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Abstract 

This thesis addresses improvements in molecular diagnostics and in image 

analysis, and their combination for managing cervical cancer. 

Screening cytology has transformed early diagnosis but is resource intensive 

and highly dependent on skilled cytopathologists. Current tests focus on HPV 

detection but lack specificity. Multiplexing HPV PCR methods with identification 

of tumour nucleic acid markers would increase specificity. Also, following 

diagnosis, staging may be supplemented by quantitative image analytics; 

tumour texture information can be used alongside traditional histological 

assessments to provide prognostic information and enable optimal 

management planning at the outset. I therefore explored molecular and imaging 

biomarkers for improved early detection and characterisation of cervical cancer. 

Chapter 2 focuses on selecting tumour markers and HPV markers relevant to 

cervical cancer and designing appropriate primers for tumour (hTERT, TERC, 

MYC) and HPV 16 and 18 marker detection on the lab-on-a-chip (LOC) 

platform. The analytical sensitivity of each of the markers was determined and 

found to be in the clinically relevant range.  It then goes on to validate the lab-

on-a-chip platform using banked tissue biopsy samples from patients with 

cervical cancer. 

Chapter 3 establishes the sensitivity and specificity of HPV 16 and 18 DNA and 

RNA compared to MRI for early detection of cervical cancer.  Finally, it trials the 

LOC platform prospectively using cytology samples from patients with newly 

diagnosed and recurrent cervical cancer and in normal controls.  

Chapter 4 identifies radiomic features of cervical cancers on endovaginal MRI 

that differ between tumours below and above the volume threshold of eligibility 
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for trachelectomy and determines their value in predicting lymph node 

metastasis and recurrence in patients in the low-volume tumour group. It shows 

that in patients with low-volume tumours, ADC-radiomic texture analysis is 

potentially useful for predicting tumour recurrence.  

Finally, Chapter 5 indicates how molecular and imaging diagnostics may be 

integrated into the clinical pathway of patients with cervical cancer to achieve 

early diagnosis and “test of cure” at the time of treatment. 

  



6 
 

Table of contents 

CHAPTER 1 Introduction ............................................................................. 19 

 The scale of the problem- epidemiology of cervical cancer ................. 19 

 Mechanism of carcinogenesis .............................................................. 20 

 HPV prevalence, acquisition and clearance .................................. 21 

 HPV mechanism of carcinogenesis ............................................... 22 

 Cervical Cancer diagnosis ................................................................... 23 

 Screening cytology ........................................................................ 24 

 Colposcopic evaluation ................................................................. 24 

 Screening for HPV ......................................................................... 26 

 Cervical cancer staging ................................................................. 29 

 Imaging in cervical cancer ................................................................... 31 

 MRI ................................................................................................ 31 

 Imaging extracervical disease with CT and PET-CT ..................... 36 

 Management of cervical cancer ........................................................... 37 

 Surgical treatment ......................................................................... 37 

 Chemoradiotherapy ....................................................................... 41 

 Outcomes of treatment ........................................................................ 41 

 Gaps in knowledge .............................................................................. 42 

 Hypothesis ........................................................................................... 43 

 Aims ..................................................................................................... 43 

 References ....................................................................................... 45 



7 
 

CHAPTER 2 Developing and testing a panel of DNA/RNA cervical tumour 

markers on a lab-on-a-chip platform ................................................................. 51 

 Introduction .......................................................................................... 51 

 Marker selection ............................................................................ 51 

 Lab-on-a-chip methodology for marker detection: current status .. 56 

 Aim and Objectives .............................................................................. 59 

 Aim: ............................................................................................... 59 

 Objectives: .................................................................................... 59 

 Technical development- Designing and evaluating LAMP primers for 

selected tumour markers on a lab-on-a-chip platform ................................... 60 

 Design of primers .......................................................................... 60 

 Primer selection based on analytical sensitivity ............................ 64 

 Quantitative performance of primers in LAMP ............................... 70 

 Incorporating the primers into an existing lab-on-a-chip platform .. 74 

 Clinical testing- validating the lab-on-a-chip technology using banked 

tissue biopsies ............................................................................................... 78 

 Sample tissues .............................................................................. 79 

 DNA and RNA extraction ............................................................... 79 

 HPV marker validation ................................................................... 80 

 Tumour marker validation .............................................................. 81 

 Discussion ........................................................................................... 83 



8 
 

 Selection of markers for cervical cancer detection on lab-on-a-chip

 83 

 Lab-on-a chip in non-cancer use ................................................... 83 

 Sufficient for clinical purposes? ..................................................... 85 

 Validation of clinical testing against PCR ...................................... 86 

 Summary ............................................................................................. 87 

 References .......................................................................................... 88 

CHAPTER 3 Validation of a novel lab-on-a-chip methodology using clinical 

samples 93 

 Introduction .......................................................................................... 93 

 Aims ..................................................................................................... 94 

 Establishing the clinical value of HPV testing in addition to MRI for 

detecting cervical cancer prior to definitive surgical treatment ...................... 95 

 Retrospective clinical study ........................................................... 95 

 Prospectively establishing the sensitivity and specificity of LOC 

technology using cytology samples ........................................................... 97 

 Establishing the diagnostic benefit of the LOC testing in patients 

with endovaginal MRI scans that are negative vs. positive for tumour ..... 105 

 Discussion ......................................................................................... 107 

 Added value of HPV testing in diagnostic pathway of cervical 

cancer 107 

 Utility of tumour marker testing in cervical cancer ....................... 109 



9 
 

 Patient recruitment limitations ..................................................... 110 

 Summary ........................................................................................... 111 

 References ........................................................................................ 113 

CHAPTER 4 Prognostic biomarkers in low volume cervical cancers suitable 

for trachelectomy: utilising radiomic features derived from T2- and diffusion-

weighted MRI 115 

4.1 Introduction ........................................................................................ 115 

 Prognostic biomarkers in early stage, low volume cervical tumours 

suitable for trachelectomy ........................................................................ 115 

 Potential of imaging-derived prognostic biomarkers .................... 116 

4.2 Aim..................................................................................................... 116 

4.3 Methods ............................................................................................. 117 

 Study Design ............................................................................... 117 

 Study participant selection .......................................................... 118 

 MRI .............................................................................................. 120 

 Statistical analysis ....................................................................... 123 

4.4 Results ............................................................................................... 126 

 Patient demographics and clinical characteristics ....................... 126 

 Differences in texture features based on tumour volume and 

clinico-pathological metrics ...................................................................... 128 

 Clinico-pathological features as predictors of lymph node 

metastasis or recurrence ......................................................................... 130 



10 
 

 Texture features from ADC maps ................................................ 131 

 Texture features from T2-W imaging ........................................... 132 

 Validation of logistic regression models ...................................... 140 

4.5 Discussion ......................................................................................... 141 

 Utility of radiomic features in planning management ................... 141 

 Radiomic differences between high and low volume cervical 

tumours .................................................................................................... 141 

 Comparison of ADC and T2-W radiomic features ....................... 143 

 Adjuvant therapy as a confounding factor ................................... 144 

 Study limitations .......................................................................... 144 

4.6 Conclusions ....................................................................................... 146 

4.7 References ........................................................................................ 147 

CHAPTER 5 Conclusions and future work................................................. 150 

 Technical advancements required ..................................................... 150 

 Further testing .................................................................................... 151 

 LOC device ................................................................................. 151 

 Radiomic analysis from endovaginal MRI ................................... 153 

 Competing technologies .................................................................... 154 

 Future direction incorporating molecular and imaging diagnostics into 

an early detection pathway for cervical cancer ............................................ 155 

 Future direction incorporating molecular and imaging diagnostics into a 

“test for cure” pathway for cervical cancer ................................................... 158 



11 
 

 References ........................................................................................ 161 

CHAPTER 6 Appendices ........................................................................... 163 

 Reaction mixes .................................................................................. 163 

 LAMP reaction mix for experiments performed in a conventional 

qPCR platform ......................................................................................... 163 

 pH-LAMP reaction conditions for lab-on-a-chip DNA markers .... 163 

 pH-LAMP reaction conditions for lab-on-a-chip RNA markers .... 164 

 TERC DNA ........................................................................................ 165 

 Primer screen 106 copy/reaction ................................................. 165 

 Dilution screen............................................................................. 165 

 C4 with added loop primer screen ............................................... 166 

 C4 with added loop dilution comparison ...................................... 166 

 hTERT RNA ....................................................................................... 166 

 Primer screen .............................................................................. 166 

 Dilution screen............................................................................. 167 

 MYC ................................................................................................... 167 

 Dilution screen............................................................................. 167 

 GAPDH DNA ..................................................................................... 168 

 Primer screen .............................................................................. 168 

 Dilution screen............................................................................. 168 

 GAPDH RNA ..................................................................................... 169 

 Primer screen .............................................................................. 169 



12 
 

 Dilution screen............................................................................. 169 

 HPV 16 .............................................................................................. 170 

 Primer screen .............................................................................. 170 

 Dilution screen............................................................................. 170 

 HPV 18 .............................................................................................. 170 

 Primer screen .............................................................................. 170 

 Dilution screen............................................................................. 171 

 HPV 45 .............................................................................................. 171 

 Primer screen .............................................................................. 171 

 Dilution screen............................................................................. 172 

 HPV 58 ........................................................................................... 172 

 Primer screen ........................................................................... 172 

 Dilution screen ......................................................................... 172 

 HPV primer additional screening .................................................... 173 

 All HPV types against non-splice sequence ............................. 173 

 Data for all HPV types against non-splice sequences with single 

loop primer removed ................................................................................ 173 

 HPV 18 Option screen ............................................................. 174 

 HPV 18 Option 2 Mismatch screen .......................................... 174 

 HPV 45 Mismatch screen ......................................................... 175 

 HPV 58 Mismatch screen ......................................................... 175 

  



13 
 

List of figures 

Figure 1-1 Cytology from a cervical smear showing normal cells (A) and 

malignant cells (B). Adapted from Deepak et al. ............................................... 24 

Figure 1-2 Appearances and associated cytological changes in the pathway to 

cervical carcinogenesis.  Adapted from Crosbie et al. ...................................... 25 

Figure 1-3 FIGO 2009 staging system for cervical cancer.  Adapted from 

Pecorelli et al .................................................................................................... 29 

Figure 1-4 FIGO staging system for cervical cancer 2018. Adapted from Bhatia 

et al ................................................................................................................... 30 

Figure 1-5 Sagittal (left), axial (middle) and coronal (right) T2W images. The 

intermediate signal intensity mucosa (arrows) is seen in contrast to the bright 33 

Figure 1-6 Sagittal T2W image showing a large intermediate signal-intensity 

cancer within the cervix (marked) in comparison to the low signal intensity 

myometrium and bright signal from fluid in the bladder. .................................... 33 

Figure 1-7 Coronal T2W image (left) and ADC map derived from diffusion-

weighted images (middle) show a poorly defined tumour in the former and a 

well-defined restricted diffusion mass in the latter (arrows), The right-hand 

image shows the corresponding histological area............................................. 34 

Figure 2-1 Diagram illustrating mechanism of loop mediated isothermal 

amplification. Courtesy of New England Biolabs ............................................... 58 

Figure 2-2 Illustration of location of FIP primer across splice region. ................ 63 

Figure 2-3 Standard curves of RNA and DNA primers designed for human 

tumour markers tested against synthetic DNA and RNA in standard  LAMP mix. 

Tests performed on Lightcycler 96 benchtop device. ........................................ 67 

https://d.docs.live.net/7b57d1447ca95963/MD%20thesis/Revision%20clean/Final_clean.docx#_Toc52151704
https://d.docs.live.net/7b57d1447ca95963/MD%20thesis/Revision%20clean/Final_clean.docx#_Toc52151704
https://d.docs.live.net/7b57d1447ca95963/MD%20thesis/Revision%20clean/Final_clean.docx#_Toc52151704
https://d.docs.live.net/7b57d1447ca95963/MD%20thesis/Revision%20clean/Final_clean.docx#_Toc52151704


14 
 

Figure 3-1 Management and histological status in patients with newly diagnosed 

cervical cancer recruited to the MODULAR study ........................................... 101 

Figure 3-2 Boxplot of relative expression of MYC/GAPDH mRNA between 

normal and residual tumour group .................................................................. 106 

Figure 3-3 Boxplot of relative copy number of TERC to GAPDH DNA in no 

residual tumour and residual tumour group .................................................... 106 

Figure 4-1 Flow chart of study criteria ............................................................. 119 

Figure 4-2 Ring design solenoidal Endovaginal receiver coil used for imaging

 ........................................................................................................................ 120 

Figure 4-3  T2-W (a) and ADC map (b) in a 33- year old patient with a 0.8 cm3 

volume tumour that had high dissimilarity (0.808). Regions-of-interest delineate 

the tumour. The intermediate signal-intensity tumour on the T2-W imaging 

(arrow) is restricted in diffusion on the ADC maps (arrow). Tumour was confined 

to the cervix, and the patient remains disease-free following trachelectomy. T2-

W (c) and ADC map (d) in a 26 year old patient with a 0.9 cm3 volume tumor 

that had low dissimilarity (0.489). The intermediate signal-intensity tumor on the 

T2-W imaging (c) is restricted in diffusion on the ADC maps (d). Regions-of-

interest delineate the tumor. Tumor was confined to the cervix, but despite 

negative nodes on surgical histology, the patient recurred centrally after 9 

months. ........................................................................................................... 122 

Figure 4-4 Heatmap of correlations between Haralick features ...................... 123 

Figure 4-5 Receiver Operating Curves showing sensitivity and specificity for 

prediction of lymph node metastasis by texture features in 79 patients with low-

volume tumours.  Clinico-path model includes LVSI and tumour type, ADC 



15 
 

Radiomic model includes Dissimilarity, T2W Radiomic model includes 

InverseVariance, ClusterProminence and ClusterShade. ............................... 134 

Figure 4-6 Receiver Operating Curves showing sensitivity and specificity for 

prediction of recurrence by texture and clinic-pathological features (a) in 68 

patients with low-volume tumours where use of adjuvant therapy is included in 

the model; (b) in 54 patients who did not receive adjuvant therapy; and (c) in all 

68 patients using features identified in both a and b (Dissimilarity, Energy for 

ADC-radiomics; Dissimilarity, ClusterProminence, InverseVariance  for T2-W-

radiomics; and Volume, Depth of Invasion, LymphoVascular Space Invasion  for 

clinico-pathological features). In a, no combination of T2-W features was 

significantly superior to individual features. In b, of the clinico-pathological 

features, LVSI alone was predictive of recurrence,  In c, the optimal prediction 

of recurrence is shown by a combination of ADC-radiomic an clinico-

pathological features. ...................................................................................... 139 

Figure 5-1Proposal for an early detection pathway incorporating lab-on-a-chip 

and endovaginal MRI ...................................................................................... 157 

Figure 5-2 Proposal for a “test for cure” pathway incorporating lab-on-a-chip and 

endovaginal MRI ............................................................................................. 159 

  

https://d.docs.live.net/7b57d1447ca95963/MD%20thesis/Revision%20clean/Final_clean.docx#_Toc52151716
https://d.docs.live.net/7b57d1447ca95963/MD%20thesis/Revision%20clean/Final_clean.docx#_Toc52151716
https://d.docs.live.net/7b57d1447ca95963/MD%20thesis/Revision%20clean/Final_clean.docx#_Toc52151716
https://d.docs.live.net/7b57d1447ca95963/MD%20thesis/Revision%20clean/Final_clean.docx#_Toc52151716
https://d.docs.live.net/7b57d1447ca95963/MD%20thesis/Revision%20clean/Final_clean.docx#_Toc52151716
https://d.docs.live.net/7b57d1447ca95963/MD%20thesis/Revision%20clean/Final_clean.docx#_Toc52151716
https://d.docs.live.net/7b57d1447ca95963/MD%20thesis/Revision%20clean/Final_clean.docx#_Toc52151716
https://d.docs.live.net/7b57d1447ca95963/MD%20thesis/Revision%20clean/Final_clean.docx#_Toc52151716
https://d.docs.live.net/7b57d1447ca95963/MD%20thesis/Revision%20clean/Final_clean.docx#_Toc52151716
https://d.docs.live.net/7b57d1447ca95963/MD%20thesis/Revision%20clean/Final_clean.docx#_Toc52151716
https://d.docs.live.net/7b57d1447ca95963/MD%20thesis/Revision%20clean/Final_clean.docx#_Toc52151716
https://d.docs.live.net/7b57d1447ca95963/MD%20thesis/Revision%20clean/Final_clean.docx#_Toc52151716


16 
 

List of tables 

Table 2-1 Human and HPV gene GenBank codes used for LAMP primer design.

 .......................................................................................................................... 61 

Table 2-2 Analytical sensitivity of final primer sets for human markers.  Time to 

positive in minutes (Standard deviation) for each synthetic DNA/RNA 

concentration .................................................................................................... 66 

Table 2-3 HPV 16 Option screen ...................................................................... 68 

Table 2-4 HPV 16 Option 1 Mismatch screen ................................................... 69 

Table 3-1 Performance of HPV DNA/RNA typing and MRI for detecting cervical 

cancer following diagnostic cone biopsy/ LLETZ .............................................. 96 

Table 4-1 Clusters of Haralick features that are significantly correlated and their 

dynamic ranges ............................................................................................... 124 

Table 4-2 Patient characteristics for all tumours and for low- and high-volume 

tumour sub-groups (*1 treated with chemoradiotherapy) Data available for 

Recurrence group n=68, Lymph node group n=79. ........................................ 128 

Table 4-3 Texture features derived from ADC maps and T2-W images showing 

differences between low- and high- volume tumours ...................................... 129 

Table 4-4 Texture features derived from ADC maps and T2-W images in 79 

low-volume tumours as predictors of lymph node metastasis ......................... 135 

Table 4-5 Regression models in prediction of lymph node metastasis with 

bootstrap corrected AUC and Chi-Square test of model differences. The 

reduction in AIC when T2W-radiomic or ADC-radiomic and clinico-pathological 

features are combined compared to clinico-pathological features alone is 

indicative of the improvement of the combined model *p- value of nested model 

compared to clinico-pathological model .......................................................... 136 

https://d.docs.live.net/7b57d1447ca95963/MD%20thesis/Revision%20clean/Final_clean.docx#_Toc52151728
https://d.docs.live.net/7b57d1447ca95963/MD%20thesis/Revision%20clean/Final_clean.docx#_Toc52151728
https://d.docs.live.net/7b57d1447ca95963/MD%20thesis/Revision%20clean/Final_clean.docx#_Toc52151728
https://d.docs.live.net/7b57d1447ca95963/MD%20thesis/Revision%20clean/Final_clean.docx#_Toc52151728
https://d.docs.live.net/7b57d1447ca95963/MD%20thesis/Revision%20clean/Final_clean.docx#_Toc52151728
https://d.docs.live.net/7b57d1447ca95963/MD%20thesis/Revision%20clean/Final_clean.docx#_Toc52151728


17 
 

Table 4-6 Texture features derived from ADC maps and T2-W images in 68 

low-volume tumours as predictors of recurrence ............................................ 137 

Table 4-7 Regression models in prediction of recurrence with bootstrap 

corrected AUC and Chi-Square test of model differences. The reduction in AIC 

when ADC-radiomic and clinico-pathological features are combined compared 

to clinico-pathological features alone is indicative of the improvement of the 

combined model. *p- value of nested model compared to clinico-pathological 

model .............................................................................................................. 138 

  

https://d.docs.live.net/7b57d1447ca95963/MD%20thesis/Revision%20clean/Final_clean.docx#_Toc52151730
https://d.docs.live.net/7b57d1447ca95963/MD%20thesis/Revision%20clean/Final_clean.docx#_Toc52151730
https://d.docs.live.net/7b57d1447ca95963/MD%20thesis/Revision%20clean/Final_clean.docx#_Toc52151730
https://d.docs.live.net/7b57d1447ca95963/MD%20thesis/Revision%20clean/Final_clean.docx#_Toc52151730
https://d.docs.live.net/7b57d1447ca95963/MD%20thesis/Revision%20clean/Final_clean.docx#_Toc52151730
https://d.docs.live.net/7b57d1447ca95963/MD%20thesis/Revision%20clean/Final_clean.docx#_Toc52151730


18 
 

List of abbreviations  

ADC Apparent diffusion coefficient 

AIC Akaike information criterion 

APOBEC Apolipoprotein 

CBIT Centre for bio-inspired technology 

CIN Cervical intraepithelial neoplasia 

CMOS Complementary metal-oxide semiconductor 

DWI Diffusion weighted imaging 

FIGO The International federation of gynecology and 

obstetrics 

HPV Human papillomavirus 

HRA Health research authority 

IQR Interquartile range 

IRB Internal research board 

ISFET Ion-sensitive field effect transistor 

LAMP Loop mediated isothermal amplification 

LLETZ Large loop excision of transformation zone 

LMIC Low middle income country 

LN Lymph node 

LOC Lab on a chip 

LVSI Lymphovascular space invasion 

MUSCLE Multiple sequence alignment 

PCR Polymerase chain reaction 

PET Positron emission tomography 

PFS Progression free survival 

ROC Receiver operating curve 

ROI Region of interest 

SNP Single nucleotide polymorphism 

SNR Signal to noise ratio 

  



19 
 

CHAPTER 1 Introduction 

 

This thesis focuses on methods for improved diagnosis in early stage cervical 

cancer, which will ultimately impact its management and outcomes. It 

addresses improvements in molecular diagnostics and in image analysis, and 

their combination that should impact the diagnostic pathway of women with 

cervical cancer. 

 

 The scale of the problem- epidemiology of cervical cancer 

Cervical cancer is the fourth most common cancer among women and the 

fourth leading cause of cancer deaths worldwide with an estimated 570000 new 

cases and 311,000 new deaths in 2018, with a worldwide lifetime risk of 

developing the disease of 1.36% (1). Most of the cases are diagnosed in less 

developed regions, with cervical cancer ranking second, only after breast 

cancer. The highest incidence and mortality rates are seen in Africa. It is the 

most commonly diagnosed cancer in 28 countries and the leading cause of 

cancer death in 42 countries, the vast majority of which are in Sub-Saharan 

Africa and South Eastern Asia. In comparison, in more developed areas, 

cervical cancer accounts for less than 1% of all cancers in women.  At the 

extremes the age-standardised incidence and mortality shows an almost ten-

fold difference between Southern Africa (43.1/20.0 per 100,000) and Western 

Asia (4.1/2.5 per 100,000), with figures more broadly comparing low/middle 

income countries against high-income countries being 18.2/12.0 per 100,000 

versus 10.4/4.1 per 100,000.  There is a downward trend in the incidence of 

invasive cervical cancer.   The global age-standardised risk of disease 
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development and death in 2012 was 14.0 and 7.9 per 100,000 compared with 

2018 estimates of 13.1 and 6.9 per 100,000 respectively. This is largely due to 

the implementation of screening in high-income countries, although there is a 

suggestion that improvements in genital hygiene, lower parity and a reducing 

prevalence of sexually transmitted disease may be contributing to this too.  In 

countries with little to no screening programme incidence is either static or 

indeed rising, as in Eastern Europe (2-4). 

Chronic infection by high-risk oncogenic subtypes of human papillomavirus 

(HPV) causes almost all cases of cervical cancer. Risk factors are related to 

acquiring an HPV infection or an impaired immune response to the infection. 

These risk factors include: age at sexual initiation, multiple sexual partners, 

history of sexually transmitted infection, immunosuppression, history of HPV-

related vulvar or vaginal dysplasia and non-attendance for screening in 

countries with established cervical screening programmes.  Additionally, 

smoking status, duration, and amount smoked are associated with a two-fold 

risk of high-grade dysplasia and carcinoma after adjustment for HPV status.  

This risk reduces two-fold with the cessation of smoking (5-7). 

 

 Mechanism of carcinogenesis 

Infection with the human papillomavirus is recognised as the single most 

important causative factor in developing cervical cancer. In 2008 Harald zur 

Hausen was awarded the Nobel Prize in physiology and medicine for his 

discovery that human papillomavirus caused cervical cancer. He postulated that 

HPV-DNA could exist in a non-productive state in the tumours and should be 

detectable by specific searches for viral DNA. He found HPV to be a 
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heterogeneous family of viruses. Only some HPV types cause cancer. His 

discovery has led to characterization of the natural history of HPV infection, an 

understanding of mechanisms of HPV-induced carcinogenesis and the 

development of prophylactic vaccines against HPV acquisition (8, 9). 

