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Abstract 

It is now believed that the variability in the genomic sequences of human papillomaviruses 

(HPV), as well as viral integration, play an important role in lowering the sensitivity of HPV genotyping 

assays. Additionally, the impact of a variety of HPV genotypes in cancer is not fully understood and their 

absence in screening programs may result in failure to early detect some cancer cases. The present 

work aims to address these two problems, proposing and validating a new generation of qPCR-based 

HPV genotyping assays, in which three DNA targets (i.e.E6, E7 and L1 genes) are used simultaneously, 

and applying it in an HPV73 epidemiology study to broaden the pre-existing knowledge of this 

controversial genotype.  

The proposed method was found to be a better option than the conventional strategy, enhancing 

the sensitivity of HPV73 detection. Detection was possible until 3.10 copies/µl, without any sign of cross-

hybridization, and in a reproducible/repeatable way. The new assay was used to estimate HPV73 

prevalence in Belgium (2.3%, 95%CI: 1.3-3.4%). This prevalence peaked in ages lower than 25 (11.7%, 

95%CI: 6.3-20.7%, p=6×10-6) and was associated with increasing severity of premalignant lesions 

(p=0.005). Nevertheless, no coinfection association with any other HPV type was found to be statistically 

significant, even when analysed in a population with increased sexual risk behaviours. Although the 

carcinogenic potential of HPV73 was not fully addressed, its prevalence is comparable with the ones 

found for other high-risk HPV types (Hr-HPV) already included in screening programs and thus, may be 

important for individual patient treatment management. 
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Resumo 

Hoje em dia acredita-se que a variabilidade genética do vírus do papiloma humano (HPV) e a 

sua integração no genoma do hospedeiro são cruciais para a perda de sensibilidade em testes de 

genotipagem. Adicionalmente, o impacto de alguns HPVs no cancro do colo do útero não é ainda 

compreendido, e a sua inclusão em programas de rastreio poderá aumentar as chances de deteção 

precoce de alguns casos de cancro. O presente trabalho tem como objetivo abordar estes dois tópicos, 

com a proposta e validação de um método de qPCR de nova geração para genotipagem do HPV, onde 

três alvos (genes E6, E7 e L1) são utilizados simultaneamente na deteção de DNA viral, e aplicá-lo 

num estudo epidemiológico sobre o pouco estudado HPV73.  

O método proposto mostrou ser melhor que a estratégia convencional, aumentando a 

sensibilidade de deteção do HPV73. A deteção foi possível até 3.10 cópias/µL, sem sinal de 

hibridização cruzada, e de forma reprodutível/repetível. A sua aplicação permitiu também estabelecer 

a prevalência do HPV73 na Bélgica (2.3%, 95%CI:1.3-3.4%), sendo mais prevalente em idades 

inferiores a 25 (11.7%, 95%CI:6.3-20.7%, p=6×10-6), e estando também associado ao aumento da 

severidade de lesões pré-cancerígenas (p=0.005). No entanto, nenhuma associação de coinfecção 

com outro genótipo foi estatisticamente significativa, mesmo quando analisada em populações com 

comportamentos sexuais de elevado risco. Embora o seu potencial cancerígeno não tenha sido 

abordado, o HPV73 mostra uma prevalência equiparável a outros genótipos de elevado risco, podendo 

por isso ser importante para a gestão de tratamentos personalizados para cada paciente. 

 

Palavras chave: Cancro do colo do útero, HPV, genotipagem, epidemiologia, qPCR 
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AML Algemeen Medisch Laboratorium 
ASC Atypical squamous cells 

ASC-H Atypical squamous cells that cannot exclude high-grade squamous intraepithelial lesions 
ASC-US Atypical squamous cells of unknown significance 

C Concentration 
CIN Bervical intraepithelial neoplasia 
Cp Crossing point 
CV Coefficient of variation 
Dil. Dilution 
E Early region of HPV genome 

Eamplification  Amplification efficiency 
  HLA-DPB1 human major histocompatibility complex, class II, DP beta 1 

HPV Human papillomavirus 
hr-HPV High-risk HPV type 
HSIL High-grade squamous intraepithelial lesions 

k Cohen’s kappa coefficient  
L Late region of HPV genome 

Lab Laboratory 
LBC Liquid-based cytology 
LC LightCycler 

LCR Long control region of HPV genome 
LOD Limit of detection 
log Logarithm base 10 

LOQ Limit of quantification 
Lr-HPV Low-risk HPV type 

LSIL Low-grade squamous intraepithelial lesions 
MW Molecular weight 
N Negative 
N Sample size 

no. Number of samples that satisfy one specific criterion 
NA Avogadro constant 

ORF Open reading frame 
FP Forward primer 
RP Reverse primer 
p p-value; % of agreement 
P Positive 
p0 Observed agreement 

PCR Polymerase chain reaction 
pe Agreement expected by chance 

Qual. Qualitative  
RLU Relative lLight units 

S Slope 
SD Standard deviation 
SIL Squamous intraepithelial lesions 
SNP Single nucleotide polymorphism 
TBS The Bethesda system 
Tm Melting temperature 

WHO World Health Organization 
ΔG Gibbs free energy  � Cp value of one PCR measurement 
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1. Introduction 

1.1. Human papillomavirus  

Viruses are small and interesting infectious agents able to infect all kinds of living forms, from 

microorganisms to humans. The scientific community has been struggling to define what exactly a virus 

is: the expression “living organism” seems to be inadequate since they have no capacity to reproduce 

on their own; they need to take over the host´s cellular machinery, and turn them into “virus factories”. 

However, when that happens, they have an incredibly dissemination and proliferation capacity. 1 

Hundreds of viruses have the capacity to infect humans, including the human papillomaviruses 

(HPV). HPV is commonly found in all cutaneous and mucosal epithelia, is easily spread by skin-to-skin 

contact and virtually every one of us will be infected with HPV at some point in our lives, either women 

or men.2,3 Although most of the infections are naturally cleared by the immune system, without any 

symptoms or  clinical complications, HPV infections have also been found to cause benign papillomas 

or warts and some HPVs are actually known to be carcinogenic and the causative agent of cervical, 

vulval, vaginal, penil, anal or even head and neck cancer (like oropharynx, esophagus or larynx).4,5 

Human papillomavirus belongs to the papillomaviridae family, together with several hundred 

other papillomaviruses.6 Viruses belonging to this family are small and non-enveloped, having diameters 

of approximately 50 to 55 nm. A circular and double-stranded viral genome (episome) of approximately 

8 kb is located inside an icosahedral capsid composed of 72 five-pointed star-like-shaped capsomers 

(Figure 1.1).3  

 

Figure 1.1 -  Electron microscopy image of a HPV viral particle.7 

1.1.1. Genome organization 

The HPV viral genome is divided in three different regions: the early region (E), which encodes 

all the genes involved in viral replication, viral assembly, transcription regulation, oncogenesis and cell 

transformation; the late region (L), which contains two genes that encode for all structural proteins 

essential for capsid formation; and the long control region (LCR), a non-coding region containing 

promoter and enhancer/silencing sequences, playing therefore, a key role in controlling gene 

expression, transcription, virus replication and packaging into viral particles (Figure 1.2). Early and late 

designations are referring to the life cycle phase when these genes are expressed. 3,8 
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Together, all three regions harbours eight open reading frames (ORF), whose main functions 

are described in Table 1.1. Transcription is not limited by the small number of ORFs: multiple promotors 

and complex splicing patterns enable the production of all the necessary viral proteins. 6 

 
 

Figure 1.2 - Schematic view of episomal and integrated forms of the HPV genome, with indication of the eight 
ORFs that comprises the HPV genome. Adapted from Woodmane et al, 2007. 9 

Table 1.1 – Function of the eight ORFs that comprises the whole HPV genome. Adapted from Choi et al, 2015 3 

Region Gene Function 

Early Region (E) E1 
• Encodes an enzyme with DNA helicase activity that enables episomal 

replication. 
E2 • Regulates viral transcription; particularly, inhibits E6 and E7 genes. 

E4 
• Binds to cytoskeletal proteins and breaks the cytoskeletal network, contributing 

to the deformation of infected cells (koilocytosis) and viral release.  

E5 
• Inhibits host cell apoptosis and prevents a T-cell mediated response (inhibits 

exposure of histocompatibility complex types I and II) 
•  Interacts with growth factor receptors. 

E6 • Encodes an oncoprotein that binds to p53 tumour suppressor gene. 

E7 
• Encodes an oncoprotein that binds to retinoblastoma (Rb) tumour suppressor 

gene. 

Late Region (L) L1 • Encodes a major structural capsid protein (55 kDa in size). 
L2 • Encodes a minor structural capsid protein (70 kDa in size). 

Long Control 
Region   

LCR • Involved in viral replication, transcription and gene expression.  

After infection, HPV viral DNA can be found inside human cells in its episomal, integrated or 

mixed form, where both episomal and integrated forms occur simultaneously. Viral integration occurs 

within E2 gene, approximately in the zone indicated by the arrow in Figure 1.2, leading to disruption or 

even loss of the viral regulatory E2 protein and consequently, in the upregulation of E6 and E7 gene 

expression. Integrated forms have been found to favour viral transcripts stability and confer growth 

advantages for infected cells, supporting infection progression. 9 

1.1.2. Phylogenetic classification 

Papillomaviridae is a very broad and heterogeneous family that comprises all the known 

papillomaviruses, including all HPVs, distributed over 16 genera designated by Greek letters. Over 200 

different HPVs have been classified and grouped in five of this genera (Alphapapillomavirus, 

Betapapillomavirus, Gammapapillomavirus, Mupapillomavirus and Nupapillomavirus), alpha and beta 

being the two most representative branches (Figure 1.3). This classification is purely based on sequence 

similarities in the L1 gene, the most conserved within the HPV genome: more than 60% nucleotide 

identity in the L1 gene is shared between HPVs of the same genus.10, 11 Assuming that this similarity 
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can also be extrapolated to the other genes, one can deduce that the most similar HPV types, in terms 

of genome sequence, are grouped in the same genus. 

Each genus is further divided in species, denominated by numbers, where the most similar HPV 

types are grouped together. Different types are characterized by having a L1 gene sequence with at 

least 10% dissimilarity when compared with any other type (Figure 1.3). A numbering system is also 

used to denominate different types and in fact, each HPV is commonly known by its type number: HPV1 

as abbreviation of human papillomavirus type 1. Two lower classifications can also be used: the sub-

type and the variant, clustering types that have 2-10% or less than 2% L1 sequence similarity, 

respectively.11,12 

 

 
 
Figure 1.3 - Representation of the phylogenetic relation between genera, species and types of 118 
papillomavirus types. The number at the end of each branch identifies the different HPV types while the numbers 
at the inner circles refer to the HPV species. C-numbers refer to candidate HPV types and all other abbreviations 
refer to animal papillomavirus types.11 

While phylogenetic classifications provide important information on biological similarities of 

different HPVs, their role in diseases development or their site of infection can only be properly 

established by epidemiological studies. However, in some cases, one might meet the other: all mucosal 
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infecting HPVs are grouped together in the alpha genus, same as all HPVs known to have carcinogenic 

potential. 2,5,13  

1.1.3. Carcinogenic classification 

HPV types are also usually divided and classified according to their epidemiologic association 

with cervical cancer, the most common HPV-related cancer. It is not completely understood if this 

classification can be extended to other cancers since no carcinogenicity data has been convincingly 

established.10 As a result, all the epidemiological information discussed in the course of this project will 

be limited to cervical carcinogenicity.  

Although HPVs are considered human carcinogens as a whole, only a small fraction (close to 

40 types -  the ones that infect the genital tract) have known and proven carcinogenic potential. Rigorous 

type-by-type analysis still needs to be performed to achieve a well-defined carcinogenic classification, 

and intensive discussion has been conducted regarding this matter.10 However, such studies are limited 

by the propensity of multiple HPV types simultaneously infecting the same person (multiple infection or 

coinfection), which makes it difficult to correctly establish an association between type-specific infection 

and disease progression.5 

The HPV types with carcinogenic potential have been divided in three different groups: the high-

risk types (Hr-HPV), the possible high-risk types (pHr-HPV) and the low-risk types (Lr-HPV). There is 

no complete agreement on the HPV type distribution between different groups in the literature, but for 

the matter of this project, the distribution presented in Table 1.2 will be used. 

 Table 1.2 -  HPV type distribution according to HPV epidemiologic association to cervical cancer. Data based on 
the work of Schmitt et al., 2012.14 

Group Designation HPV Types 

High-risk HPV 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 66 and 68 

Possible high-risk HPV 26, 53, 67, 70, 73 and 82 

Low-risk HPV 
6, 7, 11, 13, 30, 32, 34, 40, 42, 43, 44, 54, 61, 62, 69, 71, 72, 74, 81, 83, 84, 

85, 86, 87, 89, 90, 91, 97, 102, 106 and 114 

It is well established that a persistent cervical Hr-HPV infection, with any of the 14 Hr-HPV types, 

is the leading cause of cervical cancer, and is characterized as a pre-malignant phase of the disease.9,15 

Possible high-risk types have also been found associated with cancer, although less frequently which, 

in association with the lack of studies on their biological activity in cancer tissues, urged the need of 

differentiating them from Hr-HPV types. Furthermore, Lr-HPV types are rarely found to be associated 

with cervical cancer (around 0.1% of association) and there is no clear evidence of their role in cancer 

development, being however associated with the development of benign lesions (papillomas, warts, 

condylomas).11,12,14  

1.2. Possible high-risk HPV – human papillomavirus type 73 

Most of the known HPV types are still not classified according to their carcinogenic potential due 

to lack of studies. Even among the already classified genotypes, conflicting data cause constant 
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discussions about changing the HPV distribution in carcinogenic groups. The pHr-HPVs are a good 

example of this situation. 

Although pHR-HPV types are mostly associated with low-grade lesions, interestingly, their 

presence has also been described in some cervical cancer cases, indicating that there is a chance for 

these genotypes to push low-grade lesions into higher-grade ones. However, only limited research is 

dedicated to the significance of these rare HPV type infections.16 

Take HPV 73 for example. It belongs to the α-genus, known to cluster the types with the highest 

carcinogenic potential. It is grouped in α-11 family together with HPV 34 that is commonly associated 

with oro-genital lesions of low oncogenic potential, although it was also cloned from a squamous-cell 

carcinoma. The possible association of HPV 73 type with cancer is therefore an interesting topic of 

study.17 In fact, it has been identified as the single HPV infection of some cervical cancer cases and it 

was even considered the 14th most prevalent HPV type in cancers worldwide in one study conducted by 

Muñoz et al. 2004 (Figure 1.4).16 

 

Figure 1.4 –  Percentages of cervical cancer cases attributed to different HPV types obtained in a study including 
data from different regions of the world. Both specific percentages (light grey series) and cumulative percentages 
(dark grey series) are shown. Adapted from Muñoz et al. 2004.16 

Recently updated meta-analysis studies support the adjustment of HPV 73 carcinogenic 

classification to a high-risk HPV type, since it has been found to be more common in cancer cases than 

in healthy people and to hold a higher carcinogenic potential than certain other high-risk types, such as 

HPV 68, 56, 51 and 35.18 However, its seropositivity (positive detection of HPV73-specific antibodies in 

blood, indicating exposure to this HPV type) is not associated with the development of any pre-

cancerous lesions.17 Hence, no strong evidence supports the impact of HPV 73 in public health and the 

change of its potential carcinogenic risk to high-risk. Further studies need to be conducted before 

burdening the general public with poorly substantiated information about the association of HPV 73 and 

cancer.17 
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1.3. HPV and cervical cancer 

Cervical cancer is characterized by an abnormal cell growth in the cervix, the lower part of the 

uterus. It is the seventh most commonly diagnosed cancer worldwide, the fourth in women. HPV is now 

considered the leading cause for the development of this cancer, with Hr-HPV DNA being detected in 

around 99.7% of the cases. In fact, it is estimated that HPV 16 and HPV 18 alone account for 

approximately 70% of all invasive cervical cancers.3,19 

According to the World Health Organization (WHO), nearly 270,000 women died from cervical 

cancer and more than 528,000 new cases were diagnosed in 2012, with close to 85% of the global 

burden occurring in developing countries (Figure 1.5).20 It is estimated that, at present, over a million 

women worldwide have cervical cancer, and an increase of 25% over the next 10 years is predicted if 

nothing is done (data from 2014)20.  

There are several types of cervical cancers, classified by their appearance under a microscope. 

The most known types are squamous cell carcinomas (SCC) and adenocarcinomas. The first is the 

most common and is characterized by the acquisition of squamous cell characteristics by normal cells 

in the exocervix. The second, the adenocarcinoma, is a cancer that originates from the mucus-producing 

gland cells of the endocervix. 9,23 

How exactly HPV causes cancer is not yet entirely clear since not all infected women develop 

cancer, but a persistent infection is considered a necessary cause for invasive disease progressssion.5 

Factors like age, immune system strength, early sexual debut, number of lifetime sex partners or oral 

contraceptives use have been found to modulate the risk of disease progression.4 

1.3.1. Cancer progression from a molecular point-of -view 

HPV infects stratified epithelium. As already implied in the name, stratified epithelium is divided 

in distinct cell layers (Figure 1.6). The deepest, the basal layer, is composed by basal cells that are 

thought to be the only cells in the epithelium able to proliferate and differentiate into other cell types. 

Figure 1.5 -  Geographic distribution of cervical cancer incidence (left) and mortality (right) in 2012 (adapted from 
Jung et al.,2015, with data obtained from Globocan 2012 – IARC).21,22 
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Since virus’s life cycle relies on cell replication, these are the cells that HPV primarily infects, probably 

taking advantage of micro-abrasions or small wounds in the skin to reach them.9 

Viral replication from episomal DNA starts shortly after infection, following the rhythm of basal 

cell’s DNA replication, with expression of the early genes. While E1, E2, E4 and E5 early proteins are 

involved in viral infection and replication, E6 and E7 oncoproteins interact with several cellular targets, 

the most important being the host’s tumour suppressor p53 and Rb genes, respectively, which stimulate 

host cell proliferation instead of differentiation. The increase in cell proliferation is followed by the shift 

of the infection to the epithelial upper layers, with an increase in L1, L2 and E4 gene expression, 

necessary for viral genome encapsulation and release to initiate a new infection.  As cells proliferate, 

more and more infectious viral particles are produced. 3,9 

P53 is a protein known for its role in ceasing DNA replication and repairing damaged DNA, or 

even inducing apoptosis if the damages are irreparable, thus playing an important role in repressing 

cellular immortalization and tumorigenesis.25 It is commonly found mutated in human cancer, in the form 

of stable complexes with several DNA tumour viral proteins but in HPV-mediated cancer, however, 

remarkably low amounts of p53 are found. These findings were explained when in vitro analysis of E6-

p53 protein interactions revealed the formation of a trimeric complex comprising E6, p53 and the cellular 

ubiquitination enzyme E6-AP, which leads to an increasing p53 degradation via ubiquitin-dependent 

mechanisms. Therefore, the uncontrolled cell growth that leads to cervical cancer development is 

partially a result of viral failure to balance p53 levels in the cell.26 Furthermore, Rb is known to bind to 

E2F-family transcription factors, repressing the expression of replication enzyme genes when needed, 

and ultimately controlling cell cycle progression. HPV E7 protein is able to bind Rb-E2F complexes and 

promote E2F release in its transcriptionally active form, resulting in an uncontrolled stimulation of cell 

division and replication, acting together with E6 protein in favouring cancer development.27 

 

Figure 1.6 – HPV-mediated progression to cervical cancer both from a molecular and cytological point-of-view. 
(Adapted from Woodman et al. 2007) 9,24 
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In a first stage of infection, a high E2 expression is thought to negatively control E6 and E7 

genes and inhibit uncontrolled cell proliferation. However, in conditions not yet completely understood, 

loss or decrease in E2 expression is found, leading to overexpression of the carcinogenic genes and, 

consequently, to the development of cancer. This process may be mediated by HPV DNA integration 

into the host genome. However, since integration is not always found in malignant stages, other 

mechanisms such as increased methylation or alterations of the binding sites in the regulatory region of 

E2 gene, may also be part of the cancer development process.8,9 

1.3.2. Cancer progression from a cytological and hi stological point-of-view 

A persistent HPV infection is followed by abnormal changes in cervical cells, lesions or 

dysplasia, and an evolution from normal epithelium into epithelial precursor lesions or cancer is typically 

seen. Two distinct classification systems for the different grades of lesions are used: a histological-

based and a cytological-based classification.  

The term cervical intraepithelial neoplasia (CIN), also known as cervical dysplasia, was 

introduced in 1968, with a three grade classification, to characterize histological changes and abnormal 

cell growth (neoplasia) in the cervical epithelium. A mild dysplasia is considered CIN1, a moderate 

dysplasia is CIN2 and the severe dysplasia or cancer is considered CIN3.28 To clarify the definitions, 

neoplasia is defined as an abnormal cell growth and dysplasia is used to refer to something with either 

cytological or architectural features of neoplasia.29 

To describe the association between HPV infection and other morphological changes that do 

not necessarily involve a neoplastic process, a new classification to report cytological changes was 

developed in 1989, The Bethesda system (TBS). The term squamous intraepithelial lesion (SIL) was 

introduced with two levels of severity. Low-grade squamous intraepithelial lesions (LSIL) encompasses 

the previous CIN1 while CIN2 and CIN3 is in this classification grouped together as high-grade 

squamous intraepithelial lesions (HSIL).28  

The early infection stages that lead to adenocarcinoma are less known than for squamous cell 

carcinomas, since it is more difficult to sample and study glandular cells due to their localization.30 This 

was maybe the reason why the first version of The Bethesda system was only based on squamous 

lesions. Throughout the years, several reviews and new terminologies for different lesions and degrees 

of severity were added to TBS, in order to come up with a more precise classification system. The most 

referenced version was proposed in 2001 and Table 1.3 summarizes the main and most used lesion 

classifications included in this version, with their respective characteristics. 30 

In a first phase of HPV infection, the viral productive stage, only a mild dysplasia or low grade 

lesions are found in the cervix (Figure 1.6). These are characterized by an enlargement of the cells and 

in specific of the nucleus, a deformation in the nuclear shape and the appearance of a clear area around 

the nucleus, the so-called perinuclear halo. These abnormally changed squamous epithelial cells are 

called koilocytes.30,31 Around 10% of the LSIL/CIN1 cases will progress to a moderate grade of lesions, 

the CIN2/3 or HSIL, characterized by smaller cells, with an irregular nuclear shape (sometimes even 

wrinkled) and a variable nuclear size but with a high  nucleus/cytoplasm size ratio.30 At this stage, a 31% 

risk of developing cancer is estimated. In a further stage, when almost all cells in the cervix show clear 
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abnormalities, a CIN3 classification is used and the risk of cancer is very high. Due to their potential to 

develop cancer, these cervical lesions are considered precancerous lesions.32  

Table 1.3 –  Current HPV induced-lesion classification included in The 2001 Bethesda System, with the respective 
characteristics of each type of lesions.30 

1.4. Cancer screening and treatment 

Cervical cancer usually does not have clear symptoms until it reaches an advanced stage, when 

it is hard to treat. Information and public awareness for risk factors plays an important role in decreasing 

the cancer incidence but is not enough. To overcome this problem, WHO and the European Union 

recommend sexual active women aged 25 to 64, to perform regular cytological screening tests for 

cervical cancer (once every three years, in normal conditions). Such tests are performed by 

gynaecologists, with the main goal of detecting early cell changes (infections) or signs of disease, so 

that the problem can be treated in its early stages, even before it turns into cancer.4,33 

Prophylactic vaccination has recently been presented as another good prevention protocol. Two 

HPV vaccines are currently available in the market: a bivalent vaccine (Cervarix, GlaxoSmithKline) that 

protects against the two most carcinogenic HPV types – HPV 16 and HPV 18 - and a quadrivalent 

(Gardasil®, Merck & Co., Inc.) that protects against the same two types but also the two types 

responsible for the majority of warts or papillomas – HPV 6 and 11. Both vaccines use the L1 gene, the 

most conserved region of the HPV genome, as the active component. Other vaccines with broader HPV-

spectrum are already in development. Vaccination is recommended prior to sexual debut since 

individuals already infected by the time of vaccination will only be protected from the HPV types not 

Abbreviation Definition Characteristics 

NILM 
Negative for Intraepithelial 

Lesion or Malignancy 
No cellular evidence of neoplasia is found 

ASC-US 
Atypical squamous cells of 
undetermined significance 

Cells differ from normal but do not meet criteria for a 
premalignant disease 

ASC-H 
Atypical squamous cells that 
cannot exclude high-grade 

squamous intraepithelial lesion 

Cells differ from normal and, although not meeting the criteria 
for a premalignant disease, high-grade lesions cannot be 

excluded 

LSIL 
Low-grade squamous 
intraepithelial lesions 

Slightly abnormal cells are found; Considered a premalignant 
disease and includes mild dysplasia (CIN1) 

HSIL 
High-grade squamous 
intraepithelial lesions 

Moderate to severe premalignant disease; Includes mild and 
severe dysplasia (CIN2 and CIN3) 

SCC Squamous cell carcinoma 
Invasive epithelial tumour composed of squamous cells of 

varying degrees of differentiation 

AGC Atypical glandular cells 

Premalignant disease; If possible, should be categorized as 
to the favoured site of origin (endocervical or endometrial) 
and as to the severity of the lesions (“favour neoplastic” or 

“not otherwise specified “- NOS) 

AIS Adenocarcinoma in situ 
Glandular counterpart of HSIL and the precursor to invasive 

endocervical adenocarcinoma. 

