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Epidemiology

Cancer of the bowel is the second most prevalent type of cancer in males (15.8% 
of male cancers) and the third in females (13.0% of female cancers). The number 
of newly diagnosed rectal cancer patients in the Netherlands is growing every 
year.1,2 In 1990, rectal cancer was found in 1730 patients, whereas 4357 rectal 
cancers were found in 2014. Since the highest incidence is found in patients over 
60 years2, the raising number of newly diagnosed rectal cancer patients is partly 
due to aging of the population. In addition, since colorectal cancer is, worldwide, 
most observed in North America, Oceania and Europe, lifestyle factors associated 
with a westernizing environment like obesity and physical inactivity are pointed 
out as important risk factors as well.3 

Moreover, population screening led to more cancers being diagnosed at an 
earlier stage, resulting in improved survival; the one-year survival of patients 
with screening-detected tumours was 95.9% versus 79.6% in patients, who were 
not invited for screening.4

Besides the possibility to detect cancers in an earlier stage, outcome after 
treatment has improved, due to more advanced treatment techniques. All these 
developments have resulted in more patients surviving their rectal cancer; 51% of 
patients diagnosed between 1989-1993 were still alive at 5 years after diagnosis, 
whereas this percentage was 65% after 5 years for patients diagnosed between 
2008-2012.2 The increasing number of rectal cancer survivors, emphasizes the 
need for knowledge of health-related quality of life (HRQL) and treatment-
related side effects, like sexual and bowel dysfunctioning. 

Staging and prognosis

Rectal cancer is diagnosed by performing a colonoscopy, followed by histological 
confirmation of a tumour tissue biopsy. In the Netherlands, the staging of rectal 
tumours is based on the fifth Tumour Node Metastasis (TNM) staging system5, 
which classifies tumour infiltration depth in surrounding tissue (T stage), lymph 
node involvement (N stage) and the presence of metastasis (M stage).5 To assess 
the clinical TNM stage preoperatively, endorectal ultrasound is used to evaluate T 
stage in superficial (T1-2) tumours, whereas magnetic resonance imaging (MRI) 
is used to assess the T and N stage of the more extensive tumours., MRI is also 
used to determine invasion or proximity to the mesorectal fascia and sphincter 

complex and the presence of extra-mural vascular invasion. Metastases of rectal 
cancer are most frequently found in the liver or lungs. About as much as 23% of 
the newly diagnosed Dutch colorectal cancer patients in 2012 presented with 
metastasis at diagnosis.6 To rule out metastasis at diagnosis, the use of computed 
tomography (CT) and a radiograph of the lungs are currently recommended. If 
CT is not able to confirm or exclude the presence of a metastasis, FDG PET-CT 
can be used.1 

The pathological TNM stage (table 1 and figure 1) of the tumour plays an 
essential role in predicting the patients’ prognoses, in particular the nodal status. 
Neo-adjuvant (preoperative) treatment can lead to downsizing and downstaging 
of the tumour, resulting in an improved pathological TNM stage and prognosis. 
Prognoses based on rectal cancer stage are displayed in figure 2, in which 10-year 
survival rates of rectal cancer patients in the Dutch population are shown.2

Table 1. Pathological staging system
TNM Stage

TIS N0 M0 0
T1-2 N0 M0 I
T3 N0 M0 IIa
T4 N0 M0 IIb
T1-2 N1 M0 IIIa
T3-4 N1 M0 IIIb
T1-4 N2 M0 IIIc
T1-4 N0-2 M1 IV
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Besides TNM stage, an important prognostic indicator for local and distant 
recurrence of rectal cancer is involvement of the circumferential resection 
margin (CRM).7,8 The CRM is a surgically created margin that is assessed by 
the pathologists who can measure the distance between the tumour tissue 
and that margin. This margin can either be defined by the primary tumour or 
by an involved lymph node. According to the Dutch guidelines a CRM ≤1mm 
is considered positive.1 Generally, a larger distance of tumour tissue from the 
mesorectal fascia, indicates a better prognosis,8 whereas a tumour positive CRM 
indicates the presence of residual (microscopic) disease.

