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ABSTRACT 

Treatment with preoperative intracavitary radiotherapy (ICRT) is used in cervical cancer 

with the intention to reduce the tumour burden and sterilize microscopic disease in the 

paracervical tissues. Preoperative ICRT is, however, a controversial treatment regime since it is 

unclear if addition of ICRT to surgery improves treatment outcome compared to surgery alone. 

This question constitutes the basis of this thesis. In relation to this issue we have studied 

clinical, dosimetric and molecular key factors with focus on DNA damage repair signalling 

molecules of possible importance for radiotherapy sensitivity.  

 One possible way to investigate the potential benefit of preoperative ICRT is to analyze 

whether complete tumour remission in the surgical specimen after preoperative ICRT is 

correlated to treatment outcome or not. In paper I we analyzed treatment results after 

preoperative ICRT in patients with cervical cancer stage IB-IIA. We found a strong correlation 

between pathologic complete remission (pCR) and survival with a 5-year survival of 95% in 

patients with pCR compared to 46% in patients with residual tumour (non-pCR) (p<0.0001). 

These results indicate that the use of preoperative ICRT may contribute to treatment outcome 

compared to surgery alone. 

DNA double strand breaks (DNA DSBs) and their repair has in tumour cell lines been 

linked to radiosensitivity. In paper II we therefore analyzed the expression of proteins related to 

the DNA-PK repair pathway; DNA-PKcs, Ku70, Ku86, p53, p21 and Mdm-2 in pre-treatment 

tumour tissue with the aim to find predictive markers for radiotherapy response. Our hypothesis 

was that high DNA repair capacity in the primary tumour, reflected by a high frequency of cells 

positive for DNA-PK proteins, would correlate with non-pCR cases. However, we did not find 

that any of the analyzed proteins were predictive for radiotherapy response. Our hypothesis in 

paper III was that residual tumours that survived radiotherapy would display a higher frequency 

of DNA-PK positive cells reflecting a higher capacity to DNA DSB repair compared to their 

corresponding primary tumours. The expression of DNA-PKcs, Ku70, Ku86, p53, p21 and 

Mdm-2 proteins was compared in pre- and post-treatment tumour tissue. We found that residual 

tumours showed an increased frequency of tumour cells positive for DNA-PK complex proteins 

compared to the frequency in the primary tumour. This result may be interpreted as that 

radiation causes a selection pressure allowing tumour cells with high DNA-PK expression to 

survive RT.  

Biological effective dose (BED) can be used to predict the influence on outcome of 

different treatment schedules for individual patients. In paper IV we evaluated BED with 

respect to survival, local control and late toxicity in patients treated either with radiotherapy and 

surgery or with radiotherapy alone. We found a correlation between BED and treatment 

outcome for patients treated with radiotherapy alone but not for patients treated with 

radiotherapy and surgery. No correlations were found between BED and late toxicity from 

bladder and rectum. 

In conclusion this thesis illustrates that treatment with preoperative intracavitary 

radiotherapy may be beneficial for patients with cervical cancer stage IB-IIA. We found that the 

expression of the DNA-PK complex proteins in primary tumour cannot predict RT response. 

We did, however, find that the frequency of the DNA-PK complex proteins is higher in residual 

tumour after ICRT than in corresponding primary tumour. BED cannot be used as a predictive 

factor for the outcome in patients treated with pre-and postoperative radiotherapy or for the late 

side effects but does correlate with local control of the tumour and survival in patients treated 

with RT alone. 
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1 INTRODUCTION 

 

Gynaecologic cancer has been treated by irradiation for more than a century since 

the discovery of radioactivity by Becquerel 1896 and the extraction of radium 1898 by 

Marie Curie. Radiotherapy (RT) can be delivered as external beam irradiation or as 

brachytherapy (BT) where the radioactive source is placed in near vicinity to the 

tumour. In cervical cancer BT is most often given as intracavitary radiotherapy (ICRT) 

with the radioactive source placed in the uterus and in the vagina. For the treatment of 

cervical cancer RT can be used as a single modality or in combination with surgery 

either as preoperative or postoperative treatment. Treatment with preoperative ICRT for 

early stage cervical cancer is questioned since it is unclear if BT in the preoperative 

setting contributes to treatment outcome. One possible way to study this question is to 

investigate whether complete tumour remission in the surgical specimen after 

preoperative ICRT is correlated to treatment outcome or not. In this thesis the role of 

pathologic complete remission (pCR) for survival and local control after treatment 

preoperative ICRT has been studied. 

Although RT is a well established method in the treatment of cervical cancer not 

all cases respond properly to such treatment. The underlying molecular processes that 

are causative for the lack of proper RT response in the individual patient are not fully 

elucidated. On the cellular level, the primary action of ionising radiation is the 

formation of DNA-damage of which DNA double-strand breaks (DNA DSBs) are 

considered the most severe. Within cells, DNA DSBs are predominantly repaired by 

the non-homologous end joining (NHEJ) repair system in which the DNA dependent 

protein kinase complex (DNA-PK) has a central function. With the aim to find 

predictive markers for RT response we have in the current thesis analyzed the 

expression of proteins related to DNA-PK repair pathway; DNA-PKcs, Ku70, Ku86, 

p53, p21 and Mdm-2 in pre- and post-treatment tumour tissue.  

Radiotherapy can be delivered with treatment schedules that differs in fraction 

size, dose rate and treatment time. When planning radiation treatment for the individual 

patient it is important to consider these parameters. Moreover, the effect of irradiation 

differs between tumour and normal tissue. The linear quadratic model is a mathematic 

model that can adjust for those above mentioned dosimetric parameters as well as for 

variations in the radiobiological effect on different tissues. In this thesis we have 

studied the prognostic value of the biological effective dose (BED), calculated 

according to the linear quadratic model, with respect to survival, local control and late 

toxicity in patients treated either with radiotherapy and surgery or with radiotherapy 

alone.   

The present thesis is based on a retrospective analysis of patients with cervical 

cancer stage IB-IIB treated during 1989-1991 at the Department of Gynaecologic 

Oncology at Radiumhemmet. We have focused on the role of pathologic complete 

remission (pCR), molecular markers and radiobiological mathematical modelling as 

prognostic factors for the outcome of preoperative ICRT with the purpose to better 

tailor the treatment strategy for patients with cervical cancer. 
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1.1 BACKGROUND CERVICAL CANCER 

1.1.1 Epidemiology 

Cervical cancer is the third most common cancer globally among women with an 

estimated 529 000 new cases 2008
1
. Approximately 85% of the worldwide burden of 

this tumour disease occurs in the developing countries. In Sweden the incidence of 

cervical cancer has decreased throughout the last fifty years most likely attributed to the 

organised cytological screening programmes
2
. However, during the last decade the 

incidence has been rather stable with about 460 new cases yearly
3
.  

 

 

 

1.1.2 Etiology 

Persistent genital infection with oncogenic types of human papilloma virus 

(HPV) is the main risk factor for developing cervical cancer
4
. HPV is found in almost 

all invasive cervical cancers and the most frequent oncogenic types are HPV 16 and  

18
5
 
6
 
7
. HPV infection is a common, sexually transmitted disease and the majority of 

HPV infections heal spontaneously
8
. Only very few women with HPV infection 

develop cervical cancer, implying the involvement of other etiologic cofactors in 

cervical carcinogenesis. Factors such as smoking, use of oral contraceptive, early age at 

sexual debut and immunosuppressive medication has all been associated with increased 

risk of cervical carcinoma
9
 
10

 
11

. The introduction of HPV vaccines has shown to be 

effective in prevention cervical intraepithelial neoplasia and will hopefully lead to 

reduced incidence of cervical cancer in the future
12

. 

 

 

 

1.1.3 Staging 

Staging of cervical cancer is based on a clinical examination performed during 

anaesthesia according to definitions from “Federation Internationale de Gynecologie et 

d´Obstetrique (FIGO). These guidelines have continuously been revised and the current 

definitions are presented in Table 1
13

. It may be noted that according to the FIGO 

guidelines, the staging is not governed by the lymph node status although it is an 

important prognostic factor (see 1.1.5). Patients with stage IB-IIB are studied in this 

thesis illustrated in Figure 1. 
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Table 1.Clinical stages of cervical cancer according to FIGO * 

  

Stage I The carcinoma is strictly confined to the cervix  

IA1,IA2 Invasive carcinoma is identified microscopically, with 

deepest invasion ≤ 5.0 mm and largest extension ≤ 7.0 mm 

    IB Clinically visible lesions limited to the cervix uteri or  

pre-clinical cancers greater than stage IA 

      IB1 

      IB2 

Clinically visible lesion ≤ 4.0 cm in greatest dimension.  

Clinically visible lesion > 4.0 cm in greatest dimension 

Stage II The tumour extends the cervix, but not to the pelvic  

wall or to the lower third of the vagina 

    IIA Without parametrial invasion 

      IIA1 Clinically visible lesion ≤ 4.0 cm in greatest dimension 

      IIA2 Clinically visible lesion > 4.0 cm in greatest dimension 

    IIB With obvious parametrial invasion 

Stage III The tumour extends to the pelvic wall and/or involves lower third of the vagina 

and/or causes hydronephrosis or non-functioning kidney 

    IIIA Tumour involves 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 

Stage IV The carcinoma has extended beyond the true pelvis 

 or has involved the mucosa of the bladder or rectum.  