- Adenocarcinoma 
Cancerous cells are found; Can be further classified in 

endocervical, endometrial, extrauterine, or not otherwise 
specified (NOS) 
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contracted. Keeping this in mind, women from 11/12 years of age until 26 are strongly advised to be 

vaccinated.34 

1.4.1. Cytological screening 

The most widely accepted screening strategy for the last 50 years has been the Papanicolaou 

test (also known as Pap test, Pap smear, cervical smear, or smear test), a test invented by the Greek 

doctor Georgios Papanikolaou in 1940s. Several small changes and improvements have been made to 

the original test, mainly to achieve a good morphological preservation of the cells. These days, the term 

liquid-based cytology (LBC) is currently used.  

The gynaecologist exfoliates cells from the cervix with the help of a spatula or small brush, and 

transfers them to an alcohol-based medium to ensure a good morphologic preservation. Two different 

media are already approved by the U.S. Food and Drug Administration (FDA), and widely used: BD 

SurePathTM, an ethanol-based medium, and ThinPrep, a methanol-based medium.35 Once placed into 

the vial, the cells are transported to a cytology lab where they are processed into thin monolayers 

(microscope slides) and stained to allow microscopic visualization. 

A cytological and histological examination of exfoliated cervical cells and cervix material, 

respectively, is performed to search for potentially pre-cancerous cell changes or early invasive 

cancers.35 This examination is performed by an accredited pathologist although recently, some 

automated evaluation systems are also used to mark abnormal cells and direct pathologists to regions 

with possible abnormal cytology.36 Results obtained by the pap test are reported in accordance with the 

2001 Bethesda System Classification (Table 1.3). Once again, cytology is primarily a screening test for 

squamous cell carcinoma due to the difficulty of reaching glandular cells.30 

Cell morphology examination involves staining the different cells and cell structures. Pap 

staining is accomplished by nuclear staining with hematoxylin followed by orange and polychromic 

cytoplasmic staining: Hematoxylin stains DNA present in the cell nuclei with a dark blue colour; orange 

G and orange II stains keratin with a yellowish/reddish-orange colour, structures that are 

overrepresented in infections or cell carcinomas (hyperkeratosis); Eosin G, Light Green SF and 

Bismarck Brown (vesuvine) are also used to stain the cytoplasm. 36  

When clear cell abnormalities are detected, different follow-up conditions should be taken by 

the patient, according to the severity of the result, to further follow the evolution of infection.4 A 

colposcopy is also recommended if precancerous lesions are detected in the screening, to help 

determine the extent of the lesions’ severity, as well as the correct choice of extended treatment. The 

procedure consists in placing a colposcope, an electric microscope equipped with special lens and a 

light at its end, close to the cervix, to closely examine the cervical tissue. If a region of abnormal cells is 

detected, a biopsy (sampling of tissue) may be performed for diagnosis and treatment management.4,31 

A specific treatment is then advised, depending on the severity of the lesions, and usually involves 

surgery for the removal of infected area, radiotherapy, chemotherapy or a combination of them.4 

A combination between vaccination and regular screening of women aged 21 to 65, followed by 

the correct diagnosis and treatment of pre-cancerous lesions, has shown to decrease cervical cancer 

incidence and mortality by at least 80%.37 However, pap cytology and colposcopy are known to be 
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subjective and have a poor reproducibility, as well as low specificity and sensitivity, which may generate 

false results that can lead to under or overtreatment of women.37–39 

1.4.2. HPV testing 

The strong causal relationship between a persistent infection with Hr-HPV and development of 

cervical cancer and its precursors, has encouraged the design of specific assays for the detection of 

viral DNA/RNA followed by genotyping (identification of specific HPV types). Such tests can be a 

valuable tool for: (1) primary screening, alone or in combination with cytology, to detect cervical cancer 

precursors; (2) assess the right treatment plan for each patient case, according with the oncogenic 

potential of the HPV types detected; (3) follow-up of women that are negative at colposcopy/biopsy but 

show abnormal screening results; (4) follow-up examination of HPV persistence after treatment; (5) 

assess the patterns of type-specific HPV prevalence for epidemiology studies or to evaluate the impact 

of vaccination, in the past or even in the future. 33,34,40  

Several studies have in fact proven that cytological examination combined with HPV testing is 

a more sensitive and effective strategy to identify women at risk, than cytology alone. As a consequence, 

FDA approved the incorporation of HPV DNA testing into cervical screening programs.4,40 Numerous 

HPV genotyping methods are already available on the market, however, their specifications and range 

of detection (number of detectable HPV types) differ significantly, and a lack of standardisation makes 

an analytical performance comparison between different methods almost impossible.38 For example, 

there are methods in which HPV is detected in a pool (the results are in the form of groups of HPV 

genotypes present in a sample, without discrimination of types) and there are the fully genotyping 

assays, which are able to identify the specific HPV genotypes. There are also assays that only detect 2 

HPV types (HPV16 and 18), others 14 (the high-risk types) and some can even detect and discriminate 

28 different HPV genotypes. 34 

All HPV-detection methods rely on molecular-biology techniques, more specifically on nucleic 

probe technologies, and two distinct groups can be defined: nucleic acid hybridization with signal-

amplification assays and nucleic acid amplification assays. Other methods like fluorescence in situ 

hybridization (FISH) or other in situ hybridization techniques, where specific labelled probes are used to 

detect HPV inside the cells, fall in a third category, the simple nucleic acid-hybridization assay. This 

tests are now being studied for a possible screening implementation but their sensitivity still needs to be 

optimized.34,41,42 

1.4.2.1. Nucleic acid hybridization with signal-amp lification 

Only two FDA approved assays that fall in the signal-amplification group are available: the 

Digene® HPV test using Hybrid Capture 2 system (HC2, Digene Corp., USA) and the Cervista™ HPV 

16/18. Both assays utilize cocktails of specific probes that can bind to specific regions of certain HPV 

types. The hybridization is then detected using secondary molecules, in part specific for the hybrid 

formed but also capable of generating a signal (light in the first assay and fluorescence in the second). 

Several of this secondary molecules can recognize the same hybridization product, resulting in signal 

amplification. Both tests have become a standard for HPV screening due to their high sensitivity in 

detecting CIN cases, but have limited applicability since the range of detectable HPV types is limited 
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and they do not provide type-specific results. In fact, HC2 is only able to indicate the presence of a pool 

of Hr-HPV types (16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58,59 and 68) or Lr-HPV types (HPV 6, 11, 42, 

43 and 44) and although Cervista® has the advantage of being able to discriminate HPV 16 or 18 

genotypes from other high-risk (31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 66 and 68), low-risk types are not 

identified.34,41 These deficiencies have been partially solved with the introduction of the second group of 

methods, the nucleic acid amplification assays. 

1.4.2.2. Nucleic acid amplification 

Nucleic acid amplification was only possible with the discovery of polymerase chain reaction 

(PCR). Instead of signal amplification after hybridization, in this case the target is amplified before being 

detected. PCR is widely used due to its high sensitivity, specificity and reproducibility although, when 

compared to signal-amplification systems, it is more susceptible to contamination by target amplification 

of undesired products.  

Two setups can be pursued: if amplification of a large number of HPV types is wanted, 

consensus primers that amplify a conserved region of HPV genome (usually L1 or E1 genes, the two 

most conserved sequences of HPV genome) can be design, but specific amplification of each HPV type 

can also be achieved using specific primers. The potential to detect many, or even all HPV types, with 

the same primer set or PCR setup, is the biggest advantage of the first option, but competition for 

reagents or variable amplification strengths between different types present in multiple infections, can 

result in false negatives. In addition, recent reports of L1/E1 DNA sequences loss during viral integration, 

questions the performance of consensus primers in advanced stages of infection/disease. Several 

consensus PCR primer sets have been already designed and can be used.  GP5+/6+ (or the optimized 

version BSGP5+/6+), MY09/11, PGMY09/11 and SPF10 primers are some examples, all amplifying 

certain sequences in the L1 gene.34,41,43 

The analysis of the amplification products and genotyping can be achieved using different 

methods, ranging from restriction endonuclease digestion followed by electrophoretic pattern analysis, 

reverse hybridization with type-specific probes or DNA sequencing. INNO-LiPA Genotyping Extra 

(Innogenetics, Ghent, Belgium) is an example of a PCR-based method followed by genotype-specific 

hybridization. A cocktail of biotinylated consensus primers (SPF10) is able to amplify at least 54 HPV 

types, and genotyping is achieved by subsequent hybridization of the resulting amplicons onto 28 HPV-

specific oligonucleotide probes (confidential sequences), immobilized on a nitrocellulose strip. 

Streptavidin-conjugated alkaline phosphatase is used to form a precipitate, when in contact with 

BCIP/NBT chromogen, that results in colouring of the region around the specific probe that gives the 

signal (Figure 1.7). 28 different HPV types (HPV 6, 11, 16, 18, 26, 31, 33, 35, 39, 40, 43, 44, 45, 51, 52, 

53, 54, 56, 58, 59, 66, 68, 69/71, 70, 73, 74 and 82) can be genotyped by visually analysing the colouring 

pattern obtained and comparing with a pattern-interpretation chart that associates active probes with 

specific HPV types, or using the interpretation software provided by the company. INNO-LiPA is known 

for its good sensitivity of 20 to 70 viral copies per assay, however, it is also limited by strip space in the 

number of HPV types that can be simultaneously genotyped, by the workload of the manual procedure 

(automated test procedure is available) and by the evident PCR competition when multiple infection are 

tested.44,45 
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Figure 1.7 – Reverse hybridization principle behind INNO-LiPA HPV genotyping. The amplification products bind 
to specific DNA probes immobilized on a nitrocellulose strip and a chain reaction involving biotin, streptavidin, 
alkaline phosphatase and NBT/BCIP is used to produce the colour required for visual interpretation of the 
results.46  

More high-throughput methods have already been developed, such as the BSGP5+/6+-

PCR/MPG assay. Amplification of viral DNA is performed with BSGP5+/6+ consensus primers, capable 

of amplifying an approximately 150 bp region in the L1 gene of a wide spectrum of HPV genotypes. 

PCR products are then genotyped by hybridization to type-specific probes coupled to fluorescence-

labelled polystyrene beads, that are then combined in a suspension array (Luminex technology). Up to 

100 different specific beads can be detected in one single reaction by labelling them with different ratios 

of two distinct fluorophores, resulting in specific absorption spectra for each bead (Figure 1.8). The 

detection is performed with a Luminex® instrument. Although promising, this technique is still costly, 

both due to the need to purchase the beads and the specific instrument. 14,47 

 

Figure 1.8 –  Overview of the BSGP5+/6+-PCR/MPG assay.47 
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 Other than the particular drawbacks of each method, the use of conventional PCR usually 

involve complicated post PCR-analysis of amplification products that are not suitable for the routinely, 

automated and high-throughput implementation needed in screening programs.48 Real-time PCR also 

known as quantitative PCR (qPCR), appeared as a suitable alternative. It is an improved PCR-based 

method that allows detection of amplification products during the course of the actual amplification (real-

time measurement), due to the use of fluorogenic compounds (reporters) that can bind to the amplicons 

formed in each PCR cycle. Both sequence specific probes and non-specific labels are available as 

reporters but the first are the best option to obtain accurate and specific results. 49 

TaqMan probes are the most used specific probes for real-time PCR nowadays. It is a synthetic 

oligonucleotide sequence designed to be specific for the PCR amplicon, with a fluorophore attached in 

the 5´end and a quencher in the 3’. Fluorescence is quenched when the probe is free but, when it 

hybridizes with the PCR amplicon, the probe is degraded by the 5' to 3' exonuclease activity of the 

same Taq polymerase that amplifies the amplicon, decreasing the proximity between fluorophore and 

quencher, which enables the emission of fluorescence.50 

Fluorescence intensity measurements over time/cycles allows initial DNA quantification since 

an exponential amplification is observed as soon as fluorescence reaches a threshold value after which 

it can be measured, the crossing point (Cp). Quantification between two samples is achieved comparing 

the relative increase/decrease in Cp values or if comparing the Cp values obtained in one run with a 

standard curve that correlates Cp values obtained from standards with different initial concentrations. 

For HPV DNA detection, quantification is commonly performed to calculate the HPV viral load (e.g. 

expressed in viral copy number per microliter). There are still not enough evidences to support the 

association between viral load and the malignancy potential of the cervical lesions but several studies 

demonstrate that viral load increases with disease severity and declines in response to therapy. This 

way, although not used as a disease biomarker, the evolution of viral load over time can help clinicians 

to interpret patient’s follow-up.24 

Abbot RealTime High Risk HPV test (Abbott Molecular GmbH & Co., Germany) and Cobas 4800 

HPV test (Roche Diagnostics, Pleasanton, USA) were recently cleared by FDA as a primary HPV DNA 

test in cervical cancer screening. They feature automated sample preparation and DNA extraction, 

combined with a real-time PCR reaction for amplification and detection of 14 Hr-HPV types. While the 

first uses modified GP5+/6+ primers consisting of three forward primers (FP) and two reverse primers 

(RP) designed to hybridize to an approximately 150 base long HPV consensus region of the L1 gene, 

the second uses specific primers for the L1 gene of each HPV type. Detection is performed using specific 

probes labeled with different fluorophores: HPV 16 is detected with one, HPV 18 with other and the 

remaining 12 high risk types are all detected with probes containing the same fluorophore. Beta-globin 

(β-globin) is also measured by its own dedicated fluorophore, and is used to control extraction and DNA 

sample quality. Both tests are easy to use, automated, high-throughput, reliable, specific, fast (the 

results are obtained within 4 to 6 hours after the sample is received) and allow DNA quantification.34,41,51 

It is interesting that one of the biggest advantages of assays based on real-time PCR can also 

be their main drawback. Real-time PCR is known for its sensitivity but, for a clinical point of view, 

increased sensitivity may result in increased numbers of positive results that in fact are not clinically 
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significant, due to low loads of viral DNA or even because what is being detected is not viral DNA. This 

will reduce the specificity of the assay, and submit patients to invasive procedures (colposcopy/biopsy) 

when not necessary. A good screening test, with a correct discrimination between positive and negative 

cases, requires an adequate balance between sensitivity and specificity.52 

1.4.2.3. HPV RNA detection 

The most available HPV detection and genotyping assays are based on viral DNA detection. 

However, one other FDA approved HPV assay, the APTIMA® (Gen-Probe, San Diego, CA, USA), 

targets the mRNA sequences of the two oncogenes, E6 and E7, of the 14 Hr-HPV types. The oncogenic 

mRNA is valuable as biomarker since it measures the actual viral oncogenic activity, which increases 

the specificity and sensitivity in screening for cervical lesions with greater chances of progressing to 

cancer. The main problem with the use of RNA, however, is that it is easily degradable and its availability 

at the time of testing can be already reduced if not properly handled. 34 

1.5. RIATOL HPV genotyping assay 

None of the previously discussed assays offers a complete genotyping of all Hr-risk HPV types 

in a clinical high-throughput setting. Because carcinogenic potential strongly differs between Hr-HPVs 

and type-specific persistent infections increase the risk of CIN2+ recurrence after treatment, type-

specific genotyping can be a more powerful tool for the identification of patients at risk.53–55 Even if the 

clinical significance of non HPV16/18 high-risk types proves to be low, full type-specific HPV genotyping 

is still a valuable tool to perform epidemiological studies and to gain more insights into the natural history 

of specific HPV infections.56 

The department of Cytopathology and Molecular Diagnostics from Algemeen Medisch 

Laboratorium (AML, RIATOL, Sonic Healthcare Benelux, Antwerp, Belgium) has established its own 

HPV DNA testing assay, the RIATOL HPV genotyping assay.  AML is part of Sonic Healthcare Ltd, the 

second largest laboratory group in the world, with offices in Australia (main office), New Zealand, Europe 

and USA. AML is the National Reference Center for HPV screening in Belgium, contributing to the 

delineation of the cervical screening guidelines of this country. 

RIATOL HPV genotyping assay is an in-house type-specific TaqMan-based real-time PCR 

assay for detection, genotyping and quantification of so far, 18 different HPV types. It is routinely applied 

for HPV-guided liquid-based cytological screening, in a total of approximately 100,000 samples per year. 

All the 14 Hr-HPVs are covered in this assay, but also two low-risk types (HPV 6 and 11) and two 

possible high-risk types (HPV 53 and 67).  

The use of 18 different type-specific primers and probe sets allows the accurate identification of 

the different HPV genotypes using qPCR. All primers are directed against the viral oncogenes (E6 or 

E7). β-globin is also measured to control extraction and amplification quality. To reduce the amount of 

different PCR reactions needed, multiple HPV types are simultaneously detected by means of grouping 

the different primer/probe sets in eight multiplexes (simultaneous amplification of several different DNA 

sequences, in the same mix), with a maximum of three different sequences per mix. This allows the use 

of only three different fluorophores in the whole assay (FAM, HEX and Cy5). 



  

16 
 

The whole process is automated. Cell samples arrive in the lab in their respective preservation 

medium vials and are transferred, using the ThinPrep 5000 sample transfer system (Hologic, Inc., 

Bedford, MA), to 96 deep-well plates, in which a magnetic-particle based DNA extraction and purification 

(Figure 1.9) is performed using the GenfindTM kit, with the Cervista medium throughput 

automation system (Hologic, Inc., Bedford, MA). 

 
Figure 1.9 – DNA extraction and purification using GenfindTM..1) A lysis buffer and proteinase K is used to rupture 
cell membranes and digest proteins; 2) Genomic DNA binds to paramagnetic beads when the binding buffer is 
added; 3,4,5) Beads separation from contaminants is achieved by using a magnet and washing; 6) Elution buffer 
is added to elute DNA from the beads; 7) Transfer of DNA to a new plate. 57 

Extracted DNA samples are obtained in 96 well-plates but PCR reaction is performed in 384-

well PCR plates, using a LightCycler® 480 System (Roche Applied Science, Basel, Switzerland). This 

change of platform is performed by an automated pipetting system: the JANUS® Automated Workstation 

with Varispan™ and Gripper arms (Perkin-Elmer, Waltham, MA, USA). Two separate workstations, each 

comprising one Cervista MTA, one JANUS® and one LightCycler® 480, are available at AML for the 

RIATOL assay (Figure 1.10). 

The RIATOL HPV genotyping assay has been clinically validated according to the European 

guidelines and good overall sensitivities and specificities have been obtained. In addition, the use of 

primers targeting the viral oncogenes instead of the L1, contrary to what happens in the majority of the 

commercial available assays, is thought to increase its reliability since oncogenic genes are always 

maintained intact in the cells, in all stages of infection. Differently from what happens to the L1 gene, 

which is believed to be lost during viral integration and shows higher propensity to mutations.58 Other 

features like the ability to genotype all high-risk HPV types, detection in DNA volumes as low as 2 µL, 

the automation, low consumable and instrumentation costs and the fast turnaround time (results 

obtained approximately 4 hours after the samples arrive in the lab) highlight the advantages of using 

this assay for high-throughput cervical cancer screening.56 

 

Figure 1.10 – Automated pipetting platform (workstation) used in the RIATOL HPV genotyping assay. It is 
composed by a JANUS® Automated Workstation with Varispan™ and Gripper arms (Perkin-Elmer), associated 
with a LightCycler® 480 (Roche Applied Science). Adapted from Depuydt et al. 2010. 59 
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2. Aim of studies 

At the department of Cytopathology and Molecular Diagnostics of AML, it is believed that there 

is still a lot of space for improvement in the currently used HPV DNA detection and genotyping assays, 

and in specific, in the RIATOL HPV genotyping assay. First, broadening the spectrum of HPVs covered 

by qPCR-based methodologies to also fully genotype rare genotypes, such as the possible high-risk 

types, when proven epidemiologically significant. This can play an important role in the correct 

identification of risk patients and in the development of risk-adapted individual patient strategies, to 

prevent and manage cervical cancer.55 Secondly, a new generation of the RIATOL HPV genotyping 

assay is suggested, with the feature of relying on the use of more than one DNA sequence as target for 

the HPV detection. Such strategy is important to face sensitivity losses caused by genetic modifications 

in the HPV genome, either integration-induced losses, random mutations or nucleotide differences that 

give rise to different sub-types or variants of each genotype. It is suggested to use 3 different gene 

targets: E6 and E7, the two oncogenes that remain intact during the whole infection progression and in 

cancer, and the L1 gene, the most widely used gene throughout the history of HPV DNA detection tests. 

In order to address these two suggestions, the main objective of the present project is the 

development and validation of a new triple-target HPV DNA detection, genotyping and quantification 

assay, for the detection of HPV 73, one of the so called possible high-risk HPV types. New specific 

primers and probes have to be design, optimized and fully validated to be implemented in the two 

workstations used for RIATOL HPV genotyping. Sensitivity, specificity, cross-hybridization, 

reproducibility and repeatability will be the validation points to address. The efficiency of these assays 

will be compared with the traditional single-target detection setup to assess if this new generation of 

assays should replace the current RIATOL HPV genotyping, for all the 18 types that are presently 

genotyped.  

The use of HPV 73 as template for this validation was chosen not with the main goal to include 

this genotype in the cervical cancer screening program, but to first conduct an epidemiological study of 

HPV 73 in Belgium. This is considered the second objective of this project. The prevalence data obtained 

from routine cervical cancer screenings of Belgian women will be correlated with patient information 

such as age, cytological findings and HPV coinfection status. A geographic correlation of HPV 73 

prevalence will also be pursued by comparing the data obtained in the general Belgian population and 

an African population, restricted to female tea workers, known to be more exposed to higher-risk sexual 

behaviours and consequently to have a greater risk of HPV infection. If conclusive data is obtained with 

the epidemiological study, the significance of introducing HPV 73 in AML HPV screening program will 

be explored.  

A side project aiming to unveil the HPV prevalence on persistent LSIL cases consecutively 

classified as HPV negative with RIATOL HPV genotyping will also be performed, as it is still unknown 

what causes this outcome. Could this LSIL HPV negativity be due to some possible high-risk types or 

other rare genotypes not included in the currently used genotyping test, or is LSIL HPV negative a real 

outcome? Once again, the knowledge about HPV distribution in these cases is important for individual 

patient treatment management. 55 
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3. Materials and methods 

3.1. Design and clinical relevance verification of synthetic DNA 

3.1.1. Primers and probes for qPCR-based HPV detect ion assay 

All available sequences on GenBank (NCBI)60 for the human papillomavirus type 73 E6, E7 and 

L1 genes were aligned using CLC Genomics Workbench 9.0 (CLCbio, Aarhus, Denmark), and all 

variable regions (single nucleotide polymorphisms – SNP, mutations or insertions/deletions) between 

different strains were marked. The PrimerQuest Tool from Integrated DNA Technologies (IDT, Inc., 

Coralville, IA, USA)61 was used to find possible and compatible primer/probe sets for each of the three 

genes of interest. The following criteria were used to choose the suitable primer/probe sets: (1) The 

primers should have melting temperatures (Tm) around the annealing temperature used in RIATOL HPV 

genotyping assay ( 60ºC ± 2ºC) and the probe Tm should be about 5ºC higher than the primer Tm; (2) 

The amplicon size should never be higher than 150 bp, 100 bp being the optimal amplicon size, and the 

size of all oligonucleotides should be around 20 bp; (3) The obtained sequences must not be located in 

the variable regions of the respective genes.  

The clinical relevance of the sequences was addressed by performing a nucleotide blast 

analysis62, in order to ascertain if they are specific for the HPV type and gene in question. The sequences 

that met all the criteria mentioned above, were then extensively analysed for hairpin, self-dimer and 

hetero-dimer structures using the Oligoanalyzer Tool from IDT63. In general, to be accepted as a suitable 

primer/probe set, the secondary structures that were likely to be formed had to have a Tm lower than 

the PCR annealing temperature (60 ºC) and a weak DeltaG (not significantly lower than -9 kcal/mol). 

Lastly, all the designed sets were sent to IDT to be analysed by IDT specialists. 

All DNA-based probes were labelled with a reporter fluorescent dye (cyanine 5 - cy5) in the 5’ 

end of the sequences and a dark quencher of fluorescence (3lAbRQSp: Iowa Black® RQ) in the 3’end. 

The excitation peak is around 650 nm and the emission peak in 670 nm. 

3.1.2. Synthetic DNA standards 

A gBlock® Gene Fragment containing all the amplicons generated by the primer/probe sets 

designed for the three genes of HPV 73 (E6, E7 and L1) was ordered from IDT, with an exact total of 

500 ng. 5 additional nucleotides form each gene were added before and after the amplicon sequence 

and 5 thymine nucleotides were inserted to separate the amplicons from each other.  