Treatment

Surgery
The first curative operation for rectal cancer was performed in 1908.9 This 
radical abdominoperineal resection (APR) led to a decrease in local recurrence 
rates from almost 100% to 29%.9 It became the standard treatment for rectal 
cancer patients. In the following century, treatment for rectal cancer developed 
enormously, ultimately resulting in the Total Mesorectal Excision (TME). 
With this technique a radical resection is achieved by a sharp dissection in 
the pelvis around the integral mesentery. The fatty lymphovascular tissue 
and the mesorectum surrounding the rectum are resected en bloc. Due to the 
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Figure 2. Survival by pathological TNM Stage2

sharp dissection, the pelvic autonomic nerves are more presevered than with 
conventional surgery.10 The intact mesorectum ensures a negative CRM in the 
majority of the patients.8 Currently, most patients treated according to the TME 
principles undergo a low anterior resection (LAR) or an APR depending on 
the tumour location. In LAR the patients’ sphincter is preserved, therefore the 
continuity of the bowel can be restored and no, or only a temporary, colostomy 
is needed. Low-lying rectal tumours require removal of the sphincters-complex 
with an APR, which consequently results in an end-colostomy. 

Radiotherapy
Historically, in view of the high local recurrence rate in the pre-TME era, pre- 
or postoperative radiotherapy was applied frequently. Several randomised trials 
have defined the role of radiotherapy in the management of rectal cancer.11-16 
In the randomized Swedish Rectal Cancer Trial increased local control was 
achieved by short-course radiotherapy prior to conventional surgery; a total 
dose of 25 Gy in 5 fractions followed by surgery within one week led to a local 
recurrence rate of 9%, compared to 26% in the surgery only group. Moreover, 
13 years after treatment the overall survival was higher in the irradiated versus 
non-irradiated patients (38% vs. 30%).11 To evaluate the role of radiotherapy 
after TME surgery, the Dutch TME trial was initiated. Between January 1996 
and December 1999, a total of 1861 patients were randomly allocated to short-
course pre-operative radiotherapy (PRT) followed by TME surgery or to 
TME surgery alone. PRT consisted of 5 fractions of 5 Gy delivered during 5-7 
days. Surgery was performed according to the TME technique. Surgeons were 
trained at workshops and symposiums, watched educational videotapes, and 
were monitored by instructor surgeons. Moreover, pathologists were taught to 
determine the CRM following the protocol of Quirke et al.7,12 When compared 
to results of conventional surgery, the standardized TME surgery resulted in a 
decrease of the local recurrence rate to 11%. The additional PRT reduced the 
local recurrence rates even further to 5% (figure 3). However, PRT did not 
translate into an improved overall survival; 48% after PRT+TME vs. 49% after 
TME (figure 4).12,17 In contrast, in a subgroup analysis of patients with stage III 
tumours and a negative CRM, a significant improved overall survival was found 
(10-year survival 50% after TME+PRT and 40% after TME), as a result of a large 
benefit in local control after PRT.17 This finding indicates that microscopic tumour 
tissue can still be present after adequate TME surgery and that PRT eradicates 
these remaining cancer cells in most cases.18 Another strategy to reduce the risk 
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of local recurrences is to provide selective postoperative chemoradiotherapy 
for patients with a positive CRM after TME surgery. In the CR07 trial this 
strategy was compared to preoperative PRT (5X5 Gy). In this large randomized 
controlled trial, including 1350 patients, less local recurrences and an improved 
disease-free survival were found after preoperative PRT, supporting the use of 
PRT.13 

Given the high number of positive CRMs after TME surgery for large or 
irresectabel tumours, neo-adjuvant treatment is used to achieve downsizing 
and thereby downstaging of the tumour leading to a negative CRM. This can 
be accomplished by using preoperative long-term chemoradiotherapy (CRT), 
which is most often a combination of radiotherapy (45-50 Gy in daily fractions 
of 1.8-2.0 Gy) and oral capecitabine (825-1000 mg/m2 for 5-7 days a week) 
followed by TME surgery after 8-12 weeks.1 The addition of chemotherapy to 
long course radiation was investigated in the FFCD 9203, the EORTC 22921 
trial and in a study performed by Braendengen et al. These randomised trials 
reported more downsizing and downstaging of the tumour, facilitating surgical 
resection with a negative CRM, resulting in an increased local control.19-21 In 
the comparison of CRT and short-course PRT in two randomised trials, more 
downstaging and downsizing of the tumour after chemoradiotherapy was 
found, but this did not translate in a lower recurrence rate or an improvement of 
overall survival.22,23 Currently, both CRT and short-course PRT are considered 
as standard treatment schedules, which are advocated in different parts of the 
world.24 

Adverse treatment effects

Unfortunately, all curative treatment options for rectal cancer come at a price. 
Adverse events of surgery, and (chemo)radiotherapy are categorized into short- 
and long-term adverse events. Short-term adverse events occur during treatment, 
within 6 weeks after surgery or within 90 days after radiotherapy. Usually, patients 
recover from these,25 whereas long-term adverse events are long-lasting and can 
remain for the rest of a patients live. 