 HPV prevalence, acquisition and clearance 

According to the International Agency for Research on Cancer there are 12 

high-risk HPV types (16,18,31,33, 35, 39, 45, 51, 52, 56, 58 and 59), which are 

carcinogenic to humans. HPV16 is consistently the most prevalent type in all of 

the world regions, detected in 60%  of cases of cervical cancer with a range 

from 49% in Africa to 59% in Europe (10). After HPV16, the most prevalent HPV 

types, are HPVs 18/45/31/33/52/58, with variations between regions. HPV16 is 

detected more often in cases of squamous cell carcinoma (62%) than in 

adenocarcinoma (50%), while HPV18 and HPV45 are detected more often in 

adenocarcinoma (32% and 12%, respectively) than in squamous cell carcinoma 

(8% and 5%, respectively).  

The risk of sexual transmission of HPV peaks early in sexual life and declines 

with age. Therefore, younger women more frequently test positive for high-risk 

HPV than women over 30 years of age (11). High-risk HPV screening is highly 

sensitive for detection of pre-malignant disease (cervical intraepithelial 

neoplasia (CIN) grades 2 or 3- CIN2/CIN3), but has reduced specificity, 

resulting in a high risk of over referral (12).  Persistence of high-risk HPV 

infection is a key determinant of progression to disease.  Infections lasting more 

than 2 years have a much greater risk of progression, up to 20% (13) with any 

high-risk HPV but could be as high as 47% with HPV 16 infections (14). The 

cumulative cervical cancer risks following persistent carcinogenic HPV 
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infections increase with age: The risks are 5.5%, 14.4%, and 18.1% for women 

aged 30–44 years, 45–54 years, and 55 years and older, respectively. 

However, newly acquired infections were associated with a low risk of cervical 

cancer regardless of age (15). 

CIN 2 and 3 can be effectively treated by excision or ablation of the lesion on 

the cervix. Over a period of 30 years, untreated CIN 3 has a risk of progressing 

to invasive disease in approximately 25% to 30% of cases (16).  

 

  HPV mechanism of carcinogenesis 

HPV infection alone is insufficient to cause carcinogenesis. Most HPV infections 

become undetectable after 6 months and never result in malignancies, with over 

90% cleared by two years (17). High-risk HPV types persist longer on average 

than low-risk types. For HPV16, non-European viral variants are significantly 

more likely than European variants to cause persistence and CIN3+(18). A 

failure to clear the virus results in viral persistence, but many persistent 

infections never develop into precancerous lesions.  

E6 and E7, account for most carcinogenic effects of high-risk HPV types. They 

promote carcinogenesis in several ways.  E6 inhibits the p53 tumour suppressor 

by promoting its proteasomal degradation, while E7 disrupts the retinoblastoma 

pathway resulting in uncontrolled activation of the cell cycle and induction of 

p16INK4A, a cyclin-dependent kinase inhibitor, through a disrupted feedback 

loop (19, 20).  E6 and E7 directly promote genomic instability (19, 21, 22), 

which can result in large chromosomal rearrangements and copy number 

variations, by interfering with centromere duplication during mitosis.  
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The apolipoprotein B mRNA editing catalytic polypeptide-like (APOBEC) 

mutation signature in particular is very common in HPV-positive cancers, 

triggered by the host response to HPV infection (23). The APOBEC family of 

cytosine deaminases cause cytosine to thymine or guanine mutations. 

APOBEC3B, a subclass of these proteins, causes characteristic mutations that 

are present in many cervical and head and neck cancers (24). During DNA 

repair, APOBEC-mediated cytosine deamination can result in characteristic 

mutational signatures.  Upregulation of APOBEC proteins in response to viral 

infection can cause collateral damage to host DNA leading to carcinogenic 

mutations. 

A key event in HPV-associated carcinogenesis is integration of the virus 

genome into the host chromosome.   More than 50% of HPV16-positive and 

almost all HPV18-positive cases are associated with integration of virus 

genomes (25, 26). Integration of HPV into the host genome occurs leading to a 

break in the E2 gene, losing the main repressor of the expression of the E6 and 

E7 oncogenes.  Integration is more likely to occur at integration hotspots, such 

as 3q28,4q13, 8q24, 13q22 and 17q21 (27). 

 

 Cervical Cancer diagnosis 

Screening for precancerous lesions (cervical intraepithelial neoplasia) is 

appropriate as these lesions are common and treatable, and if they progress to 

invasive disease there is significant associated mortality. Screening and 

effective early diagnosis ensures that treatment addresses pre-invasive or early 

invasive disease. This means that disease detected is of low volume disease 

before it becomes symptomatic (28) with potential for better outcomes.  
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 Screening cytology  

Organised screening programmes based on the Papanicolaou cytological test 

have been successful in reducing the incidence of and mortality from the 

disease.   However, the sensitivity of this test is such that women with abnormal 

results can be missed.  A systematic review of cervical screening failures in 

countries with organised screening programmes showed that, among the 

women who developed cervical cancer, 20% to 55% had had false-negative 

smears 0 to 6 years prior to the diagnosis (29). Example cytology appearances 

are illustrated in Figure 1.1(30) 

 

Figure 1-1 Cytology from a cervical smear showing normal cells (A) and malignant cells (B). 
Adapted from Deepak et al. 

 

 Colposcopic evaluation 

Visual inspection of the cervix using acetic acid (VIA) or Lugol’s iodine (VILI) is 

typically practised in low/middle income countries as it can be performed by 

trained midwives and nurses with relatively simple equipment.  However, there 

is wide variation in its performance.  A benefit of visual inspection is the 

opportunity to deliver immediate management when abnormalities are present.  

In a meta-analysis of 21 studies from sub-Saharan Africa and India among over 
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58 000 women,(31, 32) VIA showed moderate sensitivity for the detection of 

CIN2+ (pooled estimate: 79.2%–82.4%) and specificity (84.7%–87.4%). VILI 

 

Figure 1-2 Appearances and associated cytological changes in the pathway to cervical 
carcinogenesis.  Adapted from Crosbie et al. 

performed even better with higher sensitivity (CIN2+: 91.2%–95.1%; CIN3+: 

93.8%) and similar specificity (CIN2+: 84.5%–87.2%; CIN3+: 83.8%). Despite 

this, a single round of VIA screening has been associated with a 25%–35% 

reduction in cervical cancer incidence, cervical cancer mortality and the 

frequency of CIN2+ lesions, in studies in Thailand, Ghana and Zambia (33).  

Example appearance is shown in Figure 1.2 (34). 

Colposcopy is a secondary test to evaluate for the presence of pre-malignant 

cervical disease and to determine appropriate biopsy site/s to confirm 

histological diagnosis.  It is established as the primary procedure to assess 

abnormal cervical screening tests.  The success of colposcopy is determined by 

the skill of the operator and influenced by the number of directed biopsies (35-

38). The prevalence of the disease is also key – the discriminative ability of 

colposcopy to detect pre-malignant disease in low prevalence settings is poor 
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(39).  In highly experienced centres the effectiveness of colposcopy to 

distinguish between normal and low-grade lesions from high-grade or worse 

lesions have a mean weighted sensitivity of 85% and specificity of 69% with a 

negative predictive value of 85% (40).  However, this performance may not be 

seen in standard settings where poor sensitivity has been showed to range 

between 30-70%. The important distinction is represented by the false 

negatives of colposcopy.  It is a secondary test which should aim to rule out a 

pre-malignant disease (41).  In a recent study a cytology result of low grade 

dyskaryosis low grade colposcopy still had a risk of CIN2+ of 18% from 

associated biopsy (42). In the setting of a patient with low grade dyskaryosis 

and untreated following colposcopy, a 5-year risk of CIN2+ was 10% (43). 

 

 Screening for HPV 

As over 99% of cervical cancers test positive for HPV DNA, a test for the 

detection of HPV DNA is a much more sensitive screening for cervical cancer 

precursors.  A randomised controlled trial showed that a single round of HPV 

DNA screening in India halved mortality related to invasive cervical cancer (44). 

Diagnosis of HPV infection requires the detection of its genome in cellular 

samples by collecting exfoliated cervical cells. Specimens can be collected 

either by a healthcare provider during a pelvic examination, or through self-

sampling  (45). 

Follow up of four randomised controlled trials comparing HPV DNA screening 

versus cytology, (POBASCAM, ARTISTIC, NTCC and Swedescreen) for a 

median of 6.5 years showed the rate-ratio for invasive cervical carcinoma from 

recruitment to end of follow-up was 0.60 (0.40-0.89) with a rate-ratio of 0.30 
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(0.15-0.60) for those women testing negative at entry (46).   The HPV assays 

used in these trials were the Hybrid Capture-2 (HC2) and the GP5+/6+ PCR–

enzyme immunoassay (EIA).   

Molecular technologies for the detection of HPV DNA can be broadly divided 

into amplified and non-amplified. The tests mainly used in clinical research use 

amplification methods, which are further divided into signal amplified and target 

amplified. The main representative techniques of each category are the hybrid 

capture 2 (HC2; Digene Corporation, Gainthersburg, MD, USA) assay and 

polymerase chain reactions (PCR), respectively. Current PCR techniques 

involve consensus primers, so that they can be used to amplify a broad 

spectrum of HPV genotypes. They focus on the L1 gene. However, as 10% of 

integrated HPV genomes have lost the L1 gene a negative test may result 

despite active disease (47). 

In 2009 and international expert committee proposed that any new HPV DNA 

assay should be at least as accurate as the HC2 or GP5+/6+ assays as these 

had been clinically validated (48).  The Meijer criteria determine that any new 

test should have a relative sensitivity of at least 0.90 and relatively specificity of 

0.98.  This should be derived from a representative set of consecutively 

collected samples (minimally 60 CIN2+ cases, 800 CIN1 cases) from a 

population-based screening cohort of women aged 30 to 60 years (49).  To 

assess assay performance for those that have the capability to genotype an 

additional set of criteria was proposed.  The VALGENT (VALidation of HPV 

GENotyping tests), currently on its 4th iteration, involves 1000 consecutive 

screening samples and 300 enriched abnormal screening samples.   
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Women with active HPV infection will express E6/E7 oncogenes. The E6/E7 

mRNA transcripts are detected by mRNA-based tests and may therefore be of 

higher prognostic value, improving the specificity and positive predictive value 

compared with the HPV DNA testing used in screening. In a large meta-analysis 

for CIN 2+, pooled sensitivity estimates for HPV DNA, Aptima mRNA, cytology 

and liquid based cytology were 89.9%, 92.7%, 62.5% and 72.9%, respectively, 

and pooled specificity estimates were 89.9%, 96%, 96.6%, and 90.3%, 

respectively (50). 

Cervical screening programmes are transferring to HPV-based system and 

across Europe, for example, are at various stages of implementation. The 

Netherlands completed the transition in 2017 and recently reported increased 

CIN2+ detection from 11 to 14 per 1000 women screened (51).  A cost analysis 

of the Dutch system suggested the new system was more cost effective than a 

cytology based approach, partly through retained protection at longer intervals 

between screening episodes allowing for fewer screening rounds to take place.  

This is despite the increase in referrals to colposcopy for low-grade lesions (12). 

The addition of good-performance, rapid and affordable point-of-care (POC) 

tests would considerably enhance access to HPV testing in low/middle income 

countries. An example is the careHPV test (Qiagen) is based on a simplification 

of the HC2 test platform. It detects 14 HR-HPV types.  It has a sensitivity of 

88.1% and specificity of 83.7% for CIN2+ detection using clinician-collected 

cervical swabs and a sensitivity of 73.6% and specificity of 88.0% using self-

collected vaginal swabs (33).  
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 Cervical cancer staging  

The 2009 staging system(52) (Figure 1.3) was used for the studies described in 

this thesis. 

It has since been superseded by the 2018 staging system which is included for 

completeness. 

 

Figure 1-3 FIGO 2009 staging system for cervical cancer.  Adapted from Pecorelli et al 

The revised FIGO 2018 staging scheme (53) made several adjustments to the 

FIGO 2009 system namely: 

• Allowing the use of any imaging modality and/or pathological findings for 

allocating the stage. 

• In stage I, amendments to microscopic pathological findings and to size 

designations, allowing the use of imaging and/or pathological assessment of 

the size of the cervical tumour. 

• In stage II, allowing the use of imaging and/or pathological assessment of 

size and extent of the cervical tumour. 
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• In stages I through III, allowing assessment of retroperitoneal lymph nodes 

by imaging and/or pathological findings and, if deemed metastatic, the case 

is designated as stage IIIC as those with lymph node metastasis have worse 

stage adjusted overall survival 

Stage I: 

The carcinoma is strictly confined to the cervix uteri (extension to the corpus should be 
disregarded) 

• IA Invasive carcinoma that can be diagnosed only by microscopy, with maximum 
depth of invasion <5 mm 

o ○IA1 Measured stromal invasion <3 mm in depth 
o ○IA2 Measured stromal invasion ≥3 mm and <5 mm in depth 

• IB Invasive carcinoma with measured deepest invasion ≥5 mm (greater than 
stage IA), lesion limited to the cervix uteri 

o ○IB1 Invasive carcinoma ≥5 mm depth of stromal invasion and <2 cm in 
greatest dimension 

o ○IB2 Invasive carcinoma ≥2 cm and <4 cm in greatest dimension 
o ○IB3 Invasive carcinoma ≥4 cm in greatest dimension 

Stage II: 

The carcinoma invades beyond the uterus, but has not extended onto the lower third of 
the vagina or to the pelvic wall 

• IIA Involvement limited to the upper two‐thirds of the vagina without parametrial 
involvement 

o ○IIA1 Invasive carcinoma <4 cm in greatest dimension 
o ○IIA2 Invasive carcinoma ≥4 cm in greatest dimension 

• IIB With parametrial involvement but not up to the pelvic wall 

Stage III: 

The carcinoma involves the lower third of the vagina and/or extends to the pelvic wall 
and/or causes hydronephrosis or non‐functioning kidney and/or involves pelvic and/or 
paraaortic lymph nodes 

• IIIA Carcinoma involves the lower third of the vagina, with no extension to the 
pelvic wall 

• IIIB Extension to the pelvic wall and/or hydronephrosis or non‐functioning kidney 
(unless known to be due to another cause) 

• IIIC Involvement of pelvic and/or paraaortic lymph nodes, irrespective of tumour 
size and extent  

o ○IIIC1 Pelvic lymph node metastasis only 
o ○IIIC2 Paraaortic lymph node metastasis 

Stage IV: 

The carcinoma has extended beyond the true pelvis or has involved (biopsy proven) the 
mucosa of the bladder or rectum. A bullous oedema, as such, does not permit a case to 
be allotted to stage IV 

• IVA Spread of the growth to adjacent organs 

• IVB Spread to distant organs 

Figure 1-4 FIGO staging system for cervical cancer 2018. Adapted from Bhatia et al 
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 Imaging in cervical cancer 

Imaging is now recognised as a fundamental part of assessment of a patient 

with cervical cancer. Imaging is used to stage the disease, to plan treatment, to 

assess response to therapy and for follow-up to identify disease recurrence. 

Available imaging modalities encompass ultrasound, CT, MRI and PET-CT 

using an 18F-FDG radiotracer. Ultrasound and CT lack the soft-tissue contrast 

for defining tumour within the cervix, and ultrasound is operator dependent. MRI 

is the first-line imaging modality for this purpose and has been shown to be 

superior to CT in several studies (54). Its superior image contrast also makes it 

the mainstay of treatment planning, response assessment and follow-up of 

disease within the pelvis. For assessment of extrapelvic disease, CT or PET-CT 

are preferred. 

 MRI 

The development of improved MRI diagnostics for cervical cancer described in 

this thesis warrants a more detailed background to this imaging method. 

 Principles of MRI 

When placed in a strong magnetic field (~15-30,000 times stronger than the 

Earth’s magnetic field) hydrogen protons in tissue water align themselves 

parallel or anti-parallel to the direction of the magnetic field, whilst precessing 

(rotating) about their own axis at a frequency  that is related to the strength of 

the magnetic field (Larmor frequency, 63.86 MHz at 1.5T, 127.71 MHz at 3T, 

where Tesla (T) is a unit of magnetic flux density). Radiofrequency (rf) excitation 

delivered at the Larmor frequency causes protons to resonate and tips the net 

magnetization away from their alignment along the magnetic field.  When the 

excitation stops, protons return to their alignment in their equilibrium position. In 
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doing so they emit an rf signal which relates to their T1 and T2 relaxation 

properties. These relaxation properties are determined by tissue structure and 

molecular interactions.  T1 relaxation refers to signal decay that is influenced by 

interaction of the spins with the surrounding lattice structure; T2 relaxation 

refers to signal decay that relates to interaction with neighbouring spins. 

To generate an MR image therefore, a static magnetic field is required. Clinical 

systems primarily operate at 1.5T and 3.0T. Gradient coils are used to generate 

local magnetic field gradients that enable recognition of the position of a signal 

in space (spatial localisation) from its frequency and phase. This is crucial for 

the re-construction of an image from the emitted signals. Hardware to generate 

the rf pulses, receiver coils to collect the emitted signal and amplify it and 

computational capability for image reconstruction are essential components that 

are integrated within clinical MR systems. For early stage disease specialist 

receiver coils may be used that are placed endovaginally. This is detailed 

further in section 4.3.3.   

 Sequences used for cervical MRI 

Imaging cervical cancer is heavily dependent on T2W sequences. T2W contrast 

is determined by the different T2 values between tissues (different rates of 

signal decay dependent on spin-spin interactions) which therefore  depend on 

their molecular structure and the interaction of water protons within this 

molecular environment.   
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Figure 1-5 Sagittal (left), axial (middle) and coronal (right) T2W images. The intermediate signal 
intensity mucosa (arrows) is seen in contrast to the bright 

Fluids generally have the longest T2 values (~700-1200 ms) and are hyper-

intense (bright) on T2W imaging, compared to other soft tissues (~40-200 ms), 

which can be relatively hypo-intense (dark) depending on their water content. 

Cancer tissues for instance have longer T2 values than normal muscle and are 

brighter than the surrounding dark normal fibromuscular cervix or myometrium. 

 

Figure 1-6 Sagittal T2W image showing a large intermediate signal-intensity cancer within the 
cervix (marked) in comparison to the low signal intensity myometrium and bright signal from 
fluid in the bladder. 

 

Sagittal Axial Coronal 
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Another key sequence used for cervical cancer delineation is diffusion-weighted 

imaging (DWI)(55) . DWI depends on the thermally induced random movement 

/of molecules, which is affected by the presence of cellular structures that 

provide barriers to movement (56). DWI is sensitive to changes in the diffusion 

of water molecules within intra-cellular and extra-cellular spaces (56). The DWI 

signal can be quantified by calculating the apparent diffusion coefficient (ADC), 

which describes the distances diffused by water molecules over time, and is 

measured in units mm2/s. ADC calculation requires the diffusion signal to be 

measured at least twice, using different b values, which describe the diffusion-

weighting of the sequence and are defined by the strength, duration and 

separation of the diffusion gradients (56). Lower b-values (<50 s/mm2) are 

sensitive to longer distances travelled by protons, such as those within the 

microvascular compartment; higher b-values (>500 s/mm2) are sensitive to 

shorter distances travelled by protons in molecular environments restricted by 

larger molecules such as those bound in cell membranes. The requirement to 

measure the DWI signal multiple times means that acquisitions can be lengthy. 

ADC values derived for each image voxel are used to create ADC maps.  

Tumours are densely cellular and appear as areas of restricted diffusion (bright 

Coronal T2W  Coronal ADC map Histology 

Figure 1-7 Coronal T2W image (left) and ADC map derived from diffusion-weighted images 
(middle) show a poorly defined tumour in the former and a well-defined restricted diffusion 
mass in the latter (arrows), The right-hand image shows the corresponding histological area  
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on diffusion-weighted images where the signal has not decayed, and dark on 

ADC maps where the rate of decay of signal is low). 

 Protocols for cervical imaging 

MRI offers a multiplanar facility, and the orientation of slices can be performed 

at any prescribed angle. It is usual to image with T2W sequences in at least 2 

planes, with DWI in 1 or 2 planes that best demonstrate the lesion. The planes 

advocated are normally along the long axis and the short axis of the cervix 

(sagittal and axial respectively). However, as surgical visualisation of the uterus 

is normally done in the coronal plane, it is helpful to visualise the uterus and 

cervix in the coronal plane also. The coronal and axial planes are used for 

determining parametrial invasion, the axial plane is used for determining 

extension into the bladder and rectum, and the sagittal plane is used for 

determining extension into the uterine body, bladder and rectum (57). In the 

sagittal plane it is also possible to determine the relationship of the superior 

tumour margin to the cervical os and hence the patient’s suitability for 

trachelectomy. 

 Interpretation of cervical MRI 

Identification of an intermediate signal-intensity mass within the cervix 

necessitates a measurement of its volume, as this is the strongest prognostic 

factor in cervical cancer(58). Accurate estimates are possible by outlining the 

whole tumour area on all slices and multiplying by slice thickness. Tumour 

extent in terms of local extension-laterally into the parametria and anteriorly and 

posteriorly into fat planes between cervix and bladder and cervix and 

rectosigmoid colon respectively and pelvic side-wall involvement are noted as 

part of MRI staging. Vaginal involvement is usually noted at examination under 
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anaesthesia. Pelvic nodal involvement is assessed on axial T2W images 

through the pelvis. Use of contrast agents (weakly paramagnetic agents such 

as gadolinium chelates or lymph node specific contrast agents is not warranted 

routinely as they do not improve diagnostic accuracy (59). Assessment of 

abdominal or more distant metastatic spread remains the domain of CT/PET-

CT. 

 Imaging extracervical disease with CT and PET-CT 

As with other cancer types, the sensitivity and specificity of detecting involved 

lymph nodes on CT has been shown to be 57% and 91% respectively in a 

meta-analysis of 22 studies (60). This is because CT is fundamentally an x-ray 

technique whose contrast is determined by tissue density alone. Involved nodes 

are the same tissue density as uninvolved nodes and their involvement can only 

be surmised from an increase in size. Size criteria for recognizing nodes as 

abnormal are established; these require short axis measurements, which are 

sometimes dependent on the obliquity of the node in relation to the plane of 

image acquisition. 

PET-CT has replaced CT for assessing nodal status in gynaecological cancers. 

It has a reported sensitivity and specificity of 66% and 97% in a meta-analysis 

of 46 studies (60). Tumour containing nodes have a high glucose turn over and 

take up the fluorodeoxyglucose tracer. This undergoes intracellular 

phosphorylation and is trapped. Signal recognition is via the gamma-emission of 

2 coincidental photons. As the technique involves a whole-body scan, it offers 

the potential for recognition of unexpected or additional sites of metastases. It is 

also used as the technique of choice for follow-up and surveillance of cervical 
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cancers 3 months post treatment (61, 62) because of its high sensitivity for 

detecting residual or recurrent disease and its whole-body visualisation. 

 

 Management of cervical cancer 

The management of cervical cancer depends on disease stage at diagnosis, 

patient age, morbidity and desire for fertility preservation.  The broad strategies 

for treatment are surgery for Stage 1 disease and chemoradiotherapy for locally 

advanced disease, Stages 2-4.   

 

 Surgical treatment 

 Radical hysterectomy 

The standard surgical procedure for patients with early-stage cervical cancer is 

radical hysterectomy and pelvic lymphadenectomy. However, this treatment 

does not preserve fertility. 

Key principles of treatment include avoiding a combination of radical surgery 

and radiotherapy due to the additive morbidity associated with this treatment 

(63).  If a combination of risk factors is known at diagnosis (e.g. lymphovascular 

space invasion or lymphadenopathy), which would require an adjuvant 

treatment, primary chemoradiotherapy would be indicated.  Systematic lymph 

node dissection includes the removal of lymphatic tissue from regions with the 

most frequent occurrence of positive nodes such as obturator fossa, external 

iliac regions, common iliac regions bilaterally, and presacral region.  Removal of 

ovaries is unnecessary in premenopausal women but an opportunistic 

salpingectomy at hysterectomy is reasonable. 
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Modified radical hysterectomy (Piver Class II) encompasses of removal of the 

uterus, the cervix and upper 1 cm to 2 cm of the vagina.  The limits of resection 

include the medial half of the parametria and proximal uterosacral ligaments. 