    IVA Spread of the growth to adjacent organs 

    IVB Spread to distant organs 

 

*FIGO Federation Internationale de Gynecologie et d´Obstetrique
13

. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Schematic picture of cervical cancer stage IB-IIB studied in this thesis.  
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1.1.4 Histology 

Squamous cell carcinoma is the most frequent type of cervical carcinoma and 

accounts for approximately 75-90 % of the cases. Over the past 50 years there have 

been an increase in the relative proportion of cervical adenocarcinoma in Sweden and 

other western countries
14

 
15

. The cause of this increase is indefinite but one explanation 

suggested is that the current screening methods are less effective in detecting 

adenocarcinomas relative to squamous cell cancer
14

 
16

. 

 

 

1.1.5 Survival and prognostic factors 

The outcome of patients with cervical cancer is closely related to tumour stage. 

Thus, the 5-year survival in stage IA is almost 100% compared to approximately only 

20% in stage IVA
17

. For patients in stage IB and IIA 5-year survival rates of 60-89% 

and 60- 85% respectively, has been demonstrated
18

 
19

 
17

. Other important prognostic 

factors are tumour size and nodal status
18

 
20

 
21

 
22

 
23

 
17

. Furthermore, histopathologic 

factors revealed at surgery such as deep invasion of the cervical stroma and tumour 

invasion of the capillary-lymphatic space have shown to correlate with poor survival
24

 
25

 
26

 
27

.  

 

 

1.1.6 Treatment 

Stage IB and IIA cervical cancer can be cured by surgery or by definitive 

radiotherapy
19

 
28

 
17

. The therapeutic strategy is governed by operability of the 

individual patient and by presence of bad prognostic factors. Primary radical surgery is 

the standard treatment for early stages of the disease. Postoperative adjuvant RT has 

shown to prolong progression-free survival and significantly reduce the risk of 

recurrences for patients with unfavourable prognostic factors found at surgery (see 

1.1.5)
29

 
30

. Recent reports have suggested concomitant chemotherapy with radiotherapy 

(chemoradiotherapy) in this situation
31

.  

Chemoradiotherapy represents the current standard of care in patients diagnosed 

with locally advanced disease (tumours > 4cm) stage IB and IIA
32

 
33

 
34

 
35

. 

Chemoradiotherapy is also the standard treatment for patients with more advanced 

stages of cervical cancer (IIB-IVA)
36

.  

Preoperative intracavitary radiotherapy (ICRT) has been reported as an efficient 

therapeutic option for early stage cervical cancer but remains controversial
37

 
38

 
39

 
40

 
41

 
42

. Thus, it is still unclear if ICRT can improve the treatment results as compared to 

primary surgery. A randomised study between primary surgery and preoperative ICRT 

would possibly give answer to that question. 

 

1.1.6.1 Surgery 

Standard radical surgery for early stage cervical carcinoma comprise radical 

hysterectomy with complete resection of the parametrium and the paracervical tissue, 

pelvic lymphadenectomy and resection of the proximal portion of the vagina
43

. Radical 

surgery may cause long-term side effect such as lymphoedema and bladder 

dysfunction
44

. Development of nerve sparing surgical techniques has shown to be 

beneficial in reducing postoperative morbidity
45

. 
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1.1.6.2 Radiotherapy 

Definitive RT for cervical cancer includes external beam radiotherapy (EBRT) 

and intracavitary radiotherapy (ICRT). The use of ICRT is reported to be one of the 

most important treatment factors with respect to local control and survival in patients 

treated with definitive RT
46

. The pelvic field for EBRT in cervical cancer usually 

includes the internal and external iliac nodes and the lower common iliac nodes up to 

the level of the space between lumbar vertebra L4 and L5. The treatment is ordinarily 

delivered with a daily fraction of 1.8-2.0 Gy (except for week ends) over a period of 5-

6 weeks. The total prescribed radiation dose for definitive EBRT in combination with 

ICRT differs depending on tumour extension and individual clinical factors. A total 

central dose of ≥ 80 Gy is often considered to be needed for local control of the 

tumour
47

. On the other hand, the incidence of serious side-effects from the rectum and 

bladder is reported to increase for doses ≥ 70-80Gy
48

 
46

 
49

. New techniques for 

delivering EBRT such as intensity-modulated radiation therapy (IMRT) have made it 

possible to reduce the dose to the normal tissue in the pelvis, especially the small 

intestine, and thereby opens for an increase of the total prescribed dose
50

 
51

 
52

.  

 

 

 

1.1.6.3 Brachytherapy 

The first brachytherapy (BT) treatment in Sweden of carcinoma of the cervix was 

performed in 1910 by Dr Gösta Forsell and the technique was described 1914
53

. During 

the following decades different treatment schedules for intracavitary radiotherapy of 

cervical cancer developed such as the Paris, Manchester and Stockholm systems which 

differed in applicator design, in the geometry of the insertion and packing technique as 

well as in the treatment time
54

. After the discovery of artificial radioactivity by Irene 

Curie and Frederick Joliot in 1934 new highly radioactive sources were developed such 

as iridium (
192

Ir) and cesium (
137

Cs). Treatment with wire sources lead to the 

development of flexible afterloading applicators which made it possible to modify the 

shape of the isodose surfaces thus improving the quality of treatment. The remote after-

loading technique was first described by Walstam 1962
55

. With this technique the 

radioactive sources are operated from a control panel distant from the patient thus 

eliminating the exposure of radioactivity to the staff.  

During the “radium era” the dosage was most often quoted in milligram-hours of 

radium (mghr) which was defined as the product of the total radium content in the 

applicator and the treatment time. A new dosimetric system for cervical cancer was 

introduced by the Manchester system
56

. In this system, the dose was prescribed and 

reported at a selected reference point “Point A” located 2 cm lateral of the central axis 

of the uterus and 2 cm above the vaginal surface (Figure 2). Point A, as a reference 

point for dose prescription is still widely used. 
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Figure 2. The dose reference “Point A” is located 2 cm lateral of the central axis of the 

uterus and 2 cm above the vaginal surface. 

 

When using BT it is of great importance to cover the complete tumour volume in 

order to achieve local tumour control. The introduction of magnetic resonance imaging 

(MRI) has made it possible to more properly assess the tumour size and configuration. 

The development of three-dimensional (3D) treatment planning systems based on MRI 

has allowed an individual adaptation of dose distribution to the tumour volume for 

cervical cancer ICRT
57

 
58

. 3D treatment planning has proven to increase local tumour 

control parallel to low treatment related morbidity for patients with locally advanced 

cervical cancer
59

. 

 

BT can be delivered with different dose rates which are determined by the 

radioactivity in the source used. Dose rate definitions according to ICRU report no  

38
60

 are;  

 

Low dose rate (LDR):   0.4-2Gy/hr 

Medium dose rate (MDR):  2-12Gy/hr 

High dose rate (HDR):  >12Gy/hr 

 

Pulsed dose rate (PDR) is a technique that has been developed during recent years, 

which delivers the HDR in a large number of small fractions aiming at a radiobiological 

effect similar to LDR (see below 1.3). 

 

Changes in dose rate will affect various tissues in different ways (see below 1.3). 

Historically, LDR treatment has been considered as the dose delivery with the most 

optimal therapeutic window for cervical carcinoma. However, several reports on long-

term results of HDR in cervical cancer points towards comparable results as with LDR 

with respect to survival and late complications
61

 
62

 
63

. 
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1.1.6.4 Treatment related side-effects after radiotherapy 

RT induced normal tissue toxicity is characterized by acute and late reactions. 

Acute reactions, with symptoms usually appearing within two to three weeks after 

initiating RT, originate from tissues with rapidly proliferating cells such as intestinal 

mucosa and bone marrow. Late reactions which occur months or years after completion 

of RT represent damage to slowly reacting tissue, resulting in fibrosis, vascular damage 

and necrosis. Symptoms of serious late toxicity after pelvic and intracavitary irradiation 

for cervical cancer may be bleeding from the bowel, bowel stricture, urethral stenosis 

and fistulas between vagina and bladder or rectum
64

 
65

. RT related factors such as the 

total dose, the fractionation schedule and the irradiated tissue volume are of importance 

for the risk of developing side effects
66

 
49

. Also patient related factors such as previous 

surgery
64

 
66

, inflammatory bowel disease 
67

, smoking 
68

and co-morbidity such as 

hypertension and diabetes have been reported to increase the risk for late 

complications
69

. 
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1.2  RADIOTHERAPY ON CELLULAR AND MOLECULAR LEVEL 

1.2.1 DNA repair and non-homologous end joining (NHEJ) 

When cells are irradiated by X-rays various DNA damages occur. DNA double 

strand breaks (DNA DSBs) are considered to be the most difficult ones to repair among 

them. Two distinct pathways for DNA DSB repair are found in eukaryotes, 

homologous recombination (HR) and non-homologous end joining (NHEJ)
70

. Since 

HR makes use of the sister chromatid as a template it is most active under late S and G2 

phases of the cell cycle when such a template is available. Moreover, as HR utilizes the 

non-damaged DNA copy as a template for repair it is considered less error prone than 

NHEJ
71

. A large number of proteins are involved in the different steps of HR such as 

RAD51, RAD54 and BRCA1 and BRCA2
70

.  