Measuring adverse effects
Different classification systems have been developed for clinicians to uniformly 
assess side effects. For example, to evaluated side effects after radiotherapy the 

Figure 3. Local recurrence rates in the TME trial17 
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annually thereafter. Local recurrence was defi ned as 
evidence of tumour within the pelvic or perineal area. 
Criteria for distant recurrence were tumour growth in 
any other area, including the colostomy site or inguinal 
region. All recurrences were confi rmed by one of the 
study coordinators. The primary endpoint was local 
control. Secondary endpoints were distant recurrence, 
overall survival, and cancer-specifi c survival.

Statistical analysis
Data were analysed with PASW Statistics 17.0. All 
time-to-event variables were calculated from date of 
surgery. Overall survival analyses were done by intention-
to-treat. Local recurrence analyses were done on all eligible 
patients who underwent a macroscopically complete local 
resection. Distant recurrence analyses were done on all 
eligible patients who did not have distant metastases at 
the time of surgery. Overall recurrence analyses were 
done on the basis of the number of eligible patients who 
had a macroscopically complete local resection without 
distant metastases at the time of surgery. As specifi ed in 
the trial protocol, secondary analyses were done on 
patients with a negative circumferential resection margin 
(>1 mm) and no signs of distant tumour spread. Overall 
survival was calculated with the Kaplan–Meier method. 
Analyses for recurrence were reported as cumulative 
incidences accounting for death as competing risk. Cancer-
specifi c survival was reported as cumulative incidence, 
accounting for death due to other causes as competing 
risk. We compared proportions with a χ² test and survival 
and recurrence rates with the log-rank test. We calculated 
hazard ratios (HR) with the Cox proportional hazards 
model. We checked the proportional hazards assumption 
using the methods of Grambsch and Therneau.15 We used 
interactions between treatment and prognostic factors in 
the Cox proportional hazards model to test for the pre-
sence of eff ect modifi ers. A two-sided p value of 0·05 or 
less was considered to show statistical signifi cance.

Role of the funding source
The funding sources of the study had no role in study 
design, data collection, data analysis, data interpretation, 
or writing of the report. WvG, CAMM, EM-KK, HP, and 
CJHvdV had access to the raw data. The corresponding 
author had full access to all the data in the study and had 
fi nal responsibility for the decision to submit for 
publication.

Results
Figure 1 shows the trial profi le. Between Jan 12, 1996, and 
Dec 31, 1999, 1861 patients from 84 Dutch, 24 Swedish, 
ten other European centres, and one Canadian centre 
were included. 56 patients were considered ineligible 
after randomisation. The reasons for ineligibility were 
reported previously.3,4

Of the 1805 eligible patients, 62 patients did not 
receive the intended treatment and 85 patients were 

treated with postoperative adjuvant treatment against 
protocol guidelines. Minor violations included extended 
interval between the end of radiotherapy and surgery 
(n=110) and non-compliance with the prescribed 
anatomic borders of the radiotherapy volume (n=127). 
In accordance with previous reports, patients with 
major or minor, or both, protocol violations were 
included in all analyses. Table 1 shows the patient 
characteristics, which were well balanced across the 
treatment groups.

Follow-up was continued until July 15, 2010. Median 
follow-up of surviving patients was 11·6 years 
(range 1·2–14·1) and did not diff er between the two 
groups.

