing this value to percentiles of lowest viral load values deduced
from the values measured in the 338 HPV 16 positive women with
normal cytology (Table III), it appeared that this amount is higher
than thresholds for the 25th (threshold: 0.11 c/c) and 33rd (threshold: 0.20 c/c) percentiles, but lower than that of the 50th percentile
(threshold: 0.61 c/c). The sensitivities for underlying �CIN 2 were
100% (95% CI 93.8–100%) in case of the 25th and 33rd percentile
thresholds and 91.4% (95% CI 81.0–97.1%) in case of the 50th
percentile threshold (Table III). The sensitivity for �CIN 2 decreased gradually when using thresholds of higher percentiles.
Similar sensitivity values were obtained when only HPV 16 positive women with underlying CIN 3 were taken into account. These
ﬁgures indicate that for HPV 16 infections a viral load threshold
could be set at the 33rd percentile threshold (i.e. 0.20 c/c) of
women with normal cytology to increase the speciﬁcity of HPV
testing for prevalent �CIN 2 or �CIN 3 without loosing sensitivity. In practice, this would mean that the use of this threshold
allows distinguishing about 33% of HPV 16 infected women with
normal cytology within a population-based screening cohort without �CIN 2 or �CIN 3.
In contrast to HPV 16, sensitivities for �CIN 2 did not reach
100% when using viral load thresholds down to the 25th percentiles for HPV types 18, 31 and 33 (Table III). Using the 25th percentile thresholds for these types, the sensitivity for �CIN 2 varied from 91.3% (for HPV 33) to 96.3% (for HPV 31). However,

TABLE II – COMPARISONS BETWEEN VIRAL COPY NUMBERS
PER CELL PER HPV TYPE*
HPV type comparisons for
copy number per cell*

HPV 16 versus
18
31
33
HPV 18 versus
31
33
HPV 31 versus
33

Normal cytology

�CIN 2

0.744
\0.001
\0.001

0.830
0.138
\0.001

\0.001
\0.001

0.238
0.006

0.001

0.038

*Mann-Whitney tests were used to calculate the p-values. p-values
representing signiﬁcant differences are indicated in italics. See Table I
for viral load data.

TABLE III – TYPE-SPECIFIC THRESHOLD VALUES FOR DETECTION OF HIGH-GRADE CIN
HPV type

Threshold1 percentile

Copy per cell

Sensitivity � CIN 2

N

95% CI

2

16
25th
33rd
50th
67th
75th

0.11
0.20
0.61
1.63
3.72

25th
33rd
50th
67th
75th

0.11
0.30
0.62
2.33
4.61

25th
33rd
50th
67th
75th

0.70
1.03
3.27
8.31
25.10

25th
33rd
50th
67th
75th

3.96
6.46
10.95
20.58
25.85

18

31

33

all
25th
33rd
50th
67th
75th

58
58
58
53
48
43
172
16
16
15
13
11
272
26
24
22
16
12
232
21
21
19
16
16
1252
121
119
109
93
82

N

Sensitivity CIN 3

95% CI

100
100
92.3
88.5
76.9

86.8–100
86.8–100
74.9–99.1
69.8–97.6
56.4–91.0

100
100
85.7
57.1
42.9

59.0–100
59.0–100
42.1–99.6
18.4–90.1
9.9–81.6

100
100
92.3
76.9
53.8

75.3–100
75.3–100
64.0–99.8
46.2–95.0
25.1–80.8

100
100
84.6
69.2
69.2

75.3–100
75.3–100
54.6–98.0
38.6–90.0
38.6–90.9

100
100
89.8
78.0
66.1

93.9–100
93.9–100
75.0–94.0
65.3–87.7
52.6–77.9

2

100
100
91.4
82.8
74.1

93.8–100
93.8–100
81.0–97.1
70.6–91.4
61.0–84.7

94.1
94.1
88.2
76.5
64.7

71.3–99.9
71.3–99.9
63.6–98.5
50.1–93.2
38.3–85.8

96.3
88.9
81.5
59.3
44.4

81.0–99.9
70.8–97.6
61.9–93.7
38.8–77.6
25.5–64.7

91.3
91.3
82.6
69.6
69.6

72.0–98.9
72.0–98.9
61.2–95.0
47.1–86.8
47.1–86.8

96.8
95.2
87.2
74.4
65.6

92.0–99.1
89.9–98.2
80.0–92.5
65.8–81.8
56.6–73.9

26
26
26
24
23
20
72
7
7
6
4
3
132
13
13
12
10
7
132
13
13
11
9
8
592
59
59
53
46
38

N 5 Number of �CIN 2 or CIN 3 lesions having viral load values below the indicated viral load threshold percentile as determined for
women with normal cytology.
1
Deﬁned in women with normal cytology.–2Total number of �CIN 2 or CIN 3 lesions studied.
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when considering only women with CIN 3 who were infected with
one of these types, sensitivities of 100% (with 95% CI 59.0–100%
for HPV 18 and 95% CI 75.3–100% for both HPV 31 and 33)
were obtained in case the thresholds of up to the 33rd percentiles
were used, similar as what was found for HPV 16. The 33rd
thresholds were 0.30 c/c, 1.03 c/c and 5.13 c/c for HPV 18, 31 and
33, respectively.
Overall, when combining the data of all 4 HPV types, the sensitivity for �CIN 2 was 96.8% (95% CI 92.0–99.1%) when the
type-speciﬁc thresholds were set at the 25th percentile, 95.2%
(95% CI 89.9–98.2%) at the 33rd percentile and 87.2% (95% CI
80.0–92.5%) at the 50th percentile. Restricting the analyses to
women with CIN 3, these ﬁgures reached a sensitivity of 100%
(95% CI 93.9–100%) for all 4 HPV types at both the 25th and 33rd
percentiles thresholds and 89.8% (95% CI 75.0–94.0%) at the 50th
percentile threshold (Table III). There was no signiﬁcant age difference between the 33% women with normal cytology displaying the
lowest viral load when compared with the women having a viral
load higher than the 33rd percentile (38.3 years vs. 38.0 years; p 5
0.702).