In mammalian cells DNA DSBs formed in cells in G0 and G1 phases of the cell 

cycle are repaired by NHEJ
72

. It is therefore not surprising that mutations affecting the 

NHEJ pathway severely impair the repair of DNA DSBs and results in increased cell 

death upon irradiation
73

 
74

. By utilizing the NHEJ repair pathway, the cell may repair 

the DNA lesions efficiently but in an error prone way since no homologues DNA 

strand is available that can be used as a template
75

. The main proteins required to repair 

DNA DSB by NHEJ are DNA-PK, XRCC4 (X-ray complementing Chinese hamster 

gene 4), DNA ligase IV, Artemis and XLF (XRCC4-like factor)
76

 (Figure 3).  

DNA-PK comprises the Ku heterodimer Ku86/Ku70 and the DNA-PKcs 

(catalytic subunit)
77

. DNA-PKcs is a serine/threonine protein kinase belonging to the 

phosphatidylinositol-3-OH kinase protein family
78

 
79

.The initial step in NHEJ is the 

detection and binding of the Ku heterodimer Ku86/Ku70 to the DNA DSB that will 

recruit the DNA-PKcs to the site of the damage
80

. Two DNA-PKcs bound to Ku-DNA 

complex forms a synaptic complex and tether the DNA-DSB
81

. The synaptic complex 

is believed to protect the DNA ends and recruit additional NHEJ proteins such as 

XRCC4, ligase-IV to the DNA break
82

.  



 

  9 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.Radiation induced DNA DSBs are detected and repaired by different 

molecular pathways among them NHEJ (I), HR (II), and ATM (III). In NHEJ mediated 

repair the Ku-proteins are recruited to the DNA DSBs followed by binding of DNA-

PKcs. The DNA within the DNA DSB is processed and re-ligated in a process involving 

Fen1, Artemis, DNA polymerases and DNA ligase 4. p53 is stabilized in response to 

DNA DSB as a consequence of DNA-PK and ATM-mediated phosphorylation which 

inhibits Mdm-2 mediated degradation. In turn the accumulated p53 protein activates 

both cell cycle checkpoint control by transcriptional regulation of p21 as well as 

induces apoptotic signalling through transcriptional activation of Bax and Bcl-2, 

respectively.  
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Some of the X-ray induced DNA breaks are highly complex and in order for 

NHEJ to accurately perform repair of these their DNA ends needs to be trimmed. 

Candidate proteins for this processing are among others the exo- and endonuclease 

Artemis and Flap endonucleases 1 (FEN-1) as well as DNA-polymerases β, γ and μ 

which trims the DNA ends and add single DNA bases respectively
83

 
76

. Following the 

processing the DNA ends are ligated in a process catalyzed by the XRCC4 homodimer 

and DNA-ligase IV
84

.  

 

The critical role of the different DNA-PK proteins in cellular radiosensitivity is 

illustrated by the DNA-PKcs defective rodent scid cells and the Ku86 defective xrs6-

cells both which show a dramatic increase in radiosensitivity compared to their parental 

cell lines
85

 
86

. Also human tumour cell lines with defective DNA-PKcs e.g. 

glioblastoma cells (MO59J) has been shown to be highly radiosensitive relative to their 

DNA-PKcs proficient counterpart (MO59K)
87

 
88

.  

In response to DNA DSBs cells not only activate DNA repair pathways but also 

cell cycle checkpoints are triggered enabling the DNA repair processes to take place. 

The cell cycle checkpoints in response to DNA DSBs are regulated mainly by the ATM 

(ataxia-telangiectasia-mutated) kinases. However, DNA-PK is after detecting DNA 

DSBs believed also to transmit DNA DSBs signals to cell cycle regulating proteins 

such as p53 (see below)
76

. 
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1.2.2 Cell cycle control and DNA damage response  

Dividing cells continuously go through the cell cycle which is divided into four 

different stages, G1, S, G2 and M. During S phase the DNA is replicated and during M 

phase mitosis is taking place. At the heart of the cell cycle is a system of protein 

kinases, cyclin dependent protein kinases (CDKs) and their regulatory proteins the 

cyclins (Figure 4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Normal cell cycle progression is regulated by the levels of different cyclins 

and by the activity of their binding partner CKDs (for details see text). Upon radiation 

both ATM and DNA-PK gets activated as a consequence of IR-induced DNA DSBs. 

ATM and DNA-PK in turn activates a number of proteins controlling different 

checkpoints of the cell cycle. One important control mechanism is the activation and 

stabilization of p53 which inhibit the Mdm-2 mediated degradation. The increased p53 

expression causes increased transcription of the CDK inhibitor p21. In G1, increased 

expression of p21 inhibits CDK4/6 and thereby impedes Rb phosphorylation and the 

release of E2F transcription factor hence causing arrest in G1. In HVP-infected cells, 

the HPV E6 protein target p53 for degradation.  
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Different cell cycle check points ensure that progression within the cell cycle is 

not triggered if the DNA contains damages. Thus replication is not carried out on 

damaged DNA and a cell does not go through mitosis with lesions in the chromatin.  

Passage through G1 is catalyzed by CDK 4/6 and cyclin D. This protein kinase 

complex phosphorylates and inactivates the retinoblastoma protein (Rb). Upon 

inactivation Rb releases transcription factor E2F allowing transcription of gene 

products necessary for G1-S transition, S phase and DNA replication. In G1 CDK2 and 

cyclin E is required for transition into S phase
89

. In late G1 there is a restriction check 

point
90

. During the replication of DNA in S phase CDK2 is complex binding with 

cyclin A. The G2 and M cell cycle phase is regulated by CDK 1 and cyclin A/B.  

Following exposure to ionizing radiation the inflicted DNA DSBs arrests the cells 

in late G1 (G1/S check point) and at the G2/M border (G2/M check point). During 

these transient cell cycle arrests DNA DSBs are detected and repaired (Figure 3).  

One of the most prominent regulators of DNA DSB cell cycle effects is the 

tumour suppressor protein p53
91

. In undamaged cells the p53 is unstable and present in 

minute amounts. The concentration of p53 in cells without DNA damages are regulated 

by the ubiquitin ligase Mdm-2 which targets p53 for degradation by proteasomes
92

.  

When cells encounter DNA damage such as DNA DSBs the cell cycle 

progression is inhibited
93

.Thus the activated ATM and DNA-PK causes 

phosphorylation of several cell cycle regulating proteins i.e. checkpoint regulators 

among them p53. As a consequence the association between p53 and Mdm-2 is blocked 

and p53 is stabilized (Figure 3). Activated p53 subsequently induce the transcription of 

p21 and in G1 increased p21 levels thus blocks CDK4/6 activity and thereby 

phosphorylation of Rb and hence the release of E2F transcription factor preventing S 

phase entry (Figure 4).  

Depending on the extent of DNA damage p53 is able to direct the cell into cell 

cycle arrest or cell death e.g. apoptosis
94

. Thus it is believed that severe DNA damage 

not only results in p53-mediated activation of p21 transcription but causes increased 

expression of the pro-apoptotic protein Bax as well as repression of anti-apoptotic Bcl-

2 expression resulting in increased apoptosis.  

Somatic p53 mutations, which impede its transcriptional function, are frequently 

found in many cancers
95

 but this is not the case for cervical cancer where the frequency 

of mutated p53 is low
96

 
97

 
98

 
99

 
100

. In cervical cancer the persistent infection with 

oncogenic types of HPV is considered to be the most important factor for inactivating 

p53 signalling. Thus the E6 and E7 products of HPV interfere with p53 and Rb 

functions and deregulate the cell cycle. HPV E6 inactivates and degrades p53 via the 

ubiquitination pathway resulting in at least a partial loss of DNA-damage induced p53 

cell cycle arrest and apoptosis control
101

 
102

 
103

.  
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1.3 CLINICAL RADIOBIOLOGY  

The biological effects of RT depend on radiation type and energy, total dose, 

fractionation schedule, irradiated volume and the duration of treatment as well as the 

dose rate and dose distribution within the tumour. The importance of these various 

factors for determining the outcome differs between EBRT and BT. In conventional 

EBRT the treatment is delivered with a high dose rate to a large volume with a 

homogenous dose distribution and with a treatment time that proceeds over several 

weeks as EBRT is given as small daily fractions. In BT on the other hand, the dose 

distribution is heterogeneous within a small target volume and the dose is delivered in 

one or a few fractions with a dose rate depending on the activity of the source used. BT 

is characterized by steep dose gradients in the vicinity of the sources resulting in a rapid 

dose fall to the surrounding tissue. However, since the prescribed dose is delivered as 

the minimum target dose, the tissue close to the source will receive twice or three times 

the prescribed dose which is positive for the local control of the tumour but may cause 

serious complications on normal tissue.  

The biological effect of radiotherapy does not only depend on the physical factors 

characterising the treatment but also on the biological characteristics of the cells, tissues 

or organs that are irradiated. In vitro studies have shown differences in cell survival 

after irradiation between cells originating from various tumour types
104

. Moreover, cells 

from diverse normal tissue vary in their response to irradiation
105

. 