3.2. qPCR assay - Validation of the new primer/prob e sets 

3.2.1. Sample selection 

HPV 73 positive BD-SurePath liquid-based cytology samples collected during gynaecological 

health checks, starting from October 2006, from women in Flanders (Belgium) aged 15-86 years were 

used. These samples were part of the VALGENT-1 project (validation of HPV genotyping tests) in which 

they were analysed and tested for 54 different HPV types, including HPV 73, using the BSGP5+/6+-

PCR/MPG assay.14 Additional DNA extracts of confirmed HPV 73 negative or positive samples were 

also used: external quality control samples (EQC) from the 2014 WHO HPV proficiency panel, provided 
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by EQUALIS AB (Uppsala, Sweden)64, were used as negative controls, and samples genotyped by 

INNO-LiPA assay (Innogenetics, Ghent, Belgium) were used as negative and positive controls. In the 

last validation point, due to shortage of confirmed positive samples, the experiment was supplemented 

with DNA extracts of ThinPrep liquid-based cytology samples collected from women aged 15 to 86 

years, in the framework of cervical cancer screening in Belgium, during 2016. 

DNA was isolated from cervical cells of BD-SurePath samples using the fully automated Abbott 

m2000sp extraction platform according to manufacturer's instructions.65 A minimum of 600 µL of sample 

is required for a correct extraction and when not available, a sample dilution with nuclease-free water 

(Sigma, cat. no. W1754) was performed. DNA extraction and purification is achieved by BOOM 

technology: binding of nucleic acids on magnetic silica beads using chaotropic agents, followed by a 

magnetic separation step and washing to obtain purified DNA.66 

3.2.2. Temperature gradient PCR and verification of  the amplified product 

To verify if the designed primers generate the correct amplicon at the desired annealing 

temperature, a temperature gradient PCR was performed with temperatures between 58ºC and 62ºC 

(annealing temperature ± 2ºC), using a confirmed positive sample. A nuclease-free, PCR-grade 

water (Roche Applied Science, Basel, Switzerland, cat. no. 03315932001) sample was also subjected 

to the whole experiment and used as negative control. 

 Eight different temperatures were tested (58.0, 58.4, 58.9, 59.6, 60.6, 61.4, 61.8 and 62.0ºC) 

in a iCycler (Bio-Rad, Hercules, CA) with a final reaction volume of 25 µL containing 1x LightCycler® 

480 Probes Master (Roche Applied Science, cat. no. 04887301001), 0.9 µM of each primer and 5 µL of 

DNA template (dilutions in nuclease-free, PCR-grade water from Roche Applied Science). The iCycler 

PCR profile consisted of 4 steps: (1) Pre-incubation of 10 minutes at 95ºC; (2) Temperature Adjustment 

of 2 minutes at 60ºC; (3) 45 two-step cycles of Amplification: 10 seconds at 95ºC and 30 seconds at 

temperatures from 58 to 62 ºC (one temperature in each vial); (4) Cooling of 10 s at 40ºC. The obtained 

amplified products were loaded into a Bioanalyzer chip (Agilent Technologies Inc., Germany, cat. no. 

5067-1504), together with gel-dye mixture, marker mixture and the ladder provided in the DNA 1000 

Assay kit (Agilent Technologies Inc., cat. no. 5067-1504). A gel electrophoresis assay was performed 

in an Agilent 2100 Bioanalyzer (Agilent Technologies Inc., Germany), according to manufacturer’s 

recommendations67.  

3.2.3. qPCR assays 

All following validation steps of the three primer/probe sets were performed in a qPCR reaction, 

using a thermocycler (LightCycler® 480, Roche Applied Science, Basel, Switzerland). A 4 step qPCR 

profile was programmed: (1) Pre-incubation of 10 minutes at 95ºC; (2) Temperature Adjustment of 2 

minutes at 60ºC; (3) 45 two-step cycles of Amplification: 10s at 95ºC and 30s at 60ºC; (4) Cooling of 30 

s at 40ºC. However, each validation step comprises different number of samples, PCR mix composition 

(different primer/probe concentrations in 1x LightCycler® 480 Probes Master) and volume, well-plate 

format and pipetting conditions: 

A) Assessment of cross-hybridization – the PCR experiment was performed in a 96 well-

plate (manual pipetted), with reaction volumes of 25 µL (20 µL of PCR mix and 5 µL of 
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template DNA), containing 0.9 µM of each primer and 0.25 µM of probe (diluted in PCR-

grade water from Roche). 10 HPV 73 positives, 5 HPV 73 negatives but positive for other 

types within HPV 73 family, and 5 negatives for all genotypes within that HPV family were 

analysed in independent wells, with the three assays designed (E6, E7 and L1 genes). A 

negative (PCR-grade water from Roche) and a confirmed positive control were also added 

to the run. Human beta-globin (β-globin) was used as internal control of the qPCR reaction 

in order to measure sample integrity and DNA sample quality (forward primer: 5’ – 

GCTTTCTTGCTGTCCAATTTC-3’; reverse primer: 5’ -CAGAATCCAGATGCTCAAGG-3’; 

probe: 5’-/5HEX/TTGGACTTA/ZEN/GGGAACAAAGGAACC/3!ABkFQ/-3’). 

B) Primer optimization – the PCR experiment was performed in a 384 well-plate (manual 

pipetted) with a final volume of 6 µL (4 µL of PCR mix and 2 µL of template DNA). The same 

positive DNA extract (cp = 25.00 ± 3.00) was used in the whole experiment to independently 

test different FP/RP concentration ratios, using 0.25 µM of probe (200 nM FP/200 nM RP; 

200 nM FP/300 nM RP; 200 nM FP/600 nM RP; 200 nM FP/900 nM RP; 300 nM FP/200 

nM RP; 300 nM FP/300 nM RP; 300 nM FP/600 nM RP; 300 nM FP/900 nM RP; 600 nM 

FP/200 nM RP; 600 nM FP/300 nM RP; 600 nM FP/600 nM RP; 600 nM FP/900 nM RP; 

900 nM FP/200 nM RP; 900 nM FP/300 nM RP; 900 nM FP/600 nM RP; 900 nM FP/900 

nM RP). All primer/probe sets were tested independently and all concentration ratios were 

measured in duplicate; 

C) Probe optimization – the PCR experiment was performed in a 384 well-plate (manual 

pipetted) with a final volume of 6 µL, using the same positive DNA extract (cp = 25.00 ± 

3.00) in the whole experiment. Different probe concentrations (50, 100, 200, 250, 300, 400 

and 500 nM) were independently tested, using the optimized FP/RP concentration ratio. All 

concentrations were tested in duplicate; 

D) Analytical accuracy – 20 HPV 73 positive and 20 HPV negative samples were used to 

evaluate the analytical accuracy and specificity of the three HPV 73 primer/probe sets. The 

experiment was performed in a 384 well-plate (manual pipetted), with independent reactions 

of 6 µL, using the optimized FP/RP/probe concentration ratios. A negative (PCR-grade 

water form Roche) and a positive control were added to the run; 

E) PCR automation - 10 HPV 73 positive and 10 negative samples were automatically pipetted 

by the JANUS® automated workstation with Varispan™ and Gripper arms (Perkin-Elmer, 

Waltham, MA, USA), into different wells of a 384 well-plate, and sealed with a plate sealer 

Roboseal (HJ Bioanalytic GmbH, M��nchengladbach, Germany). The PCR reactions were 

then performed in a final volume of 6 µL (2 µL of template DNA), using the optimized 

FP/RP/Probe concentration ratios. A negative (PCR-grade water form Roche) and a positive 

control were added to the run. All samples were tested in duplicate; 

F) Standard curve construction and assessment of quantification and detection limits - A 

gBlock dilution series from 1 × 10�� ng/µL to 1 × 10�� ng/µL was prepared and measured 

in triplicate. The PCR reactions were performed in different wells of a 384 well-plate, 
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automatically pipetted by a JANUS automated workstation (PerkinElmer), in a total volume 

of 6 µL (2 µL of template DNA) and using the optimized FP/RP/probe concentration ratios 

of each one of the three HPV 73 sets. Independent standard curves were generated for all 

sets, by plotting crossing point values (Cp values) against the logarithm of starting DNA 

quantities. Further dilutions of ½ until reaching a concentration of 1.56 × 10���  ng/µL, were 

measured in duplicate to find the last concentration that falls in the linear region (the limit of 

quantification - LOQ). The lowest concentrations which do not fall in the linear region, were 

then analysed 20 times in order to find the last concentration in which HPV DNA can be 

detected in 85% of the cases. This concentration is commonly known as the limit of 

detection (LOD). All these experiments were conducted in the two separate workstations 

(JANUS, roboseal and LightCycler 480) routinely used by AML, and in an independent way 

for all three primer/probe sets. 

G) Assay reproducibility and repeatability – 6 µL PCR reactions (2 µL of template DNA) were 

performed in duplicate for 10 HPV 73 positive and 10 HPV 73 negative samples, in a 384 

well-plate automatically pipetted by a JANUS automated workstation (PerkinElmer), in order 

to determine the repeatability (within-run variation) of the assays. Afterwards, a new PCR 

reaction was performed, with the same samples but a new PCR mix, in order to determine 

assay reproducibility (between-run variation). This experiment was also performed on both 

workstations routinely used by AML, using the optimized primer and probe concentrations. 

Both strong and weak positives were tested. Stronger positives were diluted in TE buffer 

(IDTE from IDT, cat. no. 11-05-01-09: 10 mM Tris, 0.1 mM EDTA, pH 8.0) to cover a wide 

Cp range.  

3.3. Prevalence of HPV 73 in Belgium 

3.3.1. Samples  

The prevalence of HPV 73 was analysed in 910 randomly selected DNA extracts of ThinPrep 

liquid-based cytology samples. These samples were collected according to manufacturer’s 

recommendations by general practitioners and gynaecologists, in routine screenings or gynaecological 

evaluations of Belgian women aged 15-86 years, between May and June 2016. This population was 

then supplemented with 100 ThinPrep samples from women with cytology diagnosis of NILM, 100 ASC-

US, 100 LSIL and 100 HSIL, that were also analysed for the presence of HPV 73. 

All samples were analysed with RIATOL HPV genotyping assay and underwent cytological 

examination. Pap smears collected in Hologic's proprietary PreservCyt solution (ThinPrepTM, Hologic, 

Inc., Bedford, MA) were received at AML and 2 mL of each sample was automatically transferred to 96-

well (2.2 mL) plates using a ThinPrep 5000 sample transfer system (Hologic, Inc., Bedford, MA), 

according to manufacturer’s recommendations68,  and used for DNA extraction. The remaining cell 

suspension was then used to prepare thin-layer cervical slides. 

3.3.2. HPV genotyping 

DNA was extracted from the cervical samples in the Cervista MTA system (Hologic, Inc., 

Bedford, MA) in combination with the Genfind® DNA extraction kit (Hologic, Inc., Bedford, MA, ref:95-
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449), according to manufacturer’s recommendations.69 Extraction is achieved by cell lysis using 

proteinase K, followed by DNA separation and purification using paramagnetic silica beads. The qPCR 

reactions for the detection of 18 HPV types and β-globin (RIATOL HPV genotyping assay) were then 

performed in one of the two AML workstations composed by the JANUS automated workstation, 

Roboseal and LightCycler 480, in a reaction volume of 6 µL containing 2 µL of extracted DNA, 1x 

LightCycler® 480 Probes Master and optimal primer/probe concentration, as described elsewhere56.  

The remaining DNA extract of each sample was then tested for the presence of HPV 73 with 

the new validated primer/probe sets for E6, E7 and L1 genes. The results obtained were used to 

statistically analyse the HPV 73 prevalence in the Belgian population. 

3.3.3. Cytological examination 

Thin-layer cervical slide preparations were made from the initial ThinPrep vial of each sample, 

using the automatic ThinPrep 5000 processor (Hologic, Inc.) and following the manufacturer’s 

recommendations70. In a first step, the vials were submitted to a gentle dispersion to mix the cell sample, 

without damaging the cell integrity, after which a thin filter collected the cells and transferred them into 

a microscope slide, by pressing the filter against a glass slide. Adhesion of cells on the glass occurs 

due to natural cell adhesion properties, electrochemical charge of the glass and a slightly positive air 

pressure behind the filter membrane. Cell density is measured by the machine in order to always transfer 

the same amount of cells onto the microscope slide.  

The slides were then transferred to a tissue-tek prisma & film automated slide stainer and 

coverslipper (Sakura, Torrance, CA), immersed in an alcohol fixative bath, for hematoxylin-eosin 

staining, according to manufacturer’s recommendations.70,71 The cell nuclei were first stained by 

Haematoxylin (blue colour), followed by keratin staining with orange G (OG-6, orange colour) and 

cytoplasm staining with Eosin azure (EA-50, pink colour). The coloured slides were submitted to an 

automated scanning with the ThinPrep imaging system (Hologic, Inc.) according to the manufacturer’s 

recommendations72, which scanned every cell and cell cluster present in the slides to identify the areas 

with possible interesting cell abnormalities. At the end, a cytotechnologist analysed the marked areas 

of interest and classified the cytological results according to the 2001 Bethesda system. 73 

3.3.4. INNO-LiPA HPV genotyping extra assay 

The samples in which discordant cases were found between the three different HPV 73 DNA 

targets were analysed with INNO-LiPA HPV Genotyping Extra, a probe line assay capable of identifying 

a total of 28 different HPV genotypes. Each cervical cell suspension (from the ThinPrep vial) was 

centrifuged at 10,400g for 2 minutes, and the medium replaced by PCR grade water (PCR grade water, 

Sigma).  

DNA isolation from the cells was then performed with proteinase K. 150 µL of cell suspension 

was mixed with 50 µL of a digestion solution composed by equal amounts of a proteinase K at 400 µg/ml 

(Proteinase K recombinant, PCR grade, Roche Diagnostics, cat. no. 03115836001) in PCR-grade water 

(sigma), and 6% (v/v) Triton X-100 (VWR, cat. no. 1.08603.1000). Digestion was performed for 1 hour 

in a water bath at 56ºC, followed by proteinase K inactivation for 10 min at 95ºC, as described in the 

INNO-LiPA HPV Genotyping Extra Amp manual.74  
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At least 54 different genotypes could then be amplified in a PCR reaction (Bio-Rad iCycler, 

Hercules, CA) with biotinylated consensus primers (SPF10).75 10 µL of extracted DNA was used in a 

final PCR reaction of 50 µL (master mix composed of 94.24% (v/v) amplification mix - biotinylated 

primers in buffer with dNTP/dUTP, MgCl2 and 0.05% NaN3 as preservative - and 5.75% (v/v) of an 

enzyme mix - AmpliTaq Gold 360 DNA polymerase and uracil-N-glycosylase - both provided in the 

INNO-LiPA HPV Genotyping Extra Amp kit from Innogenetics, ref. 81064).74 Primers for human major 

histocompatibility complex, class II, DP beta 1  (HLA-DPB1) gene are included in the mix to monitor 

sample quality and DNA extraction efficiency74.  PCR profile consisted on a decontamination of uracil 

containing DNA of 10 min at 37º C, followed by activation of the polymerase for 9 min at 94ºC and 40 

cycles of 30 s denaturation at 94ºC, 45 s of annealing at 52ºC and 45 s of extension at 72ºC. At the end, 

a multi-amplified biotinylated target was obtained (the reverse primers contain a biotin label at the 5’end).  

The biotinylated PCR products were individually incubated with an equal volume of denaturation 

solution (10 µL) for 5 min at room temperature, after which 2 ml of prewarmed (37°C) hybridization 

solution was added. A single typing strip containing 28 specific DNA probes and 4 controls (one 

conjugate, one human DNA control and 3 HPV DNA controls) immobilized in lines, was added to each 

mix. A 1-hour hybridization in a closed water bath at 49ºC ± 0.5ºC, with 80 rpm back-and-forth shaking 

was performed. The strips were then rinsed twice at room temperature for 20s, once more for 30 min at 

49ºC with prewarmed (37ºC) stringent wash solution, followed by other two washes at room temperature 

for 1 minute with 1x rinse solution (PCR-grade water, Sigma).76,77 

The strips were then incubated with 2ml of a phosphatase-labelled streptavidin conjugate 

solution for 30 min at room temperature, while shaking. This was followed by two washes of 1 min at 

room temperature with rinse solution and a third wash with substrate buffer.  

Finally, a 30 min incubation with 2 ml BCIP/NBT chromogen solution, was performed. The 

chromogen reacted with the streptavidin-alkaline phosphatase conjugate, yielding a purple precipitate 

that remained fixed to the strips. After a final two washes with water (PCR-grade water, Sigma) and 

drying of the strips, the results were visually interpreted. The visible line patterns obtained were read 

with the INNO-LiPA Genotyping extra Reading card supplied with the kit (Annex 1: Visual interpretation 

of INNO-LiPA HPV Genotyping Extra assay) and compared with the interpretation chart (Annex 1: Visual 

interpretation of INNO-LiPA HPV Genotyping Extra assay) in order to analyse the genotyping results. 

All reagents used for hybridization and detection of the hybrids formed, were supplied in the INNO-LiPA 

HPV Genotyping Extra kit (Innogenetics, ref. 81063). 77 

3.4. Prevalence of HPV 73 in Kenya 

The prevalence of HPV 73 was also analysed in 712 DNA extracts of liquid-based cytology 

samples collected in 2003 during a gynaecological health study in women from Kenya (Africa). These 

samples were previously genotyped with the Riatol HPV genotyping assay in 2008, as described above. 

In this case, HPV 73 prevalence was only assessed using the validated primer/probe set for E7 gene. 

The prevalence results were compared with the ones obtained from Belgian women.  
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3.5. Does HPV negative LSIL exists? 

As a side work of this project, 1000 Belgian women classified as LSIL at least twice in a follow-

up period of 18 months or more (data from September 2014 to March 2016), were randomly selected 

from the Department of Cytopathology and Molecular Diagnostics database of AML.  

3.5.1. AML cytological examination and HPV genotypi ng 

Cytological examination and HPV genotyping had already been performed on the selected 

women’s cervical samples by AML, as previously described (see chapter 3.3 - Prevalence of HPV 73 in 

Belgium - HPV genotyping and cytology screening). The prevalence of high-risk (HPV 16, 18, 31, 33, 

35, 39, 45, 51, 52, 56, 58, 59, 66 and 68), probably-high risk (HPV 53 and 67) and low-risk HPV types 

(HPV 6 and 11) as well as the absence of HPV DNA in the LSIL samples of the first screening and one 

follow-up of the selected women, were then statistically assessed. 

3.5.2. INNO-LiPA HPV Genotyping extra assay 

The LSIL cases found to be HPV negative with Riatol HPV genotyping assay on both screening 

times were further analysed with INNO-LiPA HPV Genotyping Extra, as previously described (3.3 - 

Prevalence of HPV 73 in Belgium– INNO-LiPA HPV Genotyping Extra Assay), for a more complete HPV 

genotyping (28 HPV types covered by INNO-LiPA). The final HPV prevalence was then statistically 

assessed.  

3.6. Data analysis and statistics 

Different statistical methods were used throughout this project. In the validation chapter, 

Cohen’s Kappa coefficients were calculated as standard measure of qualitative agreement, to test the 

accuracy, reproducibility and repeatability of each HPV 73 detection assay. Furthermore, quantitative 

agreement was assessed by calculating coefficients of variation between Cp and/or initial concentration 

values obtained in the different PCR reactions.  

HPV prevalence was defined as the proportion of HPV positive cases in the complete study 

population. However, the prevalence of HPV was also determined by age and cytology groups. 95% 

confidence intervals were calculated for all the proportions using the Wilson score method without 

continuity correction.78 

The Pearson’s Chi-square test or Fisher’s exact test, depending on sample size, were employed 

to investigate the statistical significance of HPV positivity differences between the three different HPV 

detection targets or the correlation significance between HPV prevalence and some categorical 

variables (age, cytology findings and positivity of different HPV genotypes). Moreover, Chi-square test 

for linear trend was computed to evaluate the trend of HPV infection distribution according to grade of 

cytology abnormalities. P-values lower than 0.05 were considered to indicate a statistically significant 

result. 
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4. Results and discussion 
4.1. Design and clinical relevance verification of primers and probes for the qPCR- based HPV 

detection assay 

 The first step in designing a new qPCR experiment is the selection of the appropriate primers 

and probes since an accurate and reliable quantification depends on the efficiency of these structures. 

For PCR-based DNA HPV detection assays it is common to use sequences from one of the two 

carcinogenic genes, E6 and E7, or the most conserved gene in HPV, the L1. Since in this project the 

analysis of a triple-target detection effect is of interest, primer/probe sets for the specific amplification 

and detection of each one of the three genes were designed. 

All the nucleotide positions that comprise variable regions or SNPs in the different genes were 

identified, using CLC Genomics Workbench 9.0 (CLCbio, Aarhus, Denmark), through an alignment of 

all the GenBank60 available sequences for the HPV 73 E6, E7 and L1 genes (see Annex 2: HPV 73 

Alignment and SNP Identification in the amplified regions). These SNPs were avoided when searching 

for the best location to design the primers and probes as their presence can influence the structures’ 

binding efficiency to the target or the polymerase’s extension efficiency, ultimately leading to a decrease 

in assay specificity.  

Since the new designs are to be included in the RIATOL HPV detection assay, the PCR 

conditions were already defined and could not be adapted for an optimal performance of the new 

primers/probe sets. In fact, the sets had to be designed so as to have an optimal performance at the 

already established working conditions. For that, the best primer/probe designs (see Table 4.1) were 

selected from IDT PrimerQuest Tool61, taking into account that both primers should have a melting 

temperature (Tm) around the PCR annealing temperature (60ºC ± 2ºC), since Tm is characterized as 

the temperature at which half of the oligonucleotide molecules are hybridized to their complement79. 

Furthermore, the probes should have a Tm around 5ºC higher than primers (65ºC ± 2ºC), to ensure a 

stronger amplicon-probe binding than primer-amplicon during annealing, to detect the signal before a 

new amplification starts.79 

Table 4.1 –  Overview of the primers and fluorescent probes designed for de amplification and detection of HPV 73 
E6, E7 and L1 gene sequences, using the PrimerQuest tool form IDT61. It is shown the sequences (sense for 
forward primers - FP -  and probe and antisense for reverse primers - RP), the nucleotide position in the gene (gene 
bank accession number KF436826), the length of the oligonucleotides in base pairs (bp), the melting temperature 
(Tm, in ºC), the GC content (in %) and the final amplicon size (in bp). All probes are conjugated in the 5’ end with a 
fluorophore (cyanine 5) and a dark quencher (3lAbRQSp: Iowa Black® RQ) in the 3’ end. 

Oligonucleotide Sequence (5’ to 3’) 
Nucleotide 

Position in the 
Gene (bp) 

Length 
(bp) 

Tm 
(ºC) 

GC 
(%) 

Amplicon 
Size (bp) 

HPV 73 E6 FP TGATATAAACCTGGACTGTGTG 75-97 22 60 40.9 
126 HPV 73 E6 Probe AACGTGGACTGTACAGATCTGAGG 104-128 24 65 50.0 

HPV 73 E6 RP CACGGTTGACATACACCATA 181-201 20 60 45.0 

HPV 73 E7 FP AAACAACCTTGCAGGACATTAC 14-36 22 62 40.9 
106 HPV 73 E7 Probe CCTGAAACCAACAACCGAAATTGACC 42-68 26 66 46.0 

HPV 73 E7 RP CTGTCTGTTTCATCCTCATCCT 98-120 22 62 45.5 

HPV 73 L1 FP ACTTATTTAACAGGGCTGGTGAT 770-793 23 62 39.1 
121 HPV 73 L1 Probe CAGGCAATACTGCAACACCATCCA 833-857 24 67 50.0 

HPV 73 L1 RP ATGGAACCACTAGGTGTAGGA 870-891 21 62 47.6 
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Another important aspect is to ensure a final amplification product length lower than 150 bp, 

with primer and probes sizes around 20 bp80. The shorter the amplicon the easier the PCR denaturation 

step is, allowing for a more efficient binding of primer and probe, leading to a more efficient amplification. 

Also, shorter amplicons are less prone to form secondary structures within them. Moreover, primers and 

probes should be long enough to assure a good specificity, although longer sequences allow for a higher 

probability of mismatches leading to a decrease in binding efficiency.79 Last but not least, a primer GC 

content between 35 and 65% is recommended because although a high GC content stabilizes 

hybridization, it also compromises the denaturation step, leading to a decrease in amplification 

efficiency.79,80   

Primer/probe sets with high probability of forming undesirable secondary structures, like self-

dimers, hetero-dimers and hairpins, were avoided. Using the Oligoanalyzer tool from IDT it was 

confirmed that all the chosen designs only form hairpins with a Tm lower than the annealing temperature, 

to assure that all structures are denatured at annealing temperature. Also, the possible self-dimer (due 

to high complementarity within the same oligonucleotide) and hetero-dimer structures (due to high 

complementarity between different oligonucleotides) must have a high ΔG (higher than -9 kcal/mol, as 

recommended by IDT80), to assure that if this structures are formed, they will not be problematic for the 

PCR reaction (less stable than the dimer formed by the primer/probe and the DNA sequence to be 

amplified), so as not to influence amplification efficiency. 