Discussion
In this study, we aimed to assess the discriminative power of
viral load thresholds of HPV 16, 18, 31 and 33 to distinguish
women with single infections for one of these types without highgrade CIN by making use of a large population-based screening
cohort of women with normal cytology. For all HPV types analyzed, we demonstrated a statistically signiﬁcant difference in median viral load per cell between women with normal cytology and
those with high-grade CIN. In addition, for all these types, a 100%
sensitivity for underlying CIN 3 was obtained when using viral load
thresholds that equal the type-speciﬁc viral load values marking the
33rd percentile values of HPV positive women with normal cytology within a population-based screening setting. Hence, although
the absolute viral load levels at the 33rd percentiles differed
between the different types, the use of type speciﬁc viral load
thresholds can exclude prevalent CIN 3 in 33% of the women with
normal cytology participating in a population-based screening program, who are GP51/61-PCR positive for HPV 16, 18, 31 or 33.
Our ﬁndings support the idea that increased viral loads are generally associated with an increased risk of high-grade CIN, even in
case of infections with hrHPV types different from HPV 16. A
plausible explanation for this concept would be that decreased viral loads are a consequence of an effective immune surveillance.
This ﬁnds support by the observation that HPV 16 and 18/45 positive carriers of commonly reported protective human histocompatibility leukocyte antigen class II (HLA II) alleles displayed lower
viral loads together with short term HPV infections and a
decreased risk of cervical carcinoma in situ.25,26
Although our ﬁndings for non-HPV 16 types are in line with
some studies,11 it contradicts others.12 Variables such as differences in methods to preselect hrHPV positive women6 and sample
size may have contributed to inconsistent data for non-HPV 16
types. In our study, we preselected women with single type infections. However, meanwhile we have collected preliminary data of
cervical scrapings containing multiple infections including HPV
16, 18 and/or 31 and corresponding biopsies of some women with
underlying CIN lesions. It appeared that in this biopsy series only
one of the HPV types present in the paired scrape could be
detected by GP51/61-PCR. Interestingly, the type detected in the
biopsies was the type that displayed the highest viral DNA in the
corresponding scrapings (unpublished data). From this pilot, we
anticipate that in multiple infections the HPV type with the highest
viral load is clinically most relevant. Therefore, in multiple infections, the far majority of which contain HPV 16, 18, 31 and/or
33,21 additive viral load analysis of the predominant HPV type is
quite likely to be informative as well in terms of absence of prevalent CIN 3 lesions. In addition, it is noteworthy that we used
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women with normal cytology as reference group and considered
these women as having no underlying �CIN 2 lesion. Still, this
group may include a small proportion of women with prevalent
high-grade CIN lesions missed by cytology. Since we anticipate
that such cases would display increased viral copy numbers that
fall in the higher viral load percentiles,19 we consider the sensitivity of the 33rd percentile thresholds set in this study not over represented. It is also noteworthy that total DNA can be derived from
many types of cells from the cervix, including inﬂammatory cells
that are not HPV host cells. This may affect the relationship of
HPV to cell number in a variable manner. Nevertheless, this apparently does not inﬂuence the outcome for sensitivity of �CIN 2
when the 33rd percentile thresholds are used. Therefore, we have
the impression that the inﬂuence of DNA of the non-HPV host
cells on viral load levels in general practice is limited.
Remarkably, median viral load values differed considerably between HPV 16 and 18 infections and infections with HPV 31 and
HPV 33. Particularly, HPV 33 loads were outlying, and at least
7-fold higher than those of HPV 16/18, both in women with normal cytology and in women with CIN. It is unlikely that these differences reﬂect type-speciﬁc differences in real-type PCR assays
since a recent study, using a different real-time PCR procedure,
also revealed a markedly higher viral load of particularly HPV 33
in comparison to HPV 16 and 18 in a control population of women
without cervical disease.27 It is still questionable what would be
the underlying mechanism for this type-speciﬁc difference in viral
load.
It should be realized that the ﬁgures obtained in this study are
based on cross-sectional analyses that included women with prevalent high-grade CIN having abnormal cervical smears. Recent
longitudinal studies performed on archival smears suggest that the
risk of developing incident cervical carcinoma in situ or carcinoma in women with normal cervical smears increases with higher
viral load for most hrHPV types, but calculated odds ratios may
differ considerably between different HPV types.27,28 Further follow-up data of the HPV 16, 18, 31 or 33 positive women with normal cytology in the POBASCAM study, as are currently being
gathered, will ultimately yield essential information to what extent
the deﬁned viral load thresholds need some adaptation to also
ensure a 100% sensitivity for incident �CIN 3 lesions.
A major challenge is now to translate the viral load information
collected herein into clinical practice. The deﬁned viral load cutoff values were determined after stratiﬁcation for the amount of
input DNA. Given the variations in DNA yield of cervical scrapings,12,27 measurements of the DNA content and the use of standard DNA input amounts in real-time HPV tests seem to be
required for a reliable application of a viral load cut-off. Because
the agreement between semiquantitative viral load measures of
GP51/61-PCR and type speciﬁc real time viral load data is
poor,24 we propose not to use the set threshold for a modiﬁed cutoff of the GP51/61-PCR. Instead, type-speciﬁc real-time PCR as
a follow-up test for women with normal cytology who are GP51/
61-PCR positive for HPV 16, 18, 31 and/or 33 seems more reliable. Given the fact that the combined data from several recent
studies have revealed that the HPV types 16, 18, 31 and 33 display
an excess risk of high-grade CIN,21,29,30 we advocate to group together women with normal cytology harboring hrHPV types different from HPV 16, 18, 31 and 33 with those containing HPV 16,
18, 31 and/or 33 at viral load levels below the deﬁned 33rd percentile thresholds into a category of women who need less aggressive follow-up. Since single and multiple infections with HPV 16,
18, 31 and/or 33 together comprise about 62% of hrHPV infections in women with normal cytology, this approach would result
in the distinction of about 58% of all hrHPV positive women with
normal cytology participating in a population-based screening program (i.e. one third of the 62% women with infections involving
these 4 common types with viral load levels below the 33rd percentiles plus 38% of women who test positive for other hrHPV
types) who would need a less aggressive management (i.e. follow-
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FIGURE 1 – Flowchart of possible screening algorithm including viral load analysis.

up by cytology and HPV testing after 2 years). This increased
speciﬁcity of HPV testing for prevalent CIN 3 can be reached
without the cost of a marked reduction in sensitivity.
In practice, our data open possibilities to test women ﬁrst with a
clinically validated hrHPV test, such as hc2 or GP51/61-PCR
followed by typing. For those that test hrHPV positive, reﬂex cytology can be performed to detect women with abnormal cytology
who need direct referral for colposcopy directed biopsy (i.e.
women with > borderline or mild dyskaryosis (BMD)) or repeat
testing after 6 months (i.e. women with BMD).31,32 Remaining
hrHPV positive women with normal cytology who are positive for
HPV 16, 18, 31 and/or 33 are subjected to type-speciﬁc real-time
PCR for viral load analysis. Those with HPV 16, 18, 31 and/or 33

viral load values above the mentioned 33rd percentile thresholds
could then be subjected to a more aggressive management, i.e. follow-up by cytology and HPV testing after 1 year.29 This scenario
is depicted in Figure 1. In this way, almost 58% of hrHPV positive
women can be excluded from extensive follow-up, which results
in a signiﬁcant increase in speciﬁcity and positive predictive value
of hrHPV testing for �CIN 3 in cervical screening programs.
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Introduction
A persistent infection with a high-risk human
papillomavirus (hrHPV) is the key event
in the development of cervical cancer and
its precursor lesions, high-grade cervical
intraepithelial neoplasia (≥CIN2) (2-4). Several
longitudinal population-based screening
studies have shown that hrHPV testing, either
or not in conjunction with cervical cytology,
strongly enhances the sensitivity and thereby