Radical hysterectomy (Piver Class III), consists of removal of the uterus with the 

upper third of the vagina and parametrial tissues. The uterine vessels are 

ligated at their origin, and the whole width of the parametrium removed on both 

sides, along with the removal of as much of the uterosacral ligaments as 

possible. 

 Use of neoadjuvant chemotherapy 

Traditionally, early cervical cancers have been treated with surgery and 

advanced cancers with chemoradiotherapy. However, there is no consensus 

regarding the ideal treatment for stage IB2 cervical cancers.  In the UK, stage 

IB2 is treated mainly by chemoradiotherapy, due to a high likelihood of risk 

factors requiring adjuvant chemoradiotherapy (64). However, another approach 

recently studied show that neoadjuvant chemotherapy followed by surgery for 

cervical cancer stage IB2 to IIB, result in similar survival, but less long term 

toxicity compared to chemo-radiotherapy (65). A Cochrane database review 

done nearly a decade ago of 6 trials (1072 women). Whilst PFS was 

significantly improved with neoadjuvant chemotherapy (HR = 0.76, 95% CI = 

0.62 to 0.94, p = 0.01), no OS benefit was observed (HR = 0.85, 95% CI = 0.67 

to 1.07, p = 0.17). There was also no difference in the effect 

of neoadjuvant chemotherapy according to total cisplatin 

dose, chemotherapy cycle length or by cervical cancer stage (66). A more 

recent randomised phase 3 trial indicated that in patients with locally advanced 

disease, chemoradiotherapy had a better disease-free survival than 
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neoadjuvant therapy followed by surgery (67). In patients suitable for surgery, 

neoadjuvant chemotherapy is not routinely used. 

 Fertility sparing surgery 

As a significant proportion of women are diagnosed with early cervical cancer 

during their reproductive years, fertility sparing options have been explored, 

including, conisation and radical trachelectomy, of which there are vaginal and 

abdominal varieties.  Radical trachelectomy means removing the cervix with 

parametrium and upper vagina but retaining the uterus. 

For stages 1a1 and 1a2, lymph node-negative, LVSI-negative patients a 

conisation is typically performed. A pelvic lymphadenectomy is recommended in 

women with stage 1a2 and LVSI. Radical trachelectomy is the treatment of 

choice for women with stage T1b1 with tumours less than 2cm in diameter and 

lymph node negative.  Women have a risk of adjuvant therapy being required, 

and therefore fertility sacrificing, following histological analysis of 11%. 

In a recent meta-analysis of 60 observational studies analysed by a random-

effects model and a meta-regression to assess heterogeneity conisation was 

associated with a recurrence rate of 0.4% with no reported deaths and a 

pregnancy rate of 36.1%, a miscarriage rate of 14.8% and a preterm delivery 

rate of 6.8%.   Radical trachelectomy had a recurrence rate of 2.3% with a 

pregnancy rate of 20.5%, a miscarriage rate of 24.0% and a preterm delivery 

rate of 26.6%. To reduce the risk of pre-term labour an intraoperative placement 

of permanent cerclage should be performed (68). 

However, data can be confounded by women not attempting pregnancy.  

Figures quoted in the most recent BGCS guideline suggest women attempting a 

pregnancy 54.5% achieved one and 54.2% achieved at least one birth.  
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Following radical trachelectomy 38.3% are born prematurely and some 17% are 

born before 32 weeks (69). 

 Adjuvant treatment 

Adjuvant radiotherapy is offered when a combination of risk factors at final 

pathology such as tumour size, LVSI, and depth of stromal invasion is present.  

GOG 92 (Gynaecology Oncology Group 92- a phase III randomized trial of 

postoperative pelvic irradiation in Stage IB cervical carcinoma with poor 

prognostic features) compared radiotherapy after surgery with surgery alone in 

an intermediate-risk group. There was a reduction in the recurrence rate from 

28% to 15% with the addition of radiotherapy (63).  Typically, a dose between 

45-50 Gy is applied over 4-5 weeks and should commence within 8 weeks.  The 

clinical treatment volume should include the common, external, and internal iliac 

lymph node regions and the upper 3 cm of vagina and paravaginal soft tissue 

lateral to the vagina (70-72). 

In patients with high-risk prognostic factors such as lymph node metastasis, 

parametrial invasion or positive surgical margins the addition of chemotherapy 

to radiotherapy significantly improves progression-free and overall survival by 

almost a half (73, 74). 

 Pelvic Exenteration 

Pelvic exenteration is a rare radical surgical procedure to remove the visceral 

pelvic organs en-bloc and is performed for recurrent disease located in the 

central pelvis. Survival rates after pelvic exenteration have been reported as 

high as 48-54% (75, 76).  This procedure is an option for salvage therapy with a 

therapeutic intent.  Pelvic exenteration, however, is associated with high 

perioperative morbidity due to the nature and extent of surgery, with 
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complication rates previously quoted as 51–88% with a perioperative mortality 

of 1.9% (77). 

 

 Chemoradiotherapy 

Results of 18 trials from 11 countries worldwide shows there is clear evidence 

that adding chemotherapy to radiotherapy improves both overall and disease-

free survival, with a 6% absolute survival benefit and an 8% disease-free 

survival benefit at 5 years (78). 

Primary chemoradiotherapy consists of concomitant pelvic chemoradiotherapy, 

which is platinum based, and brachytherapy. Overall treatment time is typically 

between 6-8 weeks. External beam radiotherapy (EBRT) is applied as 

concomitant chemoradiotherapy with a total dose of 45 to 50 Gy.  Targets for 

treatment include the primary cervical tumour and the adjacent tissues such as 

parametria, uterine corpus, upper vagina, and the lymphatic chain (obturator, 

internal, external and common iliac, presacral). Brachytherapy is offered in large 

tumours toward the end of treatment or after concomitant chemoradiotherapy 

with a dose of 40 to 45 Gy to reach a total EBRT + brachytherapy dose of equal 

to or greater than 85 to 90 Gy (79). 

 

 Outcomes of treatment  

According to the most recent survival data for the UK the expected 5-year 

overall survival for stages 1-4 is, 95%, 50%, 40% and 5% respectively (80).  

However, there are several prognostic factors, especially affecting early stage 

disease which can have a profound effect on risk of recurrence and ultimately 

death. 
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Pelvic lymph node metastases decrease the 5-year survival from 82-90% to 38-

61% in patients with positive lymph nodes in Stage 1 disease. In Stage 1A 

disease LVSI is present in 2.1-5.5% of cases with positive lymph node 

metastasis present in 2% with a recurrence rate of 0.4-2% and overall survival 

between 98-99% (81-83). Additional risk factors for recurrence are large tumour 

diameter, deep stromal invasion, and lymphovascular space invasion, a 

combination of which are present in up to 25% of Stage 1B tumours.  These 

factors increase the risk of recurrence at 3 years from 2 to 31% (63, 84). 

 

 Gaps in knowledge 

Disease detection: The most powerful way to influence outcomes in cervical 

cancer is through early disease detection. Screening cytology has made huge 

in-roads in this regard, making cervical cancer a rare cancer in the developed 

world. However, the means to carry out large scale screening in the developing 

world where the incidence of cervical cancer is high, is resource limited. Having 

a robust point-of-care test, that is cheap and easily administered would be a 

huge advantage. Current tests focus on HPV detection and use Hybrid Capture 

2 or PCR based assays. The methodology is robust, but they remain difficult to 

analyse and lack specificity. Multiplexing HPV PCR methods with identification 

of tumour nucleic acid markers would increase specificity. 

Disease prognosis: Once the diagnosis of cervical cancer has been made on 

biopsy, imaging is used for staging. Advances in quantitative image analytics 

mean that tumour texture information can be extracted from the data. This 

image quantitation could be used alongside traditional histological assessments 

to provide predictive information and enable optimal management planning at 
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the outset. Imaging biomarkers can be derived from the whole tumour (unlike 

the sampling variation intrinsic to biopsy) and have the advantage of being 

available prior to treatment planning. 

Derivation of an apparent diffusion coefficient (ADC) from the DW images (85) 

and analysis of first order histogram distribution of ADC values has been shown 

to predict histological subtype (86, 87), staging (88), parametrial invasion (89), 

LVSI (90), the response to chemo-radiotherapy [19] and to aid surgical 

decision-making (91)[20]. However, these first-order statistical quantitative 

imaging data remain limited in their prediction of likely recurrence (92). It is 

possible to refine image analysis and convert the T2-W (93) and DW (94) 

imaging data into a high-dimensional feature space using algorithms to extract a 

more extensive set of statistical features within the data. This type of analysis, 

referred to as “radiomics”, requires that the data have a high signal-to-noise 

ratio to reduce error in the analysis from image noise; this is achievable in 

cervical cancer using an endovaginal MRI technique (95). 

I therefore explored molecular and imaging biomarkers for improved early 

detection and characterisation of cervical cancer. 

 

 Hypothesis  

Development of molecular and imaging-based markers for cervical cancer 

enables early detection of disease and its characterisation. 

 

 Aims  

• To select a panel of DNA/RNA tumour markers sensitive to diagnosing 

cervical cancer and design an optimal lab-on-a chip for this purpose 
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• To establish the value of HPV testing in addition to MRI for detecting 

cervical cancer prior to definitive surgical treatment 

• To validate the lab-on-a-chip (LOC) technology for detecting HPV and 

tumour markers by comparing its performance against standard 

polymerase chain reaction (PCR) systems. 

• To establish the sensitivity and specificity of LOC technology for 

detecting cervical cancer (HPV DNA/RNA and hTERT TERC and Myc 

testing) in a prospective trial using cytology samples and validate the 

results by comparing them with those from a standard polymerase chain 

reaction (PCR) system. 

• To establish the diagnostic benefit of the LOC testing in patients with 

endovaginal MRI scans that are negative vs. positive for tumour. 

• To identify radiomic features of poor prognosis in early stage cervical 

cancer and to determine their value in predicting lymph node metastasis 

and recurrence in patients in the low-volume tumour group. 
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CHAPTER 2 Developing and testing a panel of 

DNA/RNA cervical tumour markers on a lab-on-a-chip 

platform  

 Introduction 

The selection of markers for cervical cancer diagnosis in this work is based on 

the known characteristics of all cancer cells (chromosomal aberrations that 

result in uncontrolled proliferation) while considering the specific abnormalities 

associated with cervical cancer (presence of the human papilloma virus 

DNA/RNA).  Based on the current literature, I selected a panel of four markers 

plus two housekeeping markers which were a mixture of genomic DNA and 

mRNA markers.  The mRNA tumour markers were hTERT, MYC, and type-

specific HPV E6*I.  The DNA tumour marker was TERC.  Genomic DNA and 

mRNA versions of GAPDH were used as housekeeping markers. 

 

 Marker selection 

Proliferative capacity in cancer cells is partly attained through telomere 

maintenance. Telomeres, which are repetitive sequences of 5000-15000 

nucleotides (96) at each end of chromosomes, protect chromosomes from 

degradation and end-to-end fusions, contributing to genomic stability. 

Telomeres are maintained by a specialised RNA-dependent DNA polymerase 

(telomerase) which is predominantly active during embryonic and foetal 

development (97). Because DNA polymerase does not fully replicate the 3’ end 

of the lagging strands of the linear molecule,  an “end replication problem”(98) 

results with progressive telomere loss from the ends of chromosomes each time 
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a cell divides. In vitro, this limits the proliferation of normal mammalian somatic 

cells (referred to as the Hayflick limit).  At this limit, critically shortened 

telomeres trigger a permanent growth arrest known as replicative senescence 

or mortality stage 1 (M1). Cells which can escape replicative senescence 

through the inactivation of a critical cell cycle checkpoint gene such as p53 

continue to divide and suffer further telomere loss until they reach a second 

block on proliferation known as crisis or mortality stage 2 (M2). Occasionally 

cells may escape from crisis and are able to maintain telomere length through 

the activation of telomerase, and this leads to unlimited proliferative capacity 

(99). As telomerase is universally expressed (100) in HPV-positive cancers, I 

selected two telomerase components as potential tumour markers: hTERT and 

TERC. 

 

 Evidence supporting hTERT selection 

The hTERT gene, which encodes for a catalytic protein with reverse 

transcriptase activity, is located on chromosome 5 (5p15). It is significantly 

overexpressed in cervical lesions and tumours, being detectable in at least 90% 

of cervical cancers (101, 102), but has low to nil expression in normal tissue.  In 

small studies it has been shown to have a high sensitivity and specificity in 

detecting cancerous and high-grade lesions, especially when combined with 

HPV E6/7 mRNA (103-105). The hTERT expression is proportional to the grade 

of cervical lesions and its activity has been found to parallel worsening cervical 

disease (106). hTERT is directly activated by high risk HPV E6 protein and the 

human E3 Ubiquitin Ligase E6 Associated Protein (E6AP)(107), whilst low risk 

HPV types cannot cause hTERT activation (108). HPV E7 proteins act 
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synergistically with E6 to activate hTERT. The alternative splicing of hTERT 

pre-mRNA regulates telomerase activity.  Alternative splicing, which affects 

about 95% of genes in multicellular eukaryotes, allows for the generation of 

over 100,000 proteins from about 20,000 protein-coding sequences, thus 

greatly expanding the coding capacity of eukaryotic genomes (109).  The 

hTERT gene spans 42kb and contains 16 exons and 15 introns. The full-length 

of hTERT mRNA is approximately 4.0kb.   At least seven selective splicing sites 

are located on the hTERT pre-mRNA, including three deletion sites (α, β, and γ) 

and four insertion sites (110). Only the full-length hTERT mRNA shows 

telomerase activity (111) although this spliced version is not the most common 

variant(112, 113).  It has been shown that even in cervical cancer cell lines only 

a small proportion of full-length hTERT transcripts are present compared with 

their spliced counterparts (114).   

 

 Evidence supporting TERC selection 

The functional RNA component of telomerase (TERC) serves as a template for 

telomeric DNA synthesis. TERC is located on chromosome 3 (3q26). 

Chromosomal amplifications at 3q26 are common (25, 115).  There are 

numerous reports of high copy numbers of TERC found in fluorescence in situ 

hybridisation (FISH) studies and it is universally found in cervical cancers (116, 

117). Gain of 3q26 is a predictor of progression from low-grade dysplasia to 

high-grade dysplasia and has been shown to have a high specificity in high risk 

population screening studies (118-121). 

Detecting an increase in TERC DNA copy numbers relative to GAPDH DNA 

copy number may allow for an assessment of amplification of chromosome 
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3q26.  This requires the ability to detect small relative differences between 

TERC and GAPDH copy numbers as well as a large enough proportion of cells 

in the sample with aberrant chromosome 3q26 to provide a mean TERC 

amplification rate.  A study of over 1000 patients indicated that in patients with 

at least CIN2+ 21-47% of cells from the cervical sample had abnormal TERC 

amplification patterns.  These ranged from 2:3 copy number ratios to a high 

proportion of cases of squamous cell carcinoma with 5 copies of TERC 

detectable.  The CIN2/3 cases had an average of 3.45 copies of TERC in 21% 

of cells and the SCC cases had an average of 4.15 copies per cell in 46% of 

exfoliated cells.  This would indicate an average of 2.3 and 2.99 copies of TERC 

for the cells contained within an exfoliated cell sample in CIN2/3 and SCC 

cases respectively.  Given an expected copy number of 2 per cell in normal 

cells this would require the capability to resolve a 15% and 49% difference to 

correctly classify disease.  This is potentially possible with digital PCR 

technology but it has not yet been evaluated with loop-mediated isothermal 

amplification techniques (122).  

 

 Evidence supporting MYC selection 

MYC is located on 8p24 and plays a role in cell cycle progression, apoptosis 

and cellular transformation.  It has been found to be overexpressed in the 

majority of cervical cancers. It has a direct link in the over activation of 

telomerase and is the most common site of HPV integration (123, 124).  Similar 

to TERC it is a site of genomic copy number gains most often found in cervical 

cancer and is a powerful predictor of progression and persistence of cervical 

dysplasia (27, 125-127). 
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 Markers of HPV infection 

HPV DNA is recognised as a marker for cervical cancer (128)  and when 

combined with cytology a significant improvement in sensitivity is seen in 

detecting CIN2+ (129).   The 4 most common HPV types which cause disease 

are 16, 18, 45 and 58 from a consensus of two large studies of HPV type 

distribution (10, 130). Therefore, I selected these 4 types to develop the mRNA 

assay around. 

HPV E6/E7 mRNA testing has been advocated as screening tool, with equal 

sensitivity to HPV DNA (131), higher specificity and reduced rates of 

colposcopy referral (132-134).  HPV E6*I is a splice variant of the full length 

E6E7 mRNA produced by all high risk HPV types (60). An intron is removed 

from the E6 portion of the polycistronic RNA which changes the E6 ORF and 

generates a new stop codon.  This helps to facilitate E7 translation by 

increasing the distance between the E6 stop and E7 start codon (135).  The 

E6*I splice variant has been found to be more abundant in cervical lesions (136, 

137), than other transcript variants, including full length, especially in HPV 16 

compared with HPV 18 (23) and correlates with the severity of disease (138). It 

may even correlate with prediction of progression of early pre-cancerous lesions 

(139, 140). This splice variant mRNA was selected as the HPV marker.  

 

 Housekeeping genes 

Commonly used housekeeping genes are Glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH), involved in glycolysis and gluconeogenesis, Beta-
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actin (ACTB), involved in cytoskeletal structural protein formation, and Beta-2 

microglobulin (B2M), a component of MHC Class I molecules (141-143). 

GAPDH is located on chromosome 12 (12p13) and was chosen as the 

housekeeping marker as it has been shown to have stable expression in both 

cell lines and cervical cancer tissue (141, 142, 144). 

 

 Lab-on-a-chip methodology for marker detection: current status 

The lab-on-a-chip platform uses LAMP with complementary metal oxide semi-

conductor (CMOS)-based chemical sensing and builds on microchip 

technology. The cost of manufacture is low and there is direct communication 

with servers (145).  The system integrates more than 1000 sensors per 

microchip.  The fact that no fluorescent labels are needed lowers the cost per 

test, because the probe does not need to be "tagged", and the 

electronic/electrochemical readout gives scope for miniaturization without 

trading accuracy, so making it suitable at the point-of-care. The technology has 

been successfully tested in detecting treatment resistant forms of aspergillus 

and malaria(146-148).  

 

 Loop-mediated isothermal amplification (LAMP) 

LAMP methods were originally developed by Notomi et al (149) and have been 

incorporated into lab-on-a-chip to allow rapid amplification of nucleic acids at a 

single temperature, typically between 63-650C.  The reaction proceeds without 

thermocycling as it is required with polymerase chain reaction (PCR). This 

makes the technique an ideal method for point-of-care testing. The method 
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relies on auto-cycling strand displacement DNA synthesis conducted by a DNA 

polymerase with high strand displacement activity. 

Initially LAMP was designed with four primers, but this was extended to six by 

Nagamine (150) as this accelerated the reaction.  The six primers are Forward-

Inner (FIP), Backward-Inner (BIP), Forward Outer (F3), Backward Outer (B3), 

Forward Loop (LF) and Backward Loop (LB).  A stem-loop structure is 

constructed, in which the sequences of both DNA ends are derived from the 

inner primer. Subsequently, an exponential generation of inverted repeats is 

constructed as the inner primers anneal and cause amplification from the loops 

in the original structure (Figure 2.1).  The addition of the loop primers LF and LB 

allow for hybridisation to the available stem-loops which are not hybridised by 

the inner primers (FIP/BIP). This markedly accelerates the reaction from 1 hour 

to 10-15 minutes depending upon the concentration of the starting material. 
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Figure 2-1 Diagram illustrating mechanism of loop mediated isothermal amplification. Courtesy 
of New England Biolabs 

LAMP based assays have been successfully developed for a multitude of 

purposes, ranging from detection of infectious diseases to identification of 

genotype polymorphisms(151, 152).  There have been assays developed to 

genotype HPV (153, 154) from cervical cytology samples but thus far there is no 

such LAMP based assay developed to detect cervical cancer from DNA/RNA 

markers. 

 CMOS-based chemical sensing 

The Centre for Bio-Inspired Technology (CBIT) at Imperial College London has 

developed pH-sensing CMOS technology. At the heart of the system are Ion-
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sensitive Field-Effect Transistors (ISFETs) which are used to measure ion 

concentrations in solution. The system is coupled with an embedded heater and 

temperature sensors so that the need for bulky external devices is removed and 

on-chip amplification and testing is enabled.  These detection systems provide 

label-free nucleic acid amplification methods by measuring released hydrogen 

ions during nucleotide incorporation rather than relying on indirect 

measurements such as fluorescent dyes.  A direct detection of the pH change 

which occurs during nucleic acid polymerisation and converts the chemical (H+) 

signal into an electrical one is indicative of the presence of the target nucleic 

acids (145). 

 

 Aim and Objectives 

 Aim:  

To develop a panel of DNA/RNA tumour markers sensitive to detecting cervical 

cancer, incorporate them into an existing lab-on-a-chip platform and test the 

potential of the platform for diagnosing cervical cancer. 

 

 Objectives:  

• To design a panel of DNA/RNA LAMP primers for the selected tumour 

markers using amplification chemistries compatible with CMOS 

• To use synthetic DNA to determine the analytical sensitivity and quantitative 

performance for each primer set  

• To incorporate the primers into an existing lab-on-a-chip platform 

• To test the performance of the lab-on-a-chip 

•  platform using ex vivo samples from women with cervical cancer 
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The first 3 objectives were part of a technical development phase and the last 

objectives was a clinical testing phase, prior to the pilot clinical trial described in 

Chapter 3 

 

 Technical development- Designing and evaluating LAMP 

primers for selected tumour markers on a lab-on-a-chip 

platform 

I designed four (TERC, MYC, GAPDH RNA, and all HPV types) or five (TERT 

and GAPDH DNA) LAMP primer sets for each target. 

 

 Design of primers 

For each of the selected tumour markers the genomic sequences were 

retrieved from the National Institute of Health GenBank system and visualised 

with Geneious software (Table 2.1).  Within Geneious the sequences were 

aligned with the MUSCLE method (MUltiple Sequence Comparison by Log-

Expectation) (155). For the RNA markers the mRNA transcript variant 

sequences were also downloaded.  

The splice variant locations for TERT (111) and HPV (156) types were added to 

the sequences prior to primer design. 
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Tumour 

marker 

GenBank Accession number 

TERT NG_009265.1, NM_198253.2, NM_001193376.1, 

NR_149162.1, NR_149163.1 

TERC NG_016363.1 

MYC NG_007161.2, NM_002467.5, NM_001354870.1 

GAPDH NG_007073.2, NM_002046, NM_001256799, 

NM_001289745, NM_001289746 and NM_001357943 

HPV 16 K02718.1 

HPV 18 AY262282.1 

HPV 45 X74479.1 

HPV 58 D90400.1 

Table 2-1 Human and HPV gene GenBank codes used for LAMP primer design. 

LAMP primers were designed using Primer Explorer V5. 

(http://primerexplorer.jp/lampv5e/index.html)  

 

 hTERT 

With hTERT there are multiple transcript variants but only the full length mRNA 

transcript conserves telomerase activity (109). Therefore, exclusion of the two 

main variants, alpha and beta, that are inhibitory to telomerase function was 

necessary.  The alpha splice variant removes the first 36bp of exon 6, while  the 

beta splice variant removes 182bp from exons 7 and 8 (111)  As the F2 primer 

is located within the 36bp alpha splice sequence and the B2 and B3 primers are 

located in the portion of exon 7 which is part of the beta splice, a primer set 

http://primerexplorer.jp/lampv5e/index.html
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specific to full length mRNA, that was unable to amplify the main inhibitory 

splice variants and was exon-exon spanning was designed. 

 

 TERC  

TERC has a single exon to provide the template RNA for telomerase. Primers 

were applied to this sequence and five difference sets were designed. 

 

 MYC 

In designing MYC RNA, transcript variants were aligned and mismatched 

nucleotides avoided in positioning the primers.  Primers were designed to span 

exon-exon junctions and two different exon-exon pairs were selected.  Two 

primers sets were designed for each pair. 

 

 HPV E6 

The HPV E6*I mRNA primer design was more challenging to accomplish. The 

objective was to avoid amplifying the full-length mRNA sequence and focus 

solely on the specific splice variant.   

The initial design centred on locating the F2-F1c or B2-B1c primer group either 

side of the splice junction.  This would potentially result in an unstable portion of 

the LAMP cycling dumbbell structure and not allow amplification to proceed.  