Comparisons of the effectiveness between different treatment schedules that 

varies in fractionations, dose rates and overall treatment time is possible through the 

use of bioeffect dose models that take into account the variation of response with the 

above mentioned dosimetric parameters. The linear quadratic (LQ) model is currently 

the most used bioeffect dose model that take into account dosimetric parameters as well 

as the radiobiological differences between various tissues
106

 
105

 
107

. The LQ model is 

described by the following equation: 

 

S= exp ( - αD - βD
2
) 

 

where S is the surviving fraction of cells and D is the radiation dose.  

 

A large α/β value relates to small repair capacity and a small α/β to a large repair 

capacity. The α/β values varies with tumour type, for cervical cancer the value is 

high
108

.  
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It is known from results obtained by irradiating cells in vitro that the fraction of 

cells killed by a given dose increases with dose rate and also that the effect differs 

between cell of different origin
109

 
110

. Fast proliferating tissues are more sensitive to 

radiation than slow proliferating tissues and respond differently to changes in dose rate. 

Increasing the dose rate will increase the effects in normal tissue more than it will 

increase the effect on the tumour i.e. normal tissue is more sensitive to changes in dose 

rate than tumour tissue
111

 
112

 
105

. This relation is described as “The terapeutic ratio” 

(Figure 5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Illustration of the effect of late (α/β = 3 Gy) and early (α/β = 10 Gy) reacting 

tissue calculated with the LQ formula adapted to account for the dose rate and the rate 

of repair of sublethal lesions. Courtesy of I. Toma-Dasu. 

 

 

A number of biological processes are taking place during irradiation that will 

influence the survival curve. Some of them are described as the “4 Rs” of radiobiology: 

repair of sublethal DNA-damage, repopulation, reoxygenation and redistribution
113

. 

The relative influence of these factors on the cellular response to a given radiation 

quality depends of the cell type, duration of irradiation and the dose rate as well as the 

overall treatment time
104, 114

. 

 

 



 

  15 

2 AIMS OF THE THESIS 

The overall aim of this thesis was to study the response to preoperative radiotherapy in 

patients with cervical cancer with respect to clinical, dosimetric and molecular key 

factors focusing on DNA-DSB signalling molecules. 

 

 

Specific aims 

 

To analyse the outcome of treatment with preoperative intracavitary radiotherapy in 

patients with cervical cancer stage IB and IIA (Paper I). 

 

To evaluate the impact of tumour remission after preoperative RT on survival  

(Paper I). 

 

To investigate if DNA-DSB signalling proteins DNA-PKcs, Ku70, Ku86, p53, p21and  

Mdm-2 can be used as predictive markers for radiotherapy response in cervical cancer 

(Paper II). 

 

To investigate whether resistant parts of cervical tumours remaining after fulfilled 

radiotherapy have an altered expression of DNA-PK protein complex compared with 

corresponding pre-treatment cervical cancer biopsies (Paper III). 

 

To correlate dosimetric parameters calculated according to the linear quadratic model 

to survival, local control and late toxicity in patients treated with radiotherapy and 

surgery or radiotherapy alone for cervical cancer stage IB-IIB (Paper IV). 
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3 MATERIAL AND METHODS 

3.1 STUDY POPULATION 

These studies were performed on a study group that included 199 patients with 

cervical cancer stage IB, IIA and IIB treated at Radiumhemmet, Karolinska University 

Hospital during January 1989 to December 1991. Diagnosis was based on multiple 

cervical biopsies and fractionated curettage. Clinical staging procedure was performed 

according to the FIGO guidelines used at that time including staging investigations 

such as a chest X-ray, cystoscopy and intravenous pyelogram
115

. Small tumours were 

defined as <2 cm, medium size tumours between 2 - >4 cm and large tumours ≥4 cm. 

Assessment of tumour remission in patients treated with preoperative radiotherapy was 

carried out on the surgical specimen retrieved at surgery performed 4 weeks after 

second fraction of ICRT. Tumour remission was classified as pathologic complete 

remission (pCR) if no microscopic tumour was found or as incomplete pathologic 

remission (non-pCR) if microscopic residual tumour was evident. Follow-up was 

carried out at our clinic during five years and then by the referring gynaecologist. 

Moderate (grade 2) and major (grade 3) late side effects were classified retrospectively 

according to the glossary of Chassagne et al
116

 and were defined as complications 

persistent or occurring more than 3 months after end of RT.  

 

In paper I the outcome of 185 consecutive patients with stage IB and IIA cervical 

cancer was studied with focus on 121 patients primarily treated with preoperative ICRT 

and radical surgery. Out of 121 patients, stage IB and IIA were diagnosed in 97 and 24 

patients, respectively. Median age at diagnosis was 44 years (range 22-75). Squamous 

cell carcinoma was diagnosed in 84 cases and adenocarcinoma in 29 cases. Small 

tumours were found in 31 patients, medium and large tumours in 42 and 48 patients, 

respectively. The manual technique for BT was used in 45 cases and the remote 

afterloading technique in 76 cases.  

 

In the second study pretreatment tumour biopsies were obtained from 109 

patients. Stage IB and IIA were found in 85 and 24 patients, respectively. Squamous 

cell carcinoma was diagnosed in 77 cases and adenocarcinoma in 26 cases and small, 

medium and large tumours were detected in 25, 37 and 47 patients, respectively. 

Preoperative ICRT was performed with the manual technique in 40 patients and 69 

patients were treated with the remote afterloading technique. The frequency of DNA-

PKcs, Ku86, Ku70, p53, p21 and Mdm-2 positive cells were analyzed in formalin-fixed 

tumour biopsies using immunohistochemistry (IHC). The frequency of stained cells for 

each case was correlated to tumour remission assessed as pCR and non-pCR in the 

surgical specimen. Comparison between pCR or non-pCR cases with respect to 

expression of DNA-PKcs, Ku70 and Ku86 were based on samples with low percentage 

stained cells (< median value) or high percentage stained cells (> median value) within 

each tumour specimen. 

 

The third study included 22 patients in which residual cervical tumour in the 

surgical specimen after preoperative radiotherapy were detected. Stage IB and IIA were 

diagnosed in 13 and 9 patients, respectively. Tumour size differed between 1.0 and 8.0 

cm with a median of 5 cm. Squamous cell carcinoma was found in 13 patients and 
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adenocarcinoma in 9 cases. The grade of differentiation was high and moderate in 5 

and 8 cases respectively, low grade of differentiation was found in 9 cases. Eleven 

patients were treated with the after-loading technique while the manual technique was 

used in 10 patients. Three patients were treated with a combination of EBRT and BT 

preoperatively and one patient received only EBRT. The frequency of DNA-PKcs, 

Ku86, Ku70, p53, p21 and Mdm-2 positive tumour cells were assessed by IHC in 

residual cervical tumours after preoperative ICRT and in corresponding primary 

tumour material. 

 

In paper IV biological effective dose (BED) calculations were performed on 171 

patients with cervical cancer stage IB-IIB. Stage IB was diagnosed in 113 patients, 

stage IIA and IIB were found in 44 and 14 patients, respectively. Treatment included 

preoperative ICRT and radical surgery for 128 patients of which 31 cases received 

additional postoperative EBRT. Definitive radiotherapy consisting of ICRT and EBRT 

were used in 43 patients. Median age at diagnosis was 43 years for patients treated with 

radio-surgery and 72 years for patients treated with RT alone. The manual technique 

and the remote after-loading technique for BT were used in 91 and 80 patients, 

respectively. 

 

 

 

3.2 TREATMENT  

Throughout the time period for this study the standard treatment at the 

Department of Gynecologic Oncology, Radiumhemmet, for operable patients with 

cervical cancer stage IB-IIA was preoperative ICRT followed by surgery. Surgery 

included radical hysterectomy according to the Wertheim-Meig procedure
43

 but usually 

only a small portion, 1-2 cm, of the vaginal cuff was resected. Postoperative external 

beam radiotherapy (EBRT) over a pelvic and para-aortic field was added to patients 

with lymph node metastases diagnosed at surgery while cases with non-radical 

resection margins received EBRT over the pelvis only. It has to be mentioned that 

residual tumour in the cervical specimen (non-pCR) was not an indication for 

postoperative adjuvant treatment.  

Patients not suitable for surgery due to poor medical status and patients 

diagnosed with stage IIB disease (paper IV) were treated with two fractions of BT 

followed by EBRT over a pelvic field. EBRT was delivered by 6-21MV linear 

accelerators over anterior-posterior fields with a daily fraction of 1.6 Gy. The 

prescribed dose to the pelvic and para-aortic field was 45 and 40 Gy, respectively. All 

patients receiving EBRT after BT were treated with a central shield placed in 

accordance to the intracavitary applicators with an individualized shielding to the 

bladder and rectum depending on the dose already given by BT. A guideline for the 

total clinical dose, i.e the sum of the doses from ICRT and EBRT, was 60 Gy to the 

bladder and 55 Gy to the rectum, respectively. 
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3.2.1 Brachytherapy 

All patients received low dose rate BT but during the studied period our 

technique for BT gradually changed from a manual technique with radium applicators 

to a remote after-loading technique using cesium-137. Using either technique patients 

were treated with two fractions of ICRT with a 3-week interval followed by either 

surgery or EBRT 4 weeks after the second insertion. 

In the manual technique a combination of an intrauterine tube (43-70mg Ra) and 

a vaginal applicator (50-70 mg Ra) that were not fixed to each other was used. The 

dose rate in the bladder and rectum, measured by a gammameter, served as the basis for 

determining the treatment time and thus the total given dose. The dosage was quoted in 

milligram-hours of radium (mghRa) with two fractions giving a total uterovaginal mean 

dose of 6500 mghRa (4800-7900 mghRa). The estimated dose rate at point A varied 

between 1.0 and 1.23 Gy/hr (mean 1.1 Gy/hr). 