Abstract
In a population-based cervical screening
cohort (POBASCAM) we evaluated the value
of type-specific viral load assessment for the
detection of high-grade cervical intraepithelial
neoplasia or cervical cancer (≥CIN2). Viral
load was determined by type-specific realtime PCR in women with single HPV16,
-18, -31, and –33 infections, as determined
by GP5+/6+-PCR. Study endpoint was the
detection of cumulative ≥CIN2 within 18
months of follow-up. Viral loads for HPV16,
-31, and -33 were predictive for ≥CIN2
(relative risk of 1.6 (95%CI: 1.3-1.9), 1.7
(95%CI: 1.1-2.7), and 1.9 (95%CI: 1.1-3.1),
respectively). For HPV18 the relative risk was
of similar magnitude (1.5, 95%CI: 0.7-3.1),
though not significant (P=0.3). Subsequently,
we determined the sensitivities of viral load
for ≥CIN2 and ≥CIN3 in HPV DNA-positive
women using previously defined viral load
thresholds (1). These thresholds were based
on the 25th, 33rd, and 50th percentiles of typespecific HPV16, -18, -31, or –33 viral load
values found in women with normal cytology.
For all types combined sensitivities for
≥CIN2 were 93.5%, 88.8%, and 77.7% for
the 25th, 33rd, and 50th percentile thresholds,
respectively. These values were slightly
higher when using ≥CIN3 as endpoint. ROC
curve analysis showed that adding viral load
testing to cytology in HPV DNA-positive
women increased the sensitivity for ≥CIN2 at
the cost of a stronger decrease in specificity.
In conclusion, in a cervical screening setting
viral load assessment has no additive value to
stratify high-risk HPV GP5+/6+-PCR-positive
women for risk of ≥CIN2 or ≥CIN3.

negative predictive value for ≥CIN2 compared
to cytology alone (5-10). As a consequence,
the efficacy of cervical screening can be
improved by hrHPV testing, permitting longer
screening intervals (10-12). The positive
predictive value of hrHPV testing, however,
needs improvement because a substantial
number of hrHPV-positive women suffer from
transient infections that clear spontaneously
and do not cause ≥CIN2 (13). The inability of
an hrHPV DNA test to discriminate between
persistent and transient infections urges the
need for additional biomarkers that enable
identification of hrHPV-positive women
who are truly at risk of ≥CIN2. This may
significantly reduce the number of women,
particularly those with normal cytology, that
are subjected to redundant clinical followup procedures based on a transient hrHPV
infection.
In this context, several studies have
investigated the value of the amount of viral
DNA normalized per cervical scrape or per
cell (i.e. viral load) as a risk determinant for
high-grade CIN. For HPV16, it was found that
increased viral loads are associated with an
increased risk of ≥CIN2 (14-17) and reduced
amounts of viral DNA to the absence of ≥CIN2
and viral clearance (17;18). Although for types
other than HPV16 data were less conclusive
(19-25) we previously managed in a cross78
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sectional study to define type-specific viral
load thresholds for HPV16, -18, -31, and -33
above which all women with abnormal cytology
and prevalent ≥CIN3 lesions were discerned
(i.e. 100% sensitivity). These thresholds were
based on the 33rd percentile of the lowest
viral load values found in women with normal
cytology participating in a population-based
screening program (1). These data suggest
that viral load assessment allows to exclude
prevalent CIN3 lesions in 33% of hrHPV
GP5+/6+-PCR positive women with normal
cytology. Herein, this hypothesis was tested
using a population-based cervical screening
cohort (i.e. POBASCAM study) (5;10;26)
of women that were hrHPV GP5+/6+-PCR
positive and had single infections with HPV16,
-18, -31, or -33 at baseline. Viral load analysis
was performed by type-specific real-time PCR
(1;27). The sensitivities and specificities of
viral load assessment for ≥CIN2 and ≥CIN3
were determined using the predefined typespecific viral load thresholds (1).

classified as inadequate, normal, borderline
dyskaryosis, mild dyskaryosis, moderate
dyskaryosis, severe dyskaryosis, suspected
of carcinoma in situ or suspected of invasive
cancer. Borderline and mild dyskaryosis
(BMD) equals ASC-US/ASC-H/LSIL and
together moderate/severe dyskaryosis and
suspected of carcinoma in situ (>BMD)
equals high-grade squamous intraepithelial
lesion (HSIL) (28;29). In the control group,
women were advised at the baseline round
according to the current guidelines for cervical
screening in the Netherlands (28). In the
intervention group, repeat testing at 6 and 18
months was advised to women with a hrHPVpositive normal smear and to women with
BMD. Women with moderate dyskaryosis or
worse (i.e. >BMD) were directly referred for
colposcopy at any visit (i.e. baseline, 6, or
18 months) independent of hrHPV status. In
case of hrHPV positivity at 18 months, women
were referred for colposcopy-directed biopsy,
irrespective of the cytology result. Women
with normal cytology and a negative hrHPV
test (hrHPV-) were recalled at the subsequent
screening round (after 5 years). A more
detailed description of the study, the referral
policy and follow-up procedure has been
published previously (5;10;26).
At baseline, a total of 1,102 women in
the intervention group were hrHPV positive by
GP5+/6+-PCR-EIA of whom 472 women had a
single infection with HPV16, -18, -31, and –33,
as determined by RLB genotyping. Eligible
for this study were women of whom sufficient
material of the baseline cervical scrape was
left for type-specific viral load assessment.
Ultimately, 467 women were included
comprising 256, 58, 109, and 44 women with
single HPV16, -18, -31, and –33 infections,
respectively at baseline, and when applicable

Material and methods
Study population
The intake of the population-based
randomized controlled cervical screening
trial, i.e. POBASCAM (5), was between
1999 and 2002 and comprised 44,102
study participants. The study tested two
screening policies, namely hrHPV testing by
GP5+/6+-PCR-EIA combined with cytology
(intervention group, n=21,996) versus
cytology alone (control group, n=22,106).
Cytomorphological analysis was performed
according to the CISOE-A classification, which
can be translated easily to the Bethesda
2001 classification (28). Briefly, smears were
79
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follow-up samples at 6 and/or 18 months. Of
the 467 women, 307 had normal cytology,
69 BMD and 91 ≥BMD. ≥CIN2 and ≥CIN3
lesions were diagnosed within 18 months of
follow-up in 150 and 110 women, respectively,
comprising 103 and 77 women with HPV16, 11
and 7 with HPV18, and 18 and 13 with HPV31
and –33 each at baseline, respectively. Written
informed consents were obtained from all
women. The study was approved by both the
Medical Ethics Committee of the VU University
Medical Center and the Ministry of Public
Health.

of the manufacturer (Roche, Mannheim,
Germany), except that samples were eluted
with 100 µl elution buffer. Finally, DNA isolates
were additionally centrifuged for 1 min at
13,000 g and transferred to a new tube to
remove any silica that co-eluted from the
column.
HPV16, -18, -31, and -33 type specific
DNA load as well as the β-globin DNA load
were determined on the LightCycler instrument
(Roche Diagnostics, Mannheim, Germany)
in separate reactions to quantify the number
of HPV copies and the number of cells.
The LightCycler assays and the nucleotide
sequences of the primers and probes are
described in detail before (1;27). The end
volume of each real-time PCR reaction was
20 µl of which 5 µl (20 ng/µl) was extracted
sample DNA. The LightCycler reactions were
run in duplicate and values obtained were
averaged. The viral load for each sample was
calculated by dividing the HPV copy number
by the number of cells and expressed as
copies per cell (c/c) (17).