Unfortunately, pilot experiments with the four HPV primer sets designed in this 

way yielded unreliable results. There was inconsistent amplification of full-length 

targets with time to positive times insufficiently different from the specific spliced 

variant the marker was supposed to amplifying.  
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Subsequently, I located the F2 primer 3-4bp across the splice junction. (Figure 

2.2) However, this did not ensure specificity, as the first 3-4 base pairs at the 5’ 

end of the spliced region shared 50-75% of the overlapped region and 

potentially allowed primer annealing and therefore amplification.  Similarly, the 

last 2 base pairs at the 3’ end of the spliced region were identical to the last 2 

base pairs immediately before the splice junction potentially enabling the F2 

primer to anneal inappropriately in this position. To solve this problem I inserted 

mismatched nucleotides at 3’ end of the F2 primer (157, 158).  This ensured 

that the F2 primer could only form weak bonds when annealing to the 

inappropriate regions in the spliced sequence.  This allowed the polymerase to 

amplify from the preferential primer annealing site. 

 

 

Figure 2-2 Illustration of location of FIP primer across splice region. 

 

 GAPDH 

For GAPDH DNA (9 exons and 8 introns) five different primers sets were 

designed using two different exon locations. Primers were applied across an 

adjacent exon and intron to specifically select for DNA sequences. For GAPDH 

RNA, the process was the same as for MYC RNA. 
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 Primer selection based on analytical sensitivity  

 Synthetic DNA samples 

Synthetic double-stranded DNA containing the sequence of the target DNA or 

RNA was purchased from Integrated DNA Technologies (Leuven, Belgium).  

The synthetic DNA was quantified using a Qubit 3.0 fluorometer and the high-

sensitivity double-stranded DNA assay kits (Life Technologies, Carlsbad, CA). 

 

 Experimental methods for primer set selection 

The best primer sets were selected as follows: 

Step 1: Primer sets for RNA based markers were tested against human 

genomic DNA (Thermo Fisher Scientific) to ensure the primers were specific to 

RNA, and not DNA. 

Step 2:  All primer sets were tested against a synthetic dsDNA or RNA 

containing the sequence of interest, including appropriate non-template 

controls.   

In this initial primer screen the synthetic sequence was diluted to a 106 

copy/reaction.  

Step 3: The two primer set candidates that achieved the fastest time to positive 

were then tested in a dilution screen. 

Analytical sensitivity of the assays were evaluated in serial 10-fold dilutions of 

synthetic DNA or RNA target.  This was performed using either a 108-100, 106-

100 or 104-100 serial fold dilutions to then select the most sensitive of the two 

primer sets candidates. 

The experiments were performed on a LightCycler 96 System (Roche Molecular 

Systems, Pleasanton, CA). 
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With the TERC tumour marker candidates, one of the two selected options was 

faster but less sensitive than the other. The slower candidate did not have two 

loop primers, which affected its efficiency.  I manually designed an additional 

loop primer for this primer set and retested it.  This optimised primer set 

achieved a faster and more sensitive result than either of the original primer 

designs. 

Of the four MYC RNA primer sets designed, options 2, 3 and 4 amplified 

genomic DNA inappropriately and were abandoned.  The remaining primer set 

was tested in the dilution screen stage.  As this primer set performed very well, 

additional primer designs were not sought. 

The hTERT primers were also tested against a synthetic sequence specific to 

alpha and beta splice variants.  The HPV E6*I primers were tested against a 

full-length sequence to ensure specificity to the spliced version. 

The LAMP reaction mix composition is given in Appendix 6.1 and individual 

marker primer and dilution screen results can be found in Appendix 6.2-6.11.  

 

 Tumour marker sensitivity 

A summary of the performance of the final human genomic tumour markers can 

be seen in Table 2-2 and Figure 2-3. 
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LAMP RNA DNA 

Copies/reactio

n 

hTERT MYC GAPDH TERC GAPDH 

108 5.61 

(0.13) 

 - - - - 

107 7.08 

(0.12) 

 - - - - 

106 8.52 

(0.22) 

6.26 

(0.41) 

5.83 

(0.06) 

- - 

105 9.6 (0.06) 7.51 

(0.07) 

6.93 

(0.19) 

- - 

104 11.04 

(0.13) 

9.22 

(0.06) 

8.14 

(0.22) 

8 (0.1) 6.84 

(0.22) 

103 12.91 

(0.44) 

10.58 

(0.19) 

9.35 

(0.17) 

9.3 (0.2) 8.13 

(0.32) 

102  - 11.81 

(0.59) 

 - 10.15 

(0.23) 

9.98 

(0.12) 

101  - 14.98 

(1.95) 

- 11.95 

(0.15) 

11.33 

(0.12) 

100 - - - - 13.62 

(0.86) 

R2 0.99 0.97 1.00 0.97 0.99 

Table 2-2 Analytical sensitivity of final primer sets for human markers.  Time to positive in 
minutes (Standard deviation) for each synthetic DNA/RNA concentration 
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Figure 2-3 Standard curves of RNA and DNA primers designed for human tumour markers 
tested against synthetic DNA and RNA in standard  LAMP mix. Tests performed on Lightcycler 
96 benchtop device. 

 

 HPV E6*I sensitivity 

The four HPV types each had four primer designs which went through an initial 

primer screen then a dilution screen stage (Appendix 6.11). When the chosen 

primer sets were tested against the non-splice sequence inappropriate 

amplification occurred. The design of forming an unstable stem loop was not 

successful in stopping non-specific amplification, although it did impede the 

efficiency.  
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I attempted to improve this specificity by removing the loop primer associated 

with the stable stem-loop structure (Appendix 6.11.2). The primer sets for 16, 18 

and 45 responded favourably to this intervention and markedly hampered the 

amplification of full-length sequences.  However, I discovered a secondary 

design issue with the primer sets and so did not run an experiment with the 

spliced sequences with the primer sets with a loop primer removed.  Instead, I 

redesigned the primer sets to include mismatch nucleotides. 

I present below the results of the mismatch nucleotide experiments for HPV 16.  

The other three HPV types are presented in Appendix 6.11.3-6.11.6). 

 

Primer Option vs splice/full 

sequence 

Time to positive 

(mins) 

Error(mins) 

16_1_splice 6.26 0.09 

16_1_full 23.80 0.63 

16_2_splice 7.36 0.08 

16_2_full 27.21 1.10 

Table 2-3 HPV 16 Option screen 

There were two new options for HPV 16 (Table 2-3). Option 1 was chosen as it 

was the most efficient at amplifying the spliced sequence. The Option 1 primer 

set was run with different mismatched nucleotides in the FIP primer component.  

The mismatch primer set 16_4.1_S successfully amplified the spliced sequence 

but not the full-length sequence (Table 2-4). 
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Primer 

Option 

Time to positive 

(mins) 

Error(mins) 

16_3.2_S 8.71 0.05 

16_3.2_F 29.37 4.03 

16_3.3_S 37.24 1.22 

16_3.3_F - - 

16_4.1_S 10.25 0.10 

16_4.1_F - - 

16_4.2_S 17.42 0.88 

16_4.2_F 35.44 2.30 

16_4.3_S 22.07 2.44 

16_4.3_F 30.59 8.56 

Table 2-4 HPV 16 Option 1 Mismatch screen 

 

The top 3 mismatch primer mixes were tested in a dilution screen of both splice 

and non-splice sequence to determine the dynamic range of concentrations 

over which they are sensitive. A primer set sensitive to a splice sequence 

concentration of 100 would have a likely TTP of less than 20 minutes so that the 

test would be ‘over’ before the non-splice sequence began to amplify. Evidence 

from The Cancer Genome Atlas in cervical cancer(23) suggested a mean ratio 

of 2:1 spliced/full length in HPV 16 versus a 1:1 ratio in HPV 18 disease, with a 

maximum ratio of 2:1 full-length to spliced copies.  An initial experiment to 

confirm whether the specific detection of the spliced target in an environment of 

mixed spliced/full length sequences with differing concentrations was performed 

with the HPV 58 primer set.  Using a mix of 1:1, 1:3 and 1:7 splice:full length 
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ratios with deliberate exaggeration of the expected in vivo copy number ratios to 

confirm the specificity, the expected melting peak temperature of 84oC, as 

found in pure-spliced sequence reactions, was seen in each of the mixed 

environment reactions, with a time to positive in line with the concentration of 

the spliced sequence used in each sequence mix.  This is reassuring that 

despite the potential for non-specific amplification of full-length targets, the 

pragmatic reality is that, in vivo, both spliced and full-length sequences are 

always present and the spliced target will be amplified due to its more 

favourable reaction efficiency. 

 

 Quantitative performance of primers in LAMP 

 Synthetic DNA/RNA for primer testing 

For the RNA markers, synthetic double-stranded DNA containing a T7 promotor 

for RNA transcription was synthesized by Integrated DNA Technologies 

(Leuven, Belgium).  The HiScribe T7 High-yield RNA synthesis kit ((New 

England Biolabs, Hitchin, UK) was used to produce target specific RNA to test 

the designed primers. The synthetic DNA and RNA was quantified using a Qubit 

3.0 fluorometer and high-sensitivity double-stranded DNA and single stranded 

RNA assay kits (Life Technologies, Carlsbad, CA). 

Sensitivity of the assay was evaluated in serial 10-fold dilutions of synthetic 

DNA/RNA target, ranging from 108 to 100 copies per reaction with each 

condition run in triplicate. pH-LAMP assays were performed on a LightCycler 96 

System (Roche Molecular Systems, Pleasanton, CA) and data analysed using 

LightCycler 96 System software version SW1.1. 
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 Analytical sensitivity of primers in LAMP 

The final primer sets defined (Table 2-5) were tested in the pH-LAMP specific 

reaction mix to be used on the lab-on-a-chip platform.  A set of standard curves 

(Table 2-6, Figure 2-4) were produced using this new pH-LAMP mix. These 

curves were used to determine marker concentrations in the clinical samples. 

Name sequence 

F3_TERT GCCTGAGCTGTACTTTGTCA 

B3_TERT GGTGAGCCACGAACTGTC 

FIP_TERT 

TGGGGTTTGATGATGCTGGCGA-

GGGCGCGTACGACACCATCC 

BIP_TERT 

GGTCCAGAAGGCCGCCCAT-

GCTGGAGGTCTGTCAAGGTA 

LF_TERT ACCTCCGTGAGCCTGTCCTG 

LB_TERT CACGTCCGCAAGGCCTTCA 

  
F3_MYC CCATGAGGAGACACCGCC 

B3_MYC TGCTGATGTGTGGAGACGT 

FIP_MYC AGCCTGCCTCTTTTCCACAGAA-CACCACCAGCAGCGAC 

BIP_MYC 

CTGGATCACCTTCTGCTGGAGG-

GGCACCTCTTGAGGACCA 

LF_MYC TCATCTTCTTGTTCCTCCTCAGA 

LB_MYC CAGCAAACCTCCTCACAGCC 

  
F3_GAPRNA GATGCTGGCGCTGAGTAC 

B3_GAPRNA GCTAAGCAGTTGGTGGTGC 
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FIP_GAPRNA 

CTTTTGGCTCCCCCCTGCAAATGGAGTCCACTGGCGTC

TT 

BIP_GAPRNA 

TCTGCTGATGCCCCCATGTTCGGAGGCATTGCTGATGA

TCT 

LF_GAPRNA AGCCTTCTCCATGGTGGTG 

LB_GAPRNA GTCATGGGTGTGAACCATGAG 

  F3_GAPDNA ACCCCCATAGGCGAGATC 

B3_GAPDNA TGATGACCCTTTTGGCTCC 

FIP_GAPDNA 

CTCCATGGTGGTGAAGACGCC-

CAAAATCAAGTGGGGCGATG 

BIP_GAPDNA 

CGGGAGGGGAAGCTGACTCA-

ACAGCAGAGAAGCAGACAGT 

LF_GAPDNA TCCACGACGTACTCAGCG 

LB_GAPDNA GCAGGACCCGGGTTCAT 

  F3_TERC TGTGAGCCGAGTCCTGG 

B3_TERC TCTCCGGAGGCACCCA 

FIP_TERC 

AGGAAGAGGAACGGAGCGAGTC-

GTGCACGTCCCACAGCT 

BIP_TERC GAAAGGCCTGAACCTCGCCC-TGCCACCGCGAAGAGT 

LB_TERC AGAGACCCGCGGCTGACA 

LF_TERC CGGCGCGATTCCCTGA 

Table 2-5 pH-LAMP primer sequences 
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pH LAMP RNA DNA 

Copies/reactio

n 

hTERT MYC GAPDH TERC GAPDH 

108  - 4.85 (0.07) 3.36 

(0.05) 

3.00 

(0.15) 

1.74 

(0.03) 

107 7.84 (0.17) 5.97 (0.08) 4.46 

(0.21) 

4.03 

(0.03) 

3.11 

(0.15) 

106 9.34 (0.13) 7.19 (0.06) 5.64 

(0.31) 

4.86 

(0.24) 

3.99 

(0.08) 

105 10.94 

(0.33) 

8.2 (0.2) 6.27 

(0.07) 

5.68 

(0.38) 

4.41 

(0.17) 

104 12.57 

(0.45) 

9.53 (0.18) 7.3 (0.07) 6.62 

(0.29) 

5.08 

(0.31) 

103 14.99 

(0.64) 

10.9 (0.52) 8.51 (0.1) 7.46 

(0.09) 

6.49 

(0.38) 

102 16.22 (0.5) 12.18 

(1.16) 

 - 8.42 

(0.12) 

6.84 

(0.12) 

101  -  -  - 9.62 

(0.42) 

8.12 

(0.15) 

100  -  - -  10.4 

(0.03) 

8.59 

(0.37) 

R2 0.99 1.00 0.99 1.00 0.99 

Table 2-6 Analytical sensitivity of human markers in pH-LAMP 
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Figure 2.4: Standard curves of RNA and DNA primers designed for human tumour markers 

tested against synthetic RNA and DNA in pH-LAMP mix. Tests performed on Lightcycler 96 

benchtop device. 

 

 

 

 

 Incorporating the primers into an existing lab-on-a-chip platform 

 Amplification chemistry for lab-on-a-chip platform 

In order to transfer the developed amplification chemistries to a Lab-on-Chip 

platform, compatibility with the sensing capabilities of ISFET sensors was 

needed. Since ISFETs are inherently pH sensors, the reaction mix of a standard 
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LAMP was modified to pH-LAMP (159) by adjusting the buffering capabilities to 

allow for changes in pH to be measured during DNA amplification.  

Each solution was split into 5-L reactions (triplicates) on a 96-well PCR plate 

and heated at 63C for 40 minutes using a real-time qPCR platform (LC96). 

During nucleic acid amplification, nucleotides are incorporated by action of a 

polymerase resulting in the release of a proton (H+) as described by: 

dNTP+DNAn→DNAn+1+PPi+H+ 

where DNAn indicates the nth nucleotide and PPi is pyrophosphate. 

The release of protons into the amplification reaction induces a change in pH 

that ISFETs can transduce into an electrical output, thus correlating a change in 

pH to a change in voltage (146). Additionally, this change is regulated by the 

buffer capacity (β) of the solution. Overall, the change in pH is given by: 

ΔpH=N(H+/β)  

where N denotes the total number of nucleotides incorporated during 

amplification (159).  Consequently, the pH change is proportional to the total 

number of nucleotides inserted and inversely proportional to the buffering 

capacity of the solution.  DNA amplification modifies the overall pH of the 

solution causing a proportional change in voltage detected by the ISFETs. 

When no amplification occurs the pH of the solution remains unchanged 

therefore giving a constant voltage signal.  

During an amplification reaction, the pH signal is obtained by taking the average 

of the active sensors that are exposed to the solution. The sensing membrane 

exposed to the solution undergoes hydration which manifests as a slow 

monotonic change on the output voltage signal, typically referred to as drift 
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(160). The underlying cause is the diffusion of ions from the solution to charge-

trapping sites in the nitride that exist due to its structure.  

 

 Lab-on-a chip hardware and readouts 

The process of nucleic acid detection on the lab-on-a-chip platform followed a 

clearly specified procedure. A microfluidic reaction chamber was laser cut from 

a 3 mm acrylic sheet by a colleague in the laboratory. I added this on top of the 

CMOS microchip. In addition, a silver/silver chloride reference electrode was 

inserted in the chamber for sensor biasing, which was obtained by chlorination 

of a 0.03 mm diameter silver wire in 1M KCl. 20uL of de-ionised water was 

loaded into the chamber and covered with PCR tape. The chip was inserted into 

the lab-on-a-chip platform and connected via Bluetooth to the mobile phone 

device which controls the platform and records the output wirelessly (Figure 2-

5).  An initial check of chip voltage measurement was performed to determine 

whether the platform peltier heated the chip to 63oC. During this time the 

observed sample drift in voltage can be decoupled from the expected drift and 

the pH change due to DNA amplification obtained.  
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To carry-out nucleic acid amplification reactions, the de-ionised water was 

removed from the microfluidic chamber and replaced with 20μL of pH-LAMP or 

pH-RT-LAMP (RT – reverse transcription) mix and sealed with PCR tape to 

Figure 2-5 Components of the Lab-on-a-chip system connected wirelessly to a 
smartphone readout 
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avoid evaporation and contamination of the amplified products. The mixture was 

heated to 63C for 35 minutes. 

The output voltages measured by the chip were first linearised and then set to a 

relative scale by setting the minimum relative voltage value to 0 and the 

maximum value to 1. A sigmoidal curve was then fitted to this data and a 

corresponding threshold value of 0.2 calculated and time to positive (TTP) 

derived. This was similar to the technique used in the Lightcycler 96 system to 

establish the Cq in relation to predefined dye-specific fluorescence threshold 

values. 

 

 

Figure 2-6 Output voltages with time showing drift compensation (left), chip output (middle) and 
amplification curve after correction (right). 

 

Due to volume of extracted RNA available following RNA extraction of samples, 

only a single lab-on-a-chip procedure was performed for each sample.  

 

 Clinical testing- validating the lab-on-a-chip technology 

using banked tissue biopsies  

I embarked upon validating the DNA/RNA primers which had been tested upon 

a standard benchtop Lightcycler device on clinical samples, and also allowing 

the initial testing of a selection of markers directly on the Lab-on-a-chip device.  
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The solid tumour samples available to me were used opportunistically but also 

as the solid tumours would have a high cellularity content I could reasonably 

assume that a negative test result wasn’t due the available target copy number 

being below the analytical sensitivity of the primers designed. 

 Sample tissues  

An existing holding of 45 cervical tissue biopsies taken in 2001 from patients 

with cervical cancer with their informed consent as part of a research study led 

by Professor Nandita deSouza was used. The biopsies were originally taken 

during surgery at the Hammersmith hospital and snap frozen at -800C. They 

were initially stored at Hammersmith Hospital at -80C and transferred to The 

Institute of Cancer Research and have remained frozen at -80C throughout.  

There was no clinical or identifying information available to me. Pathological 

verification of cancer was undertaken.  

DNA and RNA was extracted, testing undertaken on the lab-on-a-chip platform 

and a comparison made with a pH-LAMP experiment on the LC96 system. 

 

 DNA and RNA extraction 

Cervical tissue samples were separated into sections. One was embedded in 

paraffin and a single slide stained with Haemotoxylin and Eosin reviewed by a 

consultant histopathologist to classify the sample as benign or malignant tissue. 

The other section was homogenized in 2 mL tubes containing RLT+/BME lysis 

buffer solution from the AllPrep DNA/RNA Kit (Qiagen, Hilden, Germany) and 

zirconium oxide beads in a Precellys 24 Homogenizer (Bertin, Villeurbanne, 

France). Subsequently, DNA and RNA were extracted using the AllPrep kit, 

according to the manufacturer's instructions. Total DNA and RNA yield was 
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determined using a NanoDrop ND-2000 spectrophotometer (Thermo Fisher 

Scientific, Waltham, USA). Only those samples which yielded both DNA and 

RNA were selected for analysis. 

Of 45 patient samples with DNA and RNA extracted, only 10 samples had both 

DNA and RNA suitable for analysis. In 35 cases, the RNA was not of sufficient 

quantity for LAMP and PCR analysis (< 9 ng/uL). Therefore, the validation of 

HPV markers identified using lab-on-a-chip technology was done in 10 samples 

only where DNA and RNA quantity and quality indicated excellent extraction 

due to the high number of cells. Of these 10 samples, 5 contained benign tissue 

only, 4 contained squamous cell carcinoma and 1 contained adenocarcinoma 

(identified on Haematoxylin and Eosin sections by Dr Katherine Vroobels, 

consultant histopathologist at the Royal Marsden Hospital). 

DNA validation was done on HPV and RNA validation was done on hTERT. 

hTERT was selected as previous literature has suggested it is a promising 

tumour marker in cervical cancer (103, 161). It was not possible to evaluate 

both DNA and RNA from HPV or to evaluate TERC or Myc RNA as the number 

of experiments possible on the lab-on-a-chip was limited by the time to 

construct the individual chips. The volume of DNA and RNA available from the 

biopsies was also a limiting factor. 

 

 HPV marker validation 

HPV 16 DNA was detected in samples H5, H7, H17 and H27 (Table 3.2) on the 

lab-on-a-chip platform. These results were confirmed using the LAMP mix on 

the LC96 thermocycler. HPV 18 DNA was detected in samples H11 and H45 on 

the lab-on-a-chip platform and confirmed using the LAMP mix on the LC96 
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thermocycler. The presence of HPV 16 DNA also was confirmed using PCR 

primers. Two cases (H2 and H12) were negative for HPV 16 on the LC96 

device but were positive when measured on the lab-on-a-chip platform. It may 

be that the copy number of HPV 16 DNA in both of these samples was at the 

limit of detection and that the larger sample volume used on the lab-on-a-chip 

platform enabled detection of lower copy numbers at the edge of the detection 

limit. 

  

 Tumour marker validation 

The presence of hTERT RNA was detected in 5 of 5 cancer samples and 0 of 5 

benign samples thus perfectly distinguishing the benign from the tumour 

samples on lab-on-a-chip. This was confirmed using conventional PCR (Table 

2-7). The time to positive was between 12 and 15 minutes. 

These data indicate that the lab-on-a-chip platform provides equivalent results 

to conventional qPCR instruments for detection of HPV DNA and RNA and 

tumour RNA. 
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 Discussion 

 Selection of markers for cervical cancer detection on lab-on-a-chip  

The selected markers were chosen with three criteria in mind; clear contribution 

to the mechanism of carcinogenesis, evidence of differentiation between 

normal, dysplasia and carcinoma in the expression levels and finally, consistent 

evidence supporting the overexpression or amplification in predicting disease 

(103, 123, 162).  Several studies examine the mutations noted in tumour 

samples but this has limited use in a clinical test to predict presence of disease 

as the mutation present would need to be known a priori.  The exploratory 

marker TERC/GAPDH ratio is based on solid evidence of TERC amplification in 

FISH experiments (116, 121, 163-165).  A digital PCR test to examine the exact 

copy number variation would most likely offer a more accurate solution, 

however, this would limit the portability of the test.     

 

 Lab-on-a chip in non-cancer use 

The Centre for Bio-Inspired Technology (CBIT) group has explored several 

uses for the lab-on-a-chip technique, some of which are being tested in clinics 

in the developing world. This can be used as a model to further develop the 

technology as a point-of-care diagnostic platform in countries with a high 

incidence of cervical cancer.  For example, the lab-on-a-chip method 

incorporating pH-LAMP based detection of malaria has been utilised with a 

rapid and specific detection of P. falciparum malaria using an assay targeting 

the gene kelch 13. Detection occurred in less than 20 minutes in isothermal 

conditions using LAMP with direct chemical-to-electronic sensing. DNA 

quantification on-chip, using DNA samples derived from clinical isolates of P. 
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falciparum could be detected to 101 copies per reaction.  The system was 

compared against a commercial instrument using fluorescence and achieved 

equivalent detection capability.  In addition, the group demonstrated the 

successful detection of the C580Y single-nucleotide polymorphism (SNP) 

associated with artemisinin-resistant malaria, and re-enforces the potential of 

SNP detection in tumour samples (148). 

Separately, a LAMP-based method of detecting Aspergillus fumigatus, which 

causes a spectrum of respiratory and invasive infections, has also been 

successfully developed and tested.  The methodology was validated by the 

design of specific LAMP primers targeting dominant triazole-resistant genotypes 

of A. fumigatus, and the assay was shown to have high analytical sensitivity and 

specificity for detecting the most prevalent cyp51A mutation, TR34.  This 

highlighted the potential of diagnosing multiazole-resistant Aspergillus, at the 

point-of-care using a highly sensitive assay (10 copies/reaction) with a reaction 

time of 30 minutes (147). 