In the remote after-loading technique a circular-shaped vaginal applicator fixed to 

the intrauterin applicator was used (Selektron®). With this technique the dose rate at 

point A varied between 1.20 and 1.45 Gy/hr (mean 1.35 Gy/hr). The prescribed dose 

for each fraction to point A varied between 20 and 22.5 Gy, giving a total dose of 40-45 

Gy. The rectal point dose was calculated on a lateral radiograph and located at the 

anterior rectal wall in the plane of a line through the upper and lower periphery of the 

ring-applicator. The dose to the bladder was estimated at a point in the posterior surface 

of a catheter balloon according to the recommendations from ICRU
60

 (Figure 6).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Lateral x-ray showing intracavitary brachytherapy with the remote after-

loading technique. The circular-shaped vaginal applicator is fixed to the intrauterine 

applicator. Two silver markers are placed in the cervical tumour. The bladder and the 

rectum are visualised by contrast medium in the catheter balloon (A) and the rectum 

(B), respectively  
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3.3 BIOEFFECT DOSE CALCULATIONS 

Biologically effective dose (BED) is a convenient way of converting any 

fractionation or protraction scheme to an equivalent isoeffective dose independent of 

fractionation pattern or delivery time. This allows comparison and addition of the 

effects of various complete or partial treatment regimens irrespective of pattern of dose 

delivery. In paper IV we used the below described calculations.  

For EBRT, the BED was calculated according to equation 1. 

 

d
ndBEDEBRT 1   (1) 

where n is the number of fractions, d is the dose per fraction and α/β is the ratio of the 

LQ parameters of the tissue investigated. It has to be pointed out that we performed 

separate calculations for each tissue, according to their fractionation sensitivity 

quantified as α/β. For low dose rate BT where significant repair of damage takes place 

during the treatment duration, the BED for each session was given by equation 2. 

 

T

BT e
TT

D
DBED 1

1
1

2
1  (2) 

where D is the radiation dose, T is the duration of the BT session and μ is a parameter 

characterizing the repair of sublethal damage in the irradiated tissues; μ=ln(2)/T1/2, 

where T1/2 is half-life of sublethal damage repair. 

For combined treatment schedules, the total BED was calculated as: 

 

i

itot BEDBED  (3) 

where BED are the individual biologically effective doses from each session of RT. 

Equation 3 gives the general BED expression that does not take into account the 

proliferation during the treatment. The effects of this latter aspect could be expressed 

through a supplementary term subtracted from the expression in equation 3 to describe 

the loss of effect due to proliferation of tissues during the treatment (equation 4). 

 

Tp

TkT
BEDBED treat

i

iprolif

2ln
  (4) 

where Ttreat is the overall treatment time, Tk is the lag time for the onset of proliferation 
117

, Tp is the effective doubling time during proliferation and α is the linear parameter of 

the LQ model. It should be noted that no correction for proliferation is needed if the 

overall treatment time is shorter than Tk. 

The expressions in equations 1-4 were used to calculate the relevant BED for 

tumors and normal tissues in paper IV. The parameters used for calculations have been 

chosen in agreement with existing literature
108

 
118

 
119

. Thus, generic values of 10 Gy 



 

20 

and 3 Gy have been assumed for the fractionation sensitivities of tumors and normal 

tissues respectively. The repair half-life for sublethal damage was 1.5 h resulting in a 

repair parameter μ=0.46 h
-1

, the lag time for the onset of proliferation Tk=21 days, the 

effective proliferation doubling time Tp=5 days and α=0.3 Gy
-1

. 

 

 

 

3.4 IMMUNOHISTOCHEMISTRY 

Immunostaining of the DNA DSB signalling proteins was performed on archival, 

formalin fixed tumour material obtained from the patients described in section 3.1. For 

antigen retrieval the paraffin sections (4 µm) were boiled in citrate buffer. After 

blocking with 1% BSA staining were performed with the following antibodies; DNA-

PKcs, Ku86, Ku70 (Neo Markers, Union City, Ca, USA) , p53 (clone DO-7, DAKO, 

Kyoto, Japan),  p21 (clone EA10, Oncogene research products, Cambridge, MA, USA) 

and Mdm-2 (SMP14, Santa Cruz Biotechnology, Santa Cruz, CA, USA). The ABC-

technique (Vector Laboratories, Elite Standard Kit, Burlingame, CA, USA) was used 

for visualize the immunostaining. Staining evaluation was performed in a blinded 

fashion, without prior knowledge of the clinical data or outcome for the individual 

patient. Counting of 500 tumour cells was carried out on four representative areas in a 

light microscope and the percentage of stained cells was determined. Intensity of 

immunostaining was judged as low, intermediate or strong. Morphologically normal 

squamous epithelial and cervical glandular cells in each specimen served as internal 

negative control. The intraobserver reproducibility was tested and showed significant 

correlation between the two series of evaluations (r=0.95, p<0.001). 
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4  RESULTS AND DISCUSSION 

 

4.1 PAPER I 

The purpose of this study was to evaluate the treatment results of preoperative 

ICRT in stage IB and IIA cervical cancer with focus on the prognostic value of 

complete tumour remission for recurrence rate and survival. In patients treated with 

preoperative ICRT we found a 5-year disease specific survival rate of 87% and 75% for 

stages IB and IIA, respectively, which corresponds well with other reports on survival 

for patients in these stages of cervical carcinoma (see 1.1.5). The importance of 

complete tumour remission for survival after preoperative ICRT has been addressed in 

earlier studies but the results are inconclusive with some studies reporting a correlation 

between tumour sterilisation and patient survival
120

 
39

 
41

 
121

 while others do not find 

such a correlation
37

 
122

 
40

. 

In this study we found that complete tumour remission after preoperative BT is of 

strong prognostic value when it comes to patient survival. Patients with pathologic 

complete remission (pCR) had a 5-year disease-specific survival of 95% compared to 

46% in patients with non-pCR (p < 0.0001) (Figure 7). To further investigate the 

prognostic value of pCR we analyzed the importance of pCR for survival in relation to 

node status. Among node negative patients we found a 5-year survival rate of 98% in 

cases with pCR compared to 64% in cases with non-pCR (p < 0.0001). Node positive 

patients with pCR had a 5-year survival rate of 67% compared to 25% in patients with 

non-pCR, however, this difference was not statistically significant (p=0.11). Moreover, 

patients with large tumours and pCR had a 5-year survival rate of 96% compared to 

40% in patients with large tumours and non-pCR (p < 0.0001). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Five-year disease-specific survival in patients with cervical 

cancer stage IB-IIA in relation to pathologic complete remission (pCR) 

or residual tumour (non-pCR) after treatment with preoperative 

brachytherapy. 
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Several factors may be of importance for this result. The frequency of pCR is an 

issue of interest. We found pCR in 79% of the patients (Table 2). As expected, pCR 

was more common in patients with small tumours compared to patients with large 

tumours and node negative patients more frequently reached pCR than node positive 

patients. A small tumour has obviously a higher possibility to be fully targeted with 

ICRT than a large tumour which is a probable explanation to our finding that small 

tumours more often reached pCR than large tumours. Consequently, the higher 

frequency of pCR among node negative cases compared to node positive cases may 

well be explained by the known correlation between large tumour size and increased 

frequency of pelvic lymph node metastases
123

 
24

. Still, the possibility of node positive 

tumours representing a more radioresistant type of tumour also must be considered. 

 

 

 

Table 2. Tumour characteristics in relation to tumour remission. 

 Pathologic 

complete  

remission 

Non-pathologic 

complete 

remission 

Total  

no. of 

patients 

No. of patients 95 (79%) 26 (21%) 121 

Tumour 

       characteristics 

 

 

  

   Stage IB 79 (81%) 18 (19%) 97 

   Stage IIA 16 (67%)   8 (33%) 24 

   Node negativ 86 (86%) 14 (14%) 100 

   Node positive   9 (43%) 12 (57%) 21 

Histologic type    

   Squamous 68 (81%) 16 (19%) 84 

   Adenocarcinoma 22 (76%)   7 (24%) 29 

   Others   5 (63%)   1 (37%) 8 

Grade of 

       differentiation 

   

   High-moderate 60 (81%) 14 (19%) 74 

   Low 29 (73%) 11 (27%) 40 

   Unknown   6 (86%)   1 (14%) 7 

Tumour size    

   Small 30 (97%)   1 (3%) 31 

   Medium size 37 (88%)   5 (12%) 42 

   Large 28 (58%) 20 (42%) 48 

 

 

 

Our result of pCR in 79% of the patients is of the same order as found by 

others
124

 
125

 
126

 
37

 
39

 
121

. However, there are reports on lower frequencies of tumour 

sterilization
127

 
128

 
40

. Factors such as differences in studied patients regarding tumour 

stage and size as well as differences in the total radiation dose and dose rate should be 

considered when comparing results obtained in different studies. In a randomised trial 

examining two low dose rates ( 0,38 and 0.73Gy/hr) on cervical cancer patients stage I 
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and II treated with preoperative ICRT  a higher grade of tumour sterilizations was 

reported in the lower dose rate group for a subgroup of patients in stage II disease
128

. 