Specimen collection and preparation
After a classic cervical smear was made on
a glass slide, cervical scrapes were collected
for hrHPV testing by placing the brush in 5
ml sterile phosphate-buffered saline (PBS)
and 0.05% merthiolate. Upon arrival in the
laboratory, cells were pelleted at 3,000 g for 10
min and resuspended in 1 ml 10 mM Tris-HCl
(pH 8.0).
High-risk HPV testing and quantification of
HPV DNA and β-globin
Cervical samples were processed and
subsequently tested for hrHPV by GP5+/6+PCR-EIA as described in Bulkmans et al. (5).
GP5+/6+-PCR-EIA positive samples were
subsequently typed by RLB according to
previously described protocols (30). Baseline
HPV GP5+/6+-PCR-EIA data have been
presented earlier by Bulkmans et al. (5) and
typing data for women with normal cytology
and BMD were described by Berkhof et al.
(31).
For viral load analysis, the high pure
PCR template preparation (HPPTP) kit was
used for DNA extraction from 100 µl Tris-HCl
sample according to the recommendations

Statistical analysis
GP5+/6+-PCR positive samples that were
negative in the LightCycler tests, thus
containing numbers of HPV copies under
the detection level, were set at <0.01 copies/
cell (27;32). HPV16, -18, -31, and -33 typespecific viral load values were log transformed
yielding unskewed values. The relative risk of
type-specific viral load for cumulative ≥CIN2
or ≥CIN3 after 18 months of follow-up was
determined by Cox regression with correction
for age. Women were censored when not
attending repeat testing. Binary logistic
regression analysis with correction for age,
cytology, and HPV type was used to study the
association between the baseline viral load,
80
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relation between sensitivity and specificity
for ≥CIN2/3 of the viral load thresholds and
cytology was demonstrated in a response
operator characteristics curve (ROC-curve).
For this purpose, cytology outcomes were
dichotomized based on borderline, mild, or
moderate dyskaryosis thresholds. The level
of statistical significance was set at 0.05 and
all analyses were performed using SPSS 11.5
software.

the change in viral load between baseline
and diagnosis, and ≥CIN2/3. For further
analyses type-specific viral load values were
dichotomized in ‘negative’ and ‘positive’ using
the previously determined viral load thresholds
(Table 1) (1). These values were obtained
using the lowest 25th, 33rd, and 50th percentiles
of the viral load values in women with normal
cytology participating in population-based
screening as cut-off values. The dichotomous
HPV16, -18, -31, and -33 viral load data
were subsequently combined into 1 variable.
Sensitivity and specificity estimates for 18
month cumulative ≥CIN2/3 were corrected for
loss to follow-up by computing Kaplan-Meier
statistics. The sensitivity and specificity values
were relative to the study population of HPV
DNA positive women. The median test was
used to determine differences in median HPV
load values in women with ≥CIN2 and ≥CIN3
between normal and abnormal cytology. The

Results
Viral load values in single HPV16, -18,
-31, and -33 infections of women with and
without ≥CIN2 diagnosed within 18 months
of follow-up are depicted in Figure 1. The
median loads in women with ≥CIN2 were 5.0
c/c (range: <0.01-1.2·104) for HPV16, 5.0
c/c (range: <0.01-55.6) for HPV18, 16.5 c/c
(range 1.0-3.8·103) for HPV31, and 79.8 c/c
(range: 3.6-3.6·103) for HPV33. The median
viral load values of women without ≥CIN2
were lower for all four HPV types (i.e. 1.1 c/c
(range: <0.01-456) for HPV16, 1.5 c/c (range:
<0.01-202) for HPV18, 5.7 c/c (range <0.012.7·103) for HPV31, and 13.7 c/c (range:
<0.01-241) for HPV33). Amongst women
with HPV16, -31, and -33 viral load values
were predictive for ≥CIN2 (Cox regression;
relative risk (RR) 1.6 (95%CI: 1.3-1.9), 1.7

Figure 1. Box plot of baseline HPV16, -18, -31 and
–33 load values for women without high-grade CIN
(light boxes) and ≥CIN2 (dark boxes) diagnosed
up to 18 months of follow-up. Viral load values
are shown on the Y-axis in HPV c/c and are log
transformed. The upper and lower boundaries of
the boxes represent the 75th and 25th percentiles,
respectively. The black line within the box
represents the median, the whiskers represent the
minimum and maximum values that lie within 1.5
inter quartile range from the end of the box. Values
outside this range are represented by asterisks.
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(95%CI: 1.1-2.7), and 1.9 (95%CI: 1.1-3.1),
respectively; Table 2). For HPV18 the relative
risk was of similar magnitude (1.5, 95%CI:
0.7-3.1), although not significant (P=0.3).
After repeating the analyses with ≥CIN3 as
endpoint similar results to those with ≥CIN2
were obtained (data not shown), although the
association between viral load and ≥CIN3 was
only significant for HPV16 (Cox regression;
RR 1.6 (95%CI: 1.3-2.0)). We also examined
the effect of a change in viral load between
baseline and the moment of diagnosis on
the risk of ≥CIN2. For types 16, 18, 31, and
33 combined, we found a marginal, positive
association (logistic regression; RR 1.7
(95%CI: 1.0-3.0), P=0.06). For ≥CIN3 this
association was slightly lower (RR 1.4 (95%CI:
0.9-2.1), P=0.12).
For further analyses, the type-specific
viral load values were dichotomized using the
previously determined viral load thresholds
(Table 1) (1) and pooled to one variable.
The sensitivity and specificity for 18 month
cumulative ≥CIN2 was determined after
applying the various viral load thresholds.
Overall sensitivities for ≥CIN2 in the population
of HPV DNA-positive women were 93.5%
(95%CI: 88.3-96.5), 88.8% (95%CI: 82.792.9), and 77.7% (95%CI: 70.5-83.6) for
the 25th, 33rd, and 50th percentile thresholds,
respectively, and overall specificities for
these thresholds were 21.1% (95%CI: 19.522.9), 29.7% (95%CI: 27.5-32.0), and 44.4%

(95%CI: 41.4-47.6), respectively (Table 3).
After repeating this analysis with 18 month
cumulative ≥CIN3 as endpoint slightly higher
sensitivity values were obtained (Table 3).
However, unlike our previous findings in
women with abnormal cytology and underlying
≥CIN3 (1), none of the thresholds revealed
a 100% sensitivity for 18 month cumulative
≥CIN3. These findings may, in part, reflect the
fact that women with normal cytology having
or developing ≥CIN2 or ≥CIN3 demonstrate
lower viral loads than those with abnormal
cytology. Indeed, amongst those with ≥CIN2
that were HPV16-positive, the women with
normal cytology at baseline had significantly
lower viral loads than their counterparts with
abnormal cytology (median 1.2 c/c (range
<0.01-113) versus median 9.1 c/c (range
<0.01-1.2·104); median test P<0.001). Similar
results were obtained for HPV16 positive
women with ≥CIN3 (median test; P<0.001).
The number of HPV18, -31, and -33 positive
women with ≥CIN2/3 lesions was too low to
allow such analysis. Moreover, we did not
find evidence that the pooling of the viral
load data had masked potential differences
between the four HPV types (data not shown).
Adjustment of the viral load thresholds to less
than the 25th percentile revealed sensitivities
for ≥CIN2 and ≥CIN3 that were lower than
those previously reported (1). In summary, no
viral load thresholds could be defined below
which cumulative 18 month ≥CIN2 and ≥CIN3
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could be excluded in HPV-positive women.
We further evaluated whether viral
load assessment can be an alternative or
additive tool to cytology to stratify hrHPVpositive women for risk of ≥CIN2 or ≥CIN3. To
that end we performed ROC-curve analysis
to compare sensitivities and specificities of
the viral load thresholds for ≥CIN2 with that of
cytology. At a similar sensitivity the specificity
of cytology was always higher than that of
the viral load thresholds (Figure 2). Moreover,
adding viral load testing to cytology in HPV
DNA-positive women increased the sensitivity
for ≥CIN2 at the cost of a stronger decrease in
specificity. Altogether, this indicates that viral
load assessment has no additive value over
that of cytology to stratify hrHPV DNA-positive
women for risk of ≥CIN2 (33). Similar results
were obtained when using ≥CIN3 as endpoint
(data not shown).