Finally, a method of HIV-1 viral load detection based on a CMOS chip platform 

has been developed. The chip has embedded heaters and thermal sensors 

which facilitate on-chip nucleic acid amplification detected with ISFET sensors.  

The pH RT-LAMP assay detects 10 copies of RNA per reaction within 30 

minutes.  The performance of the assay in almost 1000 plasma samples show a 

detection rate for inputs >1000 copies/reaction of 95% and for inputs of 50 to 

1000 copies of 88.7% (166). These examples highlight the potential of the lab-

on-a-chip technique as a diagnostic assay. My work shows for the first time that 

it is feasible to perform these assays using tumour-specific markers. 
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The current workflow still relies on using extracted DNA/RNA that is pre-

prepared and ready for pipetting onto the chip.  For the device to be truly point-

of-care, an embedded sample preparation module will need to be created 

incorporating microfluidic technology that enables a seamless workflow from 

sample to result.  Because LAMP has been shown to be more robust to reaction 

inhibitors found in clinical samples such as urine and blood than PCR (167) and 

because  exfoliated cellular material from cervical smears is readily available, 

sample preparation should be minimal and only require lysis. 

 

 Sufficient for clinical purposes?  

The analytical sensitivity of the selected markers is more than adequate for our 

purposes.  The DNA markers GAPDH and TERC resolve down to 100 copies 

per reaction and have similar standard curve gradients; this should provide a 

reliable method of predicting copy number variation in the samples.  The mRNA 

markers, whilst having a poorer sensitivity in comparison to the DNA markers, 

with a limit of detection of 102 for hTERT and MYC, and 103 for GAPDH mRNA, 

are comparable to other LAMP-based markers.  The GAPDH mRNA limit of 

detection is a potential limiting factor if there are samples with low cellularity 

(successful amplification of GAPDH mRNA is an indicator of appropriate sample 

extraction and sample integrity) as this could result in those samples being 

rejected.  However, a minimum expectation of 103 copies of GAPDH mRNA per 

10ng of total RNA is considered a reasonable threshold (168).  Given the 

average quantity of extracted total RNA in archived cervical samples is 

27.5ng/uL  (169) the limit of detection of 103 copies  per reaction for our GAPDH 

mRNA test is several orders of magnitude lower than would be found in normal 



86 
 

clinical samples.   Nevertheless, the limitations of pursuing goals of ultra-

sensitivity with these assays comes at the price of loss of specificity and causes 

patients to be classified as positive who in truth have no clinically relevant 

disease. Therefore, a balance between optimal sensitivity without increasing the 

number of false positive classifications, which would require further 

(unnecessary) investigations, needs to be made.  The performance of the 

designed markers seems to sit squarely in the clinically relevant zone.  This will 

be further explored in the next chapter when using usual Cervex brush cervical 

samples and validating the markers on these samples, which will have much 

less cellularity than the solid tumour samples used in this chapter. 

 

 Validation of clinical testing against PCR 

Validation of the clinical testing against conventional PCR showed largely 

equivalent results for both the DNA and RNA tests in the HPV and hTERT 

primers.  The PCR primers for MYC and TERC/GAPDH performed poorly in the 

experiments, perhaps indicating alternative primers should be used as their 

technical sensitivity was below expectation in the clinical samples.  Similarly, 

validation of the HPV-16 and the tumour markers against standard PCR was 

also equivalent. The lab-on-a-chip system was in close agreement with the 

traditional benchtop LC96 system, which indicates the potential of this platform 

as a diagnostic tool.  

The pH-LAMP HPV Type 18 DNA marker, as developed by Luo et al (170), 

needs further work.  This could be ameliorated by setting a very short time to 

positive threshold but alternative HPV 18 DNA LAMP primer sets would be 

available to test which may provide more reliable real-world results.   The 
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development of a robust, sensitive set of HPV DNA type specific pH-LAMP 

primers would be a prerequisite to this platform being successful as a screening 

platform. 

 

 

 Summary 

•  

• Appropriate primers were designed for detection of selected tumour and 

HPV markers on a lab-on-a-chip platform. 

•  

• The analytical sensitivity of each of the markers was determined and 

found to be in the clinically relevant range. 

•  

• The quantitative performance of the primers was assessed using LAMP 

and the technology transferred to the lab-on-a-chip platform. 

•  

• The lab-on-a-chip platform was tested using banked tissue biopsy 

samples from patients with cervical cancer and shown to provide 

equivalent results to conventional qPCR instruments for detection of HPV 

DNA and RNA and tumour RNA. 
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CHAPTER 3 Validation of a novel lab-on-a-chip 

methodology using clinical samples 

 

 Introduction 

A “see and treat” approach for cervical intraepithelial neoplasia at colposcopy 

sometimes identifies an early stage cervical cancer (Ia or small volume Ib1) 

where most of the tumour may have been excised by diagnostic knife cone 

biopsy or large loop excision of the transformation zone (LLETZ). However, it is 

important to establish the presence and extent of any residual disease as this 

crucially determines subsequent surgical management. Determining the 

presence and extent of residual tumour currently relies on high-resolution 

imaging. MRI is performed using an endovaginal receiver coil at my institution 

The Royal Marsden(4.3.3) to achieve high spatial resolution images and 

facilitate residual tumour delineation. Although the technique is highly sensitive, 

its specificity for tumours of <1.7cm3 after cone biopsy or LLETZ is around 70% 

because of confounding appearances from scarring and fibrosis (91). Molecular 

information on the presence of tumour DNA or high-risk HPV DNA/RNA at the 

time of MRI could potentially increase the sensitivity and specificity for 

identifying small tumours. 

Apart from the need for molecular technologies to supplement imaging in the 

early detection of cervical cancer, they also could aid decision making in later 

stage disease. In patients with larger volume disease treated with hysterectomy, 

it is vitally important to monitor the excision margin at the vaginal vault, as 70% 

of recurrences occur within the pelvis (171). Here, too, interpretation of MRI is 
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limited by scarring and fibrosis at the vaginal vault. With sensitive MRI 

techniques such as diffusion-weighted and R2* imaging, post-treatment, post-

surgical or post radiation therapy appearances mean that the negative 

predictive value for diagnosing early recurrence is around 85% (172). However, 

even when done optimally (high field strength scanner, multichannel receivers), 

MRI only achieves a resolution of the order of several cubic millimeters, so that 

early recurrence is missed. In equivocal cases, repeat scans or biopsies are 

recommended. Moreover, lack of consensus over optimal surveillance methods 

following treatment of cervical cancer means that by the time they are 

recognized, recurrences are often late, symptomatic and difficult to manage. 

Thus, successfully developing molecular techniques that are translatable to the 

clinic could potentially positively influence not only the early detection of cervical 

cancer but also its management at multiple points in the patient pathway. 

The work described in Chapter 2 shows the development and validation of the 

DNA and RNA tumour markers and demonstrates the accuracy of these 

molecular markers in in vitro and ex vivo systems. This work in this chapter 

focuses on translating the use of this technology into the clinic.  

  

 

  Aims 

These were two-fold: 

• Firstly, in a retrospective clinical study, to establish the value of HPV 

testing in addition to MRI for detecting cervical cancer prior to definitive 

surgical treatment. 
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• Secondly, in a prospective pilot clinical study, to establish the sensitivity 

and specificity of LOC assay for detecting cervical cancer (HPV 

DNA/RNA and hTERT TERC and Myc testing). 

• I did this using cytology samples from patients with early stage (FIGO 

2009 1b1 or earlier) cervical cancer referred for endovaginal MRI prior to 

fertility-sparing surgery and validated the results by comparing them with 

those from a conventional qPCR platform. 

• I also established the diagnostic benefit of the LOC testing in patients 

with endovaginal MRI scans that were negative vs. positive for tumour. 

 

 Establishing the clinical value of HPV testing in addition 

to MRI for detecting cervical cancer prior to definitive surgical 

treatment 

 Retrospective clinical study  

Between January 2010 and June 2019, the Royal Marsden Hospital 

Gynaecological surgery database recorded 257 cases who were treated 

surgically for cervical cancer (39 cone biopsies, 102 radical trachelectomies and 

116 radical hysterectomies). Of these, 84 had a type specific DNA (n=82) 

and/or RNA (n=55) test (Abbott RealTime High Risk HPV DNA assay (173) 

and/or the PreTect HPV-Proofer E6/E7 mRNA assay (174) analysed by The 

Doctor’s Laboratory Ltd) and 79 had an MRI prior to curative surgery (70 with 

an endovaginal coil).  

Imaging was classed as positive or negative for tumour from the MRI report: 

tumour was regarded as being present if explicitly stated so on the report or if 

the report indicated that it was highly probable. All other cases were regarded 

as being negative for tumour on MRI. The reported tumour volume on MRI 
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(measured as the total tumour area delineated multiplied by the slice thickness) 

and the presence or absence of parametrial or lymph node involvement also 

was noted.  

HPV DNA, HPV RNA and MRI performed at diagnosis individually had high 

sensitivity for detecting disease. MRI was the most sensitive (90.9%) followed 

by HPV DNA (88.2%) and RNA (87.2%). Removal of cases with residual high-

grade dysplasia only (n=5) resulted in the sensitivity of MRI rising further to 

96.2%. The DNA and RNA based tests revealed a superior specificity (80.8% 

and 81.8%) compared with MRI (30.4%) (Table 3.1).  

Of the 16 cases in whom a false positive MRI was present, an HPV DNA test 

was available in 15. Of these, 14 (93%) were negative, so correctly predicting 

the absence of residual tumour. The mean volume of predicted tumour of the 16 

false positive cases on MRI was 0.21cm3 (range 0.02-0.8cm3). This indicates 

the potential value of HPV DNA testing for confirming the presence or absence 

of residual disease in patients with low volume tumours on MRI. 

 
HPV 

DNA 

HPV 

RNA 

MRI 

n= 82 55 79 

False negative 6 5 5 

True Positive 45 34 50 

True negative 21 9 7 

False positive 5 2 16 

Sensitivity (%) 88.24 87.18 90.91 

Specificity (%) 80.77 81.82 30.43 

Positive predictive value 

(%) 

90.00 94.44 75.76 

Negative predictive 

value (%) 

77.78 64.29 58.33 

Table 3-1 Performance of HPV DNA/RNA typing and MRI for detecting cervical cancer following diagnostic 
cone biopsy/ LLETZ 
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 Prospectively establishing the sensitivity and specificity of LOC 

technology using cytology samples  

 Study Design 

The MODULAR (MOlecular Diagnostics Using a novel LAb-on-a-chip and MRI 

for detecting cervical cancer) study was a prospective pilot study designed and 

implemented by myself. It was conducted in accordance with the Declaration of 

Helsinki (1964), and local R&D, Ethics Committee and Health Research 

Authority (HRA) approval. Written informed consent was obtained from each 

patient. Patients were studied in 3 groups 1) new diagnosis of cervical cancer 2) 

recurrence of cervical cancer 3) non-cancer (normal) controls. 

All patients with early cervical cancer referred to the Gynaecological Oncology 

Unit at The Royal Marsden Hospital and patients previously treated for early 

cervical cancer with evidence of recurrence on imaging were invited to 

participate. Women attending St George’s Hospital “Test of cure” colposcopy 

clinic after a previous treatment for high grade CIN or a follow up 1 year after a 

diagnosis of CIN1, who were judged to have a normal cervix on colposcopic 

examination and confirmed to be HPV negative and cytological normal(were 

invited to participate. The HPV status of participants was known after 

recruitment had taken place and was a key determinant of the patients sample 

usage. 

 Inclusion criteria: 

• Patients with early stage (FIGO 2009 Ib1 or earlier) cervical cancer 

(squamous or adenocarcinoma on histology) being considered for 

curative surgery. 
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• Patients treated for cervical cancer (squamous or adenocarcinoma on 

histology) with cytologically or histologically confirmed local recurrent 

disease. 

• Patients with normal cervix at colposcopic examination. 

Exclusion Criteria: 

• MRI incompatibility Ferromagnetic metal implants, claustrophobia () 

• Neuroendocrine or unusual histological subtypes.  

• Abnormal cervix seen at colposcopic examination (for Normal cervix 

cohort only). 

Withdrawal criteria:  

• Unable to obtain adequate cytology for assessment of tumour markers 

on lab-on-a-chip. 

• Unable to obtain histology/ cytology for validation of tumour presence/ 

absence 

• Inability to tolerate MRI examination. 

• In Normal cohort - HPV positive cytology sample 

A cervical specimen was taken using the Cervex broom-type brush and 

suspended in PreservCyt collection mediumeither at an out-patient visit or prior 

to an examination under anaesthesia (EUA) in all study subjects with cancer 

and stored as per manufacturers guidelines. In those patients with a normal 

cervix at colposcopy, the sample was taken as part of the colposcopic 

examination. The procedure involved the insertion of a speculum and taking a 
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swab from the cervix and/ or vaginal vault for tumour marker and HPV 

assessment. Additionally, a separate, sequential, cervical swab sample was 

examined conventionally to assess for cytology and HPV DNA and RNA typing 

as per Royal Marsden standard clinical practice. 

 

 Patient cohort 

Between August 2018 and June 2019, 44 patients were prospectively recruited 

to the MODULAR study. 27 patients had newly diagnosed cervical cancer 

(primary disease), 3 patients had recurrent cervical cancer and 14 patients were 

non-cancer (normal) controls. Mean age and BMI were 35.1 years (range 25-51 

years) and 23.7 (range 16.9-35.5) respectively.  

 

In the primary disease group, initial diagnosis was made with a LLETZ in 20 

patients and with punch biopsy in the remaining 7. Squamous cell carcinoma 

(SCC) was diagnosed in 17 patients and adenocarcinoma in 10 patients, with 

grade of disease distributed between well, moderate and poor differentiated in 

5, 14 and 4 cases respectively (4 patients were not graded on histology). 

Lymphovascular space invasion was present in 7 cases, absent in 17 cases 

and not mentioned in 3. 8 patients had radical hysterectomy, 11 patients had 

radical trachelectomy two of which followed neoadjuvant chemotherapy, 6 

patients had a cone biopsy and 2 patients underwent primary 

chemoradiotherapy following adverse findings at examination under 

anaesthesia.   
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Of the 27 cases with primary disease, 21 had tumour present on MRI (6 had no 

evidence of tumour on MRI). Of those with tumour present, 19 had surgery and 

2 had primary chemoradiotherapy. Of 19 MRI positive patients who went to 

surgery, 17 were confirmed as containing tumour at subsequent surgical 

histology. Patients (n=4) who received either neoadjuvant chemotherapy or 

primary chemoradiotherapy had their study cervical swab taken prior to 

treatment and were included in the analysis on the basis of their positive 

diagnostic biopsies.  In the 6 patients who were negative for tumour on MRI, 5 

cases had no residual disease on histology and 1 case had residual disease. 

Therefore, there were 22 cases with primary disease that were positive for 

tumour (17 with positive MRI, 1 with negative MRI and 4 treated with 

neoadjuvant chemotherapy or chemoradiotherapy) (Figure 3.3) 

 

As there were only 3 patients with recurrent disease, I combined the 

assessment of their tumour markers with the primary disease group. Therefore, 

the total number of patients with a positive diagnosis of cervical cancer were 25. 

The total number of patients with a diagnosis of cervical cancer but negative on 

final histology was 7 (2 positives on MRI and 5 negatives on MRI). 
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Figure 3-1 Management and histological status in patients with newly diagnosed cervical cancer recruited 
to the MODULAR study 

 

 

 

 

 DNA/ RNA marker yield 

Following DNA/RNA extraction the mean yield of DNA and RNA was 

31.79ng/uL and 57.37ng/uL respectively with a mean 260/280 ratio of 1.62 and 

2.01 indicating pure RNA was successfully extracted albeit with likely 

contamination remaining in the DNA samples. The extracted nucleic acid yield 

was insufficient in 1 patient, so they were excluded from further analysis.  

In the normal control group mean yield of DNA and RNA was 43.28ng/uL and 

56.07ng/uL respectively with a mean 260/280 ratio of 1.28 and 1.98, suggesting 
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that RNA extraction was successful, however some contaminants remained in 

the DNA samples. 

 

 Comparing LOC assay with PCR assays 

3.3.2.4.1 HPV 

27 patients with newly diagnosed or recurrent cervical cancer had HPV typing 

performed by The Doctors Laboratory (TDL)  The test used was the Abbott 

RealTime High Risk HPV DNA assay and/or the PreTect HPV-Proofer E6/E7 

mRNA assay, which I considered to be the gold-standard. This PCR test 

assesses for 14 possible HR- HPV DNA types and 5 HR-HPV RNA types.  This 

testing identified 19 patients who were positive for HPV DNA and/or RNA, (12 

Type 16, 5 Type 18, 1 Type 45 and 1 Type 31). 7 patients were negative for the 

presence of HPV DNA or RNA and in 1 case the results of the test were 

missing. As the LOC analysis only tested for HPV type 16 and 18, the 

performance of HPV testing between the LOC assay and TDL PCR was 

assessed only for these subtypes. Patients who were positive for Type 45 and 

31 were not included in the comparative analysis.  

 

The comparative performance of the LOC assay HPV DNA and mRNA type 

specific markers with their TDL PCR counterparts showed that of the 12 HPV-

16 cases detected by TDL PCR, 10 were detected with the LOC assay Type 16 

DNA primers. In one case, the LOC was positive for HPV-16 with no HPV DNA 

detected on TDL PCR. Of the 10 HPV-16 mRNA detected by TDL PCR, 7 were 

detected by the LOC assay primers. Sensitivity and specificity for HPV-16 DNA 
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on LOC assay compared to TDL PCR was 83.3% and 75% respectively, and for 

HPV-16 RNA was 63.6% and 100% respectively. 

The HPV 18 DNA pH-LAMP primers agreed with the 5 positive TDL PCR Type 

18 cases, however there was evidence of primer-dimer formation in PCR 

negative cases.  True Type 18 cases were positive in less than 8 minutes but 

typically showed primer-dimer formation after 20 minutes. The LOC assay Type 

18 mRNA detected all 5 Type 18 mRNA detected by the TDL PCR. There were 

no false positives on LOC assay HPV-18 mRNA. 

3.3.2.4.2 Tumour markers 

With hTERT the PCR test agreed with the findings from the hTERT LOC assay 

in all but two samples. The TERC/GAPDH DNA copy number PCR test was 

only successfully recorded in 19 of 28 samples and 9 of these had either 

differing technical replicates or a wide standard deviation between replicates.  

Similarly, with the MYC PCR assay a result wasn’t recorded in 6 samples and 

had differing technical replicates or with wide standard deviation in 10 cases.  

 

 Sensitivity and specificity of LOC assay and MRI for cancer 

detection 

MYC/GAPDH relative expression was recorded in all 28 patients on LOC assay 

and achieved a sensitivity of 58.8% and a specificity of 100% at a threshold 

relative expression of 0.155 for tumour detection. (Figure 3.4) 

 

Relative TERC/GAPDH DNA copy number was successfully recorded in 24 

cases on LOC and achieved a sensitivity of 40% and specificity of 100% for 

tumour detection. (Figure 3.5) 
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hTERT recorded a result in only 14 cases on the LOC test. In the normal 

controls it was positive at the outer limit of detection in 7 cases with a mean Ct 

of 42.9 minutes. Therefore, this was used as a Ct threshold for a positive result 

in the cervical cancer cases where it yielded a sensitivity of 45.5% and 

specificity of 100% for tumour detection.  

 

To evaluate the performance of the combined markers within the LOC assay in 

detecting residual disease two scenarios were applied. In the first, tumour was 

considered present if any tumour marker was present with or without HPV 

positivity and tumour absent if all tumour markers were absent regardless of the 

presence or not of HPV. Using these criteria, the LOC assay correctly predicted 

the presence of 14 tumours (true positive) and missed 4 tumours (false 

negative). There were 10 correct predictions of no residual disease (true 

negative) and no tumours incorrectly predicted as being present (false positive). 

This gave the LOC assay a sensitivity of 77.8%, specificity of 100%, positive 

predictive value of 100% and a negative predictive value of 71.4%. In the 

second scenario, tumour was considered present if any tumour marker or HPV 

was present, and tumour was considered absent if all tumour markers and HPV 

were absent. Using these criteria, the LOC scheme correctly predicted the 

presence of 17 tumours (true positive) and missed 1 tumour (false negative). 

There were 7 correct predictions of no residual disease (true negative) and 3 

tumours incorrectly predicted as being present (false positive). This gave the 

LOC assay a sensitivity of 94.4%, specificity of 70%, positive predictive value of 

85% and a negative predictive value of 87.5%. 
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Endovaginal MRI correctly predicted the presence of 15 tumours (true positive) 

and missed 1 tumour (false negative). There were 4 correct predictions of no 

residual disease (true negative) and 4 tumours incorrectly predicted as being 

present (false positive). This gave the MRI a sensitivity of 93.8%, specificity of 

50%, positive predictive value of 78.9% and a negative predictive value of 80%. 

 

 
 

 Establishing the diagnostic benefit of the LOC testing in patients 

with endovaginal MRI scans that are negative vs. positive for tumour 

In the MR positive patients, 3 patients were negative on all tumour marker and 

HPV tests, correctly recognising 2 of the 4 false positives on MRI. In the MRI 

negative patients, 3 patients were positive on at least 1 tumour marker or HPV 

test, correctly recognising the single false negative case on MRI. Taken 

together therefore MRI and LOC correctly identified tumour in 15 of 16 cases 

and excluded it in 5 of 8 cases. 
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Figure 3-2 Boxplot of relative expression of MYC/GAPDH mRNA between normal and residual tumour 

group 

 

 
Figure 3-3 Boxplot of relative copy number of TERC to GAPDH DNA in no residual tumour and residual 
tumour group 
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 Discussion 

This data indicates the feasibility of performing HPV and tumour marker testing 

using LOC technology and indicates its current accuracy in comparison to 

standard PCR systems. The ability to perform multiple marker testing at point-

of-care demonstrates the added value of this type of molecular testing in the 

diagnostic pathway of patients with early stage, small volume cervical cancers 

following cone biopsy or LLETZ, who undergo MRI for determining the presence 

and extent of residual disease prior to definitive surgery. The time to positive 

(TTP) of less than 25 minutes on the LOC platform for all tests further 

demonstrates the true point-of-care potential of this system to deliver rapid, 

accurate results in a portable platform. 

 

 Added value of HPV testing in diagnostic pathway of cervical 

cancer 

In the last decade advances in reducing the burden of cervical cancer have 

been made.  The HPV vaccination programme and switching to primary HPV 

screening present opportunities to dramatically reduce if not extinguish cervical 

cancer in the decades to come (175).  Cytological assessment has previously 

been the mainstay but suffers from a poor false negative rate, with evidence 

that almost 30% of invasive carcinomas follow a falsely negative cytology result 

(29).  HPV DNA testing is very sensitive (~95%) but lacks the specificity (30-

50%) required to be used as a sole screening tool to determine treatment(176). 

However, with appropriate triage tests initial evidence from large randomised 

trials suggest a 60-70% protection is conferred with HPV DNA screening 
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compared with cytology alone and may allow an extension of the screening 

interval to 5 years (46, 177) 

There are a wide range of commercially available HPV detection assays which 

are based on different techniques such as target amplification (mainly PCR), 

signal amplification, and probe amplification (178). There are a dozen HPV 

assays which have been clinically validated either through randomised trials or 

international equivalency criteria (48, 49, 179).  HPV E6/E7 mRNA tests (as 

described here) have superior specificity to HPV DNA tests (176). 

Overexpression of HPV E6 and E7 mRNAs has been evaluated as a marker for 

the transition from a productive infection to an abortive infection that eventually 

promotes cell transformation.  

Approaches also have been adopted to combine HPV DNA testing with cytology 

(180) to optimise the sensitivity and specificity of cancer detection and to avoid 

overload of colposcopy services given the relatively high prevalence in the 25-

30 year old group.  In the UK screening programme for example, a HPV DNA 

positive result is followed by a cytology analysis and if this is abnormal 

colposcopy is performed. If the cytology is normal a re-screen in performed in 

12 months.  If HPV persistence remains at 2 years or reflex cytology is 

abnormal at each stage a referral to colposcopy is made.. Alternative triage 

strategies include HPV genotyping to determine HPV 16/18 status as these 

types are associated most often with CIN2+, especially in younger women.  