The specificity of each primer and probe designed was in first instance addressed by an in silico 

validation using the NCBI Blast search, which conducts sequence-similarity searches against several 

databases.62,79 It was confirmed that all oligonucleotides have 100% similarity with the respective gene 

of HPV 73, with a low expectation value (E-value, i.e. an indicator of the probability of having an 

alignment by chance).79 Although some of the oligonucleotides are not 100% specific for HPV 73 and 

have a small probability to detect other HPV genotypes, it was confirmed that when using the two primers 

and the probe together, the detection of other HPVs would be unlikely since not all the sequences 

involved have significant affinity to the same genotype.  

4.2. qPCR assay – Validation of new primer/probe se ts 

In this chapter, each independent target was considered as one individual assay and was fully 

optimized and validated independently form the others. Sensitivity, specificity, cross hybridization effect, 

reproducibility and repeatability were the validation points addressed on both workstations available at 

AML (when applicable). All the necessary tools for quantification were also developed and validated 

independently for each target. 

4.2.1. Temperature gradient PCR and verification of  the amplified product 

As previously indicated, it is impossible to change the PCR characteristics, like the annealing 

temperature or salt concentration, so all the sets should have optimal performance at the defined 

working conditions. The first experimental validation step was specifically established to evaluate if the 

primer set designed yields the desired amplicon at the PCR annealing temperature (60 ± 2ºC). A total 

of eight different temperatures were analysed (from 58 to 62ºC) and the obtained products were 

separated by size in a gel electrophoresis using Agilent DNA 1000 assay, which resolves DNA sizes 
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ranging from 50 to 1000 bp. The results of this experiment can be observed in Figure 4.1 for all the three 

assays designed for HPV 73 (DNA detection of E6, E7 and L1 genes). 

A) 

 
B) 

 

C) 

 

Figure 4.1 -  Gel electrophoresis results obtained for the temperature gradient results of HPV 73 E6 
(A), E7 (B) and L1 (C) detection assays, acquired with Agilent DNA 1000. L=ladder; Samples 1-8 = 
positive sample at different temperatures (58.0-62.0ºC); Samples 9-16 = Negative control at different 
temperatures (58.0-62.0ºC). 

After comparing the product sizes obtained in Figure 4.1 with the expected amplicon sizes 

(Table 4.1) it is possible to conclude that in all assays the primer set is amplifying the desired product 

58.0 58.4 58.9 59.6 60.6 61.4 61.8 62.0 58.0 58.4 58.9 59.6 60.6 61.4 61.8 62.0 ºC 

58.0 58.4 58.9 59.6 60.6 61.4 61.8 62.0 58.0 58.4 58.9 59.6 60.6 61.4 61.8 62.0 ºC 

58.0 58.4 58.9 59.6 60.6 61.4 61.8 62.0 58.0 58.4 58.9 59.6 60.6 61.4 61.8 62.0 ºC 
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(dark black band). In fact, all primer sets seem to be very robust since they always amplify the desired 

product at all different temperatures tested, with a good discrimination between positive and negative 

samples. However, not all positive cases have a single band, meaning that there is not 100% specificity 

and not only the desired sequence is amplified: the most intense band is the specific amplification 

product but products with sizes lower than the specific band (mostly related with primer-dimers or 

unused primers), are also present, as well as products with higher sizes (mostly related with non-specific 

amplification) (Figure 4.1). The green and purple bands, respectively called lower and upper markers, 

are amplification products of specific DNA fragments with 15 and 1500 bp (no more specific information 

is published by the company), which are included in the Agilent DNA 1000 kit and are used for the 

alignment/sizing of all the other fragments. 

The Agilent 2100 Bioanalyzer software allows for the quantification of DNA and this way, it is 

possible to compare the unspecific products’ concentration with the concentration of the specific 

amplicons, to conclude if their presence is significant to consider the primer set as unsuitable. DNA 

quantification is performed with the help of the upper marker, present in each sample lane with a fixed 

concentration of 60 ng/µl.81 The comparison between fluorescence of this reference band with each one 

of the product bands obtained, yields the relative concentrations indicated in Table 4.2, for all the primer 

sets in analysis, for the three temperatures closest to 60ºC (58.9, 59.6 and 60.6 ºC), i.e. the most 

relevant temperatures for the PCR reaction. 

Table 4.2 -  Concentration and size of the different products obtained in the temperature gradient of HPV 73 E6, E7 
and L1 assays. Only the temperatures closer to 60 ºC (annealing temperature) are shown. 

HPV 73 E6 

Annealing Temp. (ºC)  Length (bp) Concentration (ng/µL) Comments 

58.9 
111 15.39 Specific Band 
134 0.54  
148 0.32  

59.6 
111 13.29 Specific Band 
134 0.62  
150 0.28  

60.6 
110 14.34 Specific Band 
134 0.72  
154 0.67  

HPV 73 E7 

Annealing Temp. (ºC)  Length (bp) Concentration (ng/µL) Comments 

58.9 

53 1.52  
67 0.32  
94 31.16 Specific Band 

118 0.25  
59.6 94 32.02 Specific Band 
60.6 

 
53 3.56  
93 28.50 Specific Band 

HPV 73 L1 

Annealing Temp. (ºC)  Length (bp) Concentration (ng/µL) Comments 

58.9 
66 0.16  
93 0.13  

108 18.40 Specific Band 
59.6 

 
92 0.12  

108 17.46 Specific Band 
60.6 

 
 

50 0.57  
108 17.38 Specific Band 
193 0.11  
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   Unspecific products with concentrations at least 3-fold lower than the specific amplicon are 

considered as of no importance by AML. This criterion was fulfilled in all cases, so one can consider that 

the primer sets designed are suitable to undergo further validation. In fact, all the unspecific bands with 

sizes higher than the specific one have very low concentration (lower than 1 ng/µL). Although the lower 

sized bands have slightly higher concentrations, their appearance may be due to the unoptimized primer 

concentrations used in this experiment: It is possible that a higher amount of primer than needed is 

present in the reaction, leading to the formation of secondary structures like primer-dimers or just 

accumulation of non-used primers. 

Furthermore, the exact length of the bands obtained with Agilent DNA 1000 assay is also 

indicated in Table 4.2. Once again, comparing these sizes with the expected amplicon sizes (Table 4.1), 

and keeping in mind that the Agilent DNA 1000 assay manual guide indicates a sizing accuracy of about 

10%, it was confirmed that the most abundant products correspond to the desired ones (sizing error up 

to 12% for HPV73 E6 and 11% for both HPV73 E7 and L1 assays).67 

4.2.2. Assessment of cross-hybridization 

The specificity of qPCR assays is affected by the amplification of non-specific products, 

produced by primer binding to random sites in the DNA present in the sample or to other HPV types 

with similar nucleotide sequences, that can lead to the falsely classification of some negative samples 

as positive. Although the first option was already analysed in the previous subchapter (4.2.1- 

Temperature gradient PCR and verification of the amplified product), a cross-reactivity test to evaluate 

if the designed sets were specific enough for the HPV genotype in study was also performed. The assays 

should not be able to detect other genotypes, especially the ones belonging to the same or 

phylogenetically close species. This experiment is only a first test for the combined use of the primers 

and probe and therefore, previous optimization is not required.  

Human Beta-globin (β-globin) was used as internal control of the qPCR reaction in order to 

evaluate amplification quality and DNA sample integrity. For that, β-globin was amplified in the same 

PCR run, for all samples tested, with the primers and probe routinely used in the RIATOL HPV 

genotyping assay (Forward Primer: 5’–GCTTTCTTGCTGTCCAATTTC-3’; Reverse Primer: 5’-

CAGAATCCAGATGCTCAAGG-3’; Probe:5’-/5HEX/TTGGACTTA/ZEN/GGGAACAAAGGAACC/3!ABk 

FQ/-3’). This gene should be present in all human DNA samples. However, according to AML criteria 

(data not shown), Cp values higher than 34.00 should also be considered as a negative result, being an 

indicator of a bad quality sample. When negative outcomes are obtained, the genotyping results are 

unreliable and a new qPCR reaction should be performed.  

 The results obtained are summarized in Table 4.3, with the indication of the Cp values obtained 

for each sample. Separate reactions (different wells of the same PCR plate) were performed for each 

assay analysis (with HPV 73 E6, E7 and L1 primer/probe sets) and β-globin, in each one of the samples. 

The external genotyping results of the BSGP5+/6+-PCR/MPG assay (Valgent 1 study) are also 

described for all the samples used in this experiment. One case of a single HPV 73 infection, genotyped 

by INNO-LiPA® HPV Genotyping Extra assay (Innogenetics) and detectable with all the three HPV 73 

assays designed, was used as positive control. 
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Table 4.3 –  Cross-reactivity results obtained for all the three assays developed for HPV73 detection. The Cp values 
of the different samples, with the different primers/probes, are shown, together with the results of β-globin (internal 
control). 10 externally confirmed HPV 73 positive samples and 5 negative ones were tested. The respective external 
genotyping results are indicated (genotyping with the BSGP5+/6+-PCR/MPG assay). It was used as positive control 
a single HPV73 infection case, confirmed with INNO-LiPA® HPV Genotyping Extra assay (Innogenetics).  

Sample 
External 

Genotying Results 
β-Globin 
Results 

AML Results (Cp value) 

HPV 73 
E6 

HPV 73 
E7 

HPV 73 
L1 

CV  
(%) 

31917795 HPV 32, 43, 73 23.05 28.26 29.23 28.64 1.7 
31917798 HPV 16, 30, 44, 53, 68a, 81, 73 23.01 32.63 33.51 32.84 1.4 
32005611 HPV 39, 51, 56, 59, 73, 82, 87, 91 32.86 32.51 33.01 32.82 0.8 
32023641 HPV 30, 73 35.6 - - - - 
32023674 HPV 30, 39, 73 21.69 - - - - 
32205536 HPV 40, 55, 56, 73 24.03 33.71 34.73 33.59 1.8 
32211593 HPV 68b, 73 22.01 25.58 29.81 29.52 8.4 
32211611 HPV 73 22.47 25.04 25.98 26.13 2.3 
32308550 HPV 73, 90 26.05 20.12 22.56 20.09 6.8 
32311765 HPV 40, 42, 59, 62, 73, 87, 90, 91 22.01 24.14 25.64 24.89 3.0 

Positive Control HPV 73 31.06 35.03 37.10 35.65 3.0 
31917747 HPV 59 27.06 - - - - 
31917748 HPV 33, 58, 59 22.62 - - - - 
31917749 HPV 54 30.6 - - - - 
31917753 HPV 40, 62 26.56 - - - - 
31917754 HPV 16 22.91 - - - - 

Negative Control - - - - - - 

The specificity at species level was evaluated by testing externally confirmed positive samples 

(part of the Valgent-1 study) for types not present in α-11 species, the one where HPV 73 is grouped. 

α-9, the closest phylogenetical species (where HPV 16 is grouped) is represented in this analysis, as 

well as other two of the closest ones, α-8 and α-13, but also one less closely related, the α-7. HPV 18, 

the second most relevant cervical carcinogen, is grouped in this last family, and the assessment of 

cross-hybridization with it is an interesting test to perform. A HPV 73 positive result was not observed in 

any of the negative samples, with any of the assays, confirming the absence of cross-hybridization in 

all the primer/probe sets in validation, and consequently their good specificity. 

Ten externally confirmed HPV 73 positive samples were also tested to evaluate the ability of 

primer/probe combinations in discriminating positive from negative samples. In two cases, HPV 73 was 

not detected. One of the cases showed a weak β-globin signal which may be an indication of an 

unsuccessful DNA extraction. In the other case, according to BSGP5+/6+-PCR/MPG assay loads 

obtained by the external lab (Valgent Study, data not shown and not published), the amount of HPV 73 

DNA was at least one order of magnitude lower than the rest of the cases. Since Luminex is a highly 

sensitive technique which can detect between 10 to 1000 copies of each individual HPV type, it seems 

conceivable to admit that the amount of HPV DNA present in the sample may be below the detection 

limit of the HPV 73 assays in validation.14 For assay validation purposes, these two samples were 

replaced by two other positives with higher Luminex loads, in which DNA extraction was successfully 

performed. The results for HPV 73 detection in this new samples can be found in Table 4.4. In the end, 

strong positive signals were found for 10 externally confirmed HPV 73 positive samples, in which 

extraction quality was assured by a strong β-globin signal. 
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Table 4.4 –  Cp values obtained for the detection of HPV 73 in higher Luminex load samples used to replace the 
two discordant results obtained in the cross reactivity-test. Both AML and BSGP5+/6+-PCR/MPG genotyping results 
are shown. It was used the same positive and internal control as in the previous PCR reaction.  

Sample 
External Genotyping 

Results 
β-Globin 
Results 

AML Results (Cp value) 
HPV 73 

 E6 
HPV 73  

E7 
HPV 73  

L1 
CV  
(%) 

32413984 HPV 31, 45, 52, 73, 87 23.82 23.70 24.25 23.47 1.7 
32419433 HPV 16, 52, 66, 73 23.23 25.52 26.54 25.69 2.1 

Positive control HPV 73 28.88 32.14 33.31 32.07 2.1 

The performance of the three assays was found to be similar, with an average coefficient of 

variation (CV) at Cp level of 2.9% found when comparing the three results obtained for all samples.  The 

CV is a measure of the variability extent of each value in relation to its mean and gives an idea of the 

dispersion in the Cp values obtained for the same sample, with the different assays. It is calculated 

dividing the standard deviation (SD) of the three Cp values of each sample by its mean (�̅), as indicated 

in Equation (1) and (2). N represents the sample size (N=3 in this case) and �� each one of the Cp 

values obtained with the three assays. 

�� (%) =  !" �̅# × 100 (1) 

!" =  $∑ (�� − �̅)�&�'�( − 1  (2) 

As HPV 34 is the most phylogenetically related type to HPV 73, it is also crucial to evaluate the 

cross reactivity between this two types. However, HPV 34 is a low-risk type that is not well studied and 

usually not included in clinical HPV DNA detection assays. As described in Schmitt et al. (2013)14, HPV 

34  is also not present in Belgian population (from a population study of 2273 women), neither in women 

with normal cytology nor with cervical abnormalities. For all these reasons, it was impossible to find 

positive samples for this HPV type and the cross-reactivity of HPV 73 with HPV 34 was not 

experimentally assessed. However, intensive in silico work was performed when designing the 

primer/probe sets (mainly Blast analysis and alignment of both HPV genomes) to confirm the correct 

discrimination between these two types.   

4.2.3. Primer and probe optimization  

With the specificity of the primer/probe sets confirmed, it was important to perform a reagent 

optimization for optimal qPCR results. Once again, the main goal was to validate the new primer/probe 

sets using the same conditions as the ones currently used in the RIATOL HPV genotyping assay. This 

way, salt concentration and annealing temperature had to be kept unchanged and only primer and probe 

concentrations could be optimized. 

Primer and probe optimization was achieved by measuring a particular sample with several 

primer/probe concentration ratios (all the remaining variables were kept constant). In theory, the optimal 

combination should be the one that shows the best sigmoidal curve, with the lowest Cp value and at the 

same time the highest fluorescence signal. The Cp values are dependent on primer concentration 

(amplification process) and fluorescence intensity is dependent on probe concentration.  This validation 
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step was performed in 384-well PCR plates, in a total reaction volume of 6 µL, to better simulate the 

real RIATOL genotyping qPCR conditions.   

The first variable to be tested was the forward/reverse primer concentration ratio. In general, 

optimal concentrations vary between 50 and 900 nM, since lower concentrations can lead to a fast 

primer exhaustion and incorrect DNA quantification whereas high concentrations can promote non-

specific amplification.82 Since IDT recommends the use of 200 nM as primer concentration, it was 

decided to start the primer optimization with a concentration of 200 nM and test until 900 nM, with 

increments of 100 nM.79 In this phase, probe concentration was maintained at 250 nM (usually the 

optimal concentration) to guarantee a good fluorescence detection. Table 4.5 summarizes the Cp values 

obtained for all the HPV 73 assays in validation, when using different forward/reverse primer 

concentration ratios.  

Table 4.5 –  Cp results obtained for different concentration ratios of forward (FP) and reverse primer (RP), together 
with 250 nM of the respective Cy5 probe, for all the 3 different HPV 73 assays in validation. It was used the same 
sample for all the reactions and all concentration ratios were tested in duplicate. 

FP/RP/Probe 
concentration 

(nM) 

HPV 73 E6 Assay HPV 73 E7 Assay HPV 73 L1 Assay 

Cp_#1 Cp_#2 
Average 

Cp 
Cp_#1 Cp_#2 

Average 
Cp 

Cp_#1 Cp_#2 
Average 

Cp 

200/200/250 23.75 23.71 23.73 23.63 23.57 23.60 23.69 23.62 23.66 

200/300/250 23.89 23.74 23.82 23.63 23.71 23.67 23.50 23.53 23.52 

200/600/250 23.69 23.79 23.74 24.40 24.21 24.31 23.62 23.59 23.61 

200/900/250 23.82 23.82 23.82 23.19 23.73 23.46 23.53 23.31 23.42 

300/200/250 23.69 23.67 23.68 23.84 23.78 23.81 23.08 23.10 23.09 

300/300/250 23.93 23.86 23.90 23.87 25.01 24.44 23.58 23.80 23.69 

300/600/250 23.90 23.88 23.89 23.68 24.23 23.96 23.37 23.36 23.37 

300/900/250 24.06 23.97 24.02 24.01 23.84 23.93 23.31 23.27 23.29 

600/200/250 23.85 23.80 23.83 23.77 23.78 23.78 23.35 23.31 23.33 

600/300/250 23.93 23.86 23.90 23.86 23.83 23.85 23.27 23.11 23.19 

600/600/250 23.90 23.90 23.90 23.60 23.75 23.68 23.38 23.30 23.34 

600/900/250 23.81 23.89 23.85 24.03 23.82 23.93 22.85 23.12 22.99 

900/200/250 23.87 23.81 23.84 23.76 23.74 23.75 23.08 22.99 23.04 

900/300/250 23.52 23.71 23.62 24.02 24.04 24.03 23.54 23.46 23.50 

900/600/250 23.91 23.87 23.89 23.95 24.10 24.03 23.15 23.10 23.13 

900/900/250 23.87 23.87 23.87 24.11 24.61 24.36 23.12 23.31 23.22 

When analysing the results obtained (Table 4.5) it is concluded that for all the three assays, the 

Cp values do not vary significantly with increasing concentration of forward and reverse primers (<1 Cp 

value difference in Cp average). The Cp gain when using higher concentrations does not offset the 

increasing costs associated with the higher reagent volume required and so one can consider the 

200nM/200nM as the optimal FP/RP ratio for all the three assays. There were also no significant 

differences in the shape of the amplification curves obtained with the different concentration ratios. 

Probe optimization was performed after selecting the best primer concentrations. Although 

largely dependent on the fluorophore used, optimal probe concentrations vary between 50 to 250 nM: 

the concentration should be high enough to have a detectable signal without, however, generating a 

high fluorescence background.79 A probe optimization experiment was then performed with the 

optimized primer concentrations, and probe concentrations between 50 and 250 nM were tested, with 



  

33 
 

50 nM increments. 79 The results obtained for the three different HPV 73 detection assays in validation 

are summarized in Table 4.6. 

Table 4.6 –  Maximum fluorescence (in RLU) achieved with the three different HPV 73 assays in validation, when 
using different concentration of probe together with the optimized primer concentration ratio (FP/RP = 200/200 nM). 
It was used the same sample for all the reactions and all concentration ratios were tested in duplicate. 

Probe 
concentration 

(nM) 

HPV 73 E6 HPV 73 E7 HPV 73 L1 

RLU 
#1 

RLU 
#2 

Average 
(RLU) 

RLU 
#1 

RLU 
#2 

Average 
(RLU) 

RLU 
#1 

RLU 
#2 

Average 
(RLU) 

50 0.213 0.212 0.213 0.394 0.395 0.395 0.309 0.292 0.301 
100 0.259 0.258 0.259 0.391 0.419 0.405 0.363 0.392 0.378 
150 0.558 0.561 0.560 0.728 0.731 0.730 0.772 0.764 0.768 
200 0.661 0.679 0.670 0.513 0.746 0.630 0.633 0.634 0.634 
250 0.557 0.581 0.569 0.835 0.805 0.820 1.049 1.067 1.058 

An increase of fluorescence intensity with increasing probe concentrations (Table 4.6) was 

observed for all the assays, with L1 set reaching the highest fluorescence intensity. However, the 

maximum intensity obtained even for the highest concentration tested is still significantly lower than the 

intensity reached with other probes used in the RIATOL HPV genotyping assay, labelled with different 

fluorophores, and the ideal scenario would be to have comparable values between different probes. 

FAM and HEX are the two other fluorophores used to label the probes and their fluorescence intensity 

reaches values close or even higher than 10 RLU.  

Furthermore, previous experience with Cy5 has shown a poor stability associated with this 

fluorophore and a significantly decrease in fluorescence intensity even in a short period of time (6 

months). If the fluorescence intensity is low from the beginning, this degradation can cause problems 

regarding correct discrimination between positive and negative samples after longer periods of usage. 

For these reasons, higher probe concentrations (300, 400 and 500 nM) were tested with HPV E7 assay, 

to verify if it is possible to reach a higher fluorescence intensity (Table 4.7). 

Table 4.7 -  Maximum fluorescence (in RLU) achieved when using higher probe concentrations with the HPV 73 E7 
assay, when using the optimized primer concentration ratio (FP/RP = 200/200 nM). It was used the same sample 
as used for the previous concentrations and each concentration was tested in duplicate. 

Probe concentration 
(nM) 

HPV 73 E7 

RLU_#1 RLU_#2 Average (RLU) 

100 0.505 0.516 0.511 
200 0.637 0.642 0.640 
300 0.911 0.879 0.895 
400 1.005 1.028 1.017 
500 0.907 0.952 0.930 

From the results summarized in Table 4.7 it was concluded that there is no significant gain in 

fluorescence intensity when using higher probe concentrations.  This conclusion is also applicable to 

the other two primer/probe sets (E6 and L1) since a similar trend was observed between the three 

assays when testing the lower probe concentrations. To reach a balance between high signal and low 

probe concentration, it was decided to use 300 nM as the optimal probe concentration. By the analysis 

of the amplification curves obtained it was concluded that the fluorescence intensity (RLU higher than 

0.5) was enough to clearly distinguish positive from negative cases (0.01-0.02 RLU for negative 
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samples), even if some degradation occurs over time, with consequent decrease of the maximum 

reachable fluorescence intensity (see Annex 4: Amplification curves obtained in the probe optimization 

experiment).  

4.2.4. Analytical accuracy  

The analytical accuracy in discriminating positive from negative samples is one of the most 

important considerations when validating a new assay for HPV genotyping. It allows to calculate the 

analytical specificity (Equation (3)) of the assays. A study including 20 externally confirmed HPV 73 

positive samples (genotyped with the BSGP5+/6+-PCR/MPG assay), with a wide HPV load range, and 

20 HPV 73 negative samples (from the 2014 WHO HPV proficiency panel) was performed to assess the 

assays’ performance in terms of accuracy. The results obtained are summarized in Table 4.8. 

!)*+,-,+,./ (%) =  01.  234 567 89 0:;<=�>: ?<@AB:?01.  :C=:D0<BBE F10G�D@:H 567 89 0:;<=�>: ?<@AB:? × 100 (3) 

The assays’ analytical accuracy was evaluated from a qualitative perspective. For that, the 

results indicated in Table 4.8 were reorganized in the form of contingency tables, to facilitate the 

comparison between the number of positive/negative agreements observed with each one of the assays 

in validation and the external genotyping results (Table 4.9). Agreement is defined as the percentage of 

samples showing the same results with AML test and the external test, by the total number of analysed 

samples. 95% confidence intervals (95% CI) were computed for all percentages using the Wilson score 

method without continuity correction (Equation (4)), where N represents the sample size and p the 

proportion/percentage.78 95% CI expresses the degree of uncertainty associated with the proportion 

calculated. 

95% �J [L�M*N O�PQR, ℎ,Uℎ*N O�PQR] = W) + �.YZ�& ± 1.96\A(��A)& + �.YZ]×&^_
`1 + �.YZ& a  (4)  

HPV 73 E6 assay was found to be more accurate than the other two assays, showing an 

analytical agreement of 97.5% (95%CI: 87.1 to 99.6%) with the external genotyping results, whereas 

E7 and L1 assays showed an agreement of 95.0% (95%CI: 83.5 to 98.6%). However, the acceptance 

criterion stipulated by AML for the RIATOL HPV genotyping assay was met in all cases: analytical 

agreement > 80.0%. In fact, the obtained values were comparable to the general analytical accuracy of 

the FDA approved Abbott RealTime High Risk HPV, which denotes the validity of the developed 

assays.83 Moreover, a specificity of 100% (95%CI, 83.9 to 100%) for HPV 73 was achieved for all 

assays, since all negatives were correctly classified as so, stating that no cross-reactivity with other HPV 

genotypes occurs.  