Figure 2: Local recurrence and overall survival in the two treatment groups
(A) Probability of local recurrence in the 1748 eligible patients who underwent a macroscopically complete local 
resection. (B) Probability of overall survival in the 1805 eligible patients. RT=radiotherapy. TME=total mesorectal 
excision.
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annually thereafter. Local recurrence was defi ned as 
evidence of tumour within the pelvic or perineal area. 
Criteria for distant recurrence were tumour growth in 
any other area, including the colostomy site or inguinal 
region. All recurrences were confi rmed by one of the 
study coordinators. The primary endpoint was local 
control. Secondary endpoints were distant recurrence, 
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annually thereafter. Local recurrence was defi ned as 
evidence of tumour within the pelvic or perineal area. 
Criteria for distant recurrence were tumour growth in 
any other area, including the colostomy site or inguinal 
region. All recurrences were confi rmed by one of the 
study coordinators. The primary endpoint was local 
control. Secondary endpoints were distant recurrence, 
overall survival, and cancer-specifi c survival.
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the trial protocol, secondary analyses were done on 
patients with a negative circumferential resection margin 
(>1 mm) and no signs of distant tumour spread. Overall 
survival was calculated with the Kaplan–Meier method. 
Analyses for recurrence were reported as cumulative 
incidences accounting for death as competing risk. Cancer-
specifi c survival was reported as cumulative incidence, 
accounting for death due to other causes as competing 
risk. We compared proportions with a χ² test and survival 
and recurrence rates with the log-rank test. We calculated 
hazard ratios (HR) with the Cox proportional hazards 
model. We checked the proportional hazards assumption 
using the methods of Grambsch and Therneau.15 We used 
interactions between treatment and prognostic factors in 
the Cox proportional hazards model to test for the pre-
sence of eff ect modifi ers. A two-sided p value of 0·05 or 
less was considered to show statistical signifi cance.
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were included. 56 patients were considered ineligible 
after randomisation. The reasons for ineligibility were 
reported previously.3,4

Of the 1805 eligible patients, 62 patients did not 
receive the intended treatment and 85 patients were 
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protocol guidelines. Minor violations included extended 
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major or minor, or both, protocol violations were 
included in all analyses. Table 1 shows the patient 
characteristics, which were well balanced across the 
treatment groups.
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follow-up of surviving patients was 11·6 years 
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RTOG/EORTC Acute and Late Radiation Morbidity Scoring Scheme26 and the 
LENT-SOMA score27 are used. The Common Terminology Criteria for Adverse 
Events (CTCAE)28 were originally used in the field of medical oncology, 
however nowadays also the other oncological specialists use this scale. Despite 
these scales, interpretation of low grade toxicity is not universally. For example, 
for low grade toxicity it is difficult to decide if the gastrointestinal function is 
altered or not. In spite of this, it must be noted that clear definitions are included 
for high grade toxicity leading to more universal and specific reporting of these 
more serious adverse events. 

Furthermore, a substantial discrepancy exists between the perspective of the 
physician and the patient’s experience. For example, for rectal cancer patients 
treated with sphincter-preserving surgery, physicians overestimated the impact 
of liquid fecal incontinence and frequent bowel movements on health-related 
quality of life and underestimated the influence of urgency and clustering.29 
Moreover, physicians underestimate the patient’s degree of bother,30 and the 
frequency of reporting adverse events by clinicians is consistently lower.31 
Therefore, symptoms and functioning reported by patients self are more 
representative compared to physicians’ grading systems.

During the last decades the value of patient reported symptoms and HRQL 
is recognized and tools are developed to study these. The EORTC Quality of 
Life Department played a major role in enhancing research into HRQL of cancer 
patients. In 1987 this group developed the QLQ-C36. This questionnaire, 
containing 36 items, is cancer specific, multidimensional, easy to use for self-
administration by patients, and applicable in several cultural settings. After 
a revision of this questionnaire, the QLQ-C30 was established in 1992.32 The 
QLQ-C30 is a general cancer HRQL-questionnaire composed of 30 items, that 
can be combined in a global health status scale, functional scales, symptoms 
scales and a few single-item scales (table 2).33 Several supplemental modules 
are designed in addition to the QLQ-C30 questionnaire to provide more 
detailed information for different tumour types. The QLQ-CR38 was designed 
to evaluate HRQL of colorectal cancer patients.34,35 In 2007 the QLQ-CR38 
was revised, resulting in a shorter questionnaire, the QLQ-CR29.36,37 The core 
questionnaire and the additional modules are validated in many languages. With 
the development of these standardized questionnaires the EORTC strongly 
stimulates uniform HRQL research and also supports comparison of trial 
populations with general populations, since normative data for the QLQ-C30 
are available for several countries.38 