This approach, however is not likely to be useful for older women as other HPV 

types are typically related to CIN2+ (181). 
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In these cases, utilization of HPV mRNA might provide substantial 

improvements in specificity for cancer detection in patients at high risk of 

invasive disease. 

 In areas with limited cervical screening programmes and without the high 

quality, well-resourced colposcopic service seen in developed countries, 

however, the benefit of a rapid, low-cost, point-of-care approach to cervical 

screening could potentially be transformational. It would provide the opportunity 

for developing countries to skip over several hurdles which developed countries 

have encountered in establishing their screening programmes (182).  An 

approach utilising a LOC which would allow for rapid determination of HPV DNA 

status with genotyping available may well provide an excellent solution in low-

resource settings.  The potential ability to deliver molecular based triage tests 

would allow an opportunity to improve the specificity of the HPV DNA test and 

reduce the overtreatment rate in a test and treat programme (33, 183). 

 

 Utility of tumour marker testing in cervical cancer 

The three pH-LAMP tests (hTERT mRNA, MYC mRNA and TERC DNA) each 

had poor sensitivity but excellent specificity for predicting the presence of 

residual tumour.  The need for three pH-LAMP nucleic tests is warranted to 

cover a range of possible scenarios; comparison between these showed that all 

3 were positive in 1 case, 2 were positive in 6 cases and 1 was positive in 7 

cases. The poor sensitivity of the tumour marker tests is counteracted by having 

the HPV markers included on the chip, as their sensitivity for detecting cancer 

was high. Jointly utilising HPV and tumour marker testing and interpreting the 

tumour marker status on those with positive HPV results would help differentiate 
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the true positives from those with an indeterminate result that require further 

investigation.  Conversely, it is also true that the few false negative cases seen 

with HPV DNA testing may be successfully detected by a positive tumour 

marker status.  

Other markers could be considered for inclusion on multiplexed chip technology 

in future. Because the expression of HPV viral E7 leads to an increase of cyclin-

dependent kinase inhibitor p16 (p16INK4a), p16 would be a possible candidate. 

However, as p16 overexpression, fundamentally is a marker of HPV infection, I 

chose not to select it for the current study. It provides a similar sensitivity and 

specificity profile to the HPV markers. A meta-analysis of seventeen studies 

showed a pooled sensitivity and specificity of p16INK4a to detect CIN2 or worse 

in patients with squamous intraepithelial lesions was 83.8% and 65.7% 

respectively (184).  

DNA methylation of several human genes has been shown to be also a relevant 

event for cervical carcinoma development. The use of differential methylation 

hybridization using a pilot methylation array allowed the identification of SOX1, 

NKX6-1, PAX1, WT1, and LMX1A as frequently methylated genes in cervical 

cancer and precursor lesions(185) . In future, optimal marker selection and 

methods to identify DNA methylation may substantially improve the sensitivity of 

the tumour marker testing. 

 

 Patient recruitment limitations 

Recruitment of patients with newly diagnosed cervical cancer and those with a 

diagnosis of no disease was straightforward in an oncology or colposcopy clinic 

respectively and exceeded expectation. The patients were recruited over 10 
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months. However, recruitment of patients with recurrent disease was more 

difficult. This was largely due to the smaller numbers of patients with recurrent 

disease referred for surgical treatment, and the difficulty with obtaining consent 

for a diagnostic study at a time in the patient pathway when they were receiving 

devastating news about the recurrence of their disease. I approached 6 patients 

with recurrent cancer, 3 of whom agreed. Additional vaginal examinations and 

swabs from patients post radiation therapy is also uncomfortable and seen by 

many patients as an unacceptable added intervention. In future, obtaining this 

material at the time of pelvic exenteration may be more clinically acceptable. 

Amalgamation of the newly diagnosed and recurrent cervical cancer into a 

single group meant that the assessment of this technique for diagnosing 

recurrent disease per se could not be established.  

 

 

 Summary 

• The sensitivity and specificity of HPV 16 and 18 DNA and RNA 

compared to MRI for early detection of cervical cancer has been 

established in a retrospective study (HPV DNA 88.2% and 80.8%; 

HPV RNA 87.2% and 81.8% and MRI 96.2% and 30.4%)  

• The LOC LAMP assays have been prospectively trialled using 

cytology samples from patients with newly diagnosed and 

recurrent cervical cancer and in normal controls.  

• The sensitivity and specificity for HPV-16 DNA on LOC assay 

compared to TDL PCR was 83.3% and 75% respectively, and for 

HPV-16 RNA was 63.6% and 100% respectively. 
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• The sensitivity for hTERT, TERC and MYC were 45.5, 40.0 and 

58.8% respectively and specificities were 100%, 100% and 100% 

respectively.  

• The addition of LOC testing to endovaginal MRI in Stage 1b1 or 

earlier cervical cancer reduced the identification of false negative 

and false positive cases. 
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CHAPTER 4 Prognostic biomarkers in low volume 

cervical cancers suitable for trachelectomy: utilising 

radiomic features derived from T2- and diffusion-

weighted MRI  

 

4.1 Introduction 

 Prognostic biomarkers in early stage, low volume cervical tumours 

suitable for trachelectomy 

Stage 1 cervical cancer is primarily treated with hysterectomy, although less 

radical surgical options (cone biopsy, trachelectomy) are considered where 

fertility preservation is desirable (186-189).  Decisions regarding the type and 

extent of surgery and the subsequent need for adjuvant therapy depend on 

tumour resectability and the risk of recurrence. Biomarkers that predict more 

advanced disease (parametrial extension, lymph node metastasis) and 

recurrence are of paramount importance for selecting the most appropriate 

treatment options. In tumours >2cm in longest dimension, pre-operative tumour 

volume is a powerful adverse prognostic factor associated with reduced overall 

survival (190, 191). Other prognostic factors, such as tumour type, grade, 

lymphovascular space invasion (LVSI) and depth of stromal invasion are 

derived from a biopsy (192-195), and therefore may not represent the tumour in 

its entirety.   
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 Potential of imaging-derived prognostic biomarkers 

Prognostic biomarkers derived from imaging a cervical tumour would be more 

representative of the whole tumour and so are potentially preferable or additive 

to information from biopsy. They have potential to provide prognostic 

information and enable selection of the optimal surgical management at the 

outset in Stage 1 disease. 

Magnetic Resonance imaging is routinely used to detect and stage cervical 

cancer, where T2-W and diffusion-weighted (DW) imaging form the mainstay of 

diagnostic sequences (79, 196). Derivation of an apparent diffusion coefficient 

(ADC) from the DW images (85) and analysis of first order histogram 

distribution of ADC values has been shown to predict histological subtype (86, 

87), staging (88),  parametrial invasion (89), LVSI (90) the response to chemo-

radiotherapy (197) and to aid surgical decision-making (91). However, these 

first-order statistical quantitative imaging data remain limited in their prediction 

of likely recurrence (92).  It is possible to refine image analysis and convert the 

T2-W (93)  and DW (94)  imaging data into a high-dimensional feature space 

using algorithms to extract a more extensive set of statistical features within the 

data. This type of analysis, referred to as “radiomics” (cf 1.7), requires that the 

data have a high signal-to-noise ratio to reduce error in the analysis from image 

noise; this is achievable in cervical cancer using an endovaginal MRI technique 

(95).  

 

4.2 Aim 

To identify radiomic features of cervical cancers on endovaginal MRI that differ 

between tumours below and above the volume threshold of eligibility for 
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trachelectomy (less or greater than 4.19 cm3, equivalent to a 2cm diameter 

spherical tumour volume) and to determine their value in predicting lymph node 

metastasis and recurrence in patients in the low-volume tumour group.  A 2cm 

diameter tumour is typically the threshold for fertility sparing surgery such as 

trachelectomy (187). 

4.3 Methods 

 Study Design 

I analysed data from a single-institution that recruited patients prospectively 

within an institutional review board (IRB) approved research study to document 

imaging features of cervical cancer indicative of poor outcome. (NCT01937533). 

This included patients with histologically confirmed cervical cancer, presumed 

Stage 1 or 2 (FIGO 2009 (52). Patients were imaged with an endovaginal MRI 

technique between March 2011 and October 2018 and were potentially suitable 

for surgical management (trachelectomy or hysterectomy). All patients gave 

written consent for use of their data.  All patients were treated with curative 

intent with either surgery or chemoradiation following MRI and staging 

investigations.  Surgical options included cold-knife cone, trachelectomy or 

hysterectomy depending on their suitability for fertility preservation and their 

desire for continued fertility.  A pelvic lymphadenectomy was performed in all 

cases. 

Clinico-pathological metrics recorded in each case were tumour volume, type, 

grade, LVSI, parametrial invasion, Depth of Invasion and lymph node 

metastasis. Patients were followed up for median of 35 months (3-92). Median 

time to recurrence was 7 months (3-62 months). 
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 Study participant selection 

378 consecutive patients were imaged over the defined study period. In 98 

cases, tumour was not identified on MRI while in 127 cases tumour was poorly 

identified and volume was <0.07 cm3, (62 of these had negative histology). Of 

the remaining 153 patients, 10 had non-cervical origin tumours on histology, 12 

had histology other than squamous or adenocarcinoma (clear cell or 

neuroendocrine histology), 2 had metastatic disease, in 3 the whole tumour was 

not within the imaged field-of-view, and 1 did not have a diffusion-weighted 

images (Figure 4.1). These 28 exclusions resulted in 125 patients with 

histologically confirmed residual squamous-or adeno carcinomas that could be 

defined on MRI and were therefore eligible for analysis. No patients had to be 

excluded on the grounds of image artefact degrading the data. In patients who 

underwent primary surgery, the post-operative histological diagnosis was taken 

as the gold-standard. In those who received chemoradiation therapy, their pre-

treatment histological diagnosis was taken as the gold-standard.  In assessing 

lymph node status, surgical pathology was the reference gold-standard in those 

undergoing surgery, and imaging (MRI or PET-CT) was the reference gold-

standard in those treated with chemoradiation.  
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Figure 4-1 Flow chart of study criteria 

 
 

March 2011 – October 2018 
Endovaginal MRI scans n= 378 

MRI – no tumour present n= 98 
Tumour poorly identified on MRI n= 127 

 

Tumour present on MRI and post-operative 
specimen n = 153 

 

Tumour out of field of view n=3 
No DWI n=1 

Histology non-cervical in origin, n= 10 
Histology clear cell or neuroendocrine n= 12 

Metastatic disease n= 2 
 

Low tumour volume < 4.19 cm3 n= 79 

 

ELIGIBLE PATIENTS 
histologically confirmed squamous or 

adenocarcinoma of the cervix and whole 
tumour imaged with T2-W and DWI 

n = 125 

 

High tumour volume > 4.19 cm3  

n = 46 

 

Low volume – treated with surgery n= 70 

 

Treated with chemo-radiation n = 9 

Low volume – treated with surgery with follow up 
ANALYSED FOR PREDICTION OF 

RECURRENCE 
n= 68 

 

Lost to follow-up n= 2 
 

ANALYSED FOR PREDICTION 
OF LYMPH NODE METASTASIS 

n= 79 
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 MRI 

4.3.3.1 Scanning procedure 

All scans were performed on a 3.0 Tesla Philips Achieva (Best, The 

Netherlands) with a dedicated in-house developed 37 mm ring-design 

solenoidal receiver coil that has been previously described and extensively 

used for assessing early stage cervical cancer at the Royal Marsden Hospital 

(Figure 4.2) (20, 21, 24). 

  

Figure 4-2 Ring design solenoidal Endovaginal receiver coil used for imaging 

  

Cervical position was determined at vaginal examination, after which the coil 

was inserted and placed around the cervix by the radiologist. Image distortion 

from susceptibility artefacts were reduced by aspiration of vaginal air via a 4 

mm diameter tube (Ryles; Pennine Healthcare, London, England). The 

administration of Hyoscine butyl bromide (Buscopan) 20 mg IM decreased 

artefacts from bowel peristalsis.  

4.3.3.2  MRI protocol 

T2-W images were obtained in three planes orthogonal to the cervix: TR/TE 

2750/80 ms (coronal and axial) and 2500/80 ms (sagittal); field of view (FOV) 

100 mm x 100 mm; acquired voxel size 0.42 x 0.42 x 2 mm; reconstructed voxel 

size 0.35 x 0.35 x 2 mm; slice thickness 2 mm; slice gap 0.1 mm; 24 coronal 

and 22 sagittal slices; number of signal averages (NSA) 2. Additionally, 
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matched Zonal Oblique Multislice (ZOOM) diffusion-weighted images (DWI) 

were acquired: TR/TE 6500/54 ms; b-values 0, 100, 300, 500, 800 s/mm2; FOV 

100 x 100 mm; acquired voxel size 1.25 x 1.25 x 2 mm; reconstructed voxel 

size 0.45 x 0.45 x 2 mm; slice thickness 2 mm, slice gap 0.1 mm; 24 slices, 

NSA 1. ADC maps were automatically generated by the scanner software. 

These were compared with T2-W images to identify the presence and extent of 

a tumour within the cervix. Mass-lesions disrupting the normal cervical epithelial 

architecture that were intermediate signal-intensity on T2-W images with 

corresponding restriction on the ADC maps were recognized as tumour (Figure 

4.3). 
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Figure 4-3  T2-W (a) and ADC map (b) in a 33- year old patient with a 0.8 cm3 volume tumour that had 
high dissimilarity (0.808). Regions-of-interest delineate the tumour. The intermediate signal-intensity 
tumour on the T2-W imaging (arrow) is restricted in diffusion on the ADC maps (arrow). Tumour was 
confined to the cervix, and the patient remains disease-free following trachelectomy. T2-W (c) and ADC 
map (d) in a 26 year old patient with a 0.9 cm3 volume tumor that had low dissimilarity (0.489). The 
intermediate signal-intensity tumor on the T2-W imaging (c) is restricted in diffusion on the ADC maps (d). 
Regions-of-interest delineate the tumor. Tumor was confined to the cervix, but despite negative nodes on 
surgical histology, the patient recurred centrally after 9 months.   

4.3.3.3 Analysis: extraction of texture features 

Scans were anonymised (DicomBrowser, Neuroinformatics Research Group, 

Washington University, St Louis, MO) and transferred to an XNAT(198, 199) 

image repository. Images were imported into OsiriX (Pixmeo SARL, Bernex, 

Switzerland) and 2D regions-of-interest (ROI) were drawn by a radiologist, (25 

years’ experience) on the coronal T2-W and ADC maps on every slice 

demonstrating tumour (Figure 4.3). 2D ROI contours were aggregated using a 
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custom Python script, integrated into OsiriX via pyOsirix (200) and exported as 

a single 3D volume (VOI) in DICOM RT-STRUCT format, which was then 

uploaded to XNAT. Custom in-house software (MATLAB, MathWorks, Natick, 

MA) was used to extract Grey Level Co-occurrence Matrix (GLCM) features 

(Haralick texture analysis (201, 202)) from the both the T2-W images and ADC 

maps.  

 Statistical analysis 

Statistical analysis was performed with R (R Core Team (2019), Vienna, 

Austria. http://www.R-project.org). Correlations between features indicated 10 

distinct feature clusters by creating a dissimilarity measure from a distance 

matrix (Figure 4.4). 

 

 

 Figure 4-4 Heatmap of correlations between Haralick features 

http://www.r-project.org/
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Several of the texture features were very highly correlated (r=0.97-1) and were 

successfully clustered. The feature with the greatest dynamic range from each 

cluster was selected for investigation (Table 4.1): these were Dissimilarity, 

Contrast, Energy, Entropy, ClusterProminence, ClusterShade, InverseVariance, 

Correlation, Autocorrelation and InformationalMeasureCorrelation2.  Contrast 

and Entropy, although not clustered with Dissimilarity and Energy respectively, 

were highly correlated (R>0.9), and were removed.   

 

 

 

 

Texture feature colour coded by cluster 
Dynamic 

range 

InverseVariance 14.18 

Energy 13.43 

MaximumProbability 7.62 

Entropy 4.87 

SumEntropy 4.24 

Autocorrelation 8.05 

SumAverage 2.95 

Contrast 106.39 

InverseDifferenceMomentNormalised 1.06 

Dissimilarity 39.41 

DifferenceEntropy 11.29 

Homogeneity2 2.11 

Homogeneity1 1.89 

InverseDifferenceNormalised 1.17 

Correlation 16.47 

InformationalMeasureCorrelation1 0.13 

ClusterShade -2.52 

ClusterProminence 177.40 

ClusterTendency 36.30 

SumVariance 36.30 

InformationalMeasureCorrelation2 3.14 

 Table 4-1 Clusters of Haralick features that are significantly correlated and their dynamic ranges 
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A Shapiro-Wilk test was performed to test for normality. Features did not have a 

normal distribution were compared with non-parametric tests. A Mann-Whitney 

(U) test with Bonferroni correction was applied to assess the differences in 

texture features between tumours greater than or less than 4.19 cm3 on T2-W 

imaging (volume threshold of eligibility for trachelectomy, designated as high-

volume and low-volume tumours). A p-value <0.05 was taken to be significant.  

Stepwise logistic regression was used to determine which combination of 

features from each category (ADC-radiomics, T2-W-radiomics and clinico-

pathological metrics) were indicative of lymph node metastasis or recurrence. 

The recurrence analysis was done in 2 scenarios i) in all patients with low-

volume tumours using adjuvant therapy as a feature in the model; ii) in only 

those patients who did not receive adjuvant therapy. The logistic regression 

coefficients were used to combine the features identified from each scenario to 

generate Receiver operating characteristic (ROC) curves for ADC-radiomic 

features and for T2-W radiomic features predicting recurrence in low-volume 

tumours. These were compared with the ROC curve of the clinico-pathological 

features identified in both scenarios using the Akaike information criteria (AIC). 

Further improvements in predicting recurrence were investigated by combining 

the features identified in the ADC-radiomic and T2-W radiomic models with the 

clinico-pathological features and evaluated with a Chi-square test.  A bootstrap 

resampling (n=1000) procedure was performed to obtain estimates of optimism 

in the regression models to provide a bias-corrected AUC value through a 

Somers’ D rank correlation metric whereby AUC = (1 + Somers D)/2. The rms: 

Regression Modelling Strategies R package, version 5.1-0 was used.  
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4.4 Results 

 Patient demographics and clinical characteristics 

Eligible patients were aged between 24-89 years (mean 38.4 years) at primary 

treatment. Initial diagnosis was made with biopsy in 77 patients and large loop 

excision of the transformation zone (LLETZ) in 48 patients.  Biopsies confirming 

the presence of cancer were not large or deep enough to confirm tumour grade 

in 1 case or LVSI in 7.  

Of 125 patients, 79 were low-volume (range 0.26 – 4.17 cm3, mean 1.3 ± 1.2 

cm3); 70 were treated surgically and 9 with chemoradiation. Forty-six were high-

volume (range 4.2-56.1 cm3, mean 15.3 ± 11.7 cm3); 7 were treated surgically 

and 39 with chemoradiation.  Of the 79 patients with low-volume tumours 70 

were treated surgically, 2 patients did not have follow-up data, so that prediction 

of lymph node metastases was modelled on 79 patients and recurrence was 

modelled on 68 patients (Figure 4.1).  Patient and tumour characteristics in 

those with high- and low-volume tumours are detailed in Table 4.2.  

For the recurrence analysis, 54 of 68 patients in the low-volume group did not 

receive adjuvant therapy. Fourteen patients in the low-volume group received 

adjuvant therapy following surgery because of adverse features: 5 had 

unexpected lymph node metastases, 3 had unexpected extension of tumour to 

the parametrium, 1 had a 0.5 mm margin to the parametrium at surgical 

histology, 1 had spread to the vaginal cuff and 4 met 2 of the Sedlis criteria 

(LVSI) and deep stromal invasion). There were 7 recurrences overall: 5 in 54 

patients who had not and 2 in14 in patients who had received adjuvant therapy.  
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All 

tumours 

n=125 

High volume 

>4.19cm3 

n=46 

Low volume 

<4.19cm3 

n=68 

(Recurrence) 

n=68 

Low volume 

<4.19cm3 

n=79  

(Lymph node) 

Age, mean (range) 38.4 (65.0) 43.0 (64.0) 35.5 (38.0) 35.6 (38.0) 

BMI, mean (range) 25.7 (36.3) 26.2 (36.3) 25.5 (32.6) 25.4 (32.9) 

FIGO stage, n      

1 59.2 (74) 5 91.2 (62) 87.3 (69) 

2 40.8 (51) 41 8.8 (6) 12.7 (10) 

Histological subtype, % 

patients (n) 

    

Squamous 61.6 (77) 78.3 (36) 51.5 (35) 51.9 (41) 

Adenocarcinoma 38.4 (48) 21.7 (10) 48.5 (33) 48.1 (38) 

Grade % patients (n)     

1 or 2 55.2 (69) 52.2 (24) 57.4 (39) 57.0 (45) 

3 43.2 (54) 43.5 (20) 42.6 (29) 43.0 (34) 

Unknown 1.6 (2) 4.3 (2) 0 0 

LVSI,  % patients (n)      

Positive 27.2 (34) 15.2 (7) 35.3 (24) 34.2 (27) 

Negative 65.6 (82) 67.4 (31) 64.7 (44) 64.6 (51) 

Unknown 7.2 (9) 17.4 (8) 0 1.2 (1) 

Depth of Invasion, 

mean (range) 

7.1 (20.4) 6.0 (19.0) 7.3 (20.4) 7.4 (20.4) 

Parametrial invasion % 

patients (n) 

    

Positive 32.8 (41)      76.1 (35) 4.4 (3) 7.6 (6) 

Negative 67.2 (84)      23.9 (11) 95.6 (65) 92.4 (73) 

Lymph node 

metastasis, % patients 

(n) 

    

Positive 31.2 (39) 58.7 (27) 8.8 (6) 15.2 (12) 

Negative 68.8 (86) 41.3 (19) 91.2 (62) 84.8 (67) 

Treatment, % patients 

(n) 

    

Surgery 61.6 (77) 15.2 (7) 100 (68) 88.6 (70) 

Chemoradiation 38.4 (48) 84.8 (39) 0  11.4 (9) 

Surgery, % patients (n)      

Cold Knife Cone CKC 0 0 0 0 

Trachelectomy 48.1 (37) 14.3 (1) 50 (34) 51.4 (36) 

Hysterectomy 51.9 (40) 85.7 (6) 50 (34) 48.6 (34) 

Adjuvant treatment 

after surgery,% (n) 

    
Yes 23.4 (18) 28.6 (2) 20.6 (14) 22.9 (16) 

Recurrence, % patients 

(n) 

    

Yes 16.0 (20) 26.1 (12) 10.3 (7) 10.1 (8)*  
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 Differences in texture features based on tumour volume and clinico-

pathological metrics 

The number of voxels in the T2-W images ranged from 17441-209892 in the high-

volume tumours (median 38597) to 107-17324 in the low-volume tumours 

(median 2207 for n=68, 2750 for n=79). The number of voxels in the ADC maps 

ranged from 10497-140650 in the high-volume tumours (median 26812) to 75-

13294 in the low-volume tumours (median 1754 for n=68, 1927 for n=79).   

From heat-maps of correlated texture features, ten texture feature clusters were 

identified (Table 4.1). After Bonferroni correction, 6 texture features on both 

ADC maps and T2-W images (Table 4.3) remained significantly different 

between the high- and low-volume tumours, namely Dissimilarity, Energy, 

ClusterShade, ClusterProminence, InverseVariance and Autocorrelation. An 

additional feature on T2-W imaging (Correlation) differed between groups 

(Table 4.3). 

In low-volume tumours, Dissimilarity and Energy differed in patients without and 

with LVSI. However, none of the Haralick features from ADC maps or T2-W 

images differed between adeno- and squamous cancers, low and high-grade 

tumours, or those with negative vs. positive lymph node status.  