That result may lead to the assumption that a higher dose rate will result in less degree 

of pCR. However, this assumption is not likely since the mean dose rate in our study 

was almost twice as high (1.2-1.35Gy/hr) as in the randomised trial, yet in spite of that 

we found a higher frequency of complete remissions pCR, 79% in our study compared 

to 47% in the randomised study. Likewise, in our study there was some variation in the 

dose rate between the two BT techniques, however, we did not find that the method of 

administrating BT had any impact on the frequency of pCR.   

Furthermore, the time interval between RT and surgery is of importance when 

comparing results from different studies on pCR after preoperative ICRT. It has been 

shown that the rate of eradicated cancer increases with a longer time interval between 

end of RT and surgery
128

 
129

. The relevance of the time factor between end of RT and 

surgery is illustrated by the findings of Jacinto et al on cervical cancer patients with 

stage IIB treated with both EBRT and BT preoperatively
129

. Thus, they showed that 

patients who underwent surgery earlier than 80 days after end of RT showed a 

significantly lower rate of pCR (28%) than patients with surgery performed later than 

80 days after end of RT (57%). In our study the time interval between BT and surgery 

was shorter (range 28-35 days) thus this factor is unlikely to explain our relatively high 

frequency of pCR. 

The definition of tumour remission is also of importance for the frequency of 

pCR. In our study we classified tumour remission as pathologic complete remission 

(pCR) if no microscopic tumour was found or as incomplete pathologic remission (non-

pCR) if microscopic residual tumour was found in the surgical specimen. This is in 

agreement with most other studies
37

 
41

 
121

 
42

. One objection to this definition could be 

that the response to RT may be more gradual and that it would be more accurate to 

measure a partial response. It is however, difficult to get that type of pathological 

judgement performed with a high reproducibility.  

The importance of pathologic complete remission (pCR) on survival in our study 

is further demonstrated by the result of the multivariate analysis where only non-pCR 

and pelvic lymph node metastases were found to be of independent significance for 

decreased survival while large tumour size was not. This is in agreement with the report 

from Grigsby el al who found no effect of tumour size on the prognosis for patients 

with cervical cancer stage IB and IIA treated with preoperative RT
130

. One hypothetical 

explanation for this lack of impact of tumour size on prognosis after preoperative RT is 

that pretreatment microscopic tumour spread in the paracervical tissue is correlated to 

tumour size. When using preoperative ICRT the surrounding paracervical tissue will be 

reached by a low but sufficient radiation dose for targeting potential microscopic 

disease. This theory is supported by the findings that postoperative additional RT has 

shown to reduce local recurrence rate and prolong disease-free survival for patients 

with bad prognostic factors such as large tumour size, capillary-space tumour invasion 

and deep stromal invasion of the cervix revealed at surgery (see 1.1.6). Furthermore, 

this hypothesis is compatible with our finding of a significant lower frequency of 

locoregional recurrences in patients with pCR compared to non-pCR patients.  

In some of the studies which analyze the outcome after preoperative ICRT, 

survival with respect to pCR is not reported
38

 
42

. However, there is one study of 192 

patients with stage IA2-IIA cervical cancer treated with preoperative ICRT that reports 

a correlation between distant recurrences and non-pCR
41

. Another study of 264 patients 
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with stage IB1-IIB reports significantly decreased 5-year survival for patients with 

residual tumour in the surgical specimen
121

. In a study of 115 patients with stage IB and 

stage II no significant difference in survival between cases with and without residual 

carcinoma after preoperative ICRT was reported
37

. The explanation of these diverging 

results is unclear but may be attributed to the difference in technique for BT, dose rate 

as well as in the clinical material that all are factors that may have an impact on both 

frequency of pCR and survival of the patients.  

 

When discussing different treatment options it is important to take into account 

treatment related side effects. We registered no grade 3 complications such as vaginal 

fistulas among the 121 patients analyzed in this study. Grade 3 late complications after 

preoperative ICRT is reported in a frequency varying between 0.5% and 6% 
37

 
38

 
40

 
41

. 

One factor of importance for our result of no vaginal fistulas might be that the 

“Stockholm technique” is based on individualization which resulted in a reduction of 

the prescribed dose if the estimated dose to bladder and rectum was too high. Another 

factor of importance may be our strict time interval between the insertions of BT as 

well as between BT and surgery which may provide time for normal tissue to repair. It 

is, however, important to point out that a retrospective analysis of patient records as 

ours in general will give a lower frequency of complications than the result of a 

prospective study or a personal questionnaire.  However, when it comes to serious, 

grade 3 complications we consider our result reliable since symptoms leading to 

investigation procedures or surgery are well reported. 

 

 

 

4.2 PAPER II AND III 

Given our finding in paper I that complete tumour remission after preoperative 

BT did strongly correlate with long-term survival we were interested to find potential 

molecular markers in the primary tumour that could predict response to BT. Others 

have performed similar studies on pre-treatment cervical cancer tumour specimens 

aiming at finding biological markers for RT response but have focused on other 

markers. Thus, increased survival signalling trough Her-2
131

 and epidermal growth 

factor receptor (EGFR)
132

 
133

 as well as insulin-like growth factor receptor (IGFR)
134

 

have all been shown to correlate to decreased responsiveness to RT.  

In paper II we have investigated the expression of proteins known to be involved 

in the NHEJ DNA repair process with the aim to find possible markers for 

radiosensitivity. Using IHC we analyzed the DNA-PK proteins DNA-PKcs, Ku70, 

Ku86 and their downstream signalling proteins p53, p21 and Mdm-2.  

Importantly, we found that non-neoplastic squamous epithelium and tumour-free 

cervical glands showed low expression of all of the DNA-PK subunits (Figure 8).  
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Figure 8. DNA-PKcs protein expression in non-neoplastic tissue (A) and partly poor 

differentiated adenocarcinoma (B). A clear difference in immunostaining of DNA-PKcs 

is observed between the non-neoplastic tissue (A) and the tumour tissue (B). 

 

 

Our finding of almost complete lack of immunostaining in non-neoplastic tissues 

versus the high staining frequency of DNA-PK complex proteins within cervical 

tumour tissue is in agreement with reports from other studies on other tumour types i.e. 

bladder- and colorectal carcinoma in which DNA-PKcs, Ku86 and Ku70 all were found 

to have an increased expression relative to the corresponding non-neoplastic tissue
135

 
136

. This result is compatible with the report by Bartkova et al showing that other DNA 

DSBs response proteins such as ATM, Chk2, p53 and γ-H2AX are constitutively 

activated and expressed at higher levels early in the tumour genesis as compared to 

normal tissue
137

. 

 

We found a positive nuclear staining of DNA-PKcs in all of the 109 tumours 

analysed, with a median of 66% positive cells (range 20-100%). Staining for Ku 86 was 

detected in 107 cases and the median percentage of positive cells was 74% (range 24-

100%). Expression of Ku70 was found in 108 tumours with a median of 78% positive 

cells (range 15-99%). The staining levels of Ku70 and Ku86 detected in our study are 

comparable with values reported by others 
138

. When comparing small/intermediate and 

large tumours we could not find any significant difference in expression of neither 

DNA-PKcs nor Ku70 or Ku86. This result may be interpreted as that DNA-PK is not 

upregulated during tumour progression which could be supported by findings in other 

tumour types where other DNA damage response proteins are constitutively activated 

early in tumour genesis
137, 139

 
140

. 

With an attempt to identify predictive markers for radiosensitivity we analyzed if 

the expression of the above described markers in the primary tumour were correlated to 

treatment outcome measured as pathologic complete remission (pCR) after 
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preoperative ICRT. We could not detect any significant difference in expression of 

DNA-PKcs primary tumour between pCR and non-pCR patients. Similar to DNA-

PKcs, we did not detect any significant difference in the expression of the subunits 

Ku70 and Ku86 between pCR and non-pCR patients (Figure 9). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Expression of DNA-PKcs (triangles), Ku86 (circles) and Ku70 (squares) in 

primary biopsies from patients with cervical carcinoma and comparison between pCR 

(filled symbols) and non-pCR cases (unfilled symbols). Median values are indicated. 

 

Studies on cells lines have shown that deficiency in any of the DNA-PK subunits 

leads to impaired DNA DSB repair and increased sensitivity to ionising radiation
141

 
142

 
143

. Moreover, it has been shown in our group that high expression of DNA-PK 

correlates with resistance to irradiation in lung cancer cells lines
144

. However, the 

significance of DNA-PK expression levels in biopsy specimens for the clinical response 

to RT in a patient is clearly not as obvious. This discrepancy may be explained by 

multiple factors. First, the level of DNA-PK in cervical tumours with low DNA-PK 

expression may still be sufficient to repair RT-inflicted DNA damage and consequently 

no correlation between non-pCR and a high protein expression will be found. Moreover, 

tumours with low DNA-PK may induce an upregulation and thereby handle the RT-

induced DNA damage leading to non-pCR. One possible pathway involved in such an 

upregulated function of DNA-PK might be the EGFR signalling cascade as it has been 

shown that irradiation may induce accumulation of EGFR within the cell nucleus which 

subsequently causes an increased function of the DNA-PK complex
145

.  