The possibility of agreement by chance was taken into account by calculating Cohen’s Kappa 

coefficient, another statistic coefficient to measure the agreement between two qualitative items. As 

described in equation (5), kappa coefficient calculation is based on the difference between the observed 

agreement ()�, Equation (6)) and the agreement that is expected by chance ():, Equation (7)), 
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standardized to an interval of -1 to 1.84  N represents the sample size and no. represents the number of 

samples that satisfy a specific criterion.  

Table 4.8 –  Quantitative results, based on Cp values, and qualitative (Qual.) discrimination between positive (P) 
and negative (N) outcomes obtained with the three HPV 73 assays in validation. The study population included 40 
samples: 20 positives confirmed by the Valgent Study and 20 negatives, some confirmed by the Valgent study and 
others by WHO HPV proficiency panel. A positive sample validated by INNO-LiPA HPV detection assay was used 
as positive control (Innogenetics). 

Sample Number External Genotyping Results 
AML Results HPV 73 

E6 
(Qual.) 

E6 
(Cp) 

E7 
(Qual.) 

E7 
(Cp) 

L1 
(Qual.) 

L1 
(Cp) 

31917795 HPV 32, 43, 73 P 27.21 P 27.12 P 27.26 
31917798 HPV 16, 30, 44, 53, 68a, 81, 73 P 31.72 P 31.82 P 31.25 
32005611 HPV 39, 51, 56, 59, 73, 82, 87, 91 P 31.67 P 31.52 P 31.24 
32205536 HPV 40, 55, 56, 73 P 33.25 P 33.6 P 32.91 
32211593 HPV 68b, 73 P 28.92 P 28.54 P 27.93 
32211611 HPV 73 P 25.05 P 25.02 P 24.90 
32311765 HPV 40, 42, 59, 62, 73, 87, 90, 91 P 24.00 P 23.88 P 23.69 
32419839 HPV 52, 73 P 21.57 P 21.61 P 21.43 
32419794 HPV 73 P 34.10 P 32.24 P 31.94 
32419879 HPV 11, 73 P 24.81 P 23.19 P 23.19 
32311796 HPV 42, 59, 73, 87, 90 P 40.00 N - N - 
32311834 HPV 35, 39, 42, 53, 56, 59, 73, 90 P 24.04 P 24.31 P 23.82 
32318326 HPV 42, 53, 61, 73 P 31.79 P 31.84 P 32.30 
32318329 HPV 32, 44, 53, 73, 90 P 23.04 P 23.14 P 22.69 
32413176 HPV 6, 42, 51, 58, 59, 70, 73, 87, 90 P 21.25 P 21.32 P 20.99 
32413978 HPV 16, 42, 53, 73 P 25.64 P 25.73 P 25.51 
32414024 HPV 16, 45, 52, 53, 54, 73 N - N - N - 
32414042 HPV 45, 53, 73 P 15.28 P 15.79 P 15.11 
32419736 HPV 44, 51, 66, 68, 73, 90 P 15.74 P 16.13 P 15.69 
32419823 HPV 53, 62, 73, 90 P 24.43 P 24.73 P 24.05 
32300940 HPV 16, 53, 90 N 0.00 N 0.00 N 0.00 
32300960 HPV 16, 18  N 0.00 N 0.00 N 0.00 
51803073 HPV 35 N 0.00 N 0.00 N 0.00 
31917747 HPV 59 N 0.00 N 0.00 N 0.00 
31917748 HPV 33, 58, 59 N 0.00 N 0.00 N 0.00 
31917749 HPV 54 N 0.00 N 0.00 N 0.00 
31917753 HPV 40, 62 N 0.00 N 0.00 N 0.00 
31917754 HPV 16 N 0.00 N 0.00 N 0.00 
31917756 HPV Negative N 0.00 N 0.00 N 0.00 
51803056 HPV 16, 33, 45, 51 N 0.00 N 0.00 N 0.00 
51803059 HPV Negative N 0.00 N 0.00 N 0.00 
51803060 HPV 51 N 0.00 N 0.00 N 0.00 
51803062 HPV 16 N 0.00 N 0.00 N 0.00 
51803063 HPV 39 N 0.00 N 0.00 N 0.00 
51803065 HPV 58 N 0.00 N 0.00 N 0.00 
51803066 HPV 35,39,59,66,68b N 0.00 N 0.00 N 0.00 
51803067 HPV 68a N 0.00 N 0.00 N 0.00 
51803069 HPV 51 N 0.00 N 0.00 N 0.00 
51803070 HPV 31 N 0.00 N 0.00 N 0.00 
51803071 HPV 16 N 0.00 N 0.00 N 0.00 

Negative Control HPV Negative N 0.00 N 0.00 N 0.00 
Positive Control HPV 73 Positive P 29.92 P 34.57 P 31.97 
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     b = )� − ):1 − ):  (5) 

)1 = Q�.<;D::@:0=?(  (6) 

): = (01.cde fghijiklh×01.mnjlopqr eqs fghijiklh)& + t01.cde ulvqjiklh×01.mnjlopqr eqs ulvqjiklhw&(  (7) 

A kappa coefficient of 1 indicates a complete agreement between raters. Zero indicates exactly 

what would be expected by chance and negative values are indicators of disagreement between raters. 

A degree of agreement was established for values between zero and one: coefficients lower than 0.20 

represent a poor agreement, 0.21 to 0.40 a fair agreement, 0.41 to 0.60 a moderate agreement, 0.61 to 

0.80 a good agreement and 0.81 to 1.00 indicates very good agreement.85 In the present study, a kappa 

value of 0.95  (95% CI: 0.85 to 1.00) was obtained for HPV 73 E6 assay and 0.90 (95% CI: 0.77 to 1.00) 

for the remaining two assays, which confirms the good agreement between the two laboratories and 

rules out the possibility of agreement just by change.85 Once again, all the three assays meet the 

acceptance criterion stipulated by AML for the RIATOL HPV genotyping assay (kappa > 0.70) and can 

be considered validated in what concerns to accuracy. 

Table 4.9 –  Overview of qualitative results comparison between AML laboratory (with the assays developed for 
HPV 73) and the respective external test who identified the samples as being negative or positive for the HPV 73. 
The results are shown in the form of frequencies (number of samples that simultaneously satisfy the specific criteria 
indicated in the column and row). 

HPV 73 E6 AML 
 Negatives 

AML 
Positives HPV 73 E7 and L1 AML 

Negatives 
AML 

Positives 
External test 

Negatives 20 0 
External Lab 

Negative 20 0 

External test 
 Positives 1 19 

External Lab 
Positives 2 18 

Despite the good overall performance in terms of agreement, there were two confirmed positive 

samples that were missed by the HPV 73 assays. The two qualitative discordant results can be 

explained by the low concentration of HPV DNA present in these samples. Since HPV 73 is not a widely 

studied type, it is not easy to find confirmed positive samples. As a consequence, the samples used for 

this validation project were leftovers of a previous study (the Valgent-1 study) and for this reason, the 

available volume of each sample was limited. For DNA extraction with Abbott m2000sp extraction 

system, a volume of 600µL is needed for an accurate DNA extraction and when having less volume, the 

difference has to be compensated by diluting the sample in nuclease-free water (Sigma) until reaching 

the desired volume. Therefore, most of the samples were diluted to an undetermined extent and if the 

HPV load was already low, the possibility exists that HPV DNA was present in such a low quantity that 

the assays simply cannot detect it.   

This hypothesis is also confirmed by the sample that was only correctly classified as positive by 

the E6 assay, with a Cp of 40.00. Usually for a clinical purpose, cases with Cp values higher than 34.00 

are not considered true positives by AML, since the viral DNA is present in such low quantities that is 

impossible to be sure if what is measured in the PCR reaction is in fact only viral DNA. Furthermore, 

previous AML experience shows that when Cp values of this magnitude are obtained, if the sample is 
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re-tested, 50% of the time nothing is detected (negative result). This way, the discordant results obtained 

do not necessarily indicate a bad accuracy performance of the HPV detection assays nor that E6 assay 

is more accurate than the others, as assumed before. They only indicate that the HPV concentration in 

those samples is possible close to the detection limit and the assays are not able to detect the HPV 

DNA. The determination of these limits of detection is discussed later in this project.   

4.2.5. Automation test   

Until this point, the exact final assay conditions were not used since no automated pipetting was 

performed. Thus, a trial test involving 20 externally confirmed HPV 73 positive and negative samples 

was conducted to assess if significant changes are induced by PCR automatization on both workstations 

routinely used in the RIATOL HPV genotyping assay (from now on termed as system 1 and system 2).  

It should be noticed that in the first attempt to perform this test (pipetting performed on system 

2), the primer/probe set for HPV 73 L1 gene detection did not perform as expected. While positives were 

correctly diagnosed, a high percentage of negative samples were also diagnosed as positive, although 

showing high Cp values (Cp > 34.00, Table 4.10). Even the negative control (PCR reaction in PCR-

grade water, without any HPV DNA) was considered positive. The first logical explanation for this PCR 

results would be nonspecific detection. However, when the same plate was run a second time, on the 

same system, there was no link between false positives obtained on both runs. That and the fact that 

even the negative control (PCR grade water free of nucleases, as well as prokaryotic and eukaryotic 

genomic DNA), shows positive results for HPV DNA, discards the possibility of nonspecific detection of 

the L1 primer/probe set. 

Sample contamination due to incorrect decontamination of the robot’s pipetting needles when 

changing from a positive to a negative sample, could also be a possibility but, once again, this hypothesis 

was rejected when no correlation in false positives was found between the first and the second run 

(same sample plate). Bad sample quality was also discarded when the negative control (PCR-Grade 

water) was also diagnosed as positive for HPV (Table 4.10). 

Other than sample contamination, the most reasonable explanation for a negative control failure 

is reagent contamination. However, if this was the case, not only some wells but all the PCR plate would 

be contaminated. New primer and probe working solutions, as well as new master mixes, were used in 

a third run of the same samples, using a new sample plate. This third hypothesis was also rejected 

when, once again, false positives were found in the new run, including negative controls (Table 4.10). 

In an attempt, to assess why the false positives were never found before and if it could be a 

problem associated only with system 2, a plate half filled with only PCR-grade water (Roche Applied 

Science) was tested on each automated workstation (system 1 and 2) using the HPV 73 L1 assay. The 

obtained results were compared with a similar experiment performed with manual pipetting. All reactions 

were performed with the same master mix solution and the same PCR grade water. As expected, in the 

manual pipetting experiment, no false positives were found out of the 48 waters tested while with 

automatic pipetting the problem persisted. There was no significant difference between workstations 

since from the 48 waters, two were tested positive for HPV DNA with system 2 and one with system 1 

(all different samples). So the question arose: What is the difference between a manually and 
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automatically pipetted PCR reaction? (leaving aside the possibility of sample contamination as 

previously discussed).  

Table 4.10 – Results obtained when the PCR reaction with the primer/probe set developed for HPV 73 L1 assay 
was performed in the system 2 (automated workstation) of AML. The first and second runs were performed with the 
same sample plate, with different master mixes. The third run was performed in the same primary samples but with 
a new sample plate, as well as new primer and probe working solutions, to discard reagent contamination. The 
presence of HPV 73 was externally confirmed for all samples used (positives samples were genotyped by the 
BSGP5+/6+-PCR/MPG assay and negative samples by INNO-LiPA HPV genotyping extra assay). 

 First Run Second Run Third Run 

Sample 
External 

genotyping 

Cp 
1st 

Duplo 

Cp 
2nd 

Duplo 

Average 
Cp 

Cp 
1st 

Duplo 

Cp 
2nd 

Duplo 

Average 
Cp 

Cp 
1st 

Duplo 

Cp 
2nd 

Duplo 

Average 
Cp 

32419736 
(1:2 dil.) 

HPV 73 
Positive 

17.03 17.15 17.09 16.87 16.98 16.93 16.83 16.97 16.97 

32414042 
(1:10 dil.) 

18.51 18.83 18.67 18.34 18.29 18.32 18.47 18.50 18.49 

32413984 22.76 22.94 22.85 22.67 22.92 22.80 22.68 22.68 22.68 
32419433 25.25 25.44 25.35 25.24 25.45 25.35 23.66 25.18 24.42 
32311765 23.74 23.74 23.74 23.72 23.64 23.68 24.14 23.58 23.86 
92419879 
(1:2 dil.) 

24.76 24.92 24.84 24.66 24.75 24.71 25.14 24.75 24.95 

91917795 27.45 27.71 27.58 27.19 27.44 27.32 27.27 27.47 27.37 
32419590 33.91 30.06 31.99 32.54 30.22 31.38 30.65 30.84 30.75 
32419823 
(1:10 dil.) 

27.91 27.99 27.95 27.67 27.64 27.66 27.83 27.78 27.81 

92211593 
(1:2 dil.) 

29.67 30.23 29.95 29.97 29.52 29.75 30.46 30.07 30.27 

16013008 

HPV 73 
Negative 

36.80 - 36.80 - - - - - - 
16012289 - - - - - - - - - 
16012610 - - - - - - - - - 
16014940 - - - - - - - - - 
16013121 - - - - - - - - - 
16009638 - - - - - - - - - 
16011707 36.88 36.78 36.83 - - - 35.17 - 35.17 
16015434 - 36.03 36.03 - - - - 36.41 36.41 
16010575 - - - - 37.38 37.38 - - - 
16011188 - - - - - - - 35.93 35.93 

Water 
HPV 

Negative 

- 34.15 34.15 - - - - 37.08 37.08 
Water - - - - - - - - - 
Water - - - - - - - 36.94 36.94 

After a thorough deliberation, it was concluded that the main difference between the two setups 

falls in the time and temperature conditions between pipetting and the beginning of the actual PCR 

reaction. While during manual pipetting, the PCR plate is prepared on ice and placed immediately inside 

the LightCycler 480 for the PCR reaction, the automated pipetting is performed at room temperature 

and usually the prepared plate is left waiting until the LightCycler is available, because pipetting takes 

less time than the one and a half-hour PCR reaction. When not on ice, there is a possibility that some 

undesired reactions start occurring or even some unspecific amplification, due to premature enzyme 

activation. However, this was never a problem for the RIATOL HPV genotyping assay and since the Taq 

polymerase included in the LightCycler® 480 Probes Master (Roche Applied Science) is a FastStart 
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Taq DNA polymerase (recombinant Taq polymerase stable but inactive at temperatures below 75ºC), 

the plate waiting time at room temperature should not be a problem unless the primers and probes are 

not stable enough.86,87  

Another possible explanation for the false positives found with the HPV 73 L1 assay could be 

the formation of heterodimers between the probe and one of the primers, even with all the in silico work 

suggesting no relevant heterodimer formation. Primer dimer would never be a possibility since the 

fluorescence signal is produced by the TaqMan specific probe, when it binds to a complementary single-

stranded DNA and never double-stranded DNA. To test this hypothesis, the amplification products of 

some false positive cases were loaded into a Bioanalyzer chip and analysed with Agilent DNA 1000 

assay. The results are shown in Figure 4.2. 

 
Figure 4.2 - Gel electrophoresis result of the false positive PCR products. L=ladder; Samples 1 and 3 are two of 
the HPV 73 negative samples that were classified as positive for the presence of HPV 73 DNA; samples 2 and 
4 are the duplicates of 1 and 3, respectively, that were not classified as positive; Sample 5 is one of the PCR-
grade waters that were classified as positive for the presence of HPV 73 DNA; samples 6 to 9 are true positive 
samples and were used here as controls. 

A fragment with approximately 61 bp (value determined by Agilent DNA 1000 assay software) 

was found in the false positive cases tested (sample 1, 3 and 5 in the gel) while in the true negative 

cases it was not detected (2 and 4). This band cannot be the result of unspecific amplification since in 

sample 5 (water), a clear band is observed and no DNA is present in solution. The positive samples 

(sample 6 to 9 in the gel) were used as controls to assure that there is no contamination in the false 

positives and as expected, the amplification products found in all of the control cases have a significantly 

higher size than the band found in the false positives, excluding the contamination hypothesis. No 

relevant secondary amplification products were found for the positive controls. 

 These results seem to confirm that when there is no template for amplification, the probe and 

one of the primes are likely to hybridize with each other or the probe itself forms a secondary structure 

that allows the quencher release and signal emission. Either way, the HPV 73 L1 assay could not be 
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considered suitable for HPV genotyping and a new L1 primer/probe combination had to be designed. 

However, since the problem seems to be related with the probe and not exactly with the primer 

combination, only the probe was redesigned. 

A new appropriate probe located in the region of HPV 73 L1 gene flanked by the primers 

previously designed was then selected (5’- /5Cy5/AGGCACAGGCAATACTGCAACA/3lAbRQSp/ -3’) 

and all the validation process was restarted for the new L1 gene assay: all the in silico work to assure 

specificity and an optimal performance of the PCR reaction was done, the cross-reactivity test (Table 

4.11) as well as the probe optimization (Table 4.12) and the assay analytical accuracy assessment 

(Table 4.13) were also performed, following the same recommendations as previously described.  

Table 4.11 -  Cross-reactivity results obtained with the new combination of primer/probe for L1 assay. β-globin was 
not measured in this reaction since all the samples were previously confirmed as positive for β-globin. 10 externally 
confirmed HPV 73 positive samples and 10 α-11 species negative samples, confirmed by INNO-LiPA® HPV 
Genotyping Extra assay (Innogenetics), were tested. It was used as positive control the HPV73 gBlock. 

Sample  External Genotyping Results 
AML Results 

HPV 73 L1 

32005611 HPV 39, 51, 56, 59, 73, 82, 87, 91 33.21 
31917798 HPV 16, 30, 44, 53, 68a, 81, 73 33.31 
32414042 HPV 45, 53, 73 27.45 
35925123 HPV 73 21.02 
32419839 HPV 52, 73 22.12 
32419794 HPV 73 33.84 
32205536 HPV 40, 55, 56, 73 33.99 
36147735 HPV 73 32.96 
32211611 HPV 73 33.26 
32318329 HPV 32, 44, 53, 73, 90\ 24.18 

Positive Control gBlock HPV 73 21.68 
36287808 HPV Positive (HPV 73 Negative) - 
36253746 HPV Positive (HPV 73 Negative) - 
36123586 HPV 74 - 
35958368 HPV Positive (HPV 73 Negative) - 
35956867 HPV Positive (HPV 73 Negative) - 
35647410 HPV Positive (HPV 73 Negative) - 
36228125 HPV 6 - 
35812566 HPV Positive (HPV 73 Negative) - 
35995183 HPV 44 - 
36254218 HPV Positive (HPV 73 Negative) - 

Negative Control HPV Negative - 
 

Table 4.12 -  Maximum fluorescence (in RLU) achieved with the new L1 probe, when using different concentration 
of probe together with the optimized L1 primer concentration ratio (FP/RP = 200/200 nM).  

Probe concentration 
(nM) 

HPV 73 L1 

RLU_#1 RLU_#2 Average (RLU) 

50 0.532 0.502 0.532 
100 0.700 0.702 0.701 
150 0.926 1.004 0.965 
200 0.965 0.944 0.955 
250 1.003 1.112 1.058 

The new primer/probe combination was found to be specific for HPV 73 (Table 4.11). Using a 

probe concentration of 200 nM, it was obtained a similar fluorescence intensity as the one found for E7 
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assay when using 300 nM of probe. The assay was also able to correctly discriminate positive from 

negative samples, with an agreement of 100% (95%CI: 91.2 to 100%) between the assay outcomes 

and the expected results, with a kappa coefficient of 1.00. This discards the hypothesis of agreement 

by chance. The new set was then considered validated and a quick test on the automated workstations 

(using the same sample plate as used before) showed that the false positive problem was overcame 

since HPV 73 DNA was not detected in any negative sample or negative control (data not shown).   

Table 4.13 -  Quantitative results, based on Cp values, and qualitative (Qual.) discrimination between positive (P) 
and negative (N) outcomes obtained with the new primer/probe set for HPV 73 L1. The study population comprised 
40 samples, including 20 positives confirmed by the valgent-1 Study or found in AML routine samples using the 
HPV 73 E6 and E7 primer/probe sets, and 20 negatives confirmed by INNO-LiPA® HPV Genotyping Extra assay 
(Innogenetics). The gBlock for HPV 73 was used as positive control. 

Sample Number External Genotyping Results 
AML Results HPV 73 L1 

Qualitative Cp 

36147735 HPV 73 P 34.71 
32005611 HPV 39, 51, 56, 59, 73, 82, 87, 91 P 32.56 
35925123 HPV 73 P 19.77 
16042609 HPV 73 P 24.56 
32419794 HPV 73 P 31.06 
16042795 HPV 31, 59, 73 P 30.53 
32318329 HPV 32, 44, 53, 73, 90 P 20.95 
32413978 HPV 16, 42, 53, 73 P 25.72 
16043766 HPV 73 P 23.64 
16043770 HPV 73 P 19.71 
31917798 HPV 16, 30, 44, 53, 68a, 81, 73 P 31.56 
32205536 HPV 40, 55, 56, 73 P 32.56 
32211611 HPV 73 P 25.23 
92419839 HPV 52, 73 P 20.77 
16042716 HPV 53, 73 P 31.24 
16043469 HPV 73 P 31.98 
16044096 HPV 31, 66 73 P 24.62 
32414042 HPV 45, 53, 73 P 15.34 
32419823 HPV 53, 62, 73, 90 P 24.30 
16042244 HPV 73 P 21.89 
36149414 N N 0.00 
36286515 N N 0.00 
36044525 N N 0.00 
36236720 N N 0.00 
35945333 N N 0.00 
35807982 N N 0.00 
35812566 HPV positive (HPV 73 Negative) N 0.00 
36227204 N N 0.00 
36254218 HPV positive (HPV 73 Negative) N 0.00 
36227614 N N 0.00 
36006124 N N 0.00 
35647410 HPV positive (HPV 73 Negative) N 0.00 
36177511 N N 0.00 
36287808 HPV positive (HPV 73 Negative) N 0.00 
36196446 N N 0.00 
36228125 HPV positive (HPV 73 Negative) N 0.00 
36253746 HPV positive (HPV 73 Negative) N 0.00 
35956867 HPV positive (HPV 73 Negative) N 0.00 
35958368 HPV positive (HPV 73 Negative) N 0.00 
35730344 N N 0.00 

Negative Control N N 0.00 
Positive Control gBlock HPV 73 P 27.98 
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4.2.6. Standard curve construction and LOQ/LOD calc ulation 

Together with HPV detection and genotyping, HPV quantification is also one of the main goals 

of the RIATOL HPV Genotyping assay. The initial HPV DNA concentration present in one sample can 

be determined by the experimental Cp value obtained in the PCR reaction using a standard curve. The 

standard curve is a linear correlation between Cp values and logarithm of DNA concentrations, 

constructed by plotting the logarithm of a series of decreasing and known HPV DNA concentrations, 

against the Cp value obtained in the respective qPCR reactions.79,88 

Stable, reliable and precisely quantified DNA templates must be used if a correct estimation is 

desired.88 Keeping this in mind, gBlocks® Gene Fragments, a synthetic double-stranded DNA molecule 

of precisely known concentration (500 ng, 1.00 ng/µL), containing the amplicon sequences generated 

by the primer sets of the three HPV 73 assays (E6, E7 and L1) was used to construct the standard 

curves. These curves must include the entire linear region of HPV detection. The lowest concentration 

that falls in the linear region and can still be reliably calculated, is called the limit of quantification 

(LOQ).89 

 The RIATOL HPV genotyping assay calculates concentrations in copies of DNA per µL 

(copies/µL). Knowing the molecular weight of the gBlock (MW = 2.43 × 10x g/mol), concentrations (C) 

in g/µl were converted in copies/µL, as indicated in equation (8), using the Avogadro constant ((2 =
6.02 × 10�9 copies/mol).  

�F1A�:? y4# =  �; y4# × 1 z{# × (2 (8) 

The standard curves were constructed using a 1/10 dilution series of the synthetic gene, starting 

from 2.48 × 108 copies/µL until reaching 2.48 × 10� copies/µL (from 1 × 10�� to 1 × 10�� Gblock 

dilution). Higher concentrations were not used due to fear of laboratory contamination. A further ½ 

dilution series until reaching 3.88 × 10�� copies/µL (1.56 × 10���  dilution) was performed to correctly 

identify the whole linear range and consequently the LOQ. The Cp values obtained from the different 

concentrations were then plotted with the logarithm of the respective concentration to analyse the linear 

region and construct the standard curve. Different standard curves were constructed for each HPV 73 

assay and for each workstation. The obtained curves are represented in Figure 4.3 where only the dark 

series represents the values used for the standard curve construction (equation indicated in the 

respective graphs). 