 

  

No 78.4 (98) 65.2 (30) 89.7 (61) 86.1 (68) 

Unknown 5.6 (7) 8.7 (4) 0 3.8 (3) 

Table 4-2 Patient characteristics for all tumours and for low- and high-volume tumour sub-groups (*1 

treated with chemoradiotherapy) Data available for Recurrence group n=68, Lymph node group n=79. 
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 Median low 

volume 

N=79 

IQR  

low volume 

N=79 

 

Median  

high volume 

N=46 

IQR   

high 

volume 

N=46 

 

Adjusted 

p-value 

Dissimilarity 
ADC 0.64 0.28 0.35 0.17 1.22E-11 

T2W 0.49 0.32 0.25 0.12 4.31E-14 

Energy 
ADC 0.15 0.11 0.30 0.21 3.76E-09 

T2W 0.20 0.13 0.34 0.2 7.55E-10 

InverseVariance 
ADC 0.41 0.08 0.29 0.13 2.84E-11 

T2W 0.38 0.12 0.23 0.10 9.61E-13 

ClusterProminence 
ADC 29.33 40.77 10.52 10.11 5.95E-08 

T2W 22.66 24.14 8.03 6.50 1.49E-09 

ClusterShade 
ADC 2.82 3.62 1.26 1.42 3.84E-03 

T2W 2.29 2.28 1.18 1.30 0.02 

Autocorrelation 
ADC 11.41 5.68 9.13 4.64 0.02 

T2W 11.65 8.69 6.08 3.64 8.22E-09 

Informational Measure 

Correlation2 

ADC 0.63 0.21 0.54 0.07 0.08 

T2W 0.67 0.16 0.68 0.22 1 

Correlation 
ADC 0.44 0.18 0.47 0.07 0.89 

T2W 0.55 0.23 0.62 0.26 0.03 

 

 

  

Table 4-3 Texture features derived from ADC maps and T2-W images showing differences between low- 
and high- volume tumours 
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 Clinico-pathological features as predictors of lymph node 

metastasis or recurrence 

4.4.3.1 As predictors of lymph node metastasis 

 

The AUCs and 95% CI for individual clinico-pathological features for predicting 

lymph node metastasis in all low-volume tumours (n=79) were: (tumour type 

(0.560 [0.403-0.718]), grade (0.606 [0.465-0.748]), LVSI (0.591 [0.433-0.749]) , 

Depth of Invasion (0.546 [0.311-0.781 and T2-W tumour volume (0.649 [0.455-

0.843]). 

Regression modelling indicated that tumour type and LVSI were indicative of 

lymph node metastasis (AUC=0.631, CI = 0.444-0.817 and AIC 69.17). 

4.4.3.2 As predictors of recurrence 

 

The AUCs and 95% CI for individual clinico-pathological features for predicting 

recurrence in all low-volume tumours (n=68) regardless of adjuvant therapy 

were: (tumour type (0.548 [0.340-0.756]), grade (0.501 [0.294-0.709]), LVSI 

(0.537 [0.347-0.728]) , Depth of Invasion (0.553 [0.291-0.814]), lymph node 

metastasis (0.530 [0.386-0.675]) and T2-W tumour volume (0.691 [0.448-

0.934]). Adjuvant treatment had an AUC of 0.544 [0.357-0.732]. When patients 

receiving adjuvant therapy were excluded (n=54), the AUCs were: tumour type 

(0.555 [0.305-0.805]), grade (0.504 [0.254-0.754]), LVSI (0.633 [0.570-0.695]), 

Depth of Invasion (0.510 [0.214-0.807]), lymph node metastasis (0.510 [0.490-

0.530]) and T2-W tumour volume (0.629 [0.327-0.931]). Regression modelling 

which included adjuvant therapy as a confounding feature indicated that volume 

and Depth of Invasion were indicative of recurrence (AUC=0.766 CI 0.562-
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0.970), but that when patients who received adjuvant therapy were excluded, 

LVSI alone was predictive of recurrence (AUC= 0.633 95% CI 0.570-0.695). 

Combining T2-W volume, Depth of Invasion and LVSI predicted recurrence in 

all 68 low-volume tumours with an AUC 0.794 (95% CI 0.617- 0.971) and AIC of 

45.684.   

 Texture features from ADC maps  

 As predictors of lymph node metastasis 

When considering 79 patients with low-volume disease, the texture features 

Dissimilarity, Energy, InverseVariance, ClusterProminence, ClusterShade, 

Autocorrelation and Volume derived from ADC maps had an AUC of 0.716, 

0.654, 0.650, 0.664, 0.561, 0.445 and 0.647 for predicting lymph node 

metastasis. (Figure 4.5, Table 4.4). When all low-volume tumours were 

considered, a regression model indicated that no combination of texture 

features improved prediction of lymph node metastasis over and above the 

performance of Dissimilarity.  Combining metrics from ADC maps and clinic-

pathological models (addition of LVSI and Type) improved the prediction 

significantly. (AUC 0.713, CI 0.617-0.916, AIC 64.25, p = 0.009) 

 

4.4.4.2 As predictors of recurrence 

When considering all 68 patients with low-volume disease, the texture features 

Dissimilarity, Energy, InverseVariance, ClusterProminence, ClusterShade, 

Autocorrelation and volume derived from ADC maps had an AUC of 0.775, 

0.635, 0.674, 0.646, 0.508, 0.665 and 0.672, respectively for predicting 

recurrence. (Figure 4.6, Table 4.5). A regression model indicated that when 

combined, Dissimilarity and Energy were contributory to prediction of 
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recurrence (AUC=0.864, 95% CI =0.772-0.956, AIC 41.044). However, when 

patients who had adjuvant therapy were excluded, only Dissimilarity was 

predictive of recurrence (AUC=0.853, 95% CI=0.725-0.981).  

Combining metrics predictive of recurrence from ADC-radiomic and clinico-

pathological models (Dissimilarity and Energy with T2-W volume+Depth of 

Invasion+LVSI ) significantly improved prediction of recurrence in all 68 low-

volume tumours   (AUC=0.916, 95% CI 0.837-0.994, with 100% sensitivity, 77% 

specificity, p=0.006, AIC=39.638, Table 4) compared to the combined clinico-

pathological model of T2-W volume+Depth of Invasion+LVSI. 

 Examples of tumours with high Dissimilarity, and low Energy vs. low 

Dissimilarity and high Energy respectively are illustrated in Figure 1.   

 Texture features from T2-W imaging  

4.4.5.1 As predictors of lymph node metastasis 

When considering 79 patients with low-volume disease, the texture features 

Dissimilarity, Energy, InverseVariance, ClusterProminence, ClusterShade, 

Autocorrelation, Correlation and Volume derived from T2-W images had an 

AUC of 0.689, 0.611, 0.709, 0.468, 0.721, 0.682, 0.746 and 0.649  for predicting 

lymph node metastasis. (Figure 4.5, Table 4.4). When combined in a regression 

model InverseVariance, ClusterProminence and ClusterShade predicted lymph 

node metastasis more successfully. (AUC = 0.821, 95% CI = 0.666-0.975, AIC 

= 59.75) Combining metrics from T2-W and clinic-pathological models (addition 

of LVSI and Type) improved the prediction significantly. (AUC 0.786, CI 0.707-

0.997, AIC 58.81, p = 0.001)  
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4.4.5.2 As predictors of recurrence 

When considering patients with low-volume disease, the texture features 

Dissimilarity, Energy, InverseVariance, ClusterProminence, ClusterShade, 

Autocorrelation, Correlation and Volume derived from T2-W images individually 

had an area under the curve (AUC) of 0.609, 0.604,0.671, 0.607, 0.628, 0.536, 

0.511 and 0.691 respectively for predicting recurrence (Table 4.5).   When all 

low-volume tumours were considered, a regression model indicated that no 

combination of features improved prediction of recurrence. When patients who 

had adjuvant therapy were excluded, Dissimilarity, Clusterprominence and 

InverseVariance together were predictive of recurrence (AUC=0.837, 95% 

CI=0.698-0.976). These features applied to all 68 patients gave an AUC of 

0.808 (95% CI=0.690-0.926, AIC=49.193). 

Combining metrics predictive of recurrence from T2-W-radiomic and clinico-

pathological models (Dissimilarity, ClusterProminence and InverseVariance with 

LVSI+Depth of Invasion+T2-W volume) did not significantly improve prediction 

of recurrence in low-volume tumours (AUC=0.906, 95% CI 0.822-0.991, p= 

0.09, AIC=45.128, Table 4.5) compared to the combined clinico-pathological 

model of T2-W volume+Depth of Invasion+LVSI.  
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Figure 4-5 Receiver Operating Curves showing sensitivity and specificity for prediction of lymph node 
metastasis by texture features in 79 patients with low-volume tumours.  Clinico-path model includes LVSI 
and tumour type, ADC Radiomic model includes Dissimilarity, T2W Radiomic model includes 

InverseVariance, ClusterProminence and ClusterShade. 
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Texture 

feature 

From AUC (CI) Threshold Sensitivity Specificity 

Dissimilarity 

ADC map 0.716  

(0.551-

0.882) 

0.428 50 92.5 

T2-W image 0.689  

(0.487-

0.891) 

0.311 50 92.5 

Energy 

ADC map 0.654  

(0.459-0.85) 

0.218 58.3 77.6 

T2-W image 0.611  

(0.416-

0.806) 

0.279 41.7 85.1 

Cluster 

prominence  

ADC map 0.664  

(0.476-

0.852) 

16.515 66.7 74.6 

T2-W image 0.468  

(0.285-

0.651) 

22.552 58.3 52.2 

Inverse 

variance  

ADC map 0.65  

(0.459-

0.842) 

0.40 66.7 65.7 

T2-W image 0.709  

(0.51-0.908) 

0.324 66.7 79.1 

Auto-

correlation  

ADC map 0.445  

(0.274-

0.617) 

11.427 58.3 52.2 

T2-W image 0.682  

(0.509-

0.854) 

9.679 75 64.2 

Correlation  

ADC map - - - - 

T2-W image 0.746  

(0.611-

0.882) 

0.597 83.3 73.1 

ClusterShad

e  

ADC map 0.561  

(0.387-

0.735) 

2.209 66.7 59.7 

T2-W image 0.721  

(0.599-

0.844) 

2.469 91.7 64.2 

Information

MeasureCor

relation2 

ADC map 0.419  

(0.168-0.67) 

0.666 57.1 60.7 

T2-W image  - - - - 

Volume 

ADC map 0.647  

(0.449-

0.845) 

2877.471 50 85.1 

T2-W image 0.649  

(0.455-

0.843) 

2471.788 50 86.6 

  

Table 4-4 Texture features derived from ADC maps and T2-W images in 79 low-volume tumours as 
predictors of lymph node metastasis 
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Texture 

feature 

From AUC (CI) Threshold Sensitivity Specificity 

Dissimilarity 

ADC map 0.775  

(0.646-0.904) 

0.635 100 61 

T2-W 

image 

0.609 

 (0.334-

0.883) 

0.318 43 89 

Energy 

ADC map 0.635  

(0.432-0.838) 

0.178 71 61 

T2-W 

image 

0.604  

(0.373-0.835) 

0.235 71 67 

Cluster 

prominence  

ADC map 0.646 

 (0.425-

0.868) 

53.789 100 33 

T2-W 

image 

0.607 

(0.364-0.849) 

12.113 43 85 

Inverse 

variance  

ADC map 0.674  

(0.496-0.853) 

0.443 100 38 

T2-W 

image 

0.665 

(0.444-0.886) 

0.349 71 66 

Auto-

correlation  

ADC map 0.665  

(0.497-0.833) 

11.978 100 41 

T2-W 

image 

0.628  

(0.463-0.793) 

8.921 100 38 

Correlation  

ADC map - - - - 

T2-W 

image 

0.536  

(0.326-0.746) 

0.524 71 57 

ClusterShade  

ADC map 0.508  

(0.292-0.724) 

5.75 100 23 

T2-W 

image 

0.511  

(0.274-0.747) 

3.474 86 26 

InformationM

easureCorrela

tion2 

ADC map - - - - 

T2-W 

image 

- - - - 

Volume 

ADC map 0.672  

(0.426-0.919) 

1292.136 71 64 

T2-W 

image 

0.691  

(0.448-0.936) 

1248.191 71 64 

 

 

 

Table 4-6 Texture features derived from ADC maps and T2-W images in 68 low-volume tumours as 
predictors of recurrence 
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 Validation of logistic regression models 

 

4.4.6.1 As predictors of lymph node metastasis 

Bias-corrected AUCs generated through a bootstrap resampling process 

showed reductions in AUC from 0.716 to 0.714 for the ADC-radiomic model 

(Dissimilarity), from 0.821 to 0.778 for the T2-W radiomic model (ClusterShade, 

InverseVariance and ClusterProminence) and from 0.631 to 0.572 for the 

clinico-pathological model (Tumour type and LVSI). The combined radiomic and 

clinico-pathological models were corrected from 0.766 to 0.713 (ADC-radiomic 

and clinico-pathological features) and from 0.852 to 0.786 (T2-W-radiomic and 

clinico-pathological features). Table 4.5 

 

4.4.6.2 As predictors of recurrence 

Bias-corrected AUCs generated through a bootstrap resampling process 

showed reductions in AUC from 0.864 to 0.824 for the ADC-radiomic model 

(Dissimilarity and Energy), from 0.808 to 0.716 for the T2-W radiomic model 

(Dissimilarity, InverseVariance and ClusterProminence) and from 0.794 to 0.718 

for clinico-pathological model (T2-W volume, depth of invasion and LVSI). The 

combined radiomic and clinico-pathological models were corrected from 0.916 

to 0.840 (ADC-radiomic and clinico-pathological features) and from 0.906 to 

0.822 (T2-W-radiomic and clinico-pathological features). Table 4.7 
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4.5 Discussion 

 Utility of radiomic features in planning management 

This data highlights the potential of texture feature analysis for predicting 

recurrence with potential to influence the surgical management of patients with 

early stage, low-volume cervical cancer. It means that surgical management 

can be altered, or appropriate patient counselling provided at the outset 

because the use of adjuvant therapy can be anticipated. The utility of such 

information would be particularly valuable in a young patient population seeking 

to retain fertility and minimize therapy. For instance, to avoid the toxicity of 

lymphadenectomy followed by adjuvant chemoradiation, patients with “good” 

radiomic features may elect to have sentinel node biopsy prior to curative 

treatment (surgery or chemoradiation). Additionally, patients could be 

counselled as to the need for adjuvant therapy at the outset. In larger tumours, 

where volume is a strong predictive factor of recurrence (203)  and survival (58) 

, the utility of additional radiomic analyses in altering management remains to 

be established. 

 

 Radiomic differences between high and low volume cervical 

tumours 

My data has identified the radiomic features from ADC maps and T2-W images 

that differ between high- and low-volume cervical tumours and shown that these 

features individually and in combination are useful for predicting parametrial 

extension, lymph node metastasis and recurrence in low-volume tumours. 

Patients in the high- and low--volume tumour groups were well matched by age, 

and although the low-volume tumours were by definition lower stage, there were 
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more adenocarcinomas and LVSI in this group, both of which adversely affect 

outcome. Radiomic differences between high and low-volume tumours were 

largely similar for both the ADC and T2-W data although regression models 

identified different combinations of features as being contributory to prediction 

of recurrence in each case. Moreover, although radiomic features differed 

between tumours with and without LVSI, they did not differ between other 

histological parameters of poor prognosis (type, grade, Depth of Invasion, LN 

metastasis), indicating that they are likely to be independent.  

A strength of this study was the derivation of the data using an endovaginal 

receiver coil, particularly in small volume tumours where it was possible to 

obtain a minimum of 100 voxels. This provided a substantial boost in SNR (95)  

and was invaluable for the assessment of the ADC data where external array 

imaging in the low-volume tumours would have limited the voxel numbers and 

precluded meaningful ADC feature analysis. 

Other retrospective studies have reported radiomic features derived from MRI 

and 18FDG-positron emission tomography (PET) scans of locally advanced 

cervical cancer treated with chemoradiotherapy. Radiomics features such as 

entropy from ADC maps and grey level non-uniformity from PET, respectively, 

have been shown to be independent predictors of recurrence and loco-regional 

control in these larger volume tumours with significantly higher prognostic 

power than usual clinical parameters (204) .This supports our findings where 

these features are shown to differ between high- and low-volume tumours and 

to be predictive of recurrence in the low-volume tumour group.  

The greater tendency to decreased Dissimilarity in larger tumours, indicates that 

grey levels in adjacent pixels were similar in larger tumours. Energy, which is a 
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measure of textural uniformity, and is highest when grey level distribution has 

either a constant or a periodic form, also was higher in larger tumours. A 

previous prospective study has confirmed the reproducibility of these features 

and their lack of dependence on regional ROI selection within the tumour (205), 

nevertheless we used whole tumour analysis in our study. A study by Hao et al 

has shown that radiomic analysis of the tumour periphery is informative in 

differentiating those likely to recur from those that do not (206), but the tumour 

volume in their cohort was high and patients were treated with chemoradiation. 

My data interrogates the differences in features between high- vs. low-volume 

tumours across the entire tumour volume and uses these features to recognize 

low- volume tumours with potentially poor prognosis. It confirms for the first time 

using radiomic analysis, that as cervical tumours grow, they tend to become 

texturally less dissimilar and more homogenous. This may well reflect the 

transition from a morphology where tumour elements are interspersed with 

normal cervical glandular elements and stroma in smaller tumours to more 

homogenous sheets of malignant cells as tumours increase in size and de-

differentiate.  

 

 Comparison of ADC and T2-W radiomic features 

T2W-radiomic features were less good than the ADC-radiomic features for 

predicting recurrence but were better than ADC in predicting lymph node 

metastasis. It may well be that the distribution of water within a tumour 

indicative of tumour architecture is associated more with lymph node 

metastasis, while the ADC features indicative of cellular density of tumours are 

associated more with recurrence. T2-W data also was affected by signal-
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intensity variations across the image, particularly in the presence of an 

endovaginal coil, which was not an issue with the quantified ADC from diffusion-

weighted images, which may have reduced its sensitivity for predicting 

recurrence. ADC-radiomics when combined with clinico-pathological features 

offered significant improvements for prediction of recurrence, however the T2-

W-radiomics did not as the model over-fitted the data. 

 

 Adjuvant therapy as a confounding factor 

The application of adjuvant therapy as a confounding factor represented an 

analysis dilemma: removal of patients with low-volume tumours on MRI who 

went on to receive adjuvant chemotherapy would have biased the sample and 

made it unrepresentative of the final application. On the other hand, retaining 

these patients in the analysis, potentially weakened the model because patients 

with MRI radiomics features indicative of a recurrence after surgery will have 

that recurrence prevented by the adjuvant treatment. My solution was to 

perform both sets of analyses. As predicted, when the patients who received 

adjuvant therapy were removed, the AUC of the model increased, but at the 

cost of a smaller sample size.  

 

 Study limitations 

This work has several limitations. First it is a single site study with a relatively 

small sample size, albeit from a quaternary referral gynaecological oncology 

centre which sees and treats a high volume of patients. The models haven’t yet 

been validated in an independent patient sample and this will be required to 

provide further evidence of the applicability of this technique. 



145 
 

Second, the recurrence rate was low (~10%) but is in keeping with expectations 

in this early stage, potentially curable disease. Even with a larger sample size, it 

would not have been possible to avoid such an imbalance between the 

recurrence and no-recurrence classes. Taken together, these factors lead to a 

model based on a small number of recurrences and the consequent risk of 

overfitting from the combined model, with a possibly over-optimistic value for 

the combined-model AUC. However, we show that for single-feature models 

any one of the ADC radiomic features Dissimilarity, Energy, InverseVariance, 

ClusterProminence, Autocorrelation or ADC volume performed better than the 

highest-scoring “clinico-pathological” features (T2-W volume and LVSI). 

Furthermore, when considering models based on just two features, the radiomic 

model (ADC Dissimilarity and Energy, AUC=0.864) compared well with the 

clinical model (T2-W volume and Depth of invasion, AUC=0.766). 

Third, patients were often diagnosed following a LLETZ biopsy which may 

remove a significant volume of disease, thus affecting the assessment at their 

staging MRI and confounding our results; this was the case in 1 patient in our 

study group. Nevertheless, in a clinical setting a LLETZ or cone biopsy is 

performed as part of the normal clinical pathway prior to MRI and imaging prior 

to a diagnostic LLETZ or cone biopsy is unlikely, making our results more 

applicable in a clinical workflow. In future, when determining the utility of 

radiomic features combined with other clinical and histologic assessments, use 

of MRI plus LLETZ volume is desirable.   

Finally, the current poor availability of endovaginal MRI limits radiomic 

assessments of low-volume tumours more widely. However, if further 

accumulation of cases confirms the predictive power of this model and that high 
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SNR enables its implementation, this will provide a justification for more 

widespread use of this MRI technique at specialist centres offering 

trachelectomy. Alternatively, improvements of SNR in non-endovaginal MRI 

may be required. 

 

4.6 Conclusions 

In patients with low-volume tumours, ADC-radiomic texture analysis is 

potentially a useful predictor of tumour recurrence. This can substantially impact 

the treatment planning and counselling of patients with low-volume tumours 

seeking fertility preservation. The regression model derived from this data 

requires validation in a test set. It should then be possible to set thresholds for 

the relevant radiomic and clinical factors and to use these in a nomogram to 

predict the likelihood of recurrence in a clinical setting. 
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CHAPTER 5 Conclusions and future work 

 

The work developed in this thesis has shown the potential capability of a lab-on-

a-chip device which can detect nucleic acid markers of both HPV infection and 

the host genomic consequences of persistent HPV effect resulting in 

malignancy.  Coupled with endovaginal MRI, we have shown the LOC assay 

can improve the detection and classification of patients with and without 

residual tumour prior to curative treatment for early stage cervical cancer.  We 

are at the pilot stage of development and have tested the assay and device on 

a small cohort of patients, albeit prospectively recruited.  Several further 

developments and testing processes are required prior to the utilisation of this 

technique being realised. 

 Technical advancements required 

Currently, the time it takes to set up each LOC experiment would preclude the 

testing of each MODULAR sample with each marker as this would be over 200 

individual experiments.  The next step in the development of this system is the 

construction and testing of a microfluidic platform which is able to 

compartmentalise the prepared sample into several chambers, each with their 

own pH-LAMP tumour marker primer set, to allow an array of tests to be 

performed on-chip at once.  This process has already begun to be tested by 

colleagues at Imperial College London, by 3D printing a microfluidic chamber 

which allows to compartmentalise the LOC array into two distinct testing areas.  

This has been successfully trialled as part of their development of a COVID-19 

LOC test platform (207). 
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There are several aspects which require development to allow for multiplexing 

of several markers per sample.  The microfluidic will need to reliably distribute 

equal volumes of the lysate to the chip array. There needs to be a solid seal 

between chambers to avoid cross-contamination of the lysate with different 

primer sets.  The reaction mixture and primer sets need to be optimised for 

lyophilisation so that assay specific chips can be used and stored easily.  A 

component of multiplexing which could be utilised is being developed by my 

colleagues at Imperial College London whereby simultaneous absolute 

quantification using standard curves employing only a single channel or 

detector platform through establishing multi-dimentional standard curves of the 

multiplexed targets (208, 209). 

Similarly, a sample preparation component will also need to be developed as I 

used existing bench-based DNA/RNA extraction methods to provide the highest 

quality nucleic acid samples to be tested.  A method, either heat or chemical 

lysis, will need to be developed which allows for the direct testing of the lysed 

cervical cell samples delivered via a microfluidic platform as described above.  

As the cervical swab sample predominantly consists of exfoliated cells, mucous 

and occasionally small amounts of blood this process should, in comparison to 

cell-free DNA testing in blood, be relatively straightforward to deliver. 

 Further testing 

 LOC device 

Once development of the LOC device is completed a number of testing phases 

will need to be completed prior to its ultimate use.  The MODULAR samples 

have not yet been validated on the LOC device as explained above and this 

would need to take place to ensure that the lower cellularity of a cytological 



152 
 

sample, and therefore lower concentration of nucleic acids available to detect 

the markers in, compared with the solid tumour samples the LOC device has 

been currently tested on. The LOC assay performed with high analytical 

sensitivity on the Lightcycler benchtop platform and so it is unlikely that the LOC 

device would have a dramatically different comparative sensitivity. 

The HPV DNA LAMP primers used in the experiments were drawn from Luo et 

al (170) but certainly did not perform as well as expected, especially HPV Type 

18.  Alternative primer sets would need to be tested and validated either from 

existing published work or designed in-house.   

The tumour markers used were only tested against the presence or absence of 

tumour.  If the LOC device were to be used in the setting of a point of care 

screening tool, predominantly as a HPV DNA or RNA primary screen with 

additional nucleic acid based molecular triage markers, a detailed examination 

of the triage markers used would need be made to determine the ability to 

discriminate pre-malignant lesions from normal or CIN1 for example. The device 

and included HPV DNA/RNA primer sets would need to be validated against the 

Meijer criteria or more likely the VALGENT criteria, as genotyping would be an 

integral advantage the device would offer a multiplex detection capability. 