Furthermore, in a tumour, the surrounding tissue may influence the tumour 

response to RT as compared to cell lines. Thus, one may speculate that tumour 

associated fibroblasts would produce factors that influence the response to RT. The 

heterogeneity of a tumour, in contrast to cell lines, with a various degree of hypoxia may 

also influence the response to treatment.  
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The lack of a correlation between expression of DNA-PK and tumour response in 

our study differs from other reports indicating a positive role for DNA-PK as a 

predictive marker for radioresistance. Clinical studies on DNA-PK and outcome after 

RT on various tumour sites show diverging results. In head and neck cancer patients it 

is reported that high levels of Ku86 correlate with better locoregional control measured 

one month after end of treatment
146

. Komuro et al reports on patients with rectal 

carcinoma treated with preoperative RT that low levels of Ku70 correlate with 

radiosensitivity
147

. However, in that study radiosensitivity was defined in the surgical 

specimen as shrinkage and fibrosis of more than two-thirds of the tumour which is in 

marked contrast to our study where radiosensitivity was defined as complete tumour 

remission. This variation in endpoint for radiosensitivity may explain why different 

results were obtained. Moreover, Komuro et al RT used EBRT for treatment whereas 

we used low dose rate BT. It is known that irradiation with high dose rate such as 

EBRT result in different cellular radiobiological effects than low dose rate irradiation
114

 

which also may explain the diverging result regarding DNA-PK expression levels and 

correlation to tumour remission between the two studies. 

Also in cervical cancer, there are reports showing a relation between expression 

of DNA-PK and outcome after RT. In a study on patients with cervical cancer stage I-

III treated by RT a higher survival rate was found for patients with low expression of 

Ku70 in the primary tumour while the expression of Ku80 did not correlate with 

survival 
138

. Similarly, a report on cervical cancer patients stage IA-IVB reports better 

survival for patients after RT if the tumour was Ku80 negative
148

. The reasons for the 

diversity of results in these clinical studies for the predictive role of DNA-PK 

expression for RT response are not obvious. One important issue, however, is the 

definition of RT response. Survival is often used as an endpoint in studies searching for 

potential predictive biomarkers for radiosensitivity. This is problematic since survival is 

closely related to the clinical stage of the disease as well as to other factors such as age 

and co-morbidity. This is especially apparent when the analyzed patients are 

heterogeneous with respect to stage. In our study we had a more homogenous patient 

material as we only included patients with stage IB-IIA cervical cancer. Furthermore, 

we defined RT response as complete tumour remission in the surgical specimen thereby 

avoiding confounding factors related to survival. In addition, the total dose and 

treatment type as well as time interval between treatment and evaluation of DNA-PK 

expression differ between studies. In the above referred clinical reports on DNA-PK 

expression and cervical cancer, treatment have included EBRT with or without BT. In 

our study patients were treated only with low dose rate BT which has a different 

radiobiological effect than EBRT as discussed above
114

. This might result in a different 

cellular respond with respect to DNA-PK and DNA repair. 
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We also examined if the expression of p53, p21 and Mdm-2 within the primary 

tumour specimen from 109 cervical cancer patients could predict their RT treatment 

response. We found no correlation between either Mdm-2 or p21 to pCR. We found 

p53 staining in 35% of the analyzed tumours, however, with a low frequency of stained 

cells within each positive tumour (range 5 - 33%). We found that p53 positivity in the 

primary tumour correlated with cases showing residual tumour after RT i.e. to non-

pCR. This is in agreement with Mukherjee et al that report a correlation between p53 

staining in primary tumour biopsies and residual tumours after preoperative EBRT in 

patients with cervical cancer stage IIA-IIB
149

. In contrast, Ebara et al found no 

correlation between p53 staining in primary tumour and treatment outcome defined as 

local control and survival on stage III cervical cancer
150

. In the study by Ebara et al the 

same antibody was used as we applied which is an antibody that detects p53 regardless 

of mutation. Thus we do not know if the p53 staining we observed within the cervical 

cancer specimens represents mutated or wild type p53. However, mutations of p53 are 

rarely detected in cervical carcinoma and the issue of a correlation between mutated 

p53 and immunopositivity for p53 have been investigated in several studies on cervical 

cancer patients reporting no such correlation
97

 
99

 
151

 
98

. Moreover, in a study analyzing 

the mutational status of p53 by PCR-single-strand conformation polymorphism (PCR-

SSCP) in relation to response to RT in patients with cervical cancer stage IIIB it was 

reported that p53 mutation was significantly correlated with local recurrence
152

. It is 

shown that the expression of p53 increases under hypoxic conditions in cell cultures on 

cells from HPV-infected cervical carcinomas
153

. One explanation to our finding of a 

correlation between the frequency of p53 positivity and non-pCR may be that in 

radioresistant tumours i.e. non-pCR cases, p53 positivity represents tumours with a 

higher degree of hypoxic cells that may be more resistant to RT. We also found that 

p53 positive tumours showed a significantly higher expression of DNA-PKcs than p53 

negative tumours. This points to that the DNA-repair capacity might be increased in 

p53 positive tumours.  

 

 

Few clinical studies have so far compared the expression of DNA-PK proteins in 

primary and residual tumour tissue after RT. One may hypothesize that tumours 

surviving irradiation would display increased function of a DNA-PK signalling 

network. In paper III we therefore compared the expression of DNA-PKcs, Ku70 and 

Ku86 as well as p53, p21 and Mdm-2 in primary tumours and corresponding residual 

cervical tumours after RT. 

We found that the residual tumour showed higher percentages of DNA-PKcs 

immunopositive cells compared with the corresponding primary tumour biopsy. 

Similarly, the frequency of tumour cells staining positive for Ku70 and Ku86 were 

higher in residual than in primary tumours.  

To our knowledge this is the first study of clinical cervical carcinoma in which 

the DNA-PK expression has been examined in both primary and residual tumour tissue 

after RT. However, there is one study by Shintani et al on oral squamous carcinoma 

which analyzed DNA-PK proteins in tumour biopsies pre- and post RT delivered as 

EBRT to a median total dose of 32.9 Gy
154

. It was demonstrated that these residuals of 

oral squamous carcinoma obtained by surgery two or three weeks after fulfilled RT 

indeed had an increased expression of DNA-PKcs and Ku70 whereas the expression of 
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Ku80-positive cells was found to be similar in tumour tissue pre- and post RT. The 

results by Shintani et al are partly in agreement with our findings while there is a 

discrepancy with respect to Ku80. It may be related to the effect of the chemotherapy 

that was given to half of the patients in the study by Shintani et al which might have 

induced a different selection pressure on the primary tumour than RT alone. Moreover 

differences in treatment type, ICRT vs EBRT, as well as in the time span between end 

of RT and surgery may contribute. 

One interpretation of our finding that residual tumour tissue displayed increased 

frequency of cells staining positive for DNA-PK components compared to primary 

biopsies is that radiation causes a selection pressure allowing DNA-PK high expressing 

tumour cells to survive RT and conquer the tumour. Provided there are both DNA-PK 

low expressing radiosensitive and DNA-PK high expressing radioresistant tumour cells 

in the primary tumour, radiation will lead to death of the DNA-PK low expressing cells 

as they will not have enough capacity to repair the radiation inflicted DNA DSBs. 

Therefore the DNA-PK high expressing tumour cells will constitute a greater part of 

the total amount of residual tumour cells. Yet, another possibility might be that 

radiation to a tumour may induce an upregulation of the DNA-PK proteins and that 

individual tumour cells will have different susceptibility for triggering such an 

upregulation as a result of different signalling aberrations in different parts of a tumour. 

 

We also analysed the expression of p53, p21 and Mdm-2 in primary and residual 

tumours after RT. We observed a decrease in the frequency of p21 positive cells in 

residual tumours after RT compared to corresponding primary tumour. In contrast, no 

difference in the frequency of p53 and Mdm-2 cells was found.  

This result is contradictory to studies on cell lines showing a radiation induced 

increase in p21 expression
155

. Also in the clinical situation, an increase of p21 positive 

cells in tumour tissue analyzed after RT as compared to the frequency in pre-treatment 

tumour biopsies has been reported in patients with cervical cancer
156

. However, in that 

study by Niibe et al the biopsies were taken in an early phase of the radiation course, at 

a total dose of 10 Gy delivered by EBRT, which is in contrast to our study using ICRT 

with a total dose of at least 30 Gy. Moreover, in that study p21 expression was 

evaluated at 6 hours post radiation while our analysis was performed four weeks after 

end of BT. Hence we did not measure the acute radiation-induced activation of p21 

expression as was the case in the study by Niibe et al which may explain the different 

results.  

 

 

 

4.3 PAPER IV  

The purpose in paper IV was to evaluate the biological effective dose (BED) 

defined by the LQ model with respect to local tumour control, survival and late toxicity 

of the bladder and rectum in patients treated with either radiotherapy (RT) in 

combination with surgery or RT alone in patients with cervical cancer stage IB-IIB. 

We found a disease specific 5-year survival rate of 87% for stage IB, 75% for 

stage IIA and 54% for stage IIB.  

Our analysis shows that among patients treated with RT alone, the outcome with 

respect to survival and local control appears to correlate with the biological effective 
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dose, BED10. We found that patients treated with definitive RT had an average BED10 

of 92 Gy10. Surviving patients had an average BED10 of 98 Gy10 compared to an 

average BED10 of 84 Gy10 in diseased patients.  