The concentration range used for the linearity was enough to have the entire linear region 

represented and all the points used for the standard curve construction were still in the linear range 

(dark blue in the graphs of Figure 4.3). Table 4.14 summarizes the characteristics of the curves obtained 

for the different assays and workstations, as well as the LOQ obtained and PCR efficiency achieved in 

each case.  
1/10 dilutions were measured in triplicate while ½ dilutions were measured in duplicate. All data 

points were included in the graphs with exception of the points where no DNA was detected or the Cp 

value obtained was not concordant with the remaining values obtained for the same dilution. All data 

points used for the graph construction are indicated in Annex 5: Raw Results of standard curve 

construction and LOQ determination. 
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Figure 4.3 –  Representation of the standard curves (linear relation between Cp and the logarithm of 
concentration, in DNA copies/µL) obtained for HPV 73 E6, E7 and L1 assays, in both workstations. The light 
points represent all the gBlock dilution range (from 2.48 × 108 to 3.88 × 10�� copies/µL, excluding the data points 
where no DNA was detected or the Cp value was not adequate) and only the dark points represent the standard 
curve. The equations indicated are related to the linear correlation between the points included in the standard 
curve. Cp values represented have a CV% lower than 5% per dilution on the same system and between systems 
(see Annex 5: Raw Results of standard curve construction and LOQ determination). 
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Table 4.14 -  Characteristics of the standard curves obtained for each one of the three HPV 73 detection assays, 
for both workstations of AML laboratory. The limit of quantification (LOQ) and PCR efficiencies for the different 
cases are also indicated. 

HPV 73 E6: system 1 HPV 73 E6: system 2 

Slope (S) -3.52 Slope (S) -3.46 

R2 0.9998 R2 0.9994 

PCR Efficiency (%) 92.4 PCR Efficiency (%) 94.7 

LOQ (copies/µL) 6.20 LOQ (copies/µL) 12.4 

HPV 73 E7: system 1 HPV 73 E7: system 2 

Slope (S) -3.48 Slope (S) -3.41 

R2 0.9998 R2 0.9996 

PCR Efficiency (%) 93.7 PCR Efficiency (%) 96.4 

LOQ (copies/µL) 24.8 LOQ (copies/µL) 12.4 

HPV 73 L1: system 1 HPV 73 L1: system 2 

Slope (S) -3.72 Slope (S) -3.60 

R2 0.9991 R2 0.9990 

PCR Efficiency (%) 85.8 PCR Efficiency (%) 89.5 

LOQ (copies/µL) 24.8 LOQ (copies/µL) 12.4 

For standard curves to be acceptable, slopes between -3.10 and -3.60, as well as correlation 

factors (R2) higher than 0.990 should be obtained, according to the guidelines for absolute quantification 

using qPCR.79,88  However, depending on the assay, slopes as low as -3.9 are also acceptable.90 For 

all the assays, on both workstation, these criteria have been met, although the slope obtained for L1 

assay in system 1 is out of the optimal range (Table 4.14). The slope of the standard curve is directly 

related with amplification efficiency of the qPCR reaction (E). These relation is described in equation 

(9).79,91  

|<@AB�G�F<=�10 = `10�� }# a − 1 (9) 

PCR efficiency measures the rate at which a PCR amplicon is generated and represents the 

overall performance of a real-time PCR assay. The optimal theoretical efficiency is 100% (slope of              

-3.32), representing the hypothesis of two DNA copies being obtained from each template in each PCR 

cycle. Although this goal is impossible to achieve in real qPCR experiments, values between 90% and 

110% are considered adequate and values as low as 80% are generally acceptable (concordant with 

the slope ranged mentioned above). Efficiencies higher than 100% are an indication of pipetting 

problems or poor quality of the samples used.79,90 Acceptable amplification efficiencies were achieved 

for all the designed assays, with system 2 showing better results (Table 4.14) and L1 assay showing 

the worse amplification efficiency, with values very close to the lowest acceptable limit. E6 and E7 

assays showed similar performances although E7 performed slightly better. 

The lowest LOQ was obtained with the E6 assay, corresponding to 6.20 copies/µL when the 

assay was performed on system 1 although the value obtained for system 2 was one dilution higher, 

corresponding to 12.4 copies/µL (Table 4.14). To simplify and standardize, the highest LOQ value 

obtained for each assay (whether it is associated with system 1 or 2) was considered the general LOQ 
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of the assay (policy of the worst case scenario). This way, HPV 73 E6 assay showed the best sensitivity, 

with an LOQ of 12.4 copies/µL while the LOQ of both L1 and E7 assays was set on 24.8 copies/µL. All 

values are lower than the limit of 5,000 viral copies/µL imposed by AML for its RIATOL HPV Genotyping 

assay. 

The Limit of detection (LOD), the lowest concentration of HPV DNA that can reliably be detected 

while ensuring less than 15% of false negatives, was also experimentally determined.89,92, This value 

provides an estimation of the imprecision of HPV detection at low DNA concentrations. 20 replicates of 

different gBlock concentrations that fall outside of the linear range were measured, with each one of the 

assays in validation, in each one of the workstations, to find the lowest concentration at which HPV DNA 

is detected in at least 85% of the replicates. Table 4.15 summarizes the results obtained. The 

concentrations tested were chosen according to the Cp values obtained in the linearity experiment for 

each dilution and taking into account that if a high average Cp value was previously obtained, the chance 

of not detecting any DNA in another replicate would also be high.       

Table 4.15 -  Number and percentage of positives obtained when running 20 gBlock replicates of increasing 
dilutions, to determine the experimental LOD for the three HPV DNA detection assays. The Cv percentage on Cp 
values of all the positives obtained for each dilution are also indicated. The experiment was run on both 
workstations.  

Assay 
Concentration 

(copies/µL) 
System 1 System 2 

No. Positives Positives (%) CV (%) No. Positives Positives (%) CV (%) 

HPV 
73 E6  

6.20 19 95 3.7 19 95 1.9 

3.10 18 90 3.1 15 75 2.7 

1.55 13 65 1.4 11 55 2.4 

0.776 6 30 2.6 8 40 3.0 

HPV 
73 E7  

6.20 20 100 2.4 20 100 2.9 

3.10 18 90 1.6 18 90 2.4 

1.55 9 45 2.7 12 60 2.5 

0.776 5 25 3.7 6 30 1.5 

HPV 
73 L1  

12.4 20 100 3.2 19 95 3.3 

6.20 18 90 3.1 16 80 3.7 

3.10 10 50 4.5 10 50 2.9 

1.55 9 45 4.4 4 20 2.2 
 

For HPV 73 E6 and L1 detection assay, the LOD was one dilution further in system 1 than in 

system 2, meaning that the first workstation helps increasing the sensitivity of the assays. However, 

once again, when talking about the LOD of each assay in a general way, the highest value obtained 

between both workstations should be considered the true LOD value (policy of the worst case scenario). 

This way, the lowest concentration that HPV 73 E6 assay can reliably detect in at least 85% of the cases 

(with less than 15% of false negatives) is 6.20 copies/µL, for E7 assay 3.10 copies/µl and for L1 assay 

12.4 copies/µL (Table 4.15).  

When comparing the three assays, HPV 73 L1 seems to be the least useful, both in terms of 

amplification efficiency and sensitivity (measured by the LOQ and LOD), showing efficiencies close to 

the acceptable limits and the highest LOQ and LOD values. E6 and E7 assays have similar efficiencies 
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but while the E6 primer/probe set has a lower LOQ, the E7 has a lower LOD. For a diagnostic purpose, 

being able to correctly discriminate between positive and negative samples (qualitative analysis) when 

only a small amount of DNA is present, is of more importance than correctly estimating its concentration 

(quantitative analysis), especially when talking about concentrations in the range of the LOQ values 

previously determined. For this reason, if only one site of detection is to be selected, the best choice will 

be the E7 assay. However, the present work aims to analyse the impact of having multiple-target HPV 

detection assays so all the three validated primer/probe sets should be used together as one single 

assay. Furthermore, looking at these results it seems that merging all the individual qualities of each set 

enables the establishment of a final assay comprising the best overall performance possible. 

4.2.7. Assay reproducibility and repeatability 

As a last validation step, assay repeatability and reproducibility were analysed. Repeatability 

was assessed by a within-run variation test where 10 positive samples with Cp values between 16 and 

30 (to cover a wide range of HPV concentrations) and 10 negatives were measured in duplicate, with 

the three different assays for the detection of HPV 73, under the same PCR run and conditions (same 

PCR plate and master mix). Subsequently, reproducibility was assessed by a between-run variation 

test, measuring the same samples in a new PCR run, with changed conditions (new PCR plate and new 

master mix). The same samples were tested with all three HPV 73 detection assays designed, what 

makes comparison between assays possible. 

Differently from the previous validation points, for the within- and between-run variation there is 

no need to use externally confirmed positive samples, since the main goal is not to determine the correct 

discrimination between positive and negative results (already performed and validated) but evaluate the 

repeatability and reproducibility of the obtained measurements of one random sample. In fact, due to 

the shortage of externally confirmed positive samples, HPV 73 positive DNA extracts of ThinPrep liquid-

based cytology samples, that arrived at AML to be analysed by the RIATOL HPV genotyping assay, 

were used. The HPV 73 positivity was measured with all the three assays in validation, since at this 

point there was enough evidence of their good performance. The criterion to only select samples 

classified as positive by the three assays was followed, to ensure that only true positives were chosen. 

Table 4.16 and Table 4.17 summarize the Cp values and viral copy numbers obtained for each 

sample measured with the three HPV 73 DNA detection assays, when using the system 1 and system 

2, respectively. Once again the results were analysed from a qualitative (analysis of contingency tables) 

and quantitative perspective (CV% on Cp and viral copy level). CV values were calculated according to 

Equation (1). 

The results obtained were grouped in contingency tables, to simplify the comparison of 

positive/negative agreements observed between measurements. Qualitatively speaking, assay 

performance on system 1 was perfect for all assays (Table 4.18), with a repeatability and reproducibility 

of 100% (95%CI: 83.9 to 100%) and kappa coefficients of 1.00 for the agreement between 

measurements. Nevertheless, when testing the assays on system 2, although only consistent results 

were found between both measurements from the same run, resulting in 100% (95%CI: 83.9 to 100%) 

of intra-assay repeatability (kappa coefficient of 1.00), one positive sample was incorrectly classified as 

negative by E7 and L1 assays (Table 4.17). 



  

47 
 

Table 4.16 –  Cp results obtained for the assay reproducibility and repeatability assessment on system 1. The same samples were run in duplicate in the same run (same 
PCR plate and master mix) to measure assay repeatability. The second replicate was then rerun in a different PCR reaction (another PCR plate, measured with a different master 
mix), and both runs were compared to quantify the assay reproducibility. For simplification, the data for the known negative samples (confirmed by INNO-LiPA HPV genotyping 
assay) are not shown since no discordances were observed.  

 Repeatability (same run) Reproducibility (different run) 

Sample HPV 
type  

Cp 1st 
Duplo 

Cp 2nd 
Duplo 

Cp 
 CV (%) 

1st Duplo 
(copies/µL) 

2nd Duplo 
(copies/µL) 

Viral copies 
CV (%) 

Cp 2nd 
Duplo Cp CV (%) 

2nd Duplo 
(copies/µL) 

Viral copies 
CV (%) 

68067215 (1:2 dil.) 

HPV 
73 
E6 

15.99 16.13 0.62 4.21E+05 3.83E+05 6.68 16.14 0.04 3.81E+05 0.37 
16042244 (1:10 dil.) 25.44 25.30 0.39 8.40E+02 9.23E+02 6.66 25.54 0.67 7.88E+02 11.20 
16042609 (1:4 dil.) 27.13 27.14 0.03 2.76E+02 2.75E+02 0.26 27.12 0.05 2.79E+02 1.02 
16042691 (1:4 dil.) 19.81 19.89 0.28 3.41E+04 3.22E+04 4.05 19.87 0.07 3.26E+04 0.87 
16044096 (1:10 dil.) 28.06 27.91 0.38 1.51E+02 1.66E+02 6.69 28.07 0.40 1.50E+02 7.16 
16043766 (1:4 dil.) 26.03 26.08 0.14 5.72E+02 5.50E+02 2.77 26.19 0.30 5.14E+02 4.78 
16043770 (1:4 dil.) 21.89 21.92 0.10 8.66E+03 8.51E+03 1.24 21.89 0.10 8.67E+03 1.32 
16042176 (1:2 dil.) 28.32 28.47 0.37 1.27E+02 1.15E+02 7.01 28.21 0.65 1.37E+02 12.4 
16047051 (1:2 dil.) 27.14 27.24 0.26 2.75E+02 2.57E+02 4.78 27.06 0.47 2.90E+02 8.53 
92211611 (1:10 dil.) 28.69 28.79 0.25 1.00E+02 9.45E+01 4.00 28.88 0.22 8.88E+01 4.40 
68067215 (1:2 dil.) 

HPV 
73 
E7 

16.15 16.29 0.61 4.90E+05 4.45E+05 6.81 16.30 0.74 4.40E+05 0.80 
16042244 (1:10 dil.) 25.87 25.67 0.55 7.65E+02 8.75E+02 9.49 25.80 1.38 8.04E+02 5.98 
16042609 (1:4 dil.) 26.82 26.89 0.18 4.08E+02 3.89E+02 3.37 26.98 0.42 3.67E+02 4.12 
16042691 (1:4 dil.) 20.04 20.23 0.67 3.69E+04 3.26E+04 8.75 20.21 1.13 3.28E+04 0.43 
16044096 (1:10 dil.) 28.23 28.28 0.13 1.61E+02 1.56E+02 2.23 28.19 0.71 1.65E+02 3.97 
16043766 (1:4 dil.) 26.41 26.36 0.13 5.37E+02 5.56E+02 2.46 26.19 0.30 6.19E+02 7.58 
16043770 (1:4 dil.) 22.15 22.18 0.10 9.06E+03 8.89E+03 1.34 22.16 0.77 9.01E+03 0.95 
16042176 (1:2 dil.) 28.93 28.46 1.16 1.02E+02 1.39E+02 21.7 28.31 0.40 1.52E+02 6.32 
16047051 (1:2 dil.) 27.64 27.70 0.15 2.37E+02 2.28E+02 2.74 27.69 1.16 2.29E+02 0.31 
92211611 (1:10 dil.) 28.62 28.64 0.05 1.25E+02 1.23E+02 1.14 28.49 0.74 1.35E+02 6.58 
68067215 (1:2 dil.) 

HPV 
73 
L1 

15.87 15.91 0.18 8.11E+05 7.87E+05 2.12 15.76 0.67 8.68E+05 6.92 
16042244 (1:10 dil.) 25.58 25.53 0.14 1.81E+03 1.86E+03 1.93 25.50 0.08 1.90E+03 1.50 
16042609 (1:4 dil.) 26.63 26.66 0.08 9.34E+02 9.15E+02 1.45 26.60 0.16 9.49E+02 2.58 
16042691 (1:4 dil.) 19.87 19.91 0.14 6.55E+04 6.36E+04 2.08 19.89 0.07 6.45E+04 0.99 
16044096 (1:10 dil.) 28.27 27.95 0.80 3.32E+02 4.07E+02 14.35 27.90 0.13 4.21E+02 2.39 
16043766 (1:4 dil.) 26.49 26.26 0.62 1.02E+03 1.18E+03 10.29 26.09 0.46 1.31E+03 7.38 
16043770 (1:4 dil.) 21.93 21.97 0.13 1.79E+04 1.75E+04 1.60 21.91 0.19 1.82E+04 2.77 
16042176 (1:2 dil.) 28.87 28.27 1.48 2.28E+02 3.33E+02 26.47 28.43 0.40 3.00E+02 7.37 
16047051 (1:2 dil.) 27.17 26.87 0.79 6.63E+02 8.01E+02 13.33 26.73 0.37 8.74E+02 6.16 
92211611 (1:10 dil.) 28.76 28.32 1.09 2.44E+02 3.22E+02 19.49 28.19 0.33 3.49E+02 5.69 

Average    0.40   6.58  0.45  4.43 
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Table 4.17 -  Cp results obtained for the assay reproducibility and repeatability assessment on system 2. The same samples were run in duplicate in the same run (same 
PCR plate and master mix) to measure assay repeatability. The second replicate was then rerun in a different PCR reaction (another PCR plate, measured with a different master 
mix), to quantify the assay reproducibility. For simplification, the data for the known negative samples (confirmed by INNO-LiPA HPV genotyping assay) are not shown since no 
discordances were observed. 

 Repeatability (same run) Reproducibility (different run) 

Sample HPV 
type 

Cp 1st 
Duplo 

Cp 2nd 
Duplo 

Cp 
 CV (%) 

1st Duplo 
(copies/µL) 

2nd Duplo 
(copies/µL) 

Viral copies 
CV (%) 

Cp 2nd 
Duplo Cp CV (%) 2nd Duplo 

(copies/µL) 
Viral copies 

CV (%) 
68067215 (1:2 dil.) 

HPV 
73 
E6 

16.17 16.56 1.7 3.66E+05 2.85E+05 17.6 16.33 0.99 3.31E+05 10.56 
16042244 (1:10 dil.) 25.14 25.25 0.31 1.01E+03 9.43E+02 4.85 25.23 0.06 9.64E+02 1.56 
16042609 (1:4 dil.) 26.91 27.32 1.07 3.16E+02 2.42E+02 18.8 27.33 0.03 2.42E+02 0.00 
16042691 (1:4 dil.) 19.90 20.03 0.46 3.17E+04 2.91E+04 6.05 20.10 0.25 2.79E+04 2.98 

16044096 (1:10 dil.) 28.08 27.91 0.43 1.45E+02 1.63E+02 8.26 30.44 6.13 2.25E+01 107.11 
16043766 (1:4 dil.) 25.85 26.12 0.73 6.38E+02 5.32E+02 12.8 26.12 0.00 5.36E+02 0.53 
16043770 (1:4 dil.) 21.72 21.90 0.58 9.57E+03 8.53E+03 8.13 21.71 0.62 9.74E+03 9.37 
16042176 (1:2 dil.) 28.29 28.95 1.63 1.25E+02 7.66E+01 34.0 28.68 0.66 9.45E+01 14.80 
16047051 (1:2 dil.) 27.27 27.27 0.00 2.51E+02 2.51E+02 0.00 27.15 0.31 2.73E+02 5.94 

92211611 (1:10 dil.) 29.09 28.73 0.86 6.89E+01 9.01E+01 18.9 28.68 0.12 9.46E+01 3.45 
68067215 (1:2 dil.) 

HPV 
73 
E7 

16.11 16.33 0.96 5.22E+05 4.51E+05 10.3 16.12 0.92 5.18E+05 9.78 
16042244 (1:10 dil.) 25.61 25.60 0.03 8.17E+02 8.27E+02 0.86 25.24 1.00 1.05E+03 16.80 
16042609 (1:4 dil.) 27.00 26.90 0.26 3.27E+02 3.48E+02 4.40 26.88 0.05 3.54E+02 1.21 
16042691 (1:4 dil.) 20.06 20.27 0.74 3.54E+04 3.07E+04 10.1 20.22 0.17 3.18E+04 2.49 

16044096 (1:10 dil.) 0.00 0.00 0.00 0.00E+00 0.00E+00 0.00 28.14 - - - 
16043766 (1:4 dil.) 26.07 26.23 0.43 6.02E+02 5.41E+02 7.55 26.12 0.30 5.85E+02 5.53 
16043770 (1:4 dil.) 21.94 22.25 0.99 9.82E+03 7.99E+03 14.5 22.04 0.67 9.20E+03 9.95 
16042176 (1:2 dil.) 28.44 28.74 0.74 1.28E+02 1.06E+02 13.3 28.23 1.27 1.47E+02 22.92 
16047051 (1:2 dil.) 27.98 27.85 0.33 1.73E+02 1.87E+02 5.50 27.59 0.66 2.22E+02 12.10 

92211611 (1:10 dil.) 28.56 28.70 0.35 1.19E+02 1.08E+02 6.85 28.44 0.64 1.29E+02 12.53 
68067215 (1:2 dil.) 

HPV 
73 
L1 

15.90 16.07 0.75 6.88E+05 6.18E+05 7.58 15.90 0.75 6.84E+05 7.17 
16042244 (1:10 dil.) 25.53 25.30 0.64 1.58E+03 1.83E+03 10.37 30.18 12.44 7.84E+01 129.80 
16042609 (1:4 dil.) 26.78 26.86 0.21 7.24E+02 6.85E+02 3.91 26.61 0.66 8.03E+02 11.21 
16042691 (1:4 dil.) 19.91 19.99 0.28 5.50E+04 5.23E+04 3.56 20.03 0.14 5.07E+04 2.20 

16044096 (1:10 dil.) 0.00 0.00 0.00 0.00E+00 0.00E+00 0.00 27.57 - 4.38E+02 - 
16043766 (1:4 dil.) 26.13 26.07 0.16 1.09E+03 1.13E+03 2.55 26.06 0.03 1.13E+03 0.00 
16043770 (1:4 dil.) 21.84 21.87 0.10 1.63E+04 1.60E+04 1.31 21.87 0.00 1.59E+04 0.44 
16042176 (1:2 dil.) 28.05 28.56 1.27 3.25E+02 2.35E+02 22.73 28.02 1.35 3.29E+02 23.57 
16047051 (1:2 dil.) 27.14 27.25 0.29 5.74E+02 5.36E+02 4.84 29.12 4.69 1.63E+02 75.47 

92211611 (1:10 dil.) 28.66 28.57 0.22 2.21E+02 2.33E+02 3.74 27.96 1.53 3.41E+02 26.61 

Average    0.55   1.30  8.78  18.79 
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Afterwards, in the second run, the sample was again correctly diagnosed as positive with the 

three different assays, resulting in a reproducibility of 100% (95%CI: 83.9 to 100%) with kappa 

coefficient of 1.00 for E6 assay and 95.0% (95% CI, 76.4 to 99.1%) with a kappa coefficient of 0.90 

(95% CI, 0.71 to 1.00), for E7 and L1, still indicative of a very good agreement.85 All negatives were 

correctly classified as so. According to the guidelines for human papillomavirus DNA test requirements 

for primary cervical cancer screening, all assays achieved good variability since all kappa values were 

higher than 0.50.93   

Table 4.18 - Qualitative comparison between the results obtained with system 1 for each replicate of the samples 
used for the within-run variation analysis and qualitative comparison of the two results obtained for the 2nd duplo in 
two different runs, to assess between-run variation.  

Repeatability (same run) Reproducibility (different  run) 

HPV 73 E6, E7, and 
L1 

2nd Duplo 
Negatives 

2nd Duplo 
Positives 

HPV 73 E6, E7, and 
L1 

2nd Run 
Negatives 

2nd Run 
Positives 

1st Duplo Negatives 10 0 1st Run Negatives 10 0 

1st Duplo Positives 0 10 1st Run Positives 0 10 

Table 4.19 -  Qualitative comparison between the results obtained with system 2 for each replicate of the samples 
used for the within-run variation analysis and qualitative comparison of the two results obtained for the 2nd duplo in 
two different runs, to assess between-run variation. 

Repeatability (same run)  Reproducibility (different run)  

HPV 73 E6 
2nd Duplo 
Negatives 

2nd Duplo 
Positives 

HPV 73 E6 
2nd Run 

Negatives 
2nd Run 

Positives 

1st Duplo Negatives 10 0 1st Run Negatives 10 0 

1st Duplo Positives 0 10 1st Run Positives 0 10 

HPV 73 E7 
2nd Duplo 
Negatives 

2nd Duplo 
Positives 

HPV 73 E7 
2nd Run 

Negatives 
2nd Run 

Positives 

1st Duplo Negatives 11 0 1st Run Negatives 10 1 

1st Duplo Positives 0 9 1st Run Positives 0 9 

HPV 73 L1 
2nd Duplo 
Negatives 

2nd Duplo 
Positives 

HPV 73 L1 
2nd Run 

Negatives 
2nd Run 

Positives 

1st Duplo Negatives 11 0 1st Run Negatives 10 1 

1st Duplo Positives 0 9 1st Run Positives 0 9 

Additionally, once the discrepancies are not systematically found on both workstations and runs, 

one can assume that the non-detection problem is not related with assay performance but with automatic 

pipetting. It is probably a pipetting error due to the low input DNA volume used for the experiment (2µL) 

or the low sample volume remaining in the sample plate before the last measurement. Low HPV DNA 

concentrations cannot be considered a possible explanation since other samples with similar Cp values 

have better performances.  

Qualitatively speaking, the results were analysed according to CV% obtained for the different 

measurements of the same sample. CV% was assessed both for Cp and for viral copy values, since Cp 

is always a small value and what seems to be a small change in the Cp may represent a big difference 

in the actual viral concentration. All assays showed good repeatability, on both workstations, presenting 

an average CV for Cp of 0.5% (range = 0.0-1.7%) and 7.7% (range = 0.0-34.0%) for viral copies. 
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Regarding reproducibility, an average CV for Cp value of 0.9% (range = 0.0-12.4%) and 11.4% (range 

= 0.0-130%) for viral copy number was obtained. Quantification performance is comparable to the one 

found for the FDA approved Cobas® HPV test (CV% on Cp values ranging from 0.0 to 9.3%).94 

However, only CV% on Cp values are available on the literature.  