Discussion
Several population-based cervical screening
trials (10;11;34) have indicated that hrHPV
DNA testing using a clinically validated
assay (13) is likely to replace cytology
in primary cervical screening in the near
future. Studies, however, also indicated that
specificity of hrHPV testing remains subjected
to improvement (34;35). In a longitudinal
population-based cervical screening cohort,
we therefore evaluated viral load assessment
as a candidate biomarker to further stratify
hrHPV-positive women for risk of ≥CIN2. In
this study, we showed that HPV16, -31, and
-33 load was predictive for cumulative ≥CIN2
or ≥CIN3 within an 18 month period. The viral
load data are in line with those of previous
studies (15-17;22;36). In addition, we found
a tendency for an positive association of in83
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Figure 2. ROC curve for viral load (
), cytology (
),and the combination of both (
) for cumulative ≥CIN2 after 18
months low-up in HPV DNA positive women with a single HPV16, -18, -31, and -33 infection.

time increasing viral load with risk of ≥CIN2,
which matches with observations of others
(17;18). Despite the predictive value of viral
load for ≥CIN2 or ≥CIN3 we could not translate
our findings into a useful threshold value
for risk stratification at the individual patient
level. This was most likely related to the wide
range of viral loads in women with and without
≥CIN2 or ≥CIN3, particularly amongst women
with normal cytology at baseline. Since we
furthermore found that viral load thresholds
had no additive value with respect to clinical
sensitivity and specificity over that of cytology,
it can be concluded that viral load assessment
has no clinical value for stratification of hrHPV
GP5+/6+-PCR-positive women for risk of
≥CIN2 or ≥CIN3 within a cervical screening
setting.
It is of note that the specificity values
of cytology obtained in this study can not
be simply compared to those of longitudinal
studies involving an unselected population
(10;34) because this study was limited to a

group of GP5+/6+-PCR-based hrHPV-positive
women who are at increased risk of ≥CIN2.
It seems that, up to now, cytology has the
highest specificity as a follow-up test in hrHPVpositive women. However, cytology harbors
a rather low sensitivity for ≥CIN2. Therefore,
management of hrHPV-positive, cytologynegative women remains necessary as these
women still harbor a substantial risk for ≥CIN2
(37). At the moment repeat testing of these
women with both HPV and cytology after 6 to
12 months appears the most effective strategy
(37;38). While viral load may not, genotyping
of the infection to determine the presence
of HPV16/18 (39;40) and/or analysis of type
persistence might possibly further enhances
the efficacy of the follow-up (41). In addition,
other biomarkers like E6/E7 mRNA transcripts
(42) or p16INK4a overexpression (43) might
also prove itself to be of value. Furthermore,
research lines aiming at the identification of
novel candidate host-cell markers for risk
stratification is of major importance (44;45).
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In conclusion, we demonstrated that
despite the predictive value of viral load for
cumulative ≥CIN2 or ≥CIN3 within an 18
month period, viral load assessment had no
additive value over cytology when applied
to women in a screening population with a
positive hrHPV GP5+/6+-PCR-EIA test. Our
findings indicate the need to search for other
biomarkers for stratification of hrHPV-positive
women for risk of having or developing
(pre)malignant cervical lesions.
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Summary, discussion, and guidelines

Chapter 8
Before cost-effective implementation of nationwide hrHPV testing in cervical screening can
be envisaged an optimal balance between
clinical sensitivity and specificity should be
reached to minimize redundant follow-up
pwwrocedures. In order to translate such
clinical requirements into test performances
we performed the studies described in this
thesis. Our findings are discussed below and,
inferred from these, directions to guidelines
for hrHPV DNA test requirements for use in
primary screening are given.

to that of GP5+/6+-PCR. An important
observation was that we could significantly
improve the clinical specificity of hc2 for highgrade CIN or cervical cancer by increasing
the cut-off for positivity (from 1 to 2 RLU/CO)
without a loss in clinical sensitivity. Differences
in clinical specificity and sensitivity between
the hc2 and GP5+/6+-PCR disappeared
at a cut-off of 3 RLU/CO. Therefore, both
assays are considered similarly accurate in
the detection of high-grade CIN or cancer,
provided that the hc2 cut-off is slightly
adapted.
In Chapter 4 we compared in a casecontrol format the GP5+/6+-PCR-EIA with the
ultra-sensitive SPF10 assay to detect ≥CIN2 in
women with normal cytology. The application
of SPF10 did not lead to an increase in clinical
sensitivity for high-grade CIN or cervical
cancer, but instead a significantly decrease
in clinical specificity compared to that of the
GP5+/6+-PCR. The extra positivity scored by
SPF10 mainly involved infections characterized
by a very low viral load that do not result in
high-grade CIN or cervical cancer.
Taken together, the data from
Chapters 2 to 4 indicate that the analytical
sensitivity of the ISH assay is too low, and
that of SPF10 too high for use in a screening
setting. The clinical performances of GP5+/6+PCR-EIA and hc2 were nearly at the same
level, in line with data of large screening
trials (1-3). However, the clinical performance
of these assays remains subjected to
improvement. In order to address this issue
we performed additional viral load analysis
for the most common high-risk HPV types
on women that are GP5+/6+-PCR positive
for the respective types. To that purpose we
firstly developed and validated real-time PCR
assays to quantify the amount of HPV16, -18,

In the first part of this thesis (Chapter 2-4) we
aimed to find out which of the commonly used
hrHPV DNA detection assays has the most
optimal balance between clinical sensitivity
and specificity for high-grade CIN and
cervical cancer. To that end several two-way
comparisons were performed.
It appeared that, compared to
hc2, a commercially available DNA in situ
hybridization (ISH) assay lacked sufficient
sensitivity for prevalent high-grade CIN or
cervical cancer (Chapter 2). Since in situ
hybridization positivity was only found in
smears displaying relatively high viral loads,
as deduced from the corresponding hc2
RLU/CO values, it can be concluded that the
ISH assay used suffered form an insufficient
analytical sensitivity to reach an optimal
clinical sensitivity
Comparison of the automated version
of the hc2 assay and GP5+/6+-PCR in a
cross-sectional study of women participating
in a population-based cervical screening trial,
revealed that both assays had nearly similar
sensitivities for high-grade CIN or cervical
cancer (Chapter 3). However, an higher
overall positivity rate of the hc2 resulted in a
significantly lower clinical specificity compared
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would result in a marked decrease in clinical
specificity, without having a major impact on
the clinical sensitivity. Therefore, it can be
concluded that, amongst the assays analyzed,
the GP5+/6+-PCR and the compatible hc2 suit
best for screening purposes. This is in line with
the finding that these two assays have proven
to be of clinical value in large screening trials
(1-3) and therefore can be considered as
clinically validated for cervical screening.