In contrast, for the group of patients treated with RT and surgery differences in 

biological effective dose, BED10 did not seem to influence overall survival. There are 

several possible reasons for this finding. BED is an additive quantity which will not be 

appropriate when a part of the target is removed by surgery. Furthermore, the combined 

treatment modalities lead to very prolonged overall treatment time especially for 

patients receiving both pre-and post-operative RT thus the relevance of the conclusions 

of the BED calculations could be questionable. Moreover, evaluation of BED 

correlations to survival and local control in patients that undergoes surgery is difficult 

to interpret since these parameters also are depending on the outcome of surgery and 

not only on the RT given.  

We also performed calculations of BED considering tumour proliferation during 

treatment. We found a decrease of BED of approximately 30 Gy when the proliferation 

was taken into account. A lower BED when taking proliferation into account might be 

explained in the following way: a certain amount of the delivered dose is “wasted” on 

counteracting the effect of proliferation due to the increased overall treatment time.   

Our finding that the outcome appears to correlate with radiation dose for the 

group of patients treated with RT only is in agreement with the results reported by Sood 

et al
157

. In that report a trend for better local control for patients with BED10 > 89 Gy10 

to point A was found in the analyzed 49 patients with cervical cancer stage I-III treated 

with EBRT and HDR brachytherapy. There are however, reports showing no dose 

response correlations between the biologically effective dose to the tumour and 

outcome of RT
158

 
159

. In a review of 24 studies on cervical cancer patients treated with 

EBRT and HDR brachytherapy by Petereit and Pearcy in which the BED was 

calculated retrospectively by the authors, no relation between dose and local control 

was found
158

. These inconclusive findings may address the question of the validity of 

the LQ model, however, there are several additional factors that might be related to the 

diverging results. The composition of the studied patient populations with respect to 

factors that will have an impact on survival such as clinical stage, age, and co-

morbidity varies between studies. Moreover, since the physical dose and its 

radiobiological counterpart, the BED, are only correctly defined at the prescription 

point due the heterogeneity of dose within the target, differences in technique of BT as 

well as in differences in definition of the prescription point, may all be of importance 

for the diverging results obtained in different studies.  

Regarding side effects in our study, late toxicity from bladder and rectum were 

recorded in 25 out of 171 patients (15%), of which five patients showed complications 

from both organs. Grade 2 and grade 3 complications were found in 23 and 2 patients, 

respectively. In patients treated with RT alone we observed a late rectal complication 

rate of 30% (13/43) with two patients showing grade 3 complications. For the bladder 

the complication rate was 14% (6/43). Late complication rates between 0.6 and 25 % 

are reported for the bladder and rectum after RT for cervical carcinoma
48

 
160

 
161

 
66

 
64

 
49

. 

When comparing studies with respect to complication rates it is important to point out 

that differences in definitions of late complications as well as follow-up schedules may 

have an impact on the reported frequencies. 

For the patients undergoing RT only, we found an average BED3 of 86 Gy3 for 

rectum and 76 Gy3 for the bladder. Patients with rectal complications had an average 
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BED3 of 83Gy3 and the average BED3 was 88 Gy3 for patients with bladder 

complications. We did not find a correlation between BED3 and complications either 

for the rectum or the bladder. Other studies analyzing BED in relation to complications 

have reported various thresholds BED3 for late rectal complications such as BED3 of 

110 Gy3
162

, BED3 of 125 Gy3
163

 and BED3 of 143 Gy3
164

. In our study we had only two 

patients with average BED3 ≥ 131 Gy3 and none of them were recorded with any late 

rectal complication.  

Our average BED3 for the rectum is lower than reported threshold BED3 from 

others which may explain our result of no correlation between BED3 and complications 

from the rectum. The low median BED3 in our study might lead to expecting a low 

level of complication probability which would not totally agree to our results with 25% 

grade 2 and 5% grade 3 rectal complications. This may be related to the rather high 

median age among the group of patients treated with RT only. It has been shown that 

high age as well as co-morbidity increases the risk for late complications
162

 
69

. Another 

factor of importance could be the large portion of patients treated with the manual 

technique among patients treated with RT only. The manual technique was associated 

with higher dosimetric uncertainties due to un-fixated applicators and longer treatment 

time compared to treatment with the after loading technique. This stresses the 

difficulties in comparing studies with various techniques for BT, from different time 

periods or with different stage compositions of the patient populations. 

Moreover, it should be mentioned that the predictions of complication rates 

based on correlations with the BED for the organs at risk are subject of discussion 

due to the intrinsic limitations of the BED concept which does not take into account 

the volume effects and the dose heterogeneity within the organ.  

In conclusion, we found a correlation between biological effective dose (BED) 

and survival and local control in patients treated with RT only but not for patients 

treated with RT and surgery. No correlation was found between BED and late toxicity 

from bladder and rectum. 



 

32 

5  CONCLUSIONS AND FUTURE PERSPECTIVES 

 

The overall aim of this thesis was to study the treatment outcome for patients with 

cervical cancer treated with preoperative intracavitary radiotherapy (ICRT). In addition, 

clinical, dosimetric and molecular factors of importance for response to radiotherapy 

(RT) were explored.  

In paper I we analysed the treatment results of 121 patients with cervical cancer 

stage IB-IIA treated with preoperative ICRT. We found a 5-year disease specific 

survival rate of 87% for stage IB and 75% for stage IIA which compares well with 

survival rates reported for other treatment regimens such as primary surgery and 

definitive RT. No serious late complications were recorded either from the bladder or 

the rectum. We found that pathologic complete tumour remission (pCR) after 

preoperative ICRT had a strong impact on survival. In patients with node negative 

disease and pCR the 5-year survival rate was 98% compared to 64% in cases with non-

pCR. A marked difference in survival between cases with pCR and non-pCR was also 

found in patients with large tumours with a 5-year survival rate of 96% in cases with 

pCR compared to 40% in non-pCR cases. These results indicate that the use of 

preoperative ICRT contributes to treatment outcome. However, preoperative ICRT in 

the treatment of cervical cancer is controversial and it is still unclear which patients will 

benefit from this type of treatment. The ultimate way to answer this question is to 

perform a randomised trial between preoperative ICRT and primary surgery. Such a 

study is ongoing in Hungary, but there are, to our knowledge, no published results so 

far. Hopefully the Hungarian study will within a few years give an answer to the 

question of which patients should be selected for preoperative ICRT.  

Nevertheless, a possibility to predict the response to radiotherapy on a pre-

treatment tumour biopsy would be of great importance when deciding treatment 

strategy for the individual patient. A number of molecular markers have previously 

been studied, such as EGFR and IGFR, with the purpose to find predictive biomarkers 

for radiosensitivity. In paper II we examined if the DNA-DSB signalling proteins 

DNA-PKcs, Ku70, Ku86, p53, p21 and Mdm-2 can be used as predictive markers for 

RT response in cervical cancer. We did not find that the expression of DNA-PK 

complex proteins in primary tumour specimens can predict RT response. To further 

investigate the role of the DNA-PK complex proteins for RT response we analyzed the 

protein expression in pre- and post-treatment tumour specimens in paper III. We found 

that residual tumours showed an increased frequency of tumour cells positive for DNA-

PK complex proteins compared to the frequency in the primary tumour. This result may 

be interpreted as that radiation causes a selection pressure allowing cells with high 

DNA-PK expression to survive radiotherapy. Another possibility is that RT induces an 

upregulation of the DNA-PK proteins in the radioresistant parts of the tumour. In this 

thesis we have studied only some of the proteins that are involved in the NHEJ 

pathway. Further studies are warranted to explore the specific role of the DNA-PK 

complex proteins for radiotherapy response as well as their change in activity during 

the radiation course. 
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Treatment planning for radiotherapy is individual for each patient and it is 

important to be able to compare and evaluate the influence of various treatment 

schedules on the outcome. We have in paper IV evaluated biologic effective dose 

(BED) according to the linear quadratic model with respect to survival, local control 

and late toxicity in patients treated either with radiotherapy and surgery or with 

radiotherapy alone. We found that BED cannot be used as a predictive factor for the 

outcome in patients treated with pre-and postoperative radiotherapy or for the late side 

effects but does correlate with the control of the tumour in patients treated with RT 

alone. Then again, this thesis is based on patients treated several years ago and due to 

the development of the treatment methods for both EBRT and BT further studies are 

needed to evaluate BED for the currently used treatment techniques.  

 

In conclusion we have found that treatment outcome with respect to survival after 

preoperative intracavitary radiotherapy in early stage cervical cancer is comparable 

with other treatment regimens. Pathologic complete remission is a strong prognostic 

factor which indicates that preoperative ICRT contributes to the treatment outcome. 

Biologic effective dose calculated according to the linear quadratic model does not 

predict the outcome in patients treated with radiotherapy and surgery but correlates 

with treatment outcome for patients treated with RT only. The frequency of the DNA-

damage repair proteins DNA-PKcs, Ku70 and Ku86, detected by 

immunohistochemistry in the primary tumour tissue, cannot be used as a predictive 

biomarker for radiotherapy response. Residual tumours after intracavitary radiotherapy 

show an increased frequency of tumour cells positive for DNA-PK complex proteins 

compared to the frequency in the primary tumour suggesting that these proteins have a 

role in resistance to radiotherapy of cervical carcinoma. 
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