CV for Cp was never higher than 13%. However, although a good overall reproducibility was 

obtained, it must be noticed that CV% for reproducibility was calculated leaving aside the discrepancies 

found with system 2. It is also worth mentioning that other two samples measured with the L1 assay on 

system 2 show significantly high between-run CV%, which denotes the poorer reproducibility of L1 assay 

quantification when performed on this workstation. In general, reproducibility is worse than repeatability 

and system 2 shows a higher variability. 

Altogether, the results obtained for the different validation points suggest that each individual 

assay reaches the “clinical standard” needed for its implementation in the RIATOL HPV genotyping 

method currently in use, with L1 assay showing the worst performance. Notwithstanding, one limitation 

of the described validation protocol was the low sample size used, since according to the validation 

guidelines of HPV DNA assays for primary cervical cancer screening, higher sample sizes are 

suggested to obtain more accurate results.93   

4.2. Clinical significance of triple-target detecti on in HPV DNA assays 

So far, it was proved that each individual assay for the three targets works. However, the 

significance of the proposed strategy of triple-target detection in genotyping assays was not assessed. 

This chapter is focused on that, by testing the effect of measuring the presence of HPV 73 with all the 

three HPV 73 qPCR-based genotyping assays previously validated. This was done in a cohort of 910 

Belgian women with ages between 17 and 84, whose cervical cell samples were processed in the 

Department of Cytopathology and Molecular Diagnostics of AML. Detection was performed using the 

three different assays in separate reaction mixes and not in a multiplex setup, which enables the 

comparison between different assays and the clear observation of the difference between using three 

targets instead of one.  

The positive cases found in this study, with each one of the HPV 73 targets, are indicated in 

Table 4.20. Positive results showing Cp values higher than 34.00 are not represented since AML 

considers this value as the positivity threshold: it represents such low DNA concentrations (lower than 

the LOD determined for all the assays) that it is impossible to be sure if what is being detected is true 

HPV DNA. The three assays gave concordant results in 99.2% (95%CI: 98.4% to 99.6) of the cases and 

a kappa coefficient of 0.87 was obtained for the overall concordance, which represents a very good 

agreement. The overall kappa coefficient is represented by the average of all the kappa coefficients 

obtained when comparing the E6 assay with E7, E6 with L1 and E7 with L1 (Table 4.21).  The average 

CV% for the Cp values obtained with the different assays was 1.4%.  

The statistical significance of the genotyping differences found between different assays was 

assessed using Pearson’s chi-square test (χ2), which expresses the independence of two or more 

categorical variables. A p-value of 0.83 was obtained, indicating that there is not a statistical significance 

in the discordances found, at a significance level of 5% (0.83 > 0.05).  
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Table 4.20 –  Cp values and discordances observed with the three validated targets for HPV 73 DNA detection. 
CV% on Cp level between values of the same sample is also represented.  

Sample 
Cp values obtained for the HPV 73 positive results 

CV (%) 
E6 Assay E7 Assay L1 Assay 

36329043 24.98 24.99 24.64 0.8 
36329143 18.04 18.02 17.74 0.9 
36329079 30.56 - - - 
62003967 31.88 31.21 32.13 1.5 
36329171 31.20 31.09 30.70 0.9 
36363098 - 32.97 33.99 2.2 
36328638 - - 31.46 - 
36327461 32.26 31.83 31.95 0.7 
36327450 33.99 33.90 - 0.2 
36371383 25.06 24.90 - 0.5 
36328079 24.13 23.74 23.28 1.8 
36328083 23.73 23.65 25.44 4.2 
36316070 31.74 30.81 29.80 3.2 
36326193 20.66 20.88 21.55 2.2 
36328416 26.86 27.18 - 0.8 
62205969 31.27 31.54 - 0.6 
36381969 26.34 26.57 26.14 0.8 
36367666 28.32 28.56 28.05 0.9 
36367757 31.01 31.29 30.01 2.2 

Average  1.4 

 

Table 4.21 – Analysis of the agreement obtained between the three HPV DNA assays used for HPV 73 genotyping. 
Percentage of agreement is indicated in the left/lower part of the table and kappa coefficient in the right/upper part. 
These statistics were determined for the total population of 910 samples. 

                           k 
Agreement             

E6 E7 L1 Average k 

E6 - 
0.94   

[95%CI, 0.85 to 1.0] 
0.80  

[95%CI, 0.63 to 0.96] 

0.87 E7 
99.8% 

[95%CI, 99.2 to 99.9%] 
- 

0.86 
 [95%CI, 0.73 to 1.0] 

L1 
99.3% 

[95%CI, 98.6 to 99.7%] 
99.6% 

[95%CI, 98.9 to 99.8%] 
- 

Overall 
Agreement 

99.2%  
[95%CI: 98.4 to 99.6%] 

- 

However, despite the good agreement and the non-statistical significance of the discordances 

obtained, in seven samples HPV 73 DNA was not detected by at least one of the assays, when the 

remaining assays did detect it (discordant cases). In other words, seven out of 19 positive women could 

be wrongly diagnosed if only one assay was to be used. In a clinical point of view, having 36.8% (95% 

CI: 19.1% to 59.0) of the women wrongly diagnosed as negative, is considered significant. 

To confirm that the observed discordant cases are in fact true positives, a manually pipetted 

qPCR (to avoid pipetting errors) was performed for each one of the samples. Five out of the seven cases 

were solved, when all sets detected the presence of HPV 73 DNA. In fact, in the majority of the samples, 
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the observed DNA concentration was around the detection limit (Cp around or higher than 30.00) which 

explains the false negative results. It is estimated that close to the detection limit a 50% chance of 

missing positive results exists (data determined by AML experience and not shown). Two cases 

remained unsolved. For sample 36329079, the L1 assay remained negative while the E7 assay was 

now also able to detect HPV 73 DNA, although with a high Cp (35.51), proving once again a detection 

limit problem. However, when a qPCR with a higher reaction volume (25 µL in total, with 5 µL of DNA 

extract) was performed, all three assays showed low positive results (average Cp of 35.28), confirming 

the positivity of the sample. This last PCR setup was tested because it helps avoiding pipetting errors 

since a larger DNA volume is used, even though the final DNA concentration is slightly lower.   

As for sample 36328638, when the manually pipetted qPCR experiments were performed, either 

with 6 µL or 25 µL of reaction volume, HPV 73 DNA was not detected by any of the three assays, which 

does not support the true positivity of the sample. In fact, its only positive result was also not a clear 

positive since the obtained curve is more similar to the negative curves than the control curves. Even 

the LightCycler® 480 Real-Time PCR software classified it as “uncertain” instead of positive or negative 

(Figure 4.4).  

  

Figure 4.4 –  Amplification curves obtained in the qPCR reaction where HPV 73 DNA was found in sample 
36328638 by the HPV 73 L1 assay. The red and brown curves represent the positive controls, the green curves 
the negative samples and the blue curve corresponds to sample 36328638, classified as “uncertain” by Roche 
software for LightCycler® 480 Real-Time PCR System, instead of “positive” or “negative”. 

The true negativity of this sample was further proved by INNO-LiPA HPV Genotyping Extra 

(Figure 4.5), which has already been used as a reference test to solve discordant results found when 

comparing different genotyping assays, mainly due to its broad HPV genotyping ability and excellent 

analytical sensitivity.95,96 Sample 36328638 should therefore be considered as a false positive of the 

HPV 73 L1 detection assay. 
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Figure 4.5 –  INNO-LiPA genotyping extra results of 36328638 sample (strip 1). Strips 2 and 3 are the positive (single 
positive for HPV 16) and negative controls (free RNAse and DNase grade water, Roche), respectively. The 
experiment was successful since the conjugate and human DNA controls are positive in all the positive samples, the 
positive control is correctly genotyped as HPV 16 (reactivity in line 3) and no DNA is found in the negative control. 
The sample under analysis (strip 1) is positive for HPV 66 (reactivity in line 24) and negative for HPV 73, whose 
genotype is represented by reactivity in lines 12, 25 and 27, according to the assay manual. 77 

To sum up and confirm what was concluded in the validation chapter of this project, the L1 assay 

was found to have the lowest performance, missing 27.8% of positives (n=5 samples, 95%CI: 12.5 to 

50.9%) and introducing one false positive, while the E6 and E7 assays missed 5.6% (95%CI: 1.0 to 

25.8%) of the positives, each one missing one different sample. The bad performance of the L1 assay 

could be related to its bad amplification efficiency but could also be due to possible viral integration or 

presence of variability in the gene sequence, since, as described in the literature, L1 is believed to be 

lost during viral integration and shows higher propensity to mutations.58 These results raise concerns 

about all the genotyping methods that currently rely on L1 gene detection, and support the hypothesis 

of using the oncogenic genes as HPV detection targets. 

Even though this was a relatively small study, mostly due to the low number of positive cases 

found, it was seen that, if the three sets were used as a triple-target detection assay, the global assay 

performance did increase and all 18 positive samples were correctly identified as HPV 73 positive. This 

overall increase in performance and the achievement of a 100% HPV 73 positive/negative 

discrimination, states the clinical significance of using multiple-target detection in HPV genotyping 

assays. Furthermore, the non-statistical significance obtained may result from the small number of 

positive samples present in the study population, which is only due to the prevalence of HPV 73. Thus, 

increasing the sample size may be a good option to correctly assess the significance of this new HPV 

DNA detection strategy.  

On the other hand, the validation protocol used did not evaluate sensitivity and specificity to 

correctly diagnose women with confirmed CIN ≥ 2, since confirmed HPV 73 samples with this 

information are not easy to find (this genotype is not widely studied). If this test is to be included in future 
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cervical cancer screening, this validation point should be addressed, to assess the performance of the 

assay in detecting patients at risk to develop cervical cancer.  

4.3. Epidemiology of HPV 73 

The development of the new HPV 73 genotyping assay created the necessary tools to conduct 

an epidemiological study of HPV 73. Its overall prevalence, age distribution, cyto-virological correlation 

and the patterns of coinfection in the Belgian female population were addressed. From the total 

population of 910 Belgian women with ages between 17 and 84, whose cervical cell samples were 

previously analysed for the presence of HPV 73, only 800 met all the criteria to be considered suitable 

for the epidemiology study. The remaining 110 samples were excluded owing to the absence of patient 

basic information like age (confidential samples) or RIATOL HPV genotyping results. One of the HPV 

73 positive cases is included in this group and was left from the study. 

Overall HPV prevalence for the 18 HPV genotypes covered by the RIATOL HPV genotyping 

assay (14 known high-risk types, two low-risk and two probable high-risk types) and HPV 73, was 23.9% 

(n=191 samples, 95% CI: 21.1 to 26.9%). From those, 17 samples were found to be infected with HPV 

73, corresponding to an overall prevalence of 2.3% (95% CI: 1.3 to 3.4%) in Belgian women. HPV 73 

prevalence was determined based on the criteria that if a sample is found to be positive with at least 

one of the assays, then HPV 73 DNA is present and the sample is considered positive. This would be 

the real criteria to follow if the triple-target detection was used. Interestingly, this value is comparable 

with the prevalence of some Hr-HPV types in Belgium, as previously described by Schmitt at al. 2013.14 

Cancer screening can be performed for preventive reasons, when the tested woman is following 

the recommended timelines for screening without any abnormal results or after a successful treatment, 

or for diagnostic reasons, when abnormal results are found in the previous screening and more studies 

are advised within shortened time intervals as the ones recommended for preventive screening. In the 

population selected for this study, 61.5% (n=492) of the analysis were performed for preventive reasons, 

whereas 20.8% (n=166) were performed for diagnostic reasons. The remaining cases were performed 

for others reasons (not specified). 

As expected, samples collected and analysed for diagnostic purposes showed a high 

percentage of HPV positive results (56.0%, 95% CI: 48.4% to 63.4%) when compared with the 

preventive cases (15.0%, 95% CI: 12.2 to 18.5%). The same tendency was observed for HPV 73, with 

4.8% (n=7 samples, 95% CI: 2.1 to 8.4%) of the diagnostic cases being positive for HPV 73 compared 

with the 1.6% (n=8, 95% CI: 0.8 to 3.2%) found in preventive cases. Two HPV 73 positive cases were 

not classified as preventive nor diagnostic. This seems to imply an association of HPV73 with cervical 

lesions. 

4.2.8. Age distribution of HPV 73  

The study population was grouped according to age in 5 groups: ≤25, 26-35, 36-45, 46-55 and 

>55 years. HPV 73 prevalence by age was assessed dividing the number of HPV 73 positive women in 

each group by the total number of women included in that age group (Table 4.22). Since the current 

guidelines for cytological screening in Belgium advise women between 25 to 64 years to have a pap 

smear taken every three years33, the age stratification proposed seems adequate. Women distribution 
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between each group was uniform with exception of the ≤25 years group that was slightly 

underrepresented (77 women included in this group contrasting with an average of 200 samples 

included in each one of the others), which is concordant with the fact that screening is only advised to 

women older than 25.33  

Table 4.22 -  Age-stratified HPV and HPV type 73 prevalence (%) among Belgian women 17-84 years of age. The 
95% confidence intervals were calculated with the Wilson score method without continuity correction (Equation (4)). P-values of zero were estimated using the Fisher’s exact test, both for overall HPV and HPV 73 prevalence, 
confirming that there is a statistical significant difference between prevalence in different age groups, at a 
significance level of 5%. 

Age 
group 

Tested 
women, no. 

HPV positive 
samples, no. 

Overall HPV prevalence 
(%, 95% CI) 

HPV 73 
positive 

samples, no. 

HPV 73 prevalence 
(%, 95% CI) 

≤25 77 31 40.3 (30.0 to 51.4) 9 11.7 (6.3 to 20.7) 

26-35 192 71 37.0 (30.5 to 44.0) 3 1.6 (0.5 to 4.5) 

36-45 211 42 19.9 (15.1 to 25.8) 2 0.9 (0.3 to 3.4) 

46-55 178 30 16.9 (12.1 to 23.0) 2 1.1 (0.3 to 4.0) 

>55 142 17 12.0 (7.6 to 18.3) 1 0.7 (0.1 to 3.9) 

HPV 73 peaked in women with less than 25 years (p=6×10-6 with Fisher’s exact test), followed 

by a quick decrease in the next age group (25-35 years of age), after which a lower and constant 

prevalence of approximate 1.0% is observed (Table 4.22). The average age of women infected with 

HPV 73 was 47 years. HPV positivity (for the 18 HPV types covered by RIATOL genotyping assay and 

HPV 73) also peaked at younger ages (p=0.001 with Fisher’s exact test) and decreased over the next 

age groups, without a clear plateau area.  

The peak of HPV in younger ages (older teenagers and women in their early 20ies) is consistent 

with previous studies performed worldwide. It is usually associated with the onset of sexual relations 

and are characterized as transient infections that clear rapidly.33,97 Sometimes, a second peak at older 

age (⩾45 years) is also observed, hypothesised to be associated with immunosenescence (natural and 

gradual age-related deterioration of the immune system), changes in sexual behaviour or HPV 

persistence at older age.98 Nevertheless, this does not seem to happen with HPV prevalence in the 

Belgian population, possibly stating the effectiveness of the national screening programs. 

4.2.9. HPV 73 patterns of coinfection   

HPV 73 patterns of coinfections with each one of the other 18 HPV genotypes were examined 

to determine if one combination was significantly more common than any other combination. Women 

infected with one HPV are more likely to acquire more types and information about the patterns of 

coinfection could make it possible to predict the probability of new infections. On the other hand, this 

question is of particular importance to evaluate if the use of prophylactic vaccination for specific HPV 

types can play an important role in the prevention of other types.5 

Coinfection of two particular genotypes is called association. As a way to normalize the results 

by the specific prevalence of each genotype, an association is considered as the proportion of HPV 73 

positive cases associated with a specific HPV type among all the coinfection cases involving that HPV. 

Each genotype was evaluated independently and considered as present in a coinfection if associated 
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with at least one other type. From all the HPV positive women, 36.6% (n=70/191, 95% CI: 30.1 to 43.7%) 

were identified as carrying coinfections, with the number of genotypes present as a multiple infection in 

the same women ranging from two to seven. For HPV 73 in particular, the majority of the participants 

infected had an HPV 73 single infection (n=8 samples, 47.1%, 95% CI: 26.2 to 69.0%), 23.5% (n=4, 

95% CI: 9.6 to 47.3%) had a single coinfection (only two types detected) and 29.4% (n=5, 95% CI: 13.3 

to 53.1%) had HPV 73 associated with 2 or more HPV types.  

The occurrence of type-specific association between each one of the HPVs genotyped and HPV 

73 is represented in Figure 4.6, together with the total number of coinfection cases found to be positive 

for each specific HPV type. As expected, HPV 16 (n=33 samples, 17.3%, 95% CI: 12.6 to 23.3%) was 

found to be the most prevalent genotype among all the HPV positive women included in the study, 

followed by HPV 31 (n=31, 16.2%, 95% CI: 11.7 to 22.1%). However, when in multiple infections, HPV 

16 (n=15, 21.4%, 95% CI: 13.4 to 32.4%) was surpassed by the other most common HPV genotypes: 

HPV 31 (n=18, 25.7%, 95% CI: 16.9 to 37.0%), 51 (n=17, 24.3%, 95% CI: 15.8 to 35.5%), 52 and 53 

(n=16, 22.9%, 95% CI: 14.6 to 34.0%). In addition, the less prevalent HPV types were 6, 11, 18, 33, 35 

and 58, all with a prevalence lower than 5%. These genotypes were also rarely found in multiple 

infections (Figure 4.6). In fact, HPV 6 was not found at all in a coinfection, therefore it was impossible 

to assess its association with HPV 73. Due to the low number of positives for each one of those less 

prevalent genotypes, the question if this tendency is correct or only a consequence of the reduced 

sample size remains. 

 
Figure 4.6 – HPV type-specific association with HPV 73, in the Belgian population. Both the total number of 
cases found in coinfections for each one of the HPV types and their association with HPV 73 (proportion of HPV 
73 positive cases associated with a specific HPV type, among all the coinfection cases infected with that specific 
HPV type) are represented. 

HPV 73 was found to be more likely involved in a coinfection with HPV 33 or HPV 58 (n=1 case 

out of 5 coinfection cases involving HPV 33 or 58, 20.0%, 95%CI: 3.6 to 62.4%) whereas HPV 11, 18, 

35 and 52 were not found to have any association with HPV 73. However, it is important to mention that 

HPV 11 and 35 were underrepresented in this study, and the low sample size may be the reason for the 

non-association between them and HPV 73. The rarest association with HPV 73 was HPV 39 and 67, 

only found in 7.7% (n=1 case out of 13, 95%CI:1.4 to 33.3%) and 7.1% (n=1/14, 95%CI: 1.3 to 31.5%) 

of all the HPV 39 and 67 positive cases in coinfections, respectively.  
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A Fisher’s exact test was computed with the obtained results. At a confidence level of 5%, the 

patterns obtained did not reach statistical significance (p=0.985) which means that among the HPV 

types tested, no concrete and significant evidence was found to support the likelihood of any coinfection 

combination over the others. These observations support the hypothesis that existing vaccines will not 

impact the burden of HPV 73 in Belgium since the decrease of HPV 16/18/6/11 does not impact this 

genotype. Analogously, HPV prevalence of any other types does not seem to drive HPV 73 infections 

and vice versa.  

Previous studies also stated that no statistically significant coinfection patterns were found 

between different HPVs.5 However, the small sample size may be the cause of this problem and 

increasing the total sample size should be pursued in a future study, to increase the chance of finding 

statistical significance in coinfection association between HPV 73 and other HPV types. 

4.2.10. Cyto-virological correlation of HPV 73 

The correlation of overall HPV positivity and HPV 73 prevalence with different cervical 

cytological abnormalities was also analysed in the Belgian population (Figure 4.7, A). Although both 

normal (NILM) and abnormal cytological findings were represented in the studied population, cytology 

information was only available in 773 women from the 800 in the initial population. Therefore, 27 

samples were not included in the cytology-based studies. As expected, cytological abnormalities were 

not as represented as normal cases, accounting for 20.3% (n=162, 95% CI: 17.6 to 23.2%) of the total 

population, with lesion grades ranging from AGC (n=1, 0.1%, 95% CI: 0.0 to 0.7%), ASC-US (n=65, 

8.1%, 95% CI: 6.7 to 10.6%), LSIL (n=77, 10%, 95% CI: 8.0 to 12.3%), ASC-H (n=6, 0.8%, 95% CI: 0.4 

to 1.7%), HSIL (n=12, 1.6%, 95% CI: 0.9 to 2.7%) and one case of squamous cell carcinoma (0.1%, 

95% CI: 0.0 to 0.7%). 

Owing to the variable and small sample size of each cytology group, the 95% confidence 

intervals obtained (error bars of Figure 4.7) are relatively wide, meaning that the estimated proportions 

involve high uncertainty. To overcome this problem, the cyto-virological study was also performed in a 

side population composed by an equal number (n=100) of NILM, ASC-US, LSIL and HSIL samples 

(Figure 4.7, B). ASC-H, AGC and SSC were excluded due to the small sample size available. 

Overall HPV prevalence was found to be low in NILM cases and peak in higher grade lesions, 

both HSIL and ASC-H (p=0 with Fisher’s exact test), after a rather stable and low prevalence between 

ASC-US and LSIL cases. The same happened for HPV 73 (p=0.0003 with Fisher’s exact test). In 

general, the results found for the side population followed the same tendency as the general screening 

population (p=0.0 with Pearson’s Chi-Square test). The non-detection of HPV 73 positive HSIL cases in 

the Belgian population of this study seems to be a problem of small sample size since in the side 

population some positive cases were detected. The increase of HPV 73 prevalence with increasing 

lesion severity (p=0.005 with Chi-Square test for linear trend computed for the side population), supports 

the possible carcinogenic potential of this genotype.14 

 When comparing the prevalence in the different cytology groups with data found in the literature 

for other high-risk types, it is concluded that HPV 73 seems to be more prevalent than some high-risk 

types already included in HPV screening programs. Special attention should be drawn to HSIL cases, 

where HPV 73 showed higher prevalence than the ones indicated for HPV 18, 33, 35, 39, 45, 52, 56, 
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58, 59, 66, or 68. This seems to support the inclusion of HPV 73 detection in cancer screening 

programs.14 However, no concrete conclusions can be drawn on the carcinogenic potential of this 

genotype since no significant amount of single HPV 73 infections were observed and, in multiple 

infections, it is not clear which HPV type is responsible for the lesion. In addition, no data involving 

squamous cell carcinoma was found in the prevalence study, to support its carcinogenic potential.  

A) 

 
B) 

 

Figure 4.7 -  Prevalence of HPV 73 (%) in different cytology groups for the screening population (A) and for the 
side cytological stratified population (B). Overall HPV prevalence by cytology group was also included for the 
screening Belgian population (A). Error bars represent the 95% confidence intervals of each proportion. NILM: 
Negative for Intraepithelial Lesion or Malignancy; ASC-US: Atypical squamous cells of undetermined 
significance; LSIL: Low-grade squamous intraepithelial lesions; ASC-H: Atypical squamous cells that cannot 
exclude high-grade squamous intraepithelial lesion; HSIL: High-grade squamous intraepithelial lesions. 

4.4. Prevalence of HPV 73 in Kenya 

The prevalence of HPV 73 was also analysed among Kenya’s tea plantation workers. According 

to a UN-Habitat survey, one in every seven women inquired in Nairobi (Kenya’s capital) experienced 

sexual abuse, three out of every five involving rape, mostly involving more than one aggressor99. The 

high number of lifetime sex partners makes this population at risk for sexual transmitted diseases, and 

consequently a high incidence of HPV has been found among Kenyan women. In fact, in 2012 it was 

estimated that about 4802 women are diagnosed with cervical cancer per year in Kenya.100 In tea 

plantations, the scenario is even worse, with women reporting being coerced to undergo sexual relations 

in exchange for a better housing or some extra money to improve the precarious life conditions. 
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Therefore, it is interesting to compare the incidence of the possible high-risk HPV 73 between Belgian 

and Kenyan populations. 

A total population of 712 Kenyan women were analysed. The samples were collected in 2003 

in Kenya, and analysed in 2008 for the HPV prevalence of the 18 HPV types detected by the AML in-

house assay. HPV 73 was only analysed in 2016, with the validated assay for the E7 DNA detection 

(the assay with the best performance in the previous validation). No personal information nor cytological 

findings were available for any of the women included in the study, therefore only HPV distribution and 

HPV type-specific association with HPV 73 was analysed and compared with the results obtained for 

Belgium. 