-31, and –33 load, as well as that of the βglobin housekeeping gene (Chapter 5). Using
these assays, we were able to calculate the
amount of HPV copies per cell.
In a subsequent cross-sectional study
we applied these assays to define HPV16, -18,
-31, and 33 type-specific viral load thresholds
above which all women with abnormal
cytology and prevalent ≥CIN3 lesions were
discerned (Chapter 6). These thresholds were
based on the 33rd percentile of the lowest
viral load values found in women with normal
cytology participating in a population-based
screening program. Hence, prevalent ≥CIN3
lesions may be excluded in at maximum 33%
of the women positive for the respective HPV
types when using additive viral load analysis.
It furthermore became clear that at this
threshold, absolute viral load values differed
considerably between the different types.
Subsequently, in Chapter 7 we
evaluated various viral load thresholds,
defined in Chapter 6, in a longitudinal
population-based screening trial with 18
months of follow-up. Despite the fact that
for most of the examined types viral load
levels were predictive for high-grade CIN or
cervical cancer, none of the thresholds could
exclude 18 month cumulative CIN2, CIN3,
or cervical cancer. This was mainly due to
the wide overlap between viral load levels in
women with and without high-grade lesions. In
addition, viral load assessment had no additive
value over cytology when applied to women
with a positive hrHPV GP5+/6+-PCR-EIA test
in this screening population.
Taken together, our data indicate
that additional viral load assessment cannot
enhance the clinical specificity of the GP5+/6+PCR assay. On the other hand, an increase in
analytical sensitivity relative to GP5+/6+-PCR

Since both median and clinically
relevant viral load levels in women of a
screening population differ markedly between
the various hrHPV types (chapter 6) clinical
test requirements cannot easily be translated
into analytical test requirements in terms
of setting universal assay cut-off points.
Instead, clinical criteria should form the basis
of formulating directions to guidelines for
hrHPV test requirements for primary cervical
screening. A proposal for such guidelines
and clinical validation strategy necessary for
fulfillment of these guidelines in the European
setting are presented below. In addition,
indications for constant quality assurance
of hrHPV testing by the laboratories are
proposed.

Requirements of HPV tests in primary
cervical screening
In a primary cervical screening setting a HPV
detection assay should fulfill the following
requirements:
1. The candidate test should have a clinical
sensitivity for ≥CIN3 of at least 95% ± 3%.
This percentage is chosen to assure a
very high negative predictive value of the
HPV detection assay and is based on data
obtained from large clinical trials performed
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by hc2 and GP5+/6+-PCR. A meta analysis
showed the pooled sensitivity for hc2 to
be 97.9% (95%CI: 95.9-99.9) in primary
screening in Europe and North-America (4).
The GP5+/6+-PCR revealed a sensitivity of
94.1% (95%CI: 91.7-95.9) (5).
2. The candidate test should have a clinical
specificity for ≥CIN3 of at least 95% ±
2% in women over 40 years of age. This
percentage is based on data obtained
from the POBASCAM indicating that the
GP5+/6+-PCR has a clinical specificity for
women >40 years of age of 97.3% (95%CI:
97.1-97.5) (personal communication J.
Berkhof and C. Meijer). In European
trials, the hc2 displays a clinical specificity
for women >35 years of age of at least
93.3% (95%CI: 92.9-93.6) (6). Based on
the compatibility between both tests, hc2
is assumed to fit the criterion of clinical
specificity in women >40 years of age. The
reason for selecting this age category is that
in women >40 years of age HPV prevalence
determined by hc2 and GP5+/6+-PCR is
constant and comparable between the
different European countries (6).This clinical
specificity percentage is required in order to
assure a most adequate positive predictive
value of the HPV detection assays that
result in a cost-effective cervical screening.
3. The candidate test should display an intraand inter-laboratory reproducibility of at
least 90% ± 3%. The hc2 and GP5+/6+PCR had an intra-laboratory reproducibility
of 92.2% (95%CI: 90.4-93.7) and 92%
(95%CI: 84.5-99.5), respectively (7;8). This
is to ensure a robust and highly reliable
performance of the test in clinical practice.

GP5+/6+-PCR, it is obvious that these
assays meet these requirements. Hc2 and
GP5+/6+-PCR detect 13 and 14 hrHPV
types, respectively (i.e. both assays detect
HPV16, -18, -31, -33, -35, -39, -45, -51, 52, -56, -58, -59, and –68; GP5+/6+-PCR
additionally detects HPV66). It is complicated
to conclude the minimal number of hrHPV
types that a HPV detection assay should be
able to detect as there is still debate about the
carcinogenicity of certain HPV types that have
been rarely detected in carcinomas (9-11).
Nevertheless, as long as the HPV detection
assay complies with the abovementioned
criteria, it is of minor importance to what extent
uncommon hrHPV types are actually targeted.

Validation guidelines for candidate HPV
assays
To realize the abovementioned test
requirements for clinical application in cervical
screening, a candidate HPV detection assay
has to be validated on samples that originate
from a population-based screening cohort.
In order to ensure a good representation of
this population the candidate test has to be
compared with a clinically validated test. The
following validation strategy is advised:
1. The clinical sensitivity should be determined
by testing at least 200 smears of randomly
selected women from the population-based
screening cohort with cytologically >BMD
having histologically confirmed ≥CIN3.
Based on the requirements mentioned
before the HPV negativity rate in these
>BMD smears should not exceed 8%.
2. The clinical specificity should be determined
by testing at least 1,500 smears of women
>40 years of age with normal cytology that

Since these test requirements were deduced
from data obtained with hrHPV hc2 and
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are randomly selected from the subset of
women from the population-based cohort
without histologically confirmed ≥CIN2. The
HPV positivity rate in these smears should
not exceed 7% in a European population.
3. The intra- and inter-laboratory reproducibility
should be determined by evaluation of at
least 500 smears, 30% of which tested
positive in a reference laboratory using
a clinically validated assay. Comparative
analysis with a clinically validated test (i.e.
hc2 and GP5+/6+-PCR) performed on the
same smears should result in a percentage
of agreement of at least 92% (kappa value
of at least 0.5).

including regular intra- and inter-laboratory
evaluation of smear specimens and/or cell
line dilution series sent by a (inter)national
reference laboratory. An example of such an
independent organization in the Netherlands
is the ‘Quality-control Clinical Pathology
Association’ (i.e. Stichting Kwaliteitstoetsing
Klinische Pathologie, SKKP).
In conclusion, the data collected in this thesis
indicate that within a cervical screening
setting hrHPV tests should exhibit specific
requirements to assure high clinical sensitivity
and at the same time high clinical specificity
to limit unnecessary follow-up. The studies
described in this thesis resulted in more insight
into the clinical test characteristics of various
hrHPV DNA detection assays. The assays
mainly differed in clinical specificity, which for
the largest part can be attributed to differences
in the detection rate of transient HPV
infections characterized by low viral loads.
Such infections do not cause malignancies,
are therefore clinically irrelevant, and
potentially harmful in a screening setting. In
order to avoid such drawbacks specific HPV
test guidelines were proposed. It can be
expected that future implementation of hrHPV
testing is accelerated once (inter)national
consensus is obtained about such guidelines.