Another questionnaire used in this thesis, is recently developed in Denmark 
to evaluate bowel function: the Low Anterior Resection Syndrome Score. This 
brief questionnaire composed of five questions measures the broad spectrum of 
symptoms related to the low anterior resection syndrome (LARS) like urgency, 
clustering and frequent bowel movements (table 3).39 

Table 2. QLQ-C3033

Items Example of question on which item is based
Global health status How would you rate you overall health during the past 

week?
Functional scales
Physical functioning Do you have any trouble taking a long walk?
Role functioning Were you limited in doing either your work or other daily 

activities?
Emotional functioning Did you worry?
Cognitive functioning Have you had difficulty remembering things?
Social functioning Has your physical condition or medical treatment inter-

fered with your family life?
Symptom items
Fatigue Did you need to rest?
Nausea and vomiting Have you felt nauseated?
Pain symptoms Have you had pain?
Dyspnoea Were you short of breath?
Insomnia Have you had trouble sleeping?
Appetite loss Have you lacked appetite?
Constipation Have you been constipated?
Diarrhoea Have you had diarrhoea?
Financial difficulties Has you physical condition or medical treatment caused 

you financial difficulties?

Table 3. LARS Score39

Incontinence for flatus
Incontinence for liquid stool
Frequency of bowel movement
Clustering of stools
Urgency
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Factors associated with surgery
Several surgical complications have been reported, such as infection and 
bleeding, but also anastomotic leakage after LAR, which is associated with high 
morbidity and mortality rates.40 Furthermore, mortality rates are increased by 
a higher age at surgery and pre-existent comorbidity, especially cardiac and 
vascular disease.41

Urinary dysfunction is a long-term side effect. In the TME trial 38.1% of the 
patients reported urinary incontinence at five years after surgery, whereas 72.0% 
of these patients reported a normal urinary function before the resection.42 
Although urinary incontinence is a multifactorial problem, it was found to be 
mainly caused by surgery due to nerve damage.42 This nerve damage also plays a 
role in sexual problems after rectal cancer treatment. In particular, an APR with 
extensive surgery in the narrow lower part of the pelvis, is shown to be a risk 
factor for male erectile dysfunction.43-45 Other risk factors for sexual dysfunction 
in males are blood loss, anastomic leakage, radiotherapy and the presence of 
a stoma, whereas risk factors in females consist of radiotherapy and having a 
stoma. The finding that the presence of a stoma is a risk factor is indicative of 
the multidimensional aspects of sexual dysfunctioning, including psychological 
components.46 

Until recently, it was assumed that patients with a stoma (after APR) would 
have a decreased health-related quality of life (HRQL) compared to patients 
without a stoma. Nevertheless, a Cochrane review was not able to draw firm 
conclusions concerning the better HRQL after LAR compared to APR surgery.47 
A possible explanation is the reduced HRQL of patients with major Low Anterior 
Resection Syndrome (LARS).48 

This syndrome, arising after a LAR, consists of a combination of faecal 
incontinence, urgency and clustering. It is a result of the decreased maximal 
distension of the neo-rectum after resection,49 in which a higher pressure 
develops even if only small faecal volumes are involved. This reduced capacity to 
act as a reservoir results in a higher stool frequency and clustering. Furthermore, 
the network of nerve endings in the anal canal, which differentiate liquid and 
solid stools from flatus, are partially compromised during the resection, adding 
to the development of faecal incontinence. Radiotherapy is an important risk 
factor for LARS and is described in more detail below.

Factors associated with radiotherapy
Short-term side effects of radiotherapy are mainly caused by cell death in 

highly proliferative tissues such as the mucosa or skin. This results in symptoms 
comparable with inflammatory effects, such as diarrhoea or a skin reaction. The 
majority of these symptoms resolve spontaneously during the first 6 weeks after 
treatment.25

Short-term side effects are more pronounced after chemoradiation. This is 
partly explained by the fact that adverse event are being obscured by the surgery 
following immediately after short-course radiation. In addition, chemotherapy 
adds systemic side effects such as leucopenia, nausea and vomiting,25 and has 
effect on the mucosa as well. 