A large scale prospective trial whereby a comparison against clinically validated 

assays used as part of a nationwide screening programme were used to 

determine the relative sensitivity and specificity of the LOC assay and device. 

The careHPV test which is aimed at the LMIC setting does not yet conform to 

the Meijer criteria as its relative sensivity is inferior to HC2 (33).  This would 

need to be performed firstly in the confines of a laboratory environment to 

provide optimal experimental conditions prior to its testing at the point-of-care, 
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perhaps in a prospective trial in partnership with a LMIC looking to provide a 

low-cost screening programme. The LOC approach would meet the ASSURED 

(Affordable, Sensitive, Specific, User-friendly, Rapid and robust, Equipment-free 

and Deliverable to end-users) criteria set out by the World Health Organization 

(210). 

 Radiomic analysis from endovaginal MRI 

The radiomic analysis predicting the risk of lymph node metastasis or 

recurrence was developed on a single cohort of patients and the risk of 

overfitting the model on training data is a key consideration of the usefulness 

and applicability of the technique.  We attempted to ameliorate the risk with our 

strategy of bootstrapping but ultimately applying the radiomic analysis on a 

entirely separate validation cohort would be the true test of the technique.  A 

validation cohort of patients have been identified as they were recruited 

following the cessation of my project and this work will be able to be validated 

once enough time has elapsed to allow the recurrence data to mature.  This is 

likely to be at least 2 years as the majority of recurrences in early cervical 

cancer occur by this period.  If the validation process confirms the success of 

the technique it would open up the possibility of significant avenues of future 

work.   

The endovaginal MRI technique is limited to two institutions and so a 

retrospective analysis of patients across the country would not be possible.  A 

prospective trial encompassing a collaboration of a number of institutions with 

high-throughput of early cervical cancer would be needed to truly validate the 

work. 
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An opportunity to combine the power of HPV DNA testing and endovaginal MRI 

to detect residual disease could potentially allow a change in the treatments 

offered to patients with early cervical cancer.  Following the publication of the 

LACC trial  (211) a shift from minimally invasive approaches to performing 

radical hysterectomy has occurred due to the increased risk of recurrence 

following a minimal access approach.  The SUCCOR study has suggested the 

uterine manipulator as the culprit in this discrepancy in recurrence risk (212).  

However, in the original oral presentation by Chiva et al suggested that those 

who had previous conisation or no residual disease did not have a discrepant 

recurrence risk (213). A formal publication on this particular suggestion is 

awaited.  This potentially allows for the utilisation of HPV testing in combination 

with endovaginal MRI to predict residual disease prior to surgical treatment 

choice and allow for the selection of minimal access surgery in those patients 

judged not to have residual disease.  This would allow the potential morbidity of 

an open approach to be reduced. 

 Competing technologies 

Current HPV “self-test” kits are based on detection of antibodies to HPV strains 

and primarily detect high-risk strains. Therefore, they are dependent on the host 

immune reaction to the presence of the HPV and may be falsely negative, 

especially in the acute phase of the infection. Direct detection of viral DNA or 

even RNA is therefore being actively pursued.  

There are other descriptions of electrochemical chip biosensors for detection of 

HPV DNA. One such electrochemical system uses 16 gold working electrodes 

arranged in a four by four distribution on a borosilicate glass chip measuring 

21 mm × 23 mm. Each working electrode (1 mm × 1 mm) is placed between a 
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silver pseudo reference (0.2 mm × 1 mm) and a gold counter electrode of the 

same size in order to create 16 planar electrochemical cells. The assay is 

based on co-immobilisation of HPV E7 and E6 thiolated probes with backfiller, a 

hybridisation process and electrochemical detection (214). The limits of 

detection are described in the pM range and are sufficient for most real 

RNA/DNA samples, but the system is bulky and not easily adaptable to 

population screening. In another system, target HPV DNA is captured via 

magnetic bead-modified DNA probes, followed by an antidigoxigenin-

peroxidase detection system at screen-printed carbon electrode chips, with 

eight samples measurable simultaneously (215). In comparison, the system 

described in this work uses a lab-on-chip cartridge that performs on-chip real-

time DNA amplification and is able to detect viral DNA by loop-mediated 

isothermal amplification. This simplifies sample preparation, readout of 

multiplexed DNA /RNA and is also potentially adaptable to high throughput as 

required for screening applications. 

 

 Future direction incorporating molecular and imaging 

diagnostics into an early detection pathway for cervical cancer 

Cervical cancer screening involves detecting and treating the preinvasive phase 

on a cytology sample from the cervix. This is offered to women aged 25-64 

years in the NHS. Uptake (the proportion of screening invitees for whom a 

screening test result is recorded) is the most important factor in determining the 

success of a screening programme (216, 217). Women from ethnic minorities 

and deprived subgroups have consistently shown lower uptake over decades of 

screening (218, 219) because health literacy is an important determinant in 

uptake. A quarterly coverage report (March 2019) produced by public Health 
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England (220) indicated that 70.2% of women aged 25-49 years had an 

adequate screening test recorded in the last 3.5 years (compared to 73.7% in 

March 2011) and that 76.4% of women aged 50-64 years had an adequate 

screening test recorded in the previous 5.5 years in the quarter ending March 

2019 (compared to 80.1% in March 2011), showing that screening attendance 

is gradually declining. Lowest uptake is in London regions where screening 

attendance is consistently <60%. Media campaigns, particularly around 

celebrity experiences, can have a profound short-term effect, but cannot sustain 

improvement.  

The opportunity for self-collecting cervico-vaginal cells at home and returning 

the sample for HPV testing is easy and private, so has the potential to increase 

screening participation. However, it is vital that detection rates of self-collected 

and clinic-collected samples are equivalent. There is a growing evidence base, 

mainly from high-income countries that indicates increased screening 

participation with self-testing. Three trials in the UK reported a small (2%) 

increase in uptake (221-223). A meta-analysis of 33 studies (29 RCTs and 4 

observational studies) that included 369 017 participants  (93% from high-

income countries) examined HPV self-sampling in comparison to standard-of-

care (eg, smear cytology, visual inspection with acetic acid, clinician-collected 

HPV testing) and showed a greater screening uptake among HPV self-sampling 

participants compared with control (RR: 2.13, 95% CI 1.89 to 2.40) (224).  Meta-

analyses also have shown comparable detection rates of high-risk HPV 

infections between self and physician-collected tests (225, 226). As HPV self-

testing kits are now becoming available, a recently opened trial in North and 

East London is sending women who fail to attend screening a self-test HPV kit. 
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Those who test positive will be invited for cytological screening. A proposal for a 

pathway incorporating self-testing coupled with endovaginal MRI for early 

detection of cervical cancer is outlined in Figure 5.1 

 

Figure 5-1Proposal for an early detection pathway incorporating lab-on-a-chip and endovaginal MRI 

 

Cost-effectiveness remains at the centre of the debate around self-sampling. 

Nevertheless, a  systematic review of 16 studies (9 modelled in European 

screening programs, 6 targeted women who were underscreened for cervical 

cancer, and 5 modelled in low- and middle-income countries) demonstrated that 

the most commonly identified driver of HPV self-sampling cost-effectiveness 

was the level of increase in cervical cancer screening attendance (227). In 

future, lower HPV self-sampling material and testing costs and higher sensitivity 

to detect cervical precancer should increase cost-effectiveness particularly in 

populations with severe under-screeners, or where no screening programmes 

currently exist. The lab-on-a-chip described in this work is a strong candidate to 

meet these requirements: it offers advantages of a simple read-out system of 

multiple HPV types, whereby the sample could potentially be taken to a local 
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pharmacy or GP surgery for instant results, and is robust enough to be used in 

the developing world. Moreover, if combined with tumour DNA/RNA testing it 

would quickly identify not only those who needed referral for cytology screening, 

but also those who could be referred directly to colposcopic services. Patients 

with small tumours on clinical examination/ colposcopy and who wish to retain 

fertility could then be referred to national centres offering an endovaginal MRI 

service, where prognostic evaluation of small tumours could be done on 

radiological whole-tumour evaluation as well as on histological samples prior to 

planning appropriate surgery. 

 

 Future direction incorporating molecular and imaging 

diagnostics into a “test for cure” pathway for cervical cancer 

An attempt to eradicate cervical cancer from the population would require more 

drastic colposcopic surveillance measures, which are intensive, invasive and 

unlikely to meet patient acceptability. It is in this scenario that the use of self-

sampling HPV tests, coupled with tests for tumour DNA, could be 

transformative, particularly when following-up patients in whom CIN has been 

completely excised from the cervix and who have had negative endovaginal 

MRI. Regular, repeat HPV tests in this population would ensure that re-

colposcopy was done early to treat CIN when HPV re-testing became positive, 

so that progression to invasive disease did not occur. A proposal for a potential 
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“test for cure” pathway is outlined in Figure 5.2 

 

Figure 5-2 Proposal for a “test for cure” pathway incorporating lab-on-a-chip and endovaginal MRI 

 

As with the early detection pathway, it would be important to implement self-

collection of samples in a “test for cure” pathway as it has proven more 

acceptable than clinic attendance (80.0% vs. 56.7% uptake in a trial 

randomising women to either self-collection or clinic attendance, (228). 

Importantly, in a small subset of these patients where HPV testing was possible 

from both self-collected and clinic samples, the sensitivity and specificity of the 

self-collected vs the clinic collected samples as a reference was 100% and 

94.1% respectively (228). 

 Although PCR based analyses have substantially lower sensitivities (88%) than 

immunohistochemistry and in-situ hybridization techniques (97%) (229), kits 

such as the careHPV test (230) with a sensitivity and specificity of 85.7% and 

83.1% respectively may be considered sufficiently accurate for screening low-

resource regions, but may be insufficiently effective when aiming for HPV 

eradication. The new lab-on-a-chip device described here which uses robust, 
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smarter read-outs of viral DNA/ RNA through real-time amplification, in a 

location closer to home may well provide a more robust and effective system 

when implementing HPV and tumour nucleic acid testing in a “test for cure” 

scenario. 
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CHAPTER 6 AppendicesReaction mixes 

 LAMP reaction mix for experiments performed in a conventional 

qPCR platform 

The LAMP mix contained the following:2.4L of Betaine (stock at 5M), 1.5 L of 

isothermal buffer, 0.9 L of MgSO4 (stock at 100 mmol/L), 0.375L of bovine 

serum albumin (20 mg/mL), 2.1 L of dNTPs (stock at 10 mmol/L), 0.375 L of 

Syto  9 (20 mmol/L stock) (Thermo FisherScientific,Waltham,MA),  0.6 L of Bst 

2.0DNApolymerase (8000 U/mL) (New England Biolabs, Hitchin, UK), 1.5 L of 

10Xprimer mixture (20 mmol/L BIP/FIP, 10 mmol/L loop forward and back 

primer, and 2.5 mmol/L B3/F3) (Integrated DNA Technologies), 3 L of 

synthetic DNA (Integrated DNA Technologies) template solution, and enough 

nuclease-free water to bring the volume to 15 L. Each solution was split into 5 

L reactions (triplicates) on a 96-well PCR plate and heated at 63C for 40 

minutes. 

 

 pH-LAMP reaction conditions for lab-on-a-chip DNA markers 

The pH-LAMP mix for DNA markers contained the following:2.4L of Betaine 

(stock at 5M), 1.5 /L of customised isothermal buffer(pH 8.5-9), 0.9 /L of 

MgSO4 (stock at 100 mmol/L), 0.9L of bovine serum albumin (20 mg/mL), 0.84 

L of dNTPs (stock at 25 mmol/L), 0.375 L of Syto  9 (20 mmol/L stock) 

(Thermo FisherScientific,Waltham,MA),  0.375 L of sodium hydroxide (0.2M), 

0.04 L of Bst 2.0DNApolymerase (120,000 U/mL) (New England Biolabs, 

Hitchin, UK), 1.5 L of 10Xprimer mixture (20 mmol/L BIP/FIP, 10 mmol/L loop 

forward and back primer, and 2.5 mmol/L B3/F3) (Integrated DNA 
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Technologies), 3 L of synthetic DNA (Integrated DNA Technologies) template 

solution, and enough nuclease-free water to bring the volume to 15 L. Each 

solution was split into 5-L reactions (triplicates) on a 96-well PCR plate and 

heated at 63C for 40 minutes. 

 

 pH-LAMP reaction conditions for lab-on-a-chip RNA markers 

The pH-LAMP mix for RNA markers contained the following:2.4L of Betaine 

(stock at 5M), 1.5 /L of customised isothermal buffer (pH 8.5-9), 0.9 /L of 

MgSO4 (stock at 100 mmol/L), 0.9L of bovine serum albumin (20 mg/mL), 0.84 

L of dNTPs (stock at 25 mmol/L), 0.375 L of Syto  9 (20 mmol/L stock) 

(Thermo FisherScientific,Waltham,MA),  0.375 L of sodium hydroxide (0.2M), 

0.375 L of SuperScript® III RT/Platinum® Taq (Thermo 

FisherScientific,Waltham,MA), 0.15 L of RNaseOUT™ Recombinant 

Ribonuclease Inhibitor (Thermo FisherScientific,Waltham,MA),  0.04 L of Bst 

2.0DNApolymerase (120,000 U/mL) (New England Biolabs, Hitchin, UK), 1.5 L 

of 10Xprimer mixture (20 mmol/L BIP/FIP, 10 mmol/L loop forward and back 

primer, and 2.5 mmol/L B3/F3) (Integrated DNA Technologies), 3 L of 

synthetic DNA or RNA (Integrated DNA Technologies) template solution, and 

enough nuclease-free water to bring the volume to 15 L. Each solution was 

split into 5-L reactions (triplicates) on a 96-well PCR plate and heated at 63oC 

for 40 minutes. 
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 TERC DNA 

 Primer screen 106 copy/reaction 

Primer Option Time to positive (mins) Error(mins) 

C0D 6.60 0.06 

C1D 12.93 0.09 

C2D 10.44 0.23 

C3D 27.93 0.27 

C4D 7.53 0.29 

Primer option C0D and C4D were taken forward to the dilution screen stage. 

 Dilution screen 

Copies/reaction  C0D 

TTP(mins) 

Error 

(mins) 

C4D 

TTP 

(mins) 

Error 

(mins) 

106 7.09 0.18 8.65 0.21 

105 8.57 0.10 10.64 0.22 

104 10.16 0.10 12.69 0.05 

103 11.70 0.21 14.62 0.32 

102 14.80 0.64 16.52 0.64 

101 23.27 7.67 20.32 3.62 

100 41.43 0.00 32.06 10.49 
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 C4 with added loop primer screen 

Primer Option TTP (mins) Error(mins) 

C4L 5.74 0.06 

C4 7.22 0.01 

C0 6.45 0.01 

 

 C4 with added loop dilution comparison 

Copies/reaction C4 Loop 

TTP(min) 

Error(mins) C4 

TTP(mins) 

C0 

TTP(mins) 

104 8.00 0.10 12.69 10.16 

103 9.30 0.20 14.62 11.70 

102 10.15 0.23 16.52 14.80 

101 11.95 0.15 20.32 23.27 

100 33.38 13.40 32.06 41.43 

 

 hTERT RNA 

 Primer screen 

Primer Option Time to positive (mins) Error(mins) 

T_0 5.76 0.10 

T_1 10.12 0.03 

T_3 10.52 0.07 

T_4 22.16 0.12 

T_5 16.04 0.25 
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 Dilution screen 

Copies/reaction  T_0 

TTP (mins) 

Error 

(mins) 

T_1 

TTP 

(mins) 

Error 

(mins) 

108 5.61 0.13 9.87 0.17 

107 7.08 0.12 12.17 0.09 

106 8.52 0.22 13.89 0.16 

105 9.60 0.06 16.30 0.16 

104 11.04 0.13 17.63 0.93 

103 12.91 1.45 21.65 1.63 

102 - - - - 

101 - - - - 

100 - - - - 

Primer set T_0 and T_1 were taken forward to the dilution screen stage.  The 

T_0 primer set outperformed the T_1 set but its copy detection limit was 103 

copies per reaction. 

 

 MYC 

 Dilution screen 

Copies/reaction MYC_Op1  

TTP(mins) 

Error(mins) 

106 6.26 0.41 

105 7.51 0.07 

104 9.22 0.06 

103 10.58 0.19 
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102 11.81 0.59 

101 14.98 1.95 

100 - - 

 

 GAPDH DNA 

 Primer screen 

Primer Option Time to positive (mins) Error(mins) 

GD_Op1_d 7.10 0.14 

GD_Op_2d 5.19 0.12 

GD_Op_3d 11.63 0.27 

GD_Op_4d 8.24 0.06 

GD_Op_5d 5.65 0.11 

 

 Dilution screen 

Copies/reaction  Op2 TTP 

(mins) 

Error 

(mins) 

Op5 TTP 

(mins) 

Error 

(mins) 

104 6.84 0.22 7.60 0.08 

103 8.13 0.32 8.93 0.22 

102 9.98 0.12 10.21 0.60 

101 11.33 0.12 17.51 5.30 

100 13.62 0.86 - - 

Options 2 and 5 were taken forward for dilution screening.  Both primer sets 

selected following screening were highly sensitive, however Option 2 was more 

efficient. 
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 GAPDH RNA 

 Primer screen 

Primer 

Option 

Time to positive 

(mins) 

Error(mins) 

GR_1D 5.93 0.13 

GR_2D 6.50 0.16 

GR_3D 13.61 0.19 

GR_4D 5.82 0.07 

 

 Dilution screen 

Copies/reaction  GR1 

TTP 

(mins) 

Error 

(mins) 

GR4 

TTP 

(mins) 

Error 

(mins) 

106 6.44 0.16 5.83 0.06 

105 7.16 0.21 6.93 0.19 

104 8.46 0.08 8.14 0.22 

103 9.64 0.46 9.35 0.17 

102 13.41 3.43 11.95 1.23 

101 23.38 0.00 12.76 1.17 

100 40.76 0.00 - - 

Option 1 and 4 was taken forward to dilution screening.  Both sets selected 

performed well, however Option 4 was both more sensitive and efficient. 
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 HPV 16 

 Primer screen 

Primer Option Time to positive (mins) Error(mins) 

Op_1d 3.58 0.24 

Op_2d 4.85 0.10 

Op_3d 11.29 0.34 

Op_4d 4.41 0.08 

Options 1 and 4 were very fast and were taken forward to the dilution screen. 

Option 1 was both more efficient and sensitive so was chosen. 

 Dilution screen 

Copies/reaction  Op1 

TTP 

(mins) 

Error 

(mins) 

Op4 TTP 

(mins) 

Error 

(mins) 

104 5.65 0.12 6.84 0.05 

103 6.58 0.10 8.74 0.04 

102 7.28 0.08 10.23 0.17 

101 8.76 0.47 12.86 1.33 

100 11.96 3.42 - - 

 

 HPV 18 

 Primer screen 

Primer Option Time to positive (mins) Error(mins) 

18_Op_1 6.13 0.07 

18_Op_2 11.57 0.09 
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18_Op_3 6.41 0.04 

18_Op_4 5.66 0.02 

 

Option 3 and 4 were taken forward to dilution screening; option 4 was chosen 

as it was more efficient and had similar sensitivity. 

 Dilution screen 

Copies/reaction  Op3 TTP 

(mins) 

Error 

(mins) 

Op4 

TTP 

(mins) 

Error 

(mins) 

104 10.93 0.31 9.27 0.34 

103 12.75 0.11 11.02 0.15 

102 14.30 0.62 13.08 0.24 

101 18.67 0.00 - - 

100 - - - - 

 

 HPV 45 

 Primer screen 

Primer Option Time to positive (mins) Error(mins) 

45_Op_1 11.90 0.03 

45_Op_2 9.85 0.17 

45_Op_3 5.46 0.07 

45_Op_4 6.67 0.12 

Option 3 and 4 were taken forward to dilution screening and Option 3 was 

chosen as it was more sensitive and efficient. 
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 Dilution screen 

Copies/reaction  Op3 

TTP 

(mins) 

Error 

(mins) 

Op4 

TTP 

(mins) 

Error 

(mins) 

104 9.41 0.23 11.80 0.18 

103 10.49 0.18 13.63 0.27 

102 13.17 1.06 15.66 0.55 

101 13.72 0.84 - - 

100 - - - - 

 

 HPV 58 

 Primer screen 

Primer Option Time to positive (mins) Error(mins) 

58_Op_1 7.06 0.07 

58_Op_2 5.86 0.04 

58_Op_3 3.54 0.09 

58_Op_4 9.51 0.11 

 

Option 2 and 3 were taken forward to dilution screening stage despite Option 2 

having some evidence of primer dimer formation. Option 3 was more efficient 

and sensitive and so was chosen.  

 Dilution screen 

Copies/reaction  Op2 TTP 

(mins) 

Error 

(mins) 

Op3 TTP 

(mins) 

Error 

(mins) 
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104 7.93 0.19 5.50 0.07 

103 9.40 0.14 6.20 0.39 

102 11.06 0.12 6.78 0.03 

101 15.37 1.96 8.58 0.55 

100 33.92 1.12 11.73 1.96 

 

 HPV primer additional screening 

 All HPV types against non-splice sequence 

HPV type Non-splice 

sequence 

Time to 

positive 

(mins) 

Error(mins) Splice 

sequence 

Time to 

positive 

(mins) 

Error(mins) 

16d 6.17 0.05 3.58 0.24 

18d 16.62 1.08 6.13 0.07 

45d 7.97 0.12 5.46 0.07 

58d 11.55 0.96 3.54 0.09 

 

 Data for all HPV types against non-splice sequences with single 

loop primer removed 

Primer Option Time to positive (mins) Error(mins) 

16_minus_Loop 33.57 8.85 

18_ minus_Loop 38.43 0.86 

45_ minus_Loop 39.77 0.94 

58_ minus_Loop 20.35 1.64 
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 HPV 18 Option screen 

Primer Option vs 

splice/full sequence 

Time to positive (mins) Error(mins) 

18_Op1_splice 11.45 0.30 

18_Op1_full 27.30 1.92 

18_Op2_splice 10.90 0.92 

18_Op2_full 25.74 2.22 

 

Option 2 was chosen to be screened with the mismatch FIP primer 

components. Option 18_2_3n, 18_2_3.1 and 18_2_4n will be tested in a dilution 

screen. There is amplification occurring in the full sequence, however it is 

unstable with a wide error.  It is likely to disappear in the presence of the spliced 

version as it will consume the primers long before an inefficient amplification of 

the full sequence can occur.  

 HPV 18 Option 2 Mismatch screen 

   

18_2_3n_splice 10.36 0.12 

18_2_3n_full 24.61 1.91 

18_2_3.1_splice 10.87 0.23 

18_2_3.1_full 30.60 6.26 

18_2_3.2_splice - - 

18_2_3.2_full - - 

18_2_4n_splice 10.69 0.33 
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18_2_4n_full 31.15 6.10 

18_2_4.1_splice 12.45 0.23 

18_2_4.1_full 27.72 1.94 

18_2_4.2_splice 29.94 2.80 

18_2_4.2_full - - 

 

 HPV 45 Mismatch screen 

   

45_3N_splice 8.20 0.08 

45_3N_full 26.71 10.70 

45_3.1_splice 8.65 0.19 

45_3.1_full 31.82 1.73 

45_3.2_splice 22.68 0.82 

45_3.2_full 43.75 0.00 

45_4N_splice 19.34 0.56 

45_4N_full - - 

45_4.1_splice 8.73 0.19 

45_4.1_full 36.71 6.32 

45_4.2_splice 12.71 0.09 

45_4.2_full 35.64 0.00 

 

 HPV 58 Mismatch screen 

   

58op3_3n_splice 5.19 0.25 

58op3_3n_full 16.52 2.35 
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58op3_3.1_splice 6.94 0.29 

58op3_3.1_full 14.86 0.33 

58op3_3.2_splice 10.36 0.10 

58op3_3.2_full 9.96 0.12 

58op3_4n_splice 6.69 0.20 

58op3_4n_full 16.30 3.13 

58op3_4.1_splice 8.19 0.19 

58op3_4.1_full 11.04 0.08 

58op3_4.2_splice 15.97 0.14 

58op3_4.2_full 22.14 0.03 
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