Laboratory guidelines for HPV testing
Laboratories performing the HPV test should
comply to quality assurance (QA), including
internal quality control (IQC), external quality
assessment (EQA) and quality improvement
(QI). To realize QA, at least the following items
should be fulfilled:
1. The laboratory should have an infrastructure
for molecular testing, including separate
laboratories for sample identification/
preparation, DNA extraction, DNA
amplification, if applicable, and detection.
2. The laboratory should have accreditation
for clinical molecular testing and should
comply with standard operation procedures
(SOP) and good laboratory practice (GLP)
guidelines.
3. The laboratory should process
approximately 15,000 smears per year to
assure consistency, reliability, and accuracy
of results reported.
4. The HPV test performance of the laboratory
should be monitored by proficiency testing
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Chapter 9
Wetenschappelijk onderzoek heeft
uitgewezen dat baarmoederhalskanker
wordt veroorzaakt door een infectie met een
virus, het zogenaamde hoog-risico humaan
papillomavirus (hrHPV). Bij aanhoudende
(d.w.z. persisterende) infectie van het
slijmvliesepitheel van de baarmoederhals
met hrHPV, kan baarmoederhalskanker
ontstaan. Dit proces verloop via een aantal
premaligne voorstadia, de zogeheten
cervicale intraepitheliale neoplasie (CIN)
afwijkingen, gegradeerd van 1 tot 3. Door
vroegtijdige ontdekking (d.w.z. het opsporen
van deze voorloperafwijkingen die goed
(lokaal) te behandelen zijn) is het ontstaan
van baarmoederhalskanker te voorkomen.
Het huidige bevolkingsonderzoek naar
baarmoederhalskanker, dat gebruik maakt van
de cytologische beoordeling van uitstrijkjes
van de baarmoederhals op de aanwezigheid
van afwijkende cellen kenmerkend voor deze
CIN afwijkingen en baarmoederhalskanker, is
hierop gebaseerd.
De ontdekking dat hrHPV de
veroorzaker is van baarmoederhalskanker
heeft geresulteerd in twee nieuwe
mogelijkheden voor de preventie van
baarmoederhalskanker; (1) primaire preventie
door profylactisch vaccineren tegen hrHPV (nl.
de typen 16 en 18, die samen verantwoordelijk
voor 70% van alle tumoren); en (2) secundaire
preventie door vrouwen te testen op de
aanwezigheid van hrHPV in het uitstrijkje, in
plaats van of naast cytologie. In dit proefschrift
wordt dieper ingegaan op punt 2.
In grote (inter)nationale
bevolkingonderzoek studies is recent
aangetoond dat testen op de aanwezigheid
van hrHPV de gevoeligheid voor het
opsporen van baarmoederhalskanker en
ernstige CIN afwijkingen (afgekort als

≥CIN2) aanzienlijk verbeterd ten opzichte
van de huidige cytologische methode. Dit
betekent dat de effectiviteit en doelmatigheid
van het bevolkingsonderzoek naar
baarmoederhalskanker enorm kan verbeteren
door het invoeren van hrHPV testen, zoals
ook blijkt uit een in Nederland uitgevoerd
bevolkingsonderzoek studie (POBASCAM
genaamd). Door de HPV test in te voeren
zouden vrouwen maar eens per 6 tot 8 jaar
hoeven te worden gescreend, tegenover eens
per 5 jaar zoals dat nu het geval is.
Echter, men moet zich realiseren dat
niet elke hrHPV infectie resulteert in ≥CIN2.
Naar schatting maakt meer dan 80% van de
seksueel actieve bevolking ooit een hrHPV
infectie mee in zijn leven, terwijl maar een
klein deel van alle hrHPV infecties van de
baarmoederhals tot ≥CIN2 leidt. Dit geeft aan
dat het merendeel van de hrHPV infecties
spontaan verdwijnt en slechts een minderheid
zal persisteren en tot een ernstige afwijking
leiden. De hrHPV test moet bij voorkeur
alle vrouwen met ≥CIN2 of risico op ≥CIN2
identificeren, maar zo min mogelijk vrouwen
met een tijdelijke hrHPV infectie. Met andere
woorden, het is belangrijk dat de hrHPV
test klinisch relevantie infecties aantoont,
d.w.z. de infecties die leiden tot ernstige
afwijkingen. Immers, test–positieve vrouwen
zullen klinisch vervolgd moeten worden,
hetgeen een onnodige extra kostenpost en
ongerustheid bij de vrouw teweeg brengt
indien dit tijdelijke hrHPV infecties betreft.
Het is daarom van belang dat, voordat
een hrHPV test wordt geïmplementeerd in
het nationale bevolkingsonderzoek naar
baarmoederhalskanker, een optimale
balans tussen klinische gevoeligheid
(ofwel het percentage aan vrouwen met
ernstige afwijkingen die test positief zijn)
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en specificiteit (ofwel het percentage aan
vrouwen zonder afwijkingen die test
negatief zijn) voor ≥CIN2 wordt verkregen.
Alleen in dat geval kunnen vrouwen met
ernstige baarmoederhalsafwijkingen
efficiënt worden geïdentificeerd en het
aantal overbodige herhaaladviezen en
verwijzingen naar de gynaecoloog worden
geminimaliseerd. Dit proefschrift behandelt
hoe het verband is tussen deze klinische
aspecten HPV DNA test karakteristieken.
Uit de bevindingen volgt een voorstel voor
richtlijnen waaraan een hrHPV DNA test ten
behoeve van het bevolkingsonderzoek naar
baarmoederhalskanker dient te voldoen.

vrouwen die deelnamen aan het prospectieve,
gerandomiseerde bevolkingsonderzoek
POBASCAM. Beide testen hadden een
vergelijkbaar hoge gevoeligheid voor
≥CIN2. Echter, de klinische specificiteit
voor ≥CIN2 van hc2 was significant lager
dan die van de GP5+/6+-PCR, doordat de
hc2 meer uitstrijkjes positief scoorde van
vrouwen die geen ernstige afwijking van de
baarmoederhals hadden. Een belangrijke
bevinding was dat we de klinische specificiteit
van de hc2 enorm konden verbeteren door het
afkappunt voor positiviteit te verhogen (van
1 naar 2 RLU/CO) zonder dat dit ten koste
ging van de klinische sensitiviteit. Bij een nog
hoger afkappunt (3 RLU/CO) verschilden
beide testen niet meer van elkaar qua
klinische gevoeligheid en specificiteit. Hieruit
konden we concluderen dat beide testen
even accuraat zijn in de detectie van ≥CIN2,
mits het afkappunt van de hc2 test iets wordt
verhoogd.
In Hoofdstuk 4 vergelijken we in een
case-control studie de GP5+/6+-PCR met de
SPF10 HPV DNA test voor het opsporen van
≥CIN2 in vrouwen met normale cytologie.
Het is bekend dat de SPF10 HPV DNA test
zeer gevoelig is voor het meten van hrHPV
infecties. De toepassing van de SPF10
resulteerde niet in betere klinische sensitiviteit
voor ≥CIN2, maar wel tot een significant
lagere klinische specificiteit ten opzichte
van de GP5+/6+-PCR. De extra positiviteit
aangetoond met de SPF10 betrof met name
infecties met een hele lage virale load die
geen ≥CIN2 veroorzaakten.
Samenvattend, de Hoofdstukken
2-4 hebben aangetoond dat de analytische
gevoeligheid van de ISH test te laag en
die van de SPF10 test te hoog is om te
worden gebruikt in het bevolkingsonderzoek