The long-term side effects after radiotherapy are mainly caused by damage 
to the microvasculature and the formation of fibrosis in irradiated tissues. 
Subsequently the functioning of the supporting nerves, blood and lymph vessels 
is impaired, causing decreased functioning of the specific organ.47 Compared to 
surgery alone, bowel and sexual functioning are decreased in irradiated rectal 
cancer patients.50 Fibroses reduces the compliance of the remaining rectum, 
leading to an even more reduced capacity,51 supporting a higher stool frequency 
and clustering. Furthermore, radiotherapy might also impair the myenteric 
plexus of the internal anal sphincter, which damages impuls conduction of the 
sacral and pudendal nerve.52 Together with the fibrosis, this may lead to a weaker 
pelvic floor and anal sphincter and consequently resulting in more faecal leakage. 
With regard to the sexual dysfunction, radiotherapy may lead to fibrosis in female 
internal genitals and to atrophy and adhesions of the vagina as well.53 The ovaries 
may also be impaired, resulting in a permanent menopause or in ovarian failure, 
which is associated with vaginal dryness and dyspareunia.54 In males fibroses 
caused by radiotherapy might result in neuro- and vascular toxicity. Especially 
vascular toxicity of the cavernous arteries may lead to erectile dysfunction.55 
Furthermore, radiation can also lead to dry ejaculation as a result of damage 
to the seminal vesicles and to permanent testicular dysfunction resulting in 
increased the levels of gonadotropine and decreased testosteron levels.56

Another long-term concern after radiotherapy treatment, especially for 
patients with a young age at diagnosis, is the development of a second cancer. A 
second cancer is a new primary cancer that originates in a primary site or tissue 
and is not an extension, nor a recurrence, nor a metastasis.57 The existing literature 
is conflicting about the relation of radiotherapy for the treatment of rectal cancer 
and the development of second cancers. An increased risk of developing a 
second cancer after radiotherapy was found in a study based on the Uppsala trial 
and Swedish Rectal Cancer Trial,58 however a study based on the Surveillance, 
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Epidemiology and End Results (SEER) Registry found no differences in second 
cancer risk after rectal cancer treatment.59 Moreover, in a large study, including 
647 672 SEER Registry patients with different primary cancers, only 8% of the 
second cancers were found to be attributable to radiotherapy.60

Aims and outline of this thesis

The aim of this thesis was to evaluate long-term effects after radiotherapy for 
rectal cancer. Previous studies, which investigated treatment-related effects 
until 5 years, reported more bowel and sexual dysfunction in irradiated patients 
compared to patients who underwent surgery alone.54,61-63 Only a few studies 
assessed HRQL after 5 years, demonstrating still more bowel dysfunction after 
radiation up to 10 years after the diagnosis of rectal cancer. 52,64-66 In chapter 
2 HRQL is assessed at 14 years after rectal cancer treatment in the TME trial, 
in which patients were randomly allocated to PRT followed by TME or TME 
alone. Furthermore, to provide an outline for patients on what to expect of their 
HRQL until 14 years after treatment, a comprehensive longitudinal overview 
is given in chapter 3. Since these chapters are based on long-term data of the 
TME trial, no patients who underwent chemoradiotherapy were included. Like 
short-course radiotherapy, long-course chemoradiotherapy decreased local 
recurrence rates, without leading to a benefit in overall survival.13,17,19,67-69 This 
fact underlines the necessity of knowledge of long-term treatment related effects 
and HRQL after chemoradiotherapy as well. Therefore, patient reported HRQL 
of chemoradiotherapy is compared to short-course radiotherapy in chapter 4. 
In these chapters patients in all treatment groups reported bowel dysfunction. 
Therefore, bowel function of TME trial patients was assessed more in detail in 
chapter 5 using the LARS Score. In addition, the association of severe LARS 
with HRQL was examined. 

Another long-term concern after radiotherapy is the development of second 
cancers. Since second cancers are scarce and develop after a long period, a large 
trial cohort with a long follow-up time is needed to study the risk of second 
cancers. For this purpose the TME trial, the PORTEC-1 (Post Operative 
Radiation Therapy in Endometrial Carcinoma 1)70 and PORTEC-271 study were 
combined to create a large pooled trial cohort of patients randomised between 
treatment with or without radiotherapy. Results of this cohort including over 
2500 patients are reported in chapter 6. Finally, in chapter 7 a general discussion 
of the data presented in this thesis is provided. 
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