An overall HPV prevalence of 51.1% (n=364, 95%CI: 47.5% to 54.8%) for the 18 HPV types 

detected by RIATOL HPV genotyping assay together with HPV 73, was found in the Kenyan population, 

a value that is 2.1-fold higher than the prevalence determined for the Belgian population. 64.6% (95%CI: 

59.5% to 69.3%) of the HPV positive women harboured infections with more than one HPV type, value 

that is 1.8-fold higher than the one found for the Belgian population. The number of genotypes found 

together in multiple infections ranged from two to nine. These findings support the already known 

tendency for higher prevalence of multiple infections in women with more lifetime sex partners, due to a 

higher sexual transmission of genital HPV infections.  

The same tendency was found when evaluating HPV 73 independently. A 2-fold increase was 

found in its prevalence when compared with the Belgium population, with 4.4% (n=31/712, 95%CI: 3.1% 

to 6.1%) of the Kenyan women tested being positive for HPV73. However, contrary to what was found 

in Belgian women, the majority of the participants infected with HPV 73 had a multiple infection (n=24, 

77.4%, 95%CI: 60.2% to 88.6%) with more than one other HPV type, also a consequence of the 

increased risk behaviours. In fact, single infection was only found in 6.5% (n=2, 95%CI: 1.8 to 20.7%) 

of the women infected with HPV 73, with the remaining 16.1% of the cases (n=5, 95% CI: 7.1 - 32.6%) 

showing a coinfection with only one other HPV type. This increase in HPV 73 prevalence with increased 

sexual risk behaviour corroborates that HPV 73 infection is sexually transmitted.   

The type-specific association between each one of the HPVs genotyped and HPV 73 is 

represented in Figure 4.8. Once again, HPV 16 was found to be the most prevalent genotype among all 

positive women (n=105, 28.8%, 95% CI: 24.4 to 33.7%), and this time also in multiple infections (n=73, 

31.1%, 95% CI: 25.5 to 37.2%). HPV 53 was the second most prevalent genotype in infected women 

(n=85, 23.4%, 95%CI: 19.3 to 28.0%) however, in multiple infections, it was surpassed by HPV 58 (n=71, 

30.2%, 95% CI: 24.7 to 36.4%). The less prevalent HPV types in infected women were HPV 11, 6 and 

67, all with a prevalence lower than 6% (ordered from the less prevalent to the most prevalent), being 

also the genotypes less found in multiple infections (Figure 4.8).  

HPV 11 (n=1/3, 33.3%, 95% CI: 6.1 to 79.2%) and 53 (n=13/66, 19.7%, 95% CI: 11.9 to 30.8%) 

were the most likely to be found associated with HPV 73, whereas types 31 (n=1/31, 3.2%, 95% CI: 0.6 

to 16.2%), 45 (n=1/20, 5.0%, 95% CI: 0.9 to 23.6%) and 52 (n=3/55, 5.5%, 95% CI: 1.9 to 14.9%) had 

the lowest association percentages. However, it is important to notice that despite the high association 

of HPV 11 with HPV 73, these results may be influenced by the low number of HPV 11 positives found 

in this study, since HPV 11 was also the less prevalent type in the overall population.  
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Figure 4.8 –  HPV type specific association with HPV 73, in Kenya population. Both the total number of cases 
found in multiple infections for each one of the HPV and their association with HPV 73 (proportion of HPV 73 
positive cases associated with a specific HPV type among all the multiple infection cases infected with that 
specific HPV type) are represented.  

It is not possible to perform a comparison between the patterns observed for the Belgian 

population and the Kenyan population, stating the geographical and sexual behaviour differences in 

HPV coinfection associations. This because, once again, at a confidence level of 5%, the patterns 

obtained did not reach statistical significance (p=0.427 with Fisher’s exact test) and no concrete and 

significant evidence was found to support the higher likelihood of any HPV combination in a coinfection. 

Or the increase in sample size (in terms of HPV 73 positive cases) observed in this population was not 

sufficient, or there is indeed no significant association of any HPV type with HPV 73. Nevertheless, a 

significantly higher sample size should be first test before accepting the non-statistical significance 

observed.  

4.5. Does HPV negative LSIL exist? 

An interesting opportunity arose during the course of this project and it was decided to add a 

small side-project to this thesis that, although not completely integrated with the central purpose of the 

main work, has some common features. An intriguing question has been challenging pathologists 

worldwide. It is well-known that squamous intraepithelial lesions are a consequence of HPV infection, 

however, some LSIL cases have been found without any measurable association to HPV DNA. If the 

LSIL classification is not a consequence of a cytology misinterpretation and HPV absence is not due to 

genotyping error, what is then causing the cervical lesions? Does HPV negative LSIL exist?  

1000 women cytologically diagnosed for at least two consecutive times as LSIL, from September 

2014 to April 2016, were selected for this study. Using consecutive LSIL cases the certainty of a correct 

classification increases and the possibility of pathologist’s misinterpretation is avoided. According to the 

RIATOL HPV genotyping assay, the majority of the women (n=948, 94.8%, 95%CI: 93.2 to 96.0%) had 

an HPV infection at the first time of screening. From those, only 96.1% (n=911/948 samples, 95%CI: 

94.6 to 97.2%) maintained the HPV positivity in the follow-up test, while in the remaining 3.9% 

(n=37/948, 95%CI: 2.8 to 5.3%) HPV DNA was no longer detected, possibly as a consequence of an 

infection clearance. On the other hand, at the first date of screening, 5.2% (n=52/1000, 95%CI: 4.0 to 
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6.8%) of the total population were classified as HPV negative, of which 71.1% (n=37/52, 95%CI: 57.7 

to 81.7%) were further confirmed as HPV negative at the follow-up, and 28.9% (n=15/52, 95%CI: 18.3 

to 42.3%) developed an HPV infection or at least a sufficient increase in the viral load occurred, so that 

the viral DNA was able to be detected by the assay (see Figure 4.9). 

The 37 cases found to be consecutive HPV negative LSIL were considered representative of a 

possible existence of LSIL without measurable HPV infection associated. Further analysis with INNO-

LiPA genotyping assay (Innogenetics) allowed to broaden genotyping to some rare low-risk or 

undetermined-risk HPV genotypes. The absence of HPV DNA was confirmed in 51.4% (n=19/37, 

95%CI: 35.9 to 66.6%) of the cases. Leaving aside the possibility of false negatives with both assays, 

the question of how the lesions arose in those cases remained, since the relation between HPV infection 

and cervical lesions is well established.  

 

Figure 4.9 -  Overview of the results obtained in each stage of the study. 

The remaining 48.7% (n=18/37, 95%CI: 33.5 to 64.1%) were found to be positive for HPV DNA. 

Only two of these samples were positive for high-risk types that were missed by the first assay (HPV52 

and 51). Interestingly, HPV 82, a possible high-risk type that is considered rare, was found in two other 

samples as a single infection, and as a coinfection in the HPV 52 positive case. The association of HPV 

82 with LSIL should probably be studied since this genotype is not included in the most used HPV 

genotyping assays.  

Overall HPV prevalence in the follow-up is presented in Table 4.23. The majority of the LSIL 

cases are linked to high-risk HPV types, as described in the literature, and possible high-risk types are 

the second most prevalent. However, the idea that all LSIL cases should be considered as at high-risk 

to develop cancer, since high-risk types are always present, is wrong. Low-risk types, unclassified-risk 

types or not genotyped HPVs were also found as single infections in 2.4% (n=24/1000, 95%CI:1.6 to 

3.6%) of the consecutive LSIL cases, and most importantly, a total of 5.6% (n=56/1000, 95%CI: 4.3 to 
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7.2%) of HPV negative results was observed (negative for the 29 different genotypes tested - see Table 

4.23).  

Table 4.23 - Prevalence of HPV DNA in the 1000 consecutive LSIL cases analysed by RIATOL and INNO-LiPA 
genotyping assay (Innogenetics). HPV were grouped according to their epidemiologic association to cervical 
cancer. “Not genotyped” is referred to INNO-LiPA results where HPV DNA is detected but the specific genotype 
cannot be determined. A sample was included in the possible high-risk, low-risk or unclassified-risk group if no other 
HPV type from a higher classification was present. 

HPV classification HPV types analysed Prevalence (%) 95% CI 

High-risk 14 types 83.8 81.0 - 86.0 

Potential High-risk HPV 26, 53, 67, 73, 82 8.2 6.7 - 10.0 

Low-risk HPV 6, 11, 40, 43, 44, 54, 70 1.2 0.7 - 2.1 

Unclassified-risk HPV 69, 71, 74 0.3 0.1 - 0.9 

Not genotyped - 0.9 0.5 - 1.7 

Negative - 5.6 4.3 - 7.2 

Facing the results obtained, it seems that the existence of LSIL cases without measurable HPV 

DNA is a reality, which appears to contradict previous literature.101 Of course the possibility of a 

clearance process that reached a state where no HPV is found but the cells are still recovering, a 

process that could last up to 2 years, cannot be ruled out without further examination of patient’s follow-

up.102 But even if it is a transient process, the existence of HPV negative LSIL should be acknowledged. 

The presence of other rare or unknown HPV types not covered by the RIATOL or INNO-LiPA assay, 

and thus not genotyped, cannot be discarded. In fact, recent studies have shown that more HPV types 

than the ones so far used in the majority of detection assays, are present in women from the different 

histopathology and cytology groups 103,104. 

These findings have a significant impact on the patient follow-up advice. Not everyone 

acknowledges the need of HPV DNA testing for the LSIL diagnosis, since LSIL is mostly associated with 

high-risk HPV types. When HPV DNA testing is not performed, LSIL cases are commonly referred to 

colposcopy.105 However, since in some cases the lesions are associated with low-risk types, or are even 

negative for HPV, genotyping should be always performed to avoid unnecessary overtreatment. On the 

other hand, the existence of LSIL positive for HPV types not included in the most used HPV genotyping 

assays (possibly high-risk or unknown-risk types) drives the need to further study the unknown 

genotypes and their effects on patient follow-up. The best platform for this sort of studies may be the 

HPV genotyping in the cancer screening programs, since a large amount of data can be generated. This 

way, broadening the HPV types covered by HPV genotyping assays could be of help to increase the 

knowledge about rare HPV genotypes and how to manage patient follow-up treatments. 
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5. Conclusions 

The need to further improve the existing diagnostic tools for HPV genotyping and to further 

investigate the epidemiological burden of still controversial HPV genotypes, such as the so-called 

possible high-risk types, were the two main issues that drove this project. Firstly, a new generation of 

qPCR-based HPV DNA detection is proposed, including the innovative feature of introducing three 

different specific targets for each HPV genotype: E6, E7 and L1 genes. This new approach was 

optimized for the already existing RIATOL HPV genotyping assay, and validated in terms of specificity, 

sensitivity, reproducibility and repeatability. Secondly, using HPV 73 as the validation model, the 

necessary tools to conduct an epidemiologic study on HPV 73 in Belgium were created. Overall 

prevalence, association with age, with premalignant lesions and with increased sexual risk behaviours 

were the topics addressed, as well as the patterns of coinfection between HPV 73 and other HPV types. 

Such studies can give insights about the significance of including this HPV genotype, and probably other 

rare types, in future cervical screening programs. 

Each independent target was fully validated as one individual assay. All assays showed 

excellent specificity and robustness (effective amplification at annealing temperature ± 2°C), without 

cross-hybridization with genotypes phylogenetically close, and correctly discriminating confirmed 

positives from negative samples. In fact, a 100% (95%CI: 83.9 to 100%) analytical specificity was 

achieved with all assays. The E6 assay showed the lowest quantification limit (12.4 copies/µL) and the 

E7 the lowest detection limit (3.10 copies/µL), both having similar PCR efficiencies. On the contrary, L1 

showed the worst performance both in terms of LOQ, LOD or PCR efficiency (24.8 copies/µL, 12.4 

copies/µL and 85.8%/89.5%, respectively). Repeated testing of 40 samples suggested a good 

repeatability (k=1.0) and reproducibility (k>0.9) for all the assays, not only qualitatively but also 

quantitatively (average CV on Cp values lower than 13%), with only two discordant results found which 

however, might be due to pipetting errors rather than assay performance. Altogether, these results are 

sufficient to consider each target validated to be included in RIATOL HPV genotyping assay.  

The significance of using a triple-target strategy was assessed comparing the genotyping 

concordance when using merged results or each one of the assays separately. From a cohort of 910 

samples processed by AML and tested with this new assay for HPV 73 genotyping, 19 samples were 

considered positive for at least one of the targets, with 99.2% (95%CI: 98.4 to 99.6%) of overall 

agreement and an average kappa of 0.87. From the seven diagnostic discordances observed between 

assays, only one case was considered false positive, meaning that disagreement is in fact due to 

differences in assay performance. Despite the limitation of small sample size and although not reaching 

statistical significance (p=0.82), it was considered that in a clinical point of view, if six out of eighteen 

women can be correctly diagnosed with the new triple-target strategy, and not with the single-target 

version, then the proposed approach is promising as a way to improve overall performance of HPV 

genotyping assays in screening programs. Notwithstanding, two main limitations can be associated with 

this study: small sample size and the lack of data about clinical sensitivity and specificity to correctly 

diagnose women with CIN ≥ 2. As future work, if this assay is to be included in cervical screening 

programs, both points should be addressed.   
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On the other hand, the choice of the model for this validation assay was not at random. No 

significant and consistent data about HPV 73 is found in the literature. Its possible carcinogenicity 

highlights the interest of including it in HPV screening programs, however its burden in Belgian 

population needs first to be evaluated. Keeping this in mind, the new assay was applied in an 

epidemiological study on HPV 73. In a cohort of 800 Belgian women, overall HPV 73 prevalence was 

found to be 2.3% (95% CI: 1.3% to 3.4%), with infections peaking in women with less than 25 years 

(11.7%, 95%CI: 6.3 to 20.7%, p=6×10-6) and decreasing to a stable plateau at older ages. An increase 

in the prevalence of HPV 73 with increasing cervical intraepithelial lesions severity was also observed 

(p=0.005), following the tendency of the high-risk HPV types. However, although its prevalence is 

comparable with others found for different Hr-HPV types14, no concrete conclusions can be drawn about 

carcinogenicity since any significant amount of single infections or any positive squamous cell carcinoma 

were represented in the prevalence study. In addition, no significant association between HPV 73 and 

other HPV type was found, even though, once again, the small sample size was a limitation.  

HPV 73 was also found to be 2-fold more prevalent in Kenya (4.4% 95%CI: 3.1 to 6.1%) than 

in Belgium and the same was found for overall HPV and multiple infections prevalence. Since the 

Kenyan population is strongly associated with increased sexual risk behaviours, this prevalence rise 

corroborates that HPV, and in particular this genotype, is sexually transmitted. On the other hand, 

despite the high occurrence of coinfections, once again, HPV associations involving HPV 73 occurred 

at random. These observations suggest that the already existing HPV vaccination will not affect HPV 

73, but also that no significant variations in other HPVs will happen as a consequence of 

reduced/increased HPV 73 prevalence. 

In the light of these results, some will possibly still be reluctant with the introduction of HPV 73 

in screening programs, even knowing its high prevalence and the tendency to be associated with high-

grade lesions. The lack of information about the concrete carcinogenic potential may support this belief 

since burdening people with unnecessary information can lead to increased patient overtreatment. But 

it is also important to recognise that HPV distribution in cancers may not reflect the relative importance 

of other types to drive cancer. Maybe some types are more related with the establishment of infections, 

and can in fact prepare the ground for the real carcinogenic types to drive the precursor lesions into 

cancer. This could be the role of the possible carcinogenic types and cervical screening, as a preventive 

measure, should be also directed against them.  

As for the small side project, the results obtained seem to prove the existence of HPV-negative 

LSIL or at least that the HPV spectrum in LSIL is broader than the oncogenic genotypes covered by 

commercially available assays, which seems to contradict previous literature.101 Knowledge about the 

genotypes associated with LSIL is important for public health and individual patient management, 

improving the adequacy as well as effectiveness of cervical screening programs. 

Being screening the easiest way to assess the effects of HPV infections, implementing full 

genotyping assays in cervical screening programs, even if not for a real prevention application in a first 

phase, can be a valuable tool to study cervical cancer progression and consequently, how individual 

patient treatment management can lighten the cervical cancer burden in the world. The recent progress 

in platforms as the OpenArray™ (Biotrove, Inc), that allows to perform real-time 33 nL PCR reactions 
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on 3073 holes’ microarrays, in a fully automated and cost effective approach, may be the way to achieve 

this goal. With such platforms, thousands of samples can be run per day, using several different DNA 

targets and possibly the detection of different biomarkers (DNA, RNA, proteins, epigenetic markers, viral 

load, etc), which may help to increase the sensitivity of detecting precancerous lesions, improving the 

overall performance of cervical cancer screening programs. 
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7. Annexes 

Annex 1: Visual interpretation of INNO-LiPA HPV Gen otyping Extra assay 

A) 

 
 

B)  

 
Figure 7.1  – Tools for the visual interpretation of INNO-LiPA HPV Genotyping Extra assay (Innogenetics, Ghent, Belgium). A) Reading card to identify the reactive lines on 

the strip. B) Interpretation chart to match the obtained reactive lines on the strip with the HPV genotyping result. 77 
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Annex 2: HPV 73 Alignment and SNP Identification in  the amplified regions 

 
Figure 7.2 -  Alignment of all the NCBI available sequences for HPV 73 E6 gene, from nucleotide 75 to 200 of the gene’s CDS region. The forward primer selected for the HPV 
detection assay is marked in yellow, the probe in blue and the Reverse primer in green. SNP or gaps are marked in pink. The conservation and gap scores for each nucleotide 
position shown in a graph format. 

 

 
Figure 7.3 -  Alignment of all the NCBI available sequences for HPV 73 E7 gene, from nucleotide 14 to 120 of the gene’s CDS region. The forward primer selected for the HPV 
detection assay is marked in yellow, the probe in blue and the Reverse primer in green. SNP or gaps are marked in pink. The conservation and gap scores for each nucleotide 
position shown in a graph format. 
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Figure 7.4 - Alignment of all the NCBI available sequences for HPV 73 L1 gene, from nucleotide 775 to 981 of the gene’s CDS region. The forward primer selected for the HPV 
detection assay is marked in yellow, the probe (final/corrected probe) in blue and the Reverse primer in green. SNP or gaps are marked in pink. The conservation and gap scores 
for each nucleotide position shown in a graph format. 
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Annex 4: Amplification curves obtained in the probe  optimization experiment 

 

 

 
Figure 7.5 –  Amplification curves obtained in the probe optimization experiment of HPV 73 E7 gene assay, 
when using higher probe concentrations (100 to 500 nM). Nice sigmoidal curves were obtained, with a good 
discrimination between positive and negative outcomes. A notorious increase in fluorescence is observed 
when increasing the probe concentration from 100 to 200 nM and 200 to 300 nM, but not from 300 to 400 nM 
and 400 to 500 nM. 
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Annex 5: Raw Results of standard curve construction  and LOQ determination 

 

Table 7.1  – Raw results used for the construction of the standard curves of each assay and on each workstation. Samples classified as negatives are represented as nd. Values 
marked in bold were not included in the graphic representation either because no DNA was detected or the Cp value was not adequate. 

Target Dilution Concentration 
(copies/µL) 

Log 
(concentration) 

Janus3-LC3 Janus4-LC1 Average 
Cp SD CV 

(%) Cp_#1 Cp_#2 Cp_#3 Cp_#1 Cp_#2 Cp_#3 

HPV 73 E6 

1x10E-2 2.48E+07 7.39 9.51 9.73 9.8 9.95 9.83 9.85 9.78 0.15 1.53 
1x10E-3 2.48E+06 6.39 13.17 13.22 13.24 13.14 13.32 13.31 13.23 0.07 0.55 
1x10E-4 2.48E+05 5.39 16.8 16.96 16.95 16.85 17.07 17.03 16.94 0.10 0.61 
1x10E-5 2.48E+04 4.39 20.14 20.34 20.45 20.21 20.3 20.35 20.30 0.11 0.54 
1x10E-6 2.48E+03 3.39 23.77 23.78 23.89 23.71 23.71 23.58 23.74 0.10 0.43 
1x10E-7 2.48E+02 2.39 27.22 27.23 27.16 27.48 27.25 27.5 27.31 0.15 0.53 
1x10E-8 2.48E+01 1.39 30.77 30.93 30.93 30.3 31.11 30.48 30.68 0.28 0.92 

1x10E-8 1/2 1.24E+01 1.09 31.67 31.67 nd 32.1 31.54 nd 31.75 0.24 0.77 
1x10E-8 1/4 6.20E+00 0.79 32.32 32.87 nd 34.09 35.25 nd 33.63 1.31 3.89 
1x10E-8 1/8 3.10E+00 0.49 33.48 35.32 nd 36.06 35.19 nd 34.91 1.31 3.76 

1x10E-8 1/16 1.55E+00 0.19 35.24 nd nd nd 35.25 nd 35.25 0.01 0.02 
1x10E-8 1/32 7.76E-01 -0.11 nd nd nd nd nd nd nd nd nd 
1x10E-8 1/64 3.88E-01 -0.41 nd nd nd nd nd nd nd nd nd 

HPV 73 E7 

1x10E-2 2.48E+07 7.39 10.11 10.13 10.17 10.44 10.35 10.46 10.28 0.16 1.55 
1x10E-3 2.48E+06 6.39 13.73 13.71 13.72 13.53 13.72 13.78 13.70 0.09 0.63 
1x10E-4 2.48E+05 5.39 17.22 17.15 17.12 16.95 17.22 17.32 17.16 0.13 0.73 
1x10E-5 2.48E+04 4.39 20.62 20.69 20.69 20.56 20.68 20.69 20.66 0.05 0.26 
1x10E-6 2.48E+03 3.39 24.01 24.19 24.03 23.81 23.86 23.91 23.97 0.14 0.57 
1x10E-7 2.48E+02 2.39 27.49 27.66 27.35 27.19 27.45 27.48 27.44 0.16 0.57 
1x10E-8 2.48E+01 1.39 30.89 31.20 31.20 30.65 31.02 31.00 31.01 0.22 0.72 

1x10E-8 1/2 1.24E+01 1.09 31.77 31.57 nd 32.45 32.76 nd 32.14 0.56 1.74 
1x10E-8 1/4 6.20E+00 0.79 34.50 32.48 nd 37.15 32.84 nd 32.66 0.25 0.78 
1x10E-8 1/8 3.10E+00 0.49 34.84 33.54 nd 35.51 35.49 nd 34.85 0.92 2.65 

1x10E-8 1/16 1.55E+00 0.19 35.10 nd nd 34.32 nd nd 34.71 0.55 1.59 
1x10E-8 1/32 7.76E-01 -0.11 nd 34.94 nd 36.31 nd nd 35.63 0.97 2.72 
1x10E-8 1/64 3.88E-01 -0.41 36.42 nd nd 34.19 nd nd 35.31 1.58 4.47 
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Table 7.1. (continuation)  – Raw results used for the construction of the standard curves of each assay and on each workstation. Samples classified as negatives are represented 
as nd. Values marked in bold were not included in the graphic representation either because no DNA was detected or the Cp value was not adequate. 

Target Dilution Concentration 
(copies/µL) 

Log 
(concentration) 

Janus3-LC3 Janus4-LC1 Average 
Cp SD CV 

(%) Cp_#1 Cp_#2 Cp_#3 Cp_#1 Cp_#2 Cp_#3 

HPV 73 L1 

1x10E-2 2.48E+07 7.39 10.12 10.06 10.10 10.10 9.93 10.09 10.09 0.02 0.22 
1x10E-3 2.48E+06 6.39 13.98 14.25 14.17 13.95 14.17 14.26 14.21 0.05 0.35 
1x10E-4 2.48E+05 5.39 17.62 17.88 17.85 17.56 17.81 17.81 17.76 0.13 0.74 
1x10E-5 2.48E+04 4.39 21.06 21.75 21.13 21.15 21.67 21.02 21.21 0.26 1.25 
1x10E-6 2.48E+03 3.39 24.95 25.00 24.88 28.06 24.71 24.85 24.88 0.11 0.45 
1x10E-7 2.48E+02 2.39 28.60 28.94 28.49 28.71 28.64 28.32 28.62 0.21 0.73 
1x10E-8 2.48E+01 1.39 32.25 32.94 32.66 31.68 31.31 31.85 32.28 0.61 1.90 

1x10E-8 1/2 1.24E+01 1.09 33.28 33.17 nd 33.10 33.05 nd 33.17 0.12 0.35 
1x10E-8 1/4 6.20E+00 0.79 33.81 33.13 nd 35.24 35.56 nd 34.87 0.93 2.67 
1x10E-8 1/8 3.10E+00 0.49 nd 34.84 nd 35.20 34.28 nd 35.02 0.25 0.73 

1x10E-8 1/16 1.55E+00 0.19 nd nd nd nd nd nd nd nd nd 
1x10E-8 1/32 7.76E-01 -0.11 nd nd nd nd nd nd nd nd nd 
1x10E-8 1/64 3.88E-01 -0.41 34.91 36.66 nd nd nd nd nd nd nd 

 

 