In het eerste gedeelte van dit
proefschrift (Hoofdstukken 2-4) onderzochten
we welke van de meest gebruikte hrHPV DNA
testen de beste balans laten zien tussen de
klinische gevoeligheid en specificiteit voor
≥CIN2.
Uit Hoofdstuk 2 blijkt dat een
commercieel verkrijgbare DNA in situ
hybridisatie (afgekort als ISH) test, in
vergelijking met de hybrid capture 2 (afgekort
als hc2) test, een te lage gevoeligheid heeft
om ≥CIN2 te detecteren. Alleen uitstrijkjes
die een relatief hoge hoeveelheid virus
kopieën (ook wel virale load genoemd)
hadden, waren positief met de ISH
test. Dit werd afgeleid uit de hc2 uitslag
zoals uitgedrukt in RLU/CO waarden.
Samenvattend, heeft de ISH een te lage
gevoeligheid voor ≥CIN2 om als screening
middel binnen het bevolkingsonderzoek naar
baarmoederhalskanker te worden gebruikt.
In Hoofdstuk 3 worden vervolgens
de geautomatiseerde hc2 en de GP5+/6+PCR assays met elkaar vergeleken in een
cross-sectionele studie op uitstrijkjes van
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vier HPV typen enorm verschilden.
Tot slot hebben we in Hoofdstuk
7 de in Hoofdstuk 6 gedefinieerde virale
load afkappunten in een prospectief,
gerandomiseerd bevolkingsonderzoek
(POBASCAM) geëvalueerd, gebruikmakende
van 18-maands klinische vervolggegevens.
Ondanks het feit dat voor de meeste
onderzochte HPV typen een verhoogde virale
load een verhoogd risico op ≥CIN2 liet zien,
kon het gebruik van een afkappunt geen
≥CIN2 uitsluiten in een tijdsbestek van 18
maanden. Dit kon vooral verklaard worden
door de grote overlap tussen virale load
waarden in vrouwen met en zonder ≥CIN2.
Hieruit kan worden geconcludeerd dat virale
load analyse niet gebruikt kan worden om de
klinische specificiteit van de GP5+/6+-PCR
te verbeteren. Aangezien de cytologie een
betere voorspellende waarde bleek te hebben
dan virale load in de groep van vrouwen die
positief waren voor hrHPV met de GP5+/6+PCR test, heeft virale load analyse ook geen
meerwaarde ten opzichte van de cytologie
om GP5+/6+-PCR positieve vrouwen te
selecteren die een verwijzing behoeven
naar de gynaecoloog voor colposcopisch
onderzoek.

naar baarmoederhalskanker. De klinische
waarde van de GP5+/6+-PCR en hc2
testen was nagenoeg gelijk, wat in
overeenstemming is met resultaten uit grote
bevolkingsonderzoekstudies (1-3). Echter,
de klinische specificiteit van deze twee
testen is nog steeds voor verbetering vatbaar
aangezien ook nog hrHPV infecties worden
gemeten die uiteindelijk toch niet leiden tot
ernstige afwijkingen van de baarmoederhals.
Om te achterhalen of deze specificiteit kan
worden verhoogd, hebben we in het tweede
gedeelte van dit proefschrift de toegevoegde
waarde van virale load bepalingen
geëvalueerd in vrouwen met een positief
GP5+/6+-PCR testresultaat.
Hiertoe hebben we allereerst realtime (d.w.z. ‘meten in de tijd’) PCR testen
ontwikkeld en gevalideerd die het mogelijk
maken om de hoeveelheid HPV16, -18, -31,
en –33 DNA en DNA van het β-globine gen
in uitstrijkjes kunnen bepalen (Hoofdstuk 5).
Met deze testen konden we van een uitstrijkje
het aantal HPV kopieën per cel bepalen.
In Hoofdstuk 6 zijn in een crosssectionele studie met behulp van deze realtime PCR methoden virale load afkappunten
bepaald voor HPV16, -18, -31 en -33
waarboven alle vrouwen met afwijkende
cytologie, die een ≥CIN3 hadden, konden
worden aangetoond. Deze afkappunten
waren gebaseerd op het 33ste percentiel van
de virale load waarden gevonden in hrHPV
positieve vrouwen met normale cytologie die
deelnamen aan de POBASCAM studie. Op
deze manier is het mogelijk om bij maximaal
33% van de vrouwen aanwezigheid van
≥CIN3 uit te sluiten met behulp van virale load
bepalingen. Verder was het opvallend dat de
absolute virale load waarden corresponderend
met het 33ste percentiele afkappunt tussen de

Samenvattend, hebben de studies verricht in
dit proefschrift geresulteerd in meer inzicht
in de klinische test karakteristieken van de
verschillende hrHPV DNA testen. Van de
geanalyseerde HPV testen zijn de GP5+/6+PCR en de hc2 test het meest geschikt voor
toepassing binnen het bevolkingsonderzoek
naar baarmoederhalskanker. Dit wordt ook
ondersteund door de gevonden klinische
relevantie van deze twee HPV testen in
grote bevolkingsonderzoek studies (1-3).
Derhalve kunnen deze twee HPV testen
98

Chapter 9
worden beschouwd als klinisch gevalideerd.
De studies uitgevoerd binnen dit proefschrift
hebben verder bewezen dat HPV testen
aan strikte richtlijnen moeten voldoen
voor een kosteneffectieve toepassing
binnen het bevolkingsonderzoek naar
baarmoederhalskanker. De verschillende
onderzochte testen verschillen voornamelijk
in klinische specificiteit, hetgeen voor het
grootste gedeelte kan worden toegewezen
aan het verschil in detectie van HPV
infecties, welke niet tot ernstige premaligne
afwijkingen leiden (d.w.z.tijdelijke infecties,
gekarakteriseerd door lage virale load
waarden). Deze infecties zijn niet klinisch
relevant, en detectie van deze infecties
binnen een bevolkingsonderzoek naar
baarmoederhalskanker moet zo veel
mogelijk worden voorkomen om onnodige
herhaalonderzoeken en onrust bij vrouwen
te vermijden. Daarom is het van belang
dat ten behoeve van screening HPV testen
voldoen aan bepaalde richtlijnen. Deze
richtlijnen zijn opgesteld in Hoofdstuk 8.
Het betreft klinische gevoeligheids- en
specificiteit eisen, eisen met betrekking tot
intra- en interlaboratorium overeenkomsten,
en eisen waaraan een laboratorium die de
HPV test binnen het bevolkingsonderzoek
uitvoert, moet voldoen. Met het positioneren
van deze richtlijnen beogen wij een
hoge klinische sensitiviteit en specificiteit
binnen het bevolkingsonderzoek naar
baarmoederhalskanker te waarborgen.
Het is te verwachten dat (inter)nationale
overeenstemming over deze richtlijnen
de implementatie van hrHPV testen
binnen de bevolkingsonderzoeken naar
baarmoederhalskanker zal versnellen